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Abstract 

 

 

Over the past decade, a large body of knowledge has been gathered with regard to the nocturnal 

hemodynamic pattern, as well as the comorbidity with sleep disturbances, in several 

cardiovascular diseases, such as hypertension. Nevertheless, surprisingly few attention has been 

paid to the hypotensives states. In particular, there is paucity of studies addressing sleep in 

essential hypotension.  

Essential hypotension represents a form of chronic low blood pressure that is not due to medical 

or orthostatic conditions. Unlike the other forms of hypotension and although sufferers endorse a 

variety of subjective distressing symptoms included sleep complaints, essential hypotension 

remains a poorly addressed topic. Considering in particular its pathogenesis, an autonomic 

dysfunction in terms of a sympathetic hypoactivation has been postulated as underlying this 

condition. 

The present dissertation aims at providing a comprehensive picture of the hemodynamic and 

autonomic pattern during sleep as well as the sleep pattern in essential hypotension in 

comparison to normotensive state. 

The aim of the Experiment 1 was to survey the overnight profile of cardiovascular activity during 

a night of sleep in essential hypotensives by means of a wide range of measures derived from 

blood pressure monitoring, impedance cardiography and heart rate variability. In addition, in 

order to clarify the postulated autonomic imbalance in hypotensives, we sought to examine the 

nocturnal cardiac autonomic regulation by assessing the involvement of both neurovegetative 

divisions. Hypotensives displayed diminished cardiovascular output over the sleep period in 

comparison to normotensives, which was likely driven by the finding of both sympathetic 

hypoactivation and vagal hyperactivity in essential hypotension. 

Afterwards, the focus has been turned on the sleep structure. The purpose of the Experiment II 

was twofold. Firstly, we aimed at evaluating the sleep quality and quantity in this condition in 

depth, by describing the sleep parameters through polysomnographic recording. Secondly, we 

studied the cardiovascular and autonomic patterns as a function of the sleep stage to assess 

whether hypotensives have a different regulation across sleep stages compared with 

normotensives. Comparisons over the sleep parameters failed to identify any group differences in 

sleep pattern, whereas lower blood pressure and myocardial contractility associated with a 
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decreased sympathovagal balance in hypotensives across sleep stages corroborated the nighttime 

cardiovascular hypoactivation and autonomic dysregulation illustrated in the Experiment I.  

Lastly, since arousals from sleep are associated with transient elevations in cardiovascular 

activity, the analysis of changes in heart rate elicited by arousals from sleep was carried out in 

the Experiment III to assess the cardiovascular reactivity in essential hypotension. Hypotensive 

individuals exhibited a larger heart rate response over the early post arousal beats compared to 

normotensives, whilst groups did not differ in terms of neither the number nor the duration of 

arousals experienced during sleep. Given that the cardiac arousal response is primarily mediated 

by the parasympathetic division, this finding suggests a greater vagal withdrawal in hypotensive 

subjects than in normotensives, providing further support to the hypothesized parasympathetic 

hyperactivity in essential hypotension. 

To summarize, our findings of sympathetic withdrawal matched with vagal hyperactivity 

underlying the nocturnal cardiovascular activity confirm and extend the hypothesis of autonomic 

imbalance in essential hypotension, showing that both neurovegetative divisions functions are 

altered in this condition. Nevertheless, since no group differences were detected with regard to 

the objective sleep parameters, the sleep quality and quantity appear to be preserved in this 

condition.  
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Abbreviations 

 

AASM   American Academy of Sleep Medicine 

ABPM   Ambulatorial Blood Pressure Monitoring 

ANS   Autonomic Nervous System 

AV   Atrio-Ventricular 

BMI   Body Mass Index 

BP   Blood Pressure 

CBF   Cerebral Blood Flow 

CO   Cardiac Output 

DBP   Diastolic Blood Pressure 

ECG   Electrocardiography 

EDV   End-Diastolic Volume 

EEG   Electroencephalography 
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PSQI   Pittsburgh Sleep Quality Index 

REM   Rapid Eye Movement 
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SBP   Systolic Blood Pressure 
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SV   Stroke Volume 
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TRT   Total Recording Time 

TPR   Total Peripheral Resistance 

TST   Total Sleep Time 

ULF   Ultra-Low Frequency 

VLF   Very-Low Frequency 

WASO  Wake After Sleep Onset 
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1 CHAPTER 1 

 

The Cardiovascular System 

 

 

 

The cardiovascular system consists of three components [170]: 

 the blood, a fluid carrying cells, hormones, respiratory gases, nutritive and wasted 

molecule 

 the heart, which pumps blood through the blood vessels to the body tissues 

 the blood vessels, which conveys the blood across the body from and to the heart 

This integrate system performs several functions, as servicing the cellular metabolic supply; 

participating in hormones and temperature control; sheltering against the blood loss and external 

harmful molecules [102]. In order to perform these functions and, in the ultimate aim, to ensure 

the homeostasis, it co-works with other physiological systems such as the nervous, endocrine, 

respiratory, and urinary systems.  

 

 

1.1 Heart 

The heart is an inverse cone-shaped muscular organ placed in the mediastinum, inside the 

thoracic hollow between the lungs [170]. 

The cardiac muscle is enclosed in a fibrous sac, the pericardium, and consists of three layers of 

serous membranes: from the outermost, the epicardium, the myocardium and the endocardium. 

It can be divided longitudinally into two units, the right and the left sides, which work as pumps 

anatomically separated but functionally coupled. The deoxygenated blood flows through the 

right pump and the oxygenated blood flows through the left pump.  

Each side comprises in turn two chambers: the upper cavity, the atrium, receiving the blood from 

the veins, and the lower cavity, the ventricle, pumping the blood into the arteries. As the 

interatrial septum separates the atria, whereas the interventricular septum divides the ventricles, 

there is no mixture of the blood from the two sides.  
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Nevertheless, the communication between each atrium and the ventricle below is allowed by a 

one-way valve, termed atrio-ventricular (AV) valve. The left AV valve is named bicuspid (or 

mitral), while the right AV valve is called tricuspid. Other one-way valves, the semilunar valves 

(aortic and pulmonary), are sited at the origin of the aorta and pulmonary arteries. AV and 

semilunar valves open and close passively due to the difference in pressure between the cardiac 

chambers and the arteries. Moreover, since their shape, they ensure the unidirectionality of the 

blood stream through the heart, thus preventing the backflow.  

All the events occurring over a heart beat compose a cardiac cycle, consisting of a repeating 

pattern of contraction and relaxation of the heart, associated with pressure changes. The 

contraction of the myocardium chambers is termed systole, while the term diastole identifies the 

relaxation of the heart muscle [102].  

 

 

1.2 Blood Vessels 

As mentioned above, the blood vessels circuit is a tubular network that allows the blood and its 

contents to travel from the heart to all the body‟s cells and back.  

Blood vessels endow with some peculiar properties. The resistance is defined as the impedance 

the vessel opposes against the flow, resulting from the friction between the blood flowing and 

the intravascular walls, whilst the distensibility is the capacity of a vessel to be stretched and thus 

to expand accounting for the changes in blood flow. Distensibility differs from compliance as the 

latter refers to the total quantity of blood that can be stored in a vessel [120]. 

The blood vessels can be classified into three main types: arteries, veins and capillaries. 

The arteries walls are thick and elastic. Due to their large radius and low resistance, the blood 

can flow into them rapidly. Moreover, their elastic linings allow them to expand or recoil 

according to the heart‟s contraction and relaxation.  

Within each organ, arteries originate arterioles, highly muscular, small and narrow vessels 

playing a key role in the control of the pressure. These vessels are less elastic than arteries and 

the resistance they offer against the blood stream is more elevated than that which is offered by 

the arteries due to the arteriolar narrow lumen [311].  

The arterioles branch into the capillaries, very narrow and thin vessels distributed over the body 

tissues that join the arterial blood to the venous blood. The elevated resistance resulting from the 

small radius is counterbalanced by their large number. Therefore, the total resistance in 

capillaries is low because of the large total cross-sectional area.  
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The blood moves back from the capillaries to the venules, small veins which deliver it into 

progressively larger veins. In spite of venules are larger and endowed with a weaker muscular 

coat than arterioles, the internal pressure in the venules is lower thus they can contract notably 

[120]. 

Lastly, the veins can carry a great blood volume with a relatively low increase in pressure as they 

are thinner and more compliant than arteries. Veins offer low resistance due to their large 

diameter. 

 

 

1.3 Circulatory Routes 

As illustrated in Figure 1.1, the pathway followed by the blood travelling across the body can be 

divided into two circuits: the pulmonary circuit and the systemic circuit. The route followed by 

the blood from the heart (right ventricle) to the lungs and back (left atrium) is called pulmonary 

circulation, whilst the systemic circulation consists of the pathway covered by the blood 

travelling from the heart (left ventricle) through the entire body excepts the lungs and back (right 

atrium). 

The deoxygenated blood from the periphery enters the right atrium via the superior and inferior 

venae cavae. Via the tricuspid valve it flows into the ventricle below which squeezes it into the 

pulmonary trunk through the pulmonary semilunar valve. The pulmonary trunk branches into the 

pulmonary arteries that in turn originate the arterioles in the lungs. The gases exchange occurs in 

the lungs by means of the pulmonary capillaries. Afterward, the oxygenated blood is conveyed 

by the pulmonary venules returning via the pulmonary veins to the left atrium. By passing 

through the bicuspid valve, it reaches the left ventricle and through the aortic semilunar valve, 

the aorta. The aorta branches into several arteries which distribute the blood across all the body‟s 

tissues [102]. 

Over the cardiac surface, the coronary vessels flow across it ensuring the cardiac cells the 

necessary supply of oxygen and nutrients. 
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Figure 1.1  The pulmonary and systemic circulatory pathways. Deoxygenated blood is depicted in blue, 

oxygenated blood in red (modified from Ref. 170). 

 

1.4 Autonomic Cardiovascular Innervation 

The nervous influence on the heart and vasculature is primarily mediated by the autonomic 

nervous system (ANS), which regulates involuntary visceral functions by controlling the activity 

of smooth muscles, cardiac muscle and glands.  

Although the ANS consists of three divisions (i.e., sympathetic, parasympathetic and enteric 

systems), only two of them contribute to cardiovascular functions regulation. 

Parasympathetic fibers originating from the sacral segment of the spinal cord and the brainstem 

achieve the heart by travelling into the vagi nerves. Therefore, the parasympathetic nervous 

system (PNS) is also named vagal system [227]. Cardiac vagal innervation is almost exclusively 

limited to the atria as the projections to the ventricles are negligible. Likewise, the 

parasympathetic influence on the vasculature is marginal, as being restricted to few regions as 

the external genitalia [147].  

The sympathetic nervous system (SNS) projects from the thoracic and lumbar segments of the 

spinal cord to both atria and ventricles. Unlike the PNS, sympathetic nerves are also largely 

distributed over the vascular network, particularly innervating the arterioles. The sympathetic 
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branch of ANS supplies also the adrenal medulla, that participates in controlling the 

cardiovascular functions by secreting epinephrine and norepinephrine into the blood. 

The acetylcholine is the main neurotransmitter released by both SNS and PNS pre-ganglionic 

neurons. In the parasympathetic section, it is also the major postganglionic neurotransmitter. 

Differently, sympathetic postganglionic endings release primarily norepinephrine and, at a very 

minor degree, acetylcholine [311].  

Post-ganglionic acetylcholine binds with muscarinic receptors (named M1 and M2), located 

mainly in the heart chambers and in the coronaries. The cholinergic sympathetic nerves are 

restricted to few arterioles in the skeletal muscle and coronary vessels [120]. 

Adrenergic receptors comprise two classes, in turn divided in two subtypes, alpha (alpha1 and 

alpha2) and beta (beta1 and beta2). Beta1 receptors are mainly distributed across the entire 

myocardium hollows, while beta2 are located particularly in the coronaries and arterioles in the 

skeletal musculature. The alpha1 receptors are more abundant in the arterioles, while the alpha2 

are prevalent in veins. Norepinephrine released by the sympathetic endings activates mainly the 

alpha1 and beta1 receptors, while epinephrine secreted by the adrenal medulla stimulates all 

adrenal receptors equally [311].  

Central nervous control of the autonomic cardiovascular innervations is mainly owed by the 

brainstem vasomotor center [120]. The vasomotor center is in turn affected by other brain 

regions, included the reticular substance, hypothalamus and the cerebral cortex. It integrates 

information from both brain regions and sensory input to modulate the sympathetic and 

parasympathetic responses [227]. 

 

 

1.5 Regulation of Blood Flow 

The blood flow is the amount of blood travelling throughout a certain point in a certain time 

interval. The blood flow through a vessel depends on the resistance and pressure gradient. The 

relationship among these parameters can be described according to the Ohm‟s law [311]: 

F = ΔP/R 

in which F is the blood flow, ΔP the difference in pressure and R the resistance. 

The flow of blood across the vessels depends directly on the difference in pressure between the 

two ends (P1 and P2) of a vessel, that is the pressure gradient. The more elevated the pressure 
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difference, the greater the blood flow. Furthermore, the blow travels from higher pressure 

regions toward lower pressure regions [102]. 

The blood pressure (BP; mmHg) is defined as the force exerted by the blood against the blood 

vessels linings. The BP falls progressively with augmenting in the distance from the left 

ventricle, being the maximum in the aorta (100 mmHg) and the minimum in the junction of the 

venae cavae to the right atrium (0 mmHg).  

The blood flow decreases with the increase in resistance. The resistance the vessel opposes 

against the flow is directly related to the viscosity of the blood and the length of the vessel, 

whereas it lowers with the enhancement in the radius: the larger the radius, the lower the 

resistance hence, keeping the other variables constant, the greater the blood flow.  

Since both blood viscosity and vessel length do not vary significantly in normal physiology, the 

changes in the lumen of the vessel is the major mechanism by means of which the resistance is 

regulated. 

The increase or decrease in radius via vasodilatation or vasoconstriction occur mainly in the 

arterioles because of their strong muscular walls that allow them to vary their diameter 

considerably. Vasoconstriction enhances the resistance thus reducing the blood supply to an 

organ, whereas vasodilatation lowers the resistance augmenting the blood flow [102].  

A continuous dynamic adjustment of blood flow is pivotal in ensuring an adequate blood supply. 

The variation in blood flow to an organ is largely mediated by the modulation of the radius, and 

thus the resistance, of the arterioles. The factors participating in local blood flow control can be 

classified as intrinsic and extrinsic mechanisms. 

 

1.5.1 Intrinsic Regulation 

The intrinsic mechanisms involve the ability of each tissue to control the blood local flow in 

accordance with its own needs [311]. Local blood flow control mechanisms fall into two main 

categories: short-term and long-term control [120]. 

Short-term (or acute) mechanisms exert their action within seconds to minutes to restore blood 

flow very rapidly.  

Acute mechanisms are elicited by changes in tissue metabolism, which lead to changes in the 

chemical environment. Examples of condition stimulating acute metabolic control are the active 

and reactive hyperemias. Active hyperemia refers to increased blood flow to a tissue due to 

enhanced metabolic activity (e.g., during muscle exercise). The elevation in metabolism entails 

lowering in oxygen concentration and nutrients and increasing in metabolites and carbon 

dioxide, which cause the secretion of vasodilator molecules, such as adenosine and histamine, 
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that promote the arteriolar dilation. The augmented local blood supply provides for the higher 

oxygen and nutrients consumption. Reactive hyperemia occurs in response to an interruption in 

blood supply lasting up to hours leading to a great blood flow within the tissue. Indeed, the lack 

of blood causes the tissue to release vasodilator substances resulting in a large flow when the 

occlusion is removed.  

Short term regulation involves also the autoregulation of blood. This process occurs within an 

organ in response to variations in blood supply due to changes in BP and aids to maintain the 

blood flow almost constant in spite of those changes. When a fall in BP occurs, the consequent 

reduction in blood flow results in decreased resistance because of both changes in chemical 

environment elicitating a metabolic response and reactive relaxation of the arterioles linings 

caused by to fall in pressure, termed as myogenic response. The vasodilatation thus leads to the 

restoration of blood flow within normal values. The autoregulation is the major control 

mechanism of the cerebral blood flow (CBF), ensuring a constant rate of blood flow despite 

changes in systemic arterial pressure within physiological limits (60 to 150 mmHg) [57, 217]. 

Long-term mechanisms work over a period from hours to weeks and up. They act primarily by 

varying the degree of vascularity of a tissue, thus increasing or decreasing the size and number of 

vessels in order to supply for chronically high or low metabolic demands. Factors involved in the 

vasculature genesis include the vascular endothelial growth factor and angiogenin. Conversely, 

other substances cause the vessels to dissolve, as steroid hormones.  

 

1.5.2 Extrinsic Regulation 

An extrinsic control of circulation is also present, including humoral and nervous influences 

[311].  

As the parasympathetic vascular innervation is negligible, the autonomic-mediated changes in 

arterioles radii are largely produced by augmenting or diminishing the sympathetic stimulation. 

The great majority of the sympathetic endings releases norepinephrine that binds with alpha–

adrenergic receptors thus causing the vessels to constrict. However, there is also a little 

cholinergic sympathetic vascular innervation that drives vasodilatation in a few regions. 

Sympathetic excitation induces also adrenal medulla to secrete epinephrine and norepinephrine 

into the blood, which participate in vascular control.  

Hormonal regulation includes a number of hormones affecting the vascular resistance. The major 

site of hormonal secretion involved in cardiovascular functions regulation is the adrenal medulla. 

Notwithstanding the adrenal medulla stimulates primarily the vasoconstriction in the majority of 

the vessels by secreting epinephrine and norepinephrine, as mentioned above, it can also perform 
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vasodilator effect in some tissues as the skeletal muscles and the coronary vessels, where the 

epinephrine binds with beta2-adrenergic receptors [120]. Further hormones promoting the 

arterioles constriction are the angiotensin II and the antidiuretic hormone secreted by the 

pituitary gland. Conversely, bradykinin and the histamine act as local vasodilator agents [311].  

 

 

1.6 Regulation of Cardiac Output 

The amount of blood pumped by the left ventricle into the aorta per minute is named cardiac 

output (CO; l/min). On average, the resting CO value is about 5.5 l/min, corresponding to the 

total amount of blood travelling into the circulatory system.  

The CO is determined by two factors: the heart rate (i.e., the number of heart beats in a minute; 

HR; bpm) and the stroke volume (i.e., the volume of blood ejected by the left ventricle in a heart 

beat; SV; ml), according to the following formula: 

CO = HR ∙ SV 

Hence, variations in either HR or SV lead to changes in CO. The regulation of heart pumping 

according to the metabolic demands is ascribed to both intrinsic mechanisms, such as the Frank-

Starling law, and extrinsic mechanisms, comprising nervous and humoral control.  

 

1.6.1 Regulation of Heart Rate 

Generally, an healthy adult human heart beats about 70 times per minute, ranging from 60 to 100 

times under normal conditions [102, 311]. 

The heart is endowed with a conduction system, consisting of specialized cardiac cells that 

trigger, conduct and coordinate the impulse to cardiac contraction. The sinoatrial (SA node) in 

the right atrium is known as the cardiac pacemaker because it exhibits a spontaneous rhythmic 

excitation that causes action potentials. Through the AV node, AV bundle and Purkinje fibers the 

stimulus spreads out to the atria and then to the ventricles causing them to depolarize hence 

resulting in heart beating. As the heart beating is intrinsically generated, the heart would pump at 

the rate set spontaneously by the SA node in the absence of extrinsic influences.  

However, normally, the HR setting is notably modulated by the nervous system. Both autonomic 

branches innervate the conduction system with opposite effects mediated by their 

neurotransmitters. Indeed, the PNS leads to a slow in HR by releasing acetylcholine that 

decreases the rate of discharge in the SA node and the impulse conduction. On the contrary, the 
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norepinephrine released by the sympathetic endings stimulates the SA node and the rate of 

transmission in the other portions of conduction system thus increasing the HR. Since the 

automatic heart beating is about 100 bpm but the average resting HR is around 70 bpm, there is a 

vagal prevalence at rest.  

The SNS cardiac control is slower than the vagal regulation due to both the slower release of 

norepinephrine by the sympathetic terminals and the mediation of a second messenger system to 

exert its effect. Thereby, the beat-to-beat cardiac setting is largely performed by the PNS [21]. 

Humoral modulation of HR is primarily exerted by the adrenal medulla, which accelerates the 

HR by releasing epinephrine. 

 

1.6.2 Regulation of Stroke Volume 

The average resting SV is about 70-80 ml per beat and its value is mainly determined by three 

factors: the end-diastolic volume (EDV; ml), the contractility and the total peripheral resistance 

(TPR; dyn∙s/cm
5
) [102].  

The EDV, or preload, is the amount of blood in the ventricles at the end of the ventricular 

diastole. As the preload increases, the SV augments as well. The EDV depends on the venous 

return, that is the quantity of blood returning to the right atrium via the veins. A number of 

parameters determines the venous return, including the total blood volume, the venous pressure, 

the SNS modulation, the skeletal and respiratory pumps [170].  

The venous return increases with the total volume of blood in the cardiovascular system, which 

is in turn inversely proportional to the urine and tissue-fluid volume. As it will be discussed 

below, the blood volume is influenced by the aldosterone and antidiuretic (vasopressin) 

hormones. 

The return of the venous blood from the periphery to the heart depends on the venous pressure, 

which is markedly lower than the arterial pressure.  

The venous return is aided by the skeletal muscle pump and the respiratory pump. When skeletal 

muscles contract thus compressing the veins, the blood is squeezed and forced to move past. The 

pressure difference between the thoracic and abdominal hollows occurring within the respiratory 

cycle facilitates the blood to return to the heart as well [170].  

Lastly, the nervous system regulates the venous return via SNS. Sympathetic fibers innervate the 

veins causing them to constrict thus raising the venous pressure which leads in turn to increased 

venous return to the heart. 

The contractility is the strength of ventricular contraction at any given EDV [311]. The 

relationship between the EDV, contractility and SV is defined by the Frank-Starling law of the 
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heart, which states as follows: the force of ventricular contraction is directly proportional to the 

preload, thereby an augmentation in EDV leads to an increase in ventricular contractility 

resulting in turn in heightened quantity of blood pumped into the aorta. This is owed because an 

elevation in EDV induces the ventricles to stretch more thereby they contract more forcefully 

causing a greater emptying. The Frank-Starling law accounts for the intrinsic ability of the heart 

to adapt to changes in venous return. Thereby, within physiologic limits, the heart pumps all the 

blood that returns to it [120]. 

The extrinsic control of the cardiac contractility is attributable to the sympathetic and adrenal 

medulla influences. Indeed, the SNS, via norepinephrine, and the adrenal medulla, via 

epinephrine, enhance the myocardial contractility stimulating the beta-adrenergic receptors 

[102]. As the release of norepinephrine and epinephrine also accelerate the HR, they cause the 

heart to contract more forcefully and quickly. On the contrary, as the parasympathetic 

innervation of the ventricle is little, its effect on contractility modulation is negligible [311].  

Lastly, the TPR, or afterload, is the sum of all the vascular resistances within the systemic 

circulation [102]. Unlike the EDV and the force of contraction, the SV is inversely proportional 

to the TPR: the higher the TPR the lower the SV, as the TPR represents an impedance to the 

pumping of blood from the ventricle. Since the arterioles are the major site of resistance in the 

systemic circuit, changes in TPR are primarily mediated by variations in arteriolar resistance 

largely ascribed to adrenergic modulation [120]. 

To sum up, since CO is the product of HR and SV, all the intrinsic and extrinsic regulatory 

mechanisms modulating these latter two factors in turn affect the CO.  

Indeed, as the Frank-Starling mechanism states, increased venous return causes the heart walls to 

stretch more, enhances the EDF and the force of contraction resulting in higher SV. Moreover, 

by stretching the walls of the heart chambers, the heightened volume of blood stretches also the 

SA node causing it to discharge more and thus increasing the HR [120].  

The relationship between CO and TPR is reciprocal: the CO decreases with the increase in TPR 

and viceversa. 

Both the neurovegetative system and adrenal medulla influence the CO. Norepinephrine and 

epinephrine released by the sympathetic branch and the adrenal medulla, respectively, enhance 

the heart pumping by elevating the HR and myocardial contractility, while the parasympathetic 

division modulates only the HR causing it to decelerate.  
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1.7 Regulation of Arterial Blood Pressure 

As mentioned in the Section 1.5, the BP is the force exerted by the blood against the blood 

vessels walls. 

Because of heart pumping is pulsatile, the arterial pressure alternates between systolic pressure 

level and diastolic pressure level [120]. Systolic BP (SBP) identifies the highest arterial pressure 

achieved during the systole (about 120 mmHg), when the blood ejected by the ventricles flows 

into them thus stretching the walls and raising the pressure. The lowest arterial pressure reached 

before the beginning of ventricular ejections is the diastolic BP (DBP, approximately 80 mmHg). 

The mean arterial BP (MBP) is the average arterial pressure within a cardiac cycle. As the 

diastole lasts twice longer than the systole, the MBP is calculated as follows:  

MBP = 1/3 SBP + 2/3 DBP 

The MBP is the product of two parameters, the CO by the TPR. Thus, the MBP heightens with 

the augmentation of the volume of blood pumped by the ventricle and the resistance opposed by 

the intravascular walls to the flow. 

The variations in resistance in the arterioles through vasoconstriction or vasodilatation affect the 

flow in the capillaries and in turn in the arteries. Therefore, vasodilatation in the arterioles leads 

to fall in arterial pressure by lowering the TPR. As the arterial pressure is also determined by the 

CO, a decrease in the amount of blood ejected per minute diminishes the pressure as well: 

assuming the TPR constant, the faster the HR and the larger the SV, the higher the arterial 

pressure [102].  

Despite the CO does not vary, the MBP in the pulmonary circuit is notably lower than the 

systemic MBP because of the reduced pulmonary vascular resistance.  

The mechanisms underlying the arterial pressure regulation can be classified according to their 

action time span into two main classes: short-term and long-term control mechanisms. Short- and 

long-term mechanisms operated in an integrate manner to stabilize the arterial pressure [120]. 

 

1.7.1 Short-term Regulation 

Short-term mechanisms exhibit a rapid action to restore quickly (within seconds to hours) an 

acute change in arterial pressure.  

The ANS is crucial in short-term adjustment of arterial pressure, as needed during exercise and 

stress, by acting both on heart and vasculature simultaneously.  
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For instance, during muscle exercise, the skeletal musculature requires a great blood supply to 

account for the enhanced metabolism. The increased blood flow ensues from both local (i.e., 

active hyperemia) and systemic mechanisms. In order to cause the buildup of arterial pressure, 

the brainstem vasomotor center mediates both sympathetic excitation and parasympathetic 

withdrawal. Arterioles in the systemic circulation are caused to constrict, thereby an increase in 

TPR occurs. All the large vessels, in particular veins, are constricted as well, to enhance the 

return venous and in turn the preload. Due to Frank-Starling mechanism, an increase in strength 

of contraction occurs, further promoted by SNS stimulation to the heart that augments both 

contractility and accelerate HR thus rising the CO. The mentioned mechanisms aid all to elevate 

quickly the arterial pressure and hence the blood flow to the skeletal muscles. 

Aside from acute conditions such as exercise and other types of stress, the ANS operates also all 

the time to retain the arterial pressure at normal levels, being involved in negative feedback 

reflexes underling the acute arterial pressure regulation [120]. 

The major mechanism responsible for the maintenance of arterial pressure is the baroreceptor 

reflex, which aids to minimize the fluctuations in pressure within an adequate range [102]. The 

baroreceptors are receptors highly sensitive to stretch, located primarily in the aortic arch and in 

the carotid sinuses. Their discharge rate varies according to BP. When a surge in BP occurs, the 

linings of these arterial regions are stretched causing the baroreceptors to increase their firing 

rate. Inputs from them travel to the brainstem vasomotor control center that signals to lower the 

arterial pressure toward normal values by sending feedback impulses via the autonomic fibers. 

Excitatory impulses activate the PNS whilst the SNS is inhibited, with corresponding variations 

in vagal and sympathetic outflows to the heart and blood vessels. Hence, drops in HR, cardiac 

contractility and thus CO occur. As the reduction in heart pumping is combined with peripheral 

vasodilatation, the arterial pressure is caused to be lowered and thereby stabilized. Conversely, 

when the BP declines, baroreceptors elicit an immediate reflex, resulting in augmented 

sympathetic discharge throughout the body which raises the arterial pressure by vasoconstriction 

and enhanced heart pumping. Since the baroreflex counters either surge or fall in arterial 

pressure, it is called a pressure buffer system [120]. 

The baroreceptors respond extremely rapidly to oscillations in arterial pressure. Moreover, they 

respond much more to fast variations in arterial pressure than to a steady pressure regardless its 

absolute value. Whether the baroreflex is also involved in long-term pressure regulation is still 

under debate. Indeed, when a change in pressure is maintained over time, it has been 

demonstrated that baroreceptors tend to adapt within 1 to 2 days to the new pressure level they 

are exposed to thus stopping to discharge. The adaptive shift of the operating range of the 
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baroreceptors toward the current arterial pressure has been termed resetting and led to the 

conclusion that the baroreflex does not participate in chronic regulation of arterial pressure. 

Nonetheless, this assumption has been challenged as it has been documented an influence of 

baroreflex on renal system, which is involved in long-term pressure control [124, 165]. Indeed, a 

chronic surge in pressure may lead the baroreflex to inhibit SNS stimulation of kidneys hence 

mediating a decrease in arterial pressure [120, 174].  

Additional feedback reflexes contributing to short-term control of arterial pressure are the 

chemoreflex and the atrial and pulmonary artery reflexes. 

Chemoreceptors respond to variations in gases concentration, acting in a similar manner than 

baroreceptos. As fall in arterial pressure and therefore in blood flow entails a decrease in oxygen 

as well as an increase in carbon dioxide, the chemincal changes activate the chemoreceptors 

which signal them to the vasomotor center. Thus, the stimulation of SNS leads to a surge in 

pressure.  

Low-pressure receptors located in the atria and in the pulmonary arteries play a significant role 

in mitigating the variations in arterial pressure due to changes in blood volume. They discharge 

when blood volume rises, leading to peripheral vasodilatation, diminished sympathetic output to 

the kidney and heightened urine excretion [120]. 

When a severe fall in arterial pressure occurs resulting in reduced CBF, a central nervous system 

ischemic response is elicited. A sharp buildup in pressure is driven by a pronounced stimulation 

of the vasomotor center activity and largely mediated by a marked peripheral vasoconstriction. 

Notwithstanding the majority of the nervous control of arterial pressure is mediated by the ANS, 

skeletal nerves and muscles play also a role in modulating arterial pressure by increasing CO and 

arterial pressure, as the abdominal compression reflex, or the skeletal muscle contraction during 

exercise. 

 

1.7.2 Long-term Regulation 

The long-term regulation of arterial pressure (from hours to months) is primarily achieved by the 

kidney by means of two systems: the renal-body fluid system and the renin-angiotensin-

aldosterone system. 

The renal-body fluid system controls the arterial pressure by balancing the intake and output of 

water and sodium. When the extracellular fluid is too elevated because of an excess in water or 

in sodium intake, it generates an increase in blood volume and thus in arterial pressure. The rise 

in arterial pressure stimulates the kidney to excrete the excessive extracellular fluid into the urine 

thus restoring blood volume and BP back toward normal [120]. 
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Renal-body fluid system co-works with the renin-angiotensin-aldosterone system to perform the 

long-term control of arterial pressure. When a fall in arterial pressure occurs due to low blood 

volume and blood sodium, kidneys secrete into the blood stream a protein enzyme called renin. 

By way of the renin, the angiotensinogen, a plasma protein, is converted to angiotensin I, which 

is in turn converted in angiotensin II via another enzyme in the lungs. Angiotensin II stimulates 

vasoconstriction and renal retention of water and sodium which together aid the pressure to 

heighten. The vasoconstrictor effect arises almost immediately, while the increase in fluid 

volume takes hours and days, thus contributing to elevate pressure over longer period. The latter 

effect is mediated by an hormone termed aldosterone. Angiotensin II causes the adrenal glands to 

release aldosterone, which excites the kidneys to reabsorb water and sodium [120]. 

Consequently, surges in blood volume and arterial pressure are elicited.  

However, additional hormones affect the blood volume levels hence participating in the long-

term arterial pressure control. The antidiuretic hormone increases the blood volume as it furthers 

the retention of water in the kidneys. Conversely, by inhibiting both the renin and aldosterone 

secretion, the atrial natriuretic hormone facilitates the sodium and water excretion in the urine 

thus diminishing the blood volume and arterial pressure.  

To summarize, short-term mechanisms exert a fast response mainly mediated by the nervous 

system, aiding to restore the changes in arterial pressure within seconds to minutes After few 

minutes from an abrupt variation in arterial pressure, mechanisms as the renin-angiotensin 

system are stimulated and can last for hours. Lastly, the renal–body fluid long-term mechanism 

requires longer to be activated and is responsible for the chronic pressure setting. 

 

 

1.8 Measurement of Cardiovascular Functions 

Several both invasive and non-invasive approaches have been developed to evaluate the 

cardiovascular system functions. Since a comprehensive overview of the methods is beyond the 

purpose of the present work, only the non-invasive techniques adopted in the studies described in 

the present dissertation will be addressed below. 

 

1.8.1 Electrocardiography 

Since the body is a good conductor of electricity, the cardiac electrical activity may be detected 

by electrodes placed over the body‟s surface which record the changes in voltage generated by 
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the heart. The voltage are graphically represented by a series of deflections, the 

electrocardiogram (ECG) [102]. 

When the myocardial cells in a portion of the heart depolarize, that region originates a dipole. 

The dipole can be represented as a vector having direction and length determined by the position 

and magnitude of the dipole, respectively [234]. Magnitude of the dipole depends on the amount 

of myocardial mass depolarized, direction depends on the orientation of depolarized and 

repolarized portions of the heart. The electrical dipole originated by the depolarization signal can 

be detected by surface electrodes as a deflection.  

Assuming the dipole in the heart, an equilateral triangle can be virtually drawn around it, termed 

as Einthoven‟s triangle. The vertexes of the fictitious triangle can be represented by the left and 

right arms and by the left leg. Each of these sites represents a lead, defined as a combination of 

two electrodes used to record the cardiac voltage. Leads can be either unipolar or bipolar. Within 

a bipolar lead, both electrodes (a positive and a negative terminal) are placed on active sites and 

the voltage detected is the difference between them. When one electrode is active and the other 

one is indifferent, the lead recorded is unipolar.  

According to the disposition of electrodes, a number of leads can be derived. 

There are three standard bipolar limbs leads: I (left arm–right arm), II (left leg–right arm), and III 

(left leg–left arm). By convention, the left arm in lead I is the positive pole, whereas the left leg 

is the positive pole in leads II and III [234]. A third electrode is placed over the right leg as 

ground. These leads are often approximated by electrodes placed on the chest, rather than the 

limbs. The proximal disposition entails two electrodes placed below the collar-bones and one 

along the left hip, over the fifth intercostals space [23]. 

Unipolar leads including the limbs are the right arm (aVR), left arm (aVL) and left leg (aVF). 

Precordial chest leads consist of multiple leads (V1 to V6) placed over the intercostal spaces. 

The morphology of the signal recorded depends on the leads configuration applied.  

Each phase of the cardiac cycle can be identified by a corresponding wave on the ECG 

recording, representing changes in potential between two cardiac portions or, in other terms, the 

movement of the dipole. The ECG waves are illustrated in  

Figure 1.2. 

The P wave represents the spread of atrial depolarization and occurs at the beginning of atrial 

contraction. Similarly, the electrical excitation of the ventricles is identified by the QRS 

complex. Lastly, the ventricular repolarization is depicted by the T wave.  

It should be noted that the ECG wave corresponding to the atrial repolarization is masked by the 

larger QRS complex. 
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A set of intervals and segment can be identified on the ECG. The interval between two 

consecutive QRS complexes is particularly relevant. It is called RR interval (or interbeat interval, 

IBI; ms) and represents the time interval between two cardiac cycle that means two heart beats. 

Therefore, the HR can be derived from the ECG [102]. 

 

 

 

Figure 1.2. A portion of an ECG recording (upper panel). An enlarged normal cycle showing the P wave, 

the QRS complex and the T wave (lower panel) as a function of the time (modified from Ref. 147).  

 

1.8.1.1 Heart Rate Variability 

The autonomic modulation of SA node can be derived in humans by measuring the heart rate 

variability (HRV). The HRV describes the temporal variation in the intervals between successive 

heartbeats and is thought to reflect the heart‟s ability to detect and adapt dynamically to 

contingencies [110, 229].  

As mentioned in the Section 1.6.1, the SNS and PNS cardiac innervations display different 

temporal dynamics due to the neurotransmitters released: the vagal control has a shorter latency 

of action and a higher frequency capacity than did the sympathetic branch [23]. Thereby, the 

very short-term high-frequency (HF) fluctuations in IBIs are mediated by the vagal output [29, 

91, 108]. Conversely, in spite of the low-frequency (LF) cyclic fluctuations were originally 

attributed to sympathetic drive [172, 191], it is currently agreed they are influenced by both 

autonomic branches [108, 148]. 
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A number of approaches have been developed to quantify HRV, which have been systematized 

by a Task Force in 1996, leading to the publication of HRV guidelines [277]. 

HRV measurements fall into two main classes: time-domain and frequency-domain indices, 

including statistical and spectral measures, respectively. Additional methods, as the geometrical 

and non-linear dynamic metrics, have been proposed. 

Traditionally, HRV analysis can be performed in either long-term recording, usually lasting 24-

h, or short-term recording, typically lasting 5-min [277].  

Time-domain measures of HRV characterize the distribution of IBIs over the recording period 

[149]. From the IBI series (also termed as normal-to-normal interval) derived from the ECG 

recording, several statistical indices can be calculated. A summary of the main time-domain 

indexes is listed below [277]: 

 SDNN (ms): standard deviation of all normal-to-normal intervals. As it represents all 

sources of IBI variability across the entire selected period [281], it provides an esteem of 

overall HRV  

 SDANN (ms): standard deviation of the averages of normal-to-normal intervals in all 5 

min segments of the entire recording. It estimates long-term variation in IBIs over 24-h 

recordings  

 SDNN index (ms): mean of the standard deviations of all normal-to-normal intervals for 

all 5 min segments of the entire recording  

 RMSSD (ms): root mean squared of successive differences between consecutive normal-

to-normal intervals  

 NN50 (count): number of successive normal-to-normal intervals that differ in length by 

more than 50 ms  

 pNN50 (%): proportion of successive normal-to-normal intervals that differ in length by 

more than 50 ms  

As the RMSSD, NN50 and pNN50 are derived from differences in adjacent IBIs, they assess HF 

oscillations thus reflecting parasympathetic control of SA node [28, 95, 149]. 

Frequency-domain indices of HRV rely on the assumption that the neural activity underlying the 

autonomic modulation of heart is periodic, as sympathetic and vagal components fluctuate at 

different frequencies, and the signal has at least a weak stationarity (that means constant mean 

and variance over time) [23, 318]. The entire power spectrum can be separated into specific 

frequency components. Frequency-domain measures can be estimated by applying either the 
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non-parametric (Fast Fourier Transform) or the parametric (autoregressive modeling) 

approaches.  

The components of interest extracted can be grouped into three frequency bands [24]:  

 HF power band (0.15-0.40 Hz; ms
2
): HF oscillations reflect the parasympathetic 

modulation of SA node synchronous with the respiratory cycle [29, 91, 108, 172, 226]. 

 LF power band (0.04-0.15 Hz; ms
2
): LF fluctuations are thought to be affected by both 

sympathetic and vagal drives [3, 8, 108, 148] 

 Very low-frequency (VLF) power band (0.0033-0.04 Hz; ms
2
): In spite of the 

physiological meaning of VLF oscillations is still controversial, some evidence suggests 

an influence of either the renin-angiotensin system or the thermoregulation [229] 

 Ultra low-frequency (ULF) power band (<0.0033 Hz; ms
2
). HRV analyses performed 

over 24-h recording period allow also the computation of the ULF component. Similarly 

to VLF power, little is known about the physiological substrate underlying the ULF 

fluctuations, albeit the circadian rhythm has been advanced to be involved in their 

modulation [16, 38] 

Within long-term recordings, the great majority of power (> 90%) is contained within the VLF 

and ULF range. However, as the likelihood that the assumption of stationarity is violated 

increases with the lengthening of ECG recording [24], frequency-domain measures should be 

preferred when analyzing short-term recordings run under stable conditions, whereas long-term 

recordings should be preferably processed by way of the time-domain method [277]. 

In addition, the total power and LF to HF (LF/HF) ratio can be computed from the spectral 

analysis of both short-term and long-term recordings. The latter index identifies the 

sympathovagal balance [318].  

The power spectral density can be quantified either in absolute (ms
2
) or normalized units (nu), 

computed as the power of each frequency component divided by the power of the total spectrum 

[110]. The normalized units are particularly valuable in identifying the relative value of each LF 

and HF band, providing a clearest esteem of the contribution of each neurovegetative branch to 

the total power. Moreover, normalization minimizes the effect of changes in total power on LF 

and HF components. 

A comparison between time-domain and frequency-domain HRV measures revealed marked 

correlations. In particular, three clusters of indices highly correlated each other has been 

identified: SDNN, SDANN, total power, ULF power; VLF power, LF power, SDNN index; HF 

power, RMSSD, pNN50 [27]. 
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It is widely recognized that HRV measures are powerful markers of both cardiovascular and 

non-cardiovascular health. A decrease in HRV has been documented in a broad spectrum of 

pathological conditions, including myocardial infarction, cardiac arrhythmia, diabetes, renal 

failure (for a review, see Ref. 229). As reviewed by Kleiger and colleagues [148], the clinical 

relevance of HRV is enhanced by the recognition of its predictive value for mortality risk in 

clinical settings. Indeed, a reduction of HRV has been consistently found to be associated with 

augmented mortality in a wide range of cardiovascular diseases, such as coronary artery disease 

and chronic heart failure (e.g., Ref. 99, 100, 203). 

 

1.8.2 Impedance Cardiography 

Impedance cardiography (ICG) technique allows the estimation of hemodynamic functions by 

way of a noninvasive approach. 

Theoretical underpinnings underlying the ICG rely upon the relationship between voltage and 

resistance in an electrical circuit. In a circuit where current (I) is constant, the voltage (V) 

changes proportionally to the resistance (R), as follows: 

V = I ∙ R 

Through the thorax, which endows with a basal impedance (Z0), the blood flows with a certain 

resistivity (p). As the blood is a good conductor of electrical current, the fluctuations in blood 

volume and velocity through the thorax occurring within a cardiac cycle generate a reciprocal 

change in thoracic resistance: an increase in blood flow as exhibited during systole results in 

decreased impedance, viceversa in diastole. In other terms, the basal thoracic impedance (Z0) 

displays changes (ΔZ) over time (dZ/dt) [155]. 

If a constant magnitude alternating current is transmitted through the thorax, the changes 

occurring in thoracic impedance within each beat (ΔZ) originate a corresponding output voltage 

which reflects the blood volume ejected, that is the SV [262]. According to the Kubicek‟s 

formula [155], SV can be determined as follows: 

SV = ρ ∙ (L
2
/Z0

2
) ∙ (dZ/dt)max ∙ LVET 

Where p is the blood resistivity (ohms ∙ cm), L is the distance between electrodes (cm), Z0 the 

basal impedance between the recording electrodes (ohms), (dZ/dt)max is the maximum rate of 

changes (slope) in the impedance signal for a given beat (ohms per sec), LVET is the left 

ventricular ejection time (ms). 
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In order to acquire the impedance signal (Z0) and the derivative of pulsatile impedance (dZ/dt), 

the tetrapolar band electrodes configuration can be applied. This standard electrodes disposition 

[262] consists of four band electrodes placed as follows: two inner voltage electrode bands 

placed around the base of the neck and the thorax over the xiphisternal junction, respectively, 

and two outer current electrodes bands positioned around the neck and the thorax at least 3 cm 

above the recording bands. The outer electrodes transmit a low-voltage (1-5 mA), high-

frequency (20-100 kHz), alternating electrical current. Alternatively, spot electrodes array can be 

used [221, 228].  

The ICQ requires also the simultaneous recording of ECG, preferably in lead II that maximizes 

the R-wave.  

The generated waveforms of ECG, Z0 and dZ/dt, illustrated in Figure 1.3, are aligned to derive 

the cardiovascular parameters.  

 

 

 

Figure 1.3. The ICG signals. From the top, the ECG, the impedance signal (Z0) and the derivative of 

impedance (dZ/dt). The Q-, B-, X- points on the dZ/dt waveform are marked (modified from Ref. 23). 

 

A number of markers are identified on the dZ/dt waveform in order to derive cardiac indices. In 

particular, the Q-point denotes the onset of the Q wave on the ECG, that is the onset of 

ventricular depolarization; the B-point on the dZ/dt wave occurs at the onset of the rapid slope of 

dZ/dt signal up to its peak (dZ/dtmax), representing the opening of the aortic valve and thus the 

beginning of ventricular ejection; the X-point is the minimum point on the impedance waveform 

and identifies the closure of the aortic valve. 
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By knowing the HR and SV, the CO can be derived. The ICG allows also the estimation of 

systolic time intervals such as the pre-ejection period (PEP; ms) and the LVET (ms). The PEP 

represents the time interval between the ventricular depolarization and the ventricular ejection. 

Given that the ventricles are innervated almost exclusively by the SNS, the PEP is inversely 

related to sympathetic beta-adrenergic drive. The LVET is the period of time over the ventricular 

ejection of blood into aorta. PEP is calculated as the interval from the onset of Q wave on the 

ECG and the B-point on the dZ/dt curve , while LVET is computed as the interval between the 

B- and X-points on the dZ/dt signal. It should be noted that the sum of both PEP and LVET gives 

the duration of electromechanical systole (EMS; ms) [262].  

When the simultaneous recording of arterial pressure is performed, the TPR can also be 

computed. However, several additional indices can be derived from the ICG (for a review, see 

Ref. 283).  

Reliability and validity of the ICG technique have been broadly established in a variety of both 

normal and clinical populations (for a review, see Ref. 36).  

 

1.8.3 Blood Pressure Monitoring 

The main non-invasive techniques developed to monitor the BP are the auscultatory and the 

oscillometric methods. 

 

1.8.3.1 Auscultatory 

The gold-standard to assess the BP is represented by the auscultatory method. This approach for 

measuring the BP derives its name from the fact that is based on the correlation between BP and 

arterial sounds [102]. 

The evaluation of the BP by means of the auscultatory technique requires that an inflatable 

rubber bladder within a cloth cuff is wrapped around the subject‟s upper arm and a stethoscope is 

placed over the brachial artery just below the cuff. They are connected to a sphygmomanometer 

and a squeezable bulb.  

By squeezing the bulb, air is inflated into the cuff until the artery is closed so no blood flows 

through it. To close the artery, the cuff pressure has to be higher than the SBP. The closure of the 

artery is ensured by the absence of sounds as heard via the stethoscope. Thereafter, the cuff is 

gradually deflated to diminish the cuff pressure until the artery begins to open slightly and the 

blood is moving past the cuff. When the cuff pressure falls just below the SBP, the blood flow 

through the partially compressed artery becomes turbulent. Due to small opening and large 

pressure difference across the opening, it travels at very high velocity and generates vibrations, 



24 
 

 

termed as Korotkoff sounds, which occur at every systole and can be heard via the stethoscope 

[311]. The first Korotkoff sound produced by the blood entering the artery thus identifies the 

SBP, which is indicated in the manometer. As the pressure in the cuff is continued to be 

decreased, the sounds gain a murmuring quality (II Korotkoff sound) and then become sharper 

and louder (III Korotkoff sound). Afterwards, they become stifled (IV Korotkoff sound) and 

eventually disappear (V Korotkoff sound) [23]. The pressure at which the Korotkoff sounds 

disappears is the DBP, as the artery is no longer constricted and no sounds are produced because 

the pressure in the cuff falls to equal diastolic pressure. 

 

1.8.3.2 Oscillometric 

The oscillometric technique relies on the assumption that the peak oscillation in the blood flow 

occurring during the gradual deflation of the pressure cuff represents the MBP. The value is 

detected by an automated system which estimates indirectly the SBP and DBP values from the 

MBP by means of derived algorithms. Automated devices based on oscillometric measurement 

method are largely used for ambulatorial blood pressure monitoring (ABPM) [223]. 
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2 CHAPTER 2 

 

The Human Sleep 

 

 

 

2.1 Historical Perspective 

Interest in sleep has been existing since the dawn of history. Some of the former greatest thinkers 

have addressed the sleep, attempting to explain its basis and functions. However, although the 

human being spends about one-third of his life sleeping, the scientific study of sleep has been 

neglected until the last century.  

Historically, sleep had been thought to be a passive state, in terms of absence of wakefulness. 

Whereas wakefulness was regarded as the result of continuous sensory stimulation from the 

environment, sleep was thought to result from the reduction in sensory input, as the reverse 

process. 

The concept of sleep as a passive state found a scientific formulation in the theory postulated by 

Pavlov at the beginning of the XX century. Sleep was considered as due to an internal inhibition 

process, arising from specific cerebral areas, termed “loci”, and hence spreading to cortical and 

subcortical structures [218]. 

The Pavlov‟s theory was later reformulated as the deafferentation theory, which attributed the 

sleep onset to a decline in the sensory stimulation retaining the wakefulness. The deafferentation 

theory, defended by Kleitman [150], relied on the experimental evidence provided by the 

classical works performed by Bremer on cerebral electrophysiological activity in animal 

preparations [40, 41]. These studies were made possible by the development of the 

electroencephalographic (EEG) technique [18], which allows the investigation of electrical brain 

activity non-invasively. A low brainstem transection, between the spinal cord and the medulla 

oblongata, disconnected the whole encephalon from the spinal cord, resulted in regular sleep-

wake cycle. This Bremer‟s experimental preparation was termed encéphale isolé. Differently, 

when the transection was performed at upper level, above the lamina quadrigemina, the normal 

sleep-wake rhythm disappeared and a steady irreversible state of sleep occurred. As this latter 

preparation, called cerveau isolé, entailed the interruption of the large majority of sensory 

afferences, the findings have been interpreted as confirming the deafferentation theory of sleep.  
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However, the development of the EEG techniques provided the framework for the pionieristic 

investigation of brain activity during sleep in human beings. Berger himself [18] documented the 

differences in brain rhythm during sleep and wakefulness, allowing for the first time the 

establishment of sleep without disturbing the sleeper. Early recordings of EEG during sleep 

showed changes in electrical brain activity over the transition between wakefulness and sleep, in 

terms of increasing in amplitude and decreasing in frequency compared to wake [66]. Moreover, 

the observation that the EEG pattern varied across the sleep period led to the first attempt to 

classify the sleep phases [166]. Until that, sleep was assumed to be a unitary and homogeneous 

phenomenon.  

Neurophysiological studies permitted to enhance the knowledge on brain circuits involved in 

sleep generation. Moruzzi and Magoun [198] identified a neural structure sited in the brainstem, 

the ascending reticular activating system, which caused EEG desynchronization and thus 

wakefulness when stimulated. In spite of the finding of circuits actively responsible for 

maintaining wakefulness, the sleep was still considered as a passive state due to functional 

interruption of reticular afferences.  

Nevertheless, following findings challenged this hypothesis. The first convincing datum against 

the deafferentation theory of sleep arose from Hess‟ experiments [123], who demonstrated that 

low-frequency stimulation of medial thalamus resulted in sleepiness and a state of sleep not 

different from the spontaneous sleep. Further studies identified several neural structures 

participating in sleep onset and maintenance [20, 171, 304]. This evidence allowed the theory of 

sleep as passive state to be discarded and substituted by the concept of sleep as an active 

phenomenon. 

A milestone in the sleep research history is represented by the observations conducted by 

Aserinsky and Kleitman on eye motility [9]. By registering the EEG and the electrooculogram 

(EOG) simultaneously, they observed a difference in the oculomotory activity across the sleep: 

while the eye movements were slow at sleep onset, rapid eye movements (REMs) occurred 

during consolidate sleep, combined with paradoxical cortical activation. Moreover, Aserinsky 

and Kleitman identified a strict association between the REMs and the occurrence of dreaming 

[9, 10]. 

A few years later, in the 1957, Dement and Kleitman carried out the first overnight recordings of 

EEG and EOG. By analyzing both electrophysiological patterns, two sleep stages were 

distinguished: the desynchronized sleep, described by EEG rhythm similar to wakefulness, with 

high-frequency low-amplitude waves, and by the occurrence of REMs; the synchronized sleep, 

characterized by low-frequency high-amplitude EEG and the lack of REMs. These sleep stages 
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were found to alternate cyclically over sleep and were termed, respectively, as REM and Non-

REM (NREM) sleep stages. Furthermore, heterogeneous patterns were recognized within both 

NREM and REM stages [69].  

In 1961 Berger performed the first electromyographic (EMG) recording during sleep, detecting 

the activity of the laryngeal muscle. A muscular relaxation was found during NREM sleep, 

which resulted in an abrupt fall in muscle tone in REM sleep [19].  

Continuous all-night recording using this array of techniques was finally termed 

polysomnography (PSG) by Holland and colleagues [127]. The application of the PSG, currently 

regarded as the gold-standard for investigating sleep, allowed an exponential progress in sleep 

research. Noteworthy advances in knowledge of physiology of sleep have been gathered in the 

Sixties, leading to the publication of the first manual of sleep scoring [232]. The Rechtschaffen 

and Kales manual systematized the rules for recording and staging the sleep, according to the 

concurrent variations in EEG, EOG and EMG parameters. The inclusion of additional measures 

to the standard PSG, such as the cardio-respiratory monitoring, provided further insights in the 

physiology of sleep. Moreover, the introduction of PSG recording in clinical setting contributed 

to promote the interest toward the sleep disorders and their pathophysiology.  

 

 

2.2 Sleep-Wake States 

According to a behavioral definition, sleep can be described as a reversible state of perceptual 

disengagement from and reduced responsiveness to both internal and external environment [53]. 

A variety of neural cortical and subcortical circuits control the onset and the maintenance of 

sleep as well as the transition across different sleep stages by mutually interacting [93, 212].  

 

2.2.1 Sleep Onset 

Sleep alternates with wakefulness. The transition between sleep and wakefulness is often 

blurred. Indeed, both sleep onset and sleep offset are more likely to be gradual processes rather 

than sudden switches. In this context, aspects of both states tend to coexist over the transition, 

during which a period of drowsiness is often experienced. Moreover, the consistency between 

behavioral and physiological markers of sleep onset is only moderate.  

Given these issues, the definition of sleep onset has been debated and can differ according to the 

criteria adopted to identify it [53]. 

Considering the PSG parameters, during sleep onset the EEG pattern exhibits a change from a 

prevalence of alpha rhythm (8-13 Hz), particularly over the occipital regions, to a low-voltage, 
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mixed-frequency rhythm. Slow eye-movement are displayed by the EOG, whilst the EMG shows 

only a mild decrease in muscle tone. However, this PSG configuration is often interrupted by 

arousals which contribute to complicate the identification of sleep onset. 

It has to be remarked that the PSG-defined sleep onset may or not coincide with subjective 

perception of being asleep. Additionally, behavioral tasks documented that sensory processing 

persists at some extent after the onset of sleep [53, 207, 314]. 

Considering the neurophysiological substrate of sleep-wake states, several pathways underlie the 

wakefulness [256]. The arousal system consists of two major divisions. One branch originates in 

the brainstem cholinergic pedunculopontine  and laterodorsal tegmental nuclei which project to 

the thalamus, cortex and spinal cord [121]. The ascending projections to the reticular nucleus of 

the thalamus are particularly important as this region represent the thalamic gate to the cortical 

areas involved in arousal maintenance [182]. The second branch of the arousal system sends 

fibers to the lateral hypothalamus, basal forebrain, and the cerebral cortex [135, 247, 248]. It 

comprises monoaminergic neurons in the locus coeruleus, dorsal and median raphe nucleus, 

ventral periaqueductal grey matter and tubero-mammillary nucleus. Additional afferences 

include hypocretinergic neurons from hypothalamus and cholinergic and GABA-ergic fibers 

from the basal forebrain. These nuclei, as well as the pedunculopontine and laterodorsal 

tegmental nuclei, discharge more in wake and REM sleep and low during NREM [107]. Both 

branches of the arousal system thus cooperate to achieve and sustain wakefulness.  

The sleep onset is allowed by the inhibition of monoaminergic nuclei of the arousal system 

exerted by neurons stemming from the ventrolateral preoptic nucleus in the hypothalamus and 

releasing GABA and glycine [111]. Since those nuclei of the arousal system suppress the 

ventrolateral preoptic nucleus activity during wakefulness, this reciprocal inhibitory pathway 

acts as a “sleep-wake switch”, underling the transitions between these two states [109, 183, 248]. 

By the interruption of ascending sensory input to the cerebral cortex, the thalamic inhibition 

furthers the cortical synchronization.  

 

2.2.2 NREM Sleep  

Within sleep, two main states, i.e, NREM and REM phases, can be distinguished according to 

their peculiar physiological features. 

As previously mentioned, during NREM sleep the EEG rhythm becomes synchronized by way 

of inactivation of the arousal system. In addition to the inhibitory effect performed by the 

ventrolateral preoptic nucleus, NREM-promoting pathway includes GABA-ergic neurons in the 

basal forebrain which suppress both cholinergic fibers of the arousal system and cortical activity 
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[180]. The EEG synchronization occurs prior in the prefrontal areas and thence diffuses to the 

entire cortex, becoming complete with the deepening of the NREM sleep. The depth of sleep is 

determined by the slowing in EEG activity and by the intensity of the stimulus needed to cause 

arousal [159].  

In this context, the thalamic gate consolidates NREM sleep and inhibits arousals by heightening 

the threshold to responsiveness to stimuli. Functional neuroimaging has revealed reduced 

activity in the brainstem pons and cerebellum, in the basal forebrain and limbic cortex, especially 

in the anterior cingulated gyrus, the dorsolateral prefrontal and inferior parietal cortex [267]. A 

decrease in muscle tone occurs, as result of both activation of the brainstem GABA-ergic and 

glycinergic discending projection and inhibition of monoaminergic nuclei. 

Autonomic activity exhibits a shift from sympathetic toward parasympathetic dominance with 

the deepening of NREM sleep. Metabolic rate is reduced by 5-10%, core body temperature 

drops. The respiratory pattern is regular but the respiratory drive is diminished. A reduction in 

swallowing and esophageal peristaltic activity is also observed during NREM sleep [53, 175]. 

During NREM sleep, the mental activity is fragmented and dreams rarely are experienced. 

 

2.2.3 REM Sleep 

Unlike the NREM sleep, the cortex is somehow active during REM sleep and reactive to sensory 

input, showing mixed EEG frequency. 

Pontomesencephalic structures are crucial for the generation of the REM sleep and its related 

phenomena as the EEG desynchronization and the muscle atonia. The activation of brainstem 

and forebrain cholinergic nuclei, thalamus and cortex drives the EEG desynchronization [135]. A 

major contribution in producing the cortical arousal via thalamocortical projections appears to be 

owed to the pedunculopontine and laterodorsal tegmental nuclei, where a population of 

cholinergic neurons fires selectively in REM sleep. A significant role in modulating REM sleep 

is also covered by the melatonin neurons, which discharge particularly during REM [301]. 

Moreover, limbic regions as the amygdala, anterior cingulate gyrus, lateral hypothalamus, the 

orbitomedial prefrontal cortex and the parahippocampal gyrus are active as well [267]. The 

activation of the limbic network is likely to account for the increased frequency and complexity 

of dreaming observed in REM sleep. The silence in monoaminergic nuclei firing combined with 

the stimulation exerted by pontomedullary cholinergic and glycinergic neurons results in motor 

inhibition [56]. Although muscle atonia prevents dreams to be enacted, transient and occasional 

burst of movement can occur, particularly in the limb and facial muscles. With regard to the 

oculomotor activity, the REMs are generated by the pontine and midbrain cranial nerve nuclei. 
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An irregular autonomic activity is typically observed during REM sleep, with transient bursts of 

sympathetic activation in a context of reduced vagal tone [175]. Respiration is uneven and varies 

considerably during REM. Sexual excitation may develop. Metabolic rate increases in REM up 

to the extent showed in wakefulness. Arousal threshold fluctuates over the REM period.  

 

 

2.3 Circadian Rhythm 

Normally, environmental cues of light and darkness synchronize the physiological rhythms to the 

day-night cycle. Nevertheless, an endogenous circadian rhythm also exists, aiding to regulate the 

physiological functions regardless of external stimuli [63]. 

Circadian rhythms have a periodicity of around a day, ranging between 23.5 and 24.5 h in human 

beings [267]. Several physiological functions undergo a circadian rhythm, such as the body 

temperature, autonomic and autoimmune functions, the neuroendocrine secretion, and the sleep-

wake cycle.  

The main neuroanatomical substrate of the internal biological clock has been identified in the 

hypothalamic suprachiasmatic nucleus [233]. The suprachiasmatic nucleus is also named the 

master clock and serves as a pacemaker thus originating the circadian rhythm. It is active during 

the day promoting wakefulness and inhibited during night furthering the sleep. Fibers from the 

retinohypotalamic tract, the geniculo-hypothalamic tract and the raphe nuclei enters the 

sympathetic nervous system (SNS) [235]. Additional projections issue from the basal forebrain 

and the mammillary hypothalamus. Projections are sent from the suprachiasmatic nucleus to 

other areas in the hypothalamus as the ventrolateral preoptic nucleus, the thalamus and the pineal 

gland. By receiving afferences both from the retina and from the arousal system, it integrates 

environmental cues and internal input, thus aligning the intrinsic circadian rhythm with external 

day-night cycle [55, 134, 267].  

However, despite of the suprachiasmatic nucleus is the main source of circadian rhythmicity, 

multiple circadian oscillators has been identified [243]. 

Suprachiasmatic nucleus performs a pivotal role in setting the sleep-wake cycle by controlling 

the circadian rhythmicity of a number of physiological processes. The secretion of melatonin 

hormone in the pineal gland exhibits an intrinsic circadian rhythm regulated by the 

suprachiasmatic nucleus. Since the release of melatonin increases during the nighttime peaking 

at around 3-5 am, it contributes to synchronize sleeping time with the environmental light-dark 

cycle. Moreover, it also acts at the levels of suprachiasmatic nucleus, further contributing to set 

the sleep-wake cycle [118]. Conversely, the body temperature, controlled by the anterior 
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hypothalamus, drops slightly in the early afternoon and falls markedly in the middle of 

nighttime, stimulating the sleep [267]. 

 

 

2.4 Regulation of Sleep 

Whether an individual is awake or asleep depends on the balance of forces stimulating and 

inhibiting each of these two states. Two major drives have been identified as determinants of the 

sleep-wake rhythm [34]. 

The first force is an homeostatic process. Since it depends on the previous sleep and wake 

periods, the homeostatic process is sleep-dependent. It identifies the sleep pressure, that is the 

propensity to fall asleep: the longer an individual stays awake, the higher the sleep pressure. On 

the contrary, it decreases with the duration of sleep. Thus, sleep pressure rises during waking, 

declines during sleep and increases steeply with sleep deprivation. 

The surge of sleep pressure is also regulated by the circadian curve. Unlike the homeostatic 

process, the circadian process modulates the rhythmic tendency to sleep and awaken at certain 

times regardless of the prior sleep. It stimulates wakefulness by progressively becoming stronger 

during daytime hours and dissolves rapidly after the onset of nocturnal melatonin [71, 92]. 

Hence, this signal opposes the buildup (during daytime) and the dissipation (during nighttime) of 

sleep pressure.  

The homeostatic and the circadian processes interact in determining the sleep-wake timing [72]. 

When both sleep and circadian drives to sleep converge, the individual falls asleep. 

With regard to the NREM-REM rhythmicity, circadian rhythm appears to affect more the REM 

sleep than the NREM sleep [64]. In contrast, NREM is primarily controlled by the homeostatic 

process [1]. The reciprocal distribution of NREM-REM sleep stages within each sleep cycle 

throughout the night is also affected by these two processes. Since the NREM dominates the 

beginning of the night, it is thought to reflect the homeostatic process, highest at sleep onset and 

diminished across the night as the sleep pressure dissipates. In contrast, as the REM sleep onset 

is delayed and concentrated toward the latter portion of the night coupling the dip in body 

temperature, it is likely to reflect the circadian drive [1].  
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2.5 Scoring of Sleep Events 

As mentioned previously, NREM and REM sleep stages exhibit typical physiological and 

behavioral patterns. Both phases can be in turn divided into sub-stages. According to the 

Rechtschaffen and Kales scoring manual [232], NREM sleep comprises four substages (S1 to 

S4), characterized by a progressive increase in EEG synchronization and decrease in muscle 

tone. The latter two stages (S3 and S4) are usually collectively referred as slow-wave sleep 

(SWS). Two types of REM sleep, called tonic and phasic, are identified in REM sleep. 

Recently, the standard Rechtschaffen and Kales criteria have been revised by the American 

Academy of Sleep Medicine (AASM), which modified partially and extended the scoring rules 

[131]. This resulted in a new manual for the scoring of sleep and associated events. The AASM 

manual renames the NREM sleep substages as N1, N2 and N3, largely corresponding to the 

standard stages S1, S2 and SWS, respectively. Unlike the previous system, the subdivisions of 

REM sleep stage are not recognized by the current AASM criteria.  

Sleep staging is based on the interpretation of PSG configuration. The record is divided into 

consecutive segments (epochs) of equal lengths (conventionally 20 or 30 sec). According to the 

EEG, EOG and EMG patterns, a given sleep stage is assigned to each epoch. 

 Stage W: during adult human quiet wakefulness (W), a high-frequency low-amplitude 

EEG activity is observed. More than 50% of the epoch displays alpha rhythm (8-13 Hz), 

prevalently over the occipital sites and occasionally interrupted by beta activity (>13 Hz), 

mainly over frontal regions. The muscle tone is high and the EOG revealed both REMs 

(lasting less than 500 ms) and slow eye movements (lasting more than 500 ms) as well as 

eye blinks  

 Stage N1: it occurs most frequently in the transition from wakefulness to the other sleep 

stages or following arousals during sleep. In this stage, alpha waves (8-13 Hz) decrease 

and are replaced by a low-voltage, mixed frequency EEG pattern, including theta waves 

(4-7 Hz), for more than 50% of the epoch. The EOG shows slow eye movements, while 

the EMG activity diminishes. Toward the end of the stage, vertex sharp waves (lasting 

less than 500 ms) can be detected 

 Stage N2: Over a theta range EEG background, characteristic EEG graphoelements as the 

K-complexes and the sleep spindles are showed intermittently (Figure 2.1). A K-complex 

is a biphasic component lasting more than 500 ms and consisting of a high-amplitude 

negative wave followed by a positive wave. A sleep splindle is a train of 12-14 Hz 
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waveform with a duration higher than 500 ms. Eye movements are not usually exhibited 

and the muscle tone remains lower than wakefulness 

 Stage N3: The EEG displays high-amplitude low-voltage activity including delta waves 

(0.5-2 Hz) accounting for 20% or more of the epoch. Similarly to the N2, eye movements 

are absent and the EMG is low 

 Stage REM: it is characterized by an EEG low-voltage mixed-frequency activity, muscle 

atonia and bursts of rapid eye movements. Transient myoclonic twitchings lasting less 

than 250 ms may be seen. Sawtooth waves, consisting of trains of sharply contoured, 2-6 

Hz waves, often precede a burst of REMs on the EEG. 

  

 

 

Figure 2.1. Patterns of EEG waves during sleep (adapted from Ref. 193). 

 

Sleep can be occasionally interrupted by transient arousals, triggered by internal or external 

factors. According to the AASM rules [131], an arousal is defined as an abrupt shift in the EEG 

rhythm including alpha, theta and/or frequencies higher than 16 Hz. To be scored as arousal, the 

event has to last from 3 to 15 sec and occur after at least 10 sec of stable sleep. A concurrent 

heightening in EMG activity lasting at least 1 sec is required to score an arousal during REM.  
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Overall, NREM sleep accounts approximately for the 75–80% of sleep, distributed within each 

substage as follows: 2-5% in N1, 45-55% in N2 and 10-20% in N3. Hence, the residual 20-25% 

of sleep is made up by the REM sleep [230]. 

NREM and REM sleep episodes alternate cyclically throughout the night. The sleep onset is 

identified by the appearance of N1 sleep, followed by N2 and N3, progressively. Thereafter, a 

brief period of N2 sleep precedes the onset of REM, approximately 60-90 min after the sleep 

onset. The end of REM is signaled by an arousal from sleep or a transition back to N2 sleep.  

Typically, a NREM-REM cycle lasts 90-110 min and about 4-6 cycles occur over the night [53]. 

Although each cycle consists of both REM and NREM stages, the ratio between them varies 

across the course of the night. Indeed, the early cycles consist mainly of NREM sleep, whereas 

the REM sleep is prevalent in the later cycles [230].  

The hypnogram is a graphical representation of both the temporal arrangement of sleep stage 

across the night (i.e., the sleep architecture) and the amount of each stage over the entire night 

and within each REM-NREM cycle (i.e., the sleep structure) (Figure 2.2). 

 

 

 

Figure 2.2. Hypnogram of a night of sleep (adapted from Ref. 267). 

 

2.5.1 Sleep Parameters 

The sleep scoring allows the computation of a large number of parameters which described both 

the sleep architecture and the sleep structure in details. A sum of the main sleep parameters is 

listed below [131]: 

 Total recording time (TRT; min): time from the lights out to the lights on. 
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 Total sleep time (TST; min): time spent sleeping during the recording. It is calculated as 

the sum of the duration of stages N1, N2, N3 and R. 

 Sleep onset latency (SOL; min): time from the lights out to the first epoch of any sleep 

stage. 

 REM latency (min): time from the sleep onset to the first epoch of REM sleep. 

 Wake after sleep onset (WASO; min): time spent awake during the recording. It is 

computed as the sum of W stage from the sleep onset to the lights out.  

 Sleep efficiency (SE; %): proportion of time spent sleeping during the recording. It is 

computed as follows: (TST/TRT)∙100. 

 Sleep stages duration (min): time spent in each sleep stage (N1, N2, N3 and REM). 

 Sleep stages proportion (%): proportion of time spent in each sleep stage (N1, N2, N3 

and REM) within the TST. It is computed as follows: (Sleep stage duration/TST)∙100. 

 Number of arousals (count): number of arousals within the TST. 

 Arousal index (ArI; %): proportion of arousals within the TST, calculated as follows: 

(Number of arousals/TST)∙100. 

 

 

2.6 Sleep and Cardiovascular Functions  

Over the past decades, substantial research has been undertaken on cardiovascular functions 

during sleep. Similarly to most of the physiological processes, cardiovascular parameters 

undergo marked fluctuations over the sleep period. The variations ensue from the interaction 

between influences from both the sleep-wake cycle and the circadian rhythm. However, the 

relationship between sleep and cardiovascular system is reciprocal, as the activity level of the 

latter affects the sleep pattern as well.  

 

2.6.1 Influence of Sleep and Circadian Systems on Cardiovascular Activity 

It has long been known that the cardiovascular system exhibits a diurnal rhythm in terms of 

activation during daytime and withdrawal during nighttime.  

Several studies have recorded human blood pressure (BP) over 24 h, showing a reduction in 

nocturnal level in comparison to diurnal value. The nadir is achieved in the middle of the night, 

afterward a surge occurs in the morning hours [26, 108, 177, 186, 214, 250, 265, 270, 299]. The 

nocturnal fall in BP is widely referred as “dipping” and its magnitude is about 10% of the diurnal 

value [288] (Figure 2.3). 
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Analyses of the circadian profile of cardiovascular parameters revealed also nocturnal decreases 

in heart rate (HR), stroke volume (SV) and cardiac output (CO) [108, 146, 177, 187, 214, 250, 

299]. BP variability has been found to lower in the nighttime as well [177, 213]. Differently, no 

significant changes in total peripheral resistance (TPR) have been detected [146]. In this context, 

since both an enhanced baroreflex sensitivity [61, 215] and a downward shift of the baroreflex 

threshold [43] have been observed during sleep, the baroreflex regulatory mechanism is likely to 

participate in nocturnal BP lowering.  

A similar rhythmicity has been disclosed with regard to the heart rate variability (HRV) 

measures. Overall HRV has been illustrated to decline after midnight and rise during subsequent 

hours [190]. Time domain HRV metrics show heightening in high frequency (HF) and 

diminishing in low frequency (LF) during the sleeping hours [31]. Norepinephrine and 

epinephrine are also reduced during nighttime [73], whereas pre-ejection period (PEP) is 

prolonged [45], suggesting a diminished sympathetic tone.  

Taken together, these data are consistent with a circadian pattern of the sympathovagal balance: 

the sympathetic dominance occurring during wakefulness is gradually overcome by a vagal 

prevalence during night, followed by a morning rise in sympathetic outflow. 

 

 

 

Figure 2.3. Twenty-four hours profile of systolic blood pressure (SBP) (modified from Ref. 265). 

 

However, whether this pattern is due to an endogenous circadian rhythm rather than changes in 

posture and physical activity is unclear. Furthermore, the primary modulations exerted by the 
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sleep-wake cycle and the circadian rhythm on cardiovascular parameters during sleep are in turn 

affected by a variety of secondary influences issuing from physical exercise, posture, 

thermoregulation [288].  

In order to evaluate the role of both sleep and circadian systems on cardiovascular functions 

during sleep as well as disentangle the involvement of the secondary variables, laboratory 

manipulations have been carried out. The application of experimental paradigms has allowed to 

reveal the independent contribution of both sleep-wake cycle and circadian rhythm and that these 

effects are not mediated by other potential confounders such as changes in posture and physical 

activity [47, 51, 145, 152, 292, 294] (Figure 2.4). 

Studies designed at isolating the circadian influence on BP profile have provided conflicting 

results. By using a constant-routine protocol, no effects of circadian rhythm have been detected 

[145, 294], while a notably influence has been observed when participants underwent a forced 

desynchrony procedure [285]. The various methods employed are conceivably to account for the 

elusive findings [295]. On the other hand, more convincing evidence supports the effect of sleep 

system on BP. The larger drop occurs along the falling asleep process [52, 132, 287]. Carrington 

and colleagues [52] identified two components: a mild decline preceding the sleep onset and 

associated with preparation for sleep and a sharp fall following the sleep onset, when stable sleep 

is achieved. When sleep is forcedly delayed, the drop in BP is delayed as well [51].  

Unlike the BP, a strong circadian influence has been documented for HR by forced desychrony 

and constant routine paradigms [47, 145, 285, 294, 295]. However, HR is greatly affected by the 

sleep process as well. Similarly to BP, the greater extent of decrease is seen at sleep onset [47, 

51, 287].  

 

 

 

Figure 2.4. Twenty-four hours profile of mean arterial pressure (left panel) and heart rate (right panel) 

under constant routine protocol (adapted from Ref. 145).  
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The experimental manipulation of posture and physical exercise revealed findings of interest. 

Assessment of 24-h cardiovascular profile in ambulant subjects demonstrated a drop in HR and 

BP values during nocturnal hours in comparison to daytime similarly to that showed by 

recumbent subjects [108, 292]. 

The transition from wakefulness to sleep is characterized by a progressive shift from sympathetic 

toward parasympathetic control [287, 292]. Considering more closely the timing, variations in 

HF vagal-related HRV indices revealing an elevation in cardiac parasympathetic drive have been 

found to begin approximately two hours before the sleep onset and peak near to the time of sleep 

onset [47]. Differently, sympathetic output changes are delayed as beginning after sleep onset 

and continue throughout the night, as illustrated by decrease in LF to HF (LF/HF) ratio, muscle 

sympathetic nerve activity (MSNA), catecholamine and increase in PEP [46, 73, 271, 287].  

These data are suggestive of distinct mechanisms underlying the variations in cardiovascular 

parameters during sleep, as the parasympathetic nervous system (PNS) appears to be more 

affected by circadian curve, whereas the sleep-wake cycle regulates mainly the sympathetic 

nervous system (SNS) [47, 145, 295]. Burgess and colleagues [46] proposed that the 

parasympathetic buildup is involved in the preparation to sleep, while the sympathetic decline 

occurring over sleep aids to maintain the individual asleep. 

In addition, significant fluctuations in the autonomic control and systemic hemodynamic are also 

seen in association with specific sleep phases. 

As discussed above, the largest drop in systemic BP occurs at sleep onset, concomitant to the 

transition from quiet wakefulness to light sleep (i.e., S1 NREM) but it progresses with the 

deepening of sleep, as further reduction have been reported in S2 [52] and slow-wave sleep 

(SWS) [58, 276].  

Overall, cardiovascular activation declines with the NREM sleep progressing. Reduction in BP, 

HR and CO have been described in NREM compared to prior wakefulness becoming more 

pronounced as sleep deepens [43, 58, 133, 146, 187, 270, 271, 287, 292].  

Changes in both autonomic divisions drive mediate the down regulation of cardiovascular 

functions observed in NREM. As showed in Figure 2.5, studies analyzing the HRV during sleep 

reported an increase in HF component combined with a decrease in LF component across NREM 

sleep stages [32, 287, 292, 297]. Moreover, the PEP was found to lengthen in NREM sleep 

[287]. On the contrary, a progressive decline in MSNA and peripheral vasodilatation is exhibited 

with the deepening in NREM sleep [130, 152, 153, 271, 296]. A fall in the power of LF BP 

variability [108, 292] has also been showed.  
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Taken together, the evidence suggests a heightening in vagal output [31, 213, 287, 298, 319] 

coupled with a sympathetic withdrawal [130, 209, 271, 275] in NREM sleep in comparison to 

wakefulness. 

However, the autonomic branches are thought to perform a different control on cardiovascular 

parameters. As demonstrated by elegant pharmacological blockade study, the modulation of HR 

during sleep is largely owed by reciprocal changes in PNS rather than in SNS [320]. Further 

support from the hypothesis of HR vagal modulation arises from the concurrent cardiac 

deceleration and increase in HF HRV indices of cardiac vagal control. Whereas the bradycardia 

is mainly determined by the elevation in vagal output, the hypotension largely ensues from 

diminished sympathetic vascular tone in skeletal muscles [12, 268]. Given the enhancement in 

baroreflex sensitivity observed in NREM [61, 192], the shift from sympathetic to 

parasympathetic prevalence is reasonably to be ascribed to a baroreflex mechanism that hence 

underlies the cardiovascular hypoactivation [268, 288].  

While NREM sleep is characterized by relatively stable neurovegetative activity, a markedly 

irregular autonomic pattern is typically observed during REM.  

Superimposed on the backdrop of reduced vagal tone, abrupt transient burst of sympathetic 

activity are exhibited. Sympathetic surges occur mainly during phasic events in REM sleep. 

Indeed, transitory elevations in BP and HR are seen as concomitant to muscle twitches and 

REMs [58, 270, 271, 292]. Hypertensive and tachycardic periods are accompanied by surge in 

coronary blood flow [70].  

Overall, the average value of cardiovascular parameters results to be more elevated in REM than 

in NREM sleep stages and may achieve levels experienced during quiet wakefulness [43, 58, 

133, 146, 270, 271, 287, 288, 292, 320]. 

The increase in LF component of HRV and in LF/HF ratio [292, 297] associated with augmented 

MSNA compared to NREM [130, 271] suggest that sympathetic elevation occurring during 

REM sleep affects both cardiac and vascular districts. However, it has to be emphasized that the 

peripheral vasodilatation is not generalized during REM. The BP rise from non-REM to REM 

sleep is due in part to sympathetic mediated vasoconstriction in skeletal muscles, which is 

opposed by vasodilatation in the mesenteric and renal vascular beds [268]. 
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Figure 2.5. High frequency (HF, left panel) and low frequency (LF, right panel) components of heart rate 

variability across sleep-wake stages. *P < 0.05. (modified from Ref. 133). 

 

2.6.2 Influence of Cardiovascular Activity on Sleep  

The influence of elevated cardiovascular drive on sleep quality and quantity has been addressed 

in particular in insomnia (for a review, see Ref. 33). Considering only the normal sleep, research 

has focused on the coupling between cortical synchronization and cardiac activity during sleep, 

as indicated by the EEG delta rhythm and the sympathovagal balance, respectively. As multiple 

investigations have illustrated, a reverse relationship links these parameters, as the EEG delta 

activity increases with the lowering in sympathovagal balance [39, 137]. Given the evidence that 

the cardiac autonomic modifications have been disclosed to anticipate the EEG changes, the shift 

toward vagal dominance has been advanced to further the cortical synchronization [136, 137]. 

This hypothesis has been corroborated by the anticipatory cardiovascular response to arousal 

from sleep, addressed below. 

 

2.6.3 Cardiovascular and Sleep Disturbances 

Sleep disruption has been found to alter cardiovascular functions. Experimental manipulation 

showed that both partial and total sleep deprivations lead to augmentation in diurnal BP and HR 

values [106, 144, 168, 206, 280]. As further supported by HRV data, this increase is likely 

driven by a sympathetic hyperactivation [280, 321]. 

A growing body of knowledge has been gained about the acute and chronic cardiovascular 

consequences of sleep disorders [216]. Particularly, as recently reviewed by Bradley and Floras 
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[37], the significant detrimental impact of sleep breathing disorders
1
 on cardiovascular health is 

documented by compelling evidence. 

Given the reciprocal relationship between cardiovascular functions and sleep, cardiovascular 

diseases may result in sleep abnormalities as well. Alterations in sleep have been reported in a 

variety of cardiovascular conditions, included chronic heart failure [315] and post-myocardial 

infarction [303]. 

Bearing in mind the fall in BP occurring during night, a „non-dipping BP profile‟ is usually 

defined as a nocturnal drop in BP of less than 10% than diurnal values. A non-dipping BP profile 

has been identified in several cardiovascular conditions especially in hypertension [244], in 

which an association with poor sleep quality has been also reported, as indicated by more 

numerous nocturnal awakenings and lower amount of SWS and REM sleep displayed by 

hypertensive patients [179, 219].  

Moreover, an elevated nocturnal BP reflecting a reduction or frank absence of physiological dip 

is currently regarded as an harbinger of unfavorable outcomes [122, 208]. Indeed, as 

demonstrated by large prospective studies, blunted BP dip is an established sensitive predictor of 

both cardiovascular and non-cardiovascular mortality [17, 208, 300].  

However, also an excessive nocturnal dip is considered to augment the morbidity particularly in 

the elderly and patients with cardiovascular disease treated with hypotensive drugs [142]. When 

the nocturnal hypotension is exaggerated, perfusion in some tissues may be compromised. 

Moreover, if the BP drops below the lower limit of autoregulation of cerebral blood flow (i.e., 

mean arterial pressure lower than 60 mmHg), cerebrovascular events may occur. These findings 

led to the hypothesis of a J-shaped curve relationship between the nocturnal dipping status and 

the likelihood of adverse events [141, 142]. 

In this context, a diurnal rhythm has been consistently reported in the occurrence of 

cardiovascular and cerebrovascular events (for a review, see Ref. 315). Indeed, a reduced cardiac 

vulnerability has been seen in the nighttime. Conversely, a high incidence of cardiac events has 

been documented to occur during the morning hours [199, 310]. As it has been found to coincide 

with the rise in BP and in overall cardiovascular activation exhibited at the end of the night, the 

morning surge has been advanced as accounting for this temporal association [74, 116, 140]. 

Another factor conceivably to be associated with the rhythmicity in cardiovascular risk is the 

distribution of NREM and REM periods across the night. Because of the generalized 

cardiovascular hypoactivation, the increased cardiac electrical stability the NREM sleep is 

                                                 
1
 The sleep breathing disorders include a spectrum of conditions characterized by recurrent episodes of reduction 

(hypopnea) or interruption (apnea) of respiration during sleep. The respiratory event is often associated with drop in 

blood oxygen saturation and arousal.  
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thought to be related with diminished cardiovascular risk in the general population [302]. In 

contrast with NREM, the autonomic instability characteristic of REM sleep has been linked to 

augmented cardiac vulnerability. The rise in HR and vasoconstriction mediated by an overall 

increase in SNS drive occurring in REM may provoke ventricular arrhythmias [241, 269]. Since 

the REM sleep amount is higher in the latter part of the night, it could be an additive factor 

contributing to the high cardiovascular risk observed approaching morning. 

 

2.6.4 Cardiovascular Response to Arousal from Sleep 

As mentioned above, sleep can be occasionally interrupted by transient EEG arousals. Healthy 

adults experience approximately 15 spontaneous arousals per hour of sleep [35]. 

In spite of their shortness, arousals trigger an abrupt and intense modification in cardiovascular 

activity, as being associated in particular with changes in HR, BP, MSNA and cerebral blood 

flow (CBF) velocity [30, 65, 151, 195, 204, 257, 271, 286, 287].  

The cardiac response to arousal from sleep has been found to exhibit a peculiar time course. As 

observed by Sforza and colleagues [257], a cardiac acceleration begins approximately two beats 

preceding the arousal onset, peaking within four to five beats after the onset of the arousal, and it 

is followed by bradycardia over the seven to eight beats after that. A similar temporal dynamic 

has been reported by other studies aimed at assessing the HR [114, 117, 286] and BP [65, 195, 

286] responses to arousal from sleep (Figure 2.6). Nonetheless, the peak and ending of BP 

changes are slightly delayed in respect to the variations occurring in HR [195]. 

Therefore, the cardiovascular response is anticipatory, as the surge begins prior the EEG-defined 

onset of arousal, and transient, as the values decrease down to the levels showed before the event 

approximately within 10 sec when sleep is restored [286].  

The magnitude of cardiovascular response to arousal is largely independent by the properties of 

the arousal, in terms of nature, intensity and duration of arousal stimuli [286]. Whether the 

magnitude of response differs across sleep stage is unclear, as some evidence suggests a delayed 

HR recovery during SWS [257]. However, a large between-subject variability in the magnitude 

of the activation response has been documented [286]. 
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Figure 2.6. Heart rate response to arousal from sleep. The dashed line indicates the onset of the arousal 

(modified from Ref. 286). 

 

Both branches of the autonomic system are involved in the cardiovascular arousal response 

setting. Also, a contribution of a baroreflex mechanism has been proposed [288]. 

Given the temporal delay exhibited by HR and BP responses and the evidence illustrating that 

SV reduces slightly and CO varies little in association with arousals [195] while sympathetic 

muscle activity rises [195, 271], the changes in BP arousal response are reasonably to be owed 

by sympathetic-mediated peripheral vasoconstriction rather than a baroreflex mechanism [266, 

268]. 

With regard to the cardiac activation, converging evidence points toward a primarily vagal 

control of the HR changes to arousal. As explained in the Chapter 1, the onset of the cardiac 

response arising from parasympathetic stimulation is more accelerated than the onset from 

sympathetic stimulation because of the faster action of the vagal neurotransmitter acetylcholine. 

Hence, unlike the SNS, the PNS is able to react within milliseconds reducing the response 

latency. Further support originates from experimental blockade of autonomic nervous system 

(ANS) disclosing that vagal blockade abolished instantaneous HR surge [128]. Horner and 

coworkers [129] showed that, in spite of isolated sympathetic and parasympathetic blockade did 

not abolish the HR arousal response, both had an attenuating effect on HR increase. Specifically, 

during parasympathetic block there was a 12% HR arousal acceleration compared to 31% HR 

arousal increase when no blockade was applied. When sympathetic block was applied there was 

a 30% HR arousal rise, a magnitude similar to that which the researchers found without 



44 
 

 

blockade. Lastly, as mentioned above, the HR control during sleep is primarily performed by the 

PNS. 

Given the massive cardiovascular surge in response to arousal from sleep, it is reasonable that 

the incidence of arousal from sleep is critical for cardiovascular health [260]. Recurrent arousals 

from sleep are experienced in a number of sleep disorders such as sleep breathing disorders and 

periodic limbs movement during sleep
2
. These sleep disorders are associated with increased 

cardiovascular morbidity as hypertension, stroke and congestive heart failure [161]. A high 

incidence of arousal results in frequent transient surges in cardiovascular activity and sleep 

fragmentation, which lead in turn to average overnight elevation in physiological parameters. As 

described above, the diminished cardiovascular nocturnal drop is a predictor of adverse 

outcomes.  

 

                                                 
2
 Periodic limb movements during sleep consist of clusters of repetitive, short lasting movements occurring over the 

sleep period and involving primarily the lower extremities.  
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3 CHAPTER 3 

 

The Essential Hypotension 

 

 

 

3.1 Classification 

According to the World Health Organization [316], hypotension is defined as a condition of 

systolic blood pressure (SBP) below 110 mmHg in men and below 100 mmHg in women. 

Three forms of hypotension are commonly distinguished, i.e. orthostatic, secondary and essential 

hypotension. The current work focuses on the latter form.  

 

3.1.1 Orthostatic Hypotension 

Orthostatic hypotension is referred as a sudden fall in blood pressure (BP) when assuming 

upright position. A clinical definition refers to a fall in SBP of at least 20 mmHg or a fall in 

diastolic BP (DBP) of at least 10 mmHg measured within 3 min of standing [253].  

When a person lies down, the blood is equally distributed across the body regions. When we 

stand, about 500-1000 ml of blood moves from the upper part of the body to the lower part of the 

body. The pooling of the blood in the inferior extremities and splanchnic circulation results in 

diminished venous return to the heart that in turns lowers cardiac filling and hence the cardiac 

output (CO) and BP. The drop in BP triggers a baroreflex response that, by stimulating 

sympathetic nervous system (SNS) and inhibiting parasympathetic nervous system (PNS), causes 

heart rate (HR) acceleration, myocardial contractility, increase in CO, peripheral 

vasoconstriction and increased venous return. The compensatory reflex response restores 

eventually the BP.  

Whenever this physiological reflex fails to compensate for the reduction in venous return, 

orthostatic hypotension occurs. It may be either symptomatic or asymptomatic, depending on the 

magnitude or duration of the phenomenon. Symptoms typically experienced include dizziness, 

light-headedness, nausea, headache, visual blurring, dyspnea [104]. 

Orthostatic hypotension is normally completely reversible and resolves spontaneously without 

chronic impairment after few minutes or the return to sitting or lying position. Nonetheless, if 

massive, it can also result in severe cerebral hypoperfusion and syncope [147]. 
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Several physiological and pathological conditions may increase the susceptibility to orthostatic 

hypotension, such as aging, drugs, autonomic neuropathy, multiple system atrophy (e.g., Ref. 

104, 239). 

It should be emphasized that subjects suffering from orthostatic hypotension exhibit low BP 

usually only when standing, whereas they normally have normal BP while seated, and sometimes 

high BP when lying down [239].  

 

3.1.2 Secondary Hypotension 

Low BP can ensue from primary conditions, which may be either acute or chronic. Acute 

hypotension results from hypovolemic shock as due to hemorrhage or dehydration. The 

pronounced fall in blood volume and CO lowers the BP. If the blood is not restored, severe 

prolonged hypotension can lead to death [147]. 

Because arterial pressure is the product of CO and total peripheral resistance (TPR), diseases 

associated with a reduction in either may result in hypotension when not compensated. For 

instance, decreased CO can derive from decelerate HR as occurring in sinus bradycardia and 

atrio-ventricular (AV) nodal blockade, while lowered stroke volume (SV) is seen in heart failure 

and reduced venous return. Diminished vascular tone may occur in autonomic dysfunctions 

[147].  

Additional diseases commonly associated to low BP are Addison‟s disease, pheochromocytoma, 

Wernicke‟s syndrome, amyloidosis, diabetes mellitus [313]. 

Several drugs can also cause hypotension. The excessive assumption in antihypertensives agents 

such as beta-blockers, calcium-channel blockers can lower the BP down to normal values. 

Vasodilator drugs as angiotensin-converting enzyme inhibitors and hydralazine used in heart 

failure may also lead to exaggerated drop in vascular tone and thereby hypotension.  

 

3.1.3 Essential Hypotension 

However, an individual may exhibit permanent low BP in spite of clinical history and physical 

examination rule out primary conditions underlying the hypotension.  

Essential (or constitutional) hypotension is a condition of chronic low BP, with SBP lower than 

110 mmHg in men and 100 mmHg in women and DBP lower than 60 mmHg [254, 307]. It 

occurs in absence of any identifiable pathological factors and it as associated with a constellation 

of symptoms, as discussed below.  
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An early description was made by Riesman in 1923, who named it “constitutional hypotension”. 

The author illustrated the features characterizing this state, such as poor circulation, physical and 

mental exhaustion, cold limbs [236].  

It has long been debating whether a primary, chronic low BP might be considered as a distinct 

nosological entity, deserving of medical attention and therapeutic management.  

Early evidence of ongoing controversy between who refrains from and who sustains to regard at 

the essential hypotension as a disease dates back to the first decades of the last century [14, 101, 

105]. In this context, the opinion of Friedländer [105] is illustrative, as he claimed that 

hypotension is a symptom rather than a disease itself, notwithstanding he admitted there is no 

adequate explanation for many of the hypotensive states.  

A number of reasons can account for the skepticism showed by the medical community in 

considering the essential hypotension as a specific disease. Firstly, the cluster of symptoms 

complained by hypotensives is not peculiar and can be seen in a variety of conditions, as argued 

by Robinson [240] and Pemberton [220]. Secondly, a low BP has been historically thought to be 

a marker of health and greater life expectancy, as to be regarded as the “ideal normal BP” [240].  

This dispute is conceivably to justify why the essential hypotension is a such poorly addressed 

topic, unlike its mirror condition of essential hypertension, which has been extensively 

investigated and broadly established as associated with heightened risk of poor outcomes (e.g., 

Ref. 50, 138).  

However, as addressed in details later in the current Chapter, available evidence contests these 

assumptions.  

In addition to subjective distressing symptoms referred by hypotensives, essential hypotension 

has been consistently found to be associated with objective markers of electrocortical alterations 

[62, 85, 308] and abnormalities in both central and peripheral hemodynamics [82, 86, 273]. 

Furthermore, more recent investigations challenged the concept of hypotension as promoting a 

better survival by documenting higher morbidity and mortality occurring with low BP (e.g., Ref. 

2, 167).  

 

 

3.2 Epidemiology 

Esteems of the epidemiology of essential hypotension vary greatly due to the arbitrary 

definitions of hypotension adopted.  

The boundaries used to design hypotension range from SBP lower than 110 mmHg [6, 14, 220] 

to systolic values lower than 100 mmHg [2], either taking into account or not the limit of DBP 
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below 60 mmHg [220]. Statistical criteria have also been used [125, 211]. Additional variability 

derived by the approach used to assess BP. Moreover, the evaluation is further complicated by 

the fact that the majority of the investigations consists of cross-sectional rather than longitudinal 

studies.  

Early attempts targeted at explore the epidemiology of essential hypotension date back to the 

Twenties. By retrospectively evaluating BP values in a group of 10.142 male subjects, Alvarez 

[6] and Barach [14] found a SBP below than 110 mmHg in 3.5% of the individuals.  

In a large screening study carried out in a Canadian community, 17.8% of the individuals 

reported a prior diagnosis of low BP, a proportion comparable to hypertension diagnoses 

(19.8%) [259].  

Pemberton [220] reviewed data from surveys of three Austrialian community investigations and 

identified hypotension in 1.6–2.7% of male subjects and 0.3–3.6% of female subjects, in accord 

with the definition of hypotension as office SBP lower than 110 mmHg for males and lower than 

100 mmHg for females. When the criterion of DBP below 60 mmHg was applied, prevalence 

was 1.0-1.1% in men and 1.2-2.7% in women.  

Employing the technique of 24-h ambulatorial BP monitoring (ABPM) in a cohort of mainly 

urban dwelling Irish subjects, Owens and coworker [211] found that 49% of them demonstrated 

hypotensive events, defined as two or more consecutive systolic or diastolic readings below the 

fifth percentile of BP. 

In a longitudinal follow-up study, a proportion of 0.7% chronic hypotensives with office SBP 

lower than 100 mmHg for 8 or more years has been identified in Japan [2].  

With regard to the gender, essential hypotension has a female preponderance, ranging from 13% 

to 1% [2, 75, 211, 259] in the female general population. Studying the low BP in German general 

practice, Donner-Banzhoff and coworkers [75] observed a double rate of essential hypotension in 

women.  

Moreover, it was found to occur more frequent among the young. Consistently, Baenkler and 

coworkers [13] reported a high prevalence in the female population aged 20-40 years. 

The epidemiology of essential hypotension entails notably socioeconomic burden.  

The socioeconomic impact of essential hypotension has been quantified in a study performed by 

Beske and colleagues [25]. In Germany in 1978, up to 9.5 million working days have been 

estimated as being lost due to low BP. Additionally, from 1% to 8% of the German population 

were found to undergo antihypotensive therapy, leading to an estimated cost of 380 million 

German marks for the country. 



49 
 

 

Unlike the essential hypertension, whether chronic low BP carries either a protective effect 

reducing the risk for both cardiovascular and non-cardiovascular deaths in the general 

population, or augments the likelihood of adverse outcomes, is still under debate. 

Historically, a low BP has been regarded as the optimal BP [240]. By reviewing nine large 

prospective studies, MacMahon and coworkers [169] observed a consistent positive monotonic 

relationship between BP values and risk for cardiovascular events, supporting the concept of 

hypotension as cardio-protective state. Moreover, people with chronic low BP have been found 

less likely to have a positive family history of cardiovascular disease [211]. Thereby, low BP has 

been associated with greater life expectancy [113, 222]. 

Nonetheless, growing body of literature leads to the opposite conclusion. 

Low BP has been reported as being a significant predictor of increased mortality in healthy 

elderly [2, 181]. Moreover, several investigations demonstrated that hypotension was related to a 

negative prognosis in a variety of cardiovascular conditions such as coronary disease and heart 

failure (e.g., Ref. 160, 210). 

Thereby, a relation between low BP and vulnerability to cardiovascular events has been 

postulated [98, 293]. Evidence supporting this hypothesis is particularly compelling with regard 

to DBP [96, 185, 210]. This datum is reasonable given that myocardial perfusion is mainly 

dependent on DBP [147]. 

Furthermore, additional evidence support the concept of hypotension as a source of non-

cardiovascular morbidity as well. 

Higher susceptibility to the development of chronic fatigue syndrome has been found by large 

epidemiological studies in association with low BP [167, 200, 245]. A condition of chronic 

hypotension has also been identified as a risk factor in pregnancy [202, 306]. Lastly, prospective 

investigations indicate consistently low BP as elevating vulnerability to dementia in the elderly 

[194, 197, 246]. 

 

 

3.3 Symptoms and Associated Features 

The spectrum of symptoms complained by essential hypotension is heterogeneous and include 

tiredness, loss of appetite, dizziness, giddiness, blackouts. Hypotensives often suffer from 

palpitations, chest pain, headaches, breathing difficulties. Cold hands and feet, paleness and 

sweating are also commonly reported [220, 224, 307, 309].  

As already noted in early investigations [115, 158, 238], the chief symptoms of essential 

hypotension is mental and physical fatigue. 
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By analyzing the relationship between BP and subjective symptoms, Pemberton [220] found an 

association between low BP and tiredness. The association was stronger for young women. This 

finding has been confirmed and extended by subsequent investigations. In a large cross-sectional 

population based survey, Wessely and colleagues [309] disclosed a negative correlation between 

SBP and both fatigue and dizziness, persisting after adjustment for confounders.  

In addition to the chronic symptoms, more acute states can occur in precipitating conditions. 

Abrupt moving to upright posture may lead to a sudden fall in BP resulting in orthostatic 

hypotension and syncope.  

Additional features observed in essential hypotension include low body temperature [2, 272] and 

low body mass index (BMI) [2]. Consistently with the latter aspect, the finding of low creatinine 

levels is suggestive of reduced muscle mass in hypotensives [2, 211]. Moreover, heightened pain 

sensitivity to both cold and heat pain has been detected in essential hypotension [78, 89]. 

In addition to somatic symptoms, hypotensive sufferers complain of cognitive and affective 

disturbances, as reduced concentration, lack of motivation, anxiety and depression [220, 224, 

307, 309]. 

Several investigations designed at exploring cognitive functions documented impaired 

performance in essential hypotension in comparison to normotensive condition. The deficits are 

particularly prominent in the area of attention (Figure 3.1). 

Hypotensives exhibit prolonged simple and cued reaction times suggesting that both tonic and 

phasic alertness are compromised [84, 85, 272]. Both selective and sustained attention are also 

reduced in essential hypotension [62, 84]. Poor performance in arithmetic tasks has been 

reported [272]. 

Electrophysiological studies disclosed also alterations in cortical activity related to attentional 

processing. Investigations on event-related potentials revealed reduced amplitude of the 

contingent negative variation
3
 in essential hypotension [62, 85, 308]. The amplitude of this 

component was found to correlate with the SBP value [85, 308]. 

Furthermore, multiple evidence indicates declined memory in essential hypotension [62, 84, 

272]. 

 

                                                 
3
 The contingent negative variation is a slow event-related potential occurring during the interval between a warning 

signal (S1) and a second stimulus (S2) requiring a cognitive, verbal or motor response. Thus, it is thought to reflect 

the process of phasic alertness. 
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Figure 3.1. Execution times in attentional tasks in hypotensives and normotensives (adapted 

from Ref. 84). 

 

The distressing symptoms experienced by hypotensive sufferers may lead to anxiety and 

depression [220, 225, 309]. In a community of elderly men, Barret-Connor and Palinkas [15] 

observed that low DBP was related with high depression score at questionnaires. The 

relationship between low BP and anxiety and depression is further supported by large cross-

sectional studies as the Nord-Trøndelag Health Study [125]. 

Somatic, cognitive and affective disturbances experienced by hypotensives concur together to 

affect considerably the daily functioning in this population. Indeed, low BP was showed to be 

related to poor social, physical and mental well-being [242]. Hence, the compromised well-being 

lowers the quality of life in essential hypotension [196, 242]. 

 

 

3.4 Cardiovascular Reactivity  

The cardiovascular reactivity can be assessed in laboratory setting through a wide range of 

methods (e.g., [42, 290]. According to the coping strategies involved [205], the experimental 

paradigms may be grouped in two main classes: active and passive tasks. Both categories include 

physical and mental tests and trigger different patterns of cardiovascular reactivity (e.g., Ref. 5, 

143, 264).  
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In a passive task the subject cannot influence the results of the test. Cold pressor test and view of 

emotional images are physical and mental passive tasks, respectively. Typically, passive tasks 

evoke a cardiovascular response characterized by increase in TPR and BP and slight reduction in 

HR and CO. This profile reflects mainly an alpha-adrenergic activation. On the contrary, the 

subject is responsible for the results of an active task. Examples of physical active tasks include 

aerobic exercise, while mental arithmetic and speech tests are mental active tasks. Elevation in 

HR, CO, BP and decrease in TPR are produced by active tasks, a response primarily mediated by 

beta-adrenergic stimulation. 

Given the different hemodynamic involvement, the cardiovascular responses elicited by active 

and passive have been termed as myocardial and vascular patterns, respectively [255].  

The cardiovascular reactivity in essential hypotension has been primarily evaluated by way of 

mental arithmetic tasks, more specifically the serial subtraction test. Although it has been 

declined in a variety of forms, typically the serial subtraction test requires the subject to 

repetitively count backward starting from a given number and a given subtrahend. The test has 

usually a short duration (3-5 min). 

By administering the mental arithmetic task to hypotensive and normotensive subjects, Duschek 

and Schandry [87] observed an elevation in BP in both groups compared to resting values, in 

accordance with literature [4, 157, 164]. Nevertheless, as illustrated in Figure 3.2, the magnitude 

of increase was lower in essential hypotensive participants.  

 

 

 

Figure 3.2. Changes of systolic and diastolic blood pressures from resting values during mental 

arithmetic task execution in hypotensives and normotensives (adapted from Ref. 87). 
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A more comprehensive cardiovascular assessment has been carried out by Duschek and 

colleagues [79]. Similarly to the prior investigation, hypotensive participants exhibited a less 

marked raise in both SBP and DBP in comparison to controls under stress task. The reduced 

augmentation in BP was largely mediated by a milder increase in CO, as no group differences 

were detected in respect to changes in HR, SV and TPR values.  

These findings have been replicated by the same researchers in a further investigation [82], 

reporting a comparable enhancement in HR, SV and TPR between normotensives and 

hypotensives during the execution of the serial subtraction test compared to resting condition, 

albeit the latter subjects experienced a milder increase in CO than did controls.  

Measures of central hemodynamic have found to be in accord with peripheral findings. Indeed, 

Stegagno and coworkers [273] measured the cerebral blood flow (CBF) velocity changes in 

response to a passive task such as the view of emotional images. Whilst both groups displayed a 

an acceleration in CBF velocity under emotional stimulation, it augmented to a lower extent in 

the essential hypotension group. 

Taken together, these studies document a diminished cardiovascular reactivity in essential 

hypotension. 

As reviewed by Treiber and coworkers [282], heightened levels of cardiovascular reactivity may 

predict the development and exacerbation of cardiovascular diseases such as carotid 

atherosclerosis. Hence, given the evidence linking the cardiovascular hyperreactivity to 

enhanced vulnerability, the findings of hyporeactivity illustrated in hypotensives is suggestive of 

lowered risk of adverse outcomes in this population.  

 

 

3.5 Pathogenesis 

Little is known about the pathogenesis of essential hypotension. Notwithstanding a number of 

theories has been proposed, the cause of essential hypotension is still unclear. 

Various hypotheses have been advanced since early investigations. Friedländer [105] speculated 

an abnormal release of histamine and other vasodilators in hypotensives, while respiratory deficit 

and reduced oxidation were assumed by Barach [14]. In the same period, Fossier [101] proposed 

a narrowing of the aortic arch combined with a lengthening of the ascending aorta as cause of 

essential hypotension: the increased resistance to the flow offered by the narrower aortic arch, 

extended by the lengthening of the ascending aorta, would lower the BP down to 10-30 mmHg 

below the normal values. 

However, these early theories have been discarded because of the scarce supporting evidence. 
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More recent studies aimed at addressing the psychophysiology of essential hypotension have 

provided data of interest about the mechanisms underlying the pathogenesis of this condition. 

 

3.5.1 Autonomic Dysregulation 

In addition to low BP, a number of investigations disclosed a diffuse hypoactivation of the 

cardiovascular system in essential hypotension. 

In a comprehensive hemodynamic assessment, Duschek and colleagues [82] described lower 

HR, SV and CO in hypotensives compared to controls (Figure 3.3). The cardiovascular 

downregulation has been documented both at rest and under stress, as described in the Section 

3.4. A diminished HR in this population has been also found in a previous report [2]. 

Since no difference in TPR was observed in comparison to normotensive condition [82], the 

essential hypotension has been proposed as being primarily attributable to cardiac rather than to 

vascular determinants [82]. The diminished CO might also result in reduced tissue perfusion in 

essential hypotension. This latter speculation has been supported by the finding of decreased 

capillary erythrocyte velocity in microcirculation in chronic low BP [77]. 

Abnormalities in autonomic balance have been hypothesized as underlying the cardiovascular 

downregulation displayed in essential hypotension. Particularly, a sympathetic hypoactivation 

has been postulated [2, 88, 103]. 

This assumption has been primarily justified by the evidence of reduced cardiac activity in 

hypotensive sufferers [2, 82].  
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Figure 3.3. Hemodynamic parameters at rest and under mental stress in hypotensives compared 

to normotensives (adapted from Ref. 82). 

 

By comparing the orienting response in three groups of hypotensive, normotensive and 

hypertensive subjects, Frederikson and coworkers [103] described a more accelerate 

electrodermal response habituation in the hypotensive group. As the electrodermal activity is a 

measure of SNS activation [67], the study gives strength to the sympathetic hypoactivation 

hypothesis.  

Lastly, further support to the sympathetic withdrawal arises from pharmacological trials 

designed at assessing the effect of sympathomimetic drugs, such as the alpha-adrenergic agonist 

midodrine, which showed effectiveness in elevating BP and providing relief from acute 

symptoms [82, 83]. 

 

3.5.2 Baroreflex Overresponsivity 

In the context of autonomic dysregulation theory, a role of the baroreflex has been advanced to 

contribute to the pathogenesis of essential hypotension [88, 308]. 

A baroreflex overresponsivity in chronic hypotensives has been early speculated by Weisz and 

coworker [308]. The authors conceptualized that an elevated baroreflex sensitivity leads to an 



56 
 

 

overcompensation of minimal transient blood pressure increases, thus stabilizing BP at a lower 

level. An experimental confirmation of this assumption has been provided by Duschek and 

colleagues [79], which detected an enhanced cardiac baroreflex sensitivity in essential 

hypotension both at rest and during mental stress in comparison to controls. Additional 

corroboration derives from pharmacological trials [83]. 

The hypothesis of baroreflex overresponsivity should be taken into account in the context of the 

involvement of baroreflex in both phasic and tonic BP regulation. 

As described in Chapter 2, this mechanism is traditionally thought to participate only in short-

term BP control because of the resetting. Nonetheless, recent investigations, conducted on both 

animal and human subjects, challenged this idea, suggesting that baroreceptors do not 

completely reset and may contribute to long-term BP control [120, 124, 165, 174].  

Given this latter evidence, the concept of chronic low BP mediated by baroreflex mechanism is 

conceivable.  

 

3.5.3 Cerebral Autoregulation Deficit 

Studies employing the Transcranial Doppler Sonography disclosed aberrations in the regulation 

of CBF in essential hypotension.  

As depicted in Figure 3.4, slower resting CBF velocity in the middle cerebral arteries of both 

hemispheres has been demonstrated in hypotensives compared to normotensives [86, 273]. Since 

these arteries supply large regions in the frontal, parietal and temporal lobes as well as 

subocortical areas (e.g., Ref. 7), a diffuse cerebral diminished perfusion has been thus postulated.  

 

 

 

Figure 3.4. Resting blood flow velocities in the left and right middle cerebral arteries in 

hypotensives and normotensives (adapted from Ref. 86).  
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Bearing in mind the cerebral autoregulation mechanism, these findings are of additional interest. 

Indeed, this mechanism aids to maintain constant the CBF within a fairly wide range of changes 

in systemic BP (60 to 150 mmHg). When the systemic pressure exceeds either the upper or the 

lower limit, CBF increases or decreases proportionally with rising or falling in BP [57, 217].  

Hence, according to the cerebral autoregulation, the CBF should not be affected in essential 

hypotension because of the systemic BP does not usually fallen below the inferior limit.  

Differently, an impairment in this process is likely to occur in essential hypotension, as the 

autoregulation process is seemingly to be insufficient to compensate for the low systemic BP. 

Further support to the abnormal autoregulation in essential hypotension stems from the finding 

that transient systemic BP oscillations were found to exert an exaggerated influence on CBF only 

in hypotensives [87], while a similar dependence of CBF on systemic BP was not observed in 

normotensives.  

Moreover, a deficient adjustment of CBF to situational requirements has been recorded during 

task execution, in terms of blunted increase in CBF [86, 273]. Given the neurovascular coupling, 

in accord with the cerebral blood flow adapts dynamically depending on neural activity and brain 

metabolism [156, 305], the less marked augmentation in CBF in response to enhanced metabolic 

demand evoked by the cognitive activity is reasonably to yield to inadequate blood supply. In 

turns, this might account for the impaired mental functions exhibited by hypotensives, as further 

supported by the correlations revealed between cognitive performance and extent of CBF 

acceleration [86, 87].  

The mechanisms proposed as underlying the essential hypotension are conceivably to interact 

reciprocally to cause and retain the essential hypotension and its associated features. 

The baroreflex overresponsivity is likely to buffer to transient BP elevations by diminishing the 

sympathetic outflow and yielding to permanent low BP and, more in general, to a cardiovascular 

hypoactivation. In turns, the deficit in cerebral autoregulation leads to decreased CBF 

proportionally to the low BP. 

Likewise, the physiological substrate of the cognitive impairment showed in essential 

hypotension can be ascribed to an interaction of the mentioned factors. 

The reduced blood supply to the cerebral tissue resulting from deficient adjustment of CBF to 

task demands may cause reduced cortical activation and thereby poor performance. The findings 

of altered brain cortical activity exhibited by hypotensives is consistent with this hypothesis [62, 

85, 308]. Moreover, some evidence links the baroreflex stimulation to cortical inhibition [59, 
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188, 231, 291]. Further strength ensues from the pharmacologic increase in both systemic BP 

and CBF resulting in amelioration of cognitive functions [80, 81]. 

 

3.5.4 Genetic Mutations 

Genetic determinants have also been proposed, as molecular genetic studies have identified 

mutation in nine genes involved in BP control which provoke hypotensive forms. 

Notwithstanding the complexity and multiplicity of physiological processes underlying the BP 

regulation, all these mutations affect the renal-fluid system, as they lead to reduced salt 

reabsorption in the kidney thus lowering the BP [163]. 

 

 

3.6 Treatment 

In line with the debate over the consideration of essential hypotension as a disease, antagonist 

opinions concerning its treatment have been advanced [68, 75, 237, 254, 259]. 

Therefore, there is a paucity of evidence about the management of symptoms complained by 

essential hypotension sufferers. 

However, the therapeutic approaches fall into two classes: pharmacological and non-

pharmacological therapies. It is generally agreed in the general practice that interventions, either 

pharmacological or non-pharmacological, targeted at elevating the BP to normotensive values 

should be restricted to symptomatic hypotensives rather than to all people reporting low BP [68]. 

Non-pharmacological strategies should be preferred to alleviate distressing symptoms and 

include primarily physical exercise and increased salt intake, known to be successful in raise the 

BP. Because elevated salt assumption can cause liquid accumulations in the legs, compressive 

stockings may be necessary [68].  

If non-pharmacological interventions fail to elevate the BP and symptoms persist impairing 

considerably the daily functioning, pharmacological therapies can be prescripted [68].  

As mentioned above, sympathomimetic agents, such as midodrine and etilefrine, are efficacious 

in raising the BP and providing relief from symptoms [80-82]. In severe cases, mineral-

corticosteroids are administered [68]. 

A placebo-controlled double-blind trial demonstrated effectiveness of the alpha-adrenergic agent 

midodrine in raising the systemic BP through enhancement of peripheral vasoconstriction and 

heart pumping [82]. An elevation in CBF has been observed as well [81], which is likely to 

contribute to the improvement in cognitive performance observed after administration of 

midodrine [81]. 
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Nonetheless, the midodrine has been documented to increase the baroreflex sensitivity and the 

vagal tone, as suggested by heart rate variability (HRV) analysis revealing increase in high-

frequency (HF) power and decrease in low-frequency (LF) to HF power ratio [83]. The authors 

of the study hypothesized that the acute administration of midodrine triggers a counter-

regulatory response targeted at restoring the BP to the low basal level through a baroreflex 

mechanism which augments the vagal output. Hence, given the postulated autonomic 

dysregulation in essential hypotension, caution is recommended in treating this condition with 

alpha-sympathomimetic agents, as they can exacerbate rather than reduce the autonomic 

imbalance. 

Unfavorable effects have also been reported when administering etilefrine, a peripheral alpha- 

and beta-agonist. In spite of the amelioration in both BP levels and cognitive performance, a 

further reduction in contingent negative variation amplitude after administration of the 

antihypotensive drug has been showed, suggestive of diminished cortical excitability [80]. Thus, 

a possible adverse impact on central nervous system should be taken into account. 

A surge in BP has been observed after administration of a Camphor–Crataegus berry extract 

combination [252]. The trial illustrated also the beneficial effects of the substance in enhancing 

mental functions. 

 

 

3.7 Sleep Features 

Daytime sleepiness and nocturnal sleep disturbances are often referred by essential hypotension 

sufferers [307, 309].  

Nonetheless, studies aimed at addressing the sleep complaints in this population are lacking. 

A large survey on BP levels and self-reported symptoms included a question regarding the sleep 

duration [309]. According to the average number of hours slept, three categories were defined: 

high sleepers (above 9 h of sleep per night), normal sleepers (7-9 h of sleep), low sleepers (below 

7 h of sleep). However, regression analysis failed to found significant relationships between low 

BP and hours of sleep.  

On the other hand, some evidence is suggestive of objective sleep abnormalities related with 

hypotension. 

By analyzing the cumulative data of patients who attended the Stanford Sleep Disorders Clinic 

between 1994 and 1999, Guilleminault and coworkers [119] reported an association between low 

resting BP, defined as SBP below 105 mmHg and DBP below 65 mmHg, and upper airway 
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resistance syndrome
4
: about 20% of the patients with upper airway resistance syndrome had low 

BP and complain of orthostatic intolerance. 

  

                                                 
4
 The upper airway resistance syndrome is a form of sleep breathing disorder characterized by recurrent increases in 

resistance to airflow within the upper airway which lead to arousals and sleep fragmentation. 
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4 CHAPTER 4 

 

The Research 

 

 

 

Research Rationale 

Over the past decades, a large body of knowledge has been gathered with regard to the nocturnal 

hemodynamic pattern, as well as the comorbidity with sleep disorders, in a variety of 

cardiovascular diseases (e.g., Ref. 303, 315). In particular, hypertensive states have been 

extensively investigated and the association with sleep disturbances as well as abnormal 

nocturnal physiological activity has been established (for a review, see Ref. 244). On the other 

hand, as mentioned in Chapter 3, surprisingly few attention has been paid to the sleep pattern in 

hypotensive conditions. 

To date, there have not been any controlled study targeted at assessing quality and quantity of 

sleep in essential hypotension. Particularly, no polysomnographic (PSG) recordings have been 

carried out in this population.  

The paucity of literature concerning sleep in essential hypotension appears even more surprising 

given the subjective complaints of sleep disturbances and diurnal sleepiness often reported by 

sufferers [307, 309]. Sleep disruption might contribute to generate and maintain diurnal 

symptoms referred by hypotensives. Support for this hypothesis arises from experimental 

manipulation of sleep in healthy (normotensives) subjects, illustrating that increase or decrease 

in sleep generate feeling of physical weakness, fatigue, poor concentration, daytime sleepiness 

[201].  

Abnormalities in sleep may also include altered nocturnal physiological activity. As described in 

Chapter 2, the cardiovascular system undergoes massive fluctuations over the sleep period and 

within the sleep stages, due to both the influences of circadian and sleep systems (e.g., Ref. 268, 

288). 

To the best of our knowledge, neither the cardiovascular evolution throughout the night nor 

across different sleep stages have been investigated in essential hypotension yet. 
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Given the evidence of cardiovascular hypoactivation in this population [2, 82, 87], the 

examination of nocturnal physiological profile could aid to disclose whether daytime differences 

between hypotensives and normotensives are retained over the sleep period. 

An autonomic dysregulation in terms of sympathetic withdrawal has been postulated as 

accounting for the reduced cardiovascular activity in hypotensive sufferers [2, 88, 103]. 

However, it should be remarked that this hypothesis has been advanced largely relying on 

indirect measures of sympathetic nervous system (SNS) outflow. Moreover, the role of 

parasympathetic nervous system (PNS) has not been elucidated. In this context, the evaluation of 

myocardial contractility may be of interest as well. 

Bearing in mind that the autonomic nervous system (ANS) is known to play a key role in 

modulating the cardiovascular parameters during sleep (e.g., Ref. 32, 47, 287), the analysis of the 

nocturnal hemodynamic and neurovegetative pattern in essential hypotension may provide 

relevant insight into this condition. 

Furthermore, since sleep is a condition relatively free of external disturbance factors that can 

affect physiological measurements during wakefulness (e.g., emotional status, degree of 

cooperation), the evaluation during sleep may reveal abnormalities in physiological functioning 

which measures performed in wakefulness fail to identify.  

Sleep can also be employed as a paradigm to assess the cardiovascular reactivity to spontaneous 

phasic events.  

Indeed, given the magnitude and significance of the cardiovascular oscillations occurring during 

arousals from sleep [195, 257, 286], the analysis of the response to arousal may provide data of 

interest. 

As the nature of arousals from sleep has been postulated to be critical for the cardiovascular 

health [260], the examination of these events and their associated physiological modifications in 

hypotensive individuals may provide support for, or against to the assertion that hypotension is a 

cardio-protective state. 

Moreover, taking into account that nocturnal cardiovascular measurements have been found to 

be better predictors for adverse outcomes than diurnal values [97, 162], a thorough investigation 

of the nocturnal tonic and phasic activity in essential hypotension can help to clarify the 

association between chronic low blood pressure (BP) and the morbidity and mortality risk, an 

issue still disputed. 

Hence, in lights of the above mentioned considerations, the present dissertation aims at providing 

a comprehensive picture of the hemodynamic and autonomic pattern during sleep as well as the 

sleep pattern in essential hypotension. In particular, our purposes can be summarized as follows: 
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 To explore the sleep quality and quantity in essential hypotension by means of PSG 

recording, a technique allowing an objective estimation of sleep 

 To assess the overnight cardiovascular profile in this population by applying a wide range 

of non-invasive measures 

 To test the hypothesis of autonomic dysregulation underlying this condition by way of 

both pure sympathetic and parasympathetic indices  

 To assess the cardiac reactivity in essential hypotension during sleep by analyzing the 

heart rate (HR) response to spontaneous arousals from sleep  

Three studies have been performed in order to address these questions, as described in the next 

Sections. 
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4.1 Experiment I 

 

4.1.1 Introduction 

The descriptions of decreased HR [2, 82], stroke volume (SV) and cardiac output (CO) [82], and 

enhanced baroreflex sensitivity [79], combined with the effectiveness of sympathomimetic 

agents showed in hypotensives [80-82], have been interpreted as suggestive of a sympathetic 

hypoactivation in this population [2, 103]. However, it should be noted that neither cardiac nor 

vascular pure sympathetic indexes have been measured in the mentioned studies. An augmented 

parasympathetic tone could also be involved in the pathophysiology of essential hypotension. 

Lastly, since this evidence ensues from evaluations performed in wakefulness, whether the 

differences in cardiovascular parameters between hypotensives and normotensives individuals 

are retained during sleep is unknown. 

The cardiovascular system shows a progressive downregulation from the wakefulness over the 

sleep period, mainly reflecting the progressive shift from sympathetic toward parasympathetic 

control (for a review, see Ref. 288). Abnormalities in nocturnal cardiovascular activity have been 

described in a variety of pathological conditions [303, 315]. In particular essential hypertension 

has been found to be related with blunted nocturnal dip in BP, CO and SV [274]. 

Given both the notably oscillations undergone by the cardiovascular system over the sleep period 

primarily mediated by changes in autonomic control and the lack of literature about the nocturnal 

profile of hemodynamic in essential hypotension, the aim of the Experiment I was to explore the 

overnight evolution of cardiovascular activity during sleep in hypotensives by means of a broad 

spectrum of measures. In addition, in order the clarify the postulated autonomic imbalance in 

essential hypotension, we sought to examine the involvement of both neurovegetative divisions 

in nocturnal cardiac autonomic regulation. To achieve this latter purpose, the pre-ejection period 

(PEP) and the high-frequency (HF) time-domain measures of heart rate variability (HRV) were 

estimated as noninvasive markers of cardiac sympathetic and parasympathetic drives, 

respectively. 

We hypothesized that the nocturnal autonomic pattern in essential hypotension is characterized 

by both sympathetic withdrawal and heightened vagal output, leading to cardiovascular 

downregulation in hypotensives over the night. 

 

4.1.2 Materials and Method 
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4.1.2.1 Participants 

Fourteen essential hypotensives (23.43 ± 0.62 years) and 14 normotensives (22.21 ± 0.43 years) 

participated in this study. All subjects were recruited through advertisements placed at the 

University of Padova. Given the extremely low rate of essential hypotension in men [2, 13, 75], 

the sample was restricted to women. 

By considering the high circadian and day-to-day variability in BP [54, 108, 178], the following 

screening procedure including multiple office BP readings was applied 1 week prior the 

experiment. Three sessions were carried out in the following timetables: 9-10 am, 1-2 pm, and 5-

6 pm. Each participant underwent all three BP measurement sessions in a randomized order. All 

subjects abstained from alcohol for 24 h and from food, tobacco and beverages containing 

caffeine for at least 3 h prior to each BP measurement. After a resting period of 10 min, three 

readings were taken with 3-min interval in between. BP was measured in sitting position by 

using a mercury sphygmomanometer, with a standard cuff fitted to the non-dominant upper arm. 

Korotkoff‟s phases I and V were used to identify, respectively, systolic BP (SBP) and diastolic 

BP (DBP) values, with a deflation rate of 2 mmHg/s. 

Overall, nine BP measurements were collected for each participant. In order to account for 

alerting reactions [258], the first reading of each session was discarded, thus the screening SBP 

and DBP values were derived by averaging six measurements. Subjects were classified as 

hypotensives if the mean SBP was lower than 100 mmHg and the mean DBP lower than 60 

mmHg. Subjects reporting a mean SBP higher than 110 mmHg regardless of DBP were defined 

as normotensives. 

A positive history of hypotensive symptoms (e.g., dizziness, faintness, fatigue) was ensured 

before enrolling hypotensive participants. Screening procedures also included the administration 

of the Pittsburgh Sleep Quality Index (PSQI; [48] to assess sleep quality. A cut-off of ≥ 5 was 

applied to identify sleep disturbances. Lastly, participants also filled out a questionnaire to 

collect medical and psychiatric anamnesis and investigate habits with regard to smoking, 

alcohol, caffeine and drugs consumption. In addition, data about weight and height were 

collected to allow calculation of body mass index (BMI, kg/m
2
). Exclusion criteria for both 

groups were as follows: BMI ≥ 30 kg/m
2
; score ≥ 5 on the PSQI; excessive tobacco, alcohol or 

caffeine consumption; drugs or medications affecting cardiovascular or nervous system 

assumption; medical or psychiatric diseases. 

The experimental protocol was approved by the Ethics Committee of the University of Padova. 

Each participant signed an informed consent prior to commencement of the study and received 

100 Euros for participation. 
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4.1.2.2 Polysomnography 

PSG included electroencephalogram (EEG; O1-A2, O2-A1, C3-A2, C4-A1, F3-A2, F4-A1), 

electrooculogram (EOG; right EOG-A1, left EOG-A2), electromyogram (EMG; submentalis 

muscle) and electrocardiogram (ECG; precordial II lead). PSG data were recorded using a 

computerized system (Siesta, Compumedics, Melbourne, Australia).  

Sleep was manually 30-s scored according to American Academy of Sleep Medicine (AASM) 

criteria [131], in order to obtain the following parameters: sleep onset latency (SOL; min), wake 

after sleep onset (WASO; min), sleep efficiency (SE; %), amount of rapid eye movement (REM) 

and non-REM (NREM) sleep (min). For the purpose of the study, sleep onset was defined as the 

first of 3 consecutive 30-s epochs of any sleep stage. 

 

4.1.2.3 Blood Pressure Monitoring 

BP measurements were collected during PSG by means of an automated oscillometric system 

(Spacelabs 90217; SpaceLabs Medical, Inc., Issaquah, WA), with a cuff of appropriate size fitted 

to the non-dominant upper arm. The device was set to take BP readings at 10-min intervals. The 

monitor was previously calibrated against a mercury sphygmomanometer to ensure accuracy. 

SBP, DBP and mean BP (MBP; mmHg) were derived and all recorded measurements were 

manually checked for artifacts.  

 

4.1.2.4 Impedance Cardiography 

The impedance signal (Z0) and the first derivative of pulsatile impedance (dZ/dt) were measured 

by Impedance Cardiograph (ICG) Minnesota model 304 B (IFM Inc., Greenwich, CT) through 

standard tetrapolar band electrode configuration, according to guidelines [262]. The two inner 

(recording) bands were placed around the base of the neck and around the thorax over the tip of 

the xiphoid process. The two outer (current) bands were positioned around the neck and thorax, 

at least 3 cm away from each of the recording electrodes. A 4-mA alternating current at 100-kHz 

was transmitted through the two outer electrodes and Z0 and dZ/dt signal were recorded from the 

two inner electrodes and digitized at 500 Hz sampling rate. The samples were 30-s ensemble 

averaged by a software system (COP-WIN software Bio-Impedance Technology, Chapel Hill, 

NC) that summed the digitized beat-by-beat waveforms, time synchronized to the R wave of the 

electrocardiogram, and divided by the number of cardiac cycles, filtering respiratory and 

movement artifact. The positions of the B- (i.e., the onset of the left-ventricular ejection) and the 

X- (i.e. the closure of the aortic valve) points in the dZ/dt signal and the Q wave in the ECG were 
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automatically detected. Moreover, each cardiac cycle was off-line visually inspected and edited 

when the algorithm failed to correctly detect these points. 

HR (bpm) was calculated as the number of heart beats per minute. SV (ml) was derived using the 

Kubicek equation [155]. CO (l/min) was computed as HR ∙ SV. PEP (ms) was defined as the 

time interval between the Q wave on the ECG signal and the B-point on the dZ/dt signal. Total 

peripheral resistance (TPR; dyn·s/cm
5
) was calculated as (MBP/CO)∙80. 

 

4.1.2.5 Heart Rate Variability 

An automated algorithm was applied to detect the R-waves on the ECG and compute the 

interbeat intervals (IBIs). Isolated artifacts, missed and ectopic beats were identified and 

replaced with interpolated IBIs data. 

According to HRV guidelines [277], overall HRV was assessed by computing the standard 

deviation of normal-to-normal intervals (SDNN; ms). HF variability was determined as the 

square root of the mean of the squared differences between consecutive normal-to-normal 

intervals (RMSSD; ms) and the proportion of adjacent normal-to-normal intervals that differed 

in length by more than 50 ms (pNN50, %). The Kubios HRV Analysis Software 2.0 (Matlab, 

Kuopio, Finland) was used for the HRV analyses. 

 

4.1.2.6 Study Design 

Following the screening procedure, participants were scheduled to undergo two consecutive 

overnight PSGs in the Psychophysiology Sleep Laboratory of the Department of General 

Psychology at the University of Padova. The first night allowed for adaptation and no data were 

analyzed. Subjects were required to refrain from smoking, drinking beverages containing alcohol 

or caffeine and taking naps the day before and during the day of scheduled PSGs. They were 

admitted to the laboratory at 10 pm and electrodes and monitoring equipment were placed. Sleep 

period was set from 12 pm to 8 am, time of scheduled awakening.  

Cardiovascular data collection was continuous throughout the night. 

 

4.1.2.7 Data Analysis and Statistics 

The first 7 hours after sleep onset were considered for the analyses on physiological measures, 

selecting only stable sleep periods. Thereby, epochs of either wakefulness or sleep disturbances 

as arousal or body movements were discarded. Values were then averaged and analyzed in 14 

30-min intervals.  
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All data are expressed as means ± SE. Normality of the distribution was assessed for each 

variable by Kolmogorov-Smirnov test. 

Demographic, screening and PSG data were compared by group using unpaired t-tests. To assess 

the cardiovascular and autonomic activity as a function of time, mixed-design analyses of 

variance (ANOVAs) consisting of Group by Time were performed on physiological variables. 

Newman-Keuls correction for multiple comparisons was applied where appropriate. Partial eta-

squared effect size (η
2

p) was reported as measure of effect size. Finally, a stepwise multiple 

regression analysis was computed to address the relative contribution of sympathetic and 

parasympathetic branches of neurovegetative system in the nocturnal cardiac activity. A P value 

< 0.05 was considered as significant for all statistical analyses. 

 

4.1.3 Results 

 

4.1.3.1 Demographic, Screening and Polysomnographic Measures 

Comparisons between groups on demographic, screening and PSG data are provided in Table 

4.1. 

Since BP values were used as the selection criteria for each group, as expected significantly 

lower screening SBP (P < 0.001), DBP (P < 0.001) and MBP (P < 0.001) were recorded in 

hypotensives compared to normotensives, whereas groups were comparable with regard to age, 

BMI and PSQI score. Likewise, hypotensive and normotensive participants did not differ with 

respect to any of the sleep parameters.  
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Table 4.1. Demographic, screening and polysomnographic data.  

 

4.1.3.2 Blood Pressure Measures 

Results of ANOVAs performed on all cardiovascular measures are summarized in Table 4.2.  

As shown by the significant main effects of Group, ANOVAs revealed lower SBP (P < 0.001), 

DBP (P < 0.05) and MBP (P < 0.01) in hypotensives compared with normotensives during all 

night. The SBP also decreased in both groups from sleep onset throughout the night (P < 0.05). 

A Time effect was found also for MBP (P < 0.05), as well as a significant interaction Group × 

Time (P < 0.01), revealing that normotensives exhibited a marked drop in MBP from sleep onset 

across the night, followed by a rise approaching morning, whereas the values remained 

unchanged in hypotensive sufferers over time. The interaction Group × Time observed in DPB 

(P < 0.05) displayed the same profile as that of MBP. Nocturnal temporal courses of BP values 

by group are depicted in Figure 4.1 and Figure 4.2.  

 

 

 Hypotensives 

(n = 14) 

Normotensives 

(n = 14) 
t 

   Demographics   

     Age, yr 23.4  ± 0.6 22.2  ± 0.4 1 .61 

     BMI, kg/m
2
 21.6  ± 0.7 23  ± 0.6 -1 .52 

     PSQI 3.5  ± 0.3 3.1  ± 0.3 0 .75 

   Screening BP   

     SBP, mmHg 88.8  ± 1.1 114.3  ± 1.2 -15 .49*** 

     DBP, mmHg 56.3  ± 1.2 68.5  ± 1.5 -6 .59*** 

     MBP, mmHg 67.1  ± 1 83.8  ± 1.3 -10 .35*** 

   PSG   

     SOL, min 13  ± 2.3 17.1  ± 5.3 -0 .72 

     WASO, min 30.2  ± 6.3 40  ± 7 -1 .04 

     SE, % 91  ± 1.5 88.1  ± 2.2 1 .11 

     NREM sleep amount, min 333.3  ± 7.7 333.5  ± 7.4 -0 .02 

     REM sleep amount, min 103.5  ± 7.2 89.4  ± 6.2 1 .49 

   Values are mean ± SE. Degree of freedom = 26. 

   *** P < 0.001 

   BMI, body mass index; PSQI, Pittsburgh Sleep Quality Index; BP, blood pressure; SBP, systolic BP; 

DBP, diastolic BP; MBP, mean BP; PSG, polysomnography; SOL, sleep onset latency; WASO, wake 

after sleep onset; SE, sleep efficiency; NREM, non-rapid eye movement sleep; REM, rapid eye 

movement sleep. 
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Figure 4.1  Nocturnal temporal profiles of systolic blood pressure (SBP; upper panel) and diastolic blood 

pressure (DBP; lower panel) in hypotensives and normotensives. Values are means ± SE. Data are 30-min 

averages of the first 7-hours after sleep onset. Grey lines are normotensives, red lines are hypotensives. 
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Figure 4.2  Nocturnal temporal profiles of mean blood pressure (MBP) in hypotensives and 

normotensives. Values are means ± SE. Data are 30-min averages of the first 7-hours after sleep onset. 

Grey lines are normotensives, red lines are hypotensives. 

 

4.1.3.3 Impedance Cardiography Measures 

As illustrated in Figure 4.3, hypotensives had significantly lower HR than normotensives (P < 

0.01). Time effect also indicated a progressive reduction in HR across the night in all sample (P 

< 0.001). CO exhibited a similar pattern, as it was reduced in essential hypotension group (P < 

0.05) and continuously decreased during sleep in both groups (P < 0.001). Regarding SV, a 

marked fall from sleep onset over time was detected in all sample (P < 0.001). Differently, TPR 

augmented during the night (P < 0.001), but the interaction Group × Time showed that, whereas 

controls reported a non significant increase, hypotensives displayed a significant progressive rise 

(P < 0.05). Lastly, PEP was found to be higher in hypotensive sufferers than in normotensives (P 

< 0.05) and to enhance throughout the night in both groups (P < 0.001) (Figure 4.4). 
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Figure 4.3  Nocturnal temporal profiles of heart rate (HR, upper panel) and cardiac output (CO lower 

panel) in hypotensives and normotensives. Values are means ± SE. Data are 30-min averages of the first 

7-hours after sleep onset. Grey lines are normotensives, red lines are hypotensives.  

 



74 
 

 

1 2 3 4 5 6 7

Time after sleep onset (hours)

650

700

750

800

850

900

950

1000

1050

1100

1150

1200

1250

1300

T
P

R
 (

d
y

n
*s

e
c

/c
m

5
)

1 2 3 4 5 6 7

Time after sleep onset (hours)

70

75

80

85

90

95

100

105

110

115

120

P
E

P
 (

m
s

)

 

 

Figure 4.4  Nocturnal temporal profiles of total peripheral resistance (TPR, upper panel) and pre-ejection 

period (PEP, lower panel) in hypotensives and normotensives. Values are means ± SE. Data are 30-min 

averages of the first 7-hours after sleep onset. Grey lines are normotensives, red lines are hypotensives. 

 

4.1.3.4 Heart Rate Variability Measures 

Considering HRV measures, a significant Time main effect characterized by a gradual increase 

over the sleep period in both groups was observed for all variables (SDNN, P < 0.001; RMSSD, 

P < 0.05; pNN50, P < 0.01). The pNN50 was also found to be significantly more elevated in 

hypotensive participants in comparison with controls, as seen in Figure 4.5 (P < 0.05).  
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A stepwise multiple regression analysis was fitted to the HR values to assess the relative 

contribution of the sympathetic and parasympathetic system to cardiac activity during the night. 

Dependent variables were age, BMI, screening MBP, PEP (as index of cardiac sympathetic 

drive) and pNN50 (as measure of cardiac vagal tone). The model obtained for normotensives 

(adjusted R
2
= 0.422, F1,12 = 10.48, P < 0.01) identified the pNN50 (β = −0.683, P < 0.01) as the 

only significant determinant of HR in this group. Differently, in hypotensive group, both pNN50 

(β = −0.542, P < 0.05) and PEP (β = −0.468, P < 0.05) resulted to be significant in a model with 

an adjusted R
2
 = 0.622 (F2,11  = 11.7, P < 0.01). 
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Figure 4.5  Nocturnal temporal profiles of proportion of adjacent NN intervals that differed in length by 

more than 50 ms (pNN50) in hypotensives and normotensives. Values are means ± SE. Data are 30-min 

averages of the first 7-hours after sleep onset. Grey lines are normotensives, red lines are hypotensives. 

 

4.1.4 Discussion 

The analysis of cardiovascular parameters over the sleep period disclosed markedly lower BP in 

hypotensive individuals than did controls. Since TPR did not differ between groups, lowered BP 

values were likely due to the decreased CO which resulted in turn by diminished HR. These 

findings are in accordance with previous studies that assessed hemodynamics in essential 

hypotension at rest [2, 82].  

As expressed by augmented PEP values, a reduced cardiac sympathetic output was recorded in 

hypotensives. On the other hand, vagal-related HRV index (i.e., pNN50) also revealed 
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heightened cardiac vagal tone in hypotensives compared with normotensives during all night, 

suggesting that the parasympathetic system is also affected in essential hypotension. 

Since the regression analyses disclosed that nocturnal fluctuations in HR in normotensives were 

mainly mediated by the parasympathetic system, in agreement with literature [320], both 

autonomic branches contributed to modulate the cardiac activity during sleep in hypotensives, 

hence supporting the speculation that the diminished cardiac activity observed in hypotensive 

group reasonably reflects both sympathetic and parasympathetic dysregulation.  

It is also noteworthy that the different physiological pattern we observed between groups is 

unlikely to be ascribed to differences in sleep, since the PSG parameters were found to be 

comparable.  

Regarding the overnight time course, all subjects exhibited the typical nocturnal cardiac 

autonomic regulation, with a progressive shift from sympathetic toward parasympathetic 

prevalence, as indicated by gradual lengthening in PEP combined with parallel augmentation in 

HF HRV measures, respectively [31, 46, 47, 192]. Consistently, HR and SV felt continuously 

from sleep onset throughout the sleep period in both groups, leading to a reduction in CO, in line 

with prior investigations [46, 47, 146]. 

Nonetheless, analysis of temporal profile also disclosed interesting differences between groups. 

The overall BP temporal profile in normotensives was as expected by the literature review [186, 

250, 312], with a fall in BP conceivably due to a drop in CO since TPR did not change. On the 

contrary, hypotensives displayed a blunted reduction only in SBP whereas DBP and MBP 

remained unchanged during sleep. The loss of nocturnal variation in BP in essential hypotension 

appears to be owned by both CO and TPR changes, since as CO decreased, TPR increased 

throughout the night counterbalancing the fall in CO and hence maintaining BP at steady values. 

We can hypothesize that the parallel rise in TPR occurred as a compensatory response for the 

progressive drop in CO which otherwise might have resulted in an excessive and thus potentially 

harmful nocturnal BP fall in this population. Keeping in mind the progressive lowering in 

sympathetic drive along the night, the augmentation in TPR appears discrepant. However, 

although a consistency in discharge over targets can be assumed, the SNS drive has been also 

demonstrated to vary substantially in different districts [24, 173, 251]. Therefore, the reduction 

in SNS outflow we observed on heart might not have occurred on vasculature. In addition, 

beyond the direct sympathetic modulation, it should be taken into account that several factors are 

involved in regulating the vasculature, as reviewed in the Chapter 1. In particular, as prior 

reports have shown an enhanced baroreflex sensitivity in essential hypotension [79], an 

overresponsivity of this reflex could have contributed to BP regulation by rising the TPR to 
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contrast the decrease in CO [120]. This finding also challenges the hypothesis recently advanced 

by Duschek and coworkers [82] that the nature of essential hypotension primarily involves the 

cardiac activity rather than the vascular one, postulated by observing a diminished CO in absence 

of differences in TPR. Indeed, in spite of a lack of group differences in TPR, a contribution of 

vascular factors cannot be completely ruled out, since hypotensives reported an involvement of 

this variable in modulating the BP throughout the night.  

In sum, in the present study we documented that the nocturnal autonomic pattern exhibited by 

essential hypotension sufferers showed both sympathetic hypoactivation and vagal hyperactivity, 

resulting in overnight blunted hemodynamic in hypotensive compared to normotensive 

individuals. 
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4.2 Experiment II 

 

4.2.1 Introduction 

After the exploratory analysis carried out in the Experiment I over the nocturnal cardiovascular 

profile in essential hypotension, the focus has been turned specifically on the sleep structure 

exhibited by this population. 

Within sleep, sleep stages entail different autonomic and hemodynamic activity. NREM sleep 

stages show a parasympathetic prevalence which mediates a cardiovascular downregulation, 

while a shift toward sympathetic control occurs in REM phase, together with elevation in 

physiological parameters (e.g., Ref. 271, 275, 299, 319). 

Several cardiovascular diseases display abnormalities in the sleep pattern. [244, 303, 315] . In 

particular, hypertensive sufferers exhibit increased nocturnal awakenings and low amount of 

slow wave sleep (SWS) and REM sleep [179, 219]. The changes in physiological activity across 

the sleep stages can be affected as well, in terms of lower reduction in sympathetic drive in 

NREM sleep in hypertensives compared to normotensives [76]. 

The purpose of the Experiment II was twofold.  

Firstly, in lights of the subjective sleep complaints referred by hypotensives [307, 309] and the 

lack of studies surveying sleep pattern in essential hypotension, the study was targeted at 

evaluating the sleep quality and quantity in this condition more in depth, by describing the sleep 

parameters through polysomnographic recording. Although no differences in the main PSG 

measures between hypotensives and normotensives were observed in our previous Experiment, 

we aimed at clarify whether a thorough examination identified the postulated sleep alterations. 

Given the notably fluctuations in physiological parameters occurring with the transition to 

different sleep stages, sleep can provide the framework to survey the autonomic dysfunction in 

essential hypotension. Thus, our second purpose was to analyze the cardiovascular and 

autonomic patterns as a function of the sleep stage to assess whether hypotensives have a 

different regulation across sleep stages compared with normotensives. The HF power band of 

HRV and low frequency (LF) to HF (LF/HF) ratio were employed to assess the cardiac 

autonomic drive, hypothesizing a reduced modulation across sleep stages in hypotensives 

sufferers.  

Moreover, since a diminished myocardial contractility can be assumed in this population, the 

systolic time intervals left ventricular ejection time (LVET) and total electro-mechanical systole 

(EMS) were also derived.  
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4.2.2 Materials and Method 

 

4.2.2.1 Participants 

Fifteen hypotensives (23.6 ± 2.23 yr) and 15 normotensives (22.27 ± 1.58 yr) took part to the 

study. All subjects were women because of the higher prevalence of hypotension in the young 

female population [2, 13, 75]. The participants were recruited through advertisements posted at 

the faculties of the University of Padova.  

In order to assign the participants to the groups, screening sessions were performed at least 1 

week before the nocturnal recording. BP readings were taken in a seated position using a 

standard sphygmomanometer. During each screening session, after a resting period of 10 min, 

three consecutive BP readings, separated by 5-min rest intervals, were taken. These sessions 

were conducted on three different days at three different times to evaluate the reliability of the 

measurements independent of the circadian variations of BP. Participants with both mean SBP 

below 100 mmHg and DBP below 60 mmHg were assigned to the hypotensives group, while 

participants with a mean SBP of between 110 and 130 mmHg were enrolled as normotensives. 

In addition, hypotensives had to report subjective complaints typically related to the condition of 

essential hypotension (e.g. fatigue, giddiness). For both groups, exclusion criteria were BMI (kg 

m
-2

)  ≥  30, scores higher than 5 on the PSQI [48], smoking, use of psychoactive medication or 

drugs, medical and/or psychiatric conditions, and shift work or time-zone travels in the six 

months prior to the study. 

All participants were asked to refrain from alcohol and caffeinated beverages for 3 h prior to the 

screening sessions and for 24 h prior to the experimental sessions. All participants were 

volunteers and informed about the purpose of the study, and they gave written informed consent. 

They were paid €100 for their participation. The study protocol was approved by the Ethic 

Committee of the Department of Psychology. 

 

4.2.2.2 Polysomnography 

Sleep recording was performed using a Siesta 802 PSG acquisition system (Compumedics, 

Abbotsford, Australia). It consisted of EEG (O1-A2, O2-A1, C3-A2, C4-A1, F3-A2, F4-A1), 

EOG (right EOG-A1, left EOG-A2), EMG (submentalis muscle), ECG (precordial II lead), 

thoracic and abdominal respiratory belts, oronasal thermistor and pulse oximeter. 

Sleep stages (Wake, N1, N2, N3, REM) were manually scored by an experienced scorer at 

consecutive 30-s epochs in accord with the AASM scoring rules [131]. 
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The following sleep parameters were computed: total recording time (TRT; min), which was 

fixed for both groups at 480 min, from midnight to 8 am, total sleep time (TST; min), SE (%); 

SOL (min), REM latency (min), WASO (min), and duration of each sleep stage (N1, N2, N3, 

and REM; min). 

 

4.2.2.3 Blood Pressure Monitoring 

SBP (mmHg) and DBP (mmHg) were continuously oscillometrically recorded by means of the a 

blood pressure monitoring device (Spacelabs 90217; SpaceLabs Medical, Inc., Issaquah, WA), 

every 10 min from 12 am to 8 am. The maximum cuff pressure was set at 150 mmHg to avoid 

possible nocturnal awakenings due to the high pressure applied on the arm. 

 

4.2.2.4 Impedance Cardiography 

LVET (ms) and EMS (ms) were 30-s ensemble averages collected by the Minnesota ICG Model 

304 B (IFM Inc., Greenwich, CT, USA) with a standard tetrapolar band electrode configuration 

[262]. A constant sinusoidal alternating current (4 mA, 100 kHz) was transmitted through the 

thorax between the outer electrodes, and basal impedance (Z0) and rate of change in the 

impedance waveform on a given beat (dZ/dt) were estimated from the inner electrodes. The 

position of the B-point (opening of the aortic valve and onset of left-ventricular ejection) and X-

point (closing of the aortic valve and end of left ventricular ejection) in the dZ/dt signal and the 

onset of the Q-wave (onset of electromechanical systole) in the ECG signal were detected 

automatically by COP-WIN software (Bio-Impedance Technology, Chapel Hill, NC, USA). 

Finally, the exact position of these points was visually checked and manually corrected where 

necessary. LVET was measured as the time interval from the dZ/dt B-point to the dZ/dt X-point. 

EMS was considered the time interval from the onset of the ECG Q-wave to the dZ/dt X-point. 

 

4.2.2.5 Heart Rate Variability 

IBIs were obtained from the ECG recording. R-waves were automatically detected, visually 

checked, and manually adjusted where necessary. Subsequently, IBIs were computed by the 

Sleep Research System (SRS) Analysis Software 5.1 (Sleep Research System, School of 

Behavioral Science, University of Melbourne, Australia), and power spectrum analysis of HRV 

was performed on each 2-min artefact-free data epoch of stable sleep selected for analysis (see 

the Section 4.2.2.7). IBIs were first re-sampled (4 Hz) and in order to remove the slow non-

stationary trend before analysis, a third-order polynomial filter was applied. The total power 

spectrum density (0-0.5 Hz) was subdivided into 0.02 Hz bands. An algorithm searched for the 
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greatest value in the frequency bands, respectively from 0.03 to 0.15 Hz for the identification of 

the LF component and from 0.15 to 0.40 Hz for the identification of the HF component. The 

absolute integrate power (arbitrary units) was quantified for both the LF and HF bands by the 

area between the first frequency bands on either side of the peak to fall to 50% of the peak [287]. 

The following measures were obtained: absolute power in the bands comprising the HF peak 

(HFa), as a marker of the parasympathetic influence on the myocardium, and LF/HFratio, as an 

index of sympathovagal balance (absolute power in the bands comprising the LF peak, divided 

by HFa). Since the HRV data were not normally distributed, a logarithmic transformation was 

used prior to analysis, thus the LogHFa and LogLF/HFratio were obtained.  

HR (bpm) was also derived from the ECG. 

 

4.2.2.6 Study Design 

Participants spent two consecutive nights of PSG recording at the Psychophysiology Sleep 

Laboratory, University of Padova, in a quiet, temperature-controlled and soundproof room. The 

first night allowed for adaptation,  thus data obtained from that night were not analyzed. Subjects 

were admitted to the laboratory at 8 pm, and electrodes were applied. Afterward, they were 

allowed to engage in quiet activities, such as reading books, talking, or watching TV until 11.30 

pm, when they were asked to go to bed. Sleep time was set from midnight (lights off) to 8 am 

(lights on). Data were continuously recorded throughout the night. 

 

4.2.2.7 Data Analysis and Statistics 

In order to obtain stable ICG and HRV measures reflecting a specific sleep stage, 2-min epochs 

were identified and selected throughout the PSG recording, according to specific rules [287]. The 

2 min preceding the epoch and the 2-min epoch selected were required to be free of artefacts, 

without sleep stage transitions during the 2 min before the epoch end the epoch itself. N1 and 

Wake (after sleep onset) epochs were excluded from the analysis. Finally, once an epoch was 

identified, another epoch (falling in the same sleep stage) was not identified for further 5 min. 

For more details, see the Ref. [287]. 

A BP recording was assigned to a sleep stage if the minute preceding and following the BP 

reading and the 30-s epoch that correspond to the BP value were of the same sleep stage and 

were arousal free, otherwise the measure was discarded. 

Sleep parameters, demographic variables, and nocturnal cardiovascular indexes were compared 

with independent t-tests by group. A 2 (between-group: hypotensives and normotensives) × 4 

(within-sleep stage: Wake, N2, N3, and REM) analysis of covariance (ANCOVA) was applied to 
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the mean values of the BP, ICG, and HRV indexes, using adjusted BMI (BMIadj) as a covariate. 

BMI was corrected in order to protect the covariate from altering the main effect of the repeated 

measure, calculating the mean BMI and subtracting the BMI from the mean BMI [279]. 

Newman-Keuls post-hoc comparisons were performed on the significant effects, and the 

Geisser-Greenhouse correction was applied when appropriate but non-adjusted degree of 

freedom are reported. Partial eta-squared effect size (η
2
p) was considered as measure of effect 

size. 

Pearson‟s correlation coefficients were determined for each group to investigate the relationship 

between BP screening values and nocturnal BP measures. In order to explore the relation 

between the objective quality of sleep and physiological activation, correlations were also 

performed between BP screening values and SE. For all statistical analyses, the probability level 

was set at P < 0.05 for significance. 

 

4.2.3 Results 

 

4.2.3.1 Demographic and Screening Measures 

BP screening values, BMI, age, and PSQI scores are reported in Table 4.3. Since it was used as 

selection criterion, the BP  values were higher in hypotensives than in normotensives (P < 0.001 

for SBP, DBP and MBP). Hypotensives displayed also lower BMI than did controls (P < 0.001).  

 

 

 

Table 4.3  Blood pressure screening and demographic variables. 

 

 Hypotensives 

(n = 15) 

Normotensives 

(n = 15) 
t 

   Demographics   

     Age, yr 23.6  ± 2.2 22.3  ± 1.6 1 .89 

     BMI, kg/m
2
 20.7  ± 2 23.03  ± 2.3 -2 .97** 

     PSQI 3.7  ± 1.3 3.2  ± 1.2 1 .02 

   Screening BP   

     SBP, mmHg 88  ± 3.5 114.3  ± 4.5 -17 .98*** 

     DBP, mmHg 55.7  ± 3.8 68.7  ± 5.3 -7 .72*** 

   Values are mean ± SD. Degree of freedom = 28. 

   ** P < 0.01; *** P < 0.001 

   BMI, body mass index; PSQI, Pittsburgh Sleep Quality Index; BP, blood pressure; SBP, systolic BP; 

DBP, diastolic BP. 
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4.2.3.2 Polysomnographic Measures 

No significant group differences were observed in any of the objective sleep parameters (Table 

4.4). 

 

 

 

Table 4.4  Polysomnographic indices. 

 

4.2.3.3 Cardiovascular Measures 

Mean cardiovascular values and t-tests comparisons are reported in Table 4.5.  

ANCOVAs showed significant Group main effects for SBP (F1,27 = 24.26; P < 0.001; η
2

p = 0.47) 

and DBP (F1,27 = 9.10; P < 0.01; η
2
p = 0.25), indicating lower BP across the night in 

hypotensives compared to normotensives. 

Significant Sleep stage main effects were also observed for SBP (F3,81 = 34.45; P < 0.001; η
2

p = 

0.56) and DBP (F3,81 = 40.69; P < 0.001; η
2
p = 0.60). As revealed by post-hoc comparisons, a 

decrease in BP values from Wake to sleep occurred in both groups. 

The nocturnal BP pattern for the two groups is displayed in Figure 4.6. 

 

 Hypotensives 

(n = 15) 

Normotensives 

(n = 15) 
t 

     TST, min 426  ± 42 427  ± 35 -0 .02 

     SE, % 89  ± 9 89  ± 7 -0 .02 

     SOL, min 14  ± 7 11  ± 11 0 .63 

     REM latency, min 105  ± 83 95  ± 41 0 .38 

     WASO, min 40  ± 41 42  ± 34 -0 .14 

     N1 sleep amount, min 32  ± 10 40  ± 14 -1 .78 

     N2 sleep amount, min 201  ± 30 193  ± 32 0 .76 

     N3 sleep amount, min 96  ± 20 103  ± 24 -0 .84 

     REM sleep amount, min 96  ± 29 91  ± 23 0 .61 

   Values are mean ± SD. Degree of freedom = 28. 

   TST, total sleep time; SE, sleep efficiency; SOL, sleep onset latency; REM, rapid eye movement sleep; 

WASO, wake after sleep onset. 
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Figure 4.6  Mean systolic blood pressure (SBP, upper panel) and diastolic blood pressure (DBP, lower 

panel) patterns in hypotensives and normotensives across sleep stages. Hypotensives are in red, 

normotensives are in grey. 

 

ANCOVAs indicated reduced HR (F1,27 = 4.44; P < 0.05; η
2

p = 0.14) and prolonged EMS (F1,27 = 

7.64; P < 0.01; η
2
p = 0.22) in hypotensives compared to normotensives (Figure 4.7-Figure 4.8). 

A Group main effect approaching significance (P = 0.06) was also observed for LVET. As 

displayed by t-tests, hypotensives exhibited longer LVET in Wake, N2 and N3 stages than did 

controls. 

A Sleep stage main effect was also found for HR (F3,81 = 10.63; P < 0.001; η
2

p = 0.28), LVET 

(F3,81 = 6.62; P < 0.05; η
2

p = 0.20) and EMS (F3,81 = 9.08; P < 0.01; η
2

p = 0.25). Post-hoc tests 

displayed a reduction in HR from Wake to sleep in both groups. Furthermore, HR values were 

higher in REM than in N2 and N3 sleep stages. LVET and EMS increased from Wake to stable 
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sleep in both groups. Moreover, LVET and EMS values were higher in REM than in N2 in both 

groups.  

 

 

 

Figure 4.7  Mean heart rate (HR) patterns in hypotensives and normotensives across sleep stages. 

Hypotensives are in red, normotensives are in grey. 

 

 

 

Figure 4.8  Mean electro-mechanical systole (EMS) pattern in hypotensives and normotensives across 

sleep stages. Hypotensives are in red, normotensives are in grey. 

 

The ANCOVAs applied to the HRV indexes resulted in significant Sleep stage main effects for 

LogHFa (F3,81 = 8.88; P < 0.01; η
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p = 0.25) and for LogLF/HFratio (F3,81 = 32.86; P < 0.001; η2
p = 

0.55) (Figure 4.9). Post-hoc comparisons showed an increase in LogHFa values from Wake to N2 

and from REM to N2 and to N3 and a decrease from Wake to REM in both groups. A reduction 
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in LogLF/HFratio values occurred from Wake to N2 and to N3, from REM to N2 and to N3, and 

from N2 to N3 in both groups. 

Group comparisons assessed by t-tests showed in hypotensives significantly reduced 

LogLF/HFratio values, i.e. lower sympathovagal balance, in N2 and N3, whereas a trend toward 

significance (P = 0.07) was found for LogHFa within the same sleep stages (see Table 4.5). 

 

 

 

Figure 4.9  Mean logarithm of low frequency to high frequency ratio (LogLF/HFratio) in hypotensives and 

normotensives across sleep stages. Hypotensives are in red, normotensives are in grey. 

 

4.2.3.4 Correlations between Screening and Sleep Measures 

Pearson‟s correlations revealed strong positive relationships between BP screening values and 

BP nocturnal values only in the normotensive group (Table 4.6). Correlations indicated a 

positive relation between SE and SBP screening values in hypotensives (r = .53, P < 0.05), 

whereas a negative correlation was revealed in normotensives (r = -.61, P < 0.01). 
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Table 4.6. Pearson‟s correlation coefficients for screening and nocturnal systolic blood pressure (SBP) 

and diastolic blood pressure (DBP) values for each stage of sleep in hypotensives and normotensives. 

 

4.2.4 Discussion 

Hypotensives exhibited overall lower nocturnal BP compared to normotensives in wakefulness 

as well as across sleep stages. In line with our hypothesis, myocardial contractility was found to 

be reduced in hypotensives compared to normotensives during the whole night, as indicated by 

prolonged LVET and EMS. To date, no prior evidence of reduced cardiac contractility in 

essential hypotension has been reported. 

Autonomic indices derived by HRV analysis suggest nocturnal diminished sympathovagal 

balance in hypotensives in comparison to normotensives, as showed by the lower LogLF/HFratio. 

These results give strength to the primary role exerted by the neurovegetative system in essential 

hypotension. The lower HR displayed by hypotensives sufferers compared to normotensives 

provides further corroboration. 

Whereas a strong positive association between BP screening and nocturnal values was observed 

in normotensives group, no relationship was found in hypotensives. The lack of association 

suggests a possible impairment in BP regulation underlying the condition of essential 

hypotension, where diurnal and nocturnal cardiovascular measures are likely to be regulated by 

different processes.  

Surprisingly, a drop in BP from Wake to sleep was found in both groups, which agrees with the 

literature on normotensive individuals [268]. Despite the extremely low diurnal BP values in 

hypotensives, the fall in BP at sleep onset occurs also in this population. In addition, both groups 

exhibited an overall reduction in myocardial contractility from Wake to stable sleep, with an 

  Screening values 

  Hypotensives Normotensives 

Nocturnal BP 

recording 
SBP DBP SBP DBP 

Wake SBP 0.25 0.21 0.62* 0.63* 

 DBP 0.14 0.40 0.62* 0.74** 

N2 SBP 0.20 0.27 0.75** 0.43 

 DBP -0.01 0.57* 0.61* 0.54* 

N3 SBP 0.04 0.37 0.75** 0.70** 

 DBP -0.13 0.41 0.58* 0.65** 

REM SBP 0.30 0.32 0.85*** 0.48 

 DBP 0.23 0.55* 0.72** 0.69** 

   * P < 0.05; ** P < 0.01; *** P < 0.001.  
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increase in correspondence to REM phases, in line with prior studies [287]. The pattern exhibited 

by the cardiovascular parameters across the sleep stages reflected the evolution of the 

neurovegetative system activity. According to the nocturnal autonomic modifications in healthy 

subjects [175, 284, 287], the sympathovagal balance decreased across the sleep stages with a 

reduction from Wake to sleep and an increase in REM in both groups. However, the lower 

sympathovagal recorded in hypotensives during NREM sleep stages suggests an enhanced vagal 

drive in deep sleep in this population. 

In order to assess objective sleep in details, we employed the PSG recording. In our sample, we 

failed to find any group differences among sleep parameters. Hence, it is possible that the 

subjective complaints endorsed by essential hypotensive individuals are linked to symptoms like 

fatigue more than to objective sleep impairment. 

Deeply investigating the relation between the condition of essential hypotension and sleep 

quality, an unexpected result was found with regard to the opposite correlations between 

objective sleep quality and BP screening values reported among hypotensives and 

normotensives. Whilst individuals within the normal range of BP who had elevated diurnal BP 

values showed reduced sleep efficiency, in hypotensive subjects higher diurnal BP reading was 

related to increased SE, suggesting sleep quality may be associated with an “ideal” BP level 

located between the upper limit of hypotension and the lower limit of normotension (i.e., SBP 

between 100 mmHg and 110 mmHg). In addition, the significant relation between SE and 

nocturnal BP measures in normotensives, showed that, within healthy conditions, a better SE is 

associated with a lower BP across the night.  

Since we failed to find this correlation in hypotensives group, these data, combined to the 

absence of association between diurnal and nocturnal BP levels, converge to indicate 

abnormalities in the modulation of physiological variables in essential hypotension. 
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4.3 Experiment III 

 

4.3.1 Introduction 

Arousals from sleep are associated with abrupt and transient elevations in cardiovascular activity 

including HR, BP, muscle sympathetic nerve activity (MSNA) and cerebral blood flow (CBF) 

[30, 65, 151, 195, 204, 257, 271, 286, 287]. Concerning the HR, convincing evidence indicates 

that the cardiac response is primarily controlled by changes in vagal drive [128, 129].  

A number of sleep disturbances such sleep breathing disorders feature recurrent arousals from 

sleep. Given the heightened cardiovascular risk observed in these disorders [161], it has been 

proposed that the high frequency of arousals and the entailed increase in physiological 

parameters mediate the relationship between sleep disorder and elevated cardiovascular 

vulnerability. 

Essential hypotensives have been found to exhibit blunted cardiovascular reactivity to stress 

tasks in comparison to normotensives [79, 87]. As reduced cardiovascular reactivity has been 

documented to be associated with better survival, these findings suggest the essential 

hypotension can be a cardio-protective state. 

The physiological response to phasic events occurring during sleep may be adopted as a 

paradigm to assess the cardiovascular reactivity in a condition relatively free of external 

disturbance factors that may confound the measurement of physiological variables in 

wakefulness (e.g., emotional status, degree of cooperation). 

In lights of the differences disclosed in the Experiment I and II in hemodynamic and autonomic 

pattern over sleep between hypotensives and normotensives and given the association between 

the arousals experienced during sleep and the cardiovascular risk, the purpose of the Experiment 

III was to analyze the nature of the arousal from sleep in hypotensive individuals. Bearing in 

mind the prior mentioned reports illustrating cardiovascular hyporeactivity in this population, we 

expected a reduced HR response to arousal from sleep in hypotensives. 

 

4.3.2 Materials and Method 

 

4.3.2.1 Participants 

See Section 4.2.2.1 for participants selection. 

 

4.3.2.2 Polysomnography 

See Section 4.2.2.2 for PSG equipment and sleep parameters. 
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From the PSG recording, arousals from sleep were manually scored according to criteria set by 

the American Sleep Disorders Association [11]. Specifically, an arousal was scored when a three 

to 15 sec change occurred in EEG frequency, including alpha, theta and/or frequencies greater 

than 16 Hz, except sleep spindles. EEG arousal activity lasting more than 15 seconds that is 

more than 50% of the standard 30 sec epoch was scored as wakefulness. It was also necessary 

for at least 10 sec of continuous sleep to precede the arousal and an intervening 10 sec periods 

for another arousal to be scored. REM arousals were scored only if accompanied by a concurrent 

increase in submental EMG amplitude. 

The total number (count) and mean duration (sec) of arousals for the all night and across sleep 

stages (N1, N2, N3 and REM) were computed. 

The Sleep Research System (SRS) Analysis Software 5.1 was used for HR analysis (Sleep 

Research System, School of Behavioral Science, University of Melbourne, Australia). SRS 

analysis software automatically detected R-waves before the experimenter visually checked and 

manually adjusted R-wave detection where necessary. For each spontaneous arousal, HR data for 

ten beat-to-beat intervals prior and fifteen beats-to-beats intervals post arousal were designated 

as -10 to -1 and 1 to 15 respectively, and exported for data analysis. This range was selected in 

accordance with conventions within the arousals from sleep literature (e.g., Ref. 117).  

 

4.3.2.3 Study Design 

See Section 4.2.2.6 

 

4.3.2.4 Data Analysis and Statistics 

In the preliminary analysis it was observed that HR elevations occurred at approximately three 

beat-to-beat intervals prior to the onset of the EEG scored spontaneous arousal (beats -3 to -1). 

Similar to prior studies [117], a pre arousal mean was calculated as the average HR (bpm) over 

beats -10 to -4. The magnitude of HR change (in percentage) was then calculated as the 

difference between pre arousal HR mean (beats -10 to -4) and HR at each beat-to-beat interval 

(beats -10 to 15) (see Figure 4.10). Mean pre- and mean post-arousal HR changes were also 

computed. These changes were calculated for all arousals for each participant. Mean values were 

calculated for each group (hypotensive and normotensive individuals) and for each sleep stage 

(N1, N2, N3, REM). Further whole night values were calculated by averaging group sleep stage 

means.  
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Figure 4.10  Description of the heart rate (HR) response to arousal analysis. The vertical line represents 

the onset of the EEG spontaneous arousal. Three intervals were defined as follows: (1) pre arousal period 

(beats -10 to -4), where no arousal related changes in HR occur; (2) pre arousal related HR changes (beats 

-3 to -1) where there is the beginning of arousal related changes in HR but prior to the EEG change; (3) 

post arousal HR changes (beats 1 to 15) that is HR change post EEG change indicating arousal.  

 

Independent groups t-tests were applied to compare hypotensive and normotensive participants 

on arousal from sleep parameters and pre arousal HR mean. Several analyses were conducted to 

assess the magnitude of the HR response to arousal from sleep. Firstly, a Group (hypotensive and 

normotensive individuals) by Sleep stage (N1, N2, N3, REM) by Phase (pre-and post-arousal 

HR mean) mixed model ANCOVA (BMI as covariate) was carried out to determine whether the 

magnitude of the HR change differed across groups and stages of sleep. To compare changes 

between REM and NREM sleep stages a similar mixed model was performed by averaging N1, 

N2 and N3 stages. Newman-Keuls post-hoc tests were applied where appropriate. Lastly, 

separate and planned independent group t-tests were conducted comparing magnitude of arousal 

HR response at each pre-and post-arousal heart beat (beats -3 to 15) between hypotensives and 

normotensives, both on the whole night value and within each individual sleep stage (N1, N2, 

N3, REM).  

Where sphericity was violated in any of the mixed model analyses, statistical significance was 

tested against Huynh-Feldt corrected degrees of freedom, with partial eta-squared (η
2

p) and 

(1) (2) (3) 
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original degrees of freedom reported. For all tests statistical significance was defined as P < 

0.05. 

 

4.3.3 Results 

 

4.3.3.1 Demographic, Screening and Polysomnographic Measures 

See Section 4.2.3.1 and 4.2.3.2 

 

4.3.3.2 Arousals Measures 

Independent group t-tests performed on duration of arousals found no significant differences 

neither when sleep stages were collapsed nor within each sleep stage.  

Likewise, groups did not differ with regard to the total number of arousals experienced during 

the all night. Normotensive individuals displayed greater number of arousals than did 

hypotensives in N1 sleep stage (P < 0.01). Number and duration of arousals from sleep 

comparisons are reported in Table 4.7.  

 

 

 

Table 4.7  Number and duration of arousals from sleep for the whole night and across sleep stages. 

 

4.3.3.3 Heart Rate Changes 

As expected, the normotensive participants had a higher pre arousal HR mean compared to 

hypotensive participants the whole night (P < 0.05). In terms of the sleep stages, normotensive 

individuals compared to hypotensive individuals had significantly higher pre arousal HR in N2 

 Number Duration 

 Hypotensives Normotensives t Hypotensives Normotensives t 

       
   N1, bpm 20.1 ±  8.4 33.3 ±  15 -1.96 ** 7.7 ±  1.1 7.7 ±  0.7 0.27 

   N2, bpm 22.3 ±  8.5 25.1 ±  10.3 -2.96   8.5 ±  1.7 8.3 ±  1.5 0.22 

   N3, bpm 5.9 ±  3.4 8.3 ±  6.6 -0.81
 
  11.2 ±  4.6 9.9 ±  2.9 0.87 

   REM, bpm 19.3 ±  10.1 12.7 ±  7.1 -1.25   7.1 ±  1.1 7.6 ±  1.6 -0.97 

   All sleep stages, bpm 67.6 ±  22.2
a
 79.4 ±  20.4

a
 -1.52   8.7 ±  1.6 8.3 ±  1.2 -0.62 

 
   Values are means ± SD.  

   Degree of freedom = 28.  

   ** P < 0.01. 

   
a
 total count 
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(P < 0.01) and N3 (P < 0.05) sleep stages, and there was a trend for normotensives to have a 

higher pre arousal HR mean in N1 (P = 0.08) (Table 4.8). 

 

 

 

Table 4.8  Pre arousal heart rate values for the whole night and across sleep stages. 

 

Considering the magnitude of the HR change, there was a significant Phase main effect (F(1, 27) = 

134, 99, P < 0.001, η
2

p = 0.83), with larger HR changes during post-arousal. The significant 

main effect observed for Sleep stage (F(3,81) = 15.83, P < 0.001, η
2

p = 0.37) indicated greater HR 

changes in N3 compared to the other sleep stages. As displayed by the Sleep Stage × Phase 

interaction (F(3,81) = 19.21, P < 0.001, η
2

p = 0.42), the pre-arousal HR responses were similar 

across stages, whilst a higher changes occurred during post-arousal in N3 compared to the other 

sleep stages and in REM compared to N2 sleep stages (Figure 4.11). 

The ANCOVA performed by collapsing the NREM sleep stages revealed significant main 

effects of Sleep Stage (F(1,27) = 9.89, P < 0.01, η
2
p = 0.27), Phase (F(1,27) = 95.3, P < 0.001, η

2
p = 

0.78) and significant Sleep stage × Phase interaction (F(1,27) = 25.4, P < 0.001, η
2

p = 0.48): HR 

changes were higher in REM compared to NREM stages. 

 

 Hypotensives 

(n = 15) 

Normotensives 

(n = 15) 
t 

     N1, bpm 69.2  ± 6.7 76.2  ± 13.3 -1 .83 

     N2, bpm 64.2  ± 6.6 73.1  ± 10.9 -2 .69** 

     N3, bpm 66.8  ± 7.4 74.9  ± 11 -2 .33* 

     REM, bpm 69.3  ± 6.7 76.2  ± 13.2 -1 .79 

     All sleep stages, bpm 67.4  ± 6.4 75.3  ± 12 -2 .24* 

   Values are mean ± SD. Degree of freedom = 28. 

   * P < 0.05; ** P < 0.01 
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Figure 4.11  Arousal related heart rate (HR) changes across sleep stages. Pre-arousal HR changes are in 

white, post-arousal HR changes are in black. 

 

Independent sample t-tests conducted over the beat-to-beat HR changes during the whole night 

revealed larger HR changes in hypotensives compared to normotensives at post-arousal beat 1 

(t28 = 2.08, P < 0.05), beat 2 (t28 = 2.17, P < 0.05), and beat 3 (t28 = 2.11, P < 0.05) and a trend at 

beat 4 (P = 0.07) (Figure 4.12). 
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Figure 4.12  Beat-to-beat HR changes (%) comparing normotensive (grey line) and hypotensive (red line) 

participants over all night mean values. Values are means ± SD. The vertical line indicates the onset of 

EEG arousal. 
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Considering the sleep stages, no group differences were detected at any beat in N1 sleep stage 

(Figure 4.13).  
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Figure 4.13  Beat-to-beat HR changes (%) comparing normotensive (grey line) and hypotensive (red line) 

participants in N1 sleep stage. Values are means ± SD. The vertical line indicates the onset of EEG 

arousal. 

 

As illustrated in Figure 4.14, hypotensive participants exhibited larger HR response than 

normotensives in N2 from post-arousal beat 1 to beat 5 (beat 1, t28 = 2.83, P < 0.01; beat 2, t28 = 

2.67, P < 0.05, beat 3 t28 = 3.48, P < 0.01; beat 4, t(28) = 3.27, P < 0.01; beat 5, t28 = 2.24, P < 

0.05).  
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Figure 4.14  Beat-to-beat HR changes (%) comparing normotensive (grey line) and hypotensive (red line) 

participants in N2 sleep stage. Values are means ± SD. The vertical line indicates the onset of EEG 

arousal. 

 

Hypotensive individuals also had a greater HR change in N3 from beat 1 to beat 6 (beat 1, t28 = 

2.71, P < 0.05; beat 2, t28 = 3.3, P < 0.01, beat 3 t28 = 2.43, P < 0.05; beat 4, t(28) = 2.14, P < 

0.05; beat 5, t28 = 2.33, P < 0.05; beat 6, t28 = 2.87, P < 0.01) and a trend toward significance at 

beat 7 (P = 0.06) (Figure 4.15). 
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Figure 4.15  Beat-to-beat HR changes (%) comparing normotensive (grey line) and hypotensive (red 

line) participants in N3 sleep stage. Values are means ± SD. The vertical line indicates the onset of EEG 

arousal. 

 

Lastly, no differences between hypotensive and normotensive participants were observed in the 

magnitude of HR arousal response in REM sleep stage, as seen in Figure 4.16. 
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Figure 4.16  Beat-to-beat HR changes (%) comparing normotensive (grey line) and hypotensive (red 

line) participants in REM sleep stage. Values are means ± SD. The vertical line indicates the onset of 

EEG arousal. 

 

 

4.3.4 Discussion 

The evolution of cardiac changes was similar to prior reports [117, 257] for both groups, with a 

slow HR acceleration beginning prior the onset of arousal and becoming sharp after the EEG 

changes. 

Moreover, the HR changes were found to be larger in NREM sleep compared to REM sleep 

regardless of group. Given the sympathetic prevalence showed in REM sleep (e.g., Ref. 270, 

271, 292), this datum is in line with the assumed vagal withdrawal underlying the cardiac 

response to arousal from sleep [128, 129]. Indeed, the parasympathetic decline in REM is likely 

to result in a reduction in vagal withdrawal at arousal, thence in a less pronounced HR change in 

this sleep stage. 

Contrary to our hypothesis, hypotensive individuals compared to normotensives exhibited a 

larger HR response over the early post-arousal beats during the whole night. Considering the 

sleep stages separately, the post-arousal HR changes were greater in hypotensives during N2 and 

N3 sleep stages.  

The finding of enhanced HR response to arousal from sleep in essential hypotension appears to 

be inconsistent with prior studies reporting a diminished cardiovascular reactivity in this 
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population [79, 87]. A number of factors could account for this datum. The cited studies assessed 

the physiological response during stress task as the mental arithmetic test, which is well known 

to involve both autonomic branches (e.g., Ref. 4, 5, 22). Differently, as mentioned above, the HR 

arousal response is primarily mediated by the parasympathetic division. Hence, these findings 

suggest a greater vagal withdrawal in hypotensive subjects than in normotensives, providing 

further corroboration to the hypothesized parasympathetic hyperactivity in essential hypotension. 

Moreover, it should be empathized that several psychological confounders may affect the 

physiological response during evaluations carried out in wakefulness. 

Davies and coworkers [65] suggested that longer arousal durations correlated with larger 

cardiovascular arousal responses. However, since no group differences were found in terms of 

duration of arousals, hypotensive individuals did not exhibit larger HR arousal responses because 

they experienced longer arousals.  

Likewise, groups did not differ in regard with the total number of arousals showed. The higher 

frequency of arousals exhibited by normotensives in N1 sleep is reasonably to be driven by the 

intrinsic instability with recurrent transitions to wake typical of this sleep stage, rather than a 

larger amount of N1 sleep stage, since the latter did not differ between groups.  

Summarizing, the analysis of the nature of arousal response in essential hypotension 

hypotensives revealed enhanced HR arousal changes in this group. However, since the increased 

cardiovascular risk associated with a greater arousal response has been linked to the frequency of 

arousals experienced during sleep [260], the assumed higher vulnerability would be reduced as 

hypotensives did not exhibit more numerous arousals than did normotensives. 
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5 CHAPTER 5 

 

General Discussion 

 

 

 

The aim of the present dissertation was to explore systematically the sleep pattern and the 

nocturnal hemodynamic and autonomic activity in essential hypotension in order to obtain a 

deeper insight into the pathophysiology of this condition. 

As far as we know, neither the sleep structure nor the cardiovascular parameters over the sleep 

period have been investigated in essential hypotensives yet. 

The Experiment I and the Experiment II were targeted at addressing the cardiovascular and 

autonomic activity during sleep in essential hypotension by applying a wide range of measures 

derived by the blood pressure (BP) monitoring, impedance cardiography (ICG) and heart rate 

variability (HRV) techniques. 

Hemodynamic measurements were consistently found to be markedly lower in hypotensives 

compared to normotensives along the sleep period. Indeed, hypotensive sufferers exhibited 

constantly lower BP than normotensives, associated with decelerated heart rate (HR) and 

reduced cardiac output (CO) as well as diminished myocardial contractility. 

The abnormally low CO may lead to insufficient tissues perfusion, thereby accounting for the 

decreased body temperature and cold limbs often reported by essential hypotension sufferers [2, 

272, 309]. 

These results are line with previous investigations reporting reduced cardiovascular parameters 

in essential hypotension during wakefulness [2, 82], suggesting that the cardiovascular 

hypoactivation displayed by this population in comparison to normotensive condition is 

maintained also over sleep. 

The cardiovascular downregulation is reasonably to reflect an autonomic imbalance. Indeed, the 

application of metrics broadly established as markers of sympathetic and parasympathetic 

influences on heart pumping (i.e., the pre-ejection period, PEP, and the high-frequency HRV 

indices, respectively) allowed us to identify the contribution of each neurovegetative branch on 

cardiac control, revealing that hypotensive sufferers exhibited enhanced vagal drive combined 

with reduced sympathetic tone during sleep. 



102 
 

 

It is noteworthy that, thus far, this is the first evaluation performed on both cardiac sympathetic 

and parasympathetic outflows in essential hypotension in comparison with normotension. In this 

context, it should be remembered that the hypothesis of autonomic dysfunction advanced in 

essential hypotension was previously largely lying on unspecific evidence [2, 88, 103]. 

Therefore, since we observed not only a sympathetic withdrawal but also a parasympathetic 

hyperactivity in hypotensive subjects, our findings confirm and extend the postulated autonomic 

dysfunction, yielding further information about the pathogenesis of this condition. 

Further converging evidence points towards the hypothesis of abnormal cardiovascular 

regulation in the essential hypotension. Unlike the normotensives, whose nocturnal cardiac 

activity was found to be modulated primarily by the parasympathetic nervous system (PNS) in 

agreement with literature [320], both neurovegetative divisions were involved in the cardiac 

control during sleep in hypotensives. Moreover, no relationships were observed between diurnal 

and nocturnal BP measures in the latter individuals, differently from controls. 

Additionally, the evolution of hemodynamic parameters throughout the night and across sleep 

stages was showed as being blunted in hypotensives thereby corroborating the advanced 

alterations in cardiovascular modulation. 

The cardiovascular measurement was carried out in the context of polysomnographic (PSG) 

recording, which represents the gold-standard to assess objectively the sleep. 

The thorough comparison conducted between hypotensives and normotensives over the PSG 

parameters within the Experiment II did not reveal any group differences in sleep. Hence, given 

the preserved sleep, the subjective complaints endorsed by hypotensives (e.g., fatigue, dizziness, 

cognitive impairment) are unlikely to be ascribed to abnormalities in sleep quality or quantity. 

Notwithstanding, we cannot exclude that more sophisticated analysis (e.g., cyclic alternating 

pattern or spectral EEG investigation) may unmask subtle alterations in sleep pattern. 

Furthermore, as the sleep parameters were similar between groups, the possibility that the 

different cardiovascular activity exhibited by hypotensives across the night was affected by 

differences in sleep structure is conceivably to rule out. 

The PSG examination provided also the framework to explore the cardiovascular reactivity 

during sleep. This latter issue was addressed in the Experiment III, which focused on the cardiac 

response to arousal from sleep. 

Whereas both the number and the length of arousals experienced were comparable between 

groups, hypotensive individuals exhibited larger HR arousal response than did normotensives. 
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Since the HR arousal response is mainly mediated by a decrease in cardiac parasympathetic 

output, the greater vagal withdrawal reported by hypotensive individuals gives further support to 

the preminent involvement of this autonomic branch in essential hypotension. 

In lights of the available evidence describing a blunted cardiovascular reactivity in this condition 

in wakefulness [79, 87], the datum of enhanced HR activation may appear discrepant. However, 

some factors are likely to account for this lack of consistency. The majority of the studies 

assessing the cardiovascular response in hypotensive sufferers employed stress tasks such as the 

mental arithmetic task. It is broadly agreed that several variables may influence the physiological 

response under stress, included the extent of collaboration, subjective rating of stress, emotional 

arousal [317]. The effects of these confounders can be particularly significant in assessing the 

reactivity, hence generating misleading findings. It should also be noted that different 

physiological processes underlie the HR acceleration evoked by the arousal from sleep and the 

mental stress task. Whereas the cardiac response to arousal is primarily modulated by decreased 

parasympathetic output, the changes in cardiac activity elicited by the mental arithmetic tasks are 

owed by a reciprocal pattern of sympathetic hyperactivation and parasympathetic withdrawal 

(e.g., Ref. 4, 5, 22). Given the available evidence of reduced sympathetic tone in hypotensives, a 

smaller sympathetic activation may be predominant and thus leading to diminished 

cardiovascular response under stress. 

However, bearing in mind that no pure cardiac autonomic indices have been estimated in 

hypotensives compared to normotensives in the above mentioned reports, only speculative 

assumptions can be drawn. 

In the current study we performed an accurate sample selection, by means of multiple BP 

measurements. Particular attention was paid to enroll only hypotensives in which the chronic low 

BP was primary, thus carefully excluding secondary forms. Moreover, a positive history of 

symptoms related to the hypotensives condition was ensured prior the recruitment of hypotensive 

participants.  

Nonetheless, some limitations should be acknowledged. The main limit is that the samples we 

tested consisted of females only. Since there is some evidence of gender differences in 

autonomic functions [60, 94], we cannot exclude that this might have influenced our findings. 

However, as the results we found in normotensives are consistent with the literature (see above), 

we can reasonably assume that the reliability and generalizability of our data are not reduced by 

the samples selection. Another weakness, related to the previous one, is the absence of control on 

the hormonal cycle. As PSGs were not performed during standardized phase of the ovulatory 

cycle, reproductive hormonal levels might have affected our findings considering their effects on 
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cardiovascular activity (e.g., it is known that estrogen has a vasodilator action). Nevertheless, it 

should be point out that no consensus has been reached on whether the autonomic and 

hemodynamic functions differ according to hormonal phases [112, 126, 189, 249]. Whereas 

HRV analysis is widely recognized as a reliable method to estimate autonomic influences on 

heart [24, 277], concerns may arise when considering PEP. Despite several investigations 

documented this measure as being inversely related to cardiac sympathetic beta-adrenergic 

activity [49, 261, 263], it can also be affected by variations in afterload (i.e., rise in BP may lead 

to augmentation in PEP [262]. The lengthening in PEP across the night might have reflected the 

increase in time required to overcome the more elevated external pressure owed to the 

heightening in BP, rather than a decrease in sympathetic nervous system (SNS) output. 

Nonetheless, since BP felt during sleep in normotensives and remained substantially unchanged 

in hypotensives, we can reasonable exclude that changes in BP contributed significantly to the 

augmentation in PEP values we detected in both groups. Moreover, the finding of higher PEP in 

hypotensives, which also exhibited lower BP, gives further strength to this interpretation. 

Whether chronic low BP is associated with either diminished or augmented morbidity and 

mortality is still controversial [2, 113, 167, 181, 200, 211, 222, 245]. 

Taken together, the findings illustrated in the Experiment I and II are reasonably to support to the 

concept of hypotension as benign risk factor. Indeed, the pattern we detected in hypotensives 

during the night, characterized by decreased HR, low cardiac contractility and heightened vagal 

tone, in addition to reduced BP and sympathetic drive, has been widely documented by several 

epidemiological investigations to reflect diminished health risk [44, 90, 139, 154, 169, 173, 176, 

184, 277, 278, 289]. Additional corroboration stems from investigations describing the nocturnal 

cardiovascular values as being more valuable prognostic markers of poor outcomes that diurnal 

measures [97, 162]. 

On the other hand, the interpretation of essential hypotension as a cardio-protective state may be 

challenged by the results we found in the Experiment III, which reported a more pronounced HR 

response to arousal from sleep in hypotensive subjects, suggesting higher cardiac reactivity and 

thus more elevated health risk. 

Nevertheless, it should be empathized that the frequency of the arousals rather than the 

magnitude of the response has been found to be crucial in mediating the impact of the 

cardiovascular activation triggered by the arousals [260]. Thereby, as the number of arousals 

experienced was similar between hypotensives and normotensives, the burden related to the 

heightened magnitude of cardiac response is likely to be blunted. 
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However, since our results have been obtained from relatively small samples and cross-sectional 

studies, only speculative interpretations can be advanced. Large prospective examinations 

targeted at identifying the association between chronic low BP and cardiovascular risk are thus 

needed. 

Whether both neurovegetative divisions are primarily affected, or the dysregulation occurring in 

one branch leads in turn to the dysfunction in the other, is still unknown. This issue requires 

further investigations to be clarified, as well as the role played by each autonomic system in 

eliciting the symptoms complained by hypotensive sufferers. 

Additionally, given the evidence for altered cardiac autonomic control in hypotensives and the 

involvement of peripheral resistance in setting nocturnal BP, the assessment of vascular activity 

and particularly sympathetic alpha-adrenergic drive is recommended in order to obtain a more 

comprehensive insight into this condition. In this context, the recording of muscle sympathetic 

nerve activity (MSNA) might provide data of interest regarding to the sympathetic output over 

the peripheral vascular beds.  

Given the previous finding of enhanced baroreflex sensitivity in essential hypotension [79] and 

the hypothesized involvement of this reflex in setting BP during sleep [43, 61, 215], the 

measurement of baroreceptors functioning during the night can aid to discern the physiological 

mechanism underlying the cardiovascular nocturnal modulation in this population. 

Currently, the main pharmacological therapy of chronic hypotension entails the administration of 

sympathomimetic drugs such as midodrine. Midodrine, an alpha-adrenergic agonist, raises the 

BP by promoting the peripheral vasoconstriction mediated by vascular sympathetic activation. 

Nonetheless, this agent has been recently documented to augment baroreflex sensitivity and 

cardiac vagal output in hypotensives, thus exacerbating the autonomic dysregulation [83]. The 

development of alternative pharmacological approaches aimed at restoring the autonomic 

balance is therefore warranted. For instance, given our finding of enhanced vagal output in 

hypotensives, clinical trials designed at assessing the efficacy of cholinergic antagonists should 

be encouraged. Indeed, the effects of therapies targeted at lowering the vagal tone in these 

subjects both enhancing the BP and providing relief from subjective symptoms need to be 

addressed.  

 

 

 



106 
 

 

References 

 

 

[1] P. Achermann, A.A. Borbely, Sleep homeostasis and models of sleep regulation. In: 

M.H. Kryger, T. Roth, W.C. Dement (Eds.), Principles and practice of sleep medicine, 

Elsevier Saunders, Philadelphia, 2011, p. 431-444. 

[2] M. Akahoshi, A. Hida, M. Imaizumi, M. Soda, R. Maeda, S. Ichimaru, E. Nakashima, S. 

Seto, K. Yano, Basic characteristics of chronic hypotension cases: a longitudinal follow-

up study from 1958 through 1999, Hypertens Res 29 (2006), p. 1-7. 

[3] S. Akselrod, D. Gordon, F.A. Ubel, D.C. Shannon, A.C. Berger, R.J. Cohen, Power 

spectrum analysis of heart rate fluctuation: a quantitative probe of beat-to-beat 

cardiovascular control, Science 213 (1981), p. 220-222. 

[4] M.T. Allen, M.D. Crowell, Patterns of autonomic response during laboratory stressors, 

Psychophysiology 26 (1989), p. 603-614. 

[5] M.T. Allen, P.A. Obrist, A. Sherwood, M.D. Crowell, Evaluation of myocardial and 

peripheral vascular responses during reaction time, mental arithmetic, and cold pressor 

tasks, Psychophysiology 24 (1987), p. 648-656. 

[6] W.C. Alvarez, Blood pressures in fifteen thousand university freshmen, Arch Intern Med 

32 (1923), p. 17-30. 

[7] J.B. Angevine, C.W. Cotman, Principles of neuroanatomy, Oxford University Press, 

Oxford, 1981. 

[8] M.L. Appel, R.D. Berger, J.P. Saul, J.M. Smith, R.J. Cohen, Beat to beat variability in 

cardiovascular variables: noise or music?, J Am Coll Cardiol 14 (1989), p. 1139-1148. 

[9] E. Aserinsky, N. Kleitman, Regularly occurring periods of eye motility, and concomitant 

phenomena, during sleep, Science 118 (1953), p. 273-274. 

[10] E. Aserinsky, N. Kleitman, Two types of ocular motility occurring in sleep, J Appl 

Physiol 8 (1955), p. 1-10. 

[11] American Sleep Disorders Association, EEG arousals: scoring rules and examples: a 

preliminary report from the Sleep Disorders Atlas Task Force of the American Sleep 

Disorders Association, Sleep 15 (1992), p. 173-184. 

[12] G. Baccelli, M. Guazzi, G. Mancia, A. Zanchetti, Neural and non-neural mechanisms 

influencing circulation during sleep, Nature 223 (1969), p. 184-185. 

[13] H.W. Baenkler, D. Fritze, H.S. Füeßl, Innere Medizin, Thieme, Stuttgart, 1999. 



107 
 

 

[14] H.J. Barach, Arterial Hypotension, Arch Intern Med 35 (1925), p. 151. 

[15] E. Barrett-Connor, L.A. Palinkas, Low blood pressure and depression in older men: a 

population based study, BMJ 308 (1994), p. 446-449. 

[16] C.J. Barrett, M.A. Navakatikyan, S.C. Malpas, Long-term control of renal blood flow: 

what is the role of the renal nerves?, Am J Physiol Regul Integr Comp Physiol 280 

(2001), p. R1534-1545. 

[17] I.Z. Ben-Dov, J.D. Kark, D. Ben-Ishay, J. Mekler, L. Ben-Arie, M. Bursztyn, Predictors 

of all-cause mortality in clinical ambulatory monitoring: unique aspects of blood 

pressure during sleep, Hypertension 49 (2007), p. 1235-1241. 

[18] H. Berger, Uber das elektrenkephalogramm des menschen, Arch Psychiatr Nervenkr 87 

(1929), p. 527-570. 

[19] R.J. Berger, Tonus of extrinsic laryngeal muscles during sleep and dreaming, Science 

134 (1961), p. 840. 

[20] G. Berlucchi, L. Maffei, G. Moruzzi, P. Strata, Eeg and behavioral effects elicited by 

cooling of medulla and pons, Arch Ital Biol 102 (1964), p. 372-392. 

[21] R.M. Berne, M.N. Levy, Regulation of the heartbeat. In: R.M. Berne, M.N. Levy, B.M. 

Koeppen, B.A. Stanton (Eds.), Physiology, Mosby, St. Louis, 2004. 

[22] G.G. Berntson, J.T. Cacioppo, A. Fieldstone, Illusions, arithmetic, and the bidirectional 

modulation of vagal control of the heart, Biol Psychol 44 (1996), p. 1-17. 

[23] G.G. Berntson, K.S. Quigley, D. Lozano, Cardiovascular psychophysiology. In: J.T. 

Cacioppo, L.G. Tassinary, G.G. Berntson (Eds.), Handbook of psychophysiology, 

Cambridge University Press, Cambridge, 2007, p. 182-210. 

[24] G.G. Berntson, J. Thomas Bigger, D.L. Eckberg, P. Grossman, P.G. Kaufmann, M. 

Malik, H.N. Nagaraja, S.W. Porges, J.P. Saul, P.H. Stone, M.W. Van Der Molen, Heart 

rate variability: origins, methods, and interpretive caveats, Psychophysiology 34 (1997), 

p. 623-648. 

[25] F. Beske, W.L. Boschke, H.H. Ruschmann, Effizien-analyse der medikamentosen 

hypotonie therapie, Institut für Gesundheits-System-Forschung, Kiel, 1983. 

[26] A.T. Bevan, A.J. Honour, F.H. Stott, Direct arterial pressure recording in unrestricted 

man, Clin Sci 36 (1969), p. 329-344. 

[27] J.T. Bigger, Jr., J.L. Fleiss, R.C. Steinman, L.M. Rolnitzky, R.E. Kleiger, J.N. Rottman, 

Correlations among time and frequency domain measures of heart period variability two 

weeks after acute myocardial infarction, Am J Cardiol 69 (1992), p. 891-898. 



108 
 

 

[28] J.T. Bigger, Jr., R.E. Kleiger, J.L. Fleiss, L.M. Rolnitzky, R.C. Steinman, J.P. Miller, 

Components of heart rate variability measured during healing of acute myocardial 

infarction, Am J Cardiol 61 (1988), p. 208-215. 

[29] G.E. Billman, J.P. Dujardin, Dynamic changes in cardiac vagal tone as measured by 

time-series analysis, Am J Physiol 258 (1990), p. H896-902. 

[30] A. Blasi, J. Jo, E. Valladares, B.J. Morgan, J.B. Skatrud, M.C. Khoo, Cardiovascular 

variability after arousal from sleep: time-varying spectral analysis, J Appl Physiol 95 

(2003), p. 1394-1404. 

[31] H. Bonnemeier, G. Richardt, J. Potratz, U.K. Wiegand, A. Brandes, N. Kluge, H.A. 

Katus, Circadian profile of cardiac autonomic nervous modulation in healthy subjects: 

differing effects of aging and gender on heart rate variability, J Cardiovasc 

Electrophysiol 14 (2003), p. 791-799. 

[32] M.H. Bonnet, D.L. Arand, Heart rate variability: sleep stage, time of night, and arousal 

influences, Electroencephalogr Clin Neurophysiol 102 (1997), p. 390-396. 

[33] M.H. Bonnet, D.L. Arand, Hyperarousal and insomnia: state of the science, Sleep Med 

Rev 14 (2010), p. 9-15. 

[34] A.A. Borbely, A two process model of sleep regulation, Hum Neurobiol 1 (1982), p. 195-

204. 

[35] M. Boselli, L. Parrino, A. Smerieri, M.G. Terzano, Effect of age on EEG arousals in 

normal sleep, Sleep 21 (1998), p. 351-357. 

[36] J. Bour, J. Kellett, Impedance cardiography: a rapid and cost-effective screening tool for 

cardiac disease, Eur J Intern Med 19 (2008), p. 399-405. 

[37] T.D. Bradley, J.S. Floras, Obstructive sleep apnoea and its cardiovascular consequences, 

Lancet 373 (2009), p. 82-93. 

[38] A.N. Braga, M. da Silva Lemos, J.R. da Silva, W.R. Fontes, R.A. dos Santos, Effects of 

angiotensins on day-night fluctuations and stress-induced changes in blood pressure, Am 

J Physiol Regul Integr Comp Physiol 282 (2002), p. R1663-1671. 

[39] G. Brandenberger, J. Ehrhart, F. Piquard, C. Simon, Inverse coupling between ultradian 

oscillations in delta wave activity and heart rate variability during sleep, Clin 

Neurophysiol 112 (2001), p. 992-996. 

[40] F. Bremer, Cerveau isolé et physiologie du sommeil, C R Soc Biol 118 (1935), p. 1235-

1241. 

[41] F. Bremer, Cerveau. Nouvelles recherches sur le mecanisme du sommeil, C R Soc Biol 

122 (1936), p. 460-464. 



109 
 

 

[42] J. Brener, G. Connally, Psicofisiologia cardiovascolare. In: L. Stegagno (Ed.), 

Psicofisiologia: Indicatori fisiologici del comportamento umano, Bollati Boringhieri, 

Torino, 1986, p. 139-176. 

[43] J.D. Bristow, A.J. Honour, T.G. Pickering, P. Sleight, Cardiovascular and respiratory 

changes during sleep in normal and hypertensive subjects, Cardiovasc Res 3 (1969), p. 

476-485. 

[44] R.D. Brook, S. Julius, Autonomic imbalance, hypertension, and cardiovascular risk, Am 

J Hypertens 13 (2000), p. 112S-122S. 

[45] H.J. Burgess, P.D. Penev, R. Schneider, E. Van Cauter, Estimating cardiac autonomic 

activity during sleep: impedance cardiography, spectral analysis, and Poincare plots, 

Clin Neurophysiol 115 (2004), p. 19-28. 

[46] H.J. Burgess, J. Trinder, Y. Kim, Cardiac autonomic nervous system activity during 

presleep wakefulness and stage 2 NREM sleep, J Sleep Res 8 (1999), p. 113-122. 

[47] H.J. Burgess, J. Trinder, Y. Kim, D. Luke, Sleep and circadian influences on cardiac 

autonomic nervous system activity, Am J Physiol Heart Circ Physiol 273 (1997), p. 

H1761-1768. 

[48] D.J. Buysse, C.F. Reynolds Iii, T.H. Monk, S.R. Berman, D.J. Kupfer, The Pittsburgh 

sleep quality index: a new instrument for psychiatric practice and research, Psychiat Res 

28 (1989), p. 193-213. 

[49] J.T. Cacioppo, G.G. Berntson, P.F. Binkley, K.S. Quigley, B.N. Uchino, A. Fieldstone, 

Autonomic cardiac control. II. Noninvasive indices and basal response as revealed by 

autonomic blockades, Psychophysiology 31 (1994), p. 586-598. 

[50] O.A. Carretero, S. Oparil, Essential Hypertension : Part I: definition and etiology, 

Circulation 101 (2000), p. 329-335. 

[51] M. Carrington, M. Walsh, T. Stambas, J. Kleiman, J. Trinder, The influence of sleep 

onset on the diurnal variation in cardiac activity and cardiac control, J Sleep Res 12 

(2003), p. 213-221. 

[52] M.J. Carrington, R. Barbieri, I.M. Colrain, K.E. Crowley, Y. Kim, J. Trinder, Changes in 

cardiovascular function during the sleep onset period in young adults, J Appl Physiol 98 

(2005), p. 468-476. 

[53] M.A. Carskadon, W.C. Dement, Normal human sleep: an overview. In: M.H. Kryger, T. 

Roth, W.C. Dement (Eds.), Principles and practice of sleep medicine, Elsevier Saunders, 

Philadelphia, 2011, p. 17-26. 



110 
 

 

[54] E. Casiglia, P. Palatini, G. Colangeli, G. Ginocchio, G.D. Menza, C. Onesto, L. Pegoraro, 

R. Biasin, C. Canali, C.C. Pessina, 24 h rhythm of blood pressure and forearm peripheral 

resistance in normotensive and hypertensive subjects confined to bed, J Hypertens 14 

(1996), p. 47-52. 

[55] V.M. Cassone, M.J. Chesworth, S.M. Armstrong, Entrainment of rat circadian rhythms 

by daily injection of melatonin depends upon the hypothalamic suprachiasmatic nuclei, 

Physiol Behav 36 (1986), p. 1111-1121. 

[56] M.H. Chase, F.R. Morales, The atonia and myoclonia of active (REM) sleep, Annu Rev 

Psychol 41 (1990), p. 557-584. 

[57] J.M. Chillon, G.L. Baumbach, Autoregulation of cerebral blood flow. In: K.M.A. Welch, 

L.R. Caplan, D.J. Reis, Siesjö, Weir (Eds.), Primer on cerebrovascular diseases, 

Academic Press, San Diego, 1997, p. 51-54. 

[58] G. Coccagna, M. Mantovani, F. Brignani, A. Manzini, E. Lugaresi, Laboratory note. 

Arterial pressure changes during spontaneous sleep in man, Electroencephalogr Clin 

Neurophysiol 31 (1971), p. 277-281. 

[59] H.M. Coleridge, J.C. Coleridge, F. Rosenthal, Prolonged inactivation of cortical 

pyramidal tract neurones in cats by distension of the carotid sinus, J Physiol 256 (1976), 

p. 635-649. 

[60] V.A. Convertino, Gender differences in autonomic functions associated with blood 

pressure regulation, Am J Physiol Regul Integr Comp Physiol 275 (1998), p. R1909-

R1920. 

[61] J. Conway, N. Boon, J. Jones, P. Sleight, Involvement of the baroreceptor reflexes in the 

changes in blood pressure with sleep and mental arousal, Hypertension 5 (1983), p. 746-

748. 

[62] M. Costa, L. Stegagno, R. Schandry, P.E. Ricci Bitti, Contingent negative variation and 

cognitive performance in hypotension, Psychophysiology 35 (1998), p. 737-744. 

[63] C.A. Czeisler, O.M. Buxton, The human circadian timing system and sleep-wake 

regulation. In: M.H. Kryger, T. Roth, W.C. Dement (Eds.), Principles and practice of 

sleep medicine, Elsevier Saunders, Philadelphia, 2011, p. 402-419. 

[64] C.A. Czeisler, E. Weitzman, M.C. Moore-Ede, J.C. Zimmerman, R.S. Knauer, Human 

sleep: its duration and organization depend on its circadian phase, Science 210 (1980), 

p. 1264-1267. 



111 
 

 

[65] R.J. Davies, P.J. Belt, S.J. Roberts, N.J. Ali, J.R. Stradling, Arterial blood pressure 

responses to graded transient arousal from sleep in normal humans, J Appl Physiol 74 

(1993), p. 1123-1130. 

[66] H. Davis, P.A. Davis, A.L. Loomis, E.N. Harvey, G. Hobart, Changes in human brain 

potentials during the onset of sleep, Science 86 (1937), p. 448-450. 

[67] M.E. Dawson, A.M. Schell, D.L. Filion, The electrodermal system. In: J.T. Cacioppo, 

L.G. Tassinary, G.G. Berntson (Eds.), Handbook of psychophysiology, Cambridge 

University Press, Cambridge, 2007, p. 159-181. 

[68] M. De Buyzere, D.L. Clement, D. Duprez, Chronic low blood pressure: a review, 

Cardiovasc Drug Ther 12 (1998), p. 29-35. 

[69] W. Dement, N. Kleitman, Cyclic variations in EEG during sleep and their relation to eye 

movements, body motility, and dreaming, Electroencephalogr Clin Neurophysiol 9 

(1957), p. 673-690. 

[70] L.W. Dickerson, A.H. Huang, M.M. Thurnher, B.D. Nearing, R.L. Verrier, Relationship 

between coronary hemodynamic changes and the phasic events of rapid eye movement 

sleep, Sleep 16 (1993), p. 550-557. 

[71] D.J. Dijk, C. Cajochen, Melatonin and the circadian regulation of sleep initiation, 

consolidation, structure, and the sleep EEG, J Biol Rhythms 12 (1997), p. 627-635. 

[72] D.J. Dijk, S.W. Lockley, Integration of human sleep-wake regulation and circadian 

rhythmicity, J Appl Physiol 92 (2002), p. 852-862. 

[73] C. Dodt, U. Breckling, I. Derad, H.L. Fehm, J. Born, Plasma epinephrine and 

norepinephrine concentrations of healthy humans associated with nighttime sleep and 

morning arousal, Hypertension 30 (1997), p. 71-76. 

[74] E. Dolan, P. McCormack, J.A. Staessen, E. O'Brien, The morning surge in systolic blood 

pressure predicts cardiovascular mortality: Dublin Outcome Study, J Hypertens 26 

(2008), p. S30. 

[75] N. Donner-Banzhoff, L. Kreienbrock, E. Baum, Hypotension—does it make sense in 

family practice?, Fam Pract 11 (1994), p. 368-374. 

[76] L.F. Drager, L.M. Ueno, P.S. Lessa, C.E. Negrão, G. Lorenzi-Filho, E.M. Krieger, Sleep-

related changes in hemodynamic and autonomic regulation in human hypertension, J 

Hypertens 27 (2009), p. 1655-1663. 

[77] D.A. Duprez, M. De Buyzere, J. De Sutter, J. Vercammen, D.L. Clement, Skin capillary 

erythrocyte velocity and mean 24 hour ambulatory blood pressure level, Int J Microcirc 

Clin Exp 12 (1993), p. 193-198. 



112 
 

 

[78] S. Duschek, A. Dietel, R. Schandry, G.A. del Paso, Increased sensitivity to heat pain in 

chronic low blood pressure, Eur J Pain 13 (2009), p. 28-34. 

[79] S. Duschek, A. Dietel, R. Schandry, G.A. Reyes Del Paso, Increased baroreflex 

sensitivity and reduced cardiovascular reactivity in individuals with chronic low blood 

pressure, Hypertens Res 31 (2008), p. 1873-1878. 

[80] S. Duschek, M. Hadjamu, R. Schandry, Dissociation between cortical activation and 

cognitive performance under pharmacological blood pressure elevation in chronic 

hypotension, Biol Psychol 75 (2007), p. 277-285. 

[81] S. Duschek, M. Hadjamu, R. Schandry, Enhancement of cerebral blood flow and 

cognitive performance following pharmacological blood pressure elevation in chronic 

hypotension, Psychophysiology 44 (2007), p. 145-153. 

[82] S. Duschek, H. Heiss, B. Buechner, N. Werner, R. Schandry, G.A. Reyes del Paso, 

Hemodynamic determinants of chronic hypotension and their modification through 

vasopressor application, J Physiol Sci 59 (2009), p. 105-112. 

[83] S. Duschek, H. Heiss, N. Werner, G.A. Reyes del Paso, Modulations of autonomic 

cardiovascular control following acute alpha-adrenergic treatment in chronic 

hypotension, Hypertens Res 32 (2009), p. 938-943. 

[84] S. Duschek, E. Matthias, R. Schandry, Essential hypotension is accompanied by deficits 

in attention and working memory, Behav Med 30 (2005), p. 149-158. 

[85] S. Duschek, J. Meinhardt, R. Schandry, Reduced cortical activity due to chronic low 

blood pressure: an EEG study, Biol Psychol 72 (2006), p. 241-250. 

[86] S. Duschek, R. Schandry, Cognitive performance and cerebral blood flow in essential 

hypotension, Psychophysiology 41 (2004), p. 905-913. 

[87] S. Duschek, R. Schandry, Deficient adjustment of cerebral blood flow to cognitive 

activity due to chronically low blood pressure, Biol Psychol 72 (2006), p. 311-317. 

[88] S. Duschek, R. Schandry, Reduced brain perfusion and cognitive performance due to 

constitutional hypotension, Clin Auton Res 17 (2007), p. 69-76. 

[89] S. Duschek, W. Schwarzkopf, R. Schandry, Increased pain sensitivity in low blood 

pressure, J Psychophysiol 22 (2008), p. 20-27. 

[90] A.R. Dyer, V. Persky, J. Stamler, O. Paul, R.B. Shekelle, D.M. Berkson, M. Lepper, J.A. 

Schoenberger, H.A. Lindberg, Heart rate as a prognostic factor for coronary heart 

disease and mortality: findings in three Chicago epidemiologic studies, Am J Epidemiol 

112 (1980), p. 736-749. 



113 
 

 

[91] D.L. Eckberg, Parasympathetic cardiovascular control in human disease: a critical 

review of methods and results, Am J Physiol 239 (1980), p. H581-593. 

[92] D.M. Edgar, W.C. Dement, C.A. Fuller, Effect of SCN lesions on sleep in squirrel 

monkeys: evidence for opponent processes in sleep-wake regulation, J Neurosci 13 

(1993), p. 1065-1079. 

[93] R.A. Espana, T.E. Scammell, Sleep neurobiology for the clinician, Sleep 27 (2004), p. 

811-820. 

[94] J.M. Evans, M.G. Ziegler, A.R. Patwardhan, J.B. Ott, C.S. Kim, F.M. Leonelli, C.F. 

Knapp, Gender differences in autonomic cardiovascular regulation: spectral, hormonal, 

and hemodynamic indexes, J Appl Physiol 91 (2001), p. 2611-2618. 

[95] D.J. Ewing, Heart rate variability: an important new risk factor in patients following 

myocardial infarction, Clin Cardiol 14 (1991), p. 683-685. 

[96] R.H. Fagard, J.A. Staessen, L. Thijs, H. Celis, C.J. Bulpitt, P.W. de Leeuw, G. Leonetti, 

J. Tuomilehto, Y. Yodfat, On-treatment diastolic blood pressure and prognosis in 

systolic hypertension, Arch Intern Med 167 (2007), p. 1884-1891. 

[97] R.H. Fagard, L. Thijs, J.A. Staessen, D.L. Clement, M.L. De Buyzere, D.A. De Bacquer, 

Night-day blood pressure ratio and dipping pattern as predictors of death and 

cardiovascular events in hypertension, J Hum Hypertens 23 (2009), p. 645-653. 

[98] L. Farnett, C.D. Mulrow, W.D. Linn, C.R. Lucey, M.R. Tuley, The J-curve phenomenon 

and the treatment of hypertension. Is there a point beyond which pressure reduction is 

dangerous?, JAMA 265 (1991), p. 489-495. 

[99] T.G. Farrell, Y. Bashir, T. Cripps, M. Malik, J. Poloniecki, E.D. Bennett, D.E. Ward, A.J. 

Camm, Risk stratification for arrhythmic events in postinfarction patients based on heart 

rate variability, ambulatory electrocardiographic variables and the signal-averaged 

electrocardiogram, J Am Coll Cardiol 18 (1991), p. 687-697. 

[100] L. Fauchier, D. Babuty, P. Cosnay, M.L. Autret, J.P. Fauchier, Heart rate variability in 

idiopathic dilated cardiomyopathy: characteristics and prognostic value, J Am Coll 

Cardiol 30 (1997), p. 1009-1014. 

[101] A.E. Fossier, A cause of essential hypotension, Am J Med Sci 171 (1926), p. 496-503. 

[102] S.I Fox, Human Physiology, McGraw-Hill International Edition, New York, 2006. 

[103] M. Fredrikson, G. Edman, S.E. Levander, D. Schalling, J. Svensson, M. Tuomisto, 

Electrodermal responsivity in young hypotensive and hypertensive men, 

Psychophysiology 27 (1990), p. 649-655. 

[104] R. Freeman, Neurogenic orthostatic hypotension, N Eng J Med 358 (2008), p. 615-624. 



114 
 

 

[105] A. Friedländer, Clinical types of hypotension, JAMA 83 (1924), p. 167. 

[106] J.E. Froberg, C.G. Karlsson, L. Levi, L. Lidberg, Circadian variations in performance, 

phychological ratings, catecholamine excretion, and dieresis during prolonged sleep 

deprivation, Int J Psychobiol 2 (1972), p. 23-36. 

[107] P.M. Fuller, J.J. Gooley, C.B. Saper, Neurobiology of the sleep-wake cycle: sleep 

architecture, circadian regulation, and regulatory feedback, J Biol Rhythms 21 (2006), 

p. 482-493. 

[108] R. Furlan, S. Guzzetti, W. Crivellaro, S. Dassi, M. Tinelli, G. Baselli, S. Cerutti, F. 

Lombardi, M. Pagani, A. Malliani, Continuous 24-hour assessment of the neural 

regulation of systemic arterial pressure and RR variabilities in ambulant subjects, 

Circulation 81 (1990), p. 537-547. 

[109] T. Gallopin, P. Fort, E. Eggermann, B. Cauli, P.H. Luppi, J. Rossier, E. Audinat, M. 

Muhlethaler, M. Serafin, Identification of sleep-promoting neurons in vitro, Nature 404 

(2000), p. 992-995. 

[110] Y. Gang, M. Malik, Heart Rate Variability: Measurements and Risk Stratification 

Electrical Diseases of the Heart. In: I. Gussak, C. Antzelevitch, A.A.M. Wilde, P.A. 

Friedman, M.J. Ackerman, W.K. Shen (Eds.), Springer, London, 2008, p. 365-378. 

[111] S.E. Gaus, R.E. Strecker, B.A. Tate, R.A. Parker, C.B. Saper, Ventrolateral preoptic 

nucleus contains sleep-active, galaninergic neurons in multiple mammalian species, 

Neuroscience 115 (2002), p. 285-294. 

[112] S.S. Girdler, C.A. Pedersen, R.A. Stern, K.C. Light, Menstrual cycle and premenstrual 

syndrome: modifiers of cardiovascular reactivity in women, Health Psychol 12 (1993), p. 

180-192. 

[113] R.J. Glynn, T.S. Field, P.R. Hebert, J.O. Taylor, C.H. Hennekens, B. Rosner, Evidence 

for a positive linear relation between blood pressure and mortality in elderly people, 

Lancet 345 (1995), p. 825-829. 

[114] E.A. Goff, D.M. O'Driscoll, A.K. Simonds, J. Trinder, M.J. Morrell, The cardiovascular 

response to arousal from sleep decreases with age in healthy adults, Sleep 31 (2008), p. 

1009-1017. 

[115] E.H. Goodman, Some cases of hypotension associated with a definite symptomatology, 

Am J Med Sci 147 (1914), p. 503. 

[116] P. Gosse, R. Lasserre, C. Minifie, P. Lemetayer, J. Clementy, Blood pressure surge on 

rising, J Hypertens 22 (2004), p. 1113-1118. 



115 
 

 

[117] N. Gosselin, M. Michaud, J. Carrier, G. Lavigne, J. Montplaisir, Age difference in heart 

rate changes associated with micro-arousals in humans, Clin Neurophysiol 113 (2002), 

p. 1517-1521. 

[118] B. Guardiola-Lemaître, M.A. Quera-Salva, Melatonin and the regulation of sleep and 

circadian rhythms. In: M.H. Kryger, T. Roth, W.C. Dement (Eds.), Principles and 

practice of sleep medicine, Elsevier Saunders, Philadelphia, 2011, p. 420-430. 

[119] C. Guilleminault, J.L. Faul, R. Stoohs, Sleep-disordered breathing and hypotension, Am 

J Respir Crit Care Med 164 (2001), p. 1242-1247. 

[120] A.C. Guyton, J.E. Hall, Textbook of medical physiology, Elsevier Saunders, Philadelphia, 

2006. 

[121] A.E. Hallanger, A.I. Levey, H.J. Lee, D.B. Rye, B.H. Wainer, The origins of cholinergic 

and other subcortical afferents to the thalamus in the rat, J Comp Neurol 262 (1987), p. 

105-124. 

[122] T.W. Hansen, J. Jeppesen, S. Rasmussen, H. Ibsen, C. Torp-Pedersen, Ambulatory blood 

pressure and mortality: a population-based study, Hypertension 45 (2005), p. 499-504. 

[123] W.R. Hess, The diencephalic sleep centre. In: J.F. Delafresnaye (Ed.), Brain mechanisms 

and consciousness, Blackwell, Oxford, 1954, p. 117-136. 

[124] C. Hesse, N. Charkoudian, Z. Liu, M.J. Joyner, J.H. Eisenach, Baroreflex sensitivity 

inversely correlates with ambulatory blood pressure in healthy normotensive humans, 

Hypertension 50 (2007), p. 41-46. 

[125] B. Hildrum, A. Mykletun, E. Stordal, I. Bjelland, A.A. Dahl, J. Holmen, Association of 

low blood pressure with anxiety and depression: the Nord-Trøndelag Health Study, J 

Epidemiol Community Health 61 (2007), p. 53-58. 

[126] N. Hirshoren, I. Tzoran, I. Makrienko, Y. Edoute, M.M. Plawner, J. Itskovitz-Eldor, G. 

Jacob, Menstrual cycle effects on the neurohumoral and autonomic nervous systems 

regulating the cardiovascular system, J Clin Endocr Metab 87 (2002), p. 1569-1575. 

[127] J.V. Holland, W.C. Dement, D.M. Raynal, Polysomnography: a response to a need for 

improved communication, 14th annual meeting of the Association for the 

Psychophysiological Study of Sleep, Jackson Hole, 1974, p. 121. 

[128] A.P. Hollander, L.N. Bouman, Cardiac acceleration in man elicited by a muscle-heart 

reflex, J Appl Physiol 38 (1975), p. 272-278. 

[129] R.L. Horner, D. Brooks, L.F. Kozar, S. Tse, E.A. Phillipson, Immediate effects of arousal 

from sleep on cardiac autonomic outflow in the absence of breathing in dogs, J Appl 

Physiol 79 (1995), p. 151-162. 



116 
 

 

[130] M. Hornyak, M. Cejnar, M. Elam, M. Matousek, B.G. Wallin, Sympathetic muscle nerve 

activity during sleep in man, Brain 114, (1991), p. 1281-1295. 

[131] C. Iber, S. Ancoli-Israel, A. Chesson, S.F. Quan, The AASM manual for the scoring of 

sleep and associated events: rules, terminology, and technical specifications, American 

Academy of Sleep Medicine, Westchester, 2007. 

[132] R.N. Idema, E.S. Gelsema, G.J. Wenting, J.L. Grashuis, A.H. van den Meiracker, R.M. 

Brouwer, A.J. Man in 't Veld, A new model for diurnal blood pressure profiling. Square 

wave fit compared with conventional methods, Hypertension 19 (1992), p. 595-605. 

[133] F. Iellamo, F. Placidi, M.G. Marciani, A. Romigi, M. Tombini, S. Aquilani, M. Massaro, 

A. Galante, J.M. Legramante, Baroreflex buffering of sympathetic activation during 

sleep: evidence from autonomic assessment of sleep macroarchitecture and 

microarchitecture, Hypertension 43 (2004), p. 814-819. 

[134] R.F. Johnson, R.Y. Moore, L.P. Morin, Loss of entrainment and anatomical plasticity 

after lesions of the hamster retinohypothalamic tract, Brain Res 460 (1988), p. 297-313. 

[135] B.E. Jones, Arousal systems, Front Biosci 8 (2003), p. s438-451. 

[136] F. Jurysta, P. van de Borne, J.P. Lanquart, P.F. Migeotte, J.P. Degaute, M. Dumont, P. 

Linkowski, Progressive aging does not alter the interaction between autonomic cardiac 

activity and delta EEG power, Clin Neurophysiol 116 (2005), p. 871-877. 

[137] F. Jurysta, P. van de Borne, P.F. Migeotte, M. Dumont, J.P. Lanquart, J.P. Degaute, P. 

Linkowski, A study of the dynamic interactions between sleep EEG and heart rate 

variability in healthy young men, Clin Neurophysiol 114 (2003), p. 2146-2155. 

[138] W.B. Kannel, Elevated systolic blood pressure as a cardiovascular risk factor, Am J 

Cardiol 85 (2000), p. 251-255. 

[139] W.B. Kannel, C. Kannel, R.S. Paffenbarger Jr, L.A. Cupples, Heart rate and 

cardiovascular mortality: The Framingham study, Am Heart J 113 (1987), p. 1489-1494. 

[140] K. Kario, T.G. Pickering, Y. Umeda, S. Hoshide, Y. Hoshide, M. Morinari, M. Murata, 

T. Kuroda, J.E. Schwartz, K. Shimada, Morning surge in blood pressure as a predictor of 

silent and clinical cerebrovascular disease in elderly hypertensives: a prospective study, 

Circulation 107 (2003), p. 1401-1406. 

[141] K. Kario, K. Shimada, Risers and extreme‐dippers of nocturnal blood pressure in 

hypertension: antihypertensive strategy for nocturnal blood pressure, Clin Exp 

Hypertens 26 (2004), p. 177-189. 



117 
 

 

[142] K. Kario, K. Shimada, T.G. Pickering, Abnormal nocturnal blood pressure falls in 

elderly hypertension: clinical significance and determinants, J Cardiovasc Pharmacol 41 

Suppl 1 (2003), p. S61-66. 

[143] A.L. Kasprowicz, S.B. Manuck, S.B. Malkoff, D.S. Krantz, Individual differences in 

behaviorally evoked cardiovascular response: temporal stability and hemodynamic 

patterning, Psychophysiology 27 (1990), p. 605-619. 

[144] M. Kato, B.G. Phillips, G. Sigurdsson, K. Narkiewicz, C.A. Pesek, V.K. Somers, Effects 

of sleep deprivation on neural circulatory control, Hypertension 35 (2000), p. 1173-

1175. 

[145] G.A. Kerkhof, H.P. Van Dongen, A.C. Bobbert, Absence of endogenous circadian 

rhythmicity in blood pressure?, Am J Hypertens 11 (1998), p. 373-377. 

[146] I.M. Khatri, E.D. Freis, Hemodynamic changes during sleep, J Appl Physiol 22 (1967), p. 

867-873. 

[147] R.E. Klabunde, Cardiovascular physiology concepts, Lippincott Williams & Wilkins, 

Philadelphia, 2005. 

[148] R.E. Kleiger, P.K. Stein, J.T. Bigger, Jr., Heart rate variability: measurement and 

clinical utility, Ann Noninvasive Electrocardiol 10 (2005), p. 88-101. 

[149] R.E. Kleiger, P.K. Stein, M.S. Bosner, J.N. Rottman, Time domain measurements of 

heart rate variability, Cardiol Clin 10 (1992), p. 487-498. 

[150] N. Kleitman, Sleep, Psychological Reviews 9 (1929), p. 624-665. 

[151] J. Klingelhöfer, G. Hajak, G. Matzander, M. Schulz-Varszegi, D. Sander, E. Rüther, B. 

Conrad, Dynamics of cerebral blood flow velocities during normal human sleep, Clin 

Neurol Neurosurg 97 (1995), p. 142-148. 

[152] K. Krauchi, C. Cajochen, E. Werth, A. Wirz-Justice, Functional link between distal 

vasodilation and sleep-onset latency?, Am J Physiol Regul Integr Comp Physiol 278 

(2000), p. R741-748. 

[153] K. Krauchi, A. Wirz-Justice, Circadian rhythm of heat production, heart rate, and skin 

and core temperature under unmasking conditions in men, Am J Physiol 267 (1994), p. 

R819-829. 

[154] E. Kristal-Boneh, H. Silber, G. Harari, P. Froom, The association of resting heart rate 

with cardiovascular, cancer and all-cause mortality. Eight year follow-up of 3527 male 

Israeli employees (the CORDIS Study),  Eur Heart J 21 (2000), p. 116-124. 



118 
 

 

[155] W.G. Kubicek, J.N. Karnegis, R.P. Patterson, D.A. Witsoe, R.H. Mattson, Development 

and evaluation of an impedance cardiac output system, Aerosp Med 37 (1966), p. 1208-

1212. 

[156] W. Kuschinsky, Coupling of function, metabolism, and blood flow in the brain, 

Neurosurg Rev 14 (1991), p. 163-168. 

[157] J.D. Lane, A.D. White, R.B. Williams, Jr., Cardiovascular effects of mental arithmetic in 

Type A and Type B females, Psychophysiology 21 (1984), p. 39-46. 

[158] C.H. Lawrence, Some aspects of hypotension, Interstate Med J 23 (1916), p. 165. 

[159] T.L. Lee-Chiong, N. Butkov, T. American Association of Sleep, Fundamentals of sleep 

technology, Lippincott Williams & Wilkins, Philadelphia, 2007. 

[160] T.T. Lee, J. Chen, D.J. Cohen, L. Tsao, The association between blood pressure and 

mortality in patients with heart failure, Am Heart J 151 (2006), p. 76-83. 

[161] R.S. Leung, T.D. Bradley, Sleep apnea and cardiovascular disease, Am J Respir Crit 

Care Med 164 (2001), p. 2147-2165. 

[162] Y. Li, J. Boggia, L. Thijs, T.W. Hansen, M. Kikuya, K. Björklund-Bodegård, T. Richart, 

T. Ohkubo, T. Kuznetsova, C. Torp-Pedersen, L. Lind, H. Ibsen, Y. Imai, J. Wang, E. 

Sandoya, E. O'Brien, J.A. Staessen, on behalf of the International Database 

on Ambulatory Blood Pressure Monitoring in relation to Cardiovascular 

Outcomes Investigators, Is blood pressure during the night more predictive of 

cardiovascular outcome than during the day?, Blood Press Monit 13 (2008), p. 145-147. 

[163] R.P. Lifton, A.G. Gharavi, D.S. Geller, Molecular mechanisms of human hypertension, 

Cell 104 (2001), p. 545-556. 

[164] W. Linden, What do arithmetic stress tests measure? Protocol variations and 

cardiovascular responses, Psychophysiology 28 (1991), p. 91-102. 

[165] T.E. Lohmeier, E.D. Irwin, M.A. Rossing, D.J. Serdar, R.S. Kieval, Prolonged activation 

of the baroreflex produces sustained hypotension, Hypertension 43 (2004), p. 306-311. 

[166] A.L. Loomis, E.N. Harvey, G.A. Hobart, Cerebral states during sleep, as studied by 

human brain potentials, J Exp Psychol 21 (1937), p. 127-144. 

[167] K.E. Lucas, P.C. Rowe, J. Coresh, M.J. Klag, L.A. Meoni, D.E. Ford, Prospective 

association between hypotension and idiopathic chronic fatigue, J Hypertens 22 (2004), 

p. 691-695. 

[168] P. Lusardi, A. Mugellini, P. Preti, A. Zoppi, G. Derosa, R. Fogari, Effects of a restricted 

sleep regimen on ambulatory blood pressure monitoring in normotensive subjects, Am J 

Hypertens 9 (1996), p. 503-505. 



119 
 

 

[169] S. MacMahon, R. Peto, R. Collins, J. Godwin, J. Cutler, P. Sorlie, R. Abbott, J. Neaton, 

A. Dyer, J. Stamler, Blood pressure, stroke, and coronary heart disease: Part 1, 

prolonged differences in blood pressure: prospective observational studies corrected for 

the regression dilution bias, Lancet 335 (1990), p. 765-774. 

[170] S.S. Mader, P. Galliart, Understanding human anatomy and physiology, McGraw-Hill 

Higher Education, Boston, 2005. 

[171] J. Magnes, G. Moruzzi, O. Pompeiano, Synchronization of the EEG produced by low-

frequency electrical stimulation of the region of the solitary tract, Arch Ital Biol 99 

(1961), p. 33-67. 

[172] A. Malliani, M. Pagani, F. Lombardi, S. Cerutti, Cardiovascular neural regulation 

explored in the frequency domain, Circulation 84 (1991), p. 482-492. 

[173] S.C. Malpas, Sympathetic nervous system overactivity and its role in the development of 

cardiovascular disease, Physiol Rev 90 (2010), p. 513-557. 

[174] S.C. Malpas, What sets the long-term level of sympathetic nerve activity: is there a role 

for arterial baroreceptors?, Am J Physiol Regul Integr Comp Physiol 286 (2004), p. R1-

R12. 

[175] G. Mancia, Autonomic modulation of the cardiovascular system during sleep, N Engl J 

Med 328 (1993), p. 347-349. 

[176] G. Mancia, R. Facchetti, M. Bombelli, G. Grassi, R. Sega, Long-term risk of mortality 

associated with selective and combined elevation in office, home, and ambulatory blood 

pressure, Hypertension 47 (2006), p. 846-853. 

[177] G. Mancia, A. Ferrari, L. Gregorini, G. Parati, G. Pomidossi, G. Bertinieri, G. Grassi, M. 

di Rienzo, A. Pedotti, A. Zanchetti, Blood pressure and heart rate variabilities in 

normotensive and hypertensive human beings, Circ Res 53 (1983), p. 96-104. 

[178] G. Mancia, R. Sega, C. Bravi, G.D. Vito, F. Valagussa, G. Cesana, A. Zanchetti, 

Ambulatory blood pressure normality: results from the PAMELA study, J Hypertens 13 

(1995), p. 1377-1390. 

[179] G.A. Mansoor, Sleep actigraphy in hypertensive patients with the 'non-dipper' blood 

pressure profile, J Hum Hypertens 16 (2002), p. 237-242. 

[180] G.A. Marks, The Neurobiology of Sleep. In: T.L. Lee-Chiong (Ed.), Sleep: a 

comprehensive handbook, Wiley, Hoboken, 2006, p. 11-18. 

[181] K. Mattila, M. Haavisto, S. Rajala, R. Heikinheimo, Blood pressure and five year 

survival in the very old, BMJ, 296 (1988), p. 887-889. 



120 
 

 

[182] D.A. McCormick, Cholinergic and noradrenergic modulation of thalamocortical 

processing, Trends Neurosci 12 (1989), p. 215-221. 

[183] D. McGinty, R. Szymusiak, The sleep-wake switch: a neuronal alarm clock, Nat Med 6 

(2000), p. 510-511. 

[184] G.B.M. Mensink, H. Hoffmeister, The relationship between resting heart rate and all-

cause, cardiovascular and cancer mortality, Eur Heart J 18 (1997), p. 1404-1410. 

[185] F.H. Messerli, G. Mancia, C.R. Conti, A.C. Hewkin, S. Kupfer, A. Champion, R. 

Kolloch, A. Benetos, C.J. Pepine, Dogma disputed: can aggressively lowering blood 

pressure in hypertensive patients with coronary artery disease be dangerous?, Ann 

Intern Med 144 (2006), p. 884-893. 

[186] M.W. Millar-Craig, C.N. Bishop, E.B. Raftery, Circadian variation of blood pressure, 

Lancet 311 (1978), p. 795-797. 

[187] J.C. Miller, S.M. Horvath, Cardiac output during human sleep, Aviat Space Environ Med 

47 (1976), p. 1046-1051. 

[188] A. Mini, H. Rau, P. Montoya, D. Palomba, N. Birbaumer, Baroreceptor cortical effects, 

emotions and pain, Int J Psychophysiol 19 (1995), p. 67-77. 

[189] C.T. Minson, J.R. Halliwill, T.M. Young, M.J. Joyner, Influence of the menstrual cycle 

on sympathetic activity, baroreflex sensitivity, and vascular transduction in young 

women, Circulation 101 (2000), p. 862-868. 

[190] H. Mølgaard, K.E. Sørensen, P. Bjerregaard, Circadian variation and influence of risk 

factors on heart rate variability in healthy subjects, Am J Cardiol 68 (1991), p. 777-784. 

[191] N. Montano, T.G. Ruscone, A. Porta, F. Lombardi, M. Pagani, A. Malliani, Power 

spectrum analysis of heart rate variability to assess the changes in sympathovagal 

balance during graded orthostatic tilt, Circulation 90 (1994), p. 1826-1831. 

[192] A.M. Monti, C.M. Medigue, H.N. Nedelcoux, P.E. Escourrou, Autonomic control of the 

cardiovascular system during sleep in normal subjects, Eur J Appl Physiol 87 (2002), p. 

174-181. 

[193] J.M. Monti, D. Monti, Human Sleep: An Overview. In: J.C. Verster, S.R. Pandi-Perumal, 

D.L. Streiner (Eds.), Sleep and quality of life in clinical medicine, Humana Press, 

Totowa, 2008, p. 29-36. 

[194] R. Moretti, P. Torre, R.M. Antonello, D. Manganaro, C. Vilotti, G. Pizzolato, Risk 

factors for vascular dementia: hypotension as a key point, Vasc Health Risk Manag 4 

(2008), p. 395-402. 



121 
 

 

[195] B.J. Morgan, D.C. Crabtree, D.S. Puleo, M.S. Badr, F. Toiber, J.B. Skatrud, 

Neurocirculatory consequences of abrupt change in sleep state in humans, J Appl 

Physiol 80 (1996), p. 1627-1636. 

[196] J.E. Morley, Is low blood pressure dangerous?, J Am Geriatr Soc 39 (1991), p. 1239-

1240. 

[197] M.C. Morris, P.A. Scherr, L.E. Hebert, D.A. Bennett, R.S. Wilson, R.J. Glynn, D.A. 

Evans, Association between blood pressure and cognitive function in a biracial 

community population of older persons, Neuroepidemiology 21 (2002), p. 123-130. 

[198] G. Moruzzi, H.W. Magoun, Brain stem reticular formation and activation of the EEG, 

Electroencephalogr Clin Neurophysiol 1 (1949), p. 455-473. 

[199] J.E. Muller, G.H. Tofler, P.H. Stone, Circadian variation and triggers of onset of acute 

cardiovascular disease, Circulation 79 (1989), p. 733-743. 

[200] J.L. Newton, A. Sheth, J. Shin, J. Pairman, K. Wilton, J.A. Burt, D.E. Jones, Lower 

ambulatory blood pressure in chronic fatigue syndrome, Psychosom Med 71 (2009), p. 

361-365. 

[201] N. Neyta, J.A. Horne, Effects of sleep extension and reduction on mood in healthy adults, 

Hum Psychopharmacol 6 (1990), p. 173-188. 

[202] P.H. Ng, W.A. Walters, The effects of chronic maternal hypotension during pregnancy, 

Aust N Z J Obstet Gynaecol 32 (1992), p. 14-16. 

[203] J. Nolan, P.D. Batin, R. Andrews, S.J. Lindsay, P. Brooksby, M. Mullen, W. Baig, A.D. 

Flapan, A. Cowley, R.J. Prescott, J.M. Neilson, K.A. Fox, Prospective study of heart rate 

variability and mortality in chronic heart failure: results of the United Kingdom heart 

failure evaluation and assessment of risk trial (UK-heart), Circulation 98 (1998), p. 

1510-1516. 

[204] D.M. O'Driscoll, G.E. Meadows, D.R. Corfield, A.K. Simonds, M.J. Morrell, 

Cardiovascular response to arousal from sleep under controlled conditions of central 

and peripheral chemoreceptor stimulation in humans, J Appl Physiol 96 (2004), p. 865-

870. 

[205] P.A. Obrist, Cardiovascular psychophysiology. A perspective, Plenum Press, New York, 

1981. 

[206] Y. Ogawa, T. Kanbayashi, Y. Saito, Y. Takahashi, T. Kitajima, K. Takahashi, Y. 

Hishikawa, T. Shimizu, Total sleep deprivation elevates blood pressure through arterial 

baroreflex resetting: a study with microneurographic technique, Sleep 26 (2003), p. 986-

989. 



122 
 

 

[207] R.D. Ogilvie, R.T. Wilkinson, The detection of sleep onset: behavioral and physiological 

convergence, Psychophysiology 21 (1984), p. 510-520. 

[208] T. Ohkubo, A. Hozawa, J. Yamaguchi, M. Kikuya, K. Ohmori, M. Michimata, M. 

Matsubara, J. Hashimoto, H. Hoshi, T. Araki, I. Tsuji, H. Satoh, S. Hisamichi, Y. Imai, 

Prognostic significance of the nocturnal decline in blood pressure in individuals with and 

without high 24-h blood pressure: the Ohasama study, J Hypertens 20 (2002), p. 2183-

2189. 

[209] H. Okada, S. Iwase, T. Mano, Y. Sugiyama, T. Watanabe, Changes in muscle 

sympathetic nerve activity during sleep in humans, Neurology 41 (1991), p. 1961-1966. 

[210] P. Owens, E. O'Brien, Hypotension in patients with coronary disease: can profound 

hypotensive events cause myocardial ischaemic events?, Heart 82 (1999), p. 477-481. 

[211] P.E. Owens, S.P. Lyons, E.T. O'Brien, Arterial hypotension: prevalence of low blood 

pressure in the general population using ambulatory blood pressure monitoring, J Hum 

Hypertens 14 (2000), p. 243-247. 

[212] E.F. Pace-Schott, J.A. Hobson, The neurobiology of sleep: genetics, cellular physiology 

and subcortical networks, Nat Rev Neurosci 3 (2002), p. 591-605. 

[213] G. Parati, P. Castiglioni, M. Di Rienzo, S. Omboni, A. Pedotti, G. Mancia, Sequential 

spectral analysis of 24-hour blood pressure and pulse interval in humans, Hypertension 

16 (1990), p. 414-421. 

[214] G. Parati, P. Castiglioni, S. Omboni, M. Di Rienzo, A. Pedotti, G. Mancia, Evaluation of 

neural cardiovascular control through dynamic analysis of 24 hour blood pressure and 

heart rate. Engineering in Medicine and Biology Society, Proceedings of the Twelfth 

Annual International Conference of the IEEE, 1990, p. 698-699. 

[215] G. Parati, M. Di Rienzo, G. Bertinieri, G. Pomidossi, R. Casadei, A. Groppelli, A. 

Pedotti, A. Zanchetti, G. Mancia, Evaluation of the baroreceptor-heart rate reflex by 24-

hour intra- arterial blood pressure monitoring in humans, Hypertension 12 (1988), p. 

214-222. 

[216] J.M. Parish, J.W. Shepard, Jr., Cardiovascular effects of sleep disorders, Chest 97 

(1990), p. 1220-1226. 

[217] O.B. Paulson, S. Strandgaard, L. Edvinsson, Cerebral autoregulation, Cerebrovasc Brain 

Metab Rev 2 (1990), p. 161-192. 

[218] I.P. Pavlov, Conditioned reflexes: an investigation of the physiological activity of the 

cerebral cortex, Oxford University Press, Oxford, 1927. 



123 
 

 

[219] M. Pedulla, R. Silvestri, A. Lasco, G. Mento, B. Lanuzza, L. Sofia, N. Frisina, Sleep 

structure in essential hypertensive patients: differences between dippers and non-dippers, 

Blood Press 4 (1995), p. 232-237. 

[220] J. Pemberton, Does constitutional hypotension exist?, BMJ 298 (1989), p. 660-662. 

[221] B. Penney, N. Patwardhan, H. Wheeler, Simplified electrode array for impedance 

cardiography, Med Biol Eng Comput 23 (1985), p. 1-7. 

[222] T. Phillipp, Chronische arterielle hypotonie. In: H. Rieger (Ed.), Angiologie, Hypotonie, 

Hypertonie, Urban & Schwarzenberg, Munich, 1993, p. 305-313. 

[223] T.G. Pickering, J.E. Hall, L.J. Appel, B.E. Falkner, J. Graves, M.N. Hill, D.W. Jones, T. 

Kurtz, S.G. Sheps, E.J. Roccella, Recommendations for blood pressure measurement in 

humans and experimental animals: part 1: blood pressure measurement in humans: a 

statement for professionals from the Subcommittee of Professional and Public Education 

of the American Heart Association Council on High Blood Pressure Research, 

Circulation 111 (2005), p. 697-716. 

[224] J.A. Pilgrim, Psychological aspects of high and low blood pressure, Psychol Med 24 

(1994), p. 9-14. 

[225] J.A. Pilgrim, S. Stansfeld, M. Marmot, Low blood pressure, low mood?, BMJ 304 (1992), 

p. 75-78. 

[226] B. Pomeranz, R.J. Macaulay, M.A. Caudill, I. Kutz, D. Adam, D. Gordon, K.M. Kilborn, 

A.C. Barger, D.C. Shannon, R.J. Cohen, et al., Assessment of autonomic function in 

humans by heart rate spectral analysis, Am J Physiol 248 (1985), p. H151-153. 

[227] D. Purves, Neuroscience, Sinauer Associates Publishers, Sunderland, 2004. 

[228] M. Qu, Y. Zhang, J.G. Webster, W.J. Tompkins, Motion artifact from spot and band 

electrodes during impedance cardiography, IEEE Transactions on Biomedical 

Engineering 33 (1986), p. 1029-1036. 

[229] U. Rajendra Acharya, K. Paul Joseph, N. Kannathal, C. Lim, J. Suri, Heart rate 

variability: a review, Med Biol Eng Comput 44 (2006), p. 1031-1051. 

[230] A.N. Rama, S. Charles Cho, C.A. Kushida, Normal Human Sleep. In: T.L. Lee-Chiong 

(Ed.), Sleep: a comprehensive handbook, Wiley, Hoboken, 2006, p. 3-9. 

[231] H. Rau, P. Pauli, S. Brody, T. Elbert, N. Birbaumer, Baroreceptor stimulation alters 

cortical activity, Psychophysiology 30 (1993), p. 322-325. 

[232] A. Rechtschaffen, A. Kales, A manual of standardized terminology, techniques and 

scoring system for sleep stages of human subjects, Neurological Information Network, 

Bethesda, 1968. 



124 
 

 

[233] S.M. Reppert, D.R. Weaver, Coordination of circadian timing in mammals, Nature 418 

(2002), p. 935-941. 

[234] R. Rhoades, G.A. Tanner, Medical physiology, Lippincott Williams & Wilkins, 

Philadelphia, 2003. 

[235] G. Richardson, B. Tate, Hormonal and pharmacological manipulation of the circadian 

clock: recent developments and future strategies, Sleep 23 Suppl 3 (2000), p. S77-85. 

[236] D. Riesman, Evolution and Treatment of Abnormalities in Blood Pressure, Atlantic Med 

J 24 (1923), p. 484. 

[237] J.M. Robbins, H. Korda, M.F. Shapiro, Treatment for a nondisease: the case of low blood 

pressure, Soc Sci Med 16 (1982), p. 27-33. 

[238] S.R. Roberts, Study of hypotension, JAMA 79 (1922), p. 262. 

[239] D. Robertson, The pathophysiology and diagnosis of orthostatic hypotension, Clin Auton 

Res 18 (2008), p. 2-7. 

[240] S. Robinson, Hypotension: the ideal normal blood pressure, N Engl J Med 233 (1940), p. 

407-416. 

[241] G. Rosenblatt, E. Hartmann, G.R. Zwilling, Cardiac irritability during sleep and 

dreaming, J Psychosom Res 17 (1973), p. 129-134. 

[242] A. Rosengren, G. Tibblin, L. Wilhelmsen, Low systolic blood pressure and self perceived 

wellbeing in middle aged men, BMJ 306 (1993), p. 243-246. 

[243] A.M. Rosenwasser, F.W. Turek, Physiology of the mammalian circadian system. In: 

M.H. Kryger, T. Roth, W.C. Dement (Eds.), Principles and practice of sleep medicine, 

Elsevier Saunders, Philadelphia, 2011, p. 390-401. 

[244] F. Routledge, J. McFetridge-Durdle, Nondipping blood pressure patterns among 

individuals with essential hypertension: a review of the literature, Eur J Cardiovasc Nurs 

6 (2007), p. 9-26. 

[245] P.C. Rowe, I. Bou-Holaigah, J.S. Kan, H. Calkins, Is neurally mediated hypotension an 

unrecognised cause of chronic fatigue?, Lancet 345 (1995), p. 623-624. 

[246] A. Ruitenberg, I. Skoog, A. Ott, O. Aevarsson, J.C. Witteman, B. Lernfelt, F. van 

Harskamp, A. Hofman, M.M. Breteler, Blood pressure and risk of dementia: results from 

the Rotterdam study and the Gothenburg H-70 Study, Dement Geriatr Cogn Disord 12 

(2001), p. 33-39. 

[247] C.B. Saper, Organization of cerebral cortical afferent systems in the rat. II. 

Hypothalamocortical projections, J Comp Neurol 237 (1985), p. 21-46. 



125 
 

 

[248] C.B. Saper, T.C. Chou, T.E. Scammell, The sleep switch: hypothalamic control of sleep 

and wakefulness, Trends Neurosci 24 (2001), p. 726-731. 

[249] N. Sato, S. Miyake, J. Akatsu, M. Kumashiro, Power spectral analysis of heart rate 

variability in healthy young women during the normal menstrual cycle, Psychosom Med 

57 (1995), p. 331-335. 

[250] F. Sayk, C. Becker, C. Teckentrup, H.-L. Fehm, J. Struck, J.P. Wellhoener, C. Dodt, To 

dip or not to dip, Hypertension 49 (2007), p. 1070-1076. 

[251] H. Schächinger, M. Weinbacher, A. Kiss, R. Ritz, W. Langewitz, Cardiovascular indices 

of peripheral and central sympathetic activation, Psychosom Med 63 (2001), p. 788-796. 

[252] R. Schandry, S. Duschek, The effect of Camphor-Crataegus berry extract combination on 

blood pressure and mental functions in chronic hypotension - a randomized placebo 

controlled double blind design, Phytomedicine (2008), p. 914-922. 

[253] I.J. Schatz, R. Bannister, R.L. Freeman, C.G. Goetz, J. Jankovic, H.C. Kaufmann, W.C. 

Koller, P.A. Low, C.J. Mathias, R.J. Polinsky, N.P. Quinn, D. Roberston, D.H.P. 

Streeten, Consensus statement on the definition of orthostatic hypotension, pure 

autonomic failure, and multiple system atrophy, J Neurol Sci 144 (1996), p. 218-219. 

[254] G. Schettler, Innere Medizin, Thieme, Stuttgart, 1976. 

[255] N. Schneiderman, P.M. McCabe, Psychophysiologic strategies in laboratory research. In: 

N. Schneiderman, S.M. Weiss, P.G. Kauffmann (Eds.), Handbook of research method in 

cardiovascular behavioral medicine, Plenum Press, New York, 1989. 

[256] J.R. Schwartz, T. Roth, Neurophysiology of sleep and wakefulness: basic science and 

clinical implications, Curr Neuropharmacol 6 (2008), p. 367-378. 

[257] E. Sforza, C. Jouny, V. Ibanez, Cardiac activation during arousal in humans: further 

evidence for hierarchy in the arousal response, Clin Neurophysiol 111 (2000), p. 1611-

1619. 

[258] D. Shapiro, L.D. Jamner, J.D. Lane, K.C. Light, M. Myrtek, Y. Sawada, A. Steptoe, 

Blood pressure publication guidelines, Psychophysiology 33 (1996), p. 1-12. 

[259] M.F. Shapiro, H. Korda, J. Robbins, Diagnosis and treatment of low blood pressure in a 

Canadian community, Can Med Assoc J 126 (1982), p. 918-920. 

[260] J.W. Shepard, Jr., Hypertension, cardiac arrhythmias, myocardial infarction, and stroke 

in relation to obstructive sleep apnea, Clin Chest Med 13 (1992), p. 437-458. 

[261] A. Sherwood, Use of impedance cardiography in cardiovascular reactivity research. In: J. 

Blascovich, E. Katikin (Eds.), Cardiovascular reactivity to psychological stress and 

disease, American Psychological Association, Washington, 1993, p. 157-199. 



126 
 

 

[262] A. Sherwood, M.T. Allen, J. Fahrenberg, R.M. Kelsey, W.R. Lovallo, L.J. van Doornen, 

Methodological guidelines for impedance cardiography, Psychophysiology 27 (1990), p. 

1-23. 

[263] A. Sherwood, M.T. Allen, P.A. Obrist, A.W. Langer, Evaluation of beta-adrenergic 

influences on cardiovascular and metabolic adjustments to physical and psychological 

stress, Psychophysiology 23 (1986), p. 89-104. 

[264] A. Sherwood, C.A. Dolan, K.C. Light, Hemodynamics of blood pressure responses 

during active and passive coping, Psychophysiology 27 (1990), p. 656-668. 

[265] A. Sherwood, P.R. Steffen, J.A. Blumenthal, C. Kuhn, A.L. Hinderliter, Nighttime blood 

pressure dipping: the role of the sympathetic nervous system, Am J Hypertens 15 (2002), 

p. 111-118. 

[266] T. Shimizu, Y. Takahashi, K. Suzuki, S. Kogawa, T. Tashiro, K. Takahasi, Y. Hishikawa, 

Muscle nerve sympathetic activity during sleep and its change with arousal response, J 

Sleep Res 1 (1992), p. 178-185. 

[267] J. Shneerson, Sleep medicine: a guide to sleep and its disorders, Blackwell Publishing, 

Malden, 2005. 

[268] A. Silvani, Physiological sleep-dependent changes in arterial blood pressure: central 

autonomic commands and baroreflex control, Clin Exp Pharmacol Physiol 35 (2008), p. 

987-994. 

[269] R. Smith, L. Johnson, D. Rothfeld, L. Zir, B. Tharp, Sleep and cardiac arrhythmias, Arch 

Intern Med 130 (1972), p. 751-753. 

[270] F. Snyder, J.A. Hobson, D.F. Morrison, F. Goldfrank, Changes in Respiration, Heart 

Rate, and Systolic Blood Pressure in Human Sleep, J Appl Physiol 19 (1964), p. 417-422. 

[271] V.K. Somers, M.E. Dyken, A.L. Mark, F.M. Abboud, Sympathetic-nerve activity during 

sleep in normal subjects, N Engl J Med 328 (1993), p. 303-307. 

[272] L. Stegagno, A. Angrilli, M. Costa, D. Palomba, Deficit cognitivi e ipotensione arteriosa: 

un’indagine cronopsicofisiologica GIP 23 (1996), p. 837-859. 

[273] L. Stegagno, D. Patritti, S. Duschek, B. Herbert, R. Schandry, Cerebral blood flow in 

essential hypotension during emotional activation, Psychophysiology 44 (2007), p. 226-

232. 

[274] H. Takakuwa, T. Ise, T. Kato, Y. Izumiya, K. Shimizu, H. Yokoyama, K.I. Kobayashi, 

Diurnal variation of hemodynamic indices in non-dipper hypertensive patients, 

Hypertens Res 24 (2001), p. 195-201. 



127 
 

 

[275] S. Takeuchi, S. Iwase, T. Mano, H. Okada, Y. Sugiyama, T. Watanabe, Sleep-related 

changes in human muscle and skin sympathetic nerve activities, J Auton Nerv Syst 47 

(1994), p. 121-129. 

[276] J. Tank, A. Diedrich, N. Hale, F.E. Niaz, R. Furlan, R.M. Robertson, R. Mosqueda-

Garcia, Relationship between blood pressure, sleep K-complexes, and muscle 

sympathetic nerve activity in humans, Am J Physiol Regul Integr Comp Physiol 285 

(2003), p. R208-214. 

[277] Task Force of the European Society of Cardiology and the North American Society of 

Pacing and Electrophysiology, Heart rate variability: standards of measurement, 

physiological interpretation, and clinical use, Circulation 93 (1996), p. 1043-1065. 

[278] J.F. Thayer, E. Sternberg, Beyond heart rate variability, Ann N Y Acad Sci 1088 (2006), 

p. 361-372. 

[279] M.S.C. Thomas, D. Annaz, D. Ansari, G. Scerif, C. Jarrold, A. Karmiloff-Smith, Using 

developmental trajectories to understand developmental disorders, J Speech Lang Hear 

Res 52 (2009), p. 336-358. 

[280] O. Tochikubo, A. Ikeda, E. Miyajima, M. Ishii, Effects of insufficient sleep on blood 

pressure monitored by a new multibiomedical recorder, Hypertension 27 (1996), p. 

1318-1324. 

[281] E.J. Topol, R.M. Califf, Textbook of cardiovascular medicine. Lippincott Williams & 

Wilkins, Philadelphia, 2002. 

[282] F.A. Treiber, T. Kamarck, N. Schneiderman, D. Sheffield, G. Kapuku, T. Taylor, 

Cardiovascular reactivity and development of preclinical and clinical disease states, 

Psychosom Med 65 (2003), p. 46-62. 

[283] N. Treister, K. Wagner, P.R. Jansen, Reproducibility of impedance cardiography 

parameters in outpatients with clinically stable coronary artery disease, Am J Hypertens 

18 (2005), p. 44S-50S. 

[284] J. Trinder, Cardiac activity and sympathovagal balance during sleep, Sleep Med Clin 2 

(2007), p. 199-208. 

[285] J. Trinder, Circadian versus sleep influences on cardiovascular activity, J Sleep Res 15 

(2006), p. 12. 

[286] J. Trinder, N. Allen, J. Kleiman, V. Kralevski, D. Kleverlaan, K. Anson, Y. Kim, On the 

nature of cardiovascular activation at an arousal from sleep, Sleep 26 (2003), p. 543-

551. 



128 
 

 

[287] J. Trinder, J. Kleiman, M. Carrington, S. Smith, S. Breen, N. Tan, Y. Kim, Autonomic 

activity during human sleep as a function of time and sleep stage, J Sleep Res 10 (2001), 

p. 253-264. 

[288] J. Trinder, J. Waloszek, M.J. Woods, A.S. Jordan, Sleep and cardiovascular regulation, 

Pflugers Arch 463 (2012), p. 161-168. 

[289] H. Tsuji, M.G. Larson, F.J. Venditti, E.S. Manders, J.C. Evans, C.L. Feldman, D. Levy, 

Impact of reduced heart rate variability on risk for cardiac events: the Framingham 

Heart Study, Circulation 94 (1996), p. 2850-2855. 

[290] J.R. Turner, Cardiovascular reactivity and stress patterns of physiological response, 

Plenum Press, New York, 1994. 

[291] D. Vaitl, H. Gruppe, Changes in hemodynamics modulate electrical brain activity, 

Journal of Psychophysiology 4 (1990), p. 41-49. 

[292] P. Van de Borne, H. Nguyen, P. Biston, P. Linkowski, J.P. Degaute, Effects of wake and 

sleep stages on the 24-h autonomic control of blood pressure and heart rate in recumbent 

men, Am J Physiol 266 (1994), p. H548-554. 

[293] A.M. van der Giezen, J.G. Schopman-Geurts van Kessel, E.G. Schouten, B.J. Slotboom, 

F.J. Kok, H.J. Collette, Systolic blood pressure and cardiovascular mortality among 

13,740 Dutch women, Prev Med 19 (1990), p. 456-465. 

[294] H.P. Van Dongen, G. Maislin, G.A. Kerkhof, Repeated assessment of the endogenous 24-

hour profile of blood pressure under constant routine, Chronobiol Int 18 (2001), p. 85-

98. 

[295] A.P. van Eekelen, J.H. Houtveen, G.A. Kerkhof, Circadian variation in base rate 

measures of cardiac autonomic activity, Eur J Appl Physiol 93 (2004), p. 39-46. 

[296] E.J. Van Someren, Mechanisms and functions of coupling between sleep and temperature 

rhythms, Prog Brain Res 153 (2006), p. 309-324. 

[297] E. Vanoli, P.B. Adamson, L. Ba, G.D. Pinna, R. Lazzara, W.C. Orr, Heart rate 

variability during specific sleep stages. A comparison of healthy subjects with patients 

after myocardial infarction, Circulation 91 (1995), p. 1918-1922. 

[298] B.V. Vaughn, S.R. Quint, J.A. Messenheimer, K.R. Robertson, Heart period variability 

in sleep, Electroencephalogr Clin Neurophysiol 94 (1995), p. 155-162. 

[299] D.P. Veerman, B.P.M. Imholz, W. Wieling, K.H. Wesseling, G.A. van Montfrans, 

Circadian profile of systemic hemodynamics, Hypertension 26 (1995), p. 55-59. 

[300] P. Verdecchia, C. Porcellati, G. Schillaci, C. Borgioni, A. Ciucci, M. Battistelli, M. 

Guerrieri, C. Gatteschi, I. Zampi, A. Santucci, et al., Ambulatory blood pressure. An 



129 
 

 

independent predictor of prognosis in essential hypertension, Hypertension 24 (1994), p. 

793-801. 

[301] L. Verret, R. Goutagny, P. Fort, L. Cagnon, D. Salvert, L. Leger, R. Boissard, P. Salin, C. 

Peyron, P.H. Luppi, A role of melanin-concentrating hormone producing neurons in the 

central regulation of paradoxical sleep, BMC Neurosci 4 (2003), p. 19. 

[302] R.L. Verrier, R.M. Harper, Cardiovascular physiology: central and autonomic regulation. 

In: M.H. Kryger, T. Roth, W.C. Dement (Eds.), Principles and practice of sleep 

medicine, Elsevier Saunders, Philadelphia, 2011, p. 215-225. 

[303] R.L. Verrier, M.A. Mittleman, Sleep-related cardiac risk. In: M.H. Kryger, T. Roth, W.C. 

Dement (Eds.), Principles and practice of sleep medicine, Elsevier Saunders, 

Philadelphia, 2011, p. 1353-1362. 

[304] J. Villablanca, Electroencephalogram in the permanently isolated forebrain of the cat, 

Science 138 (1962), p. 44-46. 

[305] A. Villringer, U. Dirnagl, Coupling of brain activity and cerebral blood flow: basis of 

functional neuroimaging, Cerebrovasc Brain Metab Rev 7 (1995), p. 240-276. 

[306] J. Warland, H. McCutcheon, Is there an association between maternal hypotension and 

poor pregnancy outcome?: a review of contemporary literature, Aust J Midwifery 15 

(2002), p. 22-26. 

[307] B. Weiß, K. Donat, Arterielle hypotonie, Fortschr Med 30 (1982), p. 1396-1399. 

[308] N. Weisz, R. Schandry, A.M. Jacobs, J.P. Mialet, S. Duschek, Early contingent negative 

variation of the EEG and attentional flexibility are reduced in hypotension, Int J 

Psychophysiol 45 (2002), p. 253-260. 

[309] S. Wessely, J. Nickson, B. Cox, Symptoms of low blood pressure: a population study, 

BMJ 301 (1990), p. 362-365. 

[310] W.B. White, Cardiovascular risk and therapeutic intervention for the early morning 

surge in blood pressure and heart rate, Blood Press Monit 6 (2001), p. 63-72. 

[311] E.P. Widmaier, H. Raff, K.T. Strang, A.J. Vander, Vander, Sherman, & Luciano's human 

physiology : the mechanisms of body function, McGraw-Hill Higher Education, Boston, 

2004. 

[312] N. Wiinberg, A. Hoegholm, H.R. Christensen, L.E. Bang, K.L. Mikkelsen, P.E. Nielsen, 

T.L. Svendsen, J.P. Kampmann, N.H. Madsen, M.W. Bentzon, 24-h ambulatory blood 

pressure in 352 normal Danish subjects, related to age and gender, Am J Hypertens 8 

(1995), p. 978-986. 

[313] J.T. Willerson, Cardiovascular medicine, Springer, London, 2007. 



130 
 

 

[314] H.L. Williams, J.T. Hammack, R.L. Daly, W.C. Dement, A. Lubin, Responses to 

auditory stimulation, sleep loss and the EEG stages of sleep, Electroencephalogr Clin 

Neurophysiol 16 (1964), p. 269-279. 

[315] R. Wolk, A.S. Gami, A. Garcia-Touchard, V.K. Somers, Sleep and cardiovascular 

disease, Curr Probl Cardiol 30 (2005), p. 625-662. 

[316] World Health Organization, Arterial Hypertension. WHO Technical Report Series, 

WHO, Geneva, 1978, p. 7-11. 

[317] Y.J. Zanstra, D.W. Johnston, Cardiovascular reactivity in real life settings: 

measurement, mechanisms and meaning, Biol Psychol 86 (2011), p. 98-105. 

[318] A. Zaza, F. Lombardi, Autonomic indexes based on the analysis of heart rate variability: 

a view from the sinus node, Cardiovasc Res 50 (2001), p. 434-442. 

[319] D. Zemaityte, G. Varoneckas, K. Plauska, J. Kaukenas, Components of the heart rhythm 

power spectrum in wakefulness and individual sleep stages, Int J Psychophysiol 4 (1986), 

p. 129-141. 

[320] D. Žemaitytė, G. Varoneckas, E. Sokolov, Heart rhythm control during sleep, 

Psychophysiology 21 (1984), p. 279-289. 

[321] X. Zhong, H.J. Hilton, G.J. Gates, S. Jelic, Y. Stern, M.N. Bartels, R.E. Demeersman, 

R.C. Basner, Increased sympathetic and decreased parasympathetic cardiovascular 

modulation in normal humans with acute sleep deprivation, J Appl Physiol 98 (2005), p. 

2024-2032. 

 

 

 


