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Modern physiology requires a comprehensive understanding of the integration of
tissues and organs throughout the mammalian body, including the cooperation
between structure and function at the cellular and molecular levels governed by
gene and protein expression. While a daunting task, learning is facilitated by iden-
tifying common and effective signaling pathways mediated by a variety of factors
employed by nature to preserve and sustain homeostatic life. As a leading exam-
ple, the cellular interaction between intracellular concentration of Ca+2 increases,
and changes in plasma membrane potential is integral for coordinating blood flow,
governing the exocytosis of neurotransmitters, and modulating gene expression
and cell effector secretory functions. Furthermore, in this manner, understand-
ing the systemic interaction between the cardiovascular and nervous systems has
become more important than ever as human populations’ life prolongation, aging
and mechanisms of cellular oxidative signaling are utilised for sustaining life. Al-
together, physiological research enables our identification of distinct and precise
points of transition from health to the development of multimorbidity throughout
the inevitable aging disorders (e.g., diabetes, hypertension, chronic kidney dis-
ease, heart failure, peptic ulcer, inflammatory bowel disease, age-related macu-
lar degeneration, cancer). With consideration of all organ systems (e.g., brain,
heart, lung, gut, skeletal and smooth muscle, liver, pancreas, kidney, eye) and the
interactions thereof, this Physiology Series will address the goals of resolving (1)
Aging physiology and chronic disease progression (2) Examination of key cellular
pathways as they relate to calcium, oxidative stress, and electrical signaling, and
(3) how changes in plasma membrane produced by lipid peroxidation products
can affect aging physiology, covering new research in the area of cell, human,
plant and animal physiology.
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Preface

Blood pressure regulation is a fundamental characteristic of the human circulatory
system. As one of the most critical parameters of the cardiovascular system, arterial
blood pressure must be precisely regulated, and this is achieved through a complex
interplay of numerous regulatory mechanisms. Dysfunction of some of these regula-
tory networks may lead to inadequate blood pressure regulation, including states

of elevated blood pressure and hypertension, which, over time, result in several
serious consequences for the organism and damage to various tissues, contributing
to morbidity and mortality.

The book Selected Topics in Blood Pressure Physiology aims to provide up-to-date insights
into the regulation of arterial blood pressure and insights into regulatory dysfunction
associated with hypertension.

The chapters will focus on hemodynamics and the fundamental mechanisms of blood
pressure regulation, including the baroreceptor reflex, as well as mechanisms related
to pressure natriuresis. Furthermore, chapters in the book will discuss a wide range of
consequences that are connected to hypertension, which is a disorder that represents

a significant public health burden, contributing to a decrease in life expectancy and a
decrease in quality of life. The most important mechanisms of secondary hypertension
will also be discussed. Finally, the book includes a chapter focusing on the effect of
lifestyle changes on the regulation of arterial blood pressure.

We hope readers find the materials related to blood pressure physiology and hyperten-
sion interesting and that reading about these topics in this book facilitates further
thought and research. We still have a long way to go to fully understand blood pressure
physiology, especially at the functional, tissue, cellular, and molecular levels. This is
essential for adequately treating elevated blood pressure and hypertension, as well

as achieving future clinical goals, including reducing cardiovascular morbidity and
mortality. This book is merely one of many “stepping stones” in this way and aims to
contribute to disseminating knowledge and stimulating further research.

Aleksandar Kibel, M.D., Ph.D.

Associate Professor,

Internal Medicine Specialist,

Cardiology Subspecialist,

Head of the Scientific Unit for Medical Research,
International Medical Center Priora,

éepin, Croatia
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Chapter1

The Role of Baroreceptors in Blood
Pressure

Amirali Ahvabi and Sepideh Poshtdar

Abstract

Baroreceptors are mechanoreceptors that play a crucial role in maintaining normal
blood pressure and heart rate. There are two types of baroreceptors; arterial and
cardiopulmonary. Arterial receptors are located in the carotid sinus and the aortic
arch, while cardiopulmonary or volume baroreceptors are found within the atria,
ventricles, and pulmonary vessels. Arterial baroreceptors are sensitive to vessel-wall
stretching, and in cases of blood pressure alterations, impulses sent by these receptors
reach the nucleus tractus solitarius, resulting in changes to heart rate, cardiac con-
tractility, and peripheral vascular resistance. Cardiopulmonary baroreceptors provide
information to the vagal center of the medulla regarding blood volume, thereby
mediating changes in circulatory and renal function. In this chapter, we will delve into
the physiology, mechanisms of function, clinical significance, and emerging research
related to baroreceptors.

Keywords: baroreceptor, baroreflex, blood pressure, carotid sinus, hypertension,
nucleus tractus solitarius

1. Introduction

Various sensors within the body continuously monitor arterial pressure. Whenever
arterial pressure deviates from its normal range, several reflex responses are activated,
including the baroreceptor reflex (baroreflex). This reflex helps adjust cardiac output
and total peripheral resistance to restore arterial pressure to its normal level.

In the short term, within seconds to minutes, these adjustments are achieved
through the pivotal activity of autonomic nerves affecting the heart and peripheral
vessels. Over the long term, spanning hours to days, other mechanisms, such as blood
volume regulation involving renal processes assist these baroreceptors in maintaining
arterial pressure.

A disruption of the baroreflex can lead to significant blood pressure (BP) dys-
regulation, resulting in increased BP variability. This may include sudden drops in
pressure when moving from a lying to a standing position, along with abnormal
spikes in pressure, which heighten the risk of life-threatening events such as heart
attacks and strokes. This chapter provides an in-depth exploration of the physiologic
anatomy of baroreceptors, their role in blood pressure regulation, and the impor-
tance of baroreflex sensitivity. We further examine how the central nervous system
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interprets baroreflex signals, the clinical significance of baroreflex function, and how
its impairment contributes to various diseases.

2. Physiologic anatomy

Baroreflex helps the circulatory system adjust to changing conditions in daily life,
keeping BP, heart rate, and blood volume within a stable physiological range. The
baroreceptors are nerve endings that are stimulated by stretching. There are two main
types: arterial and cardiopulmonary baroreceptors (which will be discussed later in
this chapter).

Arterial baroreceptors are mechanoreceptors that can sense arterial pressure from
the stretches of elastic arterial walls. This mechanosensing is mediated through the
activation of PIEZO1 and PIEZO2 ion channels [1]. These baroreceptors are densely
located in two areas: (1) the carotid sinus, which is slightly cephalad the bifurcation
of the carotid artery, and (2) the wall of the aortic arch. Notably, these baroreceptors
rarely can be found in other cervical and thoracic arteries.

Carotid baroreceptors send their impulses through a small branch of nerves,
named Hering’s nerve or carotid sinus nerve, to the glossopharyngeal nerves in the
neck. On the other hand, baroreceptors of the aortic arch transmit their signals to the
vagus nerves through a branch of nerves called the aortic depressor nerve. The final
destination of all these signals is the nucleus tractus solitarius (NTS) located in the
medullary area of the brain stem (Figure 1). The NTS integrates input from multiple
other sources, including chemoreceptors (both peripheral and central), renal mecha-
noreceptors and chemoreceptors (via renal afferent nerves), muscle ergoreceptors,
respiratory neurons, and neurons from the cortex and hypothalamus.

The neural interconnections between this region, other parts of the medullary
circulation center, and higher centers such as the hypothalamus and the cortex
are intricate and not yet fully understood. Nonetheless, it is established that the
glossopharyngeal and vagus nerves excite the NTS by releasing glutamate. In
response, the NTS excites the caudal ventrolateral medulla’s (CVLM) neurons
by releasing glutamate. CVLM in turn releases the inhibitory neurotransmit-
ter y-aminobutyric acid (GABA) to the rostral ventrolateral medulla (RVLM),
subsequently decreasing the activity of preganglionic sympathetic neurons.
Additionally, excitatory projections from the NTS reach cardiac preganglionic
parasympathetic neurons, so-called vagal motor neurons, located in the nucleus
ambiguus and the dorsal motor nucleus.

Baroreceptor afferents Glutamate Nucleus Cardia.c _
(glossopharyngeal and ) tractus - (+) preganglionic
vagus nerves) solitarius parasympathetic
neurons
Glutamatel
(+)
Caudal GABA Rostral Glutamate Preganglionic
ventrolateral —— (—) ventrolateral - (+) sympathetic
medulla medulla neurons
Figure 1.

The baroreceptor pathway connecting baroveceptor afferent signals to sympathetic and parasympathetic responses.
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Figure 2.
Effect of bilateral carotid artery clamping on baroveflex activity and subsequent change in arterial pressure.

The arterial baroreflex has a widespread impact on the entire body. When stimu-
lated by elevated arterial pressure, the baroreflex increases, leading to a decrease in
sympathetic activity and an increase in parasympathetic activity. The overall effects
are as follows: (1) vasodilation of veins and arterioles throughout the peripheral
circulatory system, leading to a decrease in end-diastolic volume, and (2) a reduction
in both heart rate and the strength of heart contractions, resulting in an increase
in end-systolic volume. The latter also protects the heart from lethal arrhythmias.
Consequently, the baroreflex decreases the arterial pressure through reduced periph-
eral resistance and lower cardiac output.

In contrast, low arterial pressure produces the opposite effects, reflexively
prompting an increase in pressure back toward normal levels. Another example is
physical exercise, where an increase in BP is necessary to ensure adequate blood
perfusion to the muscles. This rise is facilitated by the attenuation of baroreflex
activity, as maintaining maximal reflex function would prevent the required pressure
elevation. To achieve this, the activation of skeletal muscle afferent fibers through
contraction or stretching raises the baroreceptor threshold pressure, thereby restrict-
ing its reflex activity [2].

Figure 2 shows the effect of carotid sinus baroreceptors on arterial pressure after
bilaterally clamping the carotid arteries. During the occlusion, arterial pressure
remains elevated; however, it drops sharply upon the removal of the clamps. The
initial overcompensation is then gradually readjusted to normal levels within a minute
after the clamps are released.

3. Changes in arterial pressure and its effect on baroreceptors

Arterial baroreceptors are stimulated not only by the absolute stretch of the
arterial wall but also by variations in this stretch, that is, changes in arterial pres-
sure. Animal studies have shown that two types of baroreceptors exist in the carotid
sinus, each with distinct properties [3, 4]. Type I baroreceptors, primarily A-fiber
myelinated axons, play a key role in stabilizing arterial pressure, while type II barore-
ceptors, consisting of C-fiber unmyelinated and small A-fiber myelinated axons, are
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implicated in signaling the absolute level of arterial pressure. Type I baroreceptors
undergo resetting for this purpose, which refers to a shift in their response to stimuli,
whereas type II baroreceptors have higher threshold pressures and do not reset, as
discussed below. Therefore, both mean arterial pressure and pulse pressure are key
determinants of arterial baroreceptor activity. It is important to note that functional
differences in the central processing of these two types of baroreceptors have not yet
been determined.

As shown in Figure 3, the carotid baroreceptors are inert in arterial pres-
sures below 50 mm Hg but begin to elicit activity around 50 mmHg and reach a
maximum plateau in approximately 180-200 mm Hg of arterial pressure. In lower
pressures, this activity is only during the systolic phase of the cardiac cycle but
extends to the remaining diastolic part around 100 mm Hg of arterial pressure.
The aortic arch baroreceptors act similarly at arterial pressure levels that are about
30 mm Hg higher.

A decrease in systemic arterial pressure leads to a reduction in baroreflex, result-
ing in a compensatory increase in BP and cardiac output. Conversely, an increase in
pressure causes the arterioles to dilate, which reduces cardiac output until BP returns
to its original baseline level.

It is noteworthy that the most sensitivity of these baroreceptors is in the range
of normal BP, that is, 100 mmHg. Even small changes to the arterial pressure in this
region cause the baroreceptor feedback mechanism to regulate and readjust pressure
back to normal levels. Another important point is that baroreceptors are far more
responsive to rapid fluctuations in BP than to prolonged sustained high levels of BP.

The baroreceptor system is referred to as a pressure buffer system because it coun-
teracts variations in arterial pressure. The nerves associated with the baroreceptors
are also known as buffer nerves. A study conducted by Cowley et al. [5] demonstrated
that the 24-hour variation in arterial BP is significantly greater in baroreceptor-
denervated dogs compared to normal dogs. They concluded that the main role of
the baroreflex is not to establish the chronic level of arterial BP but rather to reduce
fluctuations in systemic arterial BP. These fluctuations can arise from excitement,
daily rhythms, eating, defecation, noises, or other unknown origins.

Rate of impulses from the carotid
sinus nerves

T
0 BO 160
Arterial Pressure (mm Hg)

T
240
Figure 3.

Baroreflex activity, measured by impulses sent through the cavotid sinus nerves, in different arterial pressures.
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Another example of arterial pressure adjustments by baroreceptors is the sudden
change in body posture when standing up after lying down. The sudden drop in arte-
rial pressure in the head could lead to loss of consciousness as soon as a person stands
up. However, the drop in pressure detected by the baroreceptors triggers an immedi-
ate reflex, causing a strong sympathetic response throughout the body that helps to
reduce this decline in pressure. The impairment of the baroreflex leads to a significant
drop in BP, which will be discussed in more detail later.

4. Baroreflex sensitivity

To quantify the effect of baroreflex, baroreflex sensitivity (BRS) is introduced by
scientists. BRS is mathematically defined as the change in the inter-beat interval in
milliseconds per unit change in BP. For example, if the interval between heartbeats
increases by 100 milliseconds while BP rises by 10 mmHg, the BRS is calculated as
100/10, resulting in a value of 10 milliseconds per mmHg. Decreased BRS increases
BP variability, which in turn further diminishes BRS, creating a vicious cycle. Two
points are worth noting: first, this index reflects the baroreflex’s effect on the sinus
node rather than its BP buffering capacity; second, it does not specify whether the
changes in the inter-beat interval in response to BP fluctuations are mainly caused by
increased or decreased sympathetic or parasympathetic activity [6].

BRS measurement is regarded as a valuable tool for assessing various cardiovas-
cular diseases [7]. It specifically evaluates the autonomic system?s ability to respond
to BP changes at the aortic arch and carotid sinus [8]. BRS function is also affected
by several risk factors, with obesity being a major one. Obesity significantly lowers
BRS, leading to sympathovagal imbalance by decreasing parasympathetic activity
and increasing SNA [9]. High abdominal visceral fat, in particular, has been linked to
reduced BRS. Additionally, conditions related to obesity, such as diabetes [10], and
hypertension [11], as well as independent factors like aging [12], sex [13], and physi-
cal activity [14], can also disrupt the balance between the sympathetic and parasym-
pathetic nervous systems.

5. Various interpretations of baroreflex signals by the CNS

The baroreflex is one of the main apparatuses of CNS that can help to ascertain
the proper blood flow to the different organs. Interestingly, central parts of the
baroreflex pathway, especially NTS, CVLM, and RVLM, can modulate the activity of
this reflex to an organ-specific response, primarily through region-specific changes in
sympathetic nerve activity (SNA). Although the precise mechanisms by which these
nuclei interact to produce region-specific changes in SNA, or whether they dynami-
cally adjust their networks, are not yet fully understood, it is clear that these effects
are mediated by shifts in the baroreflex action curve, which is processed within these
nuclei to generate targeted changes in SNA [15]. The purpose of these adjustments is
the optimal regulation of arterial pressure.

For instance, during freezing behavior, an innate response of animals to threats or
potential dangers like predators, studies show that renal sympathetic nerve activity
(RSNA) increases by up to 1.5 times, while lumbar sympathetic nerve activity (LSNA)
remains still [16]. Heart rate decreases, allowing the animal to conserve energy for
a potential transition from freezing to the fight-or-flight phase. With the decrease
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in heart rate and the subsequent decline in cardiac output (Cardiac Output = Stroke
Volume x Heart Rate), the increased RSNA helps maintain arterial pressure by
raising peripheral resistance (recall that Mean Arterial Pressure = Cardiac Output x
Total Peripheral Resistance). The purpose of retaining intact LSNA, which primarily
innervates the muscles of the lower extremities, is to preserve blood flow to these
muscles in case of a fight-or-flight response, as LSNA is negatively correlated with
muscle blood flow. These region-specific adjustments in the baroreflex curves appear
to reflect a highly advanced survival strategy.

Another example of CNS control over the baroreflex curve occurs during sleep
phases. During the non-rapid eye movement (NREM) phase, both RSNA and LSNA,
as well as heart rate and arterial pressure, decrease. Of particular interest is that dur-
ing rapid eye movement (REM) sleep—a phase where brain activity rises to wakeful
levels—RSNA paradoxically decreases, while LSNA significantly increases [17]. As
previously mentioned, this is a direct effect of the brain’s upper control centers on the
baroreflex curve, prioritizing blood flow to the CNS, kidneys, and splanchnic organs
due to their higher metabolic demands during this phase, while reducing muscle
blood flow through increased LSNA [15]. In summary, baroreflex pathways may be
distinctly separated, enabling selective modifications of baroreflex action curves that
result in differential changes in sympathetic nerve activity.

6. Long-term regulation of arterial pressure

There have been controversies regarding the long-term effect of baroreceptors
on arterial pressure. Some studies in the twentieth century indicated that these
receptors can adapt to elevated arterial pressure levels within 1-2 days, suggesting
that they may not play a significant role in the long-term regulation of BP [18-20].
For instance, when BP abruptly rises, baroreceptors initially send a high frequency
of signals. However, this rate decreases significantly within a few minutes. Over the
following 1-2 days, the rate continues to decline, ultimately returning to near-normal
levels despite the persistently elevated BP. Conversely, when BP drops drastically,
baroreceptors initially cease sending signals but gradually resume firing, approach-
ing their normal rate over a period of 1-2 days. This demonstrates the baroreceptor’s
adaptation to long-term changes in BP. However, two points should be noted about
these studies. First, due to experimental limitations, previous studies extrapolated
short-term recordings of baroreceptor afferent nerves to assess the long-term effects
of these receptors in chronic states, where the acute setting may not accurately
represent the body’s long-term BP regulation. Second, these studies did not account
for the potential plasticity of the vasomotor center in their conclusions. While the
adaptation to prolonged high arterial pressure may be partially attributed to the reset-
ting of arterial mechanoreceptors, changes in central circulatory regulation also play
a pivotal role [21, 22]. As described by Schreihofer et al. [23] in the chronic absence of
baroreceptor input, the RVLM still controls activity SNA to regulate arterial pressure.
Furthermore, even without continuous excitatory input from the NTS, glutamater-
gic signals in baroreceptor-denervated rats activate the CVLM, which persistently
inhibits the RVLM.

Contrary to previous assumptions, experimental studies suggest that barorecep-
tors maintain some degree of sensitivity even after prolonged BP changes [24].
This ongoing sensitivity may contribute to long-term BP regulation, particularly by
influencing the activity of the sympathetic nerve in the kidneys. Barrett et al., in their
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study assessing the effect of baroreceptors on RSNA, concluded that in sinoaortic-
denervated rabbits, where baroreceptor afferent signals were severed, RSNA did not
change with angiotensin II infusion. However, a significant decrease in RSNA was
observed in sham-operated rabbits [25]. Accordingly, the activity of the renal sym-
pathetic nerve depends on the baroreflex. When arterial pressure remains elevated
for an extended period, baroreflexes can reduce RSNA, leading to greater sodium
and water excretion. Additionally, renin secretion is also inhibited as a result of the
suppression of RSNA [19]. These processes gradually reduce blood volume, aiding
arterial pressure to return to normal levels.

In summary, the baroreflex alone is not sufficient for the long-term regulation of
arterial pressure, and therefore, baroreceptors must work in conjunction with other
systems to effectively regulate mean arterial pressure over the long term.

7. Cardiopulmonary baroreceptors

Cardiopulmonary baroreceptors, also known as low-pressure receptors, are
found in the atria and pulmonary arteries. Their function is yet to be completely
understood, but they are similar to that of arterial baroreceptors and help to reduce
BP variations by responding to changes in blood volume. Although the cardiopul-
monary baroreceptors are unable to sense systemic arterial pressure directly, they
are sensitive to concurrent increases in pressure within low-pressure regions of the
circulation due to increased blood volume. These receptors initiate reflexes that
complement the arterial baroreflex, thereby enhancing the overall reflex system’s
efficacy in regulating arterial pressure.

When the atria are stretched due to the increase in blood volume or central
venous pressure, the activation of low-pressure atrial baroreceptors triggers a reflex
that reduces sympathetic nerve signals to the kidneys, decreases fluid reabsorption
in the renal tubules, and dilates the afferent arterioles in the kidneys. The dilation
of the afferent arterioles additionally leads to an increase in glomerular capillary
pressure, which in turn raises the amount of fluid filtered into the kidney tubules.
Simultaneously, signals from these baroreceptors are sent to the hypothalamus to
reduce the secretion of antidiuretic hormone (ADH) and subsequent reduction in
water reabsorption in tubules. Another hormone released upon activation of atrial
baroreceptors is atrial natriuretic peptide (ANP), which promotes the excretion of
sodium and water, thereby helping to reduce blood volume levels back to normal. The
ultimate outcome of this mechanism—improved glomerular filtration and reduced
fluid reabsorption—is a decrease in the elevated blood volume. Decreased blood
volume or central venous pressure initiates the exact opposite mechanism.

8. Bainbridge reflex

An increase in atrial pressure can raise the heart rate, particularly when the heart
rate is initially slow. The atrial mechanoreceptors that activate the Bainbridge reflex
send afferent signals via the vagus nerves to the medulla in the brain. From there,
efferent signals are sent back through the vagal and sympathetic nerves, increasing
both heart rate and the strength of heart contractions. This reflex helps prevent the
accumulation of blood in the circulatory system, particularly in the veins, atria, and
pulmonary circulation.
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When the heart rate is already fast, atrial stretching from fluid infusion may reduce
the heart rate by triggering arterial baroreceptors. As a result, the overall effect of
increased blood volume and atrial stretch on heart rate depends on the interplay between
arterial baroreflexes, which tend to decrease heart rate, and the Bainbridge reflex, which
works to increase it. When blood volume is above normal levels, the Bainbridge reflex
frequently raises the heart rate, even though the arterial baroreflexes act against it.

9. Diseases with baroreflex impairment

Neurons of the baroreflex can be damaged by neurodegenerative, metabolic,
autoimmune, traumatic, or toxic mechanisms. Any lesion in the baroreflex pathway,
including afferent, central, or efferent neurons, can cause BP fluctuations and lead to
hypo- or hyperperfusion in different organs. Diseases involving baroreflex failure can
be divided into three main categories:

9.1 Efferent baroreflex failure

Baroreflex efferent neurons are predominantly damaged by diabetes, followed
by synucleinopathies, such as pure autonomic failure, Parkinson’s disease, dementia
with Lewy bodies, and multiple-system atrophy. Clinically, this disorder is character-
ized by a sustained drop in BP of at least 20/10 mm Hg within 3 minutes of standing
upright. In some patients, however, the BP drop is delayed and occurs after prolonged
standing. The primary pathophysiology involves the inhibition of norepinephrine
release at the neurovascular junction, leading to inadequate vasoconstriction during
standing or physical exertion. This results in the observed orthostatic hypotension
and symptoms of organ hypoperfusion, such as dizziness, lightheadedness, blurred
vision, and syncope.

Over half of these patients experience supine hypertension (BP >140/90 mm Hg),
likely due to the activation of residual sympathetic fibers and denervation super-
sensitivity, a condition that is associated with target organ damage in chronic cases
[26]. Additionally, extracellular fluid volume regulation is also disrupted, especially
at night, leading to increased renal excretion of sodium and water, which worsens
orthostatic hypotension in the morning.

Efferent baroreflex dysfunction can be an early indicator of synucleinopathies,
allowing for diagnosis before typical motor or cognitive symptoms appear. Studies
show that patients with isolated efferent baroreflex failure have a 10% annual risk
of developing Parkinson’s disease, Lewy body dementia, or multiple system atrophy
[27]. Treatment includes educating the patient, addressing aggravating factors (e.g.,
dehydration, medications), using postural maneuvers, and employing pharmacologic
measures to increase intravascular volume and peripheral resistance.

9.2 Afferent baroreflex failure

The acquired form of afferent baroreflex failure is observed in patients with a
history of radiotherapy or radical surgery in the cervical region, as well as in patients
with rare tumors affecting the NTS. Iatrogenic causes may also include procedures like
carotid endarterectomy or angioplasty, leading to damage either to the baroreceptors
themselves or to the afferent fibers, vagal, or glossopharyngeal nerves. Familial dysau-
tonomia (the Riley-Day syndrome) is the congenital form of afferent baroreflex failure.
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In the absence of afferent nerve signaling to the NTS, this nucleus cannot inhibit
the premotor sympathetic neurons in the RVLM. As a result, unleashed sympathetic
activation leads to norepinephrine release, causing vasoconstriction, tachycardia,
elevated BP and its variability, headaches, flushing, and agitation. In some cases,
orthostatic hypotension is also detected. Given that afferent baroreflex is compro-
mised in the Guillain-Barré syndrome, these patients experience severe fluctuations
in BP but nearly invariant heart rate.

9.3 Cardiovascular autonomic disorders without detectable nerve disease

The most common impairments in the baroreflex pathway occur without any
detectable nerve pathology. Conditions such as vasovagal syncope and postural
tachycardia syndrome fall into this category.

9.3.1 Vasovagal syncope

Syncope is a temporary loss of consciousness and postural tone caused by a brief
general cerebral hypoperfusion, which resolves spontaneously without any lasting
neurological effects. Vasovagal syncope, reaching a prevalence of 16% among the
population [28], is stimulated by a reflex that causes activation of parasympathetic and
inhibition of sympathetic. It can be stimulated by central factors, such as emotions,
pain, or blood phobia, or by peripheral factors, like prolonged standing or increased
activity of carotid sinus afferents. The use of diuretics or vasodilators, including
alcohol, marijuana, and alpha-blockers, can increase susceptibility. The baroreflex plays
a crucial role in controlling cardiac vagal tone and, if activated inappropriately, can
significantly inhibit heart function, resulting in a severe decrease in heart rate or even
asystole. Sudden and inappropriate activation of the baroreflex can cause syncope due
to the drastic decrease in sympathetic activity and intense cardioinhibition by increased
parasympathetic activity. However, the specific afferent nerve pathways and central
nervous system mechanisms responsible for reflex syncope are still poorly understood.

9.3.2 Postural tachycardia syndrome

This syndrome is diagnosed by a sustained increase in heart rate of at least
30 beats per minute (or 40 beats per minute in the pediatric population) within
10 minutes of standing, accompanied by symptoms of sympathetic activation such as
palpitations, shortness of breath, chest pain, and anxiety. In this syndrome, BP does
not decrease upon standing. The severity of symptoms does not correlate with heart
rate, and reducing tachycardia often does not relieve the symptoms. Various mecha-
nisms have been proposed for postural tachycardia syndrome, including baroreflex
impairment, hyperventilation, cardiac atrophy, intravascular volume dysregulation,
and defects in the cardiac norepinephrine transporter [29-31].

10. Clinical significance of baroreflex

The role of the baroreflex in regulating arterial pressure has prompted research
into chronic electrical stimulation devices designed to precisely control afferent
signals to the central nervous system in patients with resistant hypertension or
those with heart failure. Animal studies have shown promising results, as electrical
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stimulation of the carotid sinus in dogs led to a reduction in whole-body norepi-
nephrine spillover, al-adrenergic receptor activity, mean arterial BP, and heart rate
without increase in plasma renin activity [24]. First carotid sinus electrical stimula-
tion in humans was performed in 1967 [32]. In the past few years, the prototype
Rheos system (CVRx, Minneapolis, MN) was introduced, in which the baroreflex
is stimulated by implanting electrodes in the perivascular space surrounding each
carotid sinus, with the leads connected to a pulse generator. This device can be fully
programmed using a radio-frequency-based external system, allowing adjustments
to parameters such as intensity, frequency, and pulse duration throughout the day.
However, its requirement for bilateral surgery may pose a drawback for broader
adoption in clinical practice. A more recent version of this device, the Barostim Neo
(CVRx, Minneapolis, MN), is attached to the surface of the carotid sinus with sutures
and is implanted unilaterally. Numerous studies have been completed or are ongo-
ing to assess the safety and efficacy of these devices, comparing their outcomes to
standard medical management in patients with resistant hypertension and those with
symptomatic heart failure (EF > 40%) [33-37]. For instance, an observational study
found that implantation of the Barostim Neo system in patients with drug-resistant
hypertension significantly reduced office BP (systolic: =25 + 33 mmHg, diastolic:
-9 + 18 mmHg; n = 50) and 24-hour ambulatory BP (systolic: —8 + 23 mmHg, dia-
stolic: —5 + 13 mmHg; n = 46) at 24 months. The median number of antihypertensive
medications per patient also decreased from seven to five [38]. In the double-blind,
sham-controlled US Rheos Pivotal trial, 265 patients with drug-resistant hypertension
(office BP >160/80 mmHg and 24-hour ambulatory systolic BP >135 mmHg) had the
Rheos device implanted and were randomly assigned (2:1) to either immediate baro-
reflex activation therapy or delayed therapy after 6 months (control group). After
6 months, office BP reduction was significantly greater in the immediate treatment
group compared to the control group (—26 + 30 mmHg vs. —17 + 29 mmHg, P = 0.03).
Interestingly, a subsequent study concluded that unilateral, particularly right-sided,
stimulation of carotid baroreceptors has a more significant impact on reducing BP
compared to bilateral or left-sided stimulation [39]. The reductions in BP following
acute baroreflex activation were accompanied by decreased heart rate, muscle sym-
pathetic nerve activity, and plasma renin concentration, suggesting that the response
was mediated by sympathetic inhibition and enhanced parasympathetic activity [40].
These effects also counteract the sympathetic overactivation and parasympathetic
withdrawal commonly seen in heart failure patients. The HOPE4HF and BeAT-HF
trials demonstrated that baroreflex activation therapy using the Barostim Neo
system, when combined with medical treatment, significantly improved outcomes in
patients with heart failure with reduced ejection fraction (LVEF <35%) and NYHA
functional class III, compared to medical therapy alone [41, 42]. Improvements were
seen in walk distance, quality of life, NYHA functional class, and natriuretic peptide
levels. Additionally, there was a trend toward fewer hospital stays due to heart failure.
With over 94% of patients experiencing no major neurological, cardiovascular, or
procedure-related complications, the safety of baroreflex activation therapy was also
confirmed. So far, these results represent an exciting potential addition to the clini-
cian’s armament in the fight against chronic arterial hypertension and heart failure.
Another innovative device is the MobiusHD stent (Vascular Dynamics), which
induces a pulsatile increase in vessel wall stretch and amplifies the baroreflex, thereby
sustainably suppressing SNA. It is implanted endovascularly on one side in the proximal
internal carotid artery [43]. In the first-in-human, noncontrolled, open-label CALM-
FIM_EUR study, 30 patients received the MobiusHD stent at six European centers [44].
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After 6 months, significant reductions were observed in both office and 24-hour ambula-
tory BP. Additionally, the median number of antihypertensive medications and daily
doses had decreased. Although the results were promising, serious adverse events, includ-
ing hypotension, worsening hypertension, and intermittent claudication, were unfortu-
nately reported in the study. Further randomized, sham-controlled trials are needed to
evaluate the efficacy of this treatment and to carefully weigh its benefits against potential
complications associated with its minimally invasive implantation.

11. Conclusion

In this chapter, we discussed the physiology of the baroreflex and its role in both
blood pressure buffering and cardioprotection. Previous reports primarily focused on
this buffering in response to acute changes in blood pressure, but we also highlighted
the evolving paradigm of the baroreflex’s role in chronic blood pressure regulation.
Two recent concepts have also been covered: (1) baroreflex sensitivity (BRS) and its
implications in cardiovascular diseases, which can be altered by various medical con-
ditions, and (2) different aspects of the CNS response to the baroreflex curve, along
with the subsequent region-specific changes in sympathetic nerve activity. Finally,
we reviewed diseases associated with baroreflex impairment and the growing body of
evidence on the clinical significance of interventions targeting baroreflex activity to
treat conditions such as resistant hypertension and heart failure.
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Pressure Natriuresis in Blood
Pressure Control

Vedran Dambic¢ and Aleksandar Kibel

Abstract

The kidneys play an important role in controlling arterial blood pressure by regu-
lating extracellular fluid volume, through excretion of sodium and water, which is
called pressure natriuresis, or diuresis. Sodium and water homeostasis is controlled by
the integrated physiological functions of organ systems, including renal mechanisms,
but also with an influence of the renal and non-renal sympathetic nervous system and
the endocrine system (renin-angiotensin-aldosterone system, cardiac natriuretic pep-
tides, antidiuretic hormone, and oxytocin). Pressure natriuresis represents the basal
level for arterial blood pressure dysregulation. The imbalance of complex renal and
non-renal hemodynamic and neurohumoral mechanisms leads to the disruption of
antidiuretic mechanisms, which results in the development of arterial hypertension.
Knowledge of all mechanisms enables an integrated understanding of the regulation
of arterial blood pressure, which is a key step in the targeted and individual treatment
of one of the most common diseases today.

Keywords: pressure natriuresis, diuresis, arterial blood pressure, kidneys, sodium,
renin-angiotensin-aldosterone system, sympathetic nervous system, cardiac natriuretic
peptides, hypertension

1. Introduction

The kidneys manage blood pressure by regulating the volume of extracellular
fluid through the primary excretion of sodium and the secondary excretion of water
through osmosis [1].

After a systemic increase in blood pressure, there is an increase in renal perfusion
pressure, which results in the inhibition of renal tubular reabsorptive mechanisms
and increased excretion of sodium and water to return blood pressure to normal,
which is called pressure natriuresis, that is, diuresis [1, 2].

Pressure natriuresis is the main, non-adaptive mechanism with infinite gain
responsible for long-term control of blood pressure with the goal of daily full com-
pensation of blood pressure fluctuations [1].
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2. Insight into the mechanism of pressure natriuresis

Sodium homeostasis is controlled by the integrated physiological functions of
organ systems including the hemodynamic (peripheral and renal arteries) and
neurohumoral systems (renal sympathetic nerves, renal autacoids, renin-angiotensin-
aldosterone system, cardiac natriuretic peptides, antidiuretic hormone, and oxyto-
cin) [3, 4].

The blood pressure value in the body is the point at which pressure natriuresis and
the volume of extracellular fluid are in balance [2]. An increase in blood pressure leads
to an increase in renal perfusion pressure (RPP). An increase in shear stress in the
preglomerular vasculature due to autoregulatory vasoconstriction in response to rise in
RPP activates endothelial nitric oxide synthase and NO production, increased release
of prostaglandin E2 and renal kinins, and a decrease in intrarenal angiotensin II in the
outer medulla, resulting in an increase in medullary blood flow (MBF) as a result of
reduced vascular resistance of renal medulla arteries mediated by guanosine 3',5'-cyclic
monophosphate (cGMP) and protein kinase G [1, 2]. An increase in medullary blood
flow (MBF) due to renal encapsulation leads to an increase in renal interstitial hydro-
static pressure (RIHP, 40% contribution to the mechanism of pressure natriuresis)
around the vasa recta, which disturbs the balance of Starling forces. Thus, changes in
pressure natriuresis do not significantly affect glomerular filtration rate (GFR) because
the afferent myogenic response and the tubuloglomerular feedback mechanism effec-
tively keep GFR constant over a wide range of systolic blood pressure levels [2].

The key driver of pressure natriuresis is increased RIHP leading to antagonism of
paracellular passive osmotic reabsorption of sodium and water in the proximal tubule
and loop of Henle and causing rapid redistribution of sodium/hydrogen transporter
isoform 3 (NHE3) out of the apical brush border along with inhibition of basolateral
Na'K*-ATPase (NKA) in the proximal tubule [2, 5]. NHE3 in the proximal tubule
reabsorbs ~65% of filtered Na* [2]. It is expressed in all segments of the nephron,
except for the macula-dense and intercalated cells of the distal nephron [6]. The
sodium/chloride cotransporter (NCC) in the apical membrane of the distal convo-
luted tubule (DCT) participates in salt reabsorption [7]. The epithelial Na + channel
(ENaC) plays a key role in the absorption of Na* in the collecting duct of the kidney,
the expression of which is significantly increased by aldosterone and vasopressin [8].
Sodium-dependent Pi cotransporters (2 Na-Pi), especially the type 2 Na-Pi cotrans-
porter, include three cotransporter isoforms that are expressed on the brush mem-
brane of the renal proximal tubules and enhance the excretion of not only phosphate
but also sodium, as demonstrated by immunoblotting of NHE3 knockout mice [9].

In the basolateral membrane of renal epithelial cells, there is Na*K*-ATPase, which is
not only well known as an ion pump but also a new class of receptors associated with
the Src family kinase signaling pathway. Increased renal perfusion pressure resulting
in increased endogenous cGMP activates the Src pathway, resulting in internalization
and inactivation of NKA and decreased expression and activity of (NHE-3), thereby
reducing Na* reabsorption [10]. Na*K*2CI" cotransporter class 2 (NKCC2) is localized
on the apical membrane of the epithelial cells of the thick ascending limb of the loop
of Henle and the macula densa and is responsible for ~20-25% of NaCl reabsorption
and modulates the preglomerular resistance of the afferent arteriole and the secretion
of renin from granule cells of the juxtaglomerular apparatus (JGA) [11]. Na* glucose
transporters (SGLT1 and SGLT?2) are located in the proximal tubule of the nephron,
which also contributes to sodium reabsorption (SGLT2 transports Na* and glucose in
a 2:1 ratio, while SGLT?2 transports in a 1:1 ratio) [6].
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As mentioned, during the increase in renal perfusion pressure, there is also the
release of paracrine factors (renal autocoids) that lead to the activation or inhibition
of pro-natriuretic and antinatriuretic mediators. The main paracrine modulators of
pressure natriuresis are angiotensin II (Ang II), 20-hydroxyeicosatetraenoic acid (20-
HETE, metabolite of arachidonic acid produced by cytochrome P450), nitric oxide
(NO), prostaglandin E2, renal kinins, adenosine triphosphate (ATP), endothelin 1,
medullary O,” and H,0, Paracrine factors significantly contribute to the redistribu-
tion of the NHE3 transporter, the internalization of the distal tubule sodium/chloride
cotransporter, and the internalization of the type 2 Na-Pi cotransporter into cytoplas-
mic vesicles in microvilli [4].

The main antinatriuretic mediators are Ang II, aldosterone, HETE and
Antidiuretic hormone (ADH) [4]. The main indirect effect of Ang IT is a decrease
in peritubular capillary pressure and an increase in Na transport. The direct action
is realized through the angiotensin receptor (AT1 receptor) in the kidney, increas-
ing the activity of NHE3 (but not Na-Pi cotransporter type 2) in the microvilli, the
Na*Cl cotransporter in the distal tubule and ENaC in the collecting duct [12, 13].
Angiotensin III (Ang III) mediated activation of angiotensin II receptor type 2 (AT 2
R) via protein phosphatase 2A (PP2A), bradykinin, nitric oxide, and cGMP signaling
cascade results in increased natriuresis [14]. Aldosterone acts on mineralocorticoid
receptors located in the distal tubule and collecting duct of the nephron, increasing
Na reabsorption and potassium excretion through Na/ENaCs and potassium channels
by NKA [4]. HETEs prevent NHE3 redistribution, Na-Pi cotransporter type 2 inter-
nalization, and inhibition of the basolateral NKA. Medullary O,” and H,O, reduce the
natriuretic response to increased RPP by a currently unknown mechanism [2]. ADH
is extremely sensitive to the increase in Na concentration in the plasma and achieves
its antinatriuretic (antidiuretic) effect via the V2 receptor in the kidney by increasing
the reabsorption of water in the collecting duct of the nephron through the formation
of aqueous aquaporin 2 (AQP2) and by increasing the number of ENaCs in the thick
ascending limb that reabsorbs Na* [4]. The V1a receptor mediates the pro-natriuretic
effect by inhibiting the renal reabsorption of Na in the connecting tubules and col-
lecting ducts [4]. Oxytocin achieves its natriuretic effects directly by increasing the
rate of glomerular filtration and decreasing tubular reabsorption of Na, and indirectly
by cardiac excretion of Atrial natriuretic peptide (ANP), as well as by reducing the
polydipsia response by acting on the tuberomammillary nucleus [4, 15].

The pro-natriuretic effect of NO manifests through the inhibition of sodium reab-
sorption in the PCT and the thick ascending limb of Henle and in the collecting duct
by acting on the Na*K*2Cl" cotransporter and the Na'/H exchanger. Prostaglandin E2
inhibits sodium reabsorption in the PCT and in the collecting duct and, as a potent
vasodilator in the medulla, suppresses the vasoconstrictor effects of intrarenal Ang II
[4]. Endothelin-1 has natriuretic effects mediated through the dilation of renal blood
vessels via the endothelin receptor (ETA) receptor, while endogenous stimulation
of ETB in the kidney exerts antinatriuretic effects via renal tubular NO, cGMP, and
protein kinase G signaling [16]. ANP and B-type natriuretic peptide (BNP) act on the
natriuretic peptide receptor A (NPR-A) inducing vasodilation of the afferent glo-
merular arteriole and vasoconstriction of the efferent glomerular arteriole (increasing
the glomerular filtration rate) and reducing the activity of the cation channel that
mediates electrogenic Na absorption to exert its pro-natriuretic effect [4]. Purinergic
signaling also contributes to the regulation of natriuresis via a metabotropic GPCR
(P2Y 2 receptor) whose activation via ATP and uridine-5’'-triphosphate (UTP)
increases sodium excretion by blocking ENaC [17]. Also, intracellular calcium and
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free oxygen radicals can significantly increase the expression of ENaC in oxidative
stress [18]. The renal dopaminergic system inhibits sodium transport in all segments
of the nephron and causes at least 50% of renal sodium excretion in conditions of
moderate sodium excess [19]. Dopamine receptor-1 (D1R) activation inhibits luminal
transport of sodium ions (NHE3, NaPi-lic), while activation inhibits NKA activity
and increases NHE3 degradation via USP-mediated ubiquitinylation [19].

Inhibitors of the sodium-glucose cotransporter 2 (SGLT2) of increased glucose
excretion increase diuresis and natriuresis by reducing sodium reabsorption in the
most proximal segments of the renal tubule and additionally inhibit the sodium-
hydrogen exchanger 3, but due to strong counter-regulatory responses that are associ-
ated with the regulation of vasopressin, aldosterone, ketoglutarate, uromodulin, and
carbonic anhydrase, any natriuretic or osmotic diuretic effect of SGLT2 inhibitors was
canceled [6, 20, 21].

3. Influence of sympathetic nervous system activity on pressure
natriuresis

The activity of the sympathetic nervous system contributes significantly to the
long-term control of arterial blood pressure. Excessive activity of renal sympathetic
nerves changes renal hemodynamics, urinary sodium excretion, and renin secretion.
Afferent (sensory) information originates from arterial baroreceptors (in the carotid
sinus and aortic arch) and peripheral organs (including the kidneys). Afferent fibers
of the renal sympathetic nervous system are located within the wall of the renal pelvis
in the interlobular and arcuate arteries and, to a lesser extent, around the interlobular
arteries and afferent arterioles [1]. Afferent fibers travel to the nucleus tractus solitar-
ius (NTS) and paraventricular nucleus of the hypothalamus, where they integrate and
result in activation of the caudal ventrolateral medulla (CVLM) and rostral ventrolat-
eral medulla (RVLM). RVLM efferent neurons project to sympathetic preganglionic
neurons in the spinal cord [22]. Neural projections exit the spinal cord (intermedio-
lateral column of the spinal cord, from T6 to L2 segments) via ventral horns and syn-
apses of sympathetic preganglionic fibers (paravertebral chain or aorticorenal, celiac,
superior mesenteric ganglia). Postganglionic nerves enter the renal hilus along the
renal arteries and veins and branch around the vasculature of the cortex and medulla
of the kidney (a1A-adrenoreceptor) to the granular cells of the juxtaglomerular
apparatus (f1-adrenoreceptors) and the basal membrane of the tubular epithelial cells
inside the nephron (a 1A - and o 1B -adrenoreceptors). The main neurotransmitters
of afferent fibers are substance P and a peptide related to the calcitonin gene, while
that of efferent fibers is noradrenaline [1]. Renal sympathetic nerves directly regulate
natriuresis by regulating renal p1-adrenergic receptors, resulting in renin release, and
stimulating renal al-adrenergic receptors, resulting in sodium reabsorption [23]. By
vasoconstricting the afferent and efferent arterioles, the sympathetic nervous system
directly proportionally reduces renal blood flow (RBF) and glomerular filtration. It
causes an increase in renin secretion by activating the JGA, which leads to the activa-
tion of the RAAS. In the proximal tubules, catecholamines activate the basolateral
NKA and increase NHE3 activity, allowing the entry of Na* from the tubule lumen
into the epithelial cells (increasing sodium and water reabsorption). Low-intensity
stimulation of the sympathetic nervous system leads to only renin secretion, while the
decrease in RBF and GFR was observed only at the highest levels of renal sympathetic
nerve activity, which leads to a significant decrease in pressure natriuresis [1].
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In addition to the baroreflex mediated by sympathetic nervous activity, there are
additional mechanisms mediated by baroreceptor activation in the control of pressure
natriuresis. Increased levels of circulating ANP contribute to increased sodium excre-
tion and decreased blood pressure. Activation of baroreceptors leads to a decrease in
cardiac output and an increase in cardiac pressure, which stretches the walls of the
atria, resulting in the release of ANP. ANP provides a central link between the heart
and kidney that mediates increased natriuresis during chronic baroreflex activation.
ANP represents a compensatory mechanism for increasing natriuresis in the absence
of renal sympathoinhibition, which speaks in favor of the cooperative redundancy of
these two mechanisms [1].

The reno-renal reflex is formed by the activation of mechanosensory afferent
nerves, which leads to reflex inhibition of the ipsi- and contralateral activity of the
efferent sympathetic nerve of the kidney and consequent increased compensatory
natriuresis with a significant contribution to the regulatory network of sodium and
water homeostasis. An increase in the activity of the efferent renal sympathetic nerve
enhances the activity of the afferent renal sympathetic nerve, while the increased
afferent activity inhibits the efferent activity by negative feedback of the reno-renal
reflex (prevents excessive activation of the renal sympathetic nerves and sodium
retention). This mechanism is activated after sodium or fluid overload. However,
there are pathological conditions (e.g., some forms of chronic kidney disease, renal
artery stenosis, or phenol-induced kidney damage) in which this inhibitory reflex is
impaired, resulting in a vicious cycle of increased sympathetic activity with a con-
sequent increase in arterial blood pressure. It is important to emphasize that at the
level of the nucleus tractus solitarius (NTS) and the paraventricular nucleus of the
hypothalamus, input information triggered by baroreceptors is integrated with renal
afferent signals, to obtain an integrated reference response of the renal sympathetic
nerve. In the absence of an afferent innervation signal, baroreceptors cannot influ-
ence efferent sympathetic renal activity [1].

Mechanical deformation of nerve endings (increased pressure in the pelvis, i.e.,
during urine flow), changes in the chemical composition of urine, renal ischemia and
renal pain are the main stimuli of afferent renal sympathetic nerve fibers [24].

Arterial hypertension must be understood as a complex balance of renal (and non-
renal) mechanisms, among which is increased sympathetic nervous activity, which
can be a primary change or a secondary one. Therefore, knowledge of the mechanisms
of renal sympathetic nerve activity modulation is of key importance for the treatment
of especially resistant hypertension [1].

4. Factors contributing to changes in pressure natriuresis

Chronically changing pressure natriuresis is a complex regulatory system at the
kidney level that controls the basal level of blood pressure and contributes to the
regulation of blood pressure within the normotensive or hypertensive range. Chronic
hypertension can occur in case of a disorder of this long-term mechanism, which
has the capacity for potentially boundless gain and non-adaptive performance. In
hypertensive individuals, pressure natriuresis is less effective than in normotensive
individuals across the entire blood pressure range, and therefore a higher blood
pressure is required to achieve sodium balance. Hypertension can therefore only
occur as a result of a primary shift in the intrinsic mechanisms linking blood pres-
sure to natriuresis or disruption of modulators of this relationship. The relationship
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between specific blood pressure levels and corresponding natriuresis (and diuresis)
is defined by the PN curve, the position and shape of which are determined by all the
components that participate in sodium reabsorption, whose function is impaired in
different pathophysiological scenarios. Mechanisms that promote sodium reabsorp-
tion (i.e., decrease sodium excretion) shift the PN curve to the right (leading to
arterial hypertension, since a higher BP is necessary for each level of natriuresis),
while mechanisms that decrease sodium reabsorption (i.e., increase sodium excre-
tion) shift the curve to the left [1].

In hypertension, the mechanism of pressure natriuresis is abnormal because
sodium excretion is the same as in normotension despite elevated arterial pressure
[2]. Combined effects of transient increase in blood pressure, oxidative stress, inflam-
mation, local vasoconstriction, chronic kidney disease, nephron loss, bilateral renal
artery stenosis, salt retention, high salt intake, increased renal sympathetic activity,
lack of nitric oxide in the kidneys, adverse effects of drugs on the kidneys and inef-
ficient use of diuretics can lead to disturbances of pressure natriuresis and shift the
pressure curve to the right [1, 2].

Cytokines can modulate salt and water balance by causing endothelial dysfunc-
tion, altering sympathetic tone, and/or increasing sodium transport along the
nephron [25]. The main responsible cytokines affecting natriuresis are synthesized
by pro-inflammatory T helper 1 and T helper 17 cells and M1 macrophages, namely
tumor necrosis factor (TNF), interleukin 17A, interleukin 1 and interferon (IFN) [25].

Interestingly, therapeutic enlargement of renal lymphatic vessels (lymphangio-
genesis) in mice increases natriuresis and lowers blood pressure under conditions of
sodium retention [26].

5. Changes in pressure diuresis in salt-sensitive subjects

Salt sensitivity refers to a physiological characteristic in humans (and in animal
models) in which blood pressure changes in parallel with changes in salt intake.
Sodium homeostasis and salt sensitivity are not only associated with renal dysfunc-
tion but also with endothelial dysfunction, which may perhaps be connected to the
accumulation of osmotically inactive sodium in the surface layer of the endothelium
of skin blood vessels without accompanying water retention. The slope of the
pressure-natriuretic relationship is less steep and shifts to the right in salt-sensitive
individuals, and higher levels of blood pressure are required to increase sodium excre-
tion and maintain sodium balance. Salt-sensitive individuals show sharp changes in
blood pressure with acute or chronic salt deficiency or intake [2]. Also, the response
of blood pressure to high sodium intake is individual due to the influence of genetic,
hormonal, nervous and environmental factors, older age, obesity and black race.
During salt sensitivity, there is an inadequate decrease in total peripheral resistance
(TPR), which represents an acute (transient) change in blood pressure that disap-
pears after a week. The long-term mechanism is greater sodium reabsorption in the
PCT and an increase in the expression and activity of epithelial sodium channels
(despite the reduction of aldosterone levels) [1]. Numerous factors have been proven
that damage pressure natriuresis in the kidneys in the pathogenesis of salt-sensitive
hypertension: autoimmune reactivity to the heat shock protein HSP70, SNPs in the
sodium bicarbonate cotransporter gene SLC4A5 and SH2B adapter protein 3 genes,
various inflammatory mediators such as gene-1 which activates recombination,
interleukin (IL)-17A, interferon-gamma and IL-1p, low-potassium intake, dietary
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fructose, and increased reactive oxygen species (ROS) production. A low-potassium
diet is associated with hypertension because potassium affects sodium reabsorp-

tion by modulating the activity of the sodium chloride cotransporter and epithelial
sodium channels in the distal nephron [2]. Increased dietary intake of potassium
leads to increased excretion of sodium in the distal tubules (K*-induced diuresis) as a
result of dephosphorylation of NCC mediated by phosphatases [27]. Dietary fruc-
tose supplementation before and during increased dietary salt intake promotes the
development of salt-sensitive hypertension by modulating the activity and expression
of the renal sodium transporter [2].

6. Pressure and natriuresis responses decrease with age

With age, there is a decrease in natriuresis, which causes an increase in blood pres-
sure in people without chronic kidney disease. The drop in natriuretic response is not
caused by reduced eGFR but by increased sympathetic tone, changes in renal blood
vessels, a drop in ANP levels, and changes in the expression and activity of certain
receptors. Changes in the renal microvasculature (reduced number of glomerular and
peritubular capillaries) are associated with reduced autoregulation of renal perfusion
pressure and increased sodium reabsorption. Despite the decrease in the renin-
angiotensin-aldosterone system concentration with age, increased intrarenal forma-
tion of Ang Il and increased sensitivity to aldosterone have been shown. There was
also increased expression of renal AT 1R and increased activity of medullary NKA,
which directly stimulates Ang II in the proximal renal tubules. In the distal tubules,
NCCs were more expressed in aged rats, and a possible enhancement of sodium reten-
tion via NCCs was suggested in human studies of hypertensive subjects because the
thiazide diuretic effect increased with age. That is why previously, some guidelines
for the treatment of hypertension suggested that salt restriction and diuretics are the
most effective antihypertensive treatment measures in elderly people [3].

7. Conclusion

Pressure natriuresis is one of the fundamental and most important mechanisms of
normal blood pressure regulation. A complex set of mechanisms is responsible for the
proper regulation of pressure antidiuresis, and consequently, various imbalances of
this network may lead to elevated blood pressure and hypertension. A good under-
standing of these mechanisms is crucial for an integrated understanding of whole
blood pressure regulation and is also key for the future development of personalized
and targeted treatment approaches.
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Chapter 3

Classification of Hemodynamics
Using Ambulatory Blood Pressure
Data
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Abstract

In medical practice, it is relevant to develop new methods for assessing the state of
a patient’s hemodynamics in everyday activities based on ambulatory blood pressure
monitoring (ABPM) data. Of interest to the clinician is the analysis of ABPM using
linear (regression and statistical) and nonlinear methods in both normal and patho-
logical conditions. We present a new linear diagnostic tool and classification method
in hemodynamics: regression modeling of ABPM to determine the hemodynamic
phenotype in different categories of people. The linear regression of blood pressure
parameters (LRBPP method) allows the differentiation of patients with dysfunctional
diastolic and harmonic phenotypes in normotensive, hypotensive, and hypertensive
individuals. Additionally, fractal analysis, one of the methods of nonlinear dynamics,
has been used to assess the chaotic component of blood circulation. Thus, the value of
the fractal dimension of ABPM time series, along with the application of the LRBPP
method, can be used as a diagnostic criterion for assessing the state of hemodynam-
ics and adaptation, as well as providing feedback for rapid and reliable correction of
patient therapy.

Keywords: ambulatory blood pressure monitoring, hemodynamics, linear regression,
fractal analysis, arterial hypertension, obstructive sleep apnea

1. Introduction

Arterial hypertension (AH) remains the most acute problem due to its ever-
increasing prevalence and key role in the development of severe cardiovascular
complications [1, 2]. Despite effective methods of AH treatment, the frequency
of hypertension control is no more than 14% (according to the World Health
Organization). The problem of poor hypertension control is often associated with
a well-known issue in modern medicine—an insufficiently personalized approach
to treatment: the absence of consideration for various concomitant diseases and
cardiovascular risk factors, failure to assess the patient’s adherence to drug therapy,
and especially, failure to promote lifestyle modification.

As is well known, any chronic disease has a latent period of its development,
so it can be expected that obvious hypertension is preceded by a period of hidden
circulatory disorders, which dictates the necessity of adequate diagnostic methods.
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At present, mathematical modeling and simulation of physiological systems are
common features of biomedical research. The mathematical modeling of hemody-
namics based on ambulatory blood pressure monitoring (ABPM) data offers numer-
ous benefits, as it helps to understand principles, regulatory processes, and predict
outcomes in the cardiovascular system [3]. Achievements in medical technologies and
computer equipment significantly increase the potential of ABPM, determined by the
methodology of medical signal analysis.

Hemodynamics can be described by a complex and nonlinear dynamic model that
reproduces basic heart rhythms and regulatory processes, mean arterial pressure,
systolic (SBP) and diastolic (DBP) blood pressure, the resistance of peripheral ves-
sels, aortic elasticity, and the concentration of norepinephrine, among other factors
[4]. The proposed integrative physiological model provides an adequate description
of baroreflex and heart rhythm variability, short-term blood pressure variability, the
spectral and statistical properties of heart rhythm, and other blood pressure parame-
ters. However, researchers have had to resort to simplification in ABPM modeling due
to the impossibility of accounting for all components of the integrative cardiovascular
system and non-periodic fluctuations determined by the interaction of external and
internal environments [5].

Earlier studies of the dynamics of 24-hour blood pressure (BP) time series [6-8]
have shown the diagnostic potential of the linear regression of diastolic blood pres-
sure (DBP) on systolic blood pressure (SBP) for the indirect determination of the
rigidity of blood vessels (the so-called ambulatory arterial stiffness index—AASI),
as regression coefficients are correlated with PWV.

According to Anokhin’s theory of functional systems [9], the functioning of
a system is characterized not only by its components, but also by the connections
between them. If we consider BP as a functional system represented by components
SBP, DBP, and pulse pressure PP (PP = SBP — DBP), then the relationships between
them characterize this system. Specifically, considering SBP as an “input” and DBP
as an “output,” PP represents the system’ “state” that determines its future behavior.
Therefore, we used PP as an argument in the linear dependence of SBP and DBP on it,
with the individual regression coefficients characterizing the hemodynamic fea-
tures [10]. In this context, data mining algorithms [11], particularly Support Vector
Machine (SVM), applied to the regression coefficients of BP parameters, are promis-
ing tools for transforming BP time series into new clinical information, including
information on clinically latent circulatory problems [10, 12-16].

2. Materials and methods

The study was performed on 24-h ABPM data of the Belarus State Medical
Universities of Minsk and Grodno (Belarus), 8 polyclinics (outpatient service), and
four hospitals (inpatient service). ABPM were performed with an oscillometric device
BPLab (Russia, https://bplab.ru) and CARDIAN MD (Belarus, https://cardian.by),
which provided a measure of SBP and DBP every 15 min in daytime period, 30 min
in night, and at least 24 hours of length. We also used MIMIC II Clinical Database
[17], (https://physionet.org/content/mimic-ii/2.6.0/), which includes BP time series
of patients with acute hypotension. We studied the distribution of phenotypes
(see below) in different categories of patients: healthy patients and hypertensive
ones, patients with coronary heart disease, stroke, and other diseases (more than
2.5 thousand people of different ages participated in the studies). Additionally,
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in normotensive healthy young adults, we examined the PWV and endothelium-
dependent vasodilation by rheographic methods.

Because of the difference of the SBP and DBP values measured by different
methods, the comparing of the BP data is incorrect. However, we have found
that the regression modeling of the BP time series almost does not depend on the
measurement method, therefore, comparative analysis can be performed for all
available data. Furthermore, the removal of a few measurements or resampling of
BP time series has very little effect on the regression coefficients. Artifacts were
removed from all signals, after which we performed the linear regression of the BP
data. This defined a vector of attributes with coordinates equal to the linear regres-
sion coefficients.

Before the regression modeling, the BP recordings were divided into three groups:
arterial hypertensive (AH, a group of newly diagnosed non-treated AH), normoten-
sive, and hypotensive groups.

3. Linear regression of BP parameters, LRBPP method

Systemic circulation is generated by the pressure difference between the aorta
and the right atrium. Arterial BP varies between SBP and DBP during each heartbeat
(cardio cycle) and correlates with left ventricular (LV) ejection, arterial stiffness, and
pulse pressure PP. The last one is the result of the interaction between the contractile
function of the heart and the “peripheral component”—primarily the vessels. This is
why PP, as a pressure gradient, is an important differentiated characteristic of hemo-
dynamics [12].

BP can be represented mathematically by a regression function of SBP on PP
(method LRBPP, Linear Regression of BP Parameters [10, 12-19]). Based on this
assumption, two regression coefficients {Q, a}, can be calculated according to the
regression formulas: SBP = Q + a«PP (similarly, DBP = Q + (a — 1)«PP).

The angular coefficient a constitutes a variable component of BP since it specifies
the proportion between the left the “peripheral component”, primarily the vascula-
ture. Coefficient Q is the static component of the blood flow and theoretically cor-
responds to the mean hemodynamic pressure MP. Assuming Q = MP, it is obvious that
the known normal physiological ratio SBP > MP > DBP is possible onlyat 0 <a <1
(harmonious H-phenotype, Figure 1). Thus, harmonic phenotype of blood circula-
tion corresponds to the normal cardiovascular interaction, in which the patient’s heart
performs the majority of work in the blood circulation compared with the vessels.

It should be noted that H-phenotype can be accompanied by different values of Q.
Our studies have shown that the prevalence of the H-phenotype is 65-75% of healthy
normotensive young people (Section 6.1).

The valuea > 1and SBP > DBP > Q in the equation DBP = Q + (a2 — 1). PP indi-
cates a reverse component for diastolic pressure (diastolic dysfunction circulation),
Figure 2. This trend is characteristic of circulation disorders where blood circulation
is primarily maintained by the myocardium due to arterial stiffness and/or insuf-
ficient participation of the peripheral component (Section 6.2).

If a < 0, then Q > SBP > DBP, S-phenotype (systolic dysfunctional circulation) is
recognized, which suggests an abnormally high role of the peripheral component in
maintaining the circulation.

According to our observations, many people have dysfunctional phenotypes. In
particular, D-phenotype present in young patients, especially those with insufficient
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Figure 1.
Harmonic phenotype of hemodynamics: regression of systolic and diastolic pressure on pulse pressure and
regression line [13].
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Figure 2.
Diastolic phenotype of hemodynamics: regression of systolic and diastolic pressure on pulse pressure and regression
line [13].

physical activity (~8-20%) and in hypertensive patients (>40%). The prevalence of
D-phenotype increases with age in the general population. The S-phenotype is very
rare in general population (~1.5-3.5%), more common in young athletes (~5-6%),
and very rare in older people and hypertensive patients (~0.5-1.5%).

The values of the coefficients {Q, 2} and the Pearson correlation coefficient rsp can
be determined by the following mathematical expression (where N is the number of
measurements):

30



Classification of Hemodynamics Using Ambulatory Blood Pressure Data
DOI: http://dx.doi.org/10.5772/intechopen.1009450

Lo NZ(SBP~PP)—ZSBP2-ZPP,Q — mean(SBP)—a-mean(PP).
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As can be seen, the regression coefficients are related to the standard deviations of
SBP and DBP by a simple relation:

b

S ,Q:(l_a)\/ZSBP k, +a\/ZDBP k,
k, -2k, +k, N N

T ===k =(N-1)-std(SBP)’ ,k, =(N -1)-std(DBP)’,
12

ky=X(SBP-DBP)- \[(ZSBP* ~k, )-(Z DBP* ~k, ) @)

It can be shown in Eq. (2), that the changes in the hemodynamic phenotype
occur when k1—k3 = 0 for a = 0 (dysfunctional systolic phenotype of hemodynamic is
replaced by a harmonic phenotype) and k,—k3 = 0 fora = 1 (harmonic phenotype of
hemodynamics is replaced by dysfunctional diastolic phenotype).

Obviously, the main factors that can adversely affect the accuracy and significance
of the {Q, a} are the nonstationarity and/or short length of BP recordings, the physi-
ological and technical artifacts, noise, etc.

4. Classification of ABPM samples

The coefficients of linear regression of ABPM can be plotted in the parametric
plane {Q, a}, hereinafter referred to as the diagnostic nomogram for hemodynamic
classification (Figures 3 and 4).

The diagnostic nomogram was created with application of discriminative
SVM classifier [11]. The goal of SVM is to find the optimal hyperplane that maxi-
mizes the margin between some classes. Since each BP signal is represented as a
feature vector x = {Q, a} in feature space and belongs to one of the three classes
(Hypotension-Normotension-Hypertension), maximizing the margin leads to more
reliable classification, in our case—the phenotype of hemodynamics. Moreover,
the SVM classifier can provide high-quality separation of hemodynamic phe-
notypes using only a few parameters of BP time series, as it leverages the vector
model representation of the BP signal, regardless of arbitrary sampling frequency,
duration, or missing data.

Figure 3 shows two-dimensional diagnostic nomogram of the linear regression
coefficients {Q, a} for 24-hour ABPM data. Triangles represent patients with hyperten-
sion, asterisks indicate hypotension, and circles denote normotensive patients with
harmonic (transparent circles) and diastolic hemodynamics (semi-transparent). Due
to circadian rhythms, the patient’s blood flow varies during the day and night periods.
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Figure 4.
Diagnostic nomogram {Q, a}. Classification of daytime BP data [13].

Therefore, we analyzed BP time series separately for the day and the 24-hour period.
Figure 4 shows the SVM classification with the linear separation functions for daytime
measurements of BP.
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5. Summary of hemodynamic classification method

According to the proposed diagnostic method, each BP recording of the tested
data is represented as a point on the nomogram belonging to a certain area: AH,
hypotension, or normotension. As a result, up to 9 hemodynamic classes can be
diagnosed on 24-h nomogram, Figure 5: in patients with normal BP level (diastolic
D2-class, harmonic H2-class), in hypertensive patients (diastolic D3-class, harmonic
H3-class), or in hypotensive classes (D1-class and H1-class in Figure 5). Thus, the
functional status of harmonious blood circulation, adequate to the normotension and
normal physiology of the heart/vessels interaction, is described by separating lines for
24-hour BP recordings: —0.037Q + 3.28 <a < —0.02Q + 2.52and 0 < a < 1 (Figure5).
The location of linear regression coefficients outside these thresholds indicates a
pathological change in the hemodynamics, including hypertension and hypotension,
which are accompanied by both normal and disproportionate contribution of the
heart and vessels to the blood circulation (dysfunctional hemodynamics).

A nomogram implemented for the daytime period of the ABPM defined 10 hemo-
dynamic classes (Figure 6). Modeling only the daytime ABPM data, the thresholds
for normotension status are: —0.03Q + 3.03 <a < —0.02Q + 2.52and 0 <a < 1.

Based on the proposed classification, latent hemodynamic disturbances in
normotensive patients are associated with dysfunctional classes (diastolic D2- or
systolic - S2-class). Hypertensive patients are represented by two classes, D3 and
H3, with a dysfunctional diastolic and harmonic phenotype of the blood circulation.
Among latent hemodynamic disturbances in the cohort of normotensive patients,
we highlight HO-class (so-called Quasi-hypertension, Figure 6) as prehypertension
status because the hemodynamics of patients in the HO-class are similar to patients

30 40 50 60 70 80 90 100 110 120 130 140 150

0

Figure 5.
Diagnostic nomogram for 24-hour ABPM [13].
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Figure 6.
Diagnostic nomogram for daytime ABPM [13].

with hypertension before treatment (H3-class) [12-16]. In other words, HO-class is
the area on daytime nomogram, where the sets of BP parameters of hypertensive and
normotensive individuals overlap. Patients in the HO-class can be classified as the
normotensive or hypertensive on the 24-hour nomogram, depending on BP at night.
The thresholds of parameters for daytime ABPM recordings for the HO-class are: —0.0
2Q +2.52 <a <—-0.02Q + 2.62 and 0 < a4 < 1 (Figure 6).

In the nomogram, ABPM of hypotensive patients is represented by D1- and
H1-class areas with a dysfunctional diastolic and harmonic phenotype of blood circu-
lation. For example, ABPM data of patients with secondary hypotension due to severe
diseases (heart attack, stroke, bleeding, etc., [17]) have {Q, a} located in D1-class
area. These patients are characterized by diastolic circulatory dysfunction and low
mean pressure (2 > 1, Q < 70).

Thus, the nomogram allows for the diagnosis of the following hemodynamic classes:

* Hypotensive: harmonious (H1), diastolic dysfunctional (D1), systolic dysfunc-
tional (S1);

* Normotensive: harmonious (H2), diastolic dysfunctional (D2), systolic dysfunc-
tional (S2);

* Hypertensive: harmonious (H3), diastolic dysfunctional (D3), systolic dysfunc-
tional (S3); quasi-hypertension (HO).

The following hemodynamic classes have clinical significance, as we established:
“Hypotensive Diastolic”—D1, “Normotensive Diastolic’—D?2, “Hypertensive
Diastolic”—D3, “Normotensive Harmonic”—H?2, “Hypertensive Harmonic”—H3,
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“Normotensive Systolic”’—S2. It should be noted that no actual ABPM samples of
classes: “Hypotensive Harmonic”—H1; “Hypotensive, Hypertensive Systolic”—S1,
S3. According to our observations, the “Normotensive Systolic” S2 class is inherent in
athletes (“peripheral heart” phenomenon).

Now consider the ability of the nomogram to retrace changes in hemodynamics
of a patient due to antihypertensive therapy. Consider the simultaneous increase or
decrease of the systolic SBP and diastolic DBP pressure of the patient by A mmHg. As
can be seen in Egs. (1) and (2), such an increase or decrease in BP level is equivalent to
a shift to the right or left on the nomogram, when Q.x = Q + A, a,5 = a.

In other words, changing the diastolic phenotype of hemodynamics to the harmo-
nious phenotype (i.e. H3 <~ D3 or H2 «- D2) is impossible by merely decreasing sys-
tolic or/and diastolic BP, which is equivalent to the “horizontal” displacement on the
nomogram. A similar situation is observed for the treatment of hypotensive patients,
where the therapeutic effect is aimed at increasing the BP level (i.e. D2 « D1).

6. Clinical application of the diagnostic nomogram and regression
modeling of ABPM

For more than 20 years, we have been studying phenotypes and classes by linear
regression of ABPM in different categories of patients, including healthy individuals.
Regression modeling represents the simplest statistical model of the patient’s blood
circulation, as well as the dynamic changes in BP due to the combined efforts of the
heart and the “peripheral” component (vessels, muscles). The values of the regression
coefficients {Q, a} show the relationships between the parameters of BP in a par-
ticular patient (their strength and direction), Eq. (1). Figure 7 shows the scheme for
hemodynamic phenotypes and classes. LRBPP of ABPM is included in the software
for long-term ECG and BP monitoring systems CARDIAN-MD (Cardian, Belarus,
https://cardian.by) [18]. A computing unit automatically displays the individual coef-
ficients of regressions, the diagnostic nomograms for three observation periods, and a
conclusion about the hemodynamic class.

Type of hemodynamics on a-value:
(any value of Q)

O<a<1 Harmonic (H)
a>1 Dysfunctional Diastolic (DD)
a<0 Dysfunctional Systolic (DS)

individual coefficients
ABPM {Q, a}
at least 25-30 | —
measurements Linear regression ofSBP|  Hemodynamics class on {Q, a} -value:
(systolic) on PP (pulse)
pressure

H3, D3, S3 - AH of Harmonic, Diastolic,
Systolic types

H1, D1, $1 - Hypotension of Harmonic,
Diastolic, Systolic types

H2,H0,D2,S2 -Normotension of

Harmonic, Diastolic, Systolic types

Figure7.
Hemodynamic phenotypes and classes [10].
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In addition, we defined other hemodynamic parameters for patients: PWV along
the carotid-radial pathway (PWV) and endothelium-dependent vasodilation (EDVD)
by rheographic methods and conventional ABPM parameters.

6.1 The hemodynamic phenotypes in population. Pathological phenotypes in
young normotensive people

The distribution of the hemodynamic phenotypes in the population depends
on the age and health status of patients and does not differ significantly between
men and women. In particular, the proportion of the harmonic phenotype (H)
decreases with age due to vascular stiffness, AH in anamnesis, and associated car-
diovascular pathology. It should be noted that S-phenotype (dysfunctional systolic
phenotype, “peripheral heart” model) is very rare in the population, especially in
those with AH [10]. Among healthy young people with different levels of physical
state (students, aged 22.8 + 0.56 years), H-phenotype is presented in 63.7-72%,
D-phenotype—15.9-18.3%, S-phenotype—3.8-6.1%. Among outpatients with AH of
middle and older age, the D-phenotype was observed in 40.8-46.3%, H-phenotype—
in 53.1-58.1%, and S-phenotype—0.6-1.1%.

The results of our studies have shown that among healthy young people only
58.7% had optimally normal blood circulation (H2-class), the rest had pathological
phenotypes: D-phenotype (D1-D3 classes), S-phenotype (S2 and S3 classes), as well
as hypertensive H-phenotype (H3-class and borderline HO-class). We also analyzed
the pulse wave velocity (PWYV) along the carotid-radial pathway and endothelium-
dependent vasodilation (EDVD) by rheographic methods using digital computer
interpretive impedance cardiograph INTECARD-M (http://intecard.by), depending
on the phenotype [10]. In normotensive young people with the D-phenotype, PWV
was statistically higher than in H-phenotype (11.4 (8.1-13.7) and 8.1 (7.0-9.5) resp.,

p < 0.05) and did not differ from hypertensive patients (11.4 (8.0-13.5), p > 0.05).

In hypertensive patients, there were no differences in PWV between H- and
D-phenotypes. Moderate and severe EDVD disorders were observed in normotensive
individuals of the D-phenotype in 62.5%; and in H-phenotype individuals—21.6%.
Among patients with AH, these disorders were present in 69.6% and 56.2%, respec-
tively. Thus, the similarity of the functional state of blood vessels in healthy individu-
als of the D-phenotype and hypertensive patients became obvious.

Moreover, compared with the H2-class, the patients with the D-phenotype had sig-
nificantly higher diastolic pressure during the daytime and night periods (p < 0.05).

Interesting conclusions can be made about the effect of physical activity on the
hemodynamic phenotype. The D-phenotype can be changed to H-phenotype (harmonic
phenotype) in young people due to lifestyle changes (e.g. moderate physical fitness), as
evidenced by a prospective observation using bicyclergometry (BET, Figure 8).

In other words, our research confirms the pathological nature of dysfunctional
phenotypes (in particular, D-phenotype) and the hypertensive classes of H-phenotype
(HO-class and H3-class), which indicates the need for further monitoring and detailed
examination of these patients as the group of increased risk of developing AH.

6.2 Hemodynamic phenotypes in hypertensive patients during treatment

The study involved 267 outpatients with a verified AH diagnosis, including the
comorbidity with chronic ischemic heart disease (CIHD) in some of them. All patients
had a disease duration of 3-12 years and received treatment by antihypertensive drugs:
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Distribution of phenotypes at the bicycle ergometric test: BET-1 (at the beginning) and BET-2 (after 6 months of
regular physical activity) [10]. *—p < 0.05.

angiotensin-converting enzyme inhibitors (ACEI) or angiotensin-II receptor blockers
(ARB), thiazide-like diuretics (TLD), beta-blockers (BB), calcium channel block-
ers (CCB). In 175 patients from the observation group, the quality of life (QL) was
determined according to the RAND-36 general questionnaire, validated and adapted
to the Republic of Belarus. We analyzed clinical and demographic features, ongoing
treatment, the achieving of target BP and the QL depending on the patient’s hemody-
namic phenotype. The patients with AH grade 2 predominated in the group—>55.6%;
the majority of patients in the group belonged to the category of high and very high
cardiovascular risk—74.9%. Additionally, 43.1% had CIHD, including rhythm dis-
turbances (mainly extrasystole) in 9.4%, myocardial infarction in anamnesis in 7.1%;
acute cerebrovascular accident in anamnesis—2.6%, diabetes mellitus type 2—5.6%.

The distribution of hemodynamic phenotypes was as follows:
H-phenotype—58.1% (155 persons), D—40.8% (109), S—1.1% (3). According to
clinical characteristics, patients with the D-phenotype were statistically significantly
different from those with the H-phenotype in a larger proportion of individuals
with AH grade 3 (33.0% and 15.5%, respectively), and the number of patients, who
reached the BP treatment target, 38.5% and 54.8%, respectively (p < 0.05) without
gender differences. Additionally, among 84 patients with resistant hypertension, per-
sons of the D-phenotype predominated significantly—61.9% (52 persons) compared
with patients with the H-phenotype—38.1% (32 persons). This group of patients with
the D-phenotype showed the worst efficacy of antihypertensive drug therapy com-
pared with other groups of outpatients with hypertension.

In addition, we analyzed the probability of achieving the BP treatment target
in patients with H- and D-phenotype depending on the drugs used from different
pharmacological groups (monotherapy or in combination). It was found that the
proportion of people with the D-phenotype who achieved the BP treatment target is
less than those with the H-phenotype for any group of drugs used (Table1) [10]. In
patients with H-phenotype and concomitant CIHD, the effectiveness of achieving
the BP target was also less than in its absence. Additionally, for the H-phenotype, the
antihypertensive drugs BB and CCB showed the highest efficiency in achieving the BP
target (75.7% (28 people) and 72.7% (8 people), respectively).

Thus, the achievement of the BP target in the D-phenotype did not depend on the
number of antihypertensive drugs used, while in the H-phenotype, treatment with
1-2 drugs was more effective.

37



Selected Topics in Blood Pressuve Physiology

Antihypertensive Disease H-phenotype D-phenotype
drugs n BP treatment target, % n BP treatment target, %
ACEI/ARB, n =215 AH and CIHD 62 45.2 (28) 43 30.2(13)
AH 54 61.1(33) 53 423 (24)
All 116 52.6 (61) 96 39.5(38)’
BB, n =106 AH and CIHD 26 57.5 (15) 23 304 (7)
AH 37 75.7 (28) 19 579 (11)
All 63 68.2 (43) 42 452 (19)'
CCB,n=78 AH and CIHD 33 394 (13) 22 227 (5)
AH 11 72.7 (8) 10 30.0 (3)
All 44 477 (21) 32 31.2(10)
TLD,n =121 AH and CIHD 47 53.2 (25) 24 25.0 (6)°
AH 23 56.5 (13) 25 40.0 (10)
All 69 55.1(38) 49 326 (16)’

—p<0.05in H-phenotype; n—number of patients.

Table 1.
Achieving the BP treatment target in patients with hemodynamic H- and D-phenotype using the antihypertensive
drugs [10].

The QL of patients with AH (regardless of phenotype) depended on age: it was
worse mainly in terms of the physical component of health, in men after 45 years and
in women after 54-55 years. The achievement of the BP treatment target for all phe-
notypes had a significant impact on QL. In individuals with the D-phenotype, if the
BP treatment target was not achieved, QL was significantly worse across most scales,
the total physical component, and the overall level of QL. In contrast, in persons
with the H-phenotype, the impact was limited to the physical components of PF, RP,
and the total physical component (Table 2).

Thus, any group of antihypertensive drugs, as well as any number of pre-
scribed drugs from different groups, shows a low efficiency in achieving the BP
treatment target in patients with the D-phenotype. As the intensification of drug
treatment further reduces the QL, the treatment of hypertensive patients with the
D-phenotype should initially be complex, with the use of additional therapeutic
measures: non-drug methods and adjuvant means. First of all, it is necessary to
modify the lifestyle with an increase in physical activity and individually selected
therapeutic exercise, which follows from the essence of this phenotype (it theoreti-
cally assumes a “passive periphery” and, as shown above in Chapter 6.1, can change
to a harmonic phenotype). Medicines that affect vascular rigidity, in particular
vitamin D, can also be useful [19].

6.3 Hemodynamic phenotypes in obstructive sleep apnea

One of the clinical applications of the nomogram is the ability to retrace changes
in hemodynamics of the patient due to antihypertensive therapy and continuous
positive airway pressure therapy (CPAP). This is a critical area of research, as both
hypertension and obstructive sleep apnea syndrome (OSA) are prevalent conditions
that can significantly impact cardiovascular health.
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QL, scales Target BPreached Target BP not reached
group H,n = 47 D,n = 30 group H,n = 24 D,n = 33
PF 70.0 75.0 675 45.0 50.0 45.0
(50.0-90.0)  (45.0-90.0)  (50.0-85.0)  (25.0-60.0)" (32.5-72.5)" (20.0-55.0)"
RP 66.6 60.0 70.8 25.0 45.0 25.0
(25.0-100) (25.0-100)  (25.0-100.0)  (0.0-100.0)" (0.0-875) (0.0-100)"
BP 675 675 675 65.0 575 675
(55.0-90.0) (55.0-87.5) (55.0-90.0)  (45.0-775) (45.0-67.5) (45.0-80.0)
RE 66.6 66.0 66.0 66.6 66.0 333
(33.0-100) (333-100)  (333-100.0)  (0.0-100.0) (33.0-100) (0.0-100.0)
EF 55.0 +2.23 549 + 3.00 55.2 + 336 476 +2.81° 50.8 +3.99 453 £3.89
EW 64.0 64.0 64.0 56.0" 56.0 52.0
(52.0-72.0)  (52.0-72.0)  (52.0-75.0) (44.0-65.0) (48.0-64.5) (44.0-68.0)"
SF 62.5 75.0 62.5 62.5 62.5 62.5
(50.0-875) (50.0-875) (62.5-87.5) (50.0-875) (50.0-81.3) (50.0-875)
GH 471+2.01 46.3+3.00 485+2.88 36.5+2.68 394 + 4.00 344361
HC 50.0 50.0 50.0 50.0 50.0 50.0
(50.0-50.0)  (50.0-50.0)  (50.0-50.0)  (0.0-50.0)" (25.0-50.0) (0.0-50.0)"
Physical 66.7 66.7 65.8 45.8 463 458
comp. (46.7-86.7) (45.8-88.3) (46.7-85.0)  (30.8-70.8)" (31.7-75.8)" (28.3-68.3)"
Psych. 62.9 62.9 63.6 547 59.1 441
comp. (48.3-75.0) (48.4-777) (49.1-71.3) (35.7-68.0)" (41.5-70.3) (32.3-68.0)
Social. 58.8 613 576 50.0 513 50.0
comp. (475-72.5) (475-73.8) (475-72.5) (36.3-63.8)" (43.8-64.4) (32.5-63.8)
Total score 62.8 62.8 61.3 483 51.4 46.3
QL (48.5-76.4) (48.5-76.5) (48.3-74.9) (374-65.8)" (42.7-70.4) (35.9-64.8)"

szferences between those who achieved and did not achieve the target BP in the same phenotype, p < 0.05.
"Differences between those who achieved and did not achieve the target BP in the all group, p < 0.05.

Table 2.
Quality of life and achievement of BP target in the treatment of patients with hemodynamic H- and
D-phenotype; Me (Q25-Qz5) or M + m [10].

Our previous study [20] aimed to understand how effective CPAP therapy is in
modulating BP among hypertensive patients with OSA and to classify responses for
potential therapeutic implications. The study included 33 patients with hypertension
and moderate to severe OSA. All patients underwent ABPM twice: at baseline and
after a week of CPAP. The phenotypes were determined by employing regression
analyses during the day, night, and over the entire 24-hour period. CPAP performance
was assessed as an additional 5% nocturnal reduction in BP compared with baseline
ABPM. Using this criterion, patients were further classified as responders (who
achieved this target) and non-responders.

All patients received antihypertensive treatment, and the diagnosis of OSA was
made based on sleep polygraphy data and the respiratory event index during the
month prior to the ABPM study. Differences in responder and non-responder groups
were analyzed retrospectively to identify associations between baseline hemodynamic
phenotype and CPAP therapy efficacy.

The statistical analysis of the ABPM data showed that none of the patients
had a normal 24-hour ABPM profile with a 10-20% decrease in BP at night. The
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Figure 9.
Frequency of the hemodynamic classes for observation periods (daytime, nighttime, 24-hour), % [20].

hemodynamic classes for these patients are shown in Figure 9. Only 18.2% of patients
could be assigned to the hemodynamic H2-class during the daytime period, despite
combined antihypertensive therapy. Most patients were classified into the hemody-
namic H3-class, including the nocturnal and 24-hour periods, confirming inadequate
BP control in these patients.

The D1-class was diagnosed in 18.2% of patients during the daytime period. This
class has a high risk of acute hypotensive episodes. Additionally, based on the daily
nomogram, the hemodynamics of responders can be classified as H3-class, in contrast
to the group of non-responders: 53.3% and 5.6%, respectively (Figure 10).

Only 21.2% of hypertensive patients with OSA who received complex antihyper-
tensive therapy belonged to the class of optimal hemodynamics (H2-class), and most
of the remaining patients had hemodynamics of the H3-class (39.4%) or diastolic
dysfunctional D3-class (15.2%).

Non-responders demonstrated a phenomenon of phenotype transformation at
nighttime, especially into classes H3 and D2 from other classes, versus responders

100+
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60- sl
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40 16.7
30+
20+ it
104 22.2
0_
Day 24h Night Day 24h Night
Responders Nonresponders
WmD1 mD2 ' D3 WMH2 mH3 = HO
Figure 10.

Distribution of hemodynamic classes (frequency, %) [20]. "p < 0.05.
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(p < 0.05), and high variability of classes between observation periods. At night,
the number of persons with H3-class (harmonious hypertensive hemodynamics)
increased significantly from 5.6% to 33.3% (p = 0.005), indicating a negative
hemodynamic tendency. However, at night, the number of persons with D1-class
decreased compared to the daytime (p = 0.003), leading to an increase in the
number of persons with D2-class (Figure 9). We assess such hemodynamics as
positive, since the D1 class is dangerous due to acute hypotensive episodes, while
the D2 class determines normotensive hemodynamics, although of a dysfunctional
phenotype.

The differences between class H3 frequency in responders and non-responders
allowed us to assess the probability of a positive response to CPAP (improvement in
the diurnal index) in patients with this hemodynamic class during the daytime ABPM
period: OR = 3.1 (CI95% 1.6-5.9), F = 0.3; p = 0.003. This means that patients with
hemodynamic class H3 have a better treatment outcome with CPAP.

However, some non-responders also had positive results from CPAP, which
included the transformation of D1-class during the daytime period into better
hemodynamic classes at night and over 24 hours, first into D2-class. The difference
in diurnal hemodynamics between non-responders and responders was significant:
Y2MN = 121, pP< 0.001.

6.4 Hemodynamic phenotypes in chronic kidney disease patients

Chronic kidney disease (CKD) is characterized by various risk factors for the
development of cardiovascular diseases (CVD), including vascular remodeling and
hemodynamic disturbances.

While the progression of CKD involves numerous pathophysiological pathways,
the activation of the sympathetic nervous system plays a key role in the development
of CKD, its progression, arterial stiffening, and predicted CV mortality in patients
with end-stage renal disease. Consequently, patients at all stages of CKD are ata
higher risk of CV diseases compared to the general population and patients with
hypertension and preserved kidney function.

The aim of the study [3] carried out at the University Clinical Centre in Gdansk
(2019-2021) was to determine hemodynamic phenotypes based on linear regression
of ABPM in stage G3—G4 CKD patients at very high CV risk. About 24-hour ambula-
tory BP monitoring (ABPM), carotid-femoral PWYV, and central BP were obtained
from 52 patients (aged 60 + 11 years, 40% males, BMI 30 + 6 kg/m?) with stage 3—4
CKD (eGFR 44 + 12 mL/min/1.73 m?).

We performed regression modeling of ABPM data to determine the hemodynamic
phenotypes of patients. Coexisting hypertension was present in 45 (86%) patients,
out of whom 33 (73%) had controlled BP. About 26 patients demonstrated the
harmonious (H) phenotype, and 26 patients demonstrated the diastolic dysfunctional
(D) phenotype. eGFR was not significantly different between both phenotypes.
Compared to the H-phenotype, patients with the D-phenotype were older (57 + 11
vs. 63 + 10 years, p = 0.04), had higher PWV (8.2 [7.3-10.3] vs. 9.7 [8.3-10.9] m/s,

p = 0.02), ambulatory arterial stiffness index (AASI) (0.31+ 0.1vs. 0.40 + 0.1,

p = 0.02), systolic BP (128 [122-130] vs. 137 [130-150] mm Hg, p = 0.001), and
systolic BP variability (BPV) (11.7 + 2.3 vs. 15.7 + 3.4 mm Hg, p < 0.0001). Thus, one
in two patients without clinically overt cardiovascular disease (CV) with stage G3-G4
CKD demonstrates an unfavorable hemodynamic D-phenotype associated with
higher PWV, AASI, systolic BP, and systolic BPV.
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The linear regression model (LRBPP model) may be useful in detecting latent
abnormalities in patients with controlled BP. Determining the hemodynamic pheno-
type by LRBPP from 24-hour ABPM seems to be an easily available, non-invasive tool
to potentially identify individuals predisposed to CV complications.

7. Fractality of ABPM time series

BP and heart rate are not constant over any time period but fluctuate in a complex
manner. This behavior determines the self-organization and adaptation of all living
organisms [21-23]. In other words, irregularity, unpredictability, and randomness are
reliable characteristics of health, and a decrease in variability, loss of randomness,
as well as the emergence of pronounced periodicity, serve as signs of (existing or
progressive) pathology in various diseases. In this context, fractal analysis of ABPM
can be very effective for understanding the complexity of the cardiac system, as data
exhibit scale-invariant features and self-similarity (correlation, memory).

The aims of this study [24] were to compare the results of LRBPP and fractal
analyses of ABPM (about 150 samples of daytime ABPM from healthy volunteers,
hypo- and hypertensive patients, Section 2) and to determine the prognostic potential
of the fractal dimension (FD). The choice of the daytime period for the ABPM time
series was due to the exclusion of daytime/nighttime fluctuations in BP levels.

Usually, the concept of fractality as a model is used if a real physiological object
with non-deterministic behavior cannot be represented by classical models (trend,
linear regression, etc.), which assume that the future is quite deterministic. Fractal
analysis of any physiological signals cannot be performed without an a priori model
that has essential features of the physiological process. The fractional Brownian
motion (fBm) [25, 26] is the main fractal model for human biosignals, including
ABPM time series. The self-similarity parameter of fBm is the Hurst exponent (H) in
the range [0, 1]. It is a cardinal measure of the stochastic process: if 0.5 < H < 1—the
process has long-range correlation and pronounced trends; H = 0.5—the process
is a random uncorrelated Wiener process (classical Brownian motion); 0 < H< 0.5
indicates an anti-correlated or antipersistent fBm process.

Let us consider a time series of ABPM, which presumably consists of quasi-
periodic and random oscillations, as well as fractal structures. In particular, ABPM is
a discrete-time series of systolic and diastolic BP as a function of measurement time:
SBP = {s1, 52, ..., sN} and DBP = {d1, d2, ..., dN} with the amplitude determined for
the current measurement index. Since the index increases linearly from 1 to N (ampli-
tude is the fractal variable), it is assumed that SBP and DBP are one-dimensional
fractal sets, the FD of which is within [1, 2], and the Hurst exponent is given by the
relation: H = 2 — FD [25, 26].

The main problem of reliable FD estimation is the short duration of ABPM series
because a short signal becomes more similar to a random dataset, and the uncertainty
of FD increases. Therefore, we considered the methods suitable for non-stationary or
short ABPM time series: the Higuchi algorithm and the least coverage method [5, 25].

In the first stage, the LRBPP method was used on the daytime ABPM data of 57
healthy volunteers (normotensive harmonic H2-class), 47 hypertensive patients
(patients represented by two classes: hypertensive harmonic H3-class and hyper-
tensive diastolic D3-class), and 25 patients with secondary hypotension and severe
cardiovascular disease (hypotensive diastolic D1-class). In the second stage, the
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Figure 11.
Comparison of FD values of SBE, DBE, and MP in 4 hemodynamic classes [24]. *—p < 0.05.

FD value was determined for SBP, DBP, and mean BP (MBP, Hickam’ formula) for
patients of D1, D3, H2, and H3-classes; the duration of the daytime ABPM was 18-40
measurements, Figure 11.

Figure 11 shows significant differences (p < 0.05) in SBP signals of patients with
the harmonic circulation phenotype (H2- and H3-classes) compared to patients with
the dysfunctional diastolic circulation phenotype (D1- and D3-classes). Therefore,
we considered FD for SBP signals as a potential marker of regulatory hemodynamic
differences. Figure 11 also shows a tendency for FD to increase in the hypertensive
harmonic H3-class compared to the normotensive harmonic H2-class (norm), which
is associated with a change in normal physiological reactions in the hypertensive
harmonic H3-class caused by the action of the regulatory systems of cardiovascular
control. In this case, the SBP signal exhibits more correlated or periodic behavior.

An opposite example is the loss of fractal dynamics (complexity of ABPM) and a
decrease in FD values for the hypotensive dysfunctional diastolic D1-class, whose SBP
time series are characterized by pronounced chaotic behavior due to a decrease (or
complete absence) of cardiovascular control.

Analysis of clinical ABPM data showed that the FD value for SBP is limited from
below by the threshold of FDd = 1.5 (random dynamics, minimal complexity of SBP,
weakened or absent regulatory control of BP level, the cardiovascular system is poorly
adapted to stress in everyday life). Low FD values are typical for pathological states
of patients in D1-class, characteristic of patients in the intensive care unit with severe
cardiovascular lesions and secondary hypotension.

The area of self-similar (fractal) dynamics of SBP is associated with the value of
FDn ~ 1.8 (balance of cardiovascular regulation of BP level, maximum complexity of
SBP signal). This FD value is associated with the hemodynamics of healthy patients in
H2-class and a high degree of adaptability of the cardiovascular system. An increase
in FD to the upper threshold value FDu = 2.0 (fully correlated SBP signal, strong
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cardiovascular regulation of BP level, but weak adaptation to stress in everyday life) is
typical for hypertensive patients with harmonious circulation (H3-class).

It should be noted that the FD values for all hemodynamic classes exceed the lower
threshold FDd = 1.5. Therefore, all ABPM signals are antipersistent (if a positive
increase in SBP was recorded in the previous measurement, then there is a high prob-
ability of a negative increase in the current measurement and vice versa).

8. Discussion and conclusions

Our study was initiated by the main problems of AH treatment: the lack of reliable
methods for detecting latent forms of AH and preclinical circulatory disorders; often
insufficient or ineffective treatment of AH and achievement of the BP treatment
target; low adherence of patients to the treatment of hypertension.

About 24-hour ABPM recordings (as well as HBPM over 24 hours) undoubtedly
contain information about the individual characteristics of blood circulation, the
accounting of which can help in solving these problems. We have developed a scien-
tifically based analysis of blood circulation by linear regression modeling of ABPM
data with the determination of the hemodynamic phenotype and class by regression
coefficients, which makes it possible to differentiate the states of hypo- and hyperten-
sion, as well as potential applications in cardiology. To determine the phenotype, only
24-hour ABPM (or HBPM recording, 25-30 measurements over 7-10 days) is needed.

We studied the distribution of phenotypes in different categories of patients:
healthy patients, patients with hypertension, coronary heart disease, stroke, and
other diseases (more than 2500 patients of different ages). In hypertensive patients
on antihypertensive pharmacotherapy, we analyzed the relationship of phenotypes
with clinical and demographic factors and the probability of achieving the BP target,
taking into account the pharmacotherapy used (number of drugs and pharmacologi-
cal groups).

We have shown that hemodynamic phenotypes reflect patient blood circulation
in the observed time interval (over a number of years). The change in phenotype is
possible due to aging, diseases, lifestyle changes, etc., confirming that phenotype is a
precise hemodynamic characteristic of the individual.

The main advantage of our method is that determining the hemodynamic
phenotype is an important factor in prescribing the treatment of hypertension.

For example, regardless of the pharmacological groups of drugs, patients with the
D-phenotype are less likely to achieve the BP treatment target (31.2-45.2%) than
patients with the H-phenotype (47.7-68.2%, p < 0.05). Additionally, patients with the
D-phenotype have a lower QL, especially in the physical component (p < 0.05), and
their QL decreases even more (p < 0.05) with the intensification of pharmacotherapy
(>2 drugs).

We found that the treatment of AH in patients with the D-phenotype should be
comprehensive, using both psychotherapeutic and physiotherapeutic methods along
with adjuvant drugs that improve vascular stiffness (vitamin D, statins, etc.) and
psychoemotional status. In this case, pharmacotherapy requires drug combinations
(especially fixed combinations), predominantly BB, ACE inhibitors, and thiazide/
TLD. Patients with the D-phenotype should also be motivated to be physically active.

The proposed approach also reveals hidden circulatory disorders in normotensive
people in the form of dysfunctional hemodynamic phenotypes and pathological classes
of the harmonic phenotype: hypertensive class (H3) and transitional class to AH (HO).
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These categories of patients need to be examined to exclude hidden forms of hyper-
tension or other health disorders. We found that BB, CCB (especially in the absence
of CIHD), and thiazide/TLD are most effective in pharmacotherapy for patients with
the H-phenotype. For such patients, when using ACE inhibitors, the physical and
mental components of QL should be corrected.

If normotensive healthy patients have dysfunctional phenotypes or “hypertensive”
classes, their cardiovascular risk should be assessed by known factors (smoking,
dyslipidemia, etc.), and recommendations should be made to change lifestyle and
nutrition and to control BP and phenotype. If normotensive individuals have “hyper-
tensive” classes of any phenotype, their cardiovascular risk should be assessed against
known factors, and they should be screened for AH.

Furthermore, determining the hemodynamic phenotype in patients with OSA
allows for predicting the effectiveness of CPAP therapy in terms of improving hemo-
dynamic parameters and selecting patients for this specific and expensive method of
treatment.

Determining the phenotype using the proposed method does not require special
equipment and is available at any level of medical care, including outpatient thera-
peutic and general medical practice, cardiology, preventive medicine, sports and mili-
tary medicine, functional diagnostics, and scientific research of blood circulation.

It should be noted that patients have a very positive attitude toward the analysis of
ABPM using our method, as it demonstrates an individual approach to the treatment
of the patient.

Besides, it was the FD of the SBP that we considered as a parameter of the systemic
autonomic regulation of BP levels. It should be noted that there is a tendency for FD to
increase in the hypertensive harmonic H3-class compared to the normotensive har-
monic H2-class, which is caused by hyper-regulation by the autonomic nervous system.

The opposite example is the loss of fractal dynamics (complexity of SBP) and a
decrease in FD values for the hypotensive diastolic D1-class, which is characterized by
pronounced chaotic behavior due to decreased (or absent, as in the case of ABPM of a
heart transplant patient) cardiovascular control.

To assess the physiological state of the patient’s blood circulation, we propose an
integral indicator consisting of the nonlinear measure—the FD of SBP time series—
and a qualitative variable—the individual hemodynamic class—determined by
LRBPP on ABPM.

The data obtained indicate that further studies of hemodynamic phenotypes by
the proposed method may be useful not only in hypertensive patients but also in dif-
ferent pathologies and different populations.

There are some limitations of this study: clinical studies of hemodynamic pheno-
types and classes were conducted only on limited populations (in Belarus, Russia, and
Poland). Also, we conducted studies that were limited in time, which does not allow
us to draw conclusions about the prognostic significance of phenotypes over a long
period of time (years, decades).

Our research is supported by patents of the Republic of Belarus (G 01 N 33/48:
#4876; A 61B 5/02: #6950, #6952, #19833, #19976, #18998) and approved by the
Belarus Ministry of Health (Method for determining the hemodynamic phenotype,
No. 171-1218). In addition, the algorithm for hemodynamic classification developed
by the authors is implemented in the software for ABPM apparatuses CARDIAN-MD
and CARDIAN-SDM (Cardian, Belarus, https://cardian.by/). A special software unit
diagnoses the phenotype of hemodynamics and visualizes individual regression coef-
ficients on a diagnostic nomogram.
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Chapter 4
Consequences of Hypertension

Abayomi Sanusi

Abstract

Through complex pathways that continue to be elucidated, hypertension damages
tissues, organs and systems, and has become a public health risk factor and disease
of global importance. Its mechanisms, complications on organ systems, and their
salient features, are outlined to highlight how they could be understood to inform
contemplating clinical, public health and policy strategies. Among these are: cardiac
complications including coronary artery atherosclerosis, myocardial ischaemia and
myocardial hypertrophy and its complications; cerebrovascular complications includ-
ing haemorrhagic and ischaemic stroke; renal complications including and leading
to end stage renal failure; vascular complications including aortic aneurysm and
diffuse peripheral arterial disease; a wide range of ocular complications leading to
and including complete and permanent vision loss. Ultimately, premature death can
complicate untreated hypertension. More is needed to implement hypertension as the
global public health issue it is and address its consequences.

Keywords: hypertension, complication, mechanisms, morbidity, mortality

1. Introduction

Blood pressure is the physical force generated by pulsatile myocardial contraction
(systole) and relaxation (diastole) that compress blood against the internal walls of
the arterial section of the circulatory system, and in combination with their compli-
ance and flexibility propel blood to deliver a nearly steady flow at the level of the
microvasculature to perfuse organs and tissues. It facilities the metabolic survival of
cells, tissues and organs by enabling that the cellular level functions and interactions
of electrolytes, minerals, nutrients and vital cells constituting blood plasma (which
maintain the continuation of cellular vitality) are rarely sufficiently uninterrupted.
Hence blood pressure drives the continuation of life.

Hypertension is persistently elevated blood pressure above thresholds optimal for the
normal functioning of end organs, the continuation of which even without immediate
complications will trigger a cascade of long-term complications. A widely utilised clinic
based diagnostic threshold for metabolically healthy human adults is systolic pressure
of 140 mmHg (millimetres of mercury) and diastolic pressure of 90 mmHg [1]. Table 1
outlines the diagnostic definition and classification of hypertension based on guidelines
used in Europe, North America, and much of the rest of the world [2, 3]. Diagnostic
threshold and management decisions in clinical practice, although technically informed
by local, national and international guidelines, are often based on individual patient
characteristics and circumstances including age and existing medical conditions [2, 4, 5].
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Less than a century ago hypertension was more prevalent in Western countries
with the most industrialised economies, but has become increasingly more prevalent
in less industrialised countries and in every region of the world [6-8]. Today with
more than 1.1 billion people hypertensive globally, hypertension has become an
important global public health challenge [9, 10]. However, given the remarkable com-
pensatory capacity of the cardiovascular and neuroendocrine systems, hypertension
displays a quiescent, painless, relatively asymptomatic course over long durations that
may stretch from multiple years to decades. It therefore has the potential to be both
“accidentally” and “conveniently” ignored compared to inflammatory or painful con-
ditions receiving immediate attention, and neoplastic conditions demanding urgency.
This disfavourable pattern of attention toward “the silent killer” is in keeping with
the projection that hypertension will continue to be responsible for the highest global
mortality rates beyond 2030 [10, 11].

Hence globally, only a minority of people with hypertension is aware that they
have it. Only a minority of people with awareness of their hypertension actively treats
it. And only a minority of people undergoing hypertension treatment achieve hyper-
tension control [12, 13]. By implication only a minority of global hypertension cases
are controlled, meaning that the vast majority of people with hypertension live with
uncontrolled hypertension. So, globally, most hypertensive individuals, irrespective
of their awareness of hypertension, or their capability or opportunity to monitor or
manage it, live with uncontrolled hypertension.

In considering the consequences of hypertension it is important to understand
relevant individual risk factors. Among the risk factors are old age, ethnicity, over-
weight or obesity, a sedentary lifestyle or one lacking in sufficient physical activity,
smoking, excessive dietary salt, alcohol consumption, and metabolic disease such as
diabetes mellitus [14, 15].

Understanding the implications of uncontrolled hypertension is relevant to
quality of life, morbidity and premature deaths. It is important to inform, guide or
customise clinical management, and also to shape and influence public health strate-
gies and policy. In this chapter, the main physiological consequences of uncontrolled
hypertension due to unrecognised, unmanaged or poorly managed hypertension are
presented.

2. Mechanisms of the complications

Multiple factors including genetics, advancing age, lifestyle and existing systemic
disease contribute to hypertension and trigger a combination of sympathetic hyperac-
tivity and neurohormonal dysregulation, including increased renin-angiotensin-aldo-
sterone axis activation [16, 17]. Over time these cause structural alterations, notably,
irreversible large artery stiffening. Multiple mechanisms mediate this. Dysfunction
of the innermost layer, the intima, is mediated by reduced endothelial nitric oxide
production, alterations in the vascular smooth muscle cell cytoskeleton, and calcifica-
tions associated with atherosclerosis [18].

Several dysfunctions contribute to arterial stiffening attributed to the middle
layer, the media. Among these are irreparable elastin degradation caused by cyclic
mechanical fatigue over time, elastase-mediated proteolysis, intimal calcification
and inflammation [19]. Dysfunction of the outermost adventitial layer contributes to
arterial stiffening through collagen deposition and calcification [19, 20]. The result-
ing irreversible arterial stiffening manifest as increased arterial pressure and excess
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pulsatility, which over time causes repetitive microvascular trauma to the richly per-
fused low-resistance vascular beds of end organs, and eventual organ failure [19, 21].

All organ tissues directly or indirectly rely on normal blood pressure for optimal
physiology, and experience a degree of dysfunction when hypertension is sustained
for sufficiently prolonged durations. Recognition and quantification of resulting
dysfunctions rely on the capability of the individual physiological reserves of tissue-
organs, and the acuteness or tolerability of the associated symptoms or detectable
signs.

In addition to being the main cause of death from cardiovascular disease through
myocardial infarction, cerebrovascular ischaemia and haemorrhage [22], hyperten-
sion is also a well-established independent risk for deaths from chronic renal failure
and heart failure [23-25], and is associated with the dysfunction of several organ
systems.

3. Cardiac complications

Coronary artery atherosclerosis directly complicates hypertension with the
consequence of myocardial ischaemia, which subsequently progresses to infarction.
Atherosclerosis is the accumulation of aggregates of lesions consisting of lipids, cho-
lesterol, inflammatory cells and calcium as plaques within arterial walls. These nar-
row arterial lumen, contributing to myocardial ischaemia. Atherosclerosis is systemic,
and macroscopic atheromatous plaques can start as early in life as infancy [26, 27],
but may take decades to progress and become symptomatic [28]. Hypertension is
known to accelerate coronary atherosclerosis through its pro-inflammatory effects
on small and large arteries [29, 30]; but multiple molecular and cellular level mecha-
nisms continue to be unravelled [31]. Atherosclerotic plaques are reversible [32] but
can also progress rapidly [28, 33].

Hypertension creates additional haemodynamic stress, which the myocardium
has to compensate. Over time, the myocardium hypertrophies, progresses to varying
degrees of myocardial dysfunction, severe disability and ultimately death [14, 34].
The end stage of most heart disease is heart failure, for which hypertension is both
a cause and risk factor [35]. Its epidemiology is evolving with its prevalence increas-
ing among young people in association with increasing obesity, and in low to middle
income countries in association with increasing adoption of Western lifestyles that
increase the risk of hypertension [36]. Heart failure remains a debilitating, steady and
efficient killer whose molecular mechanisms remain to be fully understood [37].

4. Cerebrovascular complications

Alongside cardiovascular consequences, the most commonly recognised complica-
tion of hypertension is stroke, or cerebrovascular ischaemia from occlusive atheroma-
tous plaques, thrombi or a haemorrhage. Depending on severity and distribution of the
involved vessels, cerebrovascular ischaemia can be immediately fatal, or with interven-
tion partly resolve but with varying severities of often devastating or challenging cog-
nitive, autonomic nervous, sensorineural and musculoskeletal sequelae [38]. Untreated
hypertension increases this risk by accelerating carotid atherosclerosis [25, 39].

Cerebrovascular atherosclerosis may initially present as Transient Ischemic
Attacks, with partial incomplete and reversible symptoms of central nervous system
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ischaemia. Longer-term complications include Vascular Dementia, and more signifi-
cant cognitive impairment [40-43].

It remains a leading cause of death and neurological disability in countries of all
income levels, although low- and middle-income countries bear the heaviest burden.
Similarly, in high-income countries, huge disparities remain along racial, ethnic and
socioeconomic demarcations [44, 45].

5. Renal complications

Hypertension is both a cause and complication of chronic kidney disease. It con-
tributes to chronic kidney disease while chronic kidney disease complicates hyperten-
sion through dysfunction in the regulation of sympathetic activity, inflammation and
sodium excretion [46, 47].

The consequences of chronic kidney failure resulting from hypertension are
indistinguishable from causes from other aetiologies. It is a progressive failure in
the efficiency of glomerular function. A practical definition widely used in clinical
practice is the presence of either or both of a glomerular filtration rate of less than
60 mL/min per 1.73 m?, and clinical or biochemical markers of kidney damage for at
least 3 months duration [48].

Accumulation of metabolites results in a complex cluster of complications
associated with significant reduction in quality of life, and almost invariably ends
up in premature death or end-stage renal disease. Common complications include
disturbances in metabolism of vitamin D, calcium and phosphate; and anaemia due
to impaired erythropoietin production, impaired red blood cell survival and iron
deficiency. Ultimately chronic kidney failure is progressive, irreversible and incurable
[48, 49]. Globally the prevalence of chronic kidney failure progression to end stage
kidney disease is rising [50-52].

6. Vascular complications

Aside accelerating atherosclerosis thereby contributing to and complicating
cerebrovascular, coronary arterial and renal disease, hypertension is also a major risk
factor for aortic aneurysm and diffuse peripheral arterial disease [25, 53]. Mortality
from aortic aneurysm is on the increase, although best explained by increasing age
[54]. Peripheral arterial disease, typified by atherosclerotic occlusive disease of the
arterial supply to the lower limbs, is an important cause of ischaemic limb loss, and
contributes to reduced quality of life and premature deaths [55-58]. It is increasingly
prevalent with advancing age, constituting an important disease burden [59, 60],
following the pattern of epidemiological transition to chronic, metabolic and athero-
genic diseases [61, 62].

Perhaps one of the most notable characteristics of peripheral arterial disease is that
by the time peripheral arterial disease becomes clinically symptomatic, other manifes-
tations of uncontrolled or inadequately controlled hypertension and the contributing
risk factors are likely to already be symptomatic too. Hence the possibility of any treat-
ment, especially invasive treatments, may be determined by the existing physiological
capability to tolerate them. This means that established comorbidities, especially where
multiple and severe, are influential in determining the feasibility, tolerability or logic of
treating peripheral arterial disease at all. Where treatment is precluded or unadvisable
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due to physiological frailty, alternative choice may be made of best palliation and symp-
tomatic support with understanding of progression to limb loss and premature death.

7. Ocular complications

Hypertension is responsible for a wide range of often subtle retinal vascular
degenerative changes collectively termed hypertensive retinopathy which ultimately
lead to partial or complete blindness [63-65]. These include hypertensive choroidopa-
thy-variable patterns of retinal arteriolar stenoses and arteriovenous crossing changes
compromising retinal vascular bed autoregulation, leading to ischaemia, necrosis and
retinal detachment [66]. Others include retinal venous occlusion retinal arteriolar
embolism, macroaneurysm, haemorrhage, optic neuropathy, and optic disc and
macular oedema [67, 68].

Hypertension is understood to not be directly responsible for, but contributory to
diabetic retinopathy, glaucoma, and age-related macular degeneration. The associa-
tions are not fully elucidated but may partly be via common risk factors, and their
management and age [69, 70].

The most important factor underlying the range of hypertension-induced condi-
tions that lead to blindness may be the irreplaceability of the retina. While hyperten-
sion itself is preventable and mostly reversible, the direct vascular causes of retinal
ischaemia, most notably central arterial occlusion, is rarely treatable [71], retinal
degeneration remains incurable [72] and the underlying mechanisms of indirect reti-
nal ischaemia remain inadequately understood [73]. The implications of visual loss for
quality of life cannot be underestimated despite ocular hypertension complications
being not emergently or directly fatal like cerebrovascular and cardiac emergencies.

8. Mitigating the complications

World Health Organisation recommendations to address hypertension include:
integrating hypertension prevention and other chronic disease reduction strategies at
the primary care level; funding such integrated chronic disease strategies; providing
basic diagnostic tools and medication; reducing risk factors in the population; work-
place based wellness programmes; and monitoring [10]. These, and similar recom-
mendations demand large amounts of resources. Risk factor mitigation programmes
such as awareness, education, lifestyle, diet, physical activity and stress management
interventions demand significant resources and organisation. Notwithstanding the
depths of resources available to healthcare and public health systems, effective early
detection and diagnosis through screening programmes potentially demand chal-
lenging levels of organisation and resources. Similarly, promptly initiated, evidence
based, cost-efficient and appropriately followed up pharmacological intervention
remains elusive for most populations in most of the world. Hence, globally, effective
and efficient prevention of the complications of hypertension remain elusive.

9. Looking forward

The World Health Organisation recommendations for addressing hypertension
are comprehensive, but globally a lot of work remains to be done to address primary
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hypertension prevention through risk factor reduction. This applies to countries less
capable of addressing hypertension because of inadequate healthcare infrastructure
and resources; and those better able to provide pharmacological treatments alike.
Among the consequences are that the true severity and impact of the global hyper-
tension endemic does not appear matched by efforts. As such, there are no known
examples of healthcare or public health systems that have completely democratised
early hypertension detection and management such that its populations achieve
equally good hypertension outcomes irrespective of socioeconomic status.

10. Conclusion

Hypertension is both an independent systemic disease and a potent risk factor for
cardiovascular and cerebrovascular diseases. Its renal, peripheral vascular and ocular
complications comprise a wide range of conditions with underlying limitation of
effective tissue perfusion that impair normal physiology thereby imposing disabili-
ties, limit quality of life and contribute to premature death.

Cardiac complications vary from nonspecific symptoms related to invisible
atherosclerotic coronary artery disease to myocardial ischaemia to heart failure and
consequent psychological and physical disability to death.

Cerebrovascular complications include Transient Ischaemic Attack, stroke, vary-
ing severities of autonomic nervous, sensorineural and musculoskeletal disabilities.
Renal complications lead to end stage renal failure. Peripheral vascular complica-
tions lead to limb loss. Ocular complications ultimately lead to blindness. Given the
systemic nature of hypertension, multiple complications may develop concurrently,
interact to exacerbate each other and contribute to adverse psychological health and
poorer quality of life.

Hypertension’s consequences, including the adverse quality of life and
psychological impacts of stroke, cardiac and renal failure, can be challenging to
quantify, [74-78].

It is clear that the disruption of normal physiology, exhaustive description of
resulting pathological processes, the disease entities and complex symptoms con-
stituting the complications of hypertension through which it limit tissue, organ and
system physiology cannot be exhaustively covered in this text.

This text has presented how they impair quality of life, cause premature deaths,
and given an insight into how extensive they can be as individual pathologies that
they cannot be exhaustively covered in this text (Refer to the relevant chapters of
the book).

Given that unknown, yet to be understood and misattributed complications also
cannot be quantified nor contribute to our current understanding of the conse-
quences of hypertension, the true cost of hypertension may be difficult to accurately
estimate. Perhaps the critical challenge is that despite hypertension being understood
as predictable, preventable, manageable and often treatable, and its risk factors well
known; it remains, through and in combination with cardiovascular diseases, respon-
sible for the highest number of deaths for multiple decades.
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Chapter 5

Secondary Hypertension

Titus F. Msoka

Abstract

The secondary hypertension chapter provides a comprehensive overview of
secondary hypertension, a significant form of high blood pressure that arises due to
identifiable underlying conditions, distinguishing it from primary hypertension,
which has no known cause. Secondary hypertension is more frequently observed in
younger populations and often presents as treatment-resistant, necessitating care-
ful evaluation for effective management. The chapter categorizes various causes,
including renal disorders, endocrine abnormalities such as primary aldosteronism
and Cushing’s syndrome, and other contributors, like sleep-disordered breathing,
coarctation of the aorta, and certain medications. The critical importance of accurate
diagnosis is emphasized, highlighting the role of advanced imaging and biochemical
tests in uncovering these underlying conditions. Treatment approaches are discussed,
including lifestyle changes, targeted pharmacotherapy tailored to the specific etiol-
ogy, and the consideration of surgical interventions for certain conditions, such
as renal artery stenosis or adrenal tumors. Prognostic outcomes vary based on the
reversibility of the underlying condition and the effectiveness of treatment strategies.
For instance, conditions like pheochromocytoma may lead to significant remission of
hypertension post-treatment, whereas chronic conditions require long-term manage-
ment. The chapter ultimately underscores the importance of early detection of the
cause of secondary hypertension, patient adherence to treatment, and continuous
monitoring to prevent serious cardiovascular complications associated with uncon-
trolled secondary hypertension.

Keywords: secondary hypertension, causes, diagnosis, treatment, endocrine disorders,
renal diseases

1. Introduction

High blood pressure, or hypertension, can either be primary (essential) or second-
ary. Primary hypertension is the more common form, where no specific underlying
cause is identified. In contrast, secondary hypertension occurs when high blood
pressure is the result of another health condition. Though less common than primary
hypertension, secondary hypertension is still not fully understood and often remains
undiagnosed.

Secondary hypertension is more likely to affect younger individuals and
those whose high blood pressure is difficult to control with standard treatments.
Identifying the underlying cause of secondary hypertension is crucial, as treating the
root condition can significantly reduce the risk of heart disease, stroke, and other
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serious health issues, improving overall quality of life [1]. As noted by Viera, second-
ary hypertension is a form of high blood pressure with a treatable cause [2].

The recognition of high blood pressure has evolved in recent years. In 2017, the
American College of Cardiology and the American Heart Association (ACC/AHA)
lowered the threshold for defining hypertension to 130/80 mmHg or higher. This is in
contrast to the European guidelines (2018-2023), which define hypertension as blood
pressure above 140/90 mmHg [3].

Despite treatment, many patients still struggle to control their blood pressure to
below the target of 140/90 mmHg, suggesting the possibility of secondary hyperten-
sion. Sudano et al. highlight that secondary hypertension may be present in these
cases, especially if blood pressure increases suddenly or becomes dangerously high,
which can be a sign of an underlying condition [4].

The importance of identifying secondary hypertension cannot be exaggerated.
Chronic hypertension, regardless of the cause, can lead to serious damage to vital
organs, including the heart, kidneys, brain, and eyes [5]. While most patients with
hypertension have primary hypertension (with no known cause), identifying sec-
ondary causes is essential because, with proper treatment, secondary hypertension
can often be cured [6]. Therefore, recognizing and addressing secondary hyperten-
sion is a key step in the effective management and prevention of long-term health
complications.

2. Causes of secondary hypertension

Secondary hypertension is categorized based on its underlying causes into various
subgroups. These include renal hypertension (divided into renoparenchymal and
renovascular), as well as endocrine-related hypertension (such as primary aldosteron-
ism, Cushing’s syndrome or disease, pheochromocytoma, and thyroid/parathyroid
disorders). Other contributing factors to secondary hypertension encompass sleep-
disordered breathing, aortic coarctation, pregnancy-induced hypertension (such as
Hemolysis, Elevated Liver Enzymes, and Low Platelet [HELLP] syndrome), certain
chemotherapeutic drugs, and treatment-resistant primary hypertension. The primary
causes and their mechanisms for inducing secondary hypertension are summarized in
the following sections.

2.1Kidney and renal artery disease

The kidneys are crucial in regulating blood pressure. While arterial hypertension
can cause kidney destruction, diseases affecting the kidneys and renal arteries can
also lead to elevated blood pressure. Renal hypertension may result from chronic renal
insufficiency (CRI) of various causes or from renal artery stenosis (RAS). Secondary
forms of renal hypertension comprise glomerular disorders, such as glomerulone-
phritis, tubulointerstitial conditions like polycystic kidney disease, or microvascular
kidney injury and renovascular blood pressure [7].

Renal artery stenosis should be considered as a potential cause of hypertension in
younger individuals, particularly women with fibromuscular dysplasia, who do not
have a family history of hypertension, or in older patients presenting with hyper-
tensive crises, flash pulmonary edema (often associated with bilateral renal artery
stenosis), or unexplained progressive renal function decline. The prevalence of differ-
ent causes of renal artery stenosis varies with age and cardiovascular risk factors, with
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atherosclerotic renal artery stenosis accounting for 60-90% of cases and fibromuscu-
lar dysplasia responsible for 10-30% of cases [8].

Fibromuscular dysplasia, primarily observed in young women, should be distin-
guished from atherosclerotic artery stenosis, which is more prevalent in older persons
[7]. It is a non-atherosclerotic, noninflammatory vascular disorder that affects the
renal, iliac, subclavian, and carotid arteries. In the renal arteries, changes are typically
observed in the distal segments, displaying a “string-of-beads” pattern, as well as in
the segmental arteries, where there are characteristic “pearl necklace” patterns in the
arterial walls.

Atherosclerotic renal artery stenosis is commonly found in older individuals with
cardiovascular risk factors, including dyslipidemia, diabetes, and tobacco use. It is
also prevalent in patients with atherosclerotic involvement of other vessels, such as
peripheral arterial disease or coronary and cerebrovascular disease. In contrast to
fibromuscular dysplasia, atherosclerotic lesions typically develop in the proximal
segments of the renal arteries.

2.1.1 Pathophysiology of renal artery stenosis (renovascular disease) as a cause of
secondary hypertension

According to Klabunde [9], renal artery disease can lead to the narrowing of
the vessel lumen (stenosis), which reduces the pressure in the afferent arteriole
and impairs renal perfusion. This triggers the kidneys to release renin, resulting in
elevated levels of angiotensin II (AIl) and aldosterone. These hormones raise blood
volume by increasing the reabsorption of sodium and water in the kidneys, which in
turn boosts cardiac output (CO) via the Frank-Starling mechanism. Elevated All also
causes systemic vasoconstriction, increasing systemic vascular resistance (SVR), and
stimulates sympathetic activity. Chronic Al elevation further promotes cardiac and
vascular hypertrophy. As a result, hypertension associated with renal artery stenosis
is driven by both an increase in systemic vascular resistance and a rise in cardiac
output.

2.1.2 Pathophysiology of chronic renal disease as a cause of secondary hypertension

Pathological conditions like diabetic nephropathy and glomerulonephritis can
impair nephron function, reducing the kidneys’ ability to excrete sodium effectively.
This leads to sodium and water preservation, increased blood volume, and elevated
cardiac output via the Frank-Starling mechanism. Additionally, renal disease may
stimulate excessive renin secretion, contributing to renin-dependent hypertension.
The rise in arterial pressure associated with renal dysfunction is often interpreted
as a compensatory response aimed at improving renal perfusion and maintaining
glomerular filtration [9].

2.2 Endocrine causes of secondary hypertension

Endocrine disorders contribute significantly to cases of secondary hypertension,
with elevated blood pressure in these cases often being referred to as endocrine
hypertension. The majority of these cases are due to primary aldosteronism. Other,
less common causes include certain types of pheochromocytomas, Cushing’s syn-
drome, acromegaly, and thyroid or parathyroid disorders [10]. More recently, insuli-
noma has also been identified as a potential cause of secondary hypertension [3].
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2.2.1 Primary aldosteronism

Primary aldosteronism, also known as hyperaldosteronism, is the leading cause of
secondary hypertension in middle-aged adults (ages 40-64 years) [2]. It is actually
a collection of conditions, including aldosterone-producing adenomas and bilateral
idiopathic hyperaldosteronism. Primary aldosteronism affects approximately 10-20%
of patients with resistant hypertension, making it the most frequent cause of second-
ary hypertension in this age group.
Pathophysiology of primary aldosteronism as a cause of secondary hypertension.
An adrenal adenoma or adrenal hyperplasia can lead to excessive aldosterone
secretion. The elevated levels of aldosterone cause the kidneys to retain sodium
and water, which results in increased blood volume and higher arterial pressure.
As the body tries to suppress the renin-angiotensin system, plasma renin levels
are typically low. Additionally, high aldosterone levels are often associated with
hypokalemia.

2.2.2 Phaeochromocytoma

Tumors that secrete excessive amounts of catecholamines are known as “phaeo-
chromocytomas” or “paragangliomas,” depending on their anatomical location. These
lesions may occur in the adrenal glands (phaeochromocytomas) or in sympathetic
ganglia found along the sympathetic chain (paragangliomas or extra-adrenal phaeo-
chromocytomas). Both phaeochromocytomas and paragangliomas are rare tumors,
accounting for less than 0.1% of all cases of hypertension [7].

2.2.2.1 Pathophysiology of pheochromocytoma as a cause of secondary hypertension

Catecholamine-secreting tumors in the adrenal medulla can result in extremely
high levels of circulating catecholamines, including both epinephrine and nor-
epinephrine. The elevated catecholamine levels induce systemic vasoconstriction
through alpha-adrenoceptors and enhance cardiac activity via beta-adrenoceptors,
with cardiac stimulation leading to a substantial increase in arterial pressure.
Although blood pressure rises, tachycardia arises due to the direct influence of
catecholamines on the heart and vasculature. Overstimulation of f-adrenoceptors in
the heart often leads to the development of arrhythmias.

2.2.3 Cushing’s syndrome

Cushing’s syndrome, also referred to as glucocorticoid excess syndrome, is another
potential cause of secondary hypertension. Although an excess of glucocorticoids
contributes to blood pressure regulation, arterial hypertension is seldom the primary
clinical manifestation in patients with Cushing’s syndrome.

2.2.3.1 Pathophysiology of Cushing’s syndrome as a cause of secondary hypertension

In Cushing’s syndrome (CS), hypertension develops due to multiple pathophysi-
ological mechanisms that contribute to increased plasma volume, peripheral vascular
resistance, and cardiac output. Glucocorticoids may also affect blood pressure control
by acting on the central nervous system, where they activate both glucocorticoid and
mineralocorticoid receptors (MR). As a result, glucocorticoids lead to changes that
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elevate cardiac output, total peripheral resistance, and renovascular resistance [11],
which contributes to persistent hypertension. Additionally, insulin resistance and
sleep apnea seem to be involved in the development of hypertension in CS.

2.2.4 Thyroid and pavathyroid diseases

Dysregulation of thyroid and parathyroid function are reversible causes of second-
ary hypertension [12]. Thyroid disorders lead to various hemodynamic changes that
contribute to elevated blood pressure through their effects on endothelial function,
vascular reactivity, renal hemodynamics, and the renin-angiotensin system.

In hyperthyroidism, the increased endothelial responsiveness is a result of shear
stress from the hyperdynamic circulation, which helps lower vascular resistance.

On the other hand, hypothyroidism leads to a marked reduction in sensitivity to
sympathetic agonists, resulting in higher peripheral vascular resistance and arterial
stiffness.

Sporadic primary hyperparathyroidism is an endocrine disorder often character-
ized by persistent fasting hypercalcemia, caused by the autonomous overproduction
of parathyroid hormone due to parathyroid adenoma or hyperplasia (hypercalcemic
primary hyperparathyroidism). Primary hyperparathyroidism is associated with a
higher risk of arterial hypertension, with studies showing that 40-65% of patients
with this condition also have high blood pressure [13]. Notably, hypertensive patients
with primary hyperparathyroidism have a higher mortality rate compared to those
who are normotensive.

2.2.4.1 Pathophysiology of hyper or hypothyroidism as a cause of secondary
hypertension

Increased thyroxine levels lead to higher blood volume by activating the renin-
angiotensin-aldosterone system, along with an elevated heart rate and enhanced
ventricular contractility. Conversely, low thyroxine levels (hypothyroidism) reduce
tissue metabolism, which may decrease the production of vasodilatory metabolites
and the endothelial production of nitric oxide, resulting in vasoconstriction and
elevated arterial pressure. Additionally, there is an increase in arterial stiffness, or
reduced arterial compliance.

2.2.5 Insulinoma

Pancreatic insulinomas are uncommon, usually benign, small neuroendocrine
tumors, approximated to affect 1-4 people per million per year. The typical age of
individuals affected is about 47 years, and these tumors are more common in women
than in men (with a ratio of 1.4:1). These tumors are characterized by chronic,
sustained hyperinsulinemia, which leads to recurrent hypoglycemia [3]. Evidence
suggests that hyperinsulinemia and insulin resistance may be early factors in the
development of secondary hypertension. There are several mechanisms through
which pancreatic insulinomas can cause secondary hypertension. First, severe
hypoglycemia caused by the insulinoma can stimulate the release of catecholamines,
resulting in paroxysmal hypertension due to the activation of the sympathoadrenal
system. Second, insulin may enhance sodium retention in the kidneys, especially in
the distal nephron, and cause changes in the vascular system, both of which contrib-
ute to elevated blood pressure [14].
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2.3 Other causes of secondary hypertension
2.3.1 Aortic coarctation

Coarctation of the aorta is a congenital condition in which the aorta, the main
artery leaving the left side of the heart, becomes narrowed, restricting normal blood
flow and raising blood pressure. This narrowing most commonly occurs just below
the left subclavian artery in the aortic arch. The obstruction reduces blood pressure
in the lower body while raising pressure in the head and upper limbs. The drop in
systemic arterial pressure triggers the renin-angiotensin-aldosterone system, leading
to an increase in blood volume, which further elevates blood pressure in the upper
parts of the body and may largely offset the reduction in pressure in the lower parts of
the body. Coarctation is easily diagnosed by comparing blood pressure readings in the
upper and lower limbs. Typically, these pressures are comparable, but in coarctation,
blood pressure in the upper limbs is often significantly higher than in the lower limbs.
Since this condition is persistent, baroreceptors become less responsive, resulting in
persistent high blood pressure in the upper body due to increased cardiac output to
those areas [9].

2.3.2 Sleep-disordered breathing/sleep apnea

Sleep apnea is a condition in which individuals experience repeated episodes of
breathing cessation for brief periods (10-30 seconds) during sleep. While it is com-
monly linked to obesity, it can also result from other factors, such as airway obstruc-
tion or central nervous system disorders. Individuals with sleep apnea are more likely
to develop elevated blood pressure. This elevated blood pressure may be caused by the
stimulation of the sympathetic nervous system and hormonal changes resulting from
recurring episodes of apnea-induced hypoxia and hypercapnia, as well as the stress
associated with disrupted sleep.

2.3.3 Pregnancy-induced secondary hypertension (preeclampsia/HELLP syndrome)

Pregnancy-induced secondary hypertension refers to a spectrum of hypertensive
disorders unique to pregnancy, with preeclampsia and Hemolysis, Elevated Liver
Enzymes, and Low Platelet (HELLP) syndrome being the most severe forms. These
conditions present significant risks to maternal and fetal health, arising from complex
interactions between the cardiovascular, endocrine, and immune systems during
pregnancy.

In a normal pregnancy, systemic vascular resistance decreases, and blood vol-
ume expands to support the growing fetus, facilitated by hormonal and vascular
adaptations. However, in preeclampsia and HELLP syndrome, these mechanisms
are disrupted due to abnormal placental development. Poor trophoblast invasion
leads to insufficient remodeling of maternal spiral arteries, resulting in impaired
placental perfusion and chronic hypoxia. In response, the placenta releases a surge of
antiangiogenic factors such as soluble fms-like tyrosine kinase-1 (sFlt-1) and soluble
endoglin (sEng), which counteract vascular endothelial growth factor (VEGF) and
transforming growth factor-beta (TGF-p). This imbalance causes widespread endo-
thelial dysfunction, increased systemic vascular resistance, and hypertension.

Preeclampsia, diagnosed after 20 weeks of gestation, is marked by new-onset
hypertension, often accompanied by proteinuria or evidence of organ damage.
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HELLP syndrome, considered a severe variant of preeclampsia, involves systemic
inflammation, intravascular hemolysis, and microvascular injury. Hepatic dysfunc-
tion and platelet consumption are key features, reflecting the multiorgan impact of
the condition.

The pathophysiology of these disorders extends beyond vascular changes to
include immune dysregulation and oxidative stress. Altered maternal immune
responses, heightened sensitivity to angiotensin II, and an imbalance in pro- and
anti-inflammatory cytokines exacerbate endothelial injury and vasoconstriction.
Hemodynamic changes, including increased cardiac output via the Frank-Starling
mechanism, further strain the maternal circulatory system, contributing to elevated
blood pressure.

Understanding the physiology underlying pregnancy-induced secondary hyper-
tension is essential for early detection and management, ultimately aiming to reduce
the burden of maternal and neonatal complications.

HELLP syndrome is a variant of preeclampsia. In preeclampsia, atypical changes
in the placental blood vessels during the second trimester occur, during which the
second phase of trophoblastic invasion into the decidua takes place, resulting in poor
blood flow to the placenta. This lack of oxygen in the placenta causes it to release
various substances, including soluble vascular endothelial growth factor recep-
tor-1 (sVEGFR-1), which binds to vascular endothelial growth factor (VEGF) and
placental growth factor (PGF). This binding prevents VEGF and PGF from attach-
ing to endothelial cell receptors, resulting in endothelial dysfunction and placental
damage. As a result, hypertension, proteinuria, and heightened platelet activation
and aggregation occur. Additionally, the stimulation of the coagulation process
causes platelet depletion as they stick to damaged and activated blood vessel linings.
Microangiopathic hemolysis also takes place as red blood cells are broken apart while
moving through capillaries obstructed by platelet-fibrin clots. This results in multior-
gan microvascular injury and hepatic necrosis, which contributes to liver dysfunction
and the development of HELLP syndrome [15-19]. Figure 1 presents a summary of
causes of secondary hypertension.

Common causes of secondary hypertension usually vary with age [2]. The sum-
mary of common causes of secondary hypertension according to age groups is shown
in Table 1 below.

KIDNEY AND RENAL

DISEASES ENDOCRINE CAUSES ‘ OTHER CAUSES
Glomerular Tubuleintersbial Microvascular Renovascular
diseases processes krdney damage hypertension
Insulinoma Primary Cushing’s Pheochromoeylema Thyroid & parathvroid
aldosteronism syndrome diseuses
v
Sleep disordered Aone Treatment Chemother Pregnancy induced
breathing coarctation TESIStance apeutic agents causes
Figure 1.

Causes of secondary hypertension.
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Age group Most common etiologies

Children (birth-12 years) Renal parenchymal disease; coarctation of the aorta

Adolescents (12-18 years) Renal parenchymal disease; coarctation of the aorta

Young adults (19-39 years) thyroid dysfunction; fibromuscular dysplasia; renal parenchymal
disease

Middle-aged adults (40-64 years) Primary aldosteronism; obstructive sleep apnea; thyroid dysfunction;
Cushing’s syndrome; pheochromocytoma

Older adults (65 years and older) Atherosclerotic renal artery stenosis; renal diseases/renal failure;
Hypothyroidism

Source: Ref. [2].

Table 1.
Common causes of secondary hypertension according to age.

3. Diagnostic tests of secondary hypertension

Imaging plays a critical role in diagnosing the underlying causes of hyperten-
sion, evaluating its cardiovascular complications, and understanding the disease’s
pathophysiology. Cardiovascular magnetic resonance (CMR) is particularly effective
as it provides accurate, reproducible measurements of ventricular volumes, mass,
function, and hemodynamics while also allowing for unique tissue characterization,
such as identifying diffuse and focal fibrosis. Moreover, CMR is highly suitable for
identifying common secondary causes of hypertension.

CMR offers a thorough evaluation of hypertensive cardiovascular disease. Within
an hour, precise and consistent measurements of the ventricles and aorta can be
obtained. This includes assessing the physiological consequences of hypertension and
generating quantitative data that are valuable for patient follow-up. Simultaneously,
the study can rule out several secondary hypertension causes. In terms of prognostic
insights, advancements in T1 mapping sequences for quantifying myocardial fibrosis
may significantly aid in risk assessment for hypertensive heart disease [5].

Contrast agents are used in magnetic resonance imaging (MRI) to enhance the vis-
ibility of detailed organ structures. Gadolinium-based contrast agents (GBCAs) have
been in use since 1988, improving MRI diagnostics and patient follow-up by increas-
ing signal intensity and reducing proton relaxation time. However, recent studies
have highlighted concerns over gadolinium accumulation in various organs due to the
release of free gadolinium, which has raised safety issues. These studies focus on the
impact of gadolinium retention in organs like the brain and bones, with associated
conditions including nephrogenic systemic fibrosis (NSF) and gadolinium deposition
disease (GDD). Research continues to develop non-gadolinium-based agents and
next-generation gadolinium agents for safer applications in MRI [20].

Thyroid hormones influence cardiac output and systemic vascular resistance,
which subsequently impact blood pressure. Hypothyroidism may result in increased
diastolic blood pressure, while hyperthyroidism often causes isolated systolic blood
pressure elevation, leading to a widened pulse pressure. Although hypothyroidism is a
common secondary cause of hypertension in younger adults, its prevalence increases
with age, peaking in the 60s. In contrast, hyperthyroidism is more commonly
linked to elevated blood pressure in individuals aged 20-50 years. Given thyroid
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dysfunction’s prevalence across age groups, it is recommended to test for thyroid-
stimulating hormone (TSH) if symptoms suggest its involvement. TSH is a sensitive
marker for diagnosing both conditions [2].

Zhang et al. [21] proposed a simple, effective method to predict renal artery
stenosis (RAS) of 70% or greater using peak systolic velocity (PSV) and PSV ratios
obtained through basic duplex ultrasound (DUS). This technique has the potential to
detect severe RAS in most medical facilities, particularly in primary care settings, and
provides a reliable basis for selecting candidates for angiography or revascularization.

The aldosterone-to-renin ratio (ARR) remains the standard screening test for
primary aldosteronism (PA). Due to its low reproducibility, repeat testing is recom-
mended when results conflict with clinical observations. Taiwan’s Task Force on
PA recommends using plasma renin activity (PRA) to calculate ARR instead of
direct renin concentration (DRC), aligning with international guidelines and most
studies [22].

Polysomnography (PSG) is the gold standard for diagnosing obstructive sleep
apnea (OSA). However, due to its cost, complexity, and resource requirements,
alternative methods have been explored. Studies suggest that overnight pulse oxim-
etry can be a reliable diagnostic tool for suspected sleep apnea-hypopnea syndrome
(SAHS), with sensitivity, specificity, and accuracy improving with the severity of the
condition [23].

Pheochromocytoma and paraganglioma (PPGL) diagnoses rely on biochemical
confirmation of excessive catecholamines in urine and plasma. New advancements
allow for measuring urinary free metanephrines, providing greater reliability com-
pared to older biochemical methods, especially in Asian populations [24].

Finally, research by Carton revealed limitations in using the 1 mg-dexamethasone
suppression test (1 mg-DST) for women on oral contraceptives due to its low specific-
ity. The two-day dexamethasone suppression test (2d-DST) showed better specificity
and accuracy. It may be preferable in cases where late-night salivary cortisol tests are
unavailable, particularly if the initial cortisol concentration is below 900 nmol/L [25].
The typical signs and symptoms of some secondary hypertension causes and sug-
gested diagnostic tests are summarized in Table 2.

Signs/symptoms Possible secondary Diagnostic test options
hypertension cause

Arm to leg systolic blood pressure Coarctation of the aorta Magnetic resonance imaging

difference > 20 mm Hg Delayed or absent (adults)

femoral pulses, Murmur Transthoracic echocardiography

(children)

Increase in serum creatinine concentration Renal artery stenosis Computed tomography

(> 0.5-1 mg per dL [44.20-88.40 pmol per angiography

L]) after starting angiotensin-converting Doppler ultrasonography of renal

enzyme inhibitor or angiotensin receptor arteries

blocker Magnetic resonance imaging with

Renal bruit gadolinium contrast media

Bradycardia/tachycardia Thyroid disorders Thyroid-stimulating hormone

Cold/heat intolerance
Constipation/diarrhea
Irregular, heavy, or absent menstrual cycle
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Signs/symptoms Possible secondary Diagnostic test options
hypertension cause
Hypokalemia Aldosteronism Renin and aldosterone levels to

calculate the aldosterone/renin
ratio

Apneic events during sleep Obstructive sleep Polysomnography (sleep study)
Daytime sleepiness apnea sleep apnea clinical score with
Snoring nighttime pulse oximetry
Flushing Pheochromocytoma 24-hour urinary fractionated
Headaches metanephrines
Labile blood pressures Plasma free metanephrines
Orthostatic hypotension
Palpitations
Sweating
Syncope
Buffalo hump Cushing’s syndrome 24-hour urinary cortisol
Central obesity Late-night salivary cortisol
Moon facies Low-dose dexamethasone
Striae suppression

Table 2.

Signs and symptoms that suggest specific causes and suggested diagnostic tests of secondary hypertension.

4. Treatment and prognosis of secondary hypertension

The management of secondary hypertension involves treating the underlying
cause while optimizing blood pressure control to prevent complications. The thera-
peutic approach varies depending on the etiology and may include lifestyle modifica-
tions, pharmacological therapy, and interventional or surgical procedures.

4.1 Lifestyle modifications

Lifestyle changes play a crucial role in blood pressure management. Patients are
advised to adopt the Dietary Approaches to Stop Hypertension (DASH) diet, which
emphasizes the consumption of fruits, vegetables, whole grains, and low-fat dairy
while reducing sodium intake [26]. Weight loss is essential, particularly in obesity-
related hypertension, as even modest reductions in body weight can significantly
lower blood pressure [27]. Regular aerobic exercise, such as brisk walking for at least
30 minutes daily, is recommended. Additionally, reducing alcohol intake and smoking
cessation are critical in improving cardiovascular outcomes [28].

4.2 Pharmacological therapy

Targeted pharmacologic treatment depends on the underlying cause of hyper-
tension. Diuretics, such as spironolactone, are effective in primary aldosteronism,
whereas beta-blockers, like propranolol, are used in pheochromocytoma to control
catecholamine surges [29]. Calcium channel blockers (e.g., amlodipine) are preferred
in renovascular hypertension, although angiotensin-converting enzyme (ACE)
inhibitors or angiotensin receptor blockers (ARBs) should be used cautiously in
bilateral renal artery stenosis due to the risk of renal function deterioration [30].
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4.3 Surgical and interventional approaches

For cases where pharmacologic management is insufficient, surgical or interven-
tional procedures may be required. Renal artery stenosis may necessitate angioplasty
or stenting, particularly in cases of refractory hypertension or declining renal
function [31]. Adrenalectomy is the definitive treatment for pheochromocytoma
or aldosterone-producing adenomas, leading to potential cure or significant blood
pressure reduction [32]. In cases of hypothyroidism-induced hypertension, thyroid
hormone replacement therapy is essential for normalization of blood pressure [33].
Patients with end-stage renal disease (ESRD) secondary to hypertension may require
dialysis or renal transplantation to control blood pressure and prevent further compli-
cations [34].

5. Prognosis

The prognosis of secondary hypertension is largely determined by the reversibility
of the underlying condition, the efficacy of treatment, and the presence of target organ
damage. Conditions such as pheochromocytoma, primary aldosteronism, and renovas-
cular hypertension may be curable with appropriate intervention, leading to complete
resolution or significant improvement in blood pressure control [35]. In contrast,
chronic kidney disease (CKD), endocrine disorders, and coexisting cardiovascular
conditions often require lifelong management to prevent disease progression [36].

Patients with uncontrolled or poorly managed secondary hypertension are at
increased risk of complications, including myocardial infarction, stroke, heart
failure, and kidney failure. Hypertensive emergencies, if left untreated, can lead to
irreversible organ damage [37]. However, early diagnosis and effective treatment
significantly improve long-term outcomes, reducing cardiovascular morbidity and
mortality. Regular follow-up, adherence to medications, and blood pressure monitor-
ing are essential, particularly for patients with chronic conditions such as CKD or
endocrine hypertension [38].
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Chapter 6

Hypertension Control: The Effect
of Dietary Patterns and Lifestyle

Othman Beni Yonis

Abstract

Hypertension is one of the most important and serious global health diseases. The
prevalence rate is high and increasing (31.1% of adults worldwide). Up to 1.5 billion
people will suffer hypertension by 2025; it is also one of the main risk factors for coro-
nary artery disease, heart failure, cerebrovascular, renal, eye, and peripheral vascular
diseases. According to the World Heart Federation, the mortality from hypertension
complications is around 10 million each year. The morbidity and mortality from
hypertension are preventable, and the risk to develop hypertension and hyperten-
sion complications is lowered significantly by controlling blood pressure to below
the target level. However, uncontrolled hypertension is still a major health concern
globally. Only about half of hypertension patients have had their blood pressure
brought down to below the recommended limit, which is 140/90 mmHg. Adopting
and maintaining a healthy lifestyle plays a major role in hypertension prevention and
control. Morbidity and mortality rates secondary to hypertension are also improved.
In conclusion, besides adherence and commitment to antihypertension medica-
tions, dietary patterns including low salt diet, weight control, exercise and physical
activity, stress management, and avoiding tobacco and alcohol are all recommended
to prevent, treat, and minimize morbidity and mortality associated with hyperten-
sion. In this chapter, we will discuss the effect of dietary patterns and other lifestyle
interventions on blood pressure control.

Keywords: hypertension control, lifestyle and hypertension, diet and hypertension,
salt and hypertension, anxiety and hypertension, stress and hypertension, physical
activity and hypertension, weight and hypertension

1. Introduction

Hypertension is defined as a sustained elevation of systemic arterial blood pres-
sure, most commonly defined as systolic blood pressure > 140 mmHg or diastolic
blood pressure > 90 mmHg. It affects approximately 31% of the global adult popula-
tion and is characterized by a rising prevalence [1, 2]. The mortality rate of hyperten-
sion is about 13% [3].

The morbidity and mortality from hypertension are preventable. The risk to
develop hypertension and hypertension complications is lowered significantly by
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controlling blood pressure (BP). With control, the risk of heart failure is reduced by
over 50%, stroke by 30%, and myocardial infarction by 25% [3].

However,uncontrolled hypertension is still a major health concern. Globally, only
about half of hypertension patients have had their BP brought down to below the
recommended limit, which is 140/90 mmHg [4].

Studies conducted on hypertension control worldwide showed varying rates of
control. The National Health and Nutrition Examination Survey (NHANES) statistics
in the United States indicated that although hypertension control rates had improved,
they were still low [5]. According to Olives et al., the median rates for controlling
hypertension in the United States were 57.7% for males and 57.1% for women, with the
highest rates observed in white men and black women [4].

The disparity in hypertension control between industrialized and developing
countries was examined in 35 countries as part of a systematic review. North America
had the highest control rate (24.9%) among men, while northern and central Asia had
the lowest (5.7%). Nonetheless, among women, it was highest in South and Central
America (33.2%) and lowest in North Europe (10%) [6].

Many studies and reviews (see below) investigated the role of nonpharmacological
strategies to prevent, treat, and control hypertension. In this review we will discuss
these strategies and explore the role of each factor separately.

2. Discussion
2.1The effect of lifestyle and dietary patterns on blood pressure control

Many studies have examined the relationship between dietary lifestyle habits and
controlling high BP. As for salt, consuming larger amounts of dietary salt is clearly
linked to high BP and other cardiovascular diseases. On the other hand, reducing salt
intake can lead to a decrease in BP among hypertension patients as well as normal
individuals.

This conclusion was reached by a meta-analysis (a method for systematically
combining pertinent qualitative and quantitative study data), which showed that
reducing salt intake can lower BP by an average of 3.4/1.5 mmHg, with larger reduc-
tions observed in individuals with higher baseline BP levels [7, 8].

Another study (the INTERSALT study) also highlighted the importance of salt
intake on BP and stated that reducing salt consumption can ameliorate age-related
hypertension [9]. Moreover, a systematic review found that long-term salt reduction
is effective in lowering BP [10].

Conversely, a high-sodium diet, such as those found in the Western diet (char-
acterized by low intakes of fruits, vegetables, whole grains, pasture-raised animal
products, fish, nuts, and seeds and a high consumption of prepackaged foods, refined
grains, red meat, processed meat, high-sugar drinks, candy and sweets, fried foods,
butter and other high-fat dairy products, eggs, potatoes, corn, and high-fructose corn
syrup) [11] has been linked to increased BP and cardiovascular diseases [12, 13].

A systematic review focused on a substitute for salt, which often replaces sodium
with potassium, indicated that this substitution can lead to significant reduction in
BP, particularly when used consistently over long period of time [14, 15].

Regarding other dietary patterns, consuming more fruits and vegetables and eat-
ing a low-fat diet were found to be associated with better BP control [16]. The Dietary
Approaches to Stop Hypertension (DASH) eating plan or the DASH diet promoted
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by the U.S.-based National Heart, Lung, and Blood Institute is a dietary plan recom-
mended for hypertensive patients and normal people to treat and prevent hyperten-
sion; it is based on eating food that is low in saturated fat, total fat, cholesterol, and
sodium and high in potassium, calcium, magnesium, fiber, and protein.

The plan advises hypertensive patients to eat vegetables, fruits, and whole grains,
including fat-free or low-fat dairy products, fish, poultry, beans, nuts, and vegetable
oils, and to limit consuming foods that are high in saturated fat, such as fatty meats,
full-fat dairy products, coconut, palm kernel, and palm oils, as well as sugar-sweet-
ened beverages and sweets.

Olive oil and the Mediterranean (a plant-based diet, focusing on unprocessed
cereals, legumes, vegetables, and fruits, moderate consumption of fish, dairy prod-
ucts like cheese and yogurt, and a low amount of red meat), have been found to
reduce cardiovascular disease risk and BP [17].

Garlic supplements were shown to improve blood pressure control in hyperten-
sive patients in a meta-analysis [18], but dark chocolate, which had been claimed to
lower BP, was found to have no effects on it in a randomized, controlled, cross-over
trial [19].

In conclusion, hypertension control and subsequent cardiovascular diseases are
greatly influenced by dietary patterns: a diet that is low in salt and fat and rich in
fruits and vegetables. Using salt substitutes (potassium chloride instead of sodium
chloride) can further enhance the management of high BP.

2.2 Effect of exercise and physical activity on hypertension control

There is strong scientific evidence to support the effect of exercise and physical
activity on BP control. Aerobic exercises and resistance training have been shown to
lower BP and improve cardiovascular health. Brisk walking, jogging, or cycling, have
been consistently associated with significant reductions in systolic and diastolic BP
[20-23].

A systematic review showed that aerobic exercise can lead to an average reduc-
tion of 11 mmHg in systolic BP and 8 mmHg in diastolic BP among hypertensive
patients [24].

Another study on resistant hypertension demonstrated that regular aerobic
exercise effectively lowers BP, even in patients who are otherwise unresponsive to tra-
ditional antihypertensive therapies. The study stated that practicing regular aerobic
exercise can serve as a critical adjunct to pharmacological therapy in lowering BP [25].

Resistance exercises can also lead to reductions in BP through improved vascular
function, increased nitric oxide production, and enhanced muscle mass, which col-
lectively contribute to better cardiovascular health [26].

Furthermore, the psychological benefits of physical activity cannot be ignored.
Exercise has been shown to improve stress and anxiety, which are known to contrib-
ute to high BP. Regular physical activity promotes relaxation and improves overall
well-being, further supporting its role in hypertension management [27].

Duration and intensity of exercise are also important. Moderate-intensity exercise,
such as brisk walking for at least 150 minutes per week, is recommended for optimal
benefits [28].

In summary, strong evidence supports the role of exercise and physical activity for
controlling high BP, improving cardiovascular health and quality of life. Therefore,
incorporating physical activity into daily routines is essential for individuals seeking
to manage hypertension.
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2.3 Effect of weight reduction on hypertension control

Maintaining an optimal body weight, as measured by the body mass index (BMI)
of 18.5-24.9, plays a significant role in managing hypertension. Numerous studies
have shown that even modest weight loss can lead to substantial improvements in BP
readings [29, 30].

Weight loss improves BP by decreasing sympathetic nervous system activity,
improving endothelial function, and decreasing circulating levels of inflammatory
markers, factors known to contribute to lower BP [30, 31].

The more weight reduction, the more the drop in blood pressure. Each 1 kg of
weight lost is associated with a reduction of approximately 1 mmHg in both systolic
and diastolic BP [32, 33].

Weight reduction is also associated with improving other cardiovascular risk fac-
tors, particularly triglycerides and glucose levels [34].

Bariatric surgery is another intervention that has been studied for its effects on
lowering blood pressure; significant weight loss after the surgery can even result in
remission of hypertension in many patients [29].

Besides, weight loss can enhance the effectiveness of antihypertensive medications
the patient is taking, allowing for fewer medications and lower doses to achieve the
control [31, 35].

Moreover, the psychological gains associated with weight loss, like increased self-
efficacy and improved mood, can further support adherence to lifestyle modifications
that promote long-term BP control [30, 36].

In summary, weight reduction—even modest—is a strong and recommended
intervention in the management of hypertension and cardiovascular health. In most
cases, weight reduction is accompanied by physical activity and healthy diet, factors
that are all essential components for hypertension control.

2.4 Effect of alcohol and cigarette smoking on hypertension control

Alcohol and cigarette smoking have significant adverse effects on BP, making it
more difficult to control hypertension.

According to the American College of Cardiology (ACC) and the American Heart
Association (AHA), both smoking and alcohol consumption are major modifiable
risk factors for hypertension. These organizations recommend quitting smoking and
limiting alcohol intake as part of a comprehensive strategy to manage and prevent
high BP.

Alcohol intake—even moderate amounts—Ileads to an immediate increase in blood
pressure, This is due to alcohol’s impact on the autonomic nervous system, vasocon-
striction, and increased heart rate. This effect may persist for several hours after
consumption.

According to the AHA, alcohol consumption is a direct cause of hypertension and
can impair the body’s ability to regulate BP, leading to persistent high BP.

A systematic review and meta-analysis showed that reducing alcohol intake lowers
BP in a dose-dependent manner with an apparent threshold effect. For people who
drink more than two drinks per day, a reduction in alcohol intake was associated with
greater BP reduction [37].

Regarding tobacco smoking, smoking immediately increases diastolic blood pres-
sure and the mean arterial BP [38]. The elevated nicotine levels in the blood mediate
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an increase of sympathetic nervous system activities and release of epinephrine,
norepinephrine, and vasopressin hormones [39-41].

A Mendelian randomization meta-analysis supports a causal association of
smoking heaviness with higher level of resting heart rate, but not with BP [42].

The American Cardiac College and American Heart Association 2019 ACC/AHA
Guideline on the Primary Prevention of Cardiovascular Disease strongly advised
hypertensive and normal individuals to quit tobacco smoking.

In conclusion, alcohol and tobacco smoking significantly increase the risk of
cardiovascular disease and worsen hypertension control. Evidence-based guidelines
strongly recommend reducing alcohol intake and quitting smoking as essential steps
in controlling and preventing hypertension.

2.5 Effect of anxiety and psychosocial stress on hypertension control

Chronic anxiety and psychosocial stress play a significant role in hypertension,
Prolonged exposure to stress can cause BP to remain elevated, increasing the risk of
hypertension. There are many suggested ways to manage stress and reduce its impact
on BP such as exercise, relaxation techniques, adequate sleep, sun exposure, and
others.

A systematic review showed that psychosocial stress more than doubles the risk
of hypertension, with the most related factors being post-traumatic stress disorder,
anxiety and work stress [43].

On the other hand, mindfulness-based stress reduction, an example of one relax-
ation technique, seems to be a promising intervention and effective on the reduction
of diastolic BP [44].

In conclusion, chronic anxiety and psychosocial stress can contribute to the
development and control of hypertension. Managing stress is an important action to
manage and control hypertension.

3. Conclusion

At the end of this review, we conclude that adopting and maintaining a healthy
lifestyle pattern is a cornerstone for hypertension control. Dietary patterns including
a low salt diet, weight control, exercise and physical activity, stress management, and
avoiding tobacco and alcohol are all recommended to prevent, treat, and minimize
morbidity and mortality secondary to hypertension.
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