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Hypertension increases the risks of end-organ

injury, maternal/fetal vulnerability, and total mor-

tality. Throughout the world, it kills about 7.5

million people every year. During 1975–2015,

the number of adults with hypertension increased

from 594 million to more than 1.1 billion, mostly

due to the increase in the low-income and middle-

income countries (NCDRisk Factor Collaboration

2016, Lancet 15 Nov, 2016).

Blood pressure, even the so-called resting

blood pressure, is inherently variable depending

on innumerable factors. Doctors and nurses must

follow the appropriate methods and procedures

for measuring blood pressure. Blood pressure

measured in the clinic, at home, or by ambulatory

blood pressure monitoring yields different values

that need careful interpretations.

At first sight, management of hypertension is

fairly straightforward. In reality, this can some-

times be frustrating both for the doctors and for

the patients. Many patients with hypertension

remain undiagnosed for years; many others are

wrongly diagnosed and unnecessarily treated for

decades. Many people receiving tablets for

hypertension are not adequately treated due to

poor compliance, side effects of medicines, or

inappropriate choice of medicines by the

physicians. Compliance of patients must be

assessed and improved by keeping treatment

regimens simple, by involving the patients in

the decision-making process, and above all with-

out blaming the patients for poor compliance.

When it comes to target blood pressure, one

size does not fit all. It seems the goals need to be

personalized depending on many factors like the

risks of cardiovascular diseases, albuminuria,

age, sex, diabetes, orthostatism, and gestational

age. For instance, blood pressure reduction in the

elderly hypertensive patients reduces morbidity

and mortality but needs to be done carefully

taking into consideration the increased sensitiv-

ity of this group of patients to side effects.
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About 10% of hypertensive patients have

resistant hypertension. About 20% of these

patients have primary hyperaldosteronism.

Others may have renal artery stenosis, obstruc-

tive sleep apnea syndrome, chronic kidney dis-

ease, Liddle syndrome, pheochromocytoma and

paraganglioma, and glucocorticoid excess. Eval-

uate hypertension due to suspected primary min-

eralocorticoid excess states using some

algorithm that includes functional, imaging, and

genetic tests, in consultation with the

endocrinologists. Treat the conditions depending

on the diagnosis; for instance, treat Liddle syn-

drome with amiloride. Investigate for rare

conditions like pheochromocytomas and

paragangliomas, when clinically suspected. You

need to be familiar with the perioperative, opera-

tive, and postoperative management of these

patients. When you suspect an endocrine hyper-

tension, do the preliminary tests, and then if your

clinical suspicion is supported by the tests, refer

the patient to an endocrinologist.

Management of hypertension in some patient

groups merits special considerations. These

include elderly patients with hypertension,

hypertension in pregnancy, transplant patients

with hypertension, and hypertension in patient

on hemodialysis.

In pregnancy, you need to distinguish between

chronic hypertension, chronic hypertension with

superimposed preeclampsia, gestational hyper-

tension, and preeclampsia/eclampsia. It is impor-

tant to discontinue medicines with known fetal

adverse effects, e.g., angiotensin-converting

enzyme inhibitors, angiotensin receptor blockers,

mineralocorticoid receptor blockers, and statins

before conception. The exact blood pressure

target for treatment of chronic hypertension in

pregnancy is not known, but it has been shown

that less tight control of chronic hypertension in

pregnancy does not result in poorer maternal or

fetal outcome. Use drugs like labetalol, nifedi-

pine, thiazide diuretics, and clonidine that are

safe in pregnancy.

Extensive basic researches are revealing

fascinating pathophysiological mechanisms of

hypertension and are identifying potential molec-

ular targets for developing new drugs. These

include the toll-like receptors and damage-

associated molecular patterns (DAMPs), asym-

metric dimethylarginine (ADMA), interleukin-

17α, interleukin-6, interferon-γ, endothelin-1

receptors, and aminopeptidase A that converts

angiotensin II to angiotensin III, to name only a

few. Metabolomic, lipidomic, pharmacome-

tabolomic, candidate gene polymorphism, and

genome-wide association (GWAS) studies are

being used to obtain insights into the pathophys-

iological processes leading to hypertension.

It is important to keep up to date, but it is

becoming increasingly difficult, even for the

experts. Hypertension: From Basic Research to

Clinical Practiceincludes a wide range of articles

on selected issues that are important for the

beginners as well as the experts engaged in

research and clinical practice in the field of

hypertension.

Reference

NCD Risk Factor Collaboration (NCD-RisC). Worldwide

trends in blood pressure from 1975 to 2015: a pooled

analysis of 1479 population-based measurement studies

with 19.1 million participants. Lancet 2017; 389:35–55
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Understanding Blood Pressure Variation
and Variability: Biological Importance
and Clinical Significance

Gary D. James

Abstract

Variability is a normative property of blood pressure necessary for sur-

vival which likely contributes to morbidity and mortality through

allostatic load. Because of its allostatic and adaptive properties blood

pressure responses to peculiar situations like the visit to the clinic can

lead to the misdiagnosis of hypertension. Cuff methods of blood pressure

measurement can also create blood pressure variation when there really is

none. There are also physiological differences between populations

related to their evolutionary history that likely further affect the extent

of population differences in 24-h blood pressure variability. Quantifying

the sources and extent of blood pressure variability can be done using

natural experimental models and through the evaluation of ecological

momentary data. It is very likely that the results of population studies of

blood pressure variability and morbidity and mortality risk are inconclu-

sive because the parameters used to assess blood pressure variability do

not reflect the actual nature of blood pressure allostasis.

Keywords

Blood pressure variability • Allostasis • Allostatic load

1 Introduction

In 1988, Peter Sterling and Joseph Eyre (1988)

introduced the physiological concept of

allostasis, which literally means “stability

through change” to describe the behavior of

dynamic physiological functions. The idea is

that variation in physiological parameters occurs

as a means of adaptation, so that there is a nexus

between external conditions and the body’s abil-

ity to meet the demands imposed by them which

is all regulated by the brain. Thus, there is no

“dynamic steady state” or setpoint in these

functions meaning that they do not maintain

homeostasis, but rather there is a multitude of

stable states that occur as responses to
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continuously changing environmental demands.

In introducing this concept, Sterling and Eyre

used blood pressure as an exemplar, because of

its inherent variability. In fact, variation is what

gives blood pressure its adaptive value (James

1991, 2013), and is perhaps its single most

important normative property, since without it

human beings would not survive (James 2013).

The inherent variability in blood pressure was

first recognized by Stephen Hales in his

pioneering experiments in the horse that were

reported in 1733, in which he endeavored to

evaluate the nature of the arterial pulse using a

cannula inserted into the crural artery (O’Rourke

1990; Pickering 1991). The oscillations he

observed in the blood pulses where such that he

concluded that any instantaneous measure of the

blood pressure would never be exactly the same

over the lifetime of the animal (Parati

et al. 1992). Through the nineteenth century

anecdotal evidence regarding blood pressure var-

iation in humans accumulated, and in 1897 Riva-

Rocci in his description of sphygmomanometry

reported that the actual procedure of making a

blood pressure measurement could induce an

increase in pressure so large as to affect the

process of obtaining valid data (Parati

et al. 1992). Seen from the perspective of

allostasis, what this observation meant is that

the mere occluding of the artery is enough of a

stressor to initiate a physiological response

which will change blood pressure.

Nikolai Korotkoff, a field surgeon during the

Russo-Japanese war discovered the auscultatory

technique of blood pressure measurement using

the sphygommanometric method of Riva-Rocci

and a stethoscope, reporting on the sounds that

bear his name to the Imperial Military Medical

Academy in St. Petersburg, Russia in 1905

(Paskalev et al. 2005). Since the sounds could

be coupled to the cuff pressure registered on the

mercury column of the sphygmomanometer,

numeric values could be assigned to both the

blood pulse maxima and minima (systole and

diastole) based upon the appearance and disap-

pearance of sound. With this important insight,

blood pressure level, as well as variation over

time could be quantified.

Through the first half of the twentieth century,

a variety of observations regarding blood pres-

sure variation using auscultatory and intra-

arterial techniques both outside and inside the

clinic were made. First, numerous laboratory

studies demonstrated that typically occurring

variation in physiological habitus and the envi-

ronment such as postural change, respiration,

exercise, and external temperature all profoundly

affected the variability of blood pressure

(e.g. James 1991; Pickering 1991; Rowell

1986). There were also studies indicating that

there was substantial variability in “resting

blood pressure” by venue and over time. One of

particular note was the report by Ayman and

Goldshine (1940) who trained hypertensive

patients or their family members in how to take

blood pressures at home. They found that these

measurements differed from clinic

measurements by as much as 70/36 mmHg, a

difference which persisted over 6 months. Other

studies around that time suggested that the emo-

tional or psychological state of the person could

affect the reliability of resting ausculted blood

pressure measurements (e.g. Levy et al. 1944;

Rogers and Palmer 1944), and there were also

data to suggest that variation in a person’s pres-

sure could be influenced by the familiarity

between the patient and the person taking the

pressure (Shapiro et al. 1954) as well as the

gender of the person taking the pressure

(Comstock 1957). During this time, the variation

in resting blood pressure in and out of the office

that was related to the patient’s response to the

procedure or circumstances (which from an

allostatic perspective is an adaptive adjustment

to the perceived stressfulness of the situation)

was seen medically as something that con-

founded accurate clinical assessment and thus

needed to be minimalized.

In the 1960s there was an increasing number

of studies examining blood pressure variability

outside the laboratory and clinic. These studies

emerged with the technical development of the

Remler® ambulatory blood pressure recorder

which required that subjects manually inflate

the cuff (see Hinman et al. 1962; Kain

et al. 1964; Sokolow et al. 1966), and with the

4 G.D. James



development of intra-arterial devices that

measured pressure continuously (Richardson

et al. 1964). A classic study by Bevan

et al. (1969) employing an intra-arterial device

provided data that showed just how variable

blood pressure could be over the course of a

typical day. This case study and others like it

unambiguously showed that blood pressure

levels were tied directly to what someone was

feeling and doing as well as the circumstances.

These data clearly indicated that blood pressure

did not maintain a homeostatic “steady state” but

rather allostatically changed to meet the demands

of the circumstance.

As ambulatory blood pressure monitoring

technology improved from the 1970’ through

the 2000s, the effects of various typical behaviors

on blood pressures were evaluated, first using

intra-arterial devices and later using automatic

ambulatory blood pressure monitors that

employed either auscultatory or oscillometric

technology (James 2013; Pickering 1991).

These studies, often undertaken by non-medical

researchers, were designed to quantify the

amount of intraindividual blood pressure varia-

tion over the course of a day associated with

psychological, sociological, and environmental

sources using data from larger scale population

samples. Their purpose was to evaluate how the

things that people do, think and experience as

part of their lifestyle relate to the development

of sustained high blood pressure and subsequent

cardiovascular pathology (James 2013). The

upshot of the results of these studies is that the

extent of out of office blood pressure variation

and its relation to pathology may not only be

determined by both the mix and psychological

appraisal of the activities and relationships that

are experienced by a subject during the course of

a day, but also by the duration and frequency of

the experience of these factors over a lifetime

(James 2007, 2013).

Over the past decade, there has been interest

in evaluating the morbidity and mortality risk of

circadian, diurnal or nocturnal blood pressure

variation and the question has been raised as to

whether variability should be treated (Asayama

et al. 2015; Flores 2013; Palatini et al. 2014;

Parati et al. 2015). The purpose of this brief

overview is to critically examine blood pressure

variability and variation both within and outside

the office, separating its adaptive function from

possible pathology using the perspective of the

allostasis paradigm.

2 Are There Multiple Intrinsic
Biological Rhythms That
Contribute to Blood Pressure
Variability?

From an allostatic perspective, all the measurable

variation in blood pressure is related to beat-to-

beat changes in the actions of the heart which in

turn, are triggered by the actions of the brain

(Sterling 2004). There are factors that acutely

(very short time frame) influence the pulse

wave of blood as it is ejected from the heart,

such as respiration (Pickering 1991). Other than

the acute metabolically interactive processes that

are related to the maintenance of life (e.g. the

need for tissue oxygen exchange and the release

of carbon dioxide and other metabolic

byproducts through exhaling), all other blood

pressure variation occurs to adapt people to

their circumstance, largely through the effects

of numerous humoral and hormonal inputs that

are regulated by the brain’s response to external

and internal stimuli (Sterling 2004).

Circadian blood pressure variation, most nota-

bly that related to the biobehavioral changes

from waking to sleep reflect adaptive responses

to habitual activity and postural variation

associated with everyday life processes and

sleep (James 2013; James et al. 2015). Other

potential rhythms such as seasonal variation

(Parati et al. 1992; Pickering 1991) likely arise

from beat to beat adjustments to ambient temper-

ature (transitions from heat to cold) and the vari-

ous seasonal behavioral and social changes that

are tied to culturally relevant seasonal traditions

(James 1991, 2013; James and Baker 1995;

James et al. 1990b).

Since blood pressure change is an adaptive

process, changes in seated clinic auscultatory

blood pressures over longer time frames such as

monthly or yearly, must reflect either (1) changed

social or psychological conditions experienced

Understanding Blood Pressure Variation and Variability: Biological. . . 5



by the patient that are influencing the patients

perceptions of the circumstance in the clinic;

(2) changes in the underlying cardiovascular

structure so that the system that is generating

the pressure is itself changed or changing; or

(3) perhaps both (Gerin and James 2010; Jhalani

et al. 2005; Kleinert et al. 1984; Pickering 1991).

There is also a difference in evaluating blood

pressure variability from invasive beat-to-beat

assessments (based on continuous intraarterial

or plethysmographic measurements) and

non-invasive techniques, where a cuff occlusion

method is employed and systolic and diastolic

pressures are determined over a 20–30 s time

frame using the appearance and disappearance

of audible sound, high frequency signal

components, or by examining a reflective wave-

form generated inside the blood pressure cuff

(Pickering and Blank 1995) (see Fig. 1). In

evaluating beat to beat pulse tracings, the

diastolic (nadir) and systolic (zenith) pressures

of the pulse are directly connected and influence

one another whereas auscultatory or

oscillometric systolic and diastolic pressures

are estimates not tied to a particular pulse.

Beat-to beat systolic and diastolic

measurements will change in tandem with

externally driven stimuli, however, the time it

takes for the bladder-cuff assembly to deflate

and re-establish blood flow is long enough to

miss the effects of hormonal inputs as they hap-

pen, so that the factors affecting systolic pres-

sure may be different than those affecting

diastolic pressure (Blank et al. 1995). This dif-

ference will give a false impression of the

amplitude of the blood pulse, possibly creating

variation where there really is none. This varia-

tion is an artifact of the measurement technique.

In addition to the time frame issue that affects

the variation of pulse pressure, added variability

Systolic pressure

Diastolic pressure

Fig. 1 Differences between the recorded systolic and

diastolic pressures from intraarterial or plethysmographic

measurements (depicted in the circular insert) and a cuff

measured pressure where systolic and diastolic pressure

are tied to the Korotkoff phase I and phase V sounds

6 G.D. James



can be created using cuff-based measurement

methods by simply changing the position of the

cuff relative to the heart when cuff deflation

occurs (Pickering 1991; James et al. 2015). For

example, blood pressure during sleep can appear

to be quite variable, but that variation may be due

to simple factors such as changes in sleep posi-

tion, so that depending upon whether the pressure

is taken while a subject is on their left or right

side, or on their back or stomach, it can appear

to change by 15 mmHg or more (James

et al. 2015). Cuff position could also increase

waking pressure variation during an ambulatory

monitoring as well, also depending upon the

position of the arm during cuff deflation

(Pickering 1991).

So, are there different types of blood pressure

variability that need to be considered clinically?

It seems unlikely, because if blood pressure

change is adaptive, meaning it changes to meet

the circumstance, then all blood pressure

variability must be beat-to-beat and what gives

the impression of shorter and longer term varia-

tion patterns is the general patterning of life

experiences, momentary reactions, and the

intermittency of clinic or ambulatory

measurements.

3 White Coat Hypertension,
Masked Hypertension
and the Life Experience
of Visiting the Clinic

Seen from the perspective of the patient, going to

the doctor is an event! The environment of the

clinic, office, or hospital is uniquely different

from every other place that the patient goes.

Allostatically, a blood pressure taken during the

event (being in the clinic) will reflect the

patient’s adaptive response to it. As Riva-Rocci

noted (see above), arterial occlusion is enough of

a stimulus to initiate an increase in blood pres-

sure, but because the taking of a blood pressure is

also an entirely unique social interaction involv-

ing a physician, nurse, or other medical profes-

sional and the patient, there will also be effects

related to the perceptions of the patient

connected to that interaction. Even if the pressure

is taken by an automatic device with no one

present, that situation still requires an adaptive

response from the patient. When the blood pres-

sure response to this peculiar environment

exceeds the average response to all other daily

environments, the patient is said to exhibit a

white coat effect, but if that effect leads to

ausculted blood pressure measurements that

exceed 140/90 (hypertension Rubicon) the

patient is diagnosed with white coat hyperten-

sion. Whether blood pressure responds with an

acute heightened response in the clinic may

largely depend on prior patient experiences with

the setting and prior relationships with the people

within it.

That a blood pressure measurement can be

profoundly influenced by the perceptions of the

patient was dramatically demonstrated by

Mancia and colleagues (1987) in their classic

study in which blood pressure readings were

continuously taken intra-arterially on one arm

while a nurse or physician took an ausculted

blood pressure from the other. The intra-arterial

measurements showed that relative to the pres-

sure prior to the ausculted measurement interac-

tion with the physician, there was an increase of

some 23/18 mmHg when the physician took the

ausculted pressure. Further, the increase in pres-

sure by the physician was about twice the effect

seen when a nurse took the pressure.

What did the patient perceive that lead to the

increase in pressure? A more recent study by

Jhalani et al. (2005) provides some answers.

They examined the acute effects of anxiety and

expectancy on clinic measured pressures and

found that when assessed as a specific office

related effect, anxiety had a substantial influence

on increasing pressure in the office. In their

study, they measured anxiety before, during,

and after blood pressure was measured. They

also showed that there is an effect related to the

patients’ expectations about what their blood

pressure measurement will be. Their findings

suggest that prior experience can trigger anxiety

regarding this peculiar environment and the

relationships within it, so that the blood pressure

response is elevated. These psychological factors

will lead to a diagnosis of hypertension if the

ausculted numbers exceed 140/90.

Understanding Blood Pressure Variation and Variability: Biological. . . 7



Masked hypertension is defined by the precise

opposite effect seen with white coat hyperten-

sion. Specifically in these patients, adaptation to

the peculiar clinical environment requires less of

a response than an average of the responses to all

other events outside the clinic. Rather than being

made anxious, they may be calmed by the setting

and interpersonal interactions. Interestingly,

masked hypertension is seen not so much a

relaxed adaptation as it is an absence of high

risk behaviors which elevate pressure outside

the clinic such as alcohol consumption, smoking,

or contraceptive use (see Longo et al. 2005 for

example).

Studies have been done which have evaluated

the morbidity and mortality risk associated with

the diagnosed conditions of white coat and

masked hypertension which are defined from

the average blood pressure in the clinic and the

average blood pressure response to all other

conditions during the day (e.g. everything not in

the clinic). Pierdomenico and Cuccurullo (2011)

did a metaanalysis comparing the risk for cardiac

and cerebral events among patients who were

diagnosed as normotensive, white coat hyperten-

sive, masked hypertensive and essential hyper-

tensive based on the out of clinic-inside clinic

blood pressure difference and found that white

coat and normotensive patients had similar risk

as did the masked hypertensives and essential

hypertensives. This kind of finding suggests that

inside clinic-outside clinic variation may not be

important to cardiovascular health, and that in

fact, the determination of who really has hyper-

tension should be made from average pressure

experienced across many different situations and

not from the peculiar setting of the clinic or

office.

4 Ambulatory Blood Pressure
Variability as a Risk Factor

Given that blood pressure is a response to ambi-

ent conditions, it would stand to reason that an

evaluation of the relationship between its circa-

dian variation and morbidity or mortality would

necessarily involve assessing the appropriateness

of the pressure responses to the various external

and internal conditions that drive the continuous

changes (see Zanstra and Johnston 2011 for

example). However, virtually every study that

examines blood pressure variation as a risk factor

for cardiac or cerebral events ignores the

dynamic interplay between blood pressure and

the specific environmental demands an individ-

ual confronts during daily life. Instead, studies of

blood pressure variation and vascular risk focus

on the event predictability of some measure of

the statistical dispersion or cumulative

differences of the sample of blood pressures

taken with a non-invasive ambulatory blood

pressure monitor over the course of one 24-h

period (a day) or the average waking-sleep

blood pressure transitions (either “dipping”-the

difference between average waking pressure and

average sleep pressure, or the “morning surge”-

the difference between various pressures prior to

and just after morning awakening), (see for

example Asayama et al. 2015; Hansen

et al. 2010; Palatini et al. 2014; Parati

et al. 2015; Taylor et al. 2015). These measures

are examined only with regard to a possible lin-

ear relationship; that is, the studies only address

the question of whether risk is related to being

too low or too high on the various parameter

scales. The inconsistent results from these stud-

ies, where some suggest variability is an impor-

tant risk factor and others find little or no effect

has spurred a controversy as to whether blood

pressure variation should be a target for treat-

ment (e.g. Asayama et al. 2015). Before this

type of issue can be addressed, it is useful to

examine what each indicator of the variability,

or variation in these risk related studies is mea-

suring. Are the indexes and parameters that are

employed in these studies suitable and meaning-

ful indicators of blood pressure variability?

Standard deviations (SD) or coefficients of

variation (CV) are measures of the dispersion

around a mean of a variable that is normally

distributed. These are calculated from presum-

ably random samples of a population of

measurements. However, if the distribution of

the overall population is not normal and the sam-

pling is unrepresentative and small, these

measures will be biased, inaccurate, and uninfor-

mative (Cochran 1977). Given that 100,000 or
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more systolic and diastolic pressures are

generated over a 24-h period, and non-invasive

ambulatory monitors sample perhaps 50 of those

(5/100ths of 1 % of all those generated) which

vary with time and conditions in a systematic

way (pressures change to adapt the person to

continuously changing circumstances) what is

the value of the SD or CV of that sample in

predicting risk? Parati et al. (1992) some

25 years ago noted that these kinds of measures

don’t tell you anything about how single values,

as collected, are distributed around the mean. Do

the pressures spread out or is there perhaps a

bimodal shape? Many odd distributions could

provide the same calculated SD or CV. These

measures do not provide any information about

the pattern and extent of individual pressure

responses, and because as noted above, what

needs to be evaluated in an assessment of how

variability affects pathology is the appropriate-

ness of the variation, they really are unsuitable

variability indicators for examining morbidity

and mortality risk.

Furthermore, the SD and CV as indicators of

24-h blood pressure variation are poorly repro-

ducible over 24-h (see for example, James

et al. 1990a; and the review by Asayama

et al. 2015). In our study, we compared 24-h

variability in normotensive and hypertensive

patients over 2 weeks. Figure 3 shows the timing

and spacing of each measurement on each day

for both groups of subjects. Note how different

the days are. This disparity is actually typical

when comparing daily non-invasive ambulatory

monitoring data. What we found is that people

did different things on different days, and while

there were enough pressures to provide a

reasonably stable average over time, the varying

mix of conditions and times when pressures were

taken, were poorly matched day to day. This

mismatch profoundly affected the distribution

of the pressures around the mean, rendering the

distributionally tied measures of variation (SD,

CV) irreproducible (James et al. 1990a).

The “average real variability” (ARV24) has

also been used as an indicator of blood pressure

variability and is defined as the mean of the

absolute differences of consecutive

non-invasive ambulatory measurements. The

effects of this parameter on the predictability of

events are small or inconclusive (e.g. Asayama

et al. 2015; Hansen et al. 2010). Bearing in mind

that each of the sequential blood pressures taken

by non-invasive ambulatory monitors are a

response to the ambient condition in which they

are taken, the ARV24 can go up or down

depending upon what the person confronts and

is doing during the day. What this quantity really

represents is a summary score of the differences

between peak blood pressure responses to some

indeterminate number of sequential unknown

stressors. Ultimately, the magnitude of this

parameter depends solely upon the variability of

the environments experienced and the behavior/

emotional responses of the patient (James 1991,

2013). Thus, a patient who is monitored on a day

where they are inactive, remain at home and are

emotionally stable will have low ARV24,

whereas one that performs multiple varying

tasks, transitions through many daily

microenvironments (goes to work, out to dinner,

etc.) and experiences an array of emotions will

have a high ARV24. Since the blood pressure

changes are adaptive and are a normative

response to the tribulations of everyday life, it

is not clear from the studies that have used this

parameter why high (or low) values of ARV24

would be indicative of pathology or health.

The other variation measures used in risk

studies are “dipping” and the “morning surge.”

These are measures of blood pressure change

between the state of waking and the state of

sleep. Conceptually, dipping refers to the blood

pressure transition from waking to sleep, whereas

the morning surge refers to the transition from

sleep to waking. Operationally, there is no con-

sistent definition for either measure across stud-

ies, although with dipping, a Rubicon of 10 %

decline, particularly for systolic pressure seems

to be the popular demarcation line for normalcy

and pathology, although there is no definitive

reason why this value is the clinically relevant

cut-point (Asayama et al. 2015; Flores 2013;

Taylor et al. 2015). Again, seeing blood pressure

as an adaptive response, the waking average that

is used to determine dipping is based on a mean

of values that are tied to the conditions experi-

enced on the day of study. So depending upon
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whether a person had a difficult day or an easy

day, the waking average could be higher or

lower. There are ample data showing that exces-

sive psychological stress during the day can also

carry over and increase sleep pressure (see James

et al. 1989 for example), so non-dipping may

occur on a given night simply because it was a

stressful waking day. Another problem with the

concept of dipping is that it assumes that all

people experience just the two distinctive periods

(waking and sleep) over the day, so that

“waking” and “sleep” happen during the day

and night. This presumption is demonstrably

false as there are plentiful data showing that

waking-sleep patterns can change with age and

that this affects the circadian patterns of adaptive

blood pressure responses in ways that confound

the determination of dippers and non-dippers

(see Ice et al. 2003). Likewise, whatever pres-

sure(s) chosen to define the post- awakening

point and the low pre-awakening point in defin-

ing the morning surge are also adaptive

responses to the conditions when they are

measured, so that its relative magnitude may be

related to any number of factors affecting both

sets of measurements. And, as previously noted,

there are also other issues with “sleep” pressures

taken by a cuff occlusion method that have to do

with the position of the cuff relative to the heart

that will influence the level and variability of

“sleep” blood pressures (James et al. 2015).

It is not surprising that waking-sleep transi-

tion measures are often found to have poor repro-

ducibility as well as differential effects in

different populations (Asayama et al. 2015;

Taylor et al. 2015). Patterns of behavior, stress,

and sleep quality vary from day to day, and all

these are factors that may be influenced by the

cultural background and occupation of the

patient (James 2007). While there may be theo-

retical reasons to believe that the variability in

blood pressure associated with wakefulness and

sleep ought to have health implications, the

operationalization of the concepts using

non-invasive ambulatory measurements are inad-

equate because they don’t embrace the adaptive

nature of blood pressure which makes it impossi-

ble to define what normative transitions ought to

be. Without a clear definition of normalcy, there

is no way to coherently use these measures for

treatment purposes (Flores 2013).

So, after evaluating the nature of the

parameters that have been employed to assess

the morbidity and mortality risk of blood pres-

sure variability in large international and com-

munity based populations, it appears that none of

them are meaningful indicators of what is or is

not appropriate variability, and therefore can’t

really address the question of whether blood

pressure variability ought to be treated.

5 Ambulatory Blood Pressure
Variation: How Do You
Measure It?

To understand why blood pressure varies during

the day, you need to have information regarding

the ambient conditions when measurements are

made. If blood pressure is responding to these

conditions during everyday life, you need to be

able to show that as they change, so does blood

pressure.

Several means have been used to classify the

conditions of ambulatory blood pressure

measurements. While direct observation of

subjects wearing the monitor has been used

(e.g. Ice et al. 2003), for most studies of blood

pressure variation, subjects have self-reported

the ambient conditions of each blood pressure

measurement in a diary, which have taken on a

variety of forms, from pencil and paper to hand

held computers as has been discussed (see James

2007, 2013). Most behavioral studies of blood

pressure variation have not been conducted with

a focus toward allostasis, or even understanding

cardiovascular adaptation. Rather, studies have

simply defined the sources of diurnal blood pres-

sure variation, or evaluated whether people with

specific characteristics differ in their responses to

similar lifestyle related stimuli (Gerin and James

2010; James 2013).

Studies designed to evaluate what affects

blood pressure variation and by how much have

generally taken two forms. As has been noted

(James 2007, 2013), the first approach is one

where each blood pressure measurement is

assessed with regard to simultaneously recorded
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circumstances reported in a diary (often called

ecological momentary data) using inferential sta-

tistical models (see for example Brondolo

et al. 1999; Gump et al. 2001; James

et al. 1986; Kamarck et al. 2002; Kamarck

et al. 1998; Schwartz et al. 1994). In this analysis,

the sources of blood pressure variation are

separated based on the reported diary entries

(such as the posture of the subject, the location

of the subject, etc.). The proportion of variation

associated with each is quantified, as is the num-

ber of mmHg the alternative levels of each (such

as posture-standing, sitting, reclining) contribute

to either increasing or decreasing the values of

individual blood pressure measurements. In

evaluating blood pressure variation this way,

the choice of diary reporting alternatives is criti-

cal. The potential sources of variation chosen to

have reported in the diary and how they get

recorded will dictate how the variation in blood

pressure gets analyzed (James 2007, 2013).

Analysis of ecological momentary blood pres-

sure data has been undertaken using raw

(e.g. Brondolo et al. 1999; Kamarck et al. 2003;

Schwartz et al. 1994) and standardized

e.g. (Brown et al. 1998; Ice et al. 2003; James

et al. 1986) data. The estimated effect sizes from

different studies using these approaches vary

considerably, due in part to the fact that there is

no consensus as to what ought to be the standard

value against which sources of variation should

be measured, but also because of the demo-

graphic and cultural diversity of the groups stud-

ied (James 2007, 2013).

The second form employs what might

be termed a “natural experiment” which has

been discussed at length elsewhere (see James

1991, 2007, 2013). However in brief, natural

experiments are studies in which there are a

priori design elements that define predictable

dynamically changing behaviors or situations

that occur during a typical day (James 2013).

This kind of study is done by anthropologists

and human population biologists, and it is an

approach that has its roots in psychological and

psychophysiological paradigms in which blood

pressure reactivity to various stressful tasks are

evaluated in the laboratory, (see for example,

Pickering and Gerin 1990; Linden et al. 2003;

Kamarck et al. 2003). In these laboratory

experiments, a baseline condition is established

and then the subject undertakes a series of

predefined tasks that will elicit a response. The

difference between the baseline measurements

and those during the tasks define the magnitude

of blood pressure reactivity (James 2013).

Because they are conducted in a laboratory,

there are controls in the experiment such that

specific effects can be isolated, measurements

can be taken in a systematic way, and all the

participants experience the same protocol. Con-

trol groups can also be included in the experi-

ment. Moving this experimental paradigm to a

“natural” setting (e.g. into real life and outside

the laboratory) requires modification because no

true baseline can be established. But, a “natural

experiment” can be designed where blood pres-

sure changes can be evaluated as people move

from situation to situation (such as their work and

home situations) during the course of their every-

day lives. For example, a person who lives in a

suburb and commutes to an urban workplace

every day likely has a structured, urban work

environment where economic related activities

occur, where social interactions take place with

non-relative co-workers, and where a specific

occupational hierarchy dictates the nature of

social relationships (James 2013). The

characteristics of this situation diverge sharply

with that of the suburban home, where domestic

tasks and leisure activity happen in a social con-

text where interactions are with relatives and

neighbors (James 2013). The variation in blood

pressure required to adapt to these relatively pre-

dictable situations can be assessed by comparing

the average blood pressure while in them with

that during overnight sleep, or more specifically,

while the person is quietly recumbent in a dark

room acting as a pseudo-baseline.

In assessing blood pressure variability, it is

important to realize that the blood pressure distri-

butional parameters that come from an array of

measurements will be related since they are deter-

mined from a single vascular system that has

specific structural and functional properties. That

is, the mean and variance of the population of

pressures measured over the course of 24-h on

the same person will be related. This is called
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heteroscadasticity and it is well known (Pickering

1991). Thus, people with lower 24 h average

blood pressure will tend to have a narrower

range of blood pressures diurnally than those

with higher average pressures. Pickering (1991)

has noted that this heteroscadasticity is probably

related to underlying arterial structural differences

such as stiffness and/or other functional factors

such as differences in vasoactive hormone recep-

tor density or sensitivity (see for example, van

Berge-Landry and James (2008).

Over the past 30 years numerous studies have

been conducted that have identified various psy-

chological, social and behavioral parameters that

are associated with increased ambulatory blood

pressure variation. These effects have been

summarized in a number of reviews (see for

example, Gerin and James 2010; James 2007,

2013; Zanstra and Johnston 2011). In brief,

mood variation, postural variation, situational

variation, and activity variation all contribute

significantly to diurnal blood pressure variation.

These effects are further modified by seasonal

(temperature) effects, dietary effects

(e.g. sodium intake), alcohol consumption,

smoking, specific social interactions (such as

with spouses) and among employed people, the

appraisal of job strain (Gerin and James 2010;

James 2013; Zanstra and Johnston 2011). Any

given effect can be small, but a blood pressure

measurement is a response to all that are relevant

when the measurement occurs, so that the impact

of each of the factors is additive and can lead to

substantial circadian blood pressure variation.

An example of how this variation is additive is

shown in Fig. 2.

Fig. 2 The amount of diurnal blood pressure variation

associated with variation in posture (sitting, standing),

situation (work, home, and elsewhere) and reported emo-

tional state (happy, angry, anxious) on daily blood pres-

sure (Data from James et al. 1988). The variation is

defined as mmHg from the 24-h mean, and is based on

the assumption that the measure of dispersion around the

24-h mean (standard deviation) is 10 (Modified from

James 2013)
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Fig. 3 The pattern of blood pressure measurements taken

2 weeks apart, in normotensive and hypertensive patients

using a non-invasive ambulatory blood pressure monitor.

Note the different numbers of pressures taken each time

and the differences in the time spread between pressures.

Test-retest correlations between the systolic/diastolic SDs

were 0.18 and 0 .22 respectively (Modified from James

et al. 1990a)
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In the example, note that the size of the

estimated blood pressure adjustments associated

with the mix of ecological momentary factors

varies considerably. A closer examination of the

effects shows that they are more or less additive

with regard to blood pressure variation. Each set

of factor alternatives defines a momentary state

typically experienced by a person. From the fig-

ure it is easy to see that the allostatic change in

blood pressure from one state to another can be

substantial. Because a change in habitus from

sitting to standing, or a mood change from

happy to angry could happen almost instantly, it

is clear that the process of allostasis, as reflected

in blood pressure variation, is also instantaneous.

6 The Effects of Human
Evolution on Blood Pressure
Variation

As has been previously discussed (James 1991,

2010, 2013; James and Baker 1995), there has

been physiological evolution in our species,

some of which has been driven by climate and

diet, so that there are various population or ethnic

group physiological differences that can affect

how an individual’s blood pressure varies

(James and Baker 1995; Young et al. 2005;

James 2010, 2013). The influences of these

genetic differences are the result of natural selec-

tion and are reflected in populational variation in

blood pressure responses to environmental

stressors such as prolonged cold temperature

and dietary salt.

Current evolutionary evidence suggests that

all modern human populations are descended

from tropical “heat adapted” ancestors in Africa,

somewhere between 100,000 and 200,000 years

ago (Smith 2010), and it is also true that modern

sub-Saharan African populations retain that heat

adapted physiology, or more precisely a physiol-

ogy adapted to a mostly hot, wet environment

(Hanna and Brown 1979; James 2010, 2013;

Young et al. 2005). However, many present day

populations currently live in and have survived in

temperate and freezing climates for millennia.

When cold or freezing conditions are

experienced in the unprotected human, there is

a sympathetically driven constriction of periph-

eral arteries, particularly in the hands and feet

that is designed to conserve body heat, which, if

left unchecked, will lead to significant tissue

damage in theses appendages (e.g. frostbite)

(James and Baker 1995). To combat the tissue

damage, ancestral human populations who

migrated out of Africa over the past

100,000 years or so to ecosystems characterized

by temperate and cold climates evolved a periph-

eral cold induced vasodilatory (CIVD) response

through natural selection (Steegmann 1975).

CIVD is a periodic release of the arterial con-

striction which suffuses the cold peripheral

tissues with blood, rewarming them so that they

are protected from frostbite for a time (James and

Baker 1995). However, what this also means is

that populations who did not migrate to these

colder ecosystems (those remaining in Africa)

did not develop this form of cold adaptation

since such a response was unnecessary in tropical

climates (James and Baker 1995). Numerous

studies have found that African-American

populations (whose migration to colder climate

environments is very recent evolutionarily) show

a generally more intense vasoconstrictive

response to peripheral cold stress, with either

inadequate or no CIVD (James and Baker 1995;

Steegmann 1975). The increased cold pressor

response among African-Americans is most

often noted in studies of hand emersion in freez-

ing water, however, research has also shown that

cold to the face also elicits the accentuated pres-

sor response among African-Americans

(Anderson et al. 1988; Treiber et al. 1990) and

that African-Americans may further exhibit

heightened myocardial and vasoconstrictive

reactivity during passive exposure to ambient

temperatures from 8 to 10 �C (Kelsey

et al. 2000). What these findings mean is that

the typical outside exposure of the face during

the cold of winter is probably sufficient to elicit

the enhanced pressor and vasoconstrictive

responses among African-Americans.

Why this is significant from the perspective of

blood pressure variation is that the sympatheti-

cally driven peripheral vasoconstriction that is
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induced by cold stress increases blood pressure

(Pickering and Gerin 1990). It is thus possible

that African Americans living in the temperate

and freezing climates of North America or

Europe experience chronic cold stress through

the winter months, potentially experiencing

more chronic vasoconstriction due the their

enhanced cold pressor response and inadequate

CIVD which in turn will increase the overall

variability of their circadian pressure relative to

other population groups (James 2013; James and

Baker 1995). This possibility is supported by

studies which suggest that sympathetic hormone

receptors among African-Americans may be

more sensitive than those of European-

Americans (Mills et al. 1995), and that the diur-

nal variation in blood pressure of African-

Americans is more accentuated than that of

European-Americans in relation to diurnal

changes in catecholamines (Van Berge-Landry

et al. 2008).

There are also two salient aspects of heat

adapted physiology, or more precisely a physiol-

ogy adapted to the mostly hot, wet environment

in which Homo sapiens evolved: the ability to

(1) profusely sweat and (2) retain salt (sodium).

The latter is important because salt availability is

limited in tropical ecosystems (James 2010;

James and Baker 1995; Young et al. 2005). A

geographic cline from the equator to the poles of

“heat adapted” allelic variants from 5 functional

genetic sites that affect salt retention and blood

vessel tone has been reported by Young

et al. (2005). Specifically, in their study, DNA

samples from 53 geographically dispersed

populations from the equator to the poles suggest

that native populations living within 10� of the

equator (hot, salt poor environments) have an

average 74 % “heat adapted” allelic variants,

while populations within 10� of the arctic (cold,

salt rich environments) have only 43 % “heat

adapted” variants. Based on this distribution,

the authors hypothesized that the frequency of

“heat adapted” alleles declined as our African

ancestors colonized ecosystems that were cooler

and salt rich and then rose again among groups

that migrated from those areas back to more salt

poor tropical climates (Young et al. 2005; James

2010, 2013). They further argued that since the

“heat adapted” alleles facilitate salt retention and

excessive dietary salt intake can contribute to the

development of hypertension, populations with

an increased numbers of “heat adapted” alleles

are more susceptible to hypertension, particularly

if they have migrated in more recent times to

cooler salt rich ecosystems or who have had salt

substantially increased in their diets (Young

et al. 2005). It has been suggested that these

genetic findings may partially explain the higher

prevalence of hypertension and cardiovascular

morbidity in African-American populations, at

least as it may relate to variation of salt in the

diet (James 2010, 2013). What this also means,

however, is that blood pressure variation related

to salt intake may be different depending upon

the evolutionary history of the population being

evaluated.

To summarize, evolutionarily developed

differences in peripheral cold responses and salt

and fluid retention likely affect allostatic blood

pressure responses. However, in a broader con-

text, what these studies suggest is that the extent

to which blood pressure may vary, or move to

presumptively adaptive states in response to

challenges may depend upon how natural selec-

tion has shaped an individual’s physiology. That

is, the same set of conditions may lead to

completely different blood pressure responses

due to the fact that their physiologies differ as a

consequence of natural selective processes that

occurred in their ancestral populations. These

underlying physiological differences should

thus be considered when evaluating allostatic

blood pressure variation in studies that examine

ethnically diverse groups.

7 Rethinking Blood Pressure
Variability and Morbidity
and Mortality Risk

In a more recent discussion, Sterling (2004)

contrasted the basis of allostasis with that of

homeostasis, which defines physiological pro-

cesses in terms of maintaining a stable internal

environment. That is, in the homeostatic
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paradigm, the purpose of physiological regula-

tion is to restrict internal parameters to specific

“setpoints” so that substantial variation or devia-

tion from that value is seen as pathology,

indicating some mechanism is “broken” and

needs correcting. In many ways, the current med-

ical evaluation of blood pressure in this manner

dramatically affects how blood pressure

variability and morbidity/mortality risk studies

are carried out. Essentially, studies are designed

to assess the impact of too much or too little

variability, so that if the amount is extreme, it

must mean that that there is underlying pathology

in the pressure maintenance feedback loops. I

think it is not an unreasonable observation these

studies have not provided the kind of results that

would be clinically helpful. In fact, some

researchers have concluded from the results that

blood pressure variability is simply not an impor-

tant clinical issue (see Asayama et al. 2015).

However, if blood pressure is treated as some-

thing that is normatively variable as would be the

case in the allostasis paradigm, then the relation-

ship between blood variability and pathology

takes on a completely different dimension. In

1998, McEwen (1998) introduced the term

“allostatic load” to describe the long term patho-

logical effects of systems that undergo allostasis,

or adaptation through change. “Allostatic load”

can be defined as the wear and tear that the body

experiences due to repeated cycles of allostasis

as well as the inefficient turning on or shutting

off of the regulatory responses. Morbidity and

mortality can ensue from the effects of four

types of allostatic load. The first type is the

“repeated hits” to the system that result from

long term normative continuous changes from

minimal to maximal values. The second type is

a lack of adaptation or habituation, where an

accentuated initial response to acute stressors

that should attenuate over time does not. The

third type would emerge from prolonged

accentuated responses where a maximal response

is attained but then never attenuates after the

stressor is removed and the fourth type would

result from an inadequate response to stressors

where substantial changes would be the appro-

priate adaptation, but instead there is minimal

response. While these types are described as

separate possibilities, any or all types of

allostatic load might contribute to physiological

decline of an individual’s cardiovascular system

over time. Thus, following the principles of

allostatic load, the variability of blood pressure

that would contribute to morbidity and mortality

is an intrinsic inevitable property of the cardio-

vascular system, but inappropriate variability in

the form of lack of habituation, and prolonged

excessive or prolonged inadequate responses to

typical daily conditions and stressors could

accelerate the pathological process. Thus,

variability might not be something that you

would treat, but it would be a marker indicating

there is something else wrong. Appropriate

variability to daily life events could be defined

from studies of the sources of variability (see

above). What one might then look for clinically

is change in the extent of variability associated

with events over time, and if there is change, find

out what caused the change and if possible,

treat it.

8 Conclusions

Variability is a normative property of blood pres-

sure necessary for survival which likely

contributes to morbidity and mortality through

allostatic load. Because of its allostatic and adap-

tive properties blood pressure responses to pecu-

liar situations like a visit to the clinic can lead to

the misdiagnosis of hypertension. Cuff methods

of blood pressure measurement can also create

blood pressure variation when none exists. There

are also physiological differences between

populations related to their evolutionary history

that likely further affect the extent of population

differences in 24-h blood pressure variability.

Quantifying the sources and extent of blood pres-

sure variability can be done using natural experi-

mental models and through the evaluation of

ecological momentary data. Finally it is very

likely that the results of population studies of

blood pressure variability and morbidity and

mortality risk are inconclusive because the

parameters used to assess blood pressure
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variability do not reflect the actual nature of

blood pressure allostasis.
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Abstract

Hypertension is the most common disease affecting humans and imparts a

significant cardiovascular and renal risk to patients. Extensive research

over the past few decades has enhanced our understanding of the underly-

ing mechanisms in hypertension. However, in most instances, the cause of

hypertension in a given patient continues to remain elusive. Nevertheless,

achieving aggressive blood pressure goals significantly reduces cardio-

vascular morbidity and mortality, as demonstrated in the recently

concluded SPRINT trial. Since a large proportion of patients still fail to

achieve blood pressure goals, knowledge of novel pathophysiologic

mechanisms and mechanism based treatment strategies is crucial. The

following chapter will review the novel pathophysiological mechanisms

in hypertension, with a focus on role of immunity, inflammation and

vascular endothelial homeostasis. The therapeutic implications of these

mechanisms will be discussed where applicable.
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1 Introduction

Hypertensive cardiovascular disease represents

a complex spectrum of pathophysiological

abnormalities associated with the biomarker of

high blood pressure. Our understanding of the com-

plex processes that lead to essential hypertension
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has significantly increased over the past few

decades. Established pathophysiological

mechanisms in essential hypertension include:

heightened sympathetic nervous system activity

(SNS), alterations in the renin-angiotensin-

aldosterone (RAAS) system, excess of sodium-

retaining hormones and vasoconstrictors and

lack of vasodilators (such as prostacyclin, nitric

oxide (NO), and natriuretic peptides), disturbances

in the kallikrein–kinin system, abnormalities of

resistance vessels and renal microvasculature,

and increased vascular growth factor activity

(James et al. 2014; Takamura et al. 1999; Davies

2008).

Despite numerous advancements in our

understanding of the pathophysiological

mechanisms and in treatment strategies however,

hypertension continues to remain the most com-

mon disease in humans. Novel pathophysiologic

mechanisms and mechanism based treatment

strategies need to be urgently explored to

improve blood pressure control and cardiovascu-

lar outcomes in hypertensive patients. The fol-

lowing review summarizes some the key patho-

physiological mechanisms in hypertension that

have been recently described. Novel insights

into the role of the immune system, neuro-

inflammation and bone marrow in hypertension

will be first discussed. Next, recent evidence

describing the vasculo-protective effect of the

RAAS pathway and the vaso-deleterious effect of

the mineralocorticoid receptor will be addressed.

Alterations in vascular homeostasis and nitric

oxide pathways through vascular endothelial

growth factor (VEGF) inhibitors and asymmetric

dimethylarginine (ADMA)will be considered last

(Kandavar et al. 2011; Calhoun et al. 2000).

“Finally, the effect of vascular endothelial growth

factor (VEGF) inhibitors and asymmetric

dimethylarginine (ADMA) on vascular homeosta-

sis and nitric oxide pathways will be considered.”

2 Immune System

Initial evidence for the contribution of the

immune system (IS) to hypertension came from

studies that demonstrated that immunosuppres-

sion lowered blood pressure in rats with partial

renal infarction (White and Grollman 1964). In

later studies, Olsen noted that mononuclear cells

in rats adhered to and infiltrated damaged endo-

thelium in response to angiotensin (Ang)-II infu-

sion (Olsen 1970). Furthermore, athymic mice

displayed blunted hypertensive responses and

subsequent treatment with anti-thymocyte

serum and cyclophosphamide reduced blood

pressure (Olsen 1970; Bendich et al. 1981).

Altered antibody production was also noted in

the spontaneously hypertensive rat (Dzielak

1991; Takeichi et al. 1988; Takeichi and Boone

1976; Purcell et al. 1993). After these early stud-

ies in the 1980s, the link between the IS and

hypertension remained unexplored for more

than two decades. However, with the advent of

new molecular tools and genetically engineered

animal models, the field of immunology has

grown tremendously, offering investigators

greater insight into the role of the immune cells,

cytokines and cell trafficking in hypertension.

2.1 T-Cell

Knock-out mice lacking recombinant activating

genes (RAG) 1 or 2 develop a diminished

response to Ang-II or DOCA salt challenge

(Guzik et al. 2007). Hypertension was associated

with perivascular adipose tissue and adventitial

aggregation of effector type T-cells in RAG1�/�

mice. Hypertensive response was restoredwith an

adoptive T-cell transfer into RAG1�/� mice.

Blunted hypertensive response to stress and

recovery following T-cell transfer was further

noted in RAG1�/� mice (Guzik et al. 2007).

Severe combined immunodeficiency in mice

prevents development of hypertension (Crowley

et al. 2010). Reduced hypertension was similarly

observed in Dahl-sensitive rats with RAG1 gene

knockout (Mattson et al. 2013). Adoptive trans-

fer of regulatory T lymphocyte (Tregs) that sup-

press innate and adaptive immune responses

prevented Ang II-induced blood pressure eleva-

tion, vascular stiffness and inflammation

(Barhoumi et al. 2011; Muller et al. 2002).

Vasculo-protective effects of Tregs have been

further demonstrated in aldosterone-induced vas-

cular dysfunction and hypertension (Kasal et al.
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2012). Mycophenolate mofetil, a T cell

suppressing agent improved blood pressure and

renal inflammation in several animal models

(Bravo et al. 2007; Franco et al. 2007; Herrera

et al. 2006). In a small study of hypertensive

patients with rheumatoid arthritis and psoriasis,

Mycophenolate reduced blood pressure (Herrera

et al. 2006).

2.2 Innate Immunity

Macrophage colony stimulating factor knockout

mice, deficient in macrophages and monocytes,

exhibit minimal response to Ang-II infusion and

unaltered endothelium dependent vasodilation

(De Ciuceis et al. 2005). This animal model,

known as the osteoporosis spontaneous mutation

mice, are further resistant to DOCA-salt hyper-

tension (Ko et al. 2007). Increased aortic

monocytes/macrophages and inflammation (as

inferred by vascular cell adhesion molecule-1,

cyclooxygenase 2, and inducible nitric oxide

synthase mRNA) develops in response to

Ang-II. Using lysozymeM–targeting of the diph-

theria toxin receptor to delete monocytes,

Wenzel et al. preempted the vascular alterations

and hypertension caused by Ang-II (Wenzel et al.

2011). Transferring monocytes to these mice

restored hypertension in these mice.

2.3 Cytokines

Hypertension causes infiltration of effector T

cells and monocytes/macrophages in the

perivascular regions of both large arteries and

arterioles and the kidneys (Olsen 1970; Guzik

et al. 2007; Wenzel et al. 2011). Potent cytokines

locally released by these cells cause deleterious

effects on the vasculature and renal function: this

contributes to sustained hypertension and end

organ damage. The role of important cytokines

in hypertension, namely: interleukin-17A

(IL-17A), interleukin 6 (IL-6), and Interferon-γ
(IFN- γ) are discussed below:

Interleukin 17 Production of IL-17A is

increased in hypertensive patients and mice

exposed to Ang-II (Madhur et al. 2010). Minimal

hypertensive response and endothelial dysfunction

in response to Ang-II was reported in IL-17A

deficient mice. Increase in vascular superoxide

production and infiltration with T cells was signif-

icantly reduced in IL-17A deficient mice. Elevated

blood pressure in mice given IL-17A infusion is

attributed to conformational changes in endothe-

lial nitric oxide synthase (eNOS) and the resultant

decrease in nitric oxide (NO) (Fleming et al. 2001;

Piazza et al. 2014). Recently, Amador et al. found

that treatment with spironolactone reversed the

increase in circulating TH17 cells and normalized

IL-17AmRNA in the heart and kidney of rats with

DOCA-salt hypertension (Amador et al. 2014).

Antibody against IL-17A reduced blood pressure

and collagen-1 levels in the heart and kidney

(Amador et al. 2014). Further, collagen deposits

and aortic stiffening were absent in IL-17A�/�
mice in contrast to the marked collagen deposits

and aortic stiffening in Ang-II and DOCA-salt–

induced hypertension (Wu et al. 2014).

Interleukin 6 IL-6 is produced by various cells of

the IS and has been found to contribute to hyper-

tension. Higher levels of IL-6 seen in hypertensive

patients are reversed by Ang-II-receptor blockade

(Vázquez-Oliva et al. 2005). Treatment with

spironolactone blocks angiotensin II mediated

increase in IL-6 levels (Luther et al. 2006). Mice

deficient in IL-6 have minimal increase in blood

pressure in response to a high salt diet and

angiotensin-II (Lee et al. 2006). Activity of epithe-

lial sodium channel is enhanced by IL6 in cultured

collecting duct cells (Li et al. 2010). Apart from

these direct effects, IL-6 transforms regulatory

CD4+T cells to IL-17 producing phenotype, fur-

ther contributing to hypertension.

Interferon-γ IFN- γ promotes angiotensinogen

expression in both hepatocytes and renal proxi-

mal tubular cells (Jain et al. 2006; Satou et al.

2012). Angiotensinogen is further converted into

Ang-I and Ang-II (Kobori et al. 2007). Locally

produced Ang-II acts through various sodium ion
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transporters to increase sodium uptake and vol-

ume in the proximal and distal tubules. Kamat el

al recently demonstrated perturbations in sodium

transporters in IFN-γ deficient mice, thereby pro-

moting natriuresis and sodium reabsorption

(Kamat et al. 2015). Thus, in addition tomodifying

RAAS systems locally IFN-γ alters expression of

renal sodium transporters thereby impacting the

sodium and water balance.

2.4 Novel Mechanisms of T Cell
Activation

Role of Isoketals Recent studies have revealed

new mechanisms of T cell activation in hyperten-

sion, a phenomenon that was unexplained despite

the large body of evidence supporting a role of the

IS in hypertension (Kirabo et al. 2014).

Upregulation of NADPH oxidase in dendritic

cells promotes production of reactive oxygen spe-

cies. Oxidation of arachidonic acid leads to forma-

tion of γ-ketoaldehydes or isoketals. Protein lysines
and isoketals combine in dendritic cells to make

immunogenic proteins that are then presented to T

cells resulting in T cell activation and proliferation

(Miyashita et al. 2014). Further, isoketals indepen-

dently promote cytokine production in dendritic

cells and T cells. Isoketal scavenger 2 hydroxyben-

zylamine halts dendritic cells from producing

cytokines and T cell activation. Additionally, a

blunted hypertensive response was noted in mice

receiving dendritic cells from donors treated with

2 hydroxybenylamine (Kirabo et al. 2014;

McMaster et al. 2015).

Toll-Like Receptors and Damage Associated
Molecular Patterns Ubiquitously expressed in

the immune cells and the cardiovascular system,

toll-like receptors (TLRs) recognize and initiate

inflammatory responses to dangerous molecules

(Frantz et al. 2007; Matzinger 2002). Aside from

pathogens, endogenous molecules produced fol-

lowing cellular injury or death (damage-

associated molecular patterns (DAMPs)) also

activate TLRs (Theodora Szasz 2013). Recent

investigations have highlighted the inflammatory

properties of mitochondrial DNA as a result of

TLR activation (Oka et al. 2012; Zhang et al.

2010). TLRs promote vascular dysfunction,

low-grade inflammation and release of pro-

inflammatory cytokines, all contributing to hyper-

tension (Bomfim et al. 2012; Liang et al. 2013; De

Batista et al. 2014; Singh and Abboud 2014). Initial

innate IS TLRs response to DAMPs may thus be a

necessary precursor of the adaptive IS activation

observed in hypertension (McCarthy et al. 2014).

Low complexity of TLR signaling pathway and

availability of specific inhibitors may lead to the

development of novel anti-hypertensive drugs.

3 Neuro-Inflammation

The association between hypertension and

inflammation in the brain is evident from studies

in animal models of hypertension demonstrating

elevated levels of cytokines such leukotriene-B,

nuclear factor-κb, TNF-α, IL-1β, and IL-6 in the

brain (Waki et al. 2013; Santisteban et al. 2015;

Cardinale et al. 2012; Song et al. 2014). Angio-

tensin converting enzyme (ACE) and Ang-II

upregulate neuronal inflammatory pathways

(Marc and Llorens-Cortes 2011; Agarwal et al.

2013; Shi et al. 2014). Exposure of cardiore-

gulatory forebrain structures to TNF-α, IL-1β
heightens SNS activity and blood pressure

while anti-inflammatory drugs pentoxyphylline

and minocycline attenuate the development of

hypertension (Xue et al. 2016; Wei et al. 2015;

Sriramula et al. 2013).

Innate IS activation through microglial cells

also promotes SNS activity, peripheral inflam-

mation and hypertension (Masson et al. 2015;

Shi et al. 2010). Under normal conditions,

microglial cells act to promote immune homeo-

stasis within the brain environment. Upon acti-

vation of microglia through pathological insults

or alterations in homeostasis, there is an induc-

tion of centrally produced proinflammatory

cytokines, thereby contributing neuro-

inflammation, and consequently, hypertension

(Agarwal et al. 2013; de Kloet et al. 2015). Inhi-

bition of microglial activation attenuates SNS
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activity, peripheral inflammation and hyperten-

sion (Santisteban et al. 2015; Shi et al. 2014).

4 Bone Marrow

The impact of peripheral and neuro-

inflammation in hypertension has been described

thus far. The relationship between the IS and the

brain in hypertension was, however, poorly

understood until recent investigations revealed a

critical role of the bone marrow in regulating

peripheral and neuro-inflammation in hyperten-

sion (Santisteban et al. 2015). As a site of inflam-

matory cell generation and convergence of CNS

and IS, the BM was suggested as an ideal link

between inflammatory system and hypertension.

Indeed, the BM of spontaneously hypertensive

rat had increased levels of inflammatory cells

and cytokines, as well as migration of these

cells into the hypothalamic paraventriuclar nucleus

(Santisteban et al. 2015). Minocycline, through its

anti-inflammatory effects, prevented both periph-

eral and neuro-inflammation, thereby attenuating

hypertension (Santisteban et al. 2015).

SNS Effect on BM Hematopoietic stem and pro-

genitor (HSPC) stem cell homeostasis is

regulated by SNS via adrenergic nerve fibers

that richly innervate the bone marrow. Central

sympathetic outflow stimulates HSPC mobiliza-

tion and release into circulation (Hanoun et al.

2015; Méndez-Ferrer et al. 2008). Multiple

mechanisms contribute to this upregulation of

HSPCs from the BM by sympathetic stimulation,

including granulocyte-colony stimulating factor

induced osteoblast suppression, modulation of the

Wnt-B – catenin pathway, and substance

P-mediated nociceptive signaling (Katayama

et al. 2006; Spiegel et al. 2007; Amadesi et al.

2012). Ang-II increases HSPC proliferation in

BM and inflammatory monocyte production in

the spleen (Kim et al. 2016). Conversely, disrup-

tion of sympathetic tone impairs HSPC mobili-

zation (Lucas et al. 2012).

SNS Effect on the Immune System Autonomic

regulation of the IS seems to play an important

role in hypertension (Scheiermann et al. 2013;

Ganta 2005). Chronic Ang-induced hypertension

animal models express inflammatory monocytes

in BM, spleen and peripheral blood, contributing

to hypertension (Santisteban et al. 2015; Swirski

et al. 2009). Independent of the SNS effect on the

BM, norepinephrine induces memory T cell pro-

duction of cytokines in the vasculature and the

kidneys (Marvar et al. 2010; Slota et al. 2015;

Trott et al. 2014). Norepinephrine increases

recruitment of immune cells from BM, while

acetylcholine opposes this effect (Zubcevic

et al. 2014). Lastly, renal denervation inhibits

IS activation and preempts renal inflammation

in Ang-II induced hypertension (Xiao et al.

2015).

Thus, a positive feedback loop is established,

whereby neuro-inflammation contributes to

sympathoexcitation, which then promotes activa-

tion of the IS and stem/progenitor cells in BM. In

turn, this can exacerbate central inflammation

generating a vicious proinflammatory cycle

(Fig. 1) (Young andDavisson 2015). Extravasation

of proinflammatory precursors from the BM to

hypothalamic paraventricular nucleus causing

neuro-inflammation in Ang-II–induced hyper-

tension has been demonstrated (Santisteban et al.

2015; Spiegel et al. 2007). Mechanisms of extrav-

asation of BM cells into the brain are currently

unknown.

5 Vasculo-Protective RAAS
Pathways

RAAS blockade generates alternate metabolites

of Ang that can exert an anti-hypertensive effect.

Vasculo-protective RAS pathways include

Angiotensinase A-Ang III-Ang II type 2 (AT2)

receptor pathway and ACE 2-Ang-(1–7)-Mas

receptor pathway (Te Riet et al. 2015).

5.1 AT2 Receptor Pathway

Upregulation of AT2 receptors counteracts the

vaso-deleterious effects of angiotensin (AT1)

type 1 receptor. Mice deficient in AT2 receptor

exhibit increased blood pressure and baroreflex
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sensitivity, and decreased pressure-natriuresis

and AT1 receptor expression (Gross et al. 2004;

Tanaka et al. 1999; Gembardt et al. 2008).

Overexpression of AT2 receptor reverses these

effects (Tsutsumi et al. 1999). Four AT2 agonist

molecules are currently being developed for clini-

cal use in hypertension namely: peptidergic

agonists β-Tyr4-Ang II, β-Ile5-Ang II and LP2-3

and the non-peptide agonist Compound 21 (C21).

AT2 receptor mediated aortic vasodilation was

reported in mice treated with peptidergic agonists

(Jones et al. 2011; Wagenaar et al. 2013). Interest-

ingly, vasodilatory effects of AT2 receptor are

appreciated most on a background of partial AT1

receptor blockade (Esch et al. 2009; Sevá Pessôa

et al. 2012). Indeed, simultaneous administration of

β-Ile5-Ang II and candesartan lowered BP in spon-

taneously hypertensive rat (Jones et al. 2011).

5.2 ACE2-Ang-(1–7)-Mas Receptor
Pathway

Angiotensin converting enzyme 2 (ACE 2) acts

on angiotensin II to produce angiotensin

(Ang)-(1–7) (Santos et al. 2003). Interaction of

Ang-(1–7) and Mas receptor oppose AT1 recep-

tor functions. Further, Ang-(1–7) bind to AT2

receptors and even AT1 receptors at high doses.

Several cardiovascular benefits have been

attributed to Ang-(1–7), however its role in

hypertension at present is unclear (Te Riet et al.

2015). Ang (1–7) has weak vasodilatory effects

and has not uniformly exhibited anti-hypertensive

effects in animal models (Sevá Pessôa et al. 2012;

Durik et al. 2012).

Nevertheless, therapeutic options utilizing the

vasoprotective effects of Ang-(1–7) have been

explored. Cyclodextrin-encapsulated Ang-(1–7),

non-peptide drug AVE0091 and peptide drug

CGEN856S have shown BP-lowering effects in

hypertensive animals (Sevá Pessôa et al. 2012;

Ferreira et al. 2010).

Anti-hypertensive effects of ACE 2 have also

been questioned. Overexpression of ACE 2 does

lower blood pressure, however, its ability of

degrade Ang-II could also account for anti-

hypertensive effect (Gurley et al. 2006). Hypo-

tension due to ACE 2 agonists Diminazine and

XNT was recently shown to be independent of

Immune System
T-cell

Macrophage
Cytokines

Brain
Inflammation

SNS

HTN
Bone Marrow

HSPC recruitment
IS activation

Peripheral Inflammation
Vasculature

Kidney

Fig. 1 Role of Immune system activation, brain and bone

marrow in hypertension. Immune system activation via T

cells, macrophages and various cytokines results in cen-

tral and peripheral inflammation in the vasculature and

kidney contributing to hypertension. Neuro-inflammation

from hypertensive stimuli promotes sympathetic nervous

system (SNS) activity causing hypertension. SNS activity

in bone marrow increases recruitment and release of

hematopoietic stem cell progenitors (HSPC) and

cytokines, furthering the pro-inflammatory state
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ACE2-Ang-(1–7)-Mas pathway further weakening

the evidence in support of its role in the pathogen-

esis of hypertension (Haber et al. 2014).

5.3 Alamandine

Alamandine, a recently discovered hormone of

RAS, shares similar biological structure and

activity to that of Ang-(1–7) including promotion

of vasodilation and anti-hypertensive effects.

ACE 2 hydrolyzation of Ang A and decarboxyl-

ation of Ang-(1–7) have both been shown to

produce this endogenous peptide within the

body (Villela et al. 2014). Lautner et al.

demonstrated that alamandine interacts with its

own specific MrgD receptor (Mas-related G-pro-

tein coupled receptor, member D) (Lautner et al.

2013). Oral administration of alamandine as a

HP-B Cyclodextrin inclusion compound pro-

duced long term anti-hypertensive effect in spon-

taneously hypertensive rats (Lautner et al. 2013).

Moreover, microinjections of almandine into the

medullary brain demonstrated cardiovascular

effects similar to that of Ang-(1–7), indicating a

possible central role of BP control by alamandine

(Villela et al. 2014; Mendoza-Torres et al. 2015).

Further studies are required to delineate the role

Alamandine plays in the RAAS, and as a anti-

hypertensive agent.

5.4 Angiotensin III Inhibitors

Angiotensin III is a recognized AT2 receptor

agonist in the kidney and vasculature (Kemp

et al. 2012). However, in the brain, it is believed

to be the preferred AT1 receptor agonist and

therefore can cause hypertension (Wright et al.

2003). Aminopeptidase A inhibitors that act

preferentially in the CNS to block Ang II con-

version to Ang III are being developed. An

orally administered prodrug (RB150), that

converts to an aminopeptidase A inhibitor EC33

in the brain, exhibited antihypertensive effects in

animal models. RB 150 is currently being

evaluated in a phase Ib clinical study (Gao et al.

2014).

6 Aldosterone Mineralocorticoid
Receptor Pathway

Aldosterone hormone activation of mineralocor-

ticoid receptors (MR), a member of the steroid

receptor family, is known to promote vascular

cell oxidative stress, inflammation, proliferation,

migration and extracellular matrix production

(McCurley and Jaffe 2012; Lother and Hein

2016). Vaso-deleterious effects caused by MR

activation include: vasoconstriction, atheroscle-

rosis, and vascular remodeling and fibrosis

(Lother and Hein 2016; Udelson et al. 2010).

Nishiyama et al. demonstrated in animal models

that mineralocorticoid-induced hypertension is

associated with increased vascular oxidative

stress and ROS production (McCurley and Jaffe

2012; Nishiyama and Abe 2004; Iglarz et al.

2004). Subsequently, MR antagonism showed a

decrease in NADPH-oxidase activity, resulting

in less ROS production, and thus lower BP

(Keidar et al. 2003; Sanz-Rosa et al. 2005).

Activation of MR in the vascular bed is also

associated with increased expression of

proinflammatory factors including ICAM1,mono-

cyte chemoattractant protein (MCP-1), cytokines,

placental growth factor (PGF), COX-2 and tran-

scription factor NF-κB (McCurley and Jaffe 2012;

Rocha et al. 2002). Aortas from patients with

atherosclerosis demonstrated a decrease in PGF

and connective tissue growth factor when treated

with spironolactone (a MR antagonist) (Jaffe et al.

2010; Newfell et al. 2011). Furthermore, the con-

trolled Prevention and Treatment of Hypertension

With Algorithm-Based Therapy (PATHWAY)-2-

clinical trial showed a decrease in blood pressure

by 8.7 mmHg with spironolactone treatment in

patients with resistant hypertension (Lother and

Hein 2016; MacDonald et al. 2015). Such findings

support the role of MR-activation induced
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inflammation as a contributing factor to hyperten-

sion. However, further trials exploring the use of

MR antagonists as anti-hypertensive agents are

required to confirm these results.

7 VEGF Inhibitors

Anti-angiogenesis therapy targeting vascular

endothelial growth factor (VEGF) and its

receptors as treatment for anti-tumor growth has

long been associated with adverse side effects of

hypertension and renal toxicity manifesting as

proteinuria and renal function impairment

(Lankhorst et al. 2016; van den Meiracker and

Danser 2016). Physiologically, VEGF mediates

vasodilation through increased nitric oxide

(NO) production by upregulating the NOS gene

expression and increased endothelial NOS phos-

phorylation (Hood et al. 1998; Shen et al. 1999).

The subsequent decrease in NO availability fol-

lowing VEGF inhibition contributes to the path-

ogenesis of hypertension during anti-

angiogenesis therapy (van den Meiracker and

Danser 2016; Facemire et al. 2009). Recent

investigations of the role of the Endothelin

(ET) system, specifically Endothelin-1, suggest

this system as a more significant contributor to

the rise in BP compared to NO deprivation. A

rise in ET-1 is noted with administration of

sunitinib, a receptor tyrosine kinase (RTK) inhib-

itor that targets VEGF receptors (Kappers et al.

2010). Endothelin-1 (ET-1) interacts with G-

protein-coupled membrane bound ETA and ETB

receptors on vascular smooth muscle to mediate

vasoconstriction. Furthermore, ETA receptor

antagonism prevented anti-angiogenic induced

hypertension in mice (Li et al. 2012). Currently,

there is no established guideline for reversing

hypertension induced by VEGF-targeted

therapies (Hayman et al. 2012).

8 Asymmetric Dimethylarginine

Asymmetric dimethyarginine (ADMA) is a natu-

rally occurring amino acid synthesized when

arginine residues in proteins undergo methyla-

tion by arginine methyltransferases (PRMTs)

(Vallance and Leiper 2004; Vallance et al.

1992). An additional by-product of this interaction

is NG-monomethyl- L-arginine (L-NMMA), a

methylarginine similar to ADMA in its biological

activity. Following hydrolysis of methylated

proteins ADMA and L-NMMA are released in

the cytosol. ADMA is found in various tissues,

circulates in plasma and is excreted in urine

(Vallance and Leiper 2004). In addition to renal

clearance, ADMA is extensively metabolized by

dimethylarginine dimethyl aminohydrolases

(DDAHs) resulting in conversion to citrulline

(Achan et al. 2003).

Both ADMA and L-NMMA competitively

inhibit all three isoforms NOS, thereby causing

vasoconstriction, impaired endothelium-

mediated vasodilatation, increased endothelial

adhesiveness, and hypertension (Vallance et al.

1992; Achan et al. 2003; Hasegawa et al. 2007;

Kielstein et al. 2004; Barba et al. 2000; B€oger

et al. 2000). Targeted deletion of DDAH gene

and use of specific inhibitors of DDAH lead to

accumulation of ADMA, a reduction in NO sig-

naling and subsequent vascular dysfunction,

increased systemic vascular resistance and

blood pressure (Leiper et al. 2007). Transgenic

mice overexpressing DDAH demonstrated

reduced ADMA levels and increased cardiac

NO levels. However, transgenic mice showed

no changes in systemic BP compared to wild

type controls under normal conditions

(Hasegawa et al. 2007). Two-week treatment

with angiotensin II increased ADMA levels, car-

diac oxidative stress and vascular injury while

DDAH overexpression attenuated these changes

(Hasegawa et al. 2007). Conversely, Jacobi et al.

reported no increase in ADMA levels following

4-week Ang II infusion (Jacobi et al. 2008).

Overexpression of DDAH however attenuated

ang-II medicated end organ damage (Jacobi

et al. 2008).

Small clinical studies have noted an associa-

tion between hypertension and increased ADMA

levels (Surdacki et al. 1999; Perticone et al.

2005). Larger scale clinical studies have however

not corroborated these findings (Meinitzer et al.

2007; Schnabel et al. 2005). Trials evaluating the

effect of antihypertensive agents on ADMA

levels have yielded conflicting results. Some
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investigators reported significant reductions in

ADMA levels following treatment with RAS,

(Chen et al. 2002; Delles et al. 2002; Ito et al.

2002; Napoli et al. 2004; Aslam et al. 2006)

while others have failed to confirm these findings

(Fliser et al. 2005; Warnholtz et al. 2007).

Differences in study design, treatment regimens,

methods of determining ADMA levels may

account for the discrepant findings of the afore-

mentioned studies.

ADMA has been shown to have a negative

correlation with endothelial-dependent vasodila-

tion (EDV) and a positive correlation with

carotid artery intima-media thickness (IMT) in

hypertensive patients with administration of

salbutamol and nitroglycerine (Serg et al.

2011). Cakar and colleagues evaluated arterial

stiffness markers for endothelial dysfunction

and found that ADMA levels significantly

correlated with augmentation index (Aix) and

CRP levels. However, there was no correlation

between PWV and central aortic pressure (CAP)

and ADMA (Cakar et al. 2015). Similarly, the

PREVENCION study showed that ADMA and

NMMA did not predict carotid-femoral PWV,

blood pressure or hemodynamic abnormalities

(Chirinos et al. 2008). Therefore, while it is

very clear that ADMA plays a role in endothelial

dysfunction and can cause significant changes in

vascular flow, it still remains to be seen whether

ADMA directly play a role in hypertension.

Therapeutic approaches specifically targeting

ADMA pathways have been studied. Increased

L-citrulline supplementation overcame ADMA

inhibition, resulting in improved NO production

in porcine hearts (Xuan et al. 2015). The effects

of L-arginine on endothelial function, blood

pressure, and ADMA levels in patients with

hypertension (NCT02392767) and in patients

with preeclampsia are currently being evaluated

(NCT00275158).

9 Conclusion

The recently concluded SPRINT trial has

suggested that achieving aggressive blood pres-

sure targets reduces cardiovascular morbidity

and mortality. This will require more aggressive

and complex treatment regimens, in most cases

with multi-drug protocols. In order to achieve

better blood pressure control, it is imperative to

understand the mechanisms that lead to increased

blood pressure. Knowledge of the causative

mechanisms will allow informed selection of

agents and combinations that are additive and

even synergistic. Such an approach will in turn

allow the fashioning “personalized” treatment

regimens that will maximally benefit each patient

individually.
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Abstract

Treating arterial hypertension (HT) remains a hard task. The hypertensive

patient is often a subject with several comorbidities and metabolic

abnormalities. Clinicians everyday have to choose the right drug for the

single patient among the different classes of antihypertensives. Apart from

lowering blood pressure, a main therapeutic target should be that of

counteracting all the possible pathophysiological mechanisms involved

in HT itself and in existing/potential comorbidities. All the ancillary

positive and negative effects of the administered drugs should be consid-

ered: in particular, since hypertensive patients are often glucose intoler-

ant/diabetic, carrier of serum lipids disorder, have already developed

atherosclerotic diseases and endothelial dysfunction, they should not be

treated with drugs negatively interfering with these conditions but with

molecules that, if possible, improve them. The main pathophysiological

mechanisms and correlates of therapeutic pharmacological interventions

in essential HT are reviewed here.
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1 Introduction

Arterial hypertension (HT) is one of the most

frequent cardiovascular diseases that physicians

have to face during their routine clinical activity.
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Even if official guidelines are regularly issued by

several societies and organizations, treating HT

remains a hard task. Clinicians have to choose

the right drug for the individual patient trying

to stay within the guidelines and considering at

the same time the comorbidities and the patho-

physiological mechanisms at the base of HT in

that specific case (Fragasso et al. 2012). Recently

the situation has become more complex owing to

the fact that, after a long period, multiple

guidelines, scientific statements and consensus

documents have been published: although they

are endorsed by highly regarded organizations,

they follow different processes for development,

transparency, objectives and several central

recommendations (Ripley and Baumert 2016).

The discordance among different guidelines and

documents has led to more uncertainty than clar-

ity, being source of intense debate. There are,

among the others, differences in the drugs

recommended for initial treatment strategies: in

particular, some guidelines (e.g. those by the

European Society of Cardiology, ESC (Mancia

et al. 2013)), differently from the others, consider

all the pharmacological classes suitable for

the initiation of antihypertensive treatment and

indicate that preference should be given to some

agents only in specific conditions (e.g. concomi-

tant heart failure -HF-, coronary artery disease

-CAD-). It should be considered that significant

ancillary effects of different drug classes may be

important from a pathophysiological point of

view but these additional effects are usually not

taken into account by institutional guidelines,

since these are mostly focused on the demonstra-

tion of hard endpoints reduction. Moreover, it

should be noted that the hypertensive patient is

often a subject with concomitant cardiovascular

conditions (e.g. dyslipidemia, diabetes. . .) and

comorbidities that require special attention to

define the best therapy.

In this chapter, the main antihypertensive

pharmacological interventions will be described

in the light of the common pathophysiological

mechanisms at the base of HT; additional posi-

tive and negative effects of the administered

drugs will also be addressed to provide an over-

view of the elements that should be considered

trying to define the proper therapy in each indi-

vidual patient.

2 Brief Review of the
Mechanisms of Arterial
Hypertension

A more detailed description of the pathophysio-

logical alterations at the base of HT is far from

the aim of this chapter; here we review the prin-

cipal elements necessary to initiate pharma-

cological interventions. Blood pressure is the

product of cardiac output and peripheral vascular

resistance: despite this simple physiological def-

inition, its level is determined by many physio-

logical systems that are connected by complex

interactions.

HT is generally classified as primary (essen-

tial) or secondary. HT is defined secondary when

a clear cause (such as a renal or endocrine disor-

der) can be identified. On the contrary, essential

HT, that represents the majority of cases, can be

described as multifactorial in origin: basically

there are multiple interactions between genetic

and environmental factors that influence blood

pressure through several mechanisms, that are

known only in part. The main pathophysiological

elements described are an increased adrenergic

tone, an over-activation of the renin/angiotensin/

aldosterone system (RAAS) and renal-adrenal

mechanisms (with differences in patients with

low and high renin HT) with sodium retention

(Laragh and Sealey 1991; Brunner et al. 1973).

Fundamentally, essential HT can be described as

a primitive defect in renal excretion of sodium

and/or an excessive rise of vascular tone that

cannot be ascribed to single mechanisms but

that has to be considered as the result of many

factors affecting catecholamine and sodium

homeostasis (Mendlowitz et al. 1964). The dif-

ferent factors involved can influence each other:

in particular, the overactive sympathetic nervous

system further activates the RAAS system and

influences the ability of the kidneys to excrete

sodium (favoring also water retention and blood

volume elevation) (Mancia et al. 2006). Simi-

larly, the peripheral vascular resistances are
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increased because of altered autonomic regula-

tion, increased RAAS activity level, as well as

structural alterations of arterial vessels. Resis-

tance arteries might have an important role in

the development of HT and its complications

(Bohlen 1986): recent studies have shown that

the media-lumen ratio of small arteries has a

prognostic value for cardiovascular events in

hypertensive patients (Park and Schiffrin 2001).

Moreover, altered vascular integrity determines

endothelial dysfunction: impaired endothelium-

dependent vasorelaxation has been observed in

patients with essential HT (Panza et al. 1993) and

in several animal models. It is clearly established

that endothelial dysfunction is an important prog-

nostic factor for the development of atheroscle-

rosis and cardiovascular events (Modena et al.

2002). Antihypertensive drugs trying to favor-

ably affect outcomes in HT should be able to

counteract the multiple known mechanisms that

sustain increased blood pressure, to possibly

induce vascular structural reverse remodeling

and to exert a positive effect on impaired endo-

thelial dysfunction.

Several other derived and/or correlated factors

can also be present and contribute to the patho-

genesis and morbidity associated with essential

HT: among them, insulin resistance, lipid metab-

olism abnormalities and, in general, metabolic

syndrome. These also represent part of the basic

factors involved in the risk for the development

of CAD and, in general, have a great prognostic

weight; therefore, when treating the hypertensive

patient, their control is a major target. Moreover,

it should never be forgotten that, usually, clinical

practice has to face subjects with a complex

health status due to many different comorbidities

(not only cardiovascular or metabolic).

3 Diuretics

The increase in blood volume is an important

pathophysiological element present in many

forms of HT, which in turn increases cardiac

output by the Frank-Starling relationship. For

this reason, diuretics, which enhance the removal

of sodium and water by the kidneys and thereby

decrease blood volume, can exert a clear anti-

hypertensive effect, as shown in many studies. It

should be noted, on the other hand, that the exact

mechanism for reduction of blood pressure by

diuretics is not yet completely understood: extra-

cellular volume reduction is first observed,

followed by decrease of vascular resistance

(Bennett et al. 1977; Freis 1983). To explain

this latter mechanism it has been hypothesized

that diuretics may have an independent direct

effect on vascular smooth muscle, but this has

not been confirmed by substantial data. It has

also been proposed that the persistent small

reduction in body sodium might decrease the

interstitial fluid volume and that a reduced

smooth muscle cell sodium concentration could

secondarily reduce intracellular calcium concen-

tration, modifying cells reactivity to contractile

stimuli (Insel and Motulsky 1984). On the other

side, it should be considered that diuretics cause

a reactive increase in sympathetic and RAAS

activity, following their initial effect, resulting

in opposed vasoconstriction and reduced sodium

loss and enhancing side metabolic effects of

these agents (Grassi et al. 2003; Burnier and

Brunner 1992).

Among diuretics, thiazides are the most com-

monly used agents for HT treatment. Thiazides

act inhibiting the sodium-chloride transporter in

the distal part of the nephron and they are partic-

ularly different from the loop diuretics not only

because of the site of action but also for their

longer duration of action: a prolonged natriuretic

effect better counteracts sodium retention and

this is a crucial aspect to achieve some persistent

volume depletion.

Thiazide diuretics have been the mainstay of

antihypertensive treatment for almost 40 years,

since the first Joint National Committee (JNC)

report in the late seventies; in JNC 7 (2003) they

were still suggested as the initial therapy in

most patients with HT (Chobanian et al. 2003).

Diuretics have also been confirmed as a first-

line choice in the last European Society of

Cardiology (ESC) HT guidelines (Mancia et al.

2013), JNC 8 (James et al. 2014) and in

the statement by the American Society of

Hypertension and the International Society of
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Hypertension (ASH/ISH) (Weber et al. 2014),

where they are particularly recommended in

older adults and in black patients. Recently,

some molecules have been distinguished from

hydrochlorothiazide (HCTZ) and standard

thiazides: among these thiazide-like agents,

chlorthalidone and indapamide, in particular,

are preferred to conventional diuretics by NICE

guidelines (National Institute for Health and

Clinical Excellence, http://www.nice.org.uk/

guidance/cg127). This point has been a matter

of great debate: even if the evidence about clini-

cal outcomes benefits seems stronger for the

thiazide-like diuretics, the latest ESC guidelines

underlined that a real recommendation can not be

given in favor of a specific drug from the avail-

able data, especially when considering the lack

of randomized head-to-head comparisons

(Mancia et al. 2013).

The main data supporting the use of diuretics

in HT come from the ALLHAT (Antihyperten-

sive and Lipid-Lowering Treatment to Prevent

Heart Attack Trial) (Davis et al. 1996), the

SHEP (Systolic Hypertension in the Elderly Pro-

gram) (Kostis et al. 2005) and the HYVET

(Hypertension in the Very Elderly Trial) studies

(Beckett et al. 2008). The ALLHAT, in particu-

lar, was a randomized, double-blind trial

designed to determine whether treatment with

amlodipine (a calcium channel blocker, CCB),

lisinopril (an ACE-inhibitor, ACE-I) or an alpha-

adrenergic blocker (doxazosin) reduced the inci-

dence of fatal CAD and nonfatal myocardial

infarction more than chlorthalidone in high-risk

hypertensive patients; secondary end-points were

all-cause mortality and major cardiovascular

events, including congestive heart failure (HF).

Results showed no significant differences in pri-

mary outcome between the drugs; however, there

were differences in secondary outcomes (not in

mortality): compared with chlorthalidone,

new-onset HF occurred more frequently in

patients randomized to the other pharmacologi-

cal strategies (ALLHAT Collaborative Research

Group 2000; ALLHAT Officers and

Coordinators for the ALLHAT Collaborative

Research Group 2002). Certainly, these results

and the real value of the ALLHAT study have

been widely debated, receiving several criticisms

(Messerli 2001; Weber 2003). Among the others,

it should be noted that diuretic therapy was with-

drawn in several patients at the time of enroll-

ment (>90 % of patients were on anti-

hypertensive therapy before entering the study):

many of them had a history of previous

myocardial infarction or hypertensive cardiomy-

opathy and withdrawal of diuretics in such

patients could have increased the risk of devel-

oping HF. Moreover, even if data from the initial

major outcome trials showed that thiazides glob-

ally improved prognosis in hypertensive patients,

subsequent studies showed that their association

with an ACE-I was less effective in reducing

cardiovascular events than the association of the

same ACE-I with a CCB (Jamerson et al. 2008):

these data should be taken into account, even

though coming from one isolated trial that

needs further replication.

Apart from all the possible considerations

about outcomes data, a main point to take into

account is that thiazides may potentially cause

several vascular and metabolic abnormalities that

negatively influence the global cardiovascular

risk. Since thiazides inhibit the reabsorption of

sodium in the early distal tubule, more sodium

reaches the most distal part of the nephron and

stimulates the exchange with potassium by

aldosterone-sensitive transporters (that are par-

ticularly active in the presence of an activated

RAAS): for this reason, hypokalemia can be

precipitated (Zillich et al. 2006; Shafi et al.

2008), enhancing the risk of arrhythmias. The

incidence of hypokalemia can be reduced by the

use of low doses of diuretic and by the combina-

tion with potassium-retaining agents

(e.g. ACE-I). Similar observations have been

done also for hypomagnesemia, even if usual

doses of diuretics rarely cause magnesium defi-

ciency (Wilcox 1999). Studies have shown that

thiazides decrease urate excretion, with the risk

of increasing blood uric acid, possibly causing

gout in predisposed subjects (for which only low

doses should be used) (Reungjui et al. 2008;

Franse et al. 2000). Calcium retention might

also happen and produce hypercalcemia: this

can have a positive effect in older adults,
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reducing the risk of fractures due to osteoporosis

(LaCroix et al. 1990), but can be harmful in

hyper-parathyroid patients.

Additional important side effects of diuretics

involve lipid and glucose metabolism. Data com-

ing from several trials show that thiazides cause

changes in blood lipids: total and low-density

lipoprotein (LDL) cholesterol and triglycerides

seem to increase in relation to diuretic dose

(Kasiske et al. 1995); moreover, even if total

cholesterol level does not change, the ratio of

apolipoprotein B to A might rise and high-

density lipoprotein (HDL) cholesterol could be

reduced (Lindholm et al. 2003). From a practical

point of view, it is advisable to monitor blood

lipids during diuretic therapy and to recommend

a low-fat diet. Among the others, indapamide

seems to have no/small effects on lipid profile

(Ames 1996).

Impaired insulin-sensitivity and the risk of

new onset diabetes are other recognized critical

points of thiazides (Ferrari et al. 1991; Eriksson

et al. 2008; Gupta et al. 2008). In the ALLHAT

trial the thiazide-treated group compared with

the other treatment groups showed a significant

increase in incidence of diabetes; this increment

apparently was not associated to increased

mortality (Whelton et al. 2005). Similar results

were found in the SHEP trial, comparing

chlorthalidone with placebo (Kostis et al. 2005).

For this reason, some Authors have suggested

that thiazides as initial therapy for hypertension

might achieve superior cardiovascular disease

outcomes in older hypertensive patients even

with the metabolic syndrome, as compared with

treatment with CCBs and ACE-Is (ALLHAT

Officers and Coordinators for the ALLHAT Col-

laborative Research Group 2002), and that the

effects on glucose homeostasis may depend only

from the use of higher doses (ALLHAT Collabo-

rative Research Group 2000). It should be con-

sidered, however, that the follow-up of these

trials was conducted for a limited period of time

while HT is usually diagnosed in middle-aged

patients and, therefore, the course of the disease

(and therapy) may last for 25–30 years: it can be

surmised that a relatively short study period

might not be enough to determine with adequate

predictive value the outcomes for a disease of

longer duration, when the secondary effects of

therapies on cardiovascular risk factors could

become manifest. The issue of long-term

consequences of thiazides appears even more

important when considering that HT and meta-

bolic syndrome are rampant and increasing num-

bers of adolescents are developing obesity and

HT. Hyperuricemia and hypokalemia may also

contribute to the exacerbation of the metabolic

syndrome in response to thiazides, creating a

vicious circle (Burnier and Brunner 1992). In

any case, the potential diabetogenic effect of

diuretics is still a matter of great debate and

further research is needed (Carter et al. 2008).

In addition to these problematic aspects, it has

been observed that thiazides do not reduce vas-

cular oxidative stress and do not improve endo-

thelial dysfunction (Zhou et al. 2008).

In the light of all the facts presented, it seems

that diuretics have no pleiotropic vasoprotective

effects beyond lowering blood pressure. Further-

more, when administered in animal model in

combination with an ACE-I, thiazides were

shown to abolish the anti-atherosclerotic effect

of the latter; it is unknown whether this also

applies to humans (Fonseca et al. 2003). It should

be noted that many side and metabolic effects

are dose dependent: in fact, since it has been

shown that lower doses of diuretics achieve a

blood pressure reduction similar to the higher

ones, the use of low-dose thiazide is an important

point to reduce potential metabolic problems

associated to this therapy.

It can be reasonably affirmed that, even if

thiazides are still indicated as a possible first-

line choice by most HT guidelines, several

reservations and concerns exist in prescribing

them as a first-line antihypertensive drug over

the other agents, particularly in high-risk

patients. Furthermore, quality of life (QOL) is

an important issue when choosing drug therapies,

especially considering that many hypertensive

patients are asymptomatic and it would be

unpleasant to create symptoms due to drug pre-

scription: from this point of view diuretics have

been consistently associated with low QOL,

making their systematic prescription less
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attractive than other approaches. Some data sug-

gest that erectile dysfunction might be observed

more commonly with thiazides than with other

antihypertensive; this can be an important factor

negatively influencing the QOL (Wassertheil-

Smoller et al. 1992). Figure 1 summarizes the

effects of diuretics on the principal mechanisms

and correlates of HT.

Loop diuretics have less space in HT, unless

they are administered for other indications

(e.g. HF) in combination with other drugs.

Thiazides become ineffective when renal func-

tion is severely impaired: even if this point has

been recently questioned by a pilot study (Dussol

et al. 2012), in this case thiazides could be

replaced by loop diuretics.

Potassium-sparing diuretics have to be com-

bined with another diuretic (e.g. amiloride with

HCTZ) to exert an effective antihypertensive

effect and this combination could be useful

also to prevent diuretic-induced hypokalemia.

Although they have never been tested in large

studies (promising results come from small

randomized trials, apart from HF trials) (Roush

et al. 2016; Pitt et al. 1999), aldosterone receptor

antagonists can be used as third/fourth line drugs

in treating patients with resistant hypertension

(Mancia et al. 2013; Dahal et al. 2015): this

may be because aldosterone excess can contrib-

ute to resistant hypertension and some cases of

primary aldosteronism might be undetected.

4 Beta-Blocking Agents

Present HT guidelines are not concordant on the

role of beta-blockers (BBs). JNC 8 no longer

recommends BBs for initial antihypertensive

therapy (James et al. 2014); this confirms the

previous JNC 7, that at the same time listed

some compelling indications for the use of BBs

in hypertensive patients with other cardiovascu-

lar diseases (e.g. HF or previous myocardial

infarction) (Chobanian et al. 2003). Similarly,

the NICE guidelines state that BBs are not a

preferred initial treatment; exceptions are consid-

ered for patients intolerant to ACE-Is and angio-

tensin II receptors (ARBs), women of child-

bearing potential and people with evidence of

increased sympathetic drive: apart from these

conditions, BBs are relegated to fourth- or even

fifth-line choices (National Institute for Health

and Clinical Excellence, http://www.nice.org.

uk/guidance/cg127). On the contrary, ESC

guidelines do not exclude BBs as one of the

options for fist-line antihypertensive pharmaco-

logical strategy (Mancia et al. 2013); similarly to

JNC 7, European guidelines reported some

suggested indications for the use of BBs and the

other antihypertensive agents in specific

conditions (see Table 1).

The beta-adrenergic signaling system acts

through different receptors (Brodde et al. 2006).

In brief, it should be taken into account that

beta1-adrenoreceptors are situated on the cardiac

sarcolemma and their stimulation increases heart

rate, the rate and force of myocardial contraction,

the reuptake of cytosolic calcium (lusitropic

effect) and the rate of conduction. Beta2-

receptors, on the other hand, are mainly located

on bronchial and vascular smooth muscle cells,

where they mediate the dilating effect of epi-

nephrine; there is a significant proportion of

beta2-receptors also in the myocardium that

might have additional inhibitory action

modulating the level of adrenergic activation.

DIURETICS

Blood
volume

Quality
of life

Metabolic
abnormalities

RAAS
activation

Sympathetic
activity

Endothelial
function

Vasoconstriction

Fig. 1 Main pharmacological effects of diuretics on the

single pathophysiological factors (RAAS Renin Angioten-
sin Aldosterone System, Red/green arrow negative/

positive effect, Bidirectional flat arrow neutral effect,

Quantity of upward/downward arrows: 1 mild, 2 moder-

ate, 3 great effect)
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Beta3-receptors are a more recently recognized

type of beta-receptor that have been found in

many tissues: even if their specific role remains

to be fully elucidated, they appear to be involved,

among the others, in the control of thermogenesis

and urinary bladder relaxation (Balligand 2013).

A main cardiovascular effect of beta3-receptors

seems to be the endothelium-dependent

vasorelaxation by production of nitric oxide.

Moreover, even if further research is needed,

there are some evidences that these receptors

may have a cardioprotective role in myocardial

hypertrophy and HF, counteracting the known

adverse effects of beta1 and beta2 overactivation

and modulating left ventricular relaxation and

inotropism (Balligand 2013).

BBs have several antihypertensive

mechanisms: along with their chronotropic and

inotropic negative effects that reduce cardiac

output, they exert central adrenergic inhibition

and decrease the renal release of renin (nega-

tively influencing also the activity of RAAS).

At the beginning, these mechanisms do not lead

to a significant fall in blood pressure, since there

is a reflex increase in peripheral vascular resis-

tance with tendency to normotension: alfa-

adrenergic vasoconstriction, in particular, is not

properly counteracted by the vasodilator compo-

nent of epinephrine because of the vascular beta2
blockade (Vatner and Hintze 1983). A later

action of BBs on prejunctional receptors of the

sympathetic terminal neurons inhibits the release

of norepinephrine, possibly explaining the

subsequent reduction of peripheral resistance

and late antihypertensive effect. BBs retaining a

vasodilatory property (see ensuing paragraph)

determine an early decrease in vascular resis-

tance and blood pressure. Additionally, like

most other antihypertensive agents, beta-

blockers probably also lower blood pressure

through interference with a not yet identified

vasoconstrictor mechanism (Man in’t Veld et al.

1988). Apparently, no significant effect on

circulating blood volume is exerted (Weidmann

et al. 1976). In relation to RAAS activation, BBs

have been shown to yield either a neutral

(Balansard et al. 1977; Fagard et al. 1976) or a

mildly inhibitory effect (Ishizaki et al. 1983;

Pitkäjärvi et al. 1979), with apparently no rela-

tion with blood pressure fall.

According to their pharmacological

characteristics, different subclasses of BBs can

be distinguished. The first-generation molecules

(e.g. propranolol) are non-selective agents,

blocking beta1 and beta2 receptors. They have

been superseded by cardioselective blockers

(such as atenolol, metoprolol, bisoprolol): the

greater β1 than β2 affinity is dose dependent

and is less with higher doses. A third generation

class of BBs is represented by agents with

vasodilatory activity that depends by two main

mechanisms: direct vasodilation mediated by the

release of nitric oxide (as for nebivolol and

carvedilol) (Chen et al. 2013) and additional

alfa-blockade (as for labetalol and carvedilol).

Some BBs (pindolol and acebutolol) have an

intrinsic sympathomimetic activity, stimulating

smooth muscle cells to relax. As described fur-

ther in the text, vasodilating agents carry a better

metabolic profile that might represent an added

value in treating hypertensive patients.

Table 1 Drugs to be preferred in specific conditions

Condition Drug

Asymptomatic organ

damage

Renal dysfunction ACE inhibitor, ARB

Clinical CV event

Previous myocardial

infarction

BB, ACE inhibitor, ARB

Angina pectoris BB, CCB

Heart failure Diuretic, BB, ACE inhibitor,

ARB, mineralocorticoid

receptor antagonist

Atrial fibrillation,

ventricular rate

control

BB, non-dihydropyridine

CCB

Peripheral artery

disease

ACE inhibitor, CCB

Other

Metabolic syndrome ACE inhibitor, ARB, CCB

Diabetes mellitus ACE inhibitor, ARB

Adapted from ESC guidelines

ACE angiotensin-converting enzyme, ARB angiotensin

receptor blocker, BB beta-blocker, CCB calcium channel

blocker, CV cardiovascular
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As stated above, even if BBs have been com-

monly used as first-line treatment for HT, at

present they have been downgraded in most

guidelines since several evidences have

questioned their efficacy in preventing death

and cardiovascular outcomes. A first meta-

analysis by Messerli et al. found that BBs were

ineffective in preventing CAD, cardiovascular

and all-cause mortality in comparison with

diuretics in patients older than 60 years (Messerli

et al. 1998). Another systematic review by

Calberg et al., including 9 randomized clinical

trials, showed that atenolol had a blood pressure-

lowering effect similar to that of other antihyper-

tensive drugs, but cardiovascular mortality and

stroke were higher with atenolol (Messerli et al.

1998): these results were confirmed also by two

subsequent larger meta-analysis evidencing that

BBs are no better than any other antihypertensive

at preventing heart attacks and are less effective

at preventing strokes (Lindholm et al. 2005;

Bradley et al. 2006). A more recent Cochrane

meta-analysis, updating a previous one, was

performed on 13 randomized controlled trials

and reported that patients treated with BBs

showed higher total mortality and more cardio-

vascular events than CCBs (not diuretics and

RAAS blockers) and higher incidence of stroke

than CCBs and RAAS inhibitors; the different

classes of agents were found similar for CAD

(Wiysonge et al. 2007). It should be underlined

that in the majority of the studies included in the

meta-analysis atenolol was the most used BB,

therefore any extrapolation to other BBs should

be done with caution: in particular, as addressed

in the ensuing text, some limitations of the old

BBs seem not to be shared by third-generation

molecules (Ram 2010). Moreover, the Authors

acknowledged the low quality of the available

evidence. The main arguments supporting the

fact that ESC guidelines did not exclude BBs

from the first-line pharmacological options are

similar to these observations: in general, it has

been recognized that evidence against their use

appeared to be mixed and globally not strong

enough (Mancia et al. 2013). In fact, differently

from the analysis presented above, another large

meta-analysis on 147 trials showed that all

classes of antihypertensive drugs had a similar

effect in reducing myocardial infarction and

stroke for a given reduction in blood pressure

and, in particular, BBs were highly effective in

preventing cardiovascular events in patients with

recent myocardial infarction and HF (Law et al.

2009). Moreover, incidence of cardiovascular

outcomes was found to be similar for BBs and

other drugs in the revision of trials realized by the

Blood Pressure Lowering Treatment Trialists’

Collaboration, giving the message that reducing

blood pressure is what apparently really counts

(Czernichow et al. 2011). Nevertheless, as a con-

sequence of all observations, several authorities

consider that at present even if it would be incor-

rect to affirm that BBs have no effect in patients

with primary HT, probably their effect should be

considered suboptimal (Lindholm et al. 2005).

BBs appear to be less effective than RAAS

blockers and CCBs also in delaying or reverting

hypertensive organ damage (e.g. left ventricular

hypertrophy, arterial remodeling..). In any case,

the importance of sympathetic nervous system

activation in the pathogenesis of HT and the

utility of BBs in certain compelling indications

for cardiovascular diseases indicate that these

drugs still have an important role for many

hypertensive patients.

Several reasons have been considered to

explain the relative lower efficacy of BBs found

in some studies. One possible mechanism

has been suggested by the Conduit Artery

Function Evaluation (CAFE) study (a substudy

of the Anglo-Scandinavian Cardiac Outcomes

-ASCOT- Trial): treatment with BBs resulted in

reduced brachial blood pressure with a lesser

reduction of central (aortic) and pulse pressure

in comparison to the other agents (Williams

et al. 2006). Indeed, it has been shown that dis-

tinct antihypertensive drugs produce different

blood pressure effects peripherally vs centrally

(Morgan et al. 2004) and that changes in periph-

eral artery pressure do not accurately reflect

changes in central pressure following different

drug interventions. In particular, it seems that

the effect of BBs on central aortic pressure is

overestimated by brachially-measured blood

pressure whereas the effects of ACE-i and
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CCBs are underestimated. Moreover, from a

hemodynamic point of view, it was shown that

BBs increased blood pressure variability and this

correlated with trends in stroke risk (Rothwell

et al. 2010).

Additional observations suggest that most

traditional BBs produce several deleterious

metabolic and vascular effects, which could

negatively affect the prognosis of hypertensive

patients (Ram 2010; Fragasso et al. 2009). As

stated above, BBs may induce peripheral vaso-

constriction that not only can be particularly

detrimental in the context of atherosclerosis but

is also one of the determinants of insulin resis-

tance, a pathologic condition directly correlated

with the severity of HT (Taddei et al. 2001;

Ferrannini et al. 1987; Schiffrin and Deng

1996). The loss of insulin sensitivity is also

associated with endothelial dysfunction, a patho-

physiological factor present in many patients

with HT that has a relevant prognostic weight.

BBs have been shown to impair vasodilation,

to induce endothelial dysfunction (that can con-

tribute to vasoconstriction) and to deteriorate

glucose homeostasis in hypertensive patients

(Lithell 1991): atenolol has been found to

increase the risk of new-onset diabetes in

predisposed patients (Gupta et al. 2008), particu-

larly when used in combination with diuretics.

Additionally, old generations BBs have also been

consistently shown to favor the increase of body

weight, because of the inhibition of lipolysis in

adipose tissue, and to adversely affect lipid

metabolism, with tendency to an increase in

plasma triglyceride and lowering of HDL choles-

terol (Eliasson et al. 1981). In general, it could be

stated that old generation BBs yield a metabolic

profile not dissimilar from diuretics. Attention

should be paid to diabetic patients not only for

the possible metabolic side effects but also for

the risk of masking the symptoms of hypoglyce-

mia. Along with all these issues, BBs may affect

QOL also by causing insomnia, depression (due

to low arousal of central nervous system), erec-

tile dysfunction and easy fatigability (which can

limit significantly the ability to perform

exercise).

As previously outlined, BBs may yield differ-

ential metabolic and vascular effects among dif-

ferent molecules. In particular, in more recent

years, the development of the third-generation

vasodilatory BBs has determined a reassessment

of the ancillary metabolic effects of this class of

drugs and some of the past reservations may

apply less or not at all to the new agents

(Kalinowski et al. 2003). ESC guidelines have

also underlined the potential ameliorating effects

of new generations BBs and this fact was another

valid reason to keep BBs among first-line treat-

ment options (Mancia et al. 2013).

Carvedilol, compared to metoprolol, was

shown not to negatively affect glycemic control

and to improve some components of the meta-

bolic syndrome in hypertensive patients with

diabetes (Bakris et al. 2004a). Similar results

were obtained with nebivolol, that was superior

in terms of insulin sensitivity and fibrynolitic

balance (reducing plasminogen activator

inhibitor-1 antigen concentrations) (Ayers et al.

2012); a reduction of oxidative stress was also

observed (Kaiser et al. 2006; Celik et al. 2006;

Rizos et al. 2003). The glucose-neutral effect of

nebivolol has been observed even when added to

diuretics. Accordingly, new BBs have been seen

to reduce vasoconstriction and endothelial dys-

function (Mason et al. 2005; Pasini et al. 2008).

It has also been proven that nebivolol reduces

central aortic pressure and induces regression of

left ventricular hypertrophy to a greater extent

than metoprolol (Kampus et al. 2011). Vasodila-

tion may be important not only for blood pressure

reduction, but also for better tolerability;

nebivolol has been shown to improve QOL

(Van Bortel et al. 2008; Kendall 1989). In any

case, apart from these pathophysiological

observations, it should be noted that at present

there are no strong outcome data to support the

use of third-generation BBs as antihypertensives,

even if both carvedilol and nebivolol have shown

good results in HF (Mancia et al. 2013). General

main contraindications to BBs are bronchospasm

(in particular BBs are not safe in patients with

asthma), sinus/atrio-ventricular node dysfunc-

tion, active peripheral vascular disease (also con-

sidering the Raynaud phenomenon) and coronary
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vasospasm. Figure 2 synthesizes the effects of

traditional and new generation BBs on principal

factors involved in the pathogenesis, mainte-

nance and induction of complications in essential

HT.

5 Calcium Channel Blockers

CCBs have gained a great role among the

treatments for HT and are recommended as a

first-line option by all the guidelines, in particu-

lar for older and black patients (Mancia et al.

2013; National Institute for Health and Clinical

Excellence, http://www.nice.org.uk/guidance/

cg127). This class of agents comprises two

main subclasses, dihydropyridines (DHPs,

e.g. nifedipine and amlodipine) and nondihydro-

pyridines (Non-DHPs, verapamil and diltiazem),

extensively studied in hypertensive patients

(Nathan et al. 2005). The pharmacological prop-

erty shared by all the CCBs is the selective inhi-

bition of L-type calcium channel, whose main

role is to allow the entrance of calcium ions

required for initiation of contraction via

calcium-induced calcium release from the sarco-

plasmic reticulum. This channel is present in

vascular smooth muscle cells and in the myocar-

dium: distinction between DHPs and Non-DHPs

depends on the different molecular binding site

(Opie 1996). DHPs show a greater vascular

selectivity (with modest direct cardiac effects),

while Non-DHPs act also on the atrioventricular

and sinoatrial node (with negative chronotropic

effect and conduction delay) and have significant

negative inotropic effect, more evident in

patients with already altered myocardial func-

tion. The main anti-hypertensive mechanism of

CCBs is arteriolar dilation due to blockade of

vascular calcium channels (Braunwald 1982).

A certain diuretic effect is also observed (partic-

ularly with short-acting DHPs as nifedipine):

DHPs may increase glomerular filtration rate

and renal plasma flow by antagonizing the

intrarenal effects of angiotensin II and/or norepi-

nephrine with vasodilatation of renal afferent

arterioles, thereby resulting in increased natriure-

sis and diuresis (Loutzenhiser and Epstein 1985;

Chellingsworth et al. 1990; Madeddu et al.

1987). The initial diuretic and natriuretic effects

of most calcium channel blockers probably

persist with long-term usage (Kaplan 1989;

Epstein and De Micheli 1992) but the natriuresis

resulting from nifedipine may be transient

(Ene et al. 1985). In any case, CCBs acts inde-

pendently of sodium intake.

The reduction in blood pressure achieved

by CCBs stimulates a reflex activation of

counter-regulatory mechanisms, with increased

sympathetic activity and stimulation of RAAS:

these systems determine tachycardia, increased

myocardial contractility and tendency to

increased systemic vascular resistance. The

reflex release of norepinephrine is particularly
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stimulated by DHPs (Hamada et al. 1998),

whereas verapamil tends to decrease plasma

catecholamines levels (Bonadue et al. 1997;

Kailasam et al. 1995; Vaage-Nilsen and

Rasmussen 1998), yielding a sympatholytic

effect. Moreover, verapamil and diltiazem con-

trol reflex tachycardia through their action on

sinoatrial node and by reducing the influence of

sinoaortic baroreceptors on heart rate, facilitating

the reflex vagal control on the cardiac pacemaker

by the afferent cardiopulmonary vagal receptors

(Staszewska-Woolley 1987) and attenuating the

sympathetic and parasympathetic components of

the baroreceptor reflex (Giudicelli et al. 1984).

CCBs of both subclasses appear to be effec-

tive antihypertensive agents and most clinical

trial data showed that they compare well with

other drugs (Nathan et al. 2005); moreover,

some meta-analysis have suggested that CCBs

determine a better protection against stroke

(Law et al. 2009; Blood Pressure Lowering

Treatment Trialists’ Collaboration 2005;

Verdecchia et al. 2005), although the reason is

not fully understood. Potential harmful effects of

CCBs have been previously reported (Psaty et al.

1997; Furberg et al. 1995). Observational studies

and systematic overviews led to the suspect of an

increased risk for cardiovascular events with

some agents of this therapeutic class. In particu-

lar, short-acting nifedipine may precipitate

myocardial ischemia as a consequence of the

acute adrenergic reflex stimulation and sudden

blood pressure fall: this pathophysiological

mechanism might be enhanced in presence of

CAD, with special hazard in high-risk patients

in the immediate post-myocardial infarction

period or in those with unstable angina (Marwick

1996; Turnbull 2003; Opie et al. 1995). The

possibility of a “coronary steal” phenomenon

has been considered too. Initial data suggested

also pro-arrhythmic and pro-hemorrhagic

effects.

At present, only long-acting CCBs are

recommended for HT and several long-term

studies have shown their safety and efficacy.

Data from the ASCOT-Blood Pressure Lowering

Arm (ASCOT-BPLA) trial showed that

amlodipine (with possible addition of ACE-I as

required) reduced major cardiovascular events

and diabetes development compared to

atenolol-based strategy (Dalh€of et al. 2005).

Moreover, the more recent Avoiding Cardiovas-

cular Events in Combination Therapy in Patients

Living with Systolic Hypertension (ACCOM-

PLISH) trial, a large morbidity and mortality

study comparing the effects of two different anti-

hypertensive combination strategies on major

fatal and nonfatal cardiovascular events, was

stopped earlier because treatment with the

ACE-I benazepril plus amlodipine was more

effective than treatment with the ACE-I and

diuretic (Jamerson et al. 2008). The trend to

increased HF in patients treated with CCBs com-

pared to ACE-I and BBs remains an important

debated issue. This observation has been found in

several trials and confirmed in a recent system-

atic review (Shibata et al. 2010): certainly, these

findings should be considered in accordance with

the important role of BBs and ACE-i in

established HF treatment and with the superior

results of CCBs-ACE-i combination in hyperten-

sive patients. It should be also considered that, as

reported as a criticism for the ALLHAT trial, the

results against CCBs might be due to the design

of the trials, with withdrawal of previous

therapies in compensated patients (Mancia et al.

2013; Zanchetti 2012). Nevertheless, the reflex

sympathetic activation stimulated by DHPs

might indeed yield a negative role in HF patients

(Muiesan et al. 1986).

As already recognized when interpreting the

results of the ASCOT-BPLA trial, the effects of

CCBs might not be entirely explained only by the

better control of blood pressure. A first point to

underline is that CCBs have also been shown to

interact with endothelial function. The lack of

functional calcium channels on endothelial cells

suggests that CCBs might modify the function of

mediators specifically released by the endothe-

lium: it has been observed that some CCBs pro-

mote the release of nitric oxide (Salomone et al.

1995; 1996). Furthermore, nitric oxide and

endothelin, initially identified as specific

products of endothelium, are also produced by

other cells: this production may be altered by

some CCBs and not necessarily related to
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calcium channel blockade (Godfraind and

Salomone 1996). Some experimental data sug-

gest data CCBs might modify the expression of

the endothelin gene (Huang et al. 1993). More-

over, it has been shown that amlodipine, nifedi-

pine and lacidipine (two DHPs) determined a

lower progression of carotid atherosclerosis

than BBs. (Zanchetti et al. 2002) In the end,

CCBs have no effects on potassium, glucose,

uric acid and lipid metabolism: this metabolic-

neutral profile and the beneficial effects on endo-

thelial function could explain, at least in part, the

lower incidence of new metabolic syndrome and

diabetes observed in patients treated with CCBs

in comparison to other agents (particularly BBs

and diuretics). CCBs have shown also a greater

effectiveness in reducing left ventricular hyper-

trophy (Fagard et al. 2009).

A final important point to consider is the role

of CCBs in relation to progression of renal dys-

function and their use in patients with chronic

kidney disease. CCBs determine no impairment

of renal function. Moreover, the ALLHAT trial

showed that renal function was better preserved

in patients treated with amlodipine (ALLHAT

Officers and Coordinators for the ALLHAT Col-

laborative Research Group 2002). On the other

hand, the value of CCBs in patients with protein-

uria and elevated creatinine is uncertain (Kloke

et al. 1998), with a differential renoprotective

effect between DHPs and Non-DHPs. In people

with proteinuric renal disease, progressive

increases in proteinuria and a more rapid decline

in kidney function were noted in patients treated

with DHPs in comparison to those treated with

ACE-I or ARB (Lewis et al. 2001; Wright et al.

2002). In contrast, several small long-term clini-

cal studies using Non-DHPs have demonstrated

reductions in proteinuria and slower declines in

glomerular filtration rate but not reduced pro-

gression towards end-stage renal disease (Bakris

et al. 1996; 1998; 2004b; Smith et al. 1998). In

agreement with these observations, the Kidney

Disease Outcomes Quality Initiative Blood Pres-

sure guidelines recognized that Non-DHPs alone

or in combination with an ACE-I or an ARB are

preferable in hypertensive patients with protein-

uria of >300 mg/dl, as well as in those with

impaired kidney function (Kidney Disease

Outcomes Quality Initiative (K/DOQI) 2004).

In general, if DHPs are used in hypertensive

patients with chronic kidney disease, it is consid-

ered prudent to add CCBs after ACE-I or ARB,

to achieve a balanced dilation of the afferent and

efferent renal arterioles avoiding excessive glo-

merular pressure and flow.

In terms of main side effects, DHPs are more

problematic, since peripheral edema (especially

ankle edema) and flushing may be a problem for

some patients (Papavassiliou et al. 2001; Weir

2003). Conversely, Non-DHPs appear better

tolerated, at least when compared to old genera-

tion BBs (Fletcher et al. 1989), even though

constipation may represent a relevant problem

in a significant proportion of patients treated

with verapamil, particularly in the elderly.

Major contraindications to DHPs are represented

by severe aortic stenosis or obstructive hypertro-

phic cardiomyopathy (to avoid excess pressure

gradient). Left ventricular systolic dysfunction

is a contraindication to CCBs. Non-DHPs should

not be used in known sinoatrial or atrioven-

tricular nodal disease, in almost all cases of

ventricular tachycardia and in patients with

pre-excitation. The use of Non-DHPs with con-

comitant BBs therapy is discouraged, since car-

diac effects might be harmfully enhanced. On the

contrary, CCBs may be useful in patients with

stable and vasospastic angina, Raynaud phenom-

enon (to obtain peripheral vasodilation) or supra-

ventricular tachy-arrhythmias (to control heart

rate with Non-DHPs). Figure 3 synthesizes the

effects of DHPs and Non-DHPs on principal

factors involved in the pathogenesis, mainte-

nance and induction of complications in essential

hypertension.

6 RAAS Blockers: ACE-Inhibitors
and Angiotensin Receptor
Blockers

RAAS plays a central role in the control of blood

pressure as well as global cardiovascular and

renal function and certainly its deregulation is a

major pathophysiological factor involved in HT
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and in the pathogenesis of many other cardio-

vascular and renal diseases: it is clear that

RAAS should be a main pharmacological target

(Castro-Chaves et al. 2010). Renin controls the

first and rate-limiting step of the RAAS, deter-

mining the conversion of angiotensinogen to

angiotensin-I and representing an interesting

point to reduce the activity of the whole system.

A direct renin blocker (aliskiren) has been

recently introduced (Azizi et al. 2006): despite

several theoretical attractive features and initial

enthusiasm, its development for clinical use

has been limited and some clinical trials have

been stopped for adverse events (see ensuing

paragraph), underlining the need for further

research. On the contrary, over the years, impor-

tant results have been obtained with ACE-Is

and ARBs. The angiotensin-converting enzyme

(ACE) realizes the central conversion of

angiotensin-I to angiotensin-II, the metabolite

that activates angiotensin receptors. ACE-Is,

therefore, reduce the complex and diffuse effects

of angiotensin-II and RAAS, lowering arteriolar

resistance and increasing venous capacity, finally

increasing cardiac output. Moreover, renal vas-

cular resistance is lowered (with specific relaxa-

tion of the efferent arterioles) and aldosterone

release decreased, enhancing diuresis and natri-

uresis with concomitant reduction of blood

volume (Sánchez et al. 1985; Atlas et al. 1979).

ACE is found mainly in the vascular endothelium

of the lungs, even if present in all vascular beds,

and is a relatively nonspecific enzyme. Bradyki-

nin and other tachykinins are further substrates of

ACE and thus the inhibition of conversion results

in accumulation of these molecules: even if they

cause some of the most frequent side effects of

this class of drugs, it has been suggested that

decreased degradation of bradykinin might also

play a role in ACE-Is induced vasodilation

(Remme 1997; Su et al. 2000). In the long term

competitive inhibition of ACE could result in a

reactive increase in renin and angiotensin I

levels, possibly reducing the effect of ACE-Is.

Moreover, it should be noted that angiotensin-II

is partially generated through non-ACE

pathways, that are unaffected by ACE-Is (Dzau

1989). For these reasons, to overcome some

problems of ACE-Is and to achieve a more

intense RAAS blockade, ARBs have been devel-

oped: these molecules act selectively blocking

the major angiotensin-II receptor subtype

(AT-1) (Burnier and Brunner 2000). The main

antihypertensive mechanisms are similar to those

of ACE-Is.

Consistently with the central pathogenic

role of RAAS, ACE-Is have been found to be

beneficial for treating HF (The SOLVD

Investigators 1991), achieving effective secondary

prevention in CAD and slowing the progression

toward end-stage renal disease (Hannedouche

et al. 1994). ACE-Is are a main first-line option

for HT treatment, particularly for younger

patients, those with high-renin HT (more than a
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third of all hypertensive patients) and chronic

kidney disease patients. ACE-I should also be

preferentially used in hypertensive patients with

diabetes, HF or CAD (particularly post-

infarction) (Mancia et al. 2013). Meta-analysis

of outcome trials in hypertensive patients have

shown that ACE-Is are effective in reducing

events (particularly HF and heart attacks) and

mortality (Blood Pressure Lowering Treatment

Trialists’ Collaboration 2007), even if apparently

less protective against stroke in comparison with

diuretics with or without BBs and with CCBs.

The HOPE (Heart Outcomes Prevention Evalua-

tion) trial found that the use of ramipril provided

substantial additional cardiovascular protection

in high-risk patients (HOPE (Heart Outcomes

Prevention Evaluation) Study Investigators

2000). This result was reproduced by the

EUROPA (Efficacy of perindopril in reduction

of cardiovascular events among patients with

stable coronary artery disease) trial in patients

with known CAD, where a significant reduction

in myocardial infarction was observed compared

to placebo (Fox and EURopean trial On reduc-

tion of cardiac events with Perindopril in stable

coronary Artery disease Investigators 2003). On

the other hand, the perindopril protection against

recurrent stroke study (PROGRESS), enrolling

patients with a previous stroke or transient ische-

mic attack, found that only the subgroup receiv-

ing both perindopril and indapamide had reduced

stroke recurrence: it has therefore been suggested

that in that context the association of ACE-i and

diuretic may be more effective in reducing blood

pressure and, therefore, events (PROGRESS

Collaborative Group 2001). However, the most

recent ACCOMPLISH trial, as state above,

showed that ACE-I plus amlodipine was more

effective than treatment with the ACE-I and

diuretic in reducing morbidity and mortality

(Jamerson et al. 2008). It has been suggested by

the results of several studies that ACE-Is have

beneficial effects that are at least partially inde-

pendent from the blood pressure-lowering action.

They yield no effects on total cholesterol, LDL

cholesterol and triglycerides, while some

evidences suggest that HDL fraction is increased

(Sasaki and Arakawa 1989). Moreover,

improved insulin sensitivity (Paolisso et al.

1992) and reduced diabetes incidence have also

been observed after ACE-I therapy (Andraws

and Brown 2007). This better metabolic profile

might be associated also to endothelial function

improvement (De Gennaro et al. 2005) and

reduced sympathetic activity induced by

ACE-Is (Imai et al. 1982). Last but not least,

they have been found to inhibit cardiac and vas-

cular remodeling associated with chronic cardio-

vascular diseases (Abdulla et al. 2007). Figure 4

summarizes the effects of ACE-Is on the princi-

pal mechanisms and correlates of HT.

ACE-Is are generally well tolerated and

improve QOL (Croog et al. 1986), provided that

their administration does not cause cough, the

most frequent side effect (due to bradykinin

metabolites accumulation). Angioedema is the

most severe, but rare, side effect (Israeli and

Hall 1992). Additionally they may induce

hyperkalemia and contribute to renal function

deterioration, especially in patients with an

already impaired renal function. Nevertheless,

since early mild worsening of renal function in

the setting of ACE-Is initiation appears to repre-

sent a benign event that is not associated with a

loss of benefit from continued therapy, ACE-Is

administration should not be discontinued and is
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advised also in these conditions (Testani et al.

2011). ACE-Is are contraindicated in patients

with bilateral renal artery stenosis and during

pregnancy.

ARBs have been tested in large outcome

trials, proving their role as antihypertensive

agents. A major systematic review comparing

ACE-Is and ARBs reported similar blood pres-

sure control and outcomes (Matchar et al.

2008a): even if there is evidence for better toler-

ability, at present no superiority of ARBs have

been proven concerning hard endpoints. ACE-Is

remain a preferred choice for many physicians

because of the lower cost and long-term experi-

ence with their use, reserving ARBs for ACE-Is

intolerant patients. ARBs are also approved for

chronic kidney disease (particularly diabetic

nephropathy) (Kidney Disease Outcomes Qual-

ity Initiative (K/DOQI) 2004) and as an alterna-

tive to ACE-Is in HF (McMurray et al. 2012).

Moreover, the two classes of drugs share similar

contraindications. Similarly to ACE-Is, ARBs

have a beneficial effect on endothelial function,

probably because of their antioxidant effect

(Huang et al. 2007; Flammer et al. 2007), and a

good metabolic profile (Kintscher et al. 2007;

Vitale et al. 2005; Aksnes et al. 2007). In general,

ARBs are well tolerated (Weber et al. 2003): in

particular, the occurrence of cough is signifi-

cantly lower (Matchar et al. 2008b). It should

be noted that some data have suggested a possi-

ble association between ARBs and cancer

(Sipahi et al. 2010): a subsequent large meta-

analysis found no evidence of increased cancer

incidence (Pfeffer 2013). Another controversy

regarded the possible increase of myocardial

infarction (Strauss et al. 2006), but also in this

case a more comprehensive analysis of available

data dismissed initial doubts (Bangalore et al.

2011). Figure 5 summarizes the effects of

ARBs on the principal mechanisms and

correlates of HT.

The combination of an ACE-I and an ARB

has been proposed in the hope that more com-

plete blockade of the RAAS would lead to better

blood-pressure control and potentially major

nephron-protective and cardio-protective effects.

However, data from the ONTARGET study

shattered the idea of dual RAAS blockade not

only for hypertension but also for nephron-

protection, since the combination produced simi-

lar cardiovascular outcomes but increased hypo-

tension and renal dysfunction (Yusuf et al. 2008).

Figure 5 synthesizes the effects of ARBs on

principal factors involved in the pathogenesis,

maintenance and induction of complications in

essential hypertension.

7 Other Drugs

In this chapter, the most used antihypertensive

drugs have been discussed extensively. Some

additional classes are represented by alpha1-

blockers, direct vasodilators, centrally active

agents and the direct renin inhibitor (aliskiren).

Regarding alpha1-blockers (e.g. prazosin,

doxazosin), ESC and NICE guidelines are

non-committal: there is neither indication nor

refusal but they are mentioned as a possible

add-on option for resistant HT. Certainly the

disappointing results of the ALLHAT trial had

an important role in limiting the use of alpha1-

blockers, since the group treated with doxazosin

showed a higher incidence of HF. However, as

discussed above in detail, several limitations of
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that study should be considered when

interpreting its findings: in particular, the

confounding effect of prior treatment drugs

should be taken into account, since the replace-

ment of diuretic with the study drug might have

precipitated HF in previously compensated, but

predisposed, patients. At the same time, positive

evidences came from other trials: among the

others, the Treatment of Mild Hypertension

(TOMH) study showed that doxazosin reduced

blood pressure as much as the other first-line

agents with good QOL (Study et al. 1993) and

the ASCOT trial reported an impressive reduc-

tion of blood pressure with the addition of

doxazosin as a third line drug in patients who

had not responded to their initial treatments

(amlodipine plus perindopril or atenolol plus thi-

azide) (Chang et al. 2006). Alpha1-blockers have

an interesting metabolic profile: it has been

observed a decrease in total and LDL cholesterol

with HDL increase and a reduced or neutral

effect on plasma glucose with improved insulin

sensitivity (Kabra 2014). Moreover, the amelio-

ration of endothelial function and the reduction

in arterial stiffness have been described. Overall,

according to their pharmacological profile,

alpha1-blockers may be an option in particular

for those patients with metabolic syndrome or in

males with benign prostatic hyperplasia

(in whom symptomatic relief is provided)

(McConnell et al. 2003); the positive effect on

impotence described might be desirable for

younger patients (Grimm et al. 1997). Drowsi-

ness and postural hypotension, with the risk of

syncope, are possible main side effects, which

can rise some concerns of safety, even if their

incidence have been reduced by new controlled

release formulations (or with multiple-step dose

titration of normal preparations) (Nerurkar and

Ved 2014). In general, QOL is good and these

drugs combine well with other antihypertensives.

Combined alpha1 and alpha2-blockers

(e.g. phentolamine) are used only for pheocro-

mocytoma. As said above, some BBs (e.g.

carvedilol and labetalol) have limited alpha-

blocking activity; labetalol maintain a place for

acute intravenous use in hypertensive crises.

Direct vasodilators (hydralazine and minoxi-

dil) and central adrenergic inhibitors

(e.g. reserpine, methyldopa and clonidine) have

a limited role at present; methyldopa is the best

validated antihypertensive for pregnancy HT.

Aliskiren, the first direct renin inhibitor,

appeared as a very promising new approach to

block the RAAS at its activation step but some

initial disappointing results heavily

compromised its introduction as antihypertensive

agent. The ALiskiren Trial in Type 2 Diabetes

Using Cardio-renal End-points (ALTITUDE)

showed no real benefit on top of other RAAS

blockers in these patients at high risk of cardio-

vascular and renal events and was stopped

because of the higher incidence of adverse

events, renal complications, hyperkalemia and

hypotension in the treatment arm (Parving et al.

2012). Other evidences, in any case, suggest that

when used as monotherapy, aliskiren could lower

blood pressure with an efficacy comparable with

other RAS blockers (Jordan et al. 2007),

providing dose-dependent and sustained 24-h

efficacy, which is enhanced by concomitant

diuretic (Oh et al. 2007). The ACCELERATE

was a small study assessing in hypertensive

patients the effects of treatment with aliskiren

compared to amlodipine and their combination;

similar blood pressure reduction was found with

single agents and a larger fall when drugs were

combined (Brown et al. 2011). A larger trial, A

Randomized Controlled Trial of Aliskiren in the

Prevention of Major Cardiovascular Events in

Elderly People (APOLLO), evaluating aliskiren

alone or in combination with a thiazide or a CCB,

has been prematurely interrupted by the sponsor

in agreement with Health Authorities for feasi-

bility reasons, despite no evidence of harm in the

aliskiren-treated group (Teo et al. 2014).

8 Conclusions

Current guidelines do not recommend treatment

strategies on the basis of the mechanisms of

elevated blood pressure in individual patients

because clinical trial data supporting such an

approach are limited. However, we think that

52 F. Maranta et al.



better approaches to individualizing antihyper-

tensive therapy to achieve optimal clinical

outcomes and optimal patient adherence are

needed. Anti-hypertensive therapy should take

into account those factors most likely involved

in the single patient and all possible pathogenic

components should be considered. Since the

main goal of any anti-hypertensive therapy is

the correction of blood pressure levels that, in

the majority of cases, requires multiple therapies,

combinations of drugs differently regulating spe-

cific pathophysiological mechanisms should be

preferred. This approach should also be applied

in the present fashionable trend of single pill

associated drugs. In fact, apart from lowering

blood pressure, the main therapeutic target in

treating arterial hypertension should be that of

counteracting all the possible pathophysiological

mechanisms involved in hypertension itself and

in existing/potential co-morbidities. All the

ancillary positive and negative effects of the

administered drugs should not be dismissed.

Hypertensive patients are often glucose intoler-

ant/diabetic, carrier of serum lipids disorder,

have already developed atherosclerotic diseases

and therefore should be treated with drugs not

interfering with these conditions and, if possible,

rather improving them. A simple scheme which

comprises the following factors commonly con-

sidered at work in hypertension, alone or in

combination, should be: increased blood volume,

increased RAAS activity, increased sympathetic

activity, endothelial dysfunction, glucose and

lipid metabolism abnormalities. These parameters

are not always evaluated directly, but can be

evinced by taking into account simple factors

such as body mass index, heart rate, presence of

arrhythmias, presence of atherosclerosis in spe-

cific vascular districts, routine blood testing,

somatic symptoms of hyperarousal. Last but

not least, quality of life is also of great impor-

tance in the choice of treatment. As summarized

in the present chapter, from a pathophysiologi-

cal point of view, ACE-Is and ARBs should at

present be considered as the most appropriate

drugs for the treatment of arterial hypertension

and its correlates, especially in the high-risk

patient.
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Abstract

Excessive dietary salt (sodium chloride) intake is associated with an

increased risk for hypertension, which in turn is especially a major risk

factor for stroke and other cardiovascular pathologies, but also kidney

diseases. Besides, high salt intake or preference for salty food is discussed

to be positive associated with stomach cancer, and according to recent

studies probably also obesity risk. On the other hand a reduction of dietary

salt intake leads to a considerable reduction in blood pressure, especially in

hypertensive patients but to a lesser extent also in normotensives as several

meta-analyses of interventional studies have shown. Various mechanisms

for salt-dependent hypertension have been put forward including volume

expansion, modified renal functions and disorders in sodium balance,

impaired reaction of the renin-angiotensin-aldosterone-system and the

associated receptors, central stimulation of the activity of the sympathetic

nervous system, and possibly also inflammatory processes.

Not every person reacts to changes in dietary salt intake with alterations

in blood pressure, dividing people in salt sensitive and insensitive groups.

It is estimated that about 50–60 % of hypertensives are salt sensitive. In

addition to genetic polymorphisms, salt sensitivity is increased in aging, in

black people, and in persons with metabolic syndrome or obesity. However,

although mechanisms of salt-dependent hypertensive effects are increas-

ingly known, more research on measurement, storage and kinetics of

sodium, on physiological properties, and genetic determinants of salt sensi-

tivity are necessary to harden the basis for salt reduction recommendations.
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Currently estimated dietary intake of salt is about 9–12 g per day in

most countries of the world. These amounts are significantly above the

WHO recommended level of less than 5 g salt per day. According to

recent research results a moderate reduction of daily salt intake from

current intakes to 5–6 g can reduce morbidity rates. Potential risks of

salt reduction, like suboptimal iodine supply, are limited and manageable.

Concomitant to salt reduction, potassium intake by higher intake of fruits

and vegetables should be optimised, since several studies have provided

evidence that potassium rich diets or interventions with potassium can

lower blood pressure, especially in hypertensives.

In addition to dietary assessment the gold standard for measuring salt

intake is the analysis of sodium excretion in the 24 h urine. Spot urine

samples are appropriate alternatives for monitoring sodium intake. A

weakness of dietary evaluations is that the salt content of many foods is

not precisely known and information in nutrient databases are limited. A

certain limitation of the urine assessment is that dietary sources

contributing to salt intake cannot be identified.

Salt reduction strategies include nutritional education, improving envi-

ronmental conditions (by product reformulation and optimization of com-

munal catering) up to mandatory nutrition labeling and regulated nutrition/

health claims, as well as legislated changes in the form of taxation.

Regarding dietary interventions for the reduction of blood pressure the

Dietary Approaches to Stop Hypertension (DASH) diet can be

recommended. In addition, body weight should be normalized in over-

weight and obese people (BMI less than 25 kg/m2), salt intake should not

exceed 5 g/day according to WHO recommendations (<2 g sodium/day),

no more than 1.5 g sodium/d in blacks, middle- and older-aged persons,

and individuals with hypertension, diabetes, or chronic kidney disease,

intake of potassium (~4.7 g/day) should be increased and alcohol con-

sumption limited. In addition, regular physical activity (endurance,

dynamic resistance, and isometric resistance training) is very important.

Keywords

Physiology of sodium chloride • Renin-angiotensin-aldosterone system •

Hypertension • Cardiovascular diseases • Salt sensitivity • Mechanisms of

salt induced hypertension • Salt intake • Assessment of salt intake • Salt

intake recommendations • Salt reduction strategies

Debates on whether current salt intake is too high

for health reasons are ongoing for years. To take

on the worldwide non-communicable disease

challenge the recommendation for dietary salt

reduction is one of the top priority actions of

the WHO and member nations are stimulated to

take action too (WHO and FAO Expert Consul-

tation 2003; WHO 2012, 2014). Convincing sci-

entific and medical evidence which associates

excessive sodium intake to high blood pressure
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and secondary consequences such as cardiovas-

cular disease (CVD), stroke, and cardiac-related

mortality supports these efforts (Aburto et al.

2013a). Nevertheless, concerns have been raised

that a low sodium intake may adversely affect

health by influencing blood lipids and insulin

resistance (Nakandakare et al. 2008). This is in

conflict with numerous recommendations and

strategies of scientific institutions and profes-

sional health associations which have faced

sodium reduction in the population to reduce

these hazards.

This critical review summarizes the nutritional

physiology of sodium chloride and the effect of

salt intake on hypertension and other diseases.

Putative mechanisms, determinants of salt sensi-

tivity and the role of potassium in hypertension

will be discussed separately. Furthermore poten-

tial dangers of a low salt diet and strategies for a

reduction of salt intake will also be addressed in

separate chapters.

1 Physiology of Sodium Chloride

Sodium chloride (NaCl, or common salt) is an

ionic compound required to perform a variety of

essential functions. Sodium is the major cation

and chloride the major anion in the extracellular

fluid. The concentration of Na+ in the extracellu-

lar fluid is regulated at about 135–145 mmol/L;

the distribution of Cl� follows this of Na+ with an

extracellular concentration of about 110 mmol/L.

Therefore, Na+ and Cl� are mainly responsible

for the osmolarity of the extracellular fluid and

constitute the most important electrolytes in the

regulation of body fluids (Elmadfa and

Leitzmann 2015; Gibney et al. 2009).

The intestinal tract absorbs nearly all dietary

sodium, and the kidneys retain more than 90 % of

the filtered Na+. As a consequence of excessive

excretion of sodium by extreme vomiting, diar-

rhea, or sweating blood sodium concentrations

can drop and cause hyponatremia (serum sodium

concentrations less than 135 mmol/l). Without

treatment hyponatremia can lead to osmosis with

the central nervous being especially vulnerable.

Headache, confusion, or in the worst coma could

be the consequence. Many diseases such as those

of the kidneys, cancer, and heart disease can be

associated with low blood sodium levels. On the

contrary, especially dehydration and also more

seldom rapid intake of large quantities of sodium

can result in hypernatremia leading to neurological

symptoms (Stipanuk and Caudill 2006).

Besides its importance with respect to the

regulation of the water and fluid balance, sodium

is vital for the excitation of muscle and nerve

cells and is also partly involved in the control of

the acid-base balance. Moreover, sodium helps to

release digestive secretions and controls the

absorption of some nutrients, such as amino

acids, glucose, galactose, and water.

The renin-angiotensin-aldosterone system

(RAAS), plays a key role in the regulation of

sodium balance and blood pressure. Under nor-

mal physiological conditions a low salt diet

stimulates RAAS by an increased release of

renin from the juxtaglomerular cells of the

kidneys which leads to an increase of angiotensin

I stimulating angiotensin converting enzyme

(ACE) in the lungs and release of angiotensin

II. Angiotensin II is a potent vasoconstrictor

and it stimulates aldosterone secretion from the

adrenal cortex resulting in especially late tubular

Na+ and water reabsorption with increases in

blood volume and blood pressure. In response

to a high salt diet the RAAS is suppressed to

some extent (Majid et al. 2015; Rassler 2010).

2 Dietary Requirements
of Sodium Chloride

In terms of “how much” it should be noted that

the human body contains about 0.15 % by weight

sodium and chloride, respectively. This means

that total body sodium as well as chloride have

been considered at 60 mmol (1.38 g)/kg body

weight or about 100 g for a 70 kg human.

For balance in the body the amount consumed

must be equal to the amount lost. By estimation

of obligatory losses in urine and faeces (1 mmol/

day), and sweat (2–4 mmol/day) a minimum

requirement of 1 mmol (23 mg) per 100 kcal or

24 mmol (550 mg) sodium per day was
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calculated for healthy adults. When sweating

heavily sodium loss is more than 0.5 g and

required intake increases. Accordingly, under

normal living conditions and physical activity

an intake of 5 g salt per day is considered to be

sufficient. Highest sodium retention of 1.2 mmol/

day was shown in newborn due to their rapid

growth during the first 4 month of life. During

pregnancy and lactation there is an additional

need of sodium of 3 and 6 mmol/day, respec-

tively. People with large losses, like patients with

cystic fibrosis, require substitution (Deutsche

Gesellschaft für Ernährung (DGE),

Österreichische Gesellschaft für Ernährung,

Schweizerische Gesellschaft für Ernährung

(SGE) (Hrsg.) 2015).

The human body tolerates a large range of

sodium intake being considerably different

between cultures (0.2 g/day in Yanomami

Indians (Brazil) up to 10.3 g/day in northern

parts of Japan). Maximum adaptation of sodium

urine excretion permits an intake of 0.18 g

(about 8 mmol) per day with a minimum loss of

sweat. However it is uncertain that a diet with

such low sodium content can meet the need of

other nutrients (Institute of Medicine 2005).

3 Assessment of Salt Intake

The most common methods used to measure

sodium intake are 24-h dietary recall, food fre-

quency questionnaire (FFQ), or food record with

their advantages and limitations. Although die-

tary sodium intake is very complex, useful

informations can be obtained by these methods

when measurement errors like underreporting or

underestimation of amounts during a 24 h dietary

recall or limited food selection of a FFQ are

considered.

However, in a previous study Kersting

et al. for example showed that urinary sodium

excretion was 1.4–1.7 times higher than the

sodium intake estimated by dietary records

(3-day food diary). This implies that sodium

intake assessed by dietary reports may be

underreported by an average of 29–41 %

(Kersting et al. 2006).

A major challenge of dietary assessment is

that sodium intake is highly correlated with

total energy intake whereby underreporting of

food intake leads to underestimation of sodium

intake. In addition, sodium content in recipes is

highly variable as well as salt used in home

cooking and at the table. A FFQ is a less reliable

estimate of intake but provides good information

of sources of sodium intake which is essential for

public health interventions. Nevertheless, dietary

assessment also enables recognition of

relationships between sodium intake and supply

with other nutrients or dietary pattern associated

with specific diseases (McLean 2014).

In addition to dietary assessment, urine

sodium excretion is measured as an indicator of

salt intake. As more than 90 % of consumed

sodium is absorbed and excreted in the urine

(Holbrook et al. 1984), 24-h urine sodium excre-

tion has been considered as the gold standard to

assess dietary sodium intake. In hot climates and

among highly physically active people the losses

through sweat and faeces can be higher than

10 % which have been estimated under normal

conditions. A correlation of 0.75 between sodium

intake measured by a nutrition survey and 24-h

urine sodium excretion over a 9-day collection

were calculated by Luft and colleagues (Luft

et al. 1982). To minimize errors caused by

under-/overcollection of urine samples 24-h

urine creatinine excretion can be assessed.

Under physiological conditions, 24-h urine cre-

atinine excretion is influenced only to a minor

extent by kidney function itself, but correlates

mainly with muscle mass and dietary meat inges-

tion. To assess completeness of urine collection

para-aminobenzoic acid tables can be used.

However there are limitations like decreased

excretion with increasing age or interaction

with other medications (McLean 2014).

Alternatively spot urine samples can be col-

lected and evaluated. This requires correction for

urine tonicity, which is accomplished by referring

to urine creatinine (Kawasaki et al. 1993; Tanaka
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et al. 2002; Toft et al. 2014). Because creatinine

excretion depends on proportion of muscle mass,

which is lower in women, older people, and

individuals with lower body weight formula to

correct creatinine excretion were developed. By

adjusting for estimated creatinine excretion the

correlation of spot urine sodium-to-creatinine

ratio with 24-h urine sodium can be improved

(Rhee et al. 2014). Actually several formulae

have been developed but no single formula has

been accepted for international use. This is chal-

lenging because validity of estimates is different

between women and men as well as in different

ethnic groups (McLean 2014).

Spot urine samples have greater intra-

individual variability of sodium concentrations

than 24 h samples and therefore are a poor pre-

dictor of individual sodium intake but an appro-

priate tool for monitoring. Huang et al. (2016)

confirm in their systematic review and meta-

analysis that estimates of mean population salt

intake determined from spot urine samples were

comparable to estimates based upon 24-h urine

collection with a sensitivity of 97 % and speci-

ficity of 100 % for the 5 g/day WHO threshold

(Huang et al. 2016). These results support that

estimates of NaCl intake evaluated by spot urine

samples can be used to make decisions on salt

reduction programmes and evaluation of

strategies. Nonetheless, the authors recognised

an overestimation of intake by the equations at

lower levels of intake and an underestimation at

higher salt intake levels. Therefore, the collec-

tion of 24-h urine in a subsample is

recommended.

Measuring sodium excretion in urine

underestimates dietary salt intake due to

unrecognised loss in sweat which is approxi-

mately 400 mg/day (equivalent to ~ 1 g NaCl)

(Maughan and Leiper 1995). This amount of

sodium is almost equal to the intake of sodium

from natural food sources (400–500 mg/day) and

therefore compensates losses by sweat whereby

urine sodium excretion reflects actual salt intake

quite well (Mattes 1990).

While a limitation of the urine assessment is

that dietary sources contributing to salt intake

cannot be identified, a weakness of the dietary

evaluations is that the salt content of many foods

is not precisely known and information in nutri-

ent databases are limited.

4 Recommendations for Salt
Intake

Dietary sodium is consumed mainly as salt: NaCl

¼ Na (g) � 2.54

1 mmol sodium corresponds to 23.0 mg,

1 mmol chloride to 35.5 mg;

1 g NaCl consists of ~ 17 mmol sodium

and chloride each.

The Word Health Organization (WHO)

recommends a maximum salt intake of 5 g/day,

equivalent of one teaspoon (WHO 2012). Due to

the suggested potential to prevent and control

non-communicable diseases the WHO has

recommended reduction of salt intake in the

extent of 30 % by 2025 (WHO 2013a). For chil-

dren younger than 9 month no salt should be

added to food. For children aged 18 months to

3 years, salt intake should be no more than 2 g

per day (WHO 2012; WHO 2016). Based on the

WHO recommendation the European Society of

Hypertension/European Society of Cardiology

(ESH/ESC) guidelines also propose to reduce

dietary salt intake to 5 g/day for the management

of hypertension (Mancia et al. 2013).

The Dietary Reference Intake (DRI) recom-

mendation for sodium intake is less than 2.3 g/

day (~6 g NaCl/day; UL ¼ maximum level of

daily nutrient intake) for healthy adults. The

Adequate Intake (AI) is defined as an amount to

obtain a nutritionally adequate diet and to meet

the needs for sweat losses which result from

recommended levels of physical activity (Insti-

tute of Medicine 2013). As most people consume

far too much sodium this recommendation is set

at an upper limit. Special population groups

including hypertension patients should limit

sodium consumption to 1.5 g/day. Thus, the

American Heart Association advice to eat no

more than 1.5 g of sodium per day for optimal

heart health (American Heart Association 2016).
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The estimate value for minimum intake

according to DACH reference values is about

550 mg/day for adolescents and adults (Deutsche

Gesellschaft für Ernährung (DGE) et al. 2015)

(Table 1).

Similar to the recommendations in USA, the

Scientific Committee on Food established as

acceptable range of sodium intakes for adults

25–150 mmol/day (0.6–3.5 g/day) (SCF 1993).

The Reference Nutrient Intake in UK is

70 mmol/day (1.6 g/day) (Dietary reference

values for food energy and nutrients for the

United Kingdom 1991). The current sodium

intake across Europe is much higher than the

amounts required for normal function. For the

reason that increased sodium intake is associated

with high blood pressure, which in turn could

result in cardiovascular and renal diseases, salt

reduction is highly recommended.

5 Salt Intake and Hypertension

According to the WHO hypertension is the num-

ber one risk factor for mortality worldwide

(WHO 2009). Furthermore hypertension is the

primary contributor to DALYS (Disability-

Adjusted Life Years) in the world (Lim

et al. 2012) and a major risk factor for cardiovas-

cular diseases, heart failure, kidney disease

including nephrosclerosis, and retinopathy. Sev-

eral factors are associated with a high blood

pressure, such as especially genetic

predispositions, but also age, overweight and

obesity, low physical activity, and chronic stress

(Dorner et al. 2013). In addition, there is con-

vincing evidence that the diet, in front salt

(sodium chloride) intake, has significant effects

on the blood pressure (Dorner et al. 2013; Appel

et al. 2006). The fact that sodium plays a promi-

nent role in managing blood pressure has been

well established for long now (Ekmekcioglu

et al. 2013). Many trials have been published,

showing that a reduction of sodium intake is

associated with a reduction in systolic and dia-

stolic blood pressure, especially in hypertensive

but also in normotensive persons (He and

MacGregor 2002).

Already in 1904 Ambard und Beaujard

published a study showing the blood pressure

rising effects of salt (Ambard and Beaujard

1904). More than 40 years later Dr. Walter

Kempner impressively presented that an extreme

salt deficient rice diet could lower the blood

pressure of patients with severe hypertension

for an average of 47 mmHg systolic and

21 mmHg diastolic (Kempner 1948). These

remarkable effects are comparable with an inten-

sive, modern antihypertensive drug therapy.

However only approx. 60 % of Dr. Kempners

Table 1 Sodium intake recommendations

Life stage

AI (g/day) (DRI

2004)

UL (g/day) (DRI

2004)

Estimate value for min. intake (g/day) (DGE et al.

2015)

Infants: Infants:

0–6 month 0.12 Not determinable 0– < 4 month: 0.1

7–12 month 0.37 4– < 12 month: 0.18

Children: Children:

1–3 year 1.0 1.5 1– < 4 year: 0.3

4–8 year 1.2 1.9 4– < 7 year: 0.41

7– < 10 year: 0.46

10– < 13 year: 0.51

13– < 15 year: 0.55

Adults: Adolescents/Adults:

9–

> 70 year

1.5 2.3 0.55

Pregnancy 1.5 2.3

Lactation 1.5 2.3

Deutsche Gesellschaft für Ernährung (DGE) et al. (2015), Institute of Medicine (2005)
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hypertensive patients reacted on salt reduction

with noteable lowering of blood pressure. These

patients are known as salt sensitive. This is

described below (Dorner et al. 2013; Luft

et al. 1979).

In the last decades the effects of salt on human

blood pressure was investigated in several epide-

miological and interventional studies. In one of

the most famous and global, the Intersalt study,

which included 32 countries and 52 different

populations, it was shown that a 100 mmol

higher urinary sodium excretion was associated

with an average 6 or 3 mmHg higher systolic

blood pressure (with or without adjustment for

body mass index) (Elliott et al. 1996). Further-

more in a high British sample of more than

23 000 persons in the age of 45–79 years those

with the lowest salt intake showed an average

7.2/3.0 mmHg (systolic/diastolic) lower blood

pressure compared to the group with the highest

intake. (Khaw et al. 2004).

Several interventional studies looked at the

effect of salt reduction on blood pressure in

hypertensive and normotensive individuals.

Most of the studies lasted 2–8 weeks and the

daily salt reduction was in the range of

4.3–9.3 g/day. This resulted in a reduction of

blood pressure in the range of 3.9–5.9/

1.9–3.8 mmHg (systolic/diastolic) in

hypertensives and 1.2–2.4/0.3–1.1 mmHg (sys-

tolic/diastolic) in normotensives as a half a dozen

meta-analyses have calculated (Fig. 1) (Aburto

et al. 2013a; He and MacGregor 2002; Kotchen

et al. 2013; Midgley et al. 1996; Cutler

et al. 1997; Graudal et al. 1998; He et al. 2013).

In a recent meta-analysis, by including

103 studies, Mozaffarian and coworkers found a

strong evidence for a linear dose-response effect

with each reduction of sodium intake by 2.3 g/

day (equivalent to approx. 5.8 g salt) being

associated with a reduction of 3.82 mmHg sys-

tolic blood pressure (Mozaffarian et al. 2014).

Also the blood pressure of children is benefi-

cially affected by salt reduction. In a large study

in 650 children, a reduction in salt intake of

15–20 % through changes in food purchasing

and in preparation practices in the schools’

kitchens resulted in a significant fall in blood

pressure after 6 months (Ellison et al. 1989),

and in a meta-analysis by He and MacGregor of

controlled trials it was concluded that an average

reduction in salt intake by 42 % in children is

associated with immediate decreases in blood

pressure and, if continued, may prevent the

subsequent rise in blood pressure with age

(He and MacGregor 2006).

In addition to adverse effects on blood pres-

sure a high salt consumption also may lead to

other adverse outcomes on the cardiovascular

system, such as endothelial dysfunction, and ven-

tricular hypertrophy (Baldo et al. 2015; Du

Cailar et al. 1992; Todd et al. 2010; Oberleithner

et al. 2007). For example the acute intake of salt

impairs the flow-mediated dilation of the bra-

chial artery in healthy individuals (Dickinson

et al. 2011). Importantly, excess salt intake also

impairs endothelium-dependent dilation in salt

resistant humans (DuPont et al. 2013).

Regarding cardiovascular risk recent meta-

analyses calculated a reduced risk in cardiovas-

cular events of approximately 10–20 % for a

lower vs. higher salt intake (He and MacGregor

2011; Strazzullo et al. 2009).

5.1 Mechanisms of Salt-Dependent
Hypertension

Arterial blood pressure is dependent on the car-

diac output (heart rate � stroke volume) and

total peripheral vascular resistance. Short and

long term mechanisms are involved in the regu-

lation of blood pressure by influencing these two

variables (Porth 2009). In the short-term arterial

and cardiopulmonary baroreflexes regulate mean

arterial blood pressure by mainly modulating the

activity of the autonomic nervous system. On the

longer term especially endocrine mechanisms, in

front the RAAS and vasopressin are involved in

the regulation of blood pressure with the kidneys

playing an important role.

Studies from Guyton from the early 60s

showed that sodium loading lead to extracellular

volume expansion and volume loaded hyperten-

sion in the context of induced renal dysfunction

in dogs (Farquhar et al. 2015). This was in
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accordance with clinical studies in patients with

chronic kidney disease (Koomans et al. 1982).

Also according to Guyton, a rise in blood pres-

sure above the pressure natriuresis equilibrium

point, leads to an increase in sodium and water

excretion, in turn lowering the blood pressure

towards the previous levels (Guyton 1990;

Luzardo et al. 2015). In salt sensitive individuals,

the pressure natriuresis relationship is shifted to

the right, meaning that higher blood pressure

levels are necessary to increase renal sodium

excretion and to maintain sodium balance

(Guyton et al. 1972).

As mentioned before mean blood pressure is

primarily dependent on (stroke) volume and

peripheral vascular resistance. So salt induced

increases in extracellular volume, and related to

this stroke volume, would especially exert blood

pressure raising effects if peripheral resistance

does not decline compensatory (Schmidlin

Fig. 1 (a) Effect of a salt reduction on the blood pressure of hypertensive patients. (b) Effect of a salt reduction on the

blood pressure of normotensive persons. Average values are given for salt and blood pressure reduction
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et al. 2007). Therefore, an unchanged or

increased peripheral resistance, in association

with a salt-induced increase in cardiac output,

would result in a salt-dependent blood pressure

response, as shown in African Americans

(Schmidlin et al. 2007).

Also an impaired reaction of the RAAS

during a sodium manipulation may be linked

to a salt sensitive blood pressure response.

In this regard it is assumed that angiotensin II

type 1 receptors may be involved in sodium-

induced increases in blood pressure (Crowley

et al. 2005). These are found in systemic as

well as renal vasculature, and also in the central

nervous system, where they are important for

blood pressure and/or fluid volume regulation.

In this regard high salt intake increases several

components of the central RAAS, such as angio-

tensin II and aldosterone, in addition to the AT1

receptor, renin and ACE expression (Baldo

et al. 2015; Huang et al. 2006). For example

mice lacking renal angiotensin II type

1 receptors become salt sensitive (Mangrum

et al. 2002). Furthermore the ChineseGenSalt

studies identified angiotensin II type 1 gene

variants as predictive of salt sensitivity

(Gu et al. 2010).

In addition to the RAAS also modulation of

the autonomic nervous system may be involved

in salt sensitive hypertension. For example it is

suggested that in rodents a salt induced central

stimulation of the activity of the sympathetic

nervous system leads to a rise in blood pressure

(Farquhar et al. 2015; Brooks et al. 2005; Stocker

et al. 2010). In humans for example, salt-

sensitive individuals react with a higher increase

in heart rate to mental stress compared to salt-

resistant controls (Buchholz et al. 2003). A stim-

ulatory effect of sodium on angiotensin II may

also increase sympathetic outflow (Guild

et al. 2012). Furthermore sodium induced tempo-

rary increases in osmolality may also affect sym-

pathetic outflow (Farquhar et al. 2006). On the

other hand also an acute, drastic lowering of

sodium intake may activate the sympathetic ner-

vous system in humans (Anderson et al. 1989).

This can be explained as a stress reaction to acute

salt (and volume) depletion.

The kidneys have a prominent role in salt

dependent hypertension. Several experimental

findings in genetically hypertensive rat strains

provided evidence that renal mechanisms and

disorders in sodium balance are involved in salt

sensitive hypertension (Majid et al. 2015). Fur-

ther evidence to the critical role of the kidneys in

the development of hypertension stems from

monogenic forms of human hypertension with

abnormalities in tubular sodium transport leading

to increased sodium reabsorption (Lifton

et al. 2001; Shimkets et al. 1994).

Furthermore relating to animal studies it is

suggested that serum- and glucocorticoid-

inducible kinase (SGK), a downstream mediator

of mineralocorticoid receptors (MRs) that

activates the epithelial sodium channel in renal

tubules, may be involved in the adaptation to salt

and the pathogenesis of hypertension (Luzardo

et al. 2015; Farjah et al. 2003). In Dahl salt-

sensitive hypertensive rats for example, sodium

intake upregulates the expression of SGK1,

suggesting that MRs are activated in an

aldosterone-independent manner (Farjah

et al. 2003). Furthermore, an impairment of

renal sodium excretion could be also due to

renal inflammation, as suggested in experimental

models (Rodriguez-Iturbe et al. 2012).

5.2 Salt Sensitivity

The blood pressure response to changes in

sodium intake varies considerably among

individuals. Whereas some persons can eat high

amounts of salt without any or marginal effects

on their blood pressure, others would react with a

significant rise in blood pressure as a conse-

quence of a sodium-rich diet indicating that the

response to changes in blood pressure by dietary

sodium is variable dividing the people in salt-

sensitive and insensitive groups (Kawasaki

et al. 1978; Luft et al. 1991). Weinberger

et al. defined salt sensitivity if at least a 10 %

increase in mean arterial pressure is found after a

high salt vs. low salt challenge. Persons having

smaller increases were defined as salt-resistant

(Weinberger 1996). However, in general there
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is no clear consensus on the definition of salt

sensitivity in clinical practice (Luzardo et al.

2015; Rodriguez-Iturbe and Vaziri 2007).

In the literature approx. 50 % of hypertensives

are estimated to be salt sensitive (Felder

et al. 2013). In particular genetic polymorphisms

have been linked to salt sensitivity, hypertension

and cardiovascular disease (Trudu et al. 2013).

Possible candidate genes include especially those

that increase or decrease the expression of proteins

which are involved in renal sodium transport

(Armando et al. 2015). In addition to hypertensives

and genetic polymorphisms salt sensitivity is espe-

cially also increased in aging (Weinberger and

Fineberg 1991), in black people (Jenni and Suter

2011), and in persons with metabolic syndrome or

obesity (Chen et al. 2009; Fujita 2014).

What is also important is that salt sensitivity

in normotensive adults predicts future hyperten-

sion (Weinberger and Fineberg 1991; Sullivan

1991). Furthermore salt sensitivity has been

associated with increased mortality in normal

and hypertensive persons (Weinberger 2002).

6 High Salt Intake and Other
Diseases

In addition to cardiovascular diseases a highdietary

salt intake was also shown to be associated with an

increased risk for gastric cancer and kidney disease.

Furthermore in the last years there is accumulating

evidence for a link between high dietary salt intake

and risk for overweight and obesity.

6.1 Stomach Cancer

A recent meta-analysis of prospective cohort

studies showed that dietary salt intake is directly

associated with risk of gastric cancer, with pro-

gressively increasing risk across consumption

levels (D’Elia et al. 2012). Furthermore 24 % of

stomach cancer cases in the UK in 2010 were

suggested to be attributed to high salt consump-

tion (Parkin 2011). Various mechanisms, includ-

ing an increased gastric H. pylori colonization,

mutations, or exposure to carcinogens such as

N-nitroso compounds from certain salty foods,

are hypothesized to be involved in a higher gastric

cancer risk by high dietary salt intake

(Ge et al. 2012). According to the International

Systematic Literature Review (2015) of the

World Cancer Research Fund there were not

enough data to conduct dose-response meta-anal-

ysis. The review did not observe a significant

association comparing the highest versus lowest

salt intake (measured by food frequency ques-

tionnaire) as well as comparing the highest versus

lowest added salt intake. Nonetheless a signifi-

cant positive association was observed for stom-

ach cancer and with salted food intake and

comparing preference for salty food versus no

preference (Norat et al. 2015).

6.2 Renal Disease

Epidemiological studies reported an association

between dietary salt intake and urinary albumin

excretion, independent of blood pressure

(du Cailar et al. 2002). In this regard it is known

that urinary albumin levels are a risk factor for the

development and progression of kidney disease

and are also strong predictors for cardiovascular

risk (Cerasola et al. 2010). In an interventional

study in three ethnic groups, a reduction in salt

intake of about 3.2 g per day over 6 weeks lead to

significant reductions in blood pressure and uri-

nary albumin excretion (He et al. 2009). Further-

more it was demonstrated that reduced salt intake

may lower the risk of estimated glomerular filtra-

tion rate decline (Lin et al. 2010).

6.3 Obesity

Dietary salt induces hyperosmolar thirst in the

hypothalamus leading to higher water intake and

renal water excretion (Cowley et al. 1983). Many

people, especially children and adolescents, pre-

fer caloric, sugar-sweetened beverages (SSBs)

instead of tap water or low energy drinks (Duffey

et al. 2012). In a cross-sectional study in young

British children and adolescents it was

demonstrated that 31 % of total fluid intake

were by SSBs (He et al. 2008) and a difference

of 1 g/day in salt intake was associated with a

difference of 100 and 27 g/day in total fluid and
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SSBs consumption, respectively. Other studies

also found a positive association between urinary

sodium excretion/dietary salt intake and bever-

age consumption (Alexy et al. 2012; Grimes

et al. 2013).

In a recent paper by Ma et al. in a collective

of 458 British children and 785 adults it was

demonstrated that salt intake was higher in over-

weight and obese individuals (Ma et al. 2015).

A 1-g/day increase in salt intake was associated

with an increase in the risk of obesity by 28 %

(CI 95 %:1.12–1.45) in children and 26 %

(CI 95 %: 1.16–1.37) in adults after adjusting

for various factors. The results were independent

from energy intake suggesting that other

mechanisms such as higher consumption of

sugar-sweetened soft drinks might have played a

role. An experimental study for example showed

that high dietary sodium intake in rats leads to

higher plasma leptin concentrations and exces-

sive accumulation of white adipose fat compared

with the rats with lower salt intake (Fonseca-

Alaniz et al. 2007).

Also human studies in healthy adolescents sug-

gest a positive association between dietary salt

intake and subcutaneous abdominal adipose tis-

sue, independent of energy intake (Zhu

et al. 2014). Future studies will gain more insight

into the mechanisms between dietary salt intake

and obesity.

In summary, the negative effects of a high

sodium/salt intake are not only restricted to the

cardiovascular and renal systems, but may also

adversely affect our metabolism and energy intake.

However, it should also be mentioned that regard-

ing nutrition not only a low dietary intake of salt,

but also a higher consumption of potassium-rich

fruit and vegetables, as important components of a

healthy diet, has preventive effects on chronic

diseases including hypertension (Boeing

et al. 2012). For example, several publications in

the last years provided a high degree of evidence

that a Dietary Approaches to Stop Hypertension

(DASH)-style diet, which is based on fruits and

vegetables with low-fat dairy products and low in

saturated and total fat, exerts blood pressure lower-

ing and cardioprotective effects (Dorner et al. 2013;

Appel et al. 1997; Salehi-Abargouei et al. 2013).

7 Potassium and Hypertension

The association between potassium and blood

pressure was already put forward for the first

time in 1928 by W.L. Addison (Bulpitt 1981).

Ever since then, many trials suggested or showed

the blood pressure lowering effects of potassium.

These were summarized and analysed in a hand-

ful of meta-analyses (Cappuccio and MacGregor

1991; Whelton et al. 1997; Dickinson et al. 2006;

Aburto et al. 2013b; Geleijnse et al. 2003). All of

these provided evidence that potassium rich diets

or interventions with potassium can lower blood

pressure, especially in hypertensives. In the most

recent meta-analysis by Aburto et al. (Aburto

et al. 2013b) it was for example shown that a

higher potassium intake in the range of

90–120 mmol/day reduced blood pressure and

was associated with a lower risk of stroke inci-

dence. However, dietary amounts above

120 mmol/day seem to be not associated with

additional beneficial effects. In addition, in com-

bination with a recommended sodium intake of

less than 2 g/day (about 5 g/day salt), sodium/

potassium ratios with positive health effects can

be obtained according to the authors. Further-

more, it was concluded that potassium may be

more effective in reducing blood pressure at

higher levels of sodium intake, consistent with

previous findings (Whelton et al. 1997). The

largest benefit was analysed when sodium intake

was more than 4 g/day. However, potassium is

also beneficial at lower intake values of sodium

(Aburto et al. 2013b). In this regard, a recent

meta-analysis found that potassium has relevant

blood pressure reducing effects in hypertensive

patients with salt-rich diets (van Bommel and

Cleophas 2012). The effects were in the magni-

tude of �9.5 mmHg (95 % CI: �10.8 to �8.1)

for systolic and �6.4 mmHg for diastolic blood

pressure values (95 % CI: �7.3 to �5.6).

Patients with reduced salt intake showed little

effects from potassium treatment. Concomitantly

to these results in the recent PURE study, a

prospective cohort study of 102 216 participants

from 18 countries with average cardiovascular

risk, it was shown that a high salt intake was
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more strongly associated with increased blood

pressure in individuals with lower potassium

excretion (Mente et al. 2014).

Finally, the advantages of dietary potassium

on blood pressure may be strongest in salt-

sensitive individuals (Dietary Guidelines Advi-

sory Committee 2010). Therefore it is reasonable

and important to not only recommend salt reduc-

tion but also to increase potassium intake (Aaron

and Sanders 2013).

Potassium might exert blood pressure lower-

ing effects through many pathways (reviewed in

(Ekmekcioglu et al. 2016)). These include

(1) stimulation of natriuresis, (2) improvement

of endothelial function and NO release, (3) stim-

ulation of the sodium/potassium pump and

plasma membrane potassium channels leading

to endothelial hyperpolarization and decrease in

cytosolic smooth muscle calcium, and

(4) decrease in the activity of the sympathetic

nervous system with vascular smooth muscle

relaxation.

Some authors also suggest an antioxidant

effect of dietary potassium (Ishimitsu

et al. 1996). Carotid artery rings from rabbits

fed a low potassium diet for example showed

an approximately 100 % higher formation of

superoxide anions, enhanced norepinephrine

contraction, and suppressed acetylcholine relax-

ation (Yang et al. 1998). In addition, dietary

potassium supplementation suppressed ROS

overproduction in injured arteries of salt-loaded

Dahl S rats (Kido et al. 2008).

8 Potential Dangers
of a Low-Salt Diet

Aconsiderable restriction of sodium in the dietmay

bear some potential dangers (Burnier et al. 2015).

One of these is iodine insufficiency, which is com-

mon in Alpine countries such as Austria (Burnier

et al. 2015). The iodization of salt is an important

and cost efficient strategy to combat iodine defi-

ciency and related to this hypothyroidism in the

general population. Reducing salt intake in the pop-

ulation may worsen the iodine status of especially

people with suboptimal or marginal iodine intake.

Different scenarios could estimate the dietary

supply of iodine in case of salt reduction. For the

Netherlands for example it was estimated that up to

10 % of the population would have an insufficient

iodine supply when the dietary salt intake would

be reduced by 50 % (Vandevijvere 2012; Verkaik-

Kloosterman et al. 2010). A strategy to overcome

this problem could be to increase the iodine

content of salt.

Furthermore a low salt diet could increase the

risk of volume depletion and hypotension in

patients with acute dehydration or diarrhoea.

Also, in elderly people, reducing salt in the diet

could lead to altered food taste, which in turn my

increase the risk of low energy intake and mal-

nutrition (Zeanandin et al. 2012).

Although the benefits of salt reduction on

blood pressure and human health is overwhelm-

ing there are also few studies showing an

inverse or J-shaped association meaning that

not only a high but also a low dietary salt intake

might be associated with adverse health

outcomes, especially on the cardiovascular sys-

tem (Van Horn 2015).

For example the results of the ONTARGET

and TRANSCEND trials in 28,880 people at high

cardiovascular risk showed a J-shaped associa-

tion with an increased risk for cardiovascular

mortality in those consuming <3 g or >7 g

sodium (approximately < 7.5 salt or 17.5 g

salt) per day (O’Donnell et al. 2011). A similar

association was shown in the PURE study with

low (<3 g/day) or high (�7 g/day) sodium

intakes being associated with higher risk of

death or major vascular events (O’Donnell

et al. 2014). A J-shaped relationship for

all-cause or cardiovascular mortality was also

shown in patients with type 1 and 2 diabetes

mellitus, respectively (Thomas et al. 2011;

Saulnier et al. 2014). An inverse association

was reported in the Flemish Study on Genes,

Environment and Health Outcomes and the

European Project on Genes in Hypertension

with an increased risk for cardiovascular disease

(CVD) mortality in the lowest tertile of sodium

intake (Stolarz-Skrzypek et al. 2011).

Since there are few indications that a low salt

diet seems to be also, at least in part, associated
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with an increased incidence of cardiovascular

events and mortality, the important 2 questions

are: what are the reasons for these negative

outcomes and what are the suggested

mechanisms? Is this due to the low sodium/salt

intake per se or to one or more additional factors

that might affect patients’ survival? Another

question might be whether the low salt intake in

the patients is a consequence or a cause of their

disease. This limiting issue is defined as reverse

causality meaning that compromised patients

may consume less sodium, because of medical

advice or an illness-related reduction in food

consumption (Cobb et al. 2014). It may also be

relevant that some of the studies showing

J-shaped or inverse associations included sick

persons or were based on secondary analyses of

studies not primarily intended to test these

relationships.

One further major drawback in these studies

are suboptimal methods in the assessment of

sodium intake including food frequency

questionnaires, or spot or overnight urine collec-

tion (Cobb et al. 2014).

9 Strategies for Reduction of Salt
Intake

For millions of years, dietary salt intake was very

low (0.1–1 g/day). Main source of NaCl was meat

containing about 1.2 g/kg (Ha 2014; MacGregor

and deWardener 1998). Until the invention of the

refrigerator great amounts of salt were used for

cooking and preserving foods whereby around

the nineteenth century salt intake reached a peak

comparable to amounts of about 9–12 g/day, sig-

nificantly above recommended levels (Brown

et al. 2009). A comparison of world salt consump-

tion observed highest consumption in Asian peo-

ple, followed by Europeans, people in Middle

East and North Africa, USA/Canada,

Australia/New Zealand, Latin America and the

Caribbean, Oceania, and Sub Saharan Africa

(Powles et al. 2013).

Within the “WHO Global Strategy on Diet,

Physical Activity and Health” an action plan to

control and prevent non-communicable diseases

has been established. A primary goal is the

reduction of salt (WHO 2013a). Since now

most Europeans consume salt above the

recommended level of less than 5 g/day (<2 g

sodium/day).

Studies found that in industrial countries only

5–10 % of sodium intake comes from food natu-

rally rich in sodium bicarbonate, sodium gluta-

mate, and sodium citrate like smoked meat,

processed foods, and canned vegetables.

75–80 % of daily sodium consumption comes

from processed food like bread, cereals and bak-

ery products, meat and meat products, cheese and

dairy products, fish products, ready-to-eat meals,

and salty snacks, 10–15 % from table salt added

during cooking or at the table (European Com-

mission 2012), while in developing countries salt

used for seasoning is much more important. For

example in China and Japan soy sauce

contributes significantly to salt intake. World-

wide, the sodium content of processed foods

plays a more important role compared to that of

natural foods.

Many studies detected a wide range of sodium

content within various food categories. Also salt

content of products of global brands varied in

different countries. This may be due to tradi-

tional diet habits and taste preferences of differ-

ent population groups. Certain individuals such

as men, adolescents, and people with lower

socioeconomic status consume greater amounts

of salt, supposing that these population groups

consume more meat, high-sodium processed and

packaged foods than other consumer groups.

Opportunities for supporting the reduction of

salt intake to moderate levels are manifold and

varied. They reach from nutritional education,

improving environmental conditions (make the

healthier choices the easier choices) up to man-

datory nutrition labeling and regulated nutrition/

health claims, as well as legislated changes in the

form of taxation. Current knowledge makes the

importance of combining reformulation

approaches, improvement of the quality of com-

munal catering, and education to raise awareness

evident.

Ekmekcioglu et al. established a simple model

of how salt intake can be reduced in the
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population. This model emphasises the need for a

holistic approach in the improvement of optimal

salt intake (Fig. 2) (Ekmekcioglu et al. 2013).

9.1 Association Between Knowledge
on Salt and Salt-Related Dietary
Practices

Gathering and exploiting knowledge about the

awareness of the people on the relationship

between salt consumption and health or disease

risk, about levels of uptake, and drivers of salt

intake, provide the basis for improving the cur-

rent situation.

Therefore, Newson et al. evaluated self-rated

and calculated salt intake, sources of salt con-

sumption, concern in salt reduction, knowledge

about salt intake recommendations, and impor-

tance of salt reduction in health issues in eight

countries (Germany, Austria, United States of

America, Hungary, India, China, Brazil, and

South Africa) by a comprehensive web-based

questionnaire. Mean salt intake calculated from

data of the FFQ was 9.5 g per day, ranging from

7 to 13 g/day. On average 83 % of salt intake was

derived from In-Home-Foods and 17 % came

from Out-of the House-Consumption. While

people perceive that salt added during cooking

is the main source of intake, calculated data

recognised processed food as a primary source.

There was also a misperception of personal

intake. One third of participants were not inter-

ested in salt reduction and only 13 % of all

participants could correctly identify the salt

intake recommendations (Newson et al. 2013).

Although, numerous studies showed that

consumers were able to identify the health risks

associated with high salt intake, their knowledge

of recommendations, and of foods that contribute

most salt to their diet is poor. Therefore, findings

support the importance of information, of

increasing awareness, and motivation, as well

as reformulation of food stuff (Newson

et al. 2013).

Most important for behavioural changes

according to the health belief model (Janz and

Becker 1984) is motivation which can be

achieved by increasing awareness, information,

and therefore self-efficacy (Ekmekcioglu

et al. 2013).

Individuals affected by diseases like hyperten-

sion become aware of the importance of

behavioural changes and are more motivated to

change dietary habits compared to healthy peo-

ple. Nakano and colleagues for example showed

that regular 20-min educational sessions with

nutritionists can be effective in lowering urinary

sodium excretion, ambulatory BP monitoring

(ABPM), and clinic BP in hypertensive patients

(Nakano et al. 2016). This study is probably the

first that demonstrates the effectiveness of patient

education for hypertension management.

Participants who didn’t reach the goal of 6 g/

day tended to have higher BMI and therefore

had a higher salt intake because of their higher

food consumption. The effect of potassium can

be excluded because urinary excretions were the

same in the intervention and control groups. Due

to the short duration of the study (12 weeks)

patients didn’t lose weight, which might have

an impact on blood pressure. Limitations might

be the small sample size of 51 participants in the

education group and 44 in the control group, the

Hawthorne effect and different medications

(Nakano et al. 2016).

9.2 Reduction of Salt Intake by
Reformulation

Part of the strategies to reduce salt consumption

is cooperating with food companies to reduce the

amount of salt in processed foods and improving

consumers’ awareness of the impact of salt on

human health.

This can be achieved through limiting salt by

food reformulation. Since the WHO launched the

“Global Strategy on Diet, Physical Activity and

Health” to limit the levels of salt in foods, many

companies have reformulated their products and

reduced salt content by 10–40 % in many food

categories including bread, breakfast cereals,

processed meat, cheese, soups and sauces,

ready-to-eat meals as well as snacks.
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Sodium is responsible for the taste of a food

by enhancing other aromatic ingredients and

suppressing bitterness (D€otsch et al. 2009).

Therefore, salt content in food stuff increases

acceptance. But the human salt taste receptors

can adapt to low salt concentrations (Blais

et al. 1986) which makes a small, stepwise

reduction of sodium content without reduced

product acceptance possible, which in turn

means that a cooperation of all manufacturers is

required.

Beside the stepwise approach, salt reduction

strategies include an increased use of spices

and taste enhancers (Wilson and Incles 2012).

More information
Expert consultations
Marketing strategies

Government regulation

Reduction of
salt in food

Further reduction of salt
in food

Continue to work on
consumer motivation

Further reduction of salt intake

Adaptation to
lower salt levels

Awareness
own salt intake

Intention to
change

Consumers reassurance
on taste

Reduction of
salt intake

Awareness
low-salt
products

Food Industry

Reduced

Optimal
Intake
Level

intake level

Production
change

Behavioral
change

Habituation

Consumers

More information

Better information (e.g.
nutrient labeling)

Changing the environment
Education/Coaching

Fig. 2 A simple model of how dietary salt intake can be

reduced in population (The figure is taken from

Ekmekcioglu et al. (Ekmekcioglu et al. 2013). With

kind permission from S. Karger AG, Medical and Scien-

tific Publishers, 4009 Basel, Switzerland)
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To ensure food safety and preservation in some

cases addition of antimicrobial agents is neces-

sary. Replacement of NaCl by KCl by 30–40 %

has been made in meat and dairy products with-

out any adverse effects on microorganism growth

(Harper and Getty 2012). Even though, potas-

sium chloride has similar antimicrobial effects

and technological function, its application is lim-

ited because of its metallic and bitter off-taste

(Buttriss 2013).

Salt reduction in bread and bakery products

can be achieved by a stepwise sodium reduction

of 5 % per week until 25 %, substitution of

sodium chloride by potassium chloride (up to

10 %), and use of organic acids such as acetic

and lactic acid. Replacement of NaCl up to 50 %

by other salts/salt mixtures (potassium or magne-

sium chloride, potassium lactate, sodium

diacetate), use of phosphates to promote water

binding capacity of the proteins, and use of flake

salt in dry-cured meat products are strategies

used in reformulation of meat and meat products.

Salt reduction in cheese is more difficult to man-

age than in bread and most meat products

because salt controls the ripening process.

Despite 30–40 % sodium reduction, taste and

acceptance of ready-to-eat meals can be

improved by the use of salt substitutes like potas-

sium chloride and natural flavour enhancers

(e.g. yeast extract or natural aroma sources such

as garlic and herbs like oregano, rosemary). The

composition of snacks can be optimised by the

use of smaller salt particles which induce an

increased initial perception of saltiness, as well

as the use of spices (Kloss et al. 2015).

As protected designation of origin (PDO)

products such as Parmesan, Prosciutto di Parma,

Feta, and Camembert de Normandie must be pro-

duced according to traditional methods reducing

salt content by reformulation is limited within

these food stuffs (Wilson and Incles 2012).

In the meantime, impressive success stories

can be reported on collaborations with food

companies to reduce salt content followed by a

decrease in blood pressure and in mortality rate

related to heart disease and stroke (Ekmekcioglu

et al. 2013). Thus, reformulation has along with

other approaches such as healthier food choice

editing, portion size control, as well as clear and

comprehensible information provision, potential

to increase the opportunities of healthier choices

to improve public health. However, reformula-

tion alone doesn’t have the impact to provide a

complete solution to the challenge of improving

eating patterns and nutrient supply.

9.3 Reduction of Salt Intake by Legal
Provision

Taxation of “unhealthy” high sodium food is

discussed controversy. By introducing a tax for

salty snacks (salt content of more than 1 g/100 g;

for condiments >5 g/100 g) in Hungary in 2011

(0.8 €/kg salt) sales of salty snacks decreased by

26 %. Food prices influence food consumption

on the one hand (Duffey et al. 2010), and changes

consumer behaviour on the other hand by

increased awareness of negative health effects.

Referring to salt/sodium content there are four

nutrition claims (Table 2).

“A claim stating that sodium/salt has not been

added to a food and any claim likely to have the

same meaning for the consumer may only be

made where the product does not contain any

added sodium/salt or any other ingredient

containing added sodium/salt and the product

contains no more than 0.12 g sodium, or the

equivalent value for salt, per 100 g or 100 ml.

A claim that a food is sodium-free or salt-free,

and any claim likely to have the same meaning

Table 2 Nutrition claims to salt/sodium content

Nutrition claim Sodium content

Equivalent salt

content

(per 100 g or

100 ml)

(per 100 g or

100 ml)

No added

sodium/salt

0.12 g 0.30 g

Sodium-free/

salt-free

0.005 g 0.01 g

Very low

sodium/salt

0.04 g 0.10 g

Low sodium/salt 0.12 g 0.30 g

Commission Regulation (EU) No 1047 (2012)
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for the consumer, may only be made where the

product contains no more than 0.005 g of sodium,

or the equivalent value for salt, per 100 g or per

100 ml.

A claim that a food is very low in sodium/salt,

and any claim likely to have the same meaning

for the consumer, may only be made where the

product contains no more than 0.04 g of sodium,

or the equivalent value for salt, per 100 g or per

100 ml. This claim shall not be used for natural

mineral waters and other waters.

A claim that a food is low in sodium/salt, and

any claim likely to have the same meaning for

the consumer, may only be made where the prod-

uct contains no more than 0.12 g of sodium, or

the equivalent value for salt, per 100 g or per

100 ml. For waters, other than natural mineral

waters falling within the scope of Directive

80/777/EEC, this value should not exceed 2 mg

of sodium per 100 ml.” (Commission Regulation

(EU) No 1047 (2012)).

There is one authorized health claim for foods

with low or reduced sodium: “Reducing con-

sumption of sodium contributes to the mainte-

nance of normal blood pressure” in the European

Union (EFSA 2011).

Different labeling confuses consumers

because most of them are not aware that salt

content is 2.54 times higher than sodium concen-

tration. Therefore, the European Parliament and

the Council determined in 2011 by The Regula-

tion (EU) No 1169/2011 on the provision of food

information to consumers that the term salt

instead of sodium must be used on food labels

(Regulation (EU) No 1169/2011 (2011)). In

Finland warning labels must be used for products

with high salt content, in the United Kingdom,

there is a voluntary traffic light label and as front-

of-package labeling the guideline daily amount

(GDA) system is used (WHO 2013b). Food

labeling is most effective in promoting buyers

awareness and can help consumer make the

healthier choice. Additionally this motivates

food companies to reduce salt in their products.

Webster et al. evaluated global salt reduction

initiatives and recognized that 59 countries from

83 cooperate with food industry to reduce salt.

Most of the countries established voluntary

targets while South Africa and Argentina had

mandatory targets for many food products, and

six European countries (Belgium, Bulgaria,

Greece, Hungary, the Netherlands and Portugal)

had mandatory targets for bread amongst others.

Salt reductions in bread ranged from 6 % in

Belgium to 38 % in Chile. For other products,

reductions between 5 % (cornflakes, USA) and

81 % (frozen peas, USA) have been observed

(Webster et al. 2014). Because consumer’s

knowledge on salt content in food is limited

these partnerships are very important for public

health concern.

The EATWELL research project (www.

eatwellproject.eu) (Interventions to Promote

Healthy Eating Habits: Evaluation and

Recommendations) conducted between 2009

and 2013 evaluated the effectiveness of healthy

eating interventions in EU Member States. Main

topics were policies supporting informed choice

(nutrition education, labelling), and changing the

market environment (taxes, food reformulation,

regulation of school and workplace meals). A

common recommendation is to gather more and

better evidence (Traill et al. 2013).

10 Practical Recommendations
for Moderate Salt Intake

Well known dietary patterns for treatment of ele-

vated blood pressure are the Dietary Approaches

to Stop Hypertension (DASH) diet and the

OmniHeart diet. The DASH diet is rich in fruits,

vegetables, low-fat dairy products, contains poul-

try, fish, and nuts, whereas only small amounts of

red meat, sweets, and sugar-containing beverages

are consumed. Macronutrient composition is

about 58 % carbohydrate, 15 % protein, and

27 % fat; sodium intake less than 2.3 g/day. Com-

pared to a typical American diet DASH is reduced

in saturated fat and total fat, modestly increased in

protein (Sacks et al. 2001).

Because the types of macronutrients (carbo-

hydrate, protein, or unsaturated fat) replacing

saturated fat has been discussed controversial,

slight variations of DASH have been evaluated

within the Optimal Macronutrient Intake Trial to
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Prevent Heart Disease (OmniHeart). The

OmniHeart diet is a carbohydrate-rich diet

which allows partially substituting carbohydrate

with protein or unsaturated fat, similar to a

Mediterranean-style diet. This offers more flexi-

bility and makes it easier to eat a heart-healthy

diet (Swain et al. 2008).

Generally, a DASH eating plan consists of

7–8 servings grains and grain products; 4–5

servings vegetables and fruits, each; 2–3 servings

low-fat dairy products; 2 or less servings lean

meats, poultry, and fish; 2–3 servings fats and

oils per day, and 4–5 servings of nuts, seeds, dry

beans, and peas; 5 or less servings sweets per

week (U.S. Department of Health and Human

Services 2003).

Along with the recommendations of the DASH

diet, body weight should be reduced in overweight

and obese people (BMI less than 25 kg/m2), salt

intake not exceed 5 g/day (<2.3 g sodium/day, no

more than 1.5 g⁄day in blacks, middle- and older-

aged persons, and individuals with hypertension,

diabetes, or chronic kidney disease), intake of

potassium (~4.7 g/day) should be increased and

alcohol consumption limited to max. 10 g/day for

female and 20 g/day for male (Appel, on Behalf

of the American Society of Hypertension Writing

Group 2009).

Yokoyama et al. described an association

between vegetarian diets and lower blood pres-

sure in their meta-analysis including 7 controlled

trials and 32 observational studies. It remains to

be clarified which type of vegetarian diet is most

effective (Yokoyama et al. 2014).

Additionally, regular physical activity can

lower blood pressure. There is evidence that

150 min physical activity per week may support

antihypertensive medication. The American Col-

lege of Sports Medicine recommends primarily

endurance physical activity supplemented by

resistance exercise in moderate-intensity (40–<

60 % of V ̇O2R) for at least 30 min daily

(Pescatello et al. 2004). A Systematic Review

and Meta-analysis done by Cornelissen and

Smart concluded that endurance, dynamic resis-

tance, and isometric resistance training lower

SBP and DBP, whereas combined training

lowers only DBP. Isometric resistance training

is suggested for the largest SBP reductions

(Cornelissen and Smart 2013).

The burden of hypertension raises with

increasing prevalence of obesity. Therefore,

weight reduction and control is very important

in prevention and therapy of hypertension. A

meta-analysis of 25 RCTs showed blood pressure

reduction of ~1 mm Hg for each kilogram of

body weight loss (Neter et al. 2003).

Salt reduction is difficult to achieve because

in industrialised countries ~80 % of salt intake

comes from industrial produced foods.

Average amount of salt consumed per daily

food intake is about:

• 1 g from basic unprocessed foods (vegetables,

potatoes, grain, milk, meat)

• 2–3 g from bread and bakery products

• 3–5 g from sausages, ham, cured meat

products, cheese, fish sauce

• 4–5 g from industrially processed products

like preserves/fish products and home-made

dishes

• 1–2 g from salt added at the table

Therefore avoid adding salt at the table, and

season with herbs and spices. Always read the

food label and reduce consumption of ready-to-

eat meals with high amounts of salt.

11 Conclusion

The positive relationship between salt and blood

pressure is known since more than 100 years.

Accumulating evidence especially began in the

1940s where severe arterial hypertension has

been cured by drastic lowering of salt intake by

the Kempner rice and fruit diet. In the 1950s

Lewis K. Dahl observed a blood pressure lower-

ing effect by a low-salt diet in rats with salt-

sensitive hypertension. Most of the subsequent

studies showed beneficial effects of a low salt

diet on blood pressure. However, also some neg-

ative papers were published, which failed to find

a relationship between salt and blood pressure.

While selection of study participants (more salt

sensitive people like elderly or people with
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hypertension) can increase likelihood of the pos-

itive association between salt intake and blood

pressure, dietary and other lifestyle factors like

intake of potassium (from fruit and vegetable

sources), physical activity level, as well as alco-

hol consumption have also to be considered

(Drueke 2016).

A few studies also suggested that a low salt

diet may have detrimental health outcomes, espe-

cially regarding cardiovascular diseases and

mortality. (O’Donnell et al. 2014; Graudal

et al. 2014). A recent study by Mente at al. for

example observed an association between low

sodium intake and increased risk of cardiovascu-

lar events and mortality in both hypertensive and

normotensive individuals (Mente et al. 2016).

More reliable randomised controlled trials, as

well as research on measurement, storage and

kinetics of sodium, on physiological properties,

and genetic determinants of salt sensitivity are

necessary to explain these negative outcomes of

a low salt diet. However, according to the current

overwhelming state of knowledge people with

hypertension and high sodium intake should be

advised to lower their salt intake.
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Abstract

Blood pressure measurement has a long history and a crucial role in

clinical medicine. Manual measurement using a mercury sphygmoma-

nometer and a stethoscope remains the Gold Standard. However, this

technique is technically demanding and commonly leads to faulty

values. Automatic devices have helped to improve and simplify the

technical aspects, but a standardised procedure of obtaining comparable

measurements remains problematic and may therefore limit their validity

in clinical practice. This underlines the importance of less error-prone

measurement methods such as ambulatory or home blood pressure

measurements and automated office blood pressure measurements.

These techniques may help to uncover patients with otherwise

unrecognised or overestimated arterial hypertension. Additionally these

techniques may yield a better prognostic value.
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1 The History of Blood Pressure
Measurement

The history of blood pressure (BP) measurement

was reviewed in detail by Eoin O’Brien and

Desmond Fitzgerald [1]. The following

summarises the main points:
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1.1 Direct Measurement of Systolic
Blood Pressure

As long as 4000 years ago, Chinese Emperor

Huang-Ti was aware of the changing

characteristics of the pulse and realised, that peo-

ple who eat too much salt had hard pulses and

tended to suffer strokes. However, it took until

the first half of the eighteenth century for

Stephen Hales to undertake his famous experi-

ment demonstrating that blood rose to a height of

8 ft and 3 in. in a glass tube positioned in the

carotid artery of a horse [1].

1.2 Indirect Measurement of Blood
Pressure

Indirect measurement of BP was made possible

by sphygmographs, which were first invented

by Karl Vierordt in 1855. Sphygmographs

applied pressure to the radial artery, while an

oscillating metal tip recorded the pulse wave on

a strip of smoked paper driven by a clockwork

motor [1].

In 1880 Samuel Siegfried Ritter von Basch

developed a device he called the sphygmoma-

nometer, which consisted of a rubber pelotte or

bulb filled with water with a thin membrane on

one side, which was pressed to the radial artery

while the pulse was palpated. Water was pressed

out into the closed arm of the manometer. The

point of disappearance of the pulse was taken as

systolic pressure [1].

Later, water-filled cuffs were applied instead

of the pelotte, which applied pressure to the

entire arm. Kymographs and oscillometers were

added, and the size of the devices was reduced,

bringing these devices into clinical medicine.

Harvey Cushing was the first to advocate putting

BP in the bedside chart [1].

Nicolai Sergeivich Korotkoff described what

is today called Korotkoff sounds in 1905. The

next advancement was an occluding arm cuff

developed by Scipione Riva Rocci. The pressure

was recorded by a mercury manometer [1].

As early as 1918, focus was set on parameters

like patient anxiety, posture of the patient, arm

level and the number of measurements needed to

be recorded for an accurate diagnosis – factors,

which did not lose importance over time [1].

1.3 Ambulatory Measurement
of Blood Pressure

In 1904 the basic idea for ambulatory blood

pressure measurement (ABPM) was born as

Theodore Janeway drew attention to the

variability of BP and its response to stressors

such as surgery, tobacco and anxiety

[1]. 60 years later, Sir George Pickering was the

first to show the constant fall of BP during sleep

and the fluctuation of BP over 24 h [2]. The first

intra-arterial ABPM was performed in 1966

[3]. The first truly portable non-invasive ABPM

device was described by Hinman et al. in 1962

[4]. The device weighed 5.5 lbs (2.5 kg) and had

to be manually inflated. To overcome the pitfalls

of intermittent measurements, the first servo-

plethysmomanometer based on the vascular

unloading principle using a light source and pho-

tocell in a finger cuff was developed in the

1970s [1].

2 Definition and Classification
of Hypertension

There is a continuous relationship between BP

and vascular mortality above 115 mmHg systolic

blood pressure (sBP), obscuring a clear distinc-

tion between normotension and hypertension

solely based on sBP and diastolic BP (dBP)

values [5]. Additionally, sBP and dBP are nor-

mally distributed in the general population

[6]. However, cut-off BP values are necessary

to simplify the diagnostic approach and to facili-

tate the decision about treatment. The widely

accepted office BP measurement (OBPM)

cut-off values and the corresponding World

Health Organization (WHO) classification of

hypertension are depicted in Table 1 [7]. These

cut-off values are based on the evidence of a
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meta-analysis from 1994 showing that above

these BP values patients benefit from antihyper-

tensive therapy [8].

Data on a classification of hypertension based

on ABPM and home blood pressure

measurements (HBPM) are scarce and there is

no widely accepted classification beyond the

cut-off values for the diagnosis of hypertension,

which are provided in Table 2. The National

Institute for Health Care Excellence (NICE)

guidelines for the management of hypertension

advocate a classification based on mean daytime

ABPM or HBPM values, derived from a study

which directly compared directly OBPM and

ABPM measurements in 8529 patients

[9, 10]. This may have the limitation that the

corresponding stages of the measurement types

may not reflect the same cardiovascular risk

because of different blood pressure patterns

(e.g. white coat hypertension) and different prog-

nostic values of the measurement techniques.

Both will later be discussed in detail.

By NICE, stage 1 hypertension is suggested as

OBPM �140/90 mmHg and daytime ABPM/

HBPM �135/85 mmHg and stage 2 as OBPM

� 160/100 mmHg and daytime ABPM/HBPM

� 150/95 mmHg [9, 10]. There is no equivalent

for stage 3 hypertension proposed [10].

2.1 White Coat Hypertension

White coat hypertension (WCH) is defined as a

BP pattern where OBP values are elevated at

repeated visits, but within normal limits out of

the office, either on ABPM or HBPM (Table 3

and Fig. 1) [7]. The prevalence of WCH has been

described in about 5–65 % of patients with

newly diagnosed hypertension [11, 12]. There is

an ongoing debate on whether patients with

WCH have the same long-term cardiovascular

risk as truly normotensive subjects, underlining

the importance of its detection [7].

2.2 Masked Hypertension

Masked hypertension is defined as normal BP in

the office, with elevated BP values out of the

medical environment, shown by ABPM or

HBPM (Table 3 and Fig. 1). The phenomenon

Table 1 Classification of hypertension according to

office blood pressure values (mmHg) [7]

Category

Systolic

BP

Diastolic

BP

Optimal <120 and <80

Normal 120–129 and/or 80–84

High normal 130–139 and/or 85–89

Grade

1 hypertension

140–159 and/or 90–99

Grade

2 hypertension

160–179 and/or 100–109

Grade

3 hypertension

�180 and/or �110

Isolated systolic

hypertension

�140 and <90

Table 2 Cut-off values for office, ambulatory and home

blood pressure measurements (mmHg)

Modality Systolic BP Diastolic BP

OBPM 140 90

ABPM: 24 h-mean 130 80

ABPM: Awake 135 85

ABPM: Sleep 120 70

HBPM 135 85

Modified after [7]

Table 3 Definition of white-coat hypertension and masked hypertension

White-coat hypertension Masked hypertension

Treated or untreated patients with office BP � 140/

90 mmHg AND

Treated or untreated patients with office BP < 140/

90 mmHg AND

24-h ABPM < 130/80 mmHg AND 24-h ABPM � 130/80 mmHg AND/OR

Awake ABPM < 135/85 mmHg AND Awake ABPM � 135/85 mmHg AND/OR

Sleep measurement < 120/70 mmHg OR Sleep measurement � 120/70 mmHg OR

Home BP < 135/85 mmHg Home BP � 135/85 mmHg

Modified after [37]
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of masked hypertension has been described in

up to 37 % of patients with arterial hypertension

under an intensified therapy [13]. Masked hyper-

tension is frequently associated with other

risk factors such as asymptomatic organ damage

and increased risk of diabetes and sustained

hypertension [7]. The cardiovascular risk seems

to be as high as in patients with sustained

hypertension [14].

3 Office Blood Pressure
Measurement

As common practice over decades and until

today, OBPM is measured using a brachial

pressure cuff and auscultation of the brachial

artery to identify the appearance and disappear-

ance of Korotkoff sounds. Over the last

years, automated BP measurement devices

have reached the market and are now

widely accepted in guidelines and used in out-

patient clinics, hospitals and by people at home

[7, 10].

3.1 Manual Blood Pressure
Measurement Technique

In order to receive comparable results, the envi-

ronment should be standardised as much as pos-

sible [10]. The technique is accurately described

in the National Institute for Health Care Excel-

lence (NICE) and European Society of Hyperten-

sion (ESH) guidelines [10] and summarised in

the following:

The patient should be rested and relaxed in a

seated position for at least 3–5 min and rested

before beginning BP measurements [7, 10]. The

arm is out-stretched, in line with the mid-sternum

and supported [10]. Further requirements for the

environment are shown in Table 4. An appropri-

ately sized cuff (as indicated by markings, see

also the paragraph on Cuffs) is wrapped around

the upper arm and connected to a manometer

[10]. While palpating the brachial pulse, the

cuff is rapidly inflated to 20 mmHg above the

point where the brachial pulse disappears

[10]. This pressure should be noted, as it is the

approximate systolic pressure [10]. The cuff

should then be re-inflated to 20 mmHg above

130/80 mmHg

140/90 mmHg

Office BP

White coat
hypertension

Controlled
Hypertension/
Normal BP

Masked
hypertension

Uncontrolled
hypertension

Mean 24h ambulatory BP

Fig. 1 Definition of

different blood pressure

(BP) patters when

combining in-office and

out-of-office BP

measurements (Modified

after [13])
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this point [10]. The stethoscope should be placed

over the brachial artery ensuring complete skin

contact without clothing in between [10]. Then,

the cuff is slowly deflated at 2–3 mmHg per

second listening for the Korotkoff sounds

[10]. The first sound appearing with the brachial

pulse (phase I Korotkoff sound) is the systolic

pressure [10]. At this point, the pulse pressure

wave overcomes the obstruction caused by the

cuff with its maximal pressure [10]. Intermediate

sounds follow as the cuff pressure drops, with

muffling and then complete disappearance of

sounds (phase V Korotkoff sounds) indicating

the diastolic pressure [10]. At this point the resid-

ual diastolic arterial pressure is sufficient to over-

come the pressure caused by the cuff, leading to a

normal arterial diameter without systolic blood

flow murmurs [10]. The cuff is then quickly

deflated completely [7, 10]. At least two BP

measurements should be taken in the sitting posi-

tion, spaced 1–2 min apart, adding more

measurements if the first two are quite different

(in daily practice more than 2–5 mmHg differ-

ence) and the average of the measurements

should be used [7]. More measurements are

recommended in patients with arrhythmia

(i.e. atrial fibrillation) [7]. In case of elevated

OBPM, the diagnosis of hypertension should be

confirmed in a second visit, usually 1–4 weeks

after the initial investigation or preferably with

the use of ABPM [10, 15, 16].

In case of a significant (>10 mmHg) and

consistent systolic BP difference between the

arms, the arm with the higher BP values should

be used [7]. A BP difference of >10 mmHg may

help to identify patients in need of further vascu-

lar assessment, whereas a BP difference of � 15

mmHg may be an indicator of peripheral vascu-

lar disease, pre-existing cerebrovascular disease,

increased cardiovascular mortality and increased

all-cause mortality [17].

3.2 Conditions and Environment

BP is maintained through a combination of

mechanical, neuronal and endocrine self-

regulating systems in the body [10]. There is a

considerable variability of BP due to respiration,

emotion, exercise, meals, tobacco, alcohol, tem-

perature, bladder distension, etc. [18]. Addition-

ally, BP is influenced by age, race, and circadian

variation [18]. Therefore attention should be paid

to these circumstances.

3.3 Cuffs

A cuff is an inelastic cloth that encircles the

arm and encloses an inflatable rubber bladder

[18]. Present-day cuffs consist of an inflatable

cloth-enclosed bladder which encircles the arm

and is secured by Velcro or by tucking in the

tapering end [10]. The width of the bladder is

recommended to be about 40 %, and its length

80 % of the arm circumference [10]. Both cuffs

that are too narrow and cuffs that are too short

will lead to falsely high BP measurements

[19]. A bladder which is too large will lead to

an underestimation of BP [18]. Recommended

cuff sizes are stated in Table 5 [20]. Arm cuffs

are preferred, as cuffs fitting on the finger or

wrist are often inaccurate and should therefore

not be recommended [15].

Table 5 Recommended cuff sizes [20]

Arm circumference Cuff size Cuff measurement

22–26 cm Small adult 12 � 22 cm

27–34 cm Adult 16 � 30 cm

35–44 cm Large adult 16 � 36 cm

45–52 cm Adult thigh 16 � 42 cm

Table 4 Principles of office and home blood pressure

measurement

Conditions for blood pressure measurements

5 min rest, 30 min without smoking/caffeine

Seated, back supported, arm outstretched, resting on the

table

Correct cuff bladder placement

Immobile, legs uncrossed, not talking, relaxing

Repeated readings at 1–2 min intervals

Results written down (if device without memory)

Modified after [10, 32]
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3.4 Devices

There is a range of manual and automatic BP

measurement devices available. For clinical

decision making devices need to be validated

according to standardised protocols and their

accuracy should be checked on a regular basis

through calibration in a technical laboratory

[7, 21]. A list of currently recommended devices

can be found online [22].

3.4.1 Mercury Sphygmomanometers
Mercury sphygmomanometers have traditionally

been used to measure BP [10]. They are reliable

and provide the reference standard for indirect BP

measurement [10]. However, there are significant

safety and economic concerns about the toxic

effects of mercury [10]. Therefore, in most

European countries,mercury sphygmomanometers

are no longer available – but still are used as refer-

ence devices for the validation of automated mea-

surement devices e.g. in the international protocol

for the validation of BP measuring devices by the

ESH [7, 23, 24].

Non-mercury devices working with a similar

system are available and provide a suitable alter-

native to mercury devices when manual measure-

ment is required [10].

3.4.2 Aneroid Sphygmomanometers
Aneroid sphygmomanometers measure pressure

through a lever and bellows system [10]. In gen-

eral, they are less accurate than mercury

sphygmomanometers and their alternatives,

especially over time [10].

3.4.3 Automated Blood Pressure
Measurement Devices

Auscultatory or oscillometric automated devices

are now commonly used in hospitals and primary

care [7, 10]. Certified devices are listed on the

webpage of the Dabl Educational Trust [22].

3.4.4 Comparison of Auscultatory
and Oscillometric Techniques

Automated devices are easy to use and less error-

prone. Techniques using manual devices are

more complex and time consuming. Failure to

accurately identify the Korotkoff sounds, ten-

dency of physicians to round readings up or

down and observer prejudice are common

mistakes with manual readings [10].

Mercury manometer technique tend to result

in higher BP values than oscillometric devices

[25]. This may be due to the fact that

oscillometric devices calculate BP from

oscillations based on “maximum buckling” of

the brachial artery under the cuff, which is nearly

equal to the mean arterial pressure. Systolic and

diastolic BP values are thus calculated from this

mean by device-specific algorithms, rather than

directly measured [26]. Therefore it is crucial for

clinical decision making to use automated

devices which are validated according to a

standardised protocol [24]. With thus validated

devices the abovementioned effects are clinically

not significant.

3.5 Advantages

OBPM has been the cornerstone of hypertension

diagnosis and management for over 100 years

and is the basis for most studies on hypertension

[27]. Even the most recent BP outcome studies

like the SPRINT trial and the HOPE-3 trial rely

on OBPM with specific measurement procedures

in each study [28, 29]. Elevated OBPM predicts

cardiovascular events (Fig. 2) [30]. Automated

OBPM means to take the mean of multiple BP

readings recorded with a fully automated device

with the patient resting quietly, alone, in the

office or clinic, which was reported to deliver

results closer to ABPM [31].

3.6 Disadvantages

A single office BP reading does not represent a

patient’s true BP [32]. Errors may be due to

patients’ alerting reaction to the measurement

procedure and setting (i.e. white coat effect).

With OBPM there is a lack of relevant informa-

tion on BP during usual daytime activities and

during sleep [32].
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3.7 Caveats

There is a high variability with a mean difference

of approximately +20 mmHg sBP between

OBPM measurements of primary care physicians

and specifically trained research assistants, even

after short training [33]. Possible pitfalls in daily

practice may be faulty position such as legs

crossed, back or arm unsupported, talking during

the measurement or insufficient number of

readings [33]. The influence of different pitfalls

is summarised in Table 6.

In routine in-patient BP measurements,

e.g. during nurse-rounds, a variety of procedural

errors occur in a very high percentage, affecting

the accuracy of BP measurements [34]. These

mistakes include utilising non-validated devices,

obtaining only a single BP reading, lack of rest

prior to the reading, inadequate patient position

(arm not at heart level, back not supported, legs

crossed, semi-recumbent or supine patient posi-

tion), misplacement of the cuff or use of an

inadequate cuff and finally, conversations with

the patient during the reading (see also

Table 6) [34].

Table 6 Common mistakes during routine in-hospital BP measurements and their possible influence

Error Frequency % Variation in mmHg

Single measurement 96 Mean + 8 mmHg

Arm not at heart level 69 Ca 1.6 mmHg/cm difference

Conversation during measurement 41 Up 20 % increase sBP/dBP

Simultaneous ear temperature measurement 58 Unknown

Simultaneous pulse-oximetry 82 Unknown

Supine, semi-recumbent 39 Ca 8 mmHg sBP

Wrong cuff size 36 Overestimated BP (10–50 mmHg)

Legs crossed 15 Mean + 2–8 mmHg sBP

Modified after [20, 34]

Fig. 2 Adjusted 5-year risk of cardiovascular death in the

study cohort of 5292 patients for OBPM and ABPM.

Multiple Cox regression was used to calculate the relative

risk with adjustment for baseline characteristics including

gender, age, presence of diabetes mellitus, history of

cardiovascular events, and smoking status (Reprinted

with permission from [42])
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4 Home Blood Pressure
Measurement

4.1 Technique

To guide clinical decisions by HBPM

measurements should be taken in a standarised

manner as defined by the European Society of

Hypertension guidelines for blood pressure mon-

itoring at home [32]. Principles of correct HBPM

are summarised in Table 4 and are largely similar

to the previously described OBPM procedure.

Frequent measurements produce average

values which are more reproducible and reliable

than OBPM [10]. Usually, the average of BP

measurements over several days, e.g. morning

and evening values of 5–7 days, can be helpful

in the guidance of treatment decisions

[15]. Recommendations on the number and fre-

quency of measurements are collected in Table 7.

4.2 Devices

For HPBM, oscillometric devices which measure

the BP on the upper arm are most commonly

used; there are – in theory – devices for measure-

ment on the wrist or the finger [10]. However,

finger and wrist cuff devices are generally not

recommended [32]. Electronic devices are most

commonly used, as they are simpler to use and

probably more reliable than a sphygmomanome-

ter [15]. An updated list of validated devices is

provided by the Dabl Educational Trust

website [22].

4.3 Advantages

The presence of a doctor can increase intra-

arterially measured BP by 25 mmHg [35],

therefore methods which do not include another

person are of interest. With HBPM, a large

number of measurements during the day and

also over several days, weeks or months are

possible [32]. The effect of treatment can be

assessed at different times of the day and over

extended periods [32]. Values attained from

HBPMhave a good reproducibility [32]. Elevated

home BP values have been shown to predict

cardiovascular morbidity and cardiovascular,

non-cardiovascular and all-cause mortality

[30]. The predictive value is thereby stronger

compared to OBPM [36]. The costs remain

relatively low [32]. Patients get involved in

their hypertension management, which may

improve both the patients’ compliance to

treatment and hence their hypertension control

[32]. Today, most devices store BP values

digitally, which can be printed or directly

transmitted in order to prevent reporting

bias [32].

4.4 Disadvantages

HBPM has many advantages, but also some

disadvantages, such as the need of patient

training, the possibility of inaccurate devices

used by the patients, measurement errors

(e.g. due to arrhythmias), limited reliability of

BP values reported by patients (i.e. reporting

bias), and induction of anxiety, resulting in

excessive monitoring [32]. Occasionally,

patients may change their treatment on the

basis of causal home measurements without a

doctor’s guidance [32]. There is still an uncer-

tainty about normality thresholds and thera-

peutic targets [32]. However, the main

disadvantage is that night recordings are not

possible and hence a lack of prognostic infor-

mation through night-time values and dipping

pattern [32].

Table 7 Number of measurements in home blood pres-

sure monitoring

Number and frequency of blood pressure measurements

Mean of 5–7 days of measurements

Two measurements for each session,

Morning and evening sessions per day (before drug

intake and before eating)

First day of each monitoring period may be discarded

Long-term follow-up: one to two measurements per week

may be considered

Modified after [10, 32]
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5 Ambulatory Blood Pressure
Measurement

5.1 Technique

For ABPM, patients are provided with an ABPM

device, which measures BP during 24–72 h at

predefined time intervals. Detailed guidelines for

the use of ABPM were published by the

European Society of Hypertension and the

National Institute for Health and Care Excellence

[11, 31, 37, 38]. Patients should be instructed

about manual deflation, missed readings, and

machine location [10]. They should also gain a

basic understanding of how the device works

[10]. An appropriately sized cuff is obligatory

(see Cuffs) [10]. If one arm gives a higher

reading at baseline, then this arm should be

used subsequently [10], however in general the

non-dominant arm will lead to as little interfer-

ence with daily activities as possible

[37]. Patients should be asked to write diary

records of activities and sleeping times

[10]. Sleeping times can also be estimated by

using fixed-narrow time intervals in which the

retiring and rising periods are eliminated and

only a daytime period from 0900 to 2100 h and

night-time period from 0100 to 0600 h is

recorded [37]. By this definition, variations of

time spent in bed depending on age or culture

can be reduced, however information on the

white-coat window, the early phase of night

sleep, when dipping can be most evident, as

well as the morning surge of BP, which may be

associated with cardiovascular events, are

reduced as well [37]. Therefore, this definition

is usually reserved for research purposes [37]. In

countries, where a daytime siesta is common

practice, a record of sleeping times both during

day and night is important and ABPM software

should be able to adjust for this, as otherwise

nocturnal BP dipping may be

underestimated [37].

Blood pressure is measured automatically at

repeated intervals (usually every 20 min at

day-time and every 30 min at night) over 24 h,

while patients continue their daily routines

[10]. Patients should engage in normal activities,

but should refrain from strenuous exercise and, at

the time of cuff inflation, stop moving and

talking and keep the arm still at heart level [7].

5.2 Devices

ABPM monitors include a cuff and bladder

connected to electronic sensors which detect

changes in cuff pressure and allow BP to be

measured oscillometrically [10]. Systolic and

diastolic pressure readings are deduced from the

shape of these oscillometric pressure changes

using a specific algorithm [10]. The cuff is

inflated by a battery powered compressor [10].

Devices differing in size, weight, noise level,

data manipulation and costs are available

[10]. They should be validated and internation-

ally recommended [10, 22].

5.3 Advantages

In order to overcome the previously mentioned

problems of OBPM, techniques for obtaining

automated ambulatory BP profiles over 24 h or

more have been developed [37]. In comparison to

OBPM, a larger number of readings can be col-

lected during an ABPM [37]. Through this, a

profile of BP behaviour during the patient’s

daily activities can be provided [37]. BP can

not only be influenced by the presence of a doctor

[35], but also by emotion, exercise, temperature

[39] and even by certain actions like car driving

[40], or sexual activity [41]. ABPM have been

shown to be prognostically superior to office BP

readings (Fig. 2) [30, 42]. Especially night-time

BP appears to be the best predictor of adverse

outcome, independently of either clinic or ambu-

latory awake measurements [42, 43]. Also,

ABPM may uncover a masked hypertension,

with the need for more aggressive therapy

(Table 3 and Fig. 1) [13]. ABPM has a great

potential to reduce misdiagnosis of arterial

hypertension, as it may detect white coat hyper-

tension and should therefore be recommended

before the start of antihypertensive drugs
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[10, 16]. The use of ABPM for diagnosing arte-

rial hypertension in patients with elevated OBPM

is time- and cost-effective and is implemented in

current guidelines [10, 16, 44].

5.4 Disadvantages

The main disadvantage of ABPM is its limited

availability [37, 38]. Also, it may cause discom-

fort to the patient, particularly at night [37,

38]. Patients may therefore be reluctant to use

it, specifically for repeat measurements [37, 38].

There may be a limited reproducibility, par-

ticularly when the procedure is not standardised

[37]. However changes in ABPM appear to

depend mostly on changes in body weight and

reaction to medical environment [45].

Generally oscillometric devices are used,

which may lead to erroneous readings in some

individuals, especially in those with cardiac

arrhythmias [37, 38].

6 The Future: Newer Techniques

New devices are placed on the marked on a

regular basis. Validated and hence recommended

devices can be found online [22]. A selection of

recently studied devices is subsequently

described.

6.1 Arterial Pressure Waveform

Measurement of the arterial pressure waveform

was made possible with a device called Finapres

(FINger Arterial PRESsure) and was introduced

in the 1980s [46]. The Finapres, which

reconstructs a brachial BP waveform from a fin-

ger BP waveform, was initially found to correlate

with intra-atrial measurements after one supine

return to flow calibration, correcting the

waveform-estimated finger pressure with a cali-

bration through an upper-arm oscillometric cuff

[47]. However, later it was suggested that

although the Finapres fulfilled the accuracy

requirements for the mean BP and diastolic BP,

the Finapres systolic BP measurements did not

fulfil the criteria of the Association for the

Advancement of Medical Instrumentation

[48]. The improved apparatus, the Finometer,

compensates for the distortion of the pressure

waveform along the arm artery [49]. As a cali-

bration, it measures the brachial BP in a tradi-

tional way and then corrects the finger pressure

accordingly [49]. Additionally, the Finometer

corrects for the hydrostatic height of the finger

in respect to the heart level and has upgraded

filtering software [49]. Dabl Educational Trust,

however, does currently not recommend its used

due to incomplete validation [22].

6.2 Pulse-Transit Time
Measurement

An alternative technique to estimate beat-to-beat

BP is the so-called pulse-transit time measure-

ment (PTT) technique. With this technique, a

beat-to-beat determination of the PTT on the

basis of a finger photo-plethysmography and a

three-channel electrocardiogram is done. PTT is

the time-interval between the R-wave on the

ECG and the arrival of the corresponding pulse-

wave at the finger-plethysmograph. When a spe-

cific PTT is calibrated to the systolic and dia-

stolic values of a single standard BP

measurement, changes of PTT can be translated

into changes of BP values by the application of a

stretch strain model and specific algorithms

[50]. One commercially available device is the

Somnotouch-NIBP (Somnomedics GmbH,

Randersacker, Germany), which implements the

technique in a watch, which is connected to the

finger-plethysmograph and the three channel

ECG leads. With the appropriate software an

ABPM can be combined with a 24-h-ECG and

a nocturnal pulse oximetry. The Somnotouch-

NIBP was validated for clinical use according

to the European Society of Hypertension proto-

col and the signal was stable under short-term

conditions [51]. The validity of the 24-h BP

values derived by the PTT device compared to

conventional ABPM values needs to be

determined.
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29. Lonn EM, Bosch J, López-Jaramillo P, Zhu J, Liu L,

Pais P et al (2016) Blood-Pressure Lowering in

Intermediate-Risk Persons without Cardiovascular

Disease. N Engl J Med 2
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Blood Pressure Self-Measurement
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Abstract

Blood pressure self-measurement has been used extensively as part of

several clinical processes including in the home monitoring setting for

mitigating white coat effect and gaining more detailed insights into the

blood pressure variability of patients over time. Self-measurement of BP

is also being used as part of telemonitoring and telemedicine processes, as

well as in the waiting rooms and self-measurement rooms of general

practice clinics, specialized hospital department’s outpatient clinics, and

in other types of care facilitates and institutions.

The aim of this review is to provide an overview of where, when, and

how blood pressure self-measurement is being used, which official clini-

cal guidelines and procedures are available for its implementation, as well

as the opportunities and challenges that are related to its use.
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pressure measurement • Ambulatory blood pressure measurement •
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1 Significance of Blood Pressure
Measurements

Blood pressure measurements are important in the

diagnosis and monitoring of patients suffering

from hypertension or receiving BP lowering

medication, as well as for patients in high risk

groups, including diabetics, kidney disease

patients, and pregnant women suffering from

pre-eclampsia (Campbell and McKay 1999;

Pickering 1991; Pierdomenico et al. 2009). Hyper-

tension is estimated to be affecting a quarter of the

world’s adult population with a prevalence as high

as 50 % for senior citizens (Wagner et al. 2012a;

Santamore et al. 2008).
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BP measurements are primarily performed in

the clinical or in the home setting. In the clinical

setting the BP measurements performed by

healthcare staff, including medical doctors and

trained nurses is called Office BP measurement

(OBPM).

OBPM is considered to be the cornerstone of

hypertension diagnosis with most evidence on

the clinical importance of hypertension and

benefits of treatment coming from studies using

this technique (Parati et al. 2008). However,

OBPM has important limitations, including the

inability of OBPM to collect information on BP

during usual daytime activities and during sleep,

also known as the true blood pressure of the

patient (Pickering 1996). Other limitations of

OBPM include measurement bias originating

from the clinical measurement context and

conditions under which the measurement is

performed, including the anxiety some patients

feel during this process, also known as the white

coat effect, which we shall discuss in more detail

later (Parati et al. 2008).

Another alternative method for clinical use is

called automated office blood pressure (AOBP).

It is based on an automated BP device, where the

cuff is mounted by a healthcare professional,

after which a series of measurements automati-

cally is taken by the device with 1–2 min interval

(Leung et al. 2016).

As an alternative to OBPM, measurements in

the home setting have proven successful for

obtaining valid measurements (Pickering

et al. 2008; AbuDagga et al. 2010). Measure

ments in the home setting may be done using

either ambulatory blood pressure devices

(ABPM) which are typically worn by the patient

for a single 24-h diagnostic period and provides a

long range of samples typically at 15–30 min

intervals, or automatic home blood pressure

devices used for obtaining point measurements

typically spanning several days, mornings and

afternoons. Both ambulatory and home devices

have proven their ability to provide reliable

measurements, while home BP devices are

more cost effective, less obtrusive and easier to

use for the patient than ambulatory BP devices

(Pickering et al. 2005a).

Blood pressure self-measurement can also be

performed by patients in outpatient clinics and

other clinical settings, e.g. in waiting rooms or

special self-measurement rooms, as an alterna-

tive or supplement to home measurements, using

the same BP device types and following the same

techniques as in the home setting (Wagner

et al. 2012a). In recent years, a range of addi-

tional BP devices targeting the clinical self-

measurement context has been validated for

clinical use.

In the clinic, measurements are either

performed by healthcare professionals or as part

of a self-measurement procedure handled by the

patient themselves. The main motivation for

introducing self-measurements relates to a phe-

nomenon known as the white coat effect. Here

patients are showing higher blood pressure

readings at the clinic than at home, possibly due

to the anxiety some people experience during a

visit to the clinic or due to the presence of

healthcare staff. This is estimated to affect as

many as 20 % of all patients (Pickering

et al. 2008; AbuDagga et al. 2010). White coat

effect is also frequently used as one of the main

arguments for home BP monitoring (Parati

et al. 2010). Other incentives for increased use

of self-measurement in the clinic include a higher

number of samples, e.g. several blood pressures

readings as opposed to a single point measure-

ment, as well as reduced strain on healthcare

personnel.

2 Home Blood Pressure
Monitoring

Self-monitoring of blood pressure by patients at

home, also known as self-measured blood pres-

sure (SMBP) monitoring, or home blood pressure

monitoring (HBPM), is being increasingly used

in many countries. SMBP and HBPM have been

well received by hypertensive patients and other

patient groups that require monitoring of their

BP, such as kidney disease patients, diabetics,

and pregnant women with BP related

complications (Abdoh et al. 2003). HBPM has

been shown to predict health outcomes better
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than office BP measurements (Bobrie et al. 2004;

Asayama et al. 2004), and has been found to

lower BP compared with usual care (Uhlig

et al. 2013).

HBPM is usually performed using a validated

blood pressure measurement device using either

manual log book entries (paper and pen) or by

utilizing the automatic memory of most modern

BP devices (Parati et al. 2008). As an alternative,

HBPMmay also be done as part of a telemedicine

or telemonitoring system setup (Parati

et al. 2010). Here, the blood pressure device is

usually part of a connected system that is able to

automatically record data and relay these to the

healthcare professionals, e.g. through the use of a

secure web based system (Santamore et al. 2008).

Hypertension guidelines provided by the

European Society of Hypertension (ESH) and

the American Heart Association (AHA) have

endorsed the use of HBPM in clinical practice

as a useful supplement or alternative to conven-

tional office measurements, especially in patients

suspected of possible white coat effect (Parati

et al. 2010; Pickering et al. 2005b).

The use of HBPM holds several advantages

over conventional office blood pressure

(BP) measurement: (1) it provides multiple

measurements of BP over time allowing health

professionals better insights into the causes and

progression of elevated BP (Parati et al. 2010);

(2) HPBM measurements are made in the usual

environment of each individual, usually the

home settings, away from the clinical setting, a

setting known to cause white coat effect

(Pickering 1996); (3) HBPM is more closely

related to hypertension-induced target organ

damage and predicts the risk of cardiovascular

events better than conventional OBPM office

measurements (Bobrie et al. 2004; Asayama

et al. 2004; O’Brien et al. 2003); (4) HBPM can

detect the white-coat and masked hypertension

phenomena, and it shares most of the above

features with 24-h ambulatory BP monitoring

(ABPM) (Parati et al. 2010).

Compared with ABPM, HBPM provides

measurements over a much longer period, is

more cost efficient, more widely available,

more convenient for patients particularly for

repeated measurements, and has been shown to

improve patients’ adherence to treatment and

hypertension control rates (Pickering

et al. 2008, 2010; Parati et al. 2010; ). Further-

more, HBPM can in theory be continued indefi-

nitely, allowing the patient to self-monitor BP

progression over time. However, unlike ABPM,

HBPM does not allow for the monitoring of BP

during sleep, leisure activities or at work, and

does not support the quantification of short-term

BP variability, e.g. in 15–30 min intervals.

One of the major shortcomings of HBSM is

the design of the BP devices, most of which are

based on designs targeting healthcare

professionals (Wagner et al. 2012b). Thus, most

HBSM devices validated for clinical use does not

ensure that patients are adhering to the measure-

ment regiment they have been provided with by

their healthcare professional (Parati et al. 2010).

This includes not being able to verify the time of

day to take their measurements and the number

of measurements to take, usually 2–3

measurements each morning and 2–3 each after-

noon/evening depending on the provider

guidelines, as well as a lack of meeting the

guidelines for use of self-measurement in general

(Pickering et al. 2005b).

HBPM may be perceived by healthcare

professionals and patients to be more time con-

suming than OBPM, requiring the patient to be

instructed in proper use, registering the equip-

ment for lending, and testing and calibrating the

equipment after use (Pickering et al. 2008). Fur-

thermore, in case of manual paper based BP

schemas or logbooks, the individual

measurements needs to be checked for consis-

tency, average values must be calculated and

entered into the patient record, or alternatively,

data needs to be entered into a decision support

system (e.g. an electronic patient record system),

for automatic calculations (Santamore

et al. 2008). All of these mandatory activities

are also error-prone and may result in low quality

data sets (Wagner et al. 2012b).
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3 Self-Monitoring vs. Self-
Measurements

We need to distinguish between self-monitoring

of BP in the home setting and time limited self-

measurement of BP (BPSM). Self-monitoring is

usually used to describe a series of self-

measurements over time, usually in the home

setting where it is called HBPM, whereas

BPSM self-measurement often is constituted as

a single point of measurement, or a series of

single point measurements, e.g. performed in

the clinic’s waiting room (Wagner et al. 2012b).

As such, BPSM can be viewed as being situated

somewhere between the OBPM and HBPM

methods with characteristics from both, and

should thus be treated and studied in its own

right. Thus, some of the challenges associated

with OBPM could still apply to BPSM, including

bias stemming from the anxiety of attending a

clinical setting, something usually associated

with the white coat effect phenomenon. How-

ever, as with HBPM, the reliability of BPSM

measurements depends on the ability and will-

ingness of the individual patient to comply with

the provided guidelines (Wagner et al. 2012b).

As we shall discus later in further detail, this is

one of the major shortcomings of HBPM and

BPSM when using state of the art equipment

and methods.

4 Blood Pressure Self-
Measurement in the Clinic

As an alternative to both OBPM and HBPM,

some clinics provide the possibility of letting

their patients self-measure their BP before con-

sultation relying on patients performing BPSM in

the clinic waiting room or similar. It has not yet

been investigated whether this mitigates the

white coat effect to the same extent as HBPM

and ABPM. While the patient is still in the clinic,

the patient is no longer in the same room as the

healthcare professional, which could possibly

help mitigate the white coat effect of some

patients. This has not yet been studied in

sufficient detail, and the mere presence of the

patient in a clinical setting could cause similar

symptoms of anxiety as with white coat hyper-

tension, resulting in increased BP measurements.

However, like with HBPM the BPSM process in

the clinic requires the patient to follow the same

range of recommendations as in HBPM in order

to be valid and even though careful instructions

and training are provided, BPSM may still be

associated with problems.

Current state-of-the-art BP devices used in the

HBPM and BPSM setups are not capable of sens-

ing incorrect usage (Wagner et al. 2012a). There-

fore, the ability of the patients to adhere to the

instructions and related BPSM recommendations

is very important. Only measurements following

the recommendations are considered reliable

(Campbell and McKay 1999; Pickering 1991;

Pierdomenico et al. 2009). Thus, non-adherent

patient behavior could lead to potential

misdiagnoses and possibly result in inappropriate

medication (Pickering et al. 2008; AbuDagga

et al. 2010).

5 HBPM and BPSM in Clinical
Practice

There are important prerequisites for the optimal

application of HBPM and BPSM in clinical prac-

tice. HBPM and BPSM should be performed by

patients who have been trained under medical

supervision, and trained nurses and/or

pharmacists can have an important part in the

implementation of HBPM and BPSM in daily

practice and in the diffusion of correct

recommendations. Training should include infor-

mation regarding hypertension, natural occurring

and context induced BP variability, proper

conditions and procedures to follow for self-

monitoring, advice on equipment choice based

on validation status (clinical or home use), tech-

nical features, price and individual experience,

and its proper use and interpretation of results

(Parati et al. 2010).

The HBPM and BPSM techniques, when

applied using automated electronic devices, is

not particularly complex and can easily be
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explained to most patient groups during a single

training session. This could be combined with

subsequent periodic verification of correct moni-

toring performance during office visits or visits

by home nurses. Recent studies indicate that

even well-trained patients are not following the

recommended procedure over time, indicating

the need for continuous control measures

(Wagner et al. 2013a).

Also, in some patients, in particular elderly

with motor or cognitive impairment as well as in

young children, the support of a trained nurse, a

friend or a relative, may be needed (Parati

et al. 2010). Telephonic or video link assistance

for patients having doubts or problems with cor-

rect HBPM performance could also prove to be

useful. A standardized BP logbook structured

according to the required monitoring schedule is

useful for ensuring the accuracy of data reporting

and for improving adherence to measurements

schedule (Parati et al. 2010). Manufacturers can

facilitate reliable HBPM and BPSM by providing

devices with a range of cuffs for varying arm sizes

and capable of automatically calculating average

BP, and even for the detection of incorrect behav-

ior during measurements. The provision of tele-

medicine or telemonitoring facilities may be of

further advantage to some groups, particularly

chronic patient groups.

6 Guidelines on Self-
Measurement

A range of guidelines on the self-measurement

procedure to follow for HBPM and BPSM, as

well as the conditions under which they should

be performed exist. Care should be taken to fol-

low these recommendations, as the level of com-

pliance can greatly affect the measured BP

levels. These set of recommendations differs

between organizations such as the AHA and the

ESH (see Table 1).

Healthcare professionals should also be aware

of any national or local guidelines to follow, as

well, as even the smallest deviations in protocol

could result in differences in the resulting mea-

surement levels.

6.1 Monitoring Schedule

Most guidelines suggest that for the initial

evaluation of blood pressure levels, including

for the diagnosis of hypertension, as well as for

the assessment of the effects of antihypertensive

treatment including changes in drug or dose,

HBPM should be performed daily during at least

3 days before the appointment at the clinic (Parati

et al. 2010; Pickering et al. 2005b). Duplicate

measurements should be obtained in the morning

before drug intake, and in the evening before

eating. Measurements of the first monitoring day

are usually higher and unstable and are excluded.

Well-treated hypertensive patients may also

perform regular home BP measurements as a

long-term follow-up, e.g. once per week, with

the additional aim to reinforce their treatment

compliance levels, but the diagnostic value of

Table 1 Comparison of ESH and AHA guidelines on

HBPM procedure and schedule

ESH guidelines AHA guidelines

Measurement procedure

and schedule:

Measurement procedure

and schedule:

Seven-day home

measurements (minimum

of 3 days). At initial

assessment, when

assessing treatment

effects, and in the

long-term follow-up

before each clinic/office

visit. Take two readings

morning (before drug

intake if treated) and two

readings evening (before

eating). Readings should

be 1–2 min apart.

Long-term follow-up: less

frequent measurements

(for example, once or

twice per week) could be

regularly performed aimed

at reinforcing compliance,

although isolated readings

should never be used for

diagnostic purposes.

Overuse of the method and

self-modification of

treatment should be

avoided.

Take multiple readings.

Each time you measure,

take two or three readings

one minute apart and

record all the results.

Measure at the same time

daily. It is important to

take the readings at the

same time each day, such

as morning and evening, or

as your healthcare

professional recommends.

Accurately record all your

results. Keep a record of

all of your readings,

including the date and time

taken. Share your blood

pressure records with your

healthcare team. Some

monitors have built-in

memory to store your

readings; if yours does,

take it with you to your

appointments. Some

monitors may also allow

you to upload your

readings to a secure

web site.
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such long-term measurements is not well-

established (Parati et al. 2010).

6.2 Measurement
Recommendations

Common to all guidelines, it is recommended that

the cuff should be wrapped around the arm with

its inflatable bladder centered on the arm with the

lower edge of the cuff approximately 2–3 cm

above the bend of the elbow. The bladder should

always be positioned at the heart level. Also, the

measurement should be performed in a quiet

room and the patient should remain seated com-

fortably, not moving during measurements, with

the arm resting on a table or other support. Also,

the patient should not talk during measurements,

and refrain from talking in the minutes before the

measurement is taken if feasible.

Please note the subtle differences between

ESH and AHA guidelines, where AHA requires

the upper arm to be supported at heart level,

while ESH only requires the cuff to be placed at

heart level. In a recent study by O’brien

et al. from 2003, it was found that the forearm

also should be at the level of the heart as denoted

by the mid-sternal level. Dependency of the arm

below heart level leads to an overestimation of

systolic and diastolic pressures and raising the

arm above heart level leads to underestimation.

According to O’brien et al. the magnitude of this

error can be as great as 10 mmHg for systolic and

diastolic readings, underlining that the source of

arm position errors are especially important for

the sitting and standing positions. Furthermore,

there is evidence that even with a patient in the

supine position, an error of up to 5 mmHg for

diastolic pressure may occur if the arm is not

supported at heart level (O’Brien et al. 2003).

BP measurement results should be reported in

a paper schema or logbook format immediately

after each measurement according to both ESH

and AHA guidelines (Parati et al. 2010;

Pickering et al. 2005b). Alternatively, memory

equipped devices can store the readings with

time and date for each measurement. BP devices

designed for telemedicine and telemonitoring

purposes are also capable of sending data to a

computer or tablet device, and even to an online

record system, such as the OpenTele telemedi-

cine system (Wagner 2015). Such systems can

distinguish data originating from different device

users, removing such bias. Sometimes devices

are used to measure BP in other family members

and it is important to ensure that these are not

erroneously included into a patient BP measure-

ment data set (Parati et al. 2010). Finally, in the

rare case of a significant and consistent BP dif-

ference between arms, defined as more than

10 mmHg, the physician should advise the

patient to use the arm with the highest BP values

for HBPM and BPSM purposes (Pickering

et al. 2005b).

As may be seen in the comparison of ESH vs

AHA guidelines in Tables 1 and 2, there are

several differences in measurement procedure

and schedule as well as measurement

Table 2 Comparison of ESH and AHA guidelines on

HBPM recommendations

ESH guidelines AHA guidelines

Measurement

recommendations:

Measurement

recommendations:

At least 5-min rest, 30 min

without smoking, meal,

caffeine intake or physical

exercise. Seated position in

a quiet room, back

supported, arm supported

(for example, resting on

the table). Subject

immobile, legs uncrossed,

not talking and relaxed.

Correct cuff bladder

placement at heart level.

Results immediately

reported in a specific

logbook or stored in device

memory.

Make sure the cuff fits.

Measure around your

upper arm and choose a

monitor that comes with

the correct size cuff. Be

still, do not smoke, drink

caffeinated beverages or

exercise within the 30 min

before measuring your

blood pressure.

Sit correctly. Sit with your

back straight and

supported (on a dining

chair, for example, rather

than a sofa). Your feet

should be flat on the floor;

do not cross your legs.

Your arm should be

supported on a flat surface

(such as a table) with the

upper arm at heart level.

Make sure the middle of

the cuff is placed directly

above the eye of the elbow.

Check your monitor’s

instructions for an

illustration or have your

healthcare provider show

you how.
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recommendations. For instance, the ESH high-

light the need to take the measurements before

drug intake (in the morning) and before eating

(in the evening). Guidelines from other

organizations differ even more, including

guidelines from the British Hypertension Society

that recommends two measurements be taken in

the seated position with 1 min apart in the morn-

ing and evening for 4–7 days, ensuring a relaxed,

temperate setting, with the patient quiet and

seated, and their arm outstretched and supported.

No other indications are provided, e.g. on rest

time before the first measurement (NICE 2011).

6.3 Interpretation of HBPM

The average of a series of measurements taken

following the chosen set of guidelines should be

used for the clinical decisions based on HBPM

and BPSM readings. Casual, isolated home

measurements can be very misleading and should

not by themselves constitute the basis for clinical

decisions. The users should be informed that BP

may vary between measurements and be

instructed not to be alarmed by lone standing

high or low BP measurements. Optimal blood

pressure is defined as systolic pressure less than

120 mmHg and diastolic pressure less than

80 mmHg. Average systolic home BP greater

than or equaling 135 mm Hg and/or diastolic

greater than or equaling 85 mm Hg indicates

elevated BP. The levels of ‘normal’ and ‘optimal’

home BP are still under investigation, provision-

ally suggested values being below 130 mmHg

systolic and below 80 mmHg diastolic for normal

home BP (Parati et al. 2010) (Table 3).

7 Challenges of HBPM and BPSM

7.1 Patients Ability to Report Self-
Measured BP Data

There are several well-known challenges

associated with both BPSM in general and

HBPSM in particular, including failure to

correctly report self-measured data, as well as

failure to comply with one or more

recommendations as described in the guidelines

provided by the healthcare professional. A recent

study by Wagner et. al. of 113 chronic kidney

disease patients self-measuring in the outpatient

clinic, in a special purpose self-measurement

room, found that over a third of the participants

failed to self-report accurately, either omitting,

doubling, rounding, or even fabricating one or

more parameters in one or more of their

measurements. This represents a challenge to

the validity of the data being self-reported by

patients (Wagner et al. 2013a). These findings

are in line with previous work in the area study-

ing HBPM (Johnson et al. 1999; Mengden

et al. 1998; Myers 1998). In these studies patients

were equipped with home BP devices, but where

not informed that the devices were capable of

storing the measurements automatically in

device memory. This was done in order to inves-

tigate the participant’s ability to correctly self-

Table 3 Comparison of ESH and AHA guidelines on

interpretation of measurements

ESH guidelines AHA guidelines

Interpretation of

measurements:

Interpretation of

measurements:

Average BP from several

monitoring days should be

considered. BP values

measured on the first

monitoring day should be

discarded.. Mean home

systolic BP greater than or

equal to 135 mmHg and/or

diastolic

BP greater than or equal to

85 mmHg should be

considered as elevated.

Systolic and diastolic

home BP less than 130 and

less than 80 mmHg,

respectively, should be

considered normal in most

subjects. In high-risk

subjects home BP targets

should probably be lower.

Optimal blood pressure is

less than 120/80 mmHg

(systolic pressure should

be less than 120 mmHg

and diastolic pressure

should be less than

80 mmHg). Consult your

healthcare professional if

you get several high

readings. A single high

reading of blood pressure

is not an immediate cause

for alarm. However, if you

get a high reading, take

your blood pressure

several more times and

consult your healthcare

professional to make sure

you (or your monitor) do

not have a problem. When

blood pressure reaches a

systolic (top number) of

180 or higher OR diastolic

(bottom number) of 110 or

higher, emergency medical

treatment is required.
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report measurements. After a period of self-

monitoring and filling out of the paper records,

these records were compared with BP device

memory values. In total, more than half the

patients had either omitted or fabricated readings

indicating unacceptable levels of reporting bias,

in line with previous work (Wagner et al. 2013a).

In a later study on HBPM using a telemedicine

web-based system and a home BP device,

161 patients’ ability to accurately report self-

measured BP data was investigated (Santamore

et al. 2008). The study compared the self-

reported data from the web, being manually

input by the patients after each measurement,

with the data stored in the memory of the

devices. The authors found that around 16 % of

the reported data deviated from the actual data

stored in the device memory, which is signifi-

cantly less reporting error compared with previ-

ous work (Johnson et al. 1999; Mengden

et al. 1998; Myers 1998). Also, the study found

the average reporting error to be below 4 mmHg,

and thus not of major importance to the prognos-

tic value for diagnostic or monitoring purposes

(Santamore et al. 2008). The lower error rate

reported in this study could be due to

participants entering data into a web solution

rather than keeping a paper logbook. This

implies that the participants were aware of tech-

nology being involved and thus presumably less

likely to be tempted to misreport. Also, as we

cannot expect all patient types to be able to

utilize a web solution for self-reporting of

data, it could indicate that the Santamore study

included a population with higher competencies

than was the case in the four related studies. Of

the five presented studies, only the first

investigated adherence to the recommendations,

such as rest time before measurement, talking,

and noise levels, the other four focusing solely

on the patients’ ability to correctly and accu-

rately self-report BPSM data. These findings

provides us with an indication of the challenges

related to relying on HBPM and BPSM obtained

in the unsupervised setting with regard to

patients’ ability to accurately report self-

measured data, but not on their ability to self-

measure reliably.

In conclusion, self-reported data should not be

trusted to be accurate with currently available

technology. Either the use of device memory or

telemonitoring and telemedicine solutions should

be used to overcome reporting-bias.

7.2 Patient Adherence
to the Recommendations

A recent study of kidney disease patients who

were trained to self-measure their BP at regular

intervals at special purpose self-measurement

room at an outpatient clinic found that only 8 %

of patients adhered to the required rest time

before taking the first measurement (Wagner

et al. 2013a). Rest time is considered one of the

most central requirements for patients to comply

with in order to provide a valid rested BP

reading, and failing to rest at least 5 min could

cause unacceptable bias to the measurement if

not properly adhered to (Pickering 1991;

Pickering et al. 2008). The study found that less

than half of all measurements, including the sec-

ond and third measurement, where performed

after the required 5 min rest time. Furthermore,

when analysing the overall ability of participants

to adhere to the recommendations: “no talking”,

“legs not crossed”, “back supported”, and being

in a “quiet setting”, the study found that none of

the participants followed all of the five

recommendations, while most participants did

avoid talking during measurements (Wagner

et al. 2013a). Not complying with just a single

of these HBPM recommendations has been

shown to potentially create significant bias to

the measurement, in effect rendering the data

unusable or even harmful (Campbell and

McKay 1999; Pickering 1991; Campbell

et al. 1990). As no single participant were able

to follow all of the five measured

recommendations, and only a minority adhered

to four out of five, and less than half adhered to

two out of five, this indicates a serious challenge

associated with the BPSM method.

In a related study, 81 pregnant diabetic

women were observed self-measuring BP while

preparing for their weekly or bi-weekly medical
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consultation in the waiting room of the outpatient

clinic. The study found that the pregnant

diabetics predominantly did not adhere to given

instructions when performing BPSM in the

waiting room (Wagner et al. 2013b).

In conclusion, these two chronic patient

groups, both of which being well trained in

BPSM guidelines and techniques, failed to fol-

low their training.

Likewise, in a recent study of healthy preg-

nant women’s ability to perform BPSM as part of

a screening process for pre-eclampsia, where an

interactive system provided partial guidance,

including on rest time, time between

measurements, and number of measurements

(a total of three measurements), the authors

found that most participants (85 %) performed

exactly the three required BP measurements

when guided throughout the process by an inter-

active video screen (Sandager et al. 2013). The

remaining performed either four (12 %) or five

measurements (3 %) respectively, the system

allowing for additional measurements (Sandager

et al. 2013). There were also three incidents of

“premature measurements” typically taken

within 15–60 s after the patient was first seated.

However, these three patients eventually man-

aged to wait a further 5 min before taking the

next measurement, achieving three valid

measurements in the end. The ability to recover

from the erroneous process is likely due to the

context-aware adherence aid which would subse-

quently inform the patient of the insufficient rest

time and instruct her to redo the measurement

when a premature measurement was detected.

Also, one patient had actually rested sufficiently

before starting the measurement process, but

continued to take an additional two

measurements after the system had indicated

the successful receipt of the required three

measurements. The authors also observed ade-

quate patient adherence to the recommendations

with regard to rest time in general where 96 %

complied (Pickering et al. 2010). Compared with

the non-guided results of 8 % compliance

reported by the authors in (Wagner

et al. 2013a), this indicates the relevance for

proper interactive guidance. Also, refraining

from talking during measurements was adhered

to by 98 % of patients, without interactive guid-

ance, which is in line with previous results. How-

ever, the recommendation on keeping legs not

crossed was only adhered to in 85 % of

measurements, while back supported was only

adhered to by 44 % of the patients. Common to

the recommendations “legs not crossed” and

“back supported”, was that no interactive feed-

back was provided during the BPSM process.

Inadequate patient adherence to these

recommendations could cause critical bias and

erroneously increased BP levels (Pickering

et al. 2010).

These results indicate that patients primarily

comply to recommendations when they are

actively guided. Using instructions and passive

adherence aids did not seem to be sufficient for

ensuring reliable measurements. Thus, it should

be considered whether interactive aware adher-

ence aids should be introduced to verify and aid

during the BPSM and HBPM processes (Wagner

et al. 2013c).

Within the field of telemedicine, several state-

of-the-art platforms exists that features BP mea-

surement and automatic data collection in order

to avoid reporting errors. This includes the Intel

Health Guide (IHG), which has been used in

several telemedicine studies (Intel 2011;

Takahashi et al. 2012). The IHG allows the

patient to take the recommended three successive

measurements, after which it automatically

calculates the average values and reports the

data to the healthcare provider, thus enforcing

correct reporting procedure eliminating the risk

of reporting bias. The IHG also features the

capability of enforcing a one minute wait

between the three measurements as

recommended in most guidelines. However, the

system does not have any context-aware sensors,

and cannot check whether the patient has

remained silent and still during measurements,

or observed the proper rest time. It does feature a

range of interactive questionnaires, allowing the

user to self-report whether he or she has rested

sufficiently, been drinking coffee, or smoking

cigarettes. Similar systems include the Tunstall

Mymedic (Tunstall 2011), and the Bosch Health
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Buddy (Koff et al. 2009), which both features

automatic collection of BP data and interactive

questionnaires, thus avoiding reporting errors,

but still relying on self-reporting for relevant

context. However, none of these three systems

supports the detection of patients not following

the recommendations during BPSM and HBPM.

8 Conclusion

HBPM and BPSM are valuable tools in the daily

management of hypertension. However, due to

the lack of medical supervision during the mea-

surement process, care should be taken to care-

fully instruct patients of the risks associated

with it.
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Abstract

Clinicians should take initiatives to establish ambulatory blood pressure

monitoring (ABPM) services in their own practice, or to ensure that they

have access to such services elsewhere. Whenever possible, ABPM

should be performed in suitable cases, where it is likely to deliver clini-

cally useful information for making a correct diagnosis, or for tailoring the

anti-hypertensive treatment regimen for each individual patient. ABPM is

clinically useful, among others, for identifying people with “masked

normotension”, “masked hypertension”, “sleep-time hypertension”, and

“reduced decline of sleep-time blood pressure”. This review briefly

outlines the rationales for the use of ABPM, interpretations of the

ABPM-derived parameters, and the advantages of ABPM in decision

making in the management of hypertension.
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1 Introduction

A fundamental property of blood pressure (BP) is

its variability, which is essential for adaptation to

numerous changes in the prevailing

circumstances. Thus, blood pressures measured

at the doctors’ offices or clinics are the results of

the adaptive responses to, for example, the

anxieties and expectations of the patients in

those special situations and environments.
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These BPs do not represent the BPs measured

outside the clinic at various time points during

the days and the nights. In this respect, ambula-

tory blood pressure monitoring (ABPM) over a

24-h or 48-h period provides more representative

information than BP measurements in the office.

However, ABPM is expensive, technically more

difficult, not available in many of the developing

countries, and not widely available even in many

centers in the developed countries.

If available, clinicians should use ABPM gen-

erously for the diagnosis of, and the follow up of

the treatment of hypertension (O’Brien 2016).

The technique should be made available more

widely both in the primary care centers as well

as in the hospital clinics. If the ABPM services

do not exist, then the clinicians should take

initiatives, and influence the decision makers to

make the technique available to the patients at

affordable costs.

In this review, I shall address some selected

issues for a better understanding of the rationale,

and the utility of ABPM, in an attempt to per-

suade clinicians to use the technique more liber-

ally in their practices. I shall also touch upon

some practical issues, which may help clinicians

feel comfortable in using the technique,

interpreting the results, and making treatment

decisions more correctly. For more comprehen-

sive information on ABPM, clinicians may read

some recent reviews and guidelines (O’Brien

et al. 2013; Parati et al. 2014; Hermida et al.

2013a).

2 When Should Clinicians Use
ABPM?

Even when freely available, use of ABPM for all

patients will not be cost effective. Physicians

need to make decisions about the use of ABPM

in individual cases based on sound clinical judg-

ment and experience, even in the absence of

convincing evidence, or clear guidelines. In prin-

ciple, it should be used to identify eventual

discrepancies between the office blood pressure

measurement (OBPM) and the ABPM. ABPM

should be performed, in selected cases,

preferably for two consecutive 24 h periods, for

confirming the diagnosis of different forms of

hypertension, for evaluating the severity of the

condition during a 24-h period, for diagnosing

sleep-time hypertension, for identifying the dip-

ping patterns, episodes of hypertension or hypo-

tension, and for identifying the patients with

autonomic failures (O’Brien et al. 2013). In the

following paragraphs, I shall briefly describe

some of these conditions.

1. “Masked normotension” (more often called

“isolated office-hypertension” or “white-coat

hypertension”):

Some patients, who are not on any anti-

hypertensive medicines, have high blood pres-

sure (BP) on repeated measurements (usually

day time awake BP) at the doctors’ office

(OBPM). If ABPM is not available, most doctors

will label these patients as hypertensive patients,

and they will do so rightly in about 80 % of the

cases. However, they will be wrong in about

20 % of the cases, who actually have normal

BP (as evidenced from ABPM), but are wrongly

diagnosed as hypertensive patients and treated

unnecessarily by antihypertensive medicines,

often for the rest of their lives. This is a serious

problem for the patients and is expensive for the

society, and it must be avoided.

Men who have high office BP (>140/90) but

whose mean 24-h BP is normal (i.e. �130/

80 mmHg), do not have hypertension, and should

not be treated with antihypertensive drugs

(O’Brien et al. 2013). These people have

“masked normotension” (also called “white-

coat hypertension”, or “isolated office- hyperten-

sion”), and identification of these people by

ABPM is important. They cannot be identified

by home blood pressure monitoring (HBPM),

which cannot measure sleep-time BP, an impor-

tant marker of cardiovascular disease (CVD)

risk. These people should be followed up by

ABPM within two years, if they do not have an

increased risk for CVD (e.g. diabetes, chronic

kidney disease, or past CVD), or within one

year, if they have an increased CVD risk.
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In the USA, the Centers for Medicare and

Medicaid Services approves reimbursement for

the use of ABPM for identification of people with

“masked normotension”. Early use of ABPM for

the diagnosis of “masked normotension” is

recommended, among others, by the Canadian

Hypertension Education Program (CHEF), UK

National Institute for Health and Clinical Excel-

lence (NICE), the European Society of Hyper-

tension, and the International Society for

Chronobiology (O’Brien et al. 2013; Hermida

et al. 2013a; Gelfer et al. 2015; Krause et al.

2011). U.S. Preventive Services Task Force

(USPSTF) concludes that ABPM is the reference

standard for confirming elevated office BP

results to avoid misdiagnosis and overtreatment

of persons with isolated office-hypertension

(Piper et al. 2015). ABPM before starting treat-

ment of hypertension is cost-effective (Lovibond

et al. 2011).

It should be noted that if office BP is �180/

110, doctors need to start treatment without

waiting for ABPM. First-time ABPM should

not be done for patients who are on �2 anti-

hypertensive medicines. If they are on �3 anti-

hypertensive medicines then they should be

tested by ABPM to confirm if they have true

resistant hypertension (see below).

2. “Masked hypertension”:

Many people, who are not on any anti-

hypertensive medicines, have normal office BP

measured on repeated occasions. It is important

for clinicians to keep in mind that about 10 % of

these people may have hypertension, despite nor-

mal office BP (“masked hypertension”). In some

cases “masked hypertension” is due to sleep-time

hypertension. “Masked hypertension” is com-

mon and is associated with increased risk for

CVD events (Hermida et al. 2012; Booth et al.

2016). If the diagnosis of hypertension is missed

in people with “masked hypertension”, they will

remain untreated with increased risk for CVD.

For the diagnosis of “masked hypertension”,

clinicians should use ABPM whenever they sus-

pect the condition.

3. “Sleep-time hypertension” and “dipping” or

“rising” patterns of BP:

Sleep-time hypertension and the “dipping” or

“rising” patterns of BP during sleep-time can be

identified only by using 24-h ABPM (preferably

on two consecutive days). It should be noted that

for defining the wake-time BP and the sleep time

BP, it is common and convenient to use arbitrary

fixed clock hours, for example, wake-time BP

defined as BP measured during 09:00–21:00,

and sleep-time BP defined as those during

01:00–06:00. However, presentation of ABPM

results in terms of clock hours can be misleading.

For accurately measuring the average wake-time

and sleep-time BPs, people undergoing ABPM

must note down in a diary the times of retiring to

the bed at night, and the times of awakening in

the morning, and the ABPM results must be

presented in terms of “hours from bedtime”

(Hermida et al. 2013a).

Some people have normal office BP, and nor-

mal ABPM-derived mean wake-time BP, but

high ABPM-derived mean sleep-time BP. The

latter is an independent, and a better predictor

of CVD morbidity and mortality compared to the

office BP or ABPM-derived mean wake-time BP,

or mean 24 h BP (Hermida et al. 2016). Sleep-

time relative systolic BP (SBP) decline has addi-

tional prognostic value. Sleep time relative SBP

decline or “dipping” is calculated as 100� (mean

wake-time SBP � mean sleep-time SBP)/mean

wake-time SBP. Sleep-time relative SBP decline

is a continuous variable but it is conventional to

divide people into four groups based on the

decline: people who have >10 % decline in

sleep-time SBP compared to the wake-time

SBP are called “dippers”; those who have

<10 % decline are called “non-dippers”; those

who have >20 % decline are called “extreme

dippers”; and those who have <0 % decline are

called “risers”. It should be noted that in shift-

workers, the circadian rhythm of BP is reversed.

They have peak BP at about 10:00–11:00

(Sternberg et al. 1995).

The frequency of sleep-time hypertension,

“non-dipping”, “reduced-dipping” or “riser”
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patterns of BP is high (as high as 65–81 %) in the

elderly people, type 2 diabetes, chronic kidney

disease, obstructive sleep apnea and other sleep

disorders, resistant hypertension, obesity and

pregnancy (Hermida et al. 2016; Mojon et al.

2013; Ayala et al. 2013). Moreover, about 20 %

“normotensive” people are “non-dippers”, and

thus have increased CVD risk. ABPM should

be performed when sleep-time hypertension,

“reduced dipping”, “non-dipping” or “rising”

patterns of sleep-time BP are suspected. Identifi-

cation of sleep-time hypertension and the “non-

dippers” is clinically useful, since some of these

patients can be treated by administering some of

the antihypertensive medicines, in full dose, at

the bed-time (not traditional BID regimen)

(Hermida et al. 2016).

4. Resistant hypertension:

Hypertension that is not controlled by lifestyle

changes and therapeutic doses of �3 antihyper-

tensive medicines (including a diuretic, unless

contraindicated) is called resistant hypertension.

Thus, all patients who need �4 medicines for

control of BP have resistant hypertension. Diag-

nosis of resistant hypertension based on OBPM

can often be wrong because of the well-known

“white-coat effect”. In one large study, 37.5 % of

the “resistant hypertension” patients diagnosed

by OBPM had “white-coat resistant hyperten-

sion”, and 62.5 % had true resistant hypertension,

as verified by ABPM (de la Sierra et al. 2011).

ABPM is essential for a correct diagnosis of

resistant hypertension (Lazaridis et al. 2015). It

is also useful for guiding the treatment of hyper-

tension in these patients. When any treatment of

these patients is modified in any way, the results

of such modifications should be evaluated by

repeating ABPM within the ensuing three

months.

5. Evaluation of the treatment of hypertension:

ABPM is useful for choosing the optimal

treatment regimen for any individual hyperten-

sive patient, and to monitor if the treatment has

resulted in the desired BP goals. Follow up of

patients by repeated ABPM can allow changes of

treatments, reduction of multidrug treatment or

even total withdrawal of anti-hypertensive

medicines and improved BP control (Grin et al.

1993; Staessen et al. 1997).

Some patients who are on the treatment by

antihypertensive medicines have high BP

measured at the office, but have normal or

lower BP measured by ABPM. Some patients

have normal wake-time BP, but high sleep-time

BP. Some patients have reduced decline of sleep-

time BP. Some patients develop symptoms sug-

gestive of hypotension during the treatment with

anti-hypertensive medicines. Ideally, antihyper-

tensive medicines should reduce BP in a homo-

geneous and smooth manner throughout the day

and the night. In reality, many long-acting

BP-lowering medicines do not reduce BP homo-

geneously over an entire 24-h period. Thus, long-

acting BP-lowering medicines taken once only in

the morning may not reduce sleep-time BP or

may not induce adequate decline of the sleep-

time BP. If some BP lowering medicines are

taken at the bed-time, it can reduce the sleep-

time hypertension, and restore the normal dip-

ping pattern in some patients (Hermida et al.

2013b).

6. ABPM in pregnancy

For ABPM in pregnancy, doctors should use

only those ABPM devices that have been

validated for use in pregnancy. ABPM is clini-

cally useful in early pregnancy to distinguish the

women who have true hypertension from those

who have “masked normotension” or “white-

coat hypertension”. In one study about 50 % of

the women, who were diagnosed for the first time

by OBPM to have hypertension, had actually

“masked normotension” or “white-coat hyper-

tension” as confirmed by ABPM (Brown et al.

2005). There is no conclusive evidence that

ABPM can predict pre-eclampsia. In gestational

hypertension and pre-eclampsia, the frequency of

sleep-time hypertension is high, but these

patients also have wake-time hypertension

(Brown et al. 2001).
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Normally, BP in pregnant women is lower

than that in non-pregnant women. In normal

pregnancy BP successively decreases up to the

middle of pregnancy and then successively

increases up to the delivery. BP ranges and the

upper normal values for 24 h BP and sleep-time

BP (defined as mean + 2 standard deviation), in

different weeks of pregnancy have been reported

by several groups and one such set of values are

given below (O’Brien et al. 2013; Higgins 2001):

9–17 weeks: 24 h BP: 101/60-118/71. Upper

normal value for 24 h BP: 121/73. Sleep-

time BP: 93/50-109/64. Upper normal value

for Sleep-time BP: 110/64.

18–22 weeks: 24 h BP: 96/56-127/78. Upper

normal value for 24 h BP: 126/76. Sleep-

time BP: 88/46-120/68. Upper normal value

for sleep-time BP: 114/66.

26–30 weeks: 24 h BP: 97/56-133/84. Upper

normal value for 24 h BP: 128/78. Sleep-

time BP: 87/46-125/76. Upper normal value

of Sleep-time BP: 117/68.

31–40 weeks: 24 h BP: 103/57-136/85. Upper

normal value for 24 h BP: 131/82. Sleep-

time BP: 85/46-131/77. Upper normal value

for sleep-time BP: 123/72.

ABPM is also useful than OBPM for

diagnosing sustained hypertension during late

post-partum period in women who had gesta-

tional hypertension or pre-eclampsia during

pregnancy (Mangos et al. 2012).

3 Reference Values for ABPM

Reference values for ambulatory BPs are lower

than those for office BP. Based on the CVD

outcome, the following diagnostic threshold

values have been recommended for ambulatory

BPs (Hermida et al. 2013a). For adult men,

mean wake-time BP: 135/85 mmHg, and mean

sleep-time BP: 120/70 mmHg (Kikuya et al.

2007). For adult women, mean wake-time BP:

125/80 mmHg, mean sleep-time BP:

110/65 mmHg (Hermida et al. 2013c). For high

risk patients (e.g. those with diabetes, chronic

kidney disease, previous CVD events) of both

sexes, mean wake-time BP: 120/75 mmHg, and

mean sleep-time BP: 105/60 mmHg (Hermida

et al. 2013a).

4 Performing ABPM
and Interpreting the Results

Doctors working in the primary care centers or in

hospital clinics should take initiatives to estab-

lish their own ABPM services, if those do not

already exist. Price of ABPM device with soft-

ware in 2016 is around 2500 USD. Alternatively,

doctors should know where to refer their patients

to for ABPM. Doctors and nurses responsible for

ABPM services and analysis of the results must

receive appropriate training, and keep them-

selves updated.

Many automated ABPM devices that measure

blood pressure by oscillometric method are avail-

able. These devices do not measure the SBP and

the DBP directly; rather they measure the mean

arterial BP and then deduce the SBP and DBP

from the oscillometric pressure changes by using

algorithms that are often kept secret and are spe-

cific to the respective devices. For this reason, it is

important to use devices that have been indepen-

dently validated by internationally accepted

protocols, for their accuracy, for use in different

patient groups (e.g. in the elderly, in pregnancy).

For a list of recommended ABPM devices check

this website: http://www.dableducational.org/

sphygmomanometers/devices_3_abpm.html. The

devices should be recalibrated yearly by

companies that meet the ISO 9001 standards.

The batteries should be checked regularly. The

software must be able to generate a standardized

report, including the raw BP and heart-rate data,

blood pressure plots, software generated mean

wake-time and sleep-time BP, and sleep-time BP

decline (dipping in %) (Omboni et al. 2015).

At the outset, it is necessary to assess

whether the patient is able to understand and

follow the instructions, and cooperate during

the ABPM process. Patients must receive a

number of clear verbal and written instructions.

On the day of the monitoring, they will carry on
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their normal activities as much as possible, but

they must avoid physical exercise and activities

that may interfere with the recording of repre-

sentative BP values (e.g. driving and day-time

sleeping). The ABPM devices give a beep sound

a few seconds before starting the inflation of the

cuff. At the time of the inflation, the person will

stand still or sit down, without talking, with the

arm relaxed at the heart level. At night, the beep

sound must be shut off, but the monitor must

stay on, and it can be placed on the patient´

s side. If the device is removed for short periods,

for example, for a shower, it should be switched

off. They must maintain a diary where they note

down the times of retirement to the bed at night,

waking in the morning, meals, taking

medicines, and other events. They must know

how to switch off the device, when needed, and

exactly when and where they should return the

device.

Measure the arm circumference, and BP in

both arms, and apply a blood pressure cuff of

appropriate size to the dominant arm. If there is

>10 mmHg difference in BP between the arms

then use the arm with higher BP for ABPM. The

patient should not be able to see the BP values

displayed on the device during the monitoring.

Program the ABPM device to measure BP at

15–60 min intervals (often at 20–30 min intervals

during the wake-time, and at 60 min interval

during the sleep-time). It should be noted that,

the reproducibility of the BP patterns depends

more on the duration of monitoring (preferably

for 24 h on two consecutive days) than on the

sampling rate (Hermida et al. 2013d).

At the time of interpreting the ABPM results,

it is first of all essential to check if the monitoring

has been done satisfactorily (Omboni et al.

2015). If ABPM records �70 % of the scheduled

measurements, �20 valid measurements during

the wake-time and �7 measurements during the

sleep-time, than it can be accepted as a satisfac-

tory monitoring (Parati et al. 2014). The moni-

toring cannot be accepted as entirely satisfactory

if data are lacking for more than two, consecutive

hourly intervals, if the patient sleeps during the

night for less than 6 h or more than 12 h, or if the

measurements were done during exercise,

driving, excessive movement, or during unusual

emotional stress (Hermida et al. 2013a). Look at

the BP traces for episodes of high or low BPs. A

report of analysis of the ABPM should include

the dates of the performance of the monitoring,

comments on the quality of the recording, mean

24 h BP, mean wake-time BP, mean sleep-time

BP, and degree of “dipping” in percent.

5 Difficulties of ABPM

The main problem with ABPM is that it is either

not widely available or not used by doctors even

when it is readily available. OBPM is faster,

cheaper and more convenient to most doctors.

Some patients may find ABPM inconvenient

especially during the sleep-time and especially

if ABPM has to be done repeatedly. Some people

do not tolerate ABPM at all and others fail to

follow the instructions despite clear instructions,

making good quality monitoring difficult. It may

be difficult to perform ABPM in some very obese

people and results can be wrong if cuffs of appro-

priate size are not used. In atrial fibrillation

ABPM is less accurate in measuring the diastolic

BP but ABPM is not contraindicated in this

condition.

6 Concluding Remarks

Numerous researches over past three decades

have established ABPM as an evidence-based

and cost-effective gold-standard for the diagno-

sis and treatment of hypertension. Use of ABPM

can reduce misdiagnosis, and unnecessary treat-

ment, and lead to better control of BP. Clinicians

should use ABPM whenever possible and take

initiatives to establish ABPM services where

those do not exist.
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Treatment of Hypertension: Which Goal
for Which Patient?

Faiçal Jarraya

Abstract

Hypertension remains the most important risk factor for cardiovascular

disease. If antihypertensive drugs choice is well guided today, blood

pressure (BP) target still a subject of controversies. Residual risk is matter

of debate and the lower- the better dogma is come back again regarding to

data reported from recent trials. The J curve, reason for European Society

of Hypertension Guidelines reappraisal in 2009, is criticized by recent

data. The one goal (<140/90 mmHg) fit 90 mmg 90 mmHg) fit all should

be adapted as a personalized goal guided by evidence generated by

randomized controlled trials. Target controversy is back because of the

results of ACCORD and SPRINT trials challenging the common systolic

BP target less 140 mmHg to less than 120 mmHg. The first was performed

in diabetic patients and the second in patients at high cardiovascular risk;

elderly aged of 75 years and above, or patients with chronic kidney disease,

or with pre-existing subclinical or clinical cardiovascular disease or a

Framingham 10-year cardiovascular disease risk score of 15 % or above,

however non diabetic. If the first trial was negative, SPRINT reports a huge

reduction of the composite primary outcome, which included myocardial

infarction, other acute coronary syndromes, stroke, heart failure or death

from cardiovascular causes by 25 %, and the risk of death from all causes

by 27 %, when target systolic BP is lower than 120 mmHg compared to

lower than 140 mmHg. However, BP was measured by automated office

BP technique which correlates more with home BP measurement than

auscultatory office BP measurement. Also, only significant less heart

failure in the intensive armwas driving the difference in mortality favoring

the intensive arm in SPRINT. The greater use of diuretics may have
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demasked latent heart failure in hypertensive patients with rather high

cardiovascular risk.

More convincing data suggest that BP should be diagnosed early and

treatment should be started at BP level of 140 mmHg and above, based on

an office BP measurement, confirmed by an out-of-office BP measure-

ment. Target systolic BP should be less than 140 mmHg if BP is measured

by classic auscultatory method, less than 120 mmHg in high risk patients

if BP is measured by automated office BP measurement. These targets are

relevant in elderly patients if no orthostatic hypotension occurred, patients

with non proteinuric chronic kidney disease (eGFR < 60 ml/mn/1.73 m2)

and patients with cardiovascular disease or a Framingham score more than

15 %. However attention should be taken on diastolic BP if lower than

70 mmHg because of an increasing risk of ischemic heart event and on

renal function since acute renal failure is more frequently reported at these

low targets.

In diabetic patients, SBP target should be less than 140 mmHg

according to ACCORD trial. However, for patients with protein-creati-

nine ratio >500 mg/g (albumin-creatinine ratio > 300 mg/g), with or

without diabetes, lower SBP target should be proposed for renal protection

aiming SBP < 130 mmHg as recommended by KDIGO guidelines.

In patients at low or intermediate risk, without cardiovascular disease,

SBP should start to be treated when SBP is above 140 mmHg, and when

treated, target BP should be less than 140mmHg as reported byHOPE-3 trial.

Keywords

Hypertension in the diabetics • Hypertension in the elderly • Blood

pressure goals • Hypertension and cardiovascular prevention •

Hypertension and microvascular complications • SPRINT trial •

ACCORD trial • Ambulatory blood pressure measurement

1 Introduction

Cardiovascular diseases are a worldwide leading

cause of mortality and morbidity, even in most

developing countries, as Tunisia, where cardio-

vascular mortality is the leader, accounting for

about 29 % causes of deaths (Hajem and Hsairi

2013). Hypertension remains the most important

risk factor. According to the recently published

global, regional and national comparative risk

assessment of 79 behavioral, environmental and

occupational, and metabolic risks or clusters of

risks in 188 countries, (GBD 2013 Risk Factors

Collaborators 2015), high systolic blood pressure

(BP) accounted for 6.9 million deaths in 1990

and 10.4 million deaths in 2013 with a 49.1 %

progression and 208.1 million DALYs

(disability-adjusted life-years) in 2013. This

data contrast with the emergence of many treat-

ment choices for hypertension in the last three

decades, reflecting the magnitude of this clinical

problem and highlighting that the treatment of

hypertension remains difficult.

If BP was measured since eighteenth century

by Stephen Hales (Lewis 1994), we have to wait

for the contribution of the Framingham Heart

Study to recognize that high BP is an eminent

cardiovascular risk factor (Kannel et al. 1961).

The Veterans Administration Cooperative Study

on Antihypertensive Agents was the first study
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demonstrating in 1967 the benefit of BP reduc-

tion ([no authors listed] 1967). It included men

with diastolic BP (DBP) of 115–129 mmHg. The

treatment, including hydrochlorothiazide, reser-

pine and hydralazine hydrochloride, caused a

remarkable average BP reduction of systolic/dia-

stolic (SBP/DBP) by 43/30 mmHg in the active

treatment arm. This reduction resulted in a reduc-

tion of cardiovascular events after only 11months

follow-up, with 21 fatal or morbid events in

placebo arm as opposed to one event in the active

treatment arm. The study was therefore stopped

prematurely. The second larger Veterans Admin-

istration Cooperative Study conducted in patients

with milder hypertension (HTN) confirmed the

effect of BP control on stroke and congestive

heart failure occurrence ([no authors listed]

1970). From then on, several questions were

raised: what is the definition of HTN? at which

level of BP should one start to treat? and down to

which level should BP be reduced to obtain the

highest protective effect?

2 Definition of Hypertension

The best definition of HTN at a personnel point

of view was given by G. Rose (1980); indeed,

hypertension is the level of arterial BP at which

the benefits of intervention exceed those of inac-

tion. However, it is difficult to translate this defi-

nition to the daily practice, there is a need for a

numerical definition. Earlier in 1980s and early

1990s the definition of HTN was BP > 160/

95 mmHg, up to 1993 where the definition of

HTN was reduced to a level equal or above

140/90 mmHg. This definition still adopted now-

adays by all guidelines.

The definition of HTN relates an attributable

risk to a BP level. In most populations and age

groups, there is a linearly relationship between

systolic blood pressure (SBP) and risk of cardio-

vascular mortality, cardiovascular events and

strokes. Among patients younger than 65 years,

there is a progressive increase in the risk of

stroke and coronary artery disease with a parallel

increase in SBP. Increasing risk is, however, not

equivalent for DBP. For the population of

65 years old and above, the risk continues to

increase with the increase of SBP, however, a

reversal occurs with the DBP where the risk of

cardiovascular events increases with the rise of

DBP but also with the fall of it, showing a J curve

(Neaton and Wentworth 1992).

The Multiple Risk Factor Intervention Trial

(MRFIT) assessed the combined influence of BP,

serum cholesterol level, and cigarette smoking

on death from coronary heart disease (CHD) for

316,099 men screened in whom 6327 deaths

from CHD have been identified after an average

follow-up of 12 years. Strong graded

relationships between SBP above 110 mmHg,

and DBP above 70 mmHg and mortality due to

CHD were evident. SBP was a stronger predictor

than DBP; however, the greater risk was

attributed to the highest SBP (�160 mmHg)

and the lowest DBP (<70 mmHg) highlighting

the pulse pressure as a powerful actor in this

coronary artery disease related death risk

(Neaton and Wentworth 1992). The definition

of HTN based on DBP in the 1960s was therefore

not justified. However all current guidelines

define HTN without focusing on the non linearity

of the risk attributed to DBP with a fixed SBP

level.

In Joint National Committee 7 guidelines

(Chobanian et al. 2003) and ESH 2007 guidelines

(ESH-ESC Task Force on the Management of

Arterial Hypertension 2007) was introduced the

terms of Pre-Hypertension (BP 120–139/

80–89 mmHg) and High-normal BP

(BP 130–139/85–90 mmHg) respectively. In

fact, a stepwise increase in cardiovascular event

rates was noted in persons with higher baseline

blood-pressure categories.

The Framingham Heart Study investigated

6859 subjects, 35–64 years of age, free from

cardiovascular disease and HTN (Vasan

et al. 2001). As compared with optimal BP

(<120/80 mmHg), high-normal BP (130–139/

85–89 mmHg) was associated with a risk-factor–

adjusted hazard ratio for cardiovascular disease

of 2.5 (95 % CI, 1.6–4.1) in women and 1.6

(95 % CI, 1.1–2.2) in men. However, the

10-year cumulative incidence of cardiovascular

disease was lower in younger individuals; 4 %
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for women and 8 % for men; than in older

subjects (those from 65 to 90 years old), the

incidence was 18 % for women and 25 %

for men.

These data should make HTN definition

change to 130/85 mmHg or even lower, however;

there is a need for data showing that reduction of

BP from 130 to less than 120 mmHg for SBP will

induce a reduction of cardiovascular events.

Also, the definition of HTN takes in account the

economic challenge of BP reduction from 140/90

to 130/85 mmHg; even if controlling BP with

medication is unquestionably one of the most

cost-effective methods of reducing premature

cardiovascular morbidity and mortality (Elliott

2003). This evidence has many limits since BP

reduction by treatment should reduce the risk of

development of renal, cerebral and cardiovascu-

lar diseases to validate starting treatment at the

level of which risk is increased.

3 Impact of Blood Pressure
Control

An increasing number of trials have provided

evidence that antihypertensive therapy to attain

BP control provides a relative cardiovascular

protection. The best evidence was shown by

trials reporting BP reduction with antihyperten-

sive treatment compared to placebo or no antihy-

pertensive treatment. The last on date was

HYVET trial including 3845 patients aged

80 or older who were randomized to active

treatments or placebo without antihypertensive

medications (Beckett et al. 2008).

According to the intention-to-treat analysis

and as compared to the baseline value 173.0/

90.8 mmHg, SBP/DBP values obtained while

the patient was seated had fallen by a mean of

14.5 � 18.5/6.8 � 10.5 mmHg in the placebo

group and by 29.5 � 15.4/12.9 � 9.5 mmHg in

the active-treatment group at 2 years. This reduc-

tion of SBP/DBP by active treatment was

associated with a 30 % reduction in the rate of

fatal or nonfatal stroke (p: 0.06), a 39 % reduc-

tion in the rate of death from stroke (p: 0.05), a

21 % reduction in the rate of death from any

cause (p: 0.02), a 23 % reduction in the rate of

death from cardiovascular causes (p: 0.06), and a

64 % reduction in the rate of heart failure

(p < 0.001).

A meta-analysis including 11 randomized

controlled trials and 67,475 individuals com-

pared antihypertensive therapy with placebo

and aimed to investigate whether the benefits of

BP-lowering drugs are proportional to baseline

cardiovascular risk. Patients were risk stratified

according to their estimated 5-year risk of having

a major cardiovascular event. Lowering BP

provides similar relative protection at all levels

of baseline cardiovascular risk, but progressively

greater absolute risk reductions were obtained

when baseline risk increases, yielding to a possi-

ble benefit for more intense BP reduction in high

risk patients (Blood Pressure Lowering Treat-

ment Trialists’ Collaboration 2014).

More recently, Thomopoulos et al. (2014)

reported a meta-analysis on the effects at differ-

ent baseline and achieved blood pressure levels

on cardiovascular disease. Results of this meta-

analysis favor BP-lowering treatment even in

grade 1 hypertension at low-to-moderate risk,

and lowering SBP/DBP to less than

140/90 mmHg. Achieving less than

130/80 mmHg appears safe, but only adds further

significant reduction in stroke and all-cause

death. Is it important to achieve earlier BP target

on the occurrence of cardiovascular outcomes?.

A response strand was generated by the VALUE

Trial. This study (Julius et al. 2004) compared

the effect on cardiovascular morbidity and mor-

tality of a calcium channel blocker based strategy

versus an angiotensin II receptor blocker based

strategy in a high cardiovascular risk population.

An unexpected equivalence between the two

strategies was reported. The result was

explained, in part, by a significantly better earlier

BP control achieved in the amlodipine group. In

fact, after the first month of treatment, SBP is on

average 4 mmHg lower, DBP by 2.1 mmHg

lower (p <0.0001). A respective difference of

2 and 1.6 mmHg persists after the sixth month

until the end of the study (p <0.001).
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It is so clearly proved that control of BP

results in saving lives and reducing cardiovascu-

lar death and events. The debate becomes down

to which level BP should be dropped?

4 Is the Lower the Better? – The
Dogma of J Curve

Observational studies show a direct linear rela-

tionship between SBP/DBP values as low as

115–110 and 75–70 mmH respectively, and car-

diovascular events, without evidence within this

range of a J curve phenomenon. The Prospective

Studies Collaboration (Lewington et al. 2002)

performed a meta-analysis including one million

adults from 61 prospective trials. Authors

reported that within each decade of age at

death, the proportional difference in the risk of

vascular death associated with a given absolute

difference in usual BP is about the same down to

at least 115 mmHg usual SBP and 75 mmHg

usual DBP, below which there is little evidence.

At ages 40–69 years, each difference of

20 mm Hg usual SBP is associated with more

than a twofold difference in the stroke death rate,

and with twofold differences in the death rates

from ischemic heart disease and from other vas-

cular causes.

So, evidence that achieving lower BP targets

by treatment may enhance protection in hyper-

tensive patients at higher risk, yielded ESH/ESC

task force (for the management of arterial hyper-

tension- 2007guidelines) to suggest that target

BP should be at least <130/80 mmHg in

diabetics and in high or very high risk patients,

such as those with associated clinical conditions

(stroke, myocardial infarction, renal dysfunction,

proteinuria) (ESH-ESC Task Force on the Man-

agement of Arterial Hypertension 2007).

The evidence available on the BP targets of

antihypertensive treatment has been reviewed by

Zanchetti et al. (2009). In uncomplicated hyper-

tensive patients, SBP reduced to less than

140 mmHg with active treatment was associated

with a difference in outcome. This evidence

supports the recommendation of guidelines to

reduce SBP to less than 140 mmHg in the general

population of patients with grade 1 or 2 hyperten-

sion and low or moderate total cardiovascular

risk. However, for the elderly hypertensive

patients, these authors reported no trial evidence

in support of the guidelines recommendation to

adopt the less than 140 mmHg SBP target in this

population suggesting a target SBP of less than

150 mmHg.

When considering diabetic patients, lower BP

goal less than 130/80 mmHg is also not

supported by incontrovertible trial evidence.

Even if HOT (Hansson et al. 1998) and Syst-

Eur (Tuomilehto et al. 1999) trials, reported a

greater absolute reduction of cardiovascular

outcomes for a small BP difference in diabetic

but not in nondiabetic hypertensive patients,

these data were not confirmed by ACCORD

trial (ACCORD Study Group 2010). This land-

mark trial in diabetic population tested a strict BP

control (SBP less than 120 mmHg) compared to a

standard target (SBP less than 140 mmHg) on the

primary composite outcome (nonfatal

myocardial infarction, nonfatal stroke, or death

from cardiovascular causes). The only benefit

reported was significant fewer strokes, but

counterbalanced by a significant high level of

serious adverse events as hypotension and fall

of eGFR to less than 30 ml/mn/1.73 m2.

STENO-2 trial showed a significant reduction

of microvascular complications 8 years and all

cardiovascular events 13 years after study start

with an intense treatment strategy including a

BP < 130/80 mmHg versus less strict strategy

with a standard BP goal of 130–139 mmHg in

type 2 diabetic patients with microalbuminuria

(Gaede et al. 2003, 2008). However, the positive

results attributed to the intense strategy cannot be

directly attributed to a strict BP target, since the

two groups were not comparable elsewhere. This

study however, highlights the importance of a

combined optimal strategy to reduce cardiovas-

cular and microvascular events in type

2 diabetes.

Out of cardiovascular prevention, there are

solid data regarding the benefits of a SBP target

less than 130 mmHg when considering diabetic
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patients with proteinuria aiming to reduce renal

events (end stage renal disease). The meta analy-

sis of Bakris et al. (2000) considering type 2 dia-

betic patients with proteinuria reported less

estimated glomerular filtration rate loss (eGFR)

when BP is under 130/85 than at 140/90 mmHg.

In type 2 diabetic patients without proteinuria,

however, no evidence was reported by ACCORD

trial (ACCORD study Group 2010).

The Kidney Disease Improving Global Out-

come KDIGO clinical practice guideline for the

management of BP in chronic kidney disease

outlined the strict target of BP < 130/80 mmHg

only in patients with abnormal albumin excretion

rate, meaning those with microalbuminuria or A2

category as defined by urine albumin-creatinine

ratio more than 30 mg/g or A3 category (severely

increased) as defined by urine albumin-creatinine

ratio above 300 mg/g or Protein-creatinine ratio

above 500 mg/g, with or without diabetes (Kid-

ney Disease: Improving GlobalOutcomes

(KDIGO) Blood Pressure Work Group 2012).

However, since microalbuminuria is also a

marker of vascular damage, defining target BP

based on the presence of microalbuminuria

should consider the presence of subclinical coro-

nary heart disease (Jarraya et al. 2013).

In diabetic patients with coronary heart disease,

as for those without diabetes, no evidence have

been reported for a better cardiovascular outcome

with a tight control of BP (<130 mmHg) versus

usual control (130–139mmHg). However, patients

with uncontrolled HTN developmore cardiovascu-

lar events. In the 6400 type 2 diabetes patients with

coronary artery disease of the INVEST trial,

patients who achieved SBP of 130–140 mmHg

had better outcome than those with value

>140 mmHg. However, there is no additional

benefit observed in the group achieving target

SBP <130 mmHg (Cooper-DeHoff et al. 2010).

Moreover, this INVEST trial reported evidence

of J curve, not for stroke, but for coronary events

with a nadir DBP of 70 mmHg, compromising

coronary blood flow at diastolic phase, in patients

with already narrowing coronary arteries by ather-

oma reducing blood flow (Messerli et al. 2006).

The irbesartan Diabetic Nephropathy Trial

(IDNT) included diabetic patients with

proteinuric diabetic nephroipathy. The primary

end point included doubling of serum creatinine,

development of end stage renal disease or death.

It was significantly reduced by an ARB,

irbesartan than a calcium channel blocker,

amlodipine, although BP was similarly reduced

(Lewis et al. 2001). Investigating independent

and additive impact of BP control on renal

outcomes in the IDNT trial, Pohl et al reported

a linear relationship between SBP and develop-

ment of renal endpoint (end stage renal disease or

doubling of serum creatinine), without a nadir

down to less than 121 mmHg. However, for the

same patients, reduction of SBP was associated

with an increase in the relative risk of death when

SBP <121 mmHg, showing a J curve (Pohl

et al. 2005).

In general, the benefits of increasingly inten-

sive therapy must be weighed against the poten-

tially increased incidence of serious side effects

associated with such a regimen, as the acute

reduction of eGFR reported in ACCORD trial

with a significantly more hypotension in the

intensive BP lowering arm. (ACCORD Study

Group et al. 2010).

As far as goals of treatment are concerned, the

2009 ESH guidelines update document

recommends that SBP pressure should be

lowered below 140 mmHg (and DBP below

90 mmHg) in all hypertensive patients,

irrespective of their grade of risk (Mancia

et al. 2009). On the basis of the results of clinical

studies, it is advisable to lower BP to values

within the range 130–139 mmHg for systolic

and 80–85 mmHg for diastolic as recommended

by the French Society of Hypertention (SFHTA)

in their 2013 guidelines on hypertension (Blacher

et al. 2013). Thus, it appears by this reappraisal,

that the concept of lower BP goals, to be pursued

in diabetics or very high risk patients, is no

longer recommended because there is no evi-

dence from trials of a greater benefit, nor can

the procedure be regarded as easily achievable

in current clinical practice.

The update document of guideline underlines

the so-called “J-curve phenomenon” related to an

increase rather than a reduction in the incidence

of coronary events when BP values are below
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120–125 for systolic and 70–75 for diastolic. It

suggests not to lower blood pressure values too

much, particularly in patients with a history of a

previous coronary event. This recommendation

was confirmed and adopted in the 2013

ESH/ESC guidelines (Task Force for the Man-

agement of Arterial Hypertension of the

European Society of Hypertension and the

European Society of Cardiology 2013).

5 SPRINT Guided Goal of BP
on Treatment: The Lower
the Better Finally Approved?

After the failing of ACCORD (ACCORD Study

Group 2010) to validate low BP target for dia-

betic patients, the Systolic Blood Pressure Inter-

vention Trial (SPRINT) aimed to challenge the

SBP target less than 120 mmHg versus usual

SBP target less than 140 mmHg in patients

with a high cardiovascular risk (SPRINT

Research Group et al. 2015). This study

excludes diabetic patients already tested in

ACCORD trial, patients with polycystic kidney

disease investigated in the HALT Progression of

Polycystic Kidney Disease Study (Schrier

et al. 2014), patients with excessive proteinuria

>1 g/24 h already investigated in MDRD trial

and REIN trial (Peterson et al. 1995;

Ruggenenti et al. 2005) and patients who

already developed a stroke investigated in the

Secondary Prevention of Small Sub-cortical

Strokes 5PS3 trial (The SPS3 Study Group

2013) and also tested in the ESH-CHL-SHOT

trial (Zanchetti et al. 2016).

SPRINT (SPRINT Research Group et al. 2015)

is the largest study that tested how maintaining

SBP at a lower level than currently recommended

will impact mortality, cardiovascular and kidney

diseases. It enrolled 9361 participants aged

50 years and older in about 100 medical centers

and clinical practices throughout the USA and

Puerto Rico from 2009 to 2013.

The study population included 2636 elderly

aged of 75 years and above, 2646 patients with

chronic kidney disease as defined by an eGFR

rate < 60 ml/min/1.73 m2 and 1877 patients with

pre-existing subclinical or clinical cardiovascu-

lar disease or a Framingham 10-year cardiovas-

cular disease risk score of 15 % or above. This

study included also about 35 % female 29.9 %

black and 10.5 % Hispanic.

The study participants were randomly

allocated into two groups. The standard treat-

ment group received an average of 1.8 BP

medications to achieve a target of less than

140 mmHg; the intensive treatment group

received an average of 2.8 BP medications to

achieve a target of less than 120 mmHg.

SPRINT results were awaited for 2018, but

the significant preliminary results were

announced on September 11, 2015 (National

Heart, Lung, and Blood Institute 2015). The

intensive intervention, that achieves a target

SBP of 120 mmHg, reduced the rate of the com-

posite primary outcome, which included

myocardial infarction, other acute coronary

syndromes, stroke, heart failure or death from

cardiovascular causes by 25 %, and the risk of

death from all causes by 27 %, compared to the

target SBP of less than 140 mmHg.

Results were largely mediated and

commented by medical journals (Kjeldsen

et al. 2016a; Taler 2016; Cohen and Townsend

2016; Nilsson 2016) but also media such as

New York Times (2015) that headed “lower

blood pressure guidelines could be lifesaving”.

These results were supported by the

conclusions of two meta-analyses. The first

pooled data from SPRINT and ACCORD trials

and showed that the primary endpoint still in

favor of BP reduction <120/80 mmHg

(Perkovic and Rodgers 2015). The meta-

analysis by Xie et al. (2016) included

randomized controlled trials with at least

6 months’ follow-up that randomly assigned

participants to more intensive versus less inten-

sive BP-lowering treatment, with different BP

targets or different BP changes from baseline. It

showed that after randomization, patients in the

more intensive BP-lowering treatment group

had mean BP levels of 133/76 mm Hg, com-

pared with 140/81 mm Hg in the less intensive

treatment group. Intensive BP lowering treat-

ment achieved relative risk reductions for
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major cardiovascular events (14 % [95 % CI

4–22]), myocardial infarction (13 % [0–24]),

stroke (22 % [10–32]), albuminuria (10 %

[3–16]), and retinopathy progression (19 %

[0–34]), but without effects on heart failure

(15 % [�11 to 34]), cardiovascular death (9 %

[�11 to 26]), total mortality (9 % [�3 to 19]), or

end-stage kidney disease (10 % [�6 to 23]).

Severe hypotension was more frequent in the

more intensive treatment regimen (RR 2.68

[1.21–5.89], p ¼ 0.015), but the absolute excess

was small (0.3 % vs 0.1 % per person-year for

the duration of follow-up).

Furthermore, recent analyses of BP targets in

two large outcome trials, VALUE (Kjeldsen

et al. 2016b) and ONTARGET (Verdecchia

et al. 2015), have refuted the concept of increase

of cardiovascular events when BP is lower than

we usually accept during treatment of HTN.

However, the major benefit is achieved with BP

control less than 140/90 mmHg, while there is

only some limited additional stroke protection

with consistent BP control less than

130/80 mmHg (Mancia et al. 2016).

The SPRINT trial failed to show significant

reduction in stroke, acute coronary syndrome or

myocardial infarction that composed the primary

outcome, unlike heart failure which was signifi-

cantly reduced by 43 % (p 0.002). Less heart

failure in the intensive arm was driving the dif-

ference in mortality favoring the intensive arm in

SPRINT. Patients included in intensive arm were

up-titrated in BP medication and received one

more antihypertensive drug frequently a diuretic.

A thiazide-type diuretic was prescribed for 54.9

versus 33.3 % and aldosterone antagonists for

8.7 versus 4 % patients, respectively in the

intense and the usual arm. The greater use of

diuretics may have demasked latent heart failure

in hypertensive patients with rather high cardio-

vascular risk (Thoma et al. 2016).

The earlier stop of SPRINT trial than origi-

nally planned by the director of the National

Heart, Lung and Blood Institute (NHLBI) based

on the recommendation of the Data Safety Mon-

itoring Board, makes interpretation of secondary

outcomes results difficult since underpowered

for that.

However, the way of BP measurement should

be considered when interpreting SPRINT results.

In fact, BPs in SPRINT were measured with

patients seated in a quiet room without talking

and taken as an average of three measurements

with an automated device that was preset to wait

5 min before measurements without the observer

being present. This technique called automated

office BP measurement is known to reduce the

“white coat” effect. It correlates tightly with the

average daytime BP measured by ambulatory

blood pressure monitoring, and up to 20 mmHg

lower than conventional auscultatory SBP

measured at the office (Myers et al. 2012).

Positive results reported by SPRINT should

also be balanced by the harmful of this strategy.

The number needed to harm in the trial is impor-

tant, 100 for hypotension, 167 for syncope,

125 for electrolyte abnormalities and 62 for

acute kidney injury (respectively +1 %, +0.6,

+0.8 % and +1.6 absolute risk increase). Just a

reminder of the number needed to treat to reach

the primary outcome is 61 and the absolute risk

reduction is �1.6 % (Thoma et al. 2016).

SPRINT included patients with SBP starting

from 130 mmHg. That seems to validate crucial

definition of high BP since the normal high BP or

pre-hypertension are terms introduced in

guidelines but does not already justify starting

antihypertensive treatment. As reported at the

baseline characteristics of the study participants,

only 9.2 and 9.6 % respectively from intensive

and standard treatment groups were not using

antihypertensive agents. That means others

patients are currently using antihypertensive

treatments and their BP are controlled at

130 mmHg and above. So we can’t validate to

start treating patients at high risk from the latter

cut off. In the same rationale, the Heart

Outcomes Prevention Evaluation (HOPE)-3

Trial randomly assigned 12,705 participants at

intermediate risk who did not have cardiovascu-

lar disease to receive either candesartan at a dose

of 16 mg per day plus hydrochlorothiazide at a

dose of 12.5 mg per day or placebo (Lonn

et al. 2016). The mean BP of the participants at

baseline was 138.1/81.9 mmHg; the decrease in

BP was 6.0/3.0 mmHg greater in the active-
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treatment group than in the placebo group.

This study doesn’t report any benefice on com-

posite primary (death from cardiovascular

causes, nonfatal myocardial infarction, or non-

fatal stroke) nor secondary outcomes

(resuscitated cardiac arrest, heart failure, and

revascularization) after a median follow-up

of 5.6 years. However, with the sub-group anal-

ysis, patients with upper third of SBP > 143.5

mmHg who were in the active-treatment group

had significantly lower rates of the first and sec-

ond primary outcomes than those in the placebo

group. The pre-hypertension should not be

treated, even if the cardiovascular risk is higher

than at normal BP.

6 In Summary, Which BP Goal
for Which Patient?

BP should be diagnosed early and treatment

should be started at BP level of 140 mmHg and

above, based on an office BP measurement, con-

firmed by an out-of-office BP measurement. Tar-

get SBP should be less than 140 mmHg if BP is

measured by classic auscultatory method, less

than 120 mmHg in high risk patients if BP is

measured by automated office BP measurement.

These targets are relevant in elderly patients if no

orthostatic hypotension occurred, patients with

non proteinuric chronic kidney disease (eGFR

< 60 ml/mn/1.73 m2) and patients with cardio-

vascular disease or a Framingham score more

than 15 %. However attention should be taken

on DBP if lower than 70 mmHg because of an

increasing risk of ischemic heart event and on

renal function since acute renal failure is more

frequently reported at these low targets.

In diabetic patients, SBP target should be less

than 140 mmHg according to ACCORD trial.

However, for patients with albumin-creatinine

ratio > 300mg/g or Protein-creatinine ratio

> 500mg/g, with or without diabetes, lower

SBP target should be proposed for renal protec-

tion aiming SBP < 130 mmHg as recommended

by KDIGO guidelines.

In patients at low or intermediate risk, without

cardiovascular disease, SBP should start to be

treated when SBP is above 140 mmHg, and

when treated, target BP should be less than

140 mmHg as reported by HOPE-3 trial.

Finally, superiority of ambulatory over office

BP measurement in predicting mortality and car-

diovascular events should be promoted when

treating hypertension (Dolan et al. 2005; Sega

et al. 2005). Validated target BP are SBP less

than 135 mmHg for home BP measurement and

130, 135 and 120 mmHg for respectively 24 h,

daytime and nighttime period (Task Force for the

Management of Arterial Hypertension of the

European Society of Hypertension and the

European Society of Cardiology 2013).
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Abstract

The lack of adherence to treatment in hypertension affects approximately

30 % of patients. The elderly, those with several co-morbidities, social

isolation, low incomes or depressive symptoms are the most vulnerable to

this problem. There is no ideal method to quantify the adherence to the

treatment. Indirect methods are recommended in clinical practice. Any

intervention strategy should not blame the patient and try a collaborative

approach. It is recommended to involve the patient in decision-making.

The clinical interview style must be patient-centered including motiva-

tional techniques. The improvement strategies that showed greater effec-

tiveness in the compliance of hypertension treatment were: treatment

simplification, appointment reminders systems, blood pressure self-

monitoring, organizational improvements and nurse and pharmacists

care. The combination of different interventions are recommended against

isolated interventions.
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1 Introduction

High blood pressure (hypertension) is a chronic

disease. Several measures, such as habits of life,

diet and medication, are required for its control.

It is widely known that the greater efficacy of

nowadays available treatments does not corre-

spond with an increase in the number of con-

trolled patients. So, it is important to measure

compliance and study which factors might influ-

ence it. Approximately 50 % of patients with a

hypertension prescription will stop it during the

first year and only 50–66 % of the remaining

patients will keep with the treatment prescribed.

As a result, only 25–34 % of patients with hyper-

tension will have a good control of their blood

pressure (BP) figures (Morris et al. 2006). The

lack of adherence to treatment is a common

phenomenon, especially in chronic conditions.

According to data from the World Health Orga-

nization (WHO), adherence to long-term treat-

ment of chronic diseases in developed countries

is around 50 %, with rates even lower in devel-

oping countries. Therefore, non-compliance of

the chronic treatments and their clinical and eco-

nomic consequences is considered a priority pub-

lic health issue (WHO 2004).

There is no personality profile associated with

the low-adherent patient to medical treatments.

On the other hand, non-adherence is difficult to

predict and the point of view expressed by the

health-professionals does not correlate with the

actual compliance. In fact, it is no more accurate

than throwing a coin in the air (Medding

et al. 2012). Patients with hypertension have

characteristics that favors poor compliance

(Table 1). It is often difficult to follow the health

professional recommendations in chronic and

asymptomatic problems. It is hard to become

aware of the need of a long-term treatment.

Hypertension diagnosis at the age of forty, can

mean a loss of vigor and vitality for the patient.

Sometimes it can cause a denial reaction and an

economic and social burden that hinders accep-

tance of treatment (Kaplan et al. 2016). Curi-

ously, the adherence of the prescription is

unrelated to the implementation of lifestyle

changes. So, the decision to quit smoking or

doing exercise is not associated with greater

adherence to the medication. Patients want to

know why should they take medication, which

benefits and side effects can be expected, the cost

and what would happen if they do not follow the

therapeutic guidelines. Health professionals, in

general, communicate poorly with their patients

and provide little information about medical

prescriptions (Fuster 2012).

2 Consequences of Non-
compliance

Several results from adherence studies are avail-

able. Thus in a study involving more than 18,000

patients followed during 4.6 years, good adher-

ence to antihypertensive treatment involves a

lesser degree of morbidity and mortality

(HR 0.62 (0.40–0)) (Mazzaglia et al. 2009). Defi-

ciency in compliance has an impact in most of

cases in an increase in costs. These are generated

due to an increase in hospitalizations and visits to

the outpatient centers and emergency

departments as well as changes in doses and

prescriptions and more invasive diagnostic tests

required (Hughes et al. 2001). Only in the United

States, approximately 125,000 deaths per year

Table 1 Major predictors of non-adherence to treatments

Dependent on the Patient

Chronic process

Asymptomatic disease

Lack of knowledge of the disease by the patient

Lack of confidence in the benefit of the treatment by the

patient

Missing scheduled appointments

Presence of psychological problems

Cognitive impairment

Social isolation

Dependent on the Treatment

Complexity or long duration of treatment

Adverse effects of medication

Inadequate patient-physician relationship

Fragmented attention: lack of coordination

Absence of scheduled periodic appointments

Cost of medication
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and 33–69 % of the hospital admissions are

related to the lack of adherence to treatment,

with an estimated total cost of 100 billion dollars

annually: 25 billion corresponded to admissions

and 70 billion to loss of productivity and prema-

ture death (Osterberg and Blaschke 2005; Ho

et al. 2006; Dezii 2000; McCarthy 1998; Berg

et al. 1993).

Patients with cardiovascular disease that fail

to comply with their treatment regimen, have an

80 % increase in the risk of death in the first

120 days after an acute myocardial infarction

(Newby et al. 2006). Non adherence to medica-

tion increases the risk of death from stroke in

patients with hypertension (OR 3.81 (2.35;

3.20)) (Mayor 2013). Another study has shown

that patients with diabetes, hypertension, high

cholesterol, and heart failure, had higher hospi-

talization rates if they were low adherent (13 %

vs 30 % for diabetics; 19 % vs. 28 % in hyper-

tension) (New England Healthcare 2009). On the

other side, there is a study pointing out a possible

overestimation of the effect of poor compliance

on the final outcomes (LaFleur et al. 2011).

3 Concept of Compliance

We can define compliance as the degree to which

the behavior of the patient, in terms of medica-

tion, a diet or lifestyle changes, meets up clinical

prescription or medical advice. Since compliance

implies somehow blaming the patient, other

terms have been used. As an example,

adherence is defined as the capacity and will-

ingness to comply with a prescribed therapeutic

regimen (Sackett and Haynes 1976; Inkster

et al. 2006). It is important to distinguish, as

Haynes highlights (Haynes et al. 2008) between

adherence and concordance in treatments.

Adherence is the degree in which a patient

meets the prescription ordered by his doctor,

but sometimes this can have a guilty connotation.

The concordance would be the degree of agree-

ment on the treatment achieved by the patient

and the physician. Three prerequisites are

required in order that the patient has a good

adhesion to treatment: it must be acceptable,

understandable and personally manageable

(James et al. 2016).

The Spanish Society of Hypertension Work-

ing Group on Compliance defines compliance as

the extent that the patient assumes the rules or

advices given by the physician or health profes-

sional, both from the point of view of lifestyle or

the pharmacological treatment recommended. It

shows the degree of overlap between the guid-

ance given by the professional and the fulfillment

by the patient after a fully reasoned decision

(Márquez Contreras et al. 1998).

4 Types of Non-compliance

Non-compliance is a dynamic concept that may

affect all phases of the clinical process from the

first contact with the doctor until the end of the

treatment. There is consensus in the literature

that patients taking at least 80 % of the tablets

are considered compliant.

On the basis of the Medication Event Moni-

toring System (MEMS) several patterns of

non-compliance have been described (Márquez

2008; Márquez et al. 2012):

Compliers

• Absolute complier: person who takes quite the

100 % of medication

• Masked complier: person who takes more

than 80 % of medication

• Sporadic failure: Non compliance with the

treatment one to six times a month

• Over complier: person who takes more than

100 % of medication.

Non Complier

• Absolute breach: person who takes less than

50 % of medication.

• Partial non-compliance: individuals taking

between 50 and 80 %.
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• Medication abandonment: patients definitely

stop taking their medication.

Others Patterns

• Drug holidays: individuals who do not take

their medication for three days.

• Predicted non-compliance: repetitive non

adherence at certain times.

• White coat effect: non compliers individuals

that take their medications the days before an

appointment.

• Time table non-compliance: do not take the

medication at the scheduled hours medication

hours.

• Mixed non-compliers: coexistence of two or

more associated patterns.

With the advent of integrated electronic prescrib-

ing and dispensing data they can be classified in

(Tamblyn et al. 2014; Fischer et al. 2010):

Primary non adherence: it was defined as failing

to fill a new incident prescription.

Persistence or secondary non adherence: the

patient stop taking medications soon after fill-

ing the first prescription

5 Factors Involved

The general factors involved in adherence of the

treatments can be classified in (Rosenson

et al. 2016):

• Cognitive losses cause forgetfulness of dose

or loss of ability to understand the impact of

treatments

• Psychopathology: the depression, anxiety or

high levels of hostility may affect compliance

• Functional illiteracy affects to the compres-

sion of the treatments.

• The interaction with the professionals of

health may improve compliance using

non-technical words and involving the

patients in the decisions.

• The lost in the clinical follow-up of patients

with chronic diseases affects the adhesion and

the final objectives of the treatment

The most frequent barriers are related to the

characteristics of the patient and disease (sim-

ple forgetfulness, ignorance of the chronic dis-

ease condition, retirement (Kivimäki et al. 2013),

poor social, health or family support and personal

decision of the patient to give up treatment).

Some are also dependent on the characteristics

of the treatment (side effects, long-term

therapies, difficult to understand or to take, inad-

equate communication, price) (Baroletti and

Dell’Orfano 2010). Although age is not a risk

factor per se, there are several studies that sug-

gest that non-adherence, intentional or not, is a

problem in aged patients. This is due, in part, to

the lack of understanding of the schemes avail-

able and the forgetfulness, favored by the high

proportion of elderly people who live alone, the

impairment of cognitive function, the prevalence

of co-morbidities and the polimedication (Horne

et al. 2005; Wang et al. 2014)

An interesting systematic review with quali-

tative research methodology concludes that

patients with hypertension link together stress

and the presence of symptoms (Marshall

et al. 2012). This perception justifies treatment

abandonment when they perceive less stress or

less symptoms. Sometimes they stop treatment if

they are afraid of side effects or a possible addic-

tion to treatment. No ethnic or countries

differences were detected. A factor who influ-

ence in the adherence to treatment is the

patient-physician relationship. It is important

to know the beliefs and expectations of the

patient, as well as the socio-familial support. It

is the family in many cases that acts as a

reminder of the treatment and can promote a

change of conduct. The success of treatment

depends on both: therapist and patient. For a

solid grip, the doctor requires technics and tools

in communication skills (Sanson-Fisher and Clo-

ver 1995).
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6 Prevalence of Treatment
Adherence

According to a systematic reviews, the preva-

lence of non-compliance with HTA treatment in

the world is, at average, 30 % and probably this

is one of the main causes of the lack of control of

hypertension (Tamblyn et al. 2014; Cramer

et al. 2008). The therapeutic compliance preva-

lence ranges between 40 and 90 % according to

the method used to measure, the disease and the

population studied. In this sense, Choo and

collaborators (Choo et al. 1999) they assessed

the validity of self-reported compliance, phar-

macy records and counting tablets as measures

of antihypertensive drugs compliance against the

MEMS standard. Hansen (Hansen et al. 2009)

and Horne (Horne et al. 2010) also compared

different methods of measurement of compli-

ance, with figures between 80 and 90 %. Other

authors that also used MEMS system as control,

found a compliance rate around 80 % (Zeller

et al. 2007; Santschi et al. 2008). In a series that

evaluated the compliance evolution in 3553

patients during 20 years, an increase in compli-

ance was detected, although the final rate was

67.47 % (Márquez et al. 2006). This contrasts

with a study performed in non-industrialized

countries where the average compliance was

40 % even after using the same method (Qureshi

et al. 2007). Besides, Schoenthaler found a com-

pliance rate of 56 % in African Americans

(Schoenthaler and Ogedegbe 2008).

The different studies available show

conflicting results. It is difficult to obtain signifi-

cant relations with the compliance variable, as

long as this variables depends largely on individ-

ual factors that are difficult to assess. Some

works highlight that the presence of other

chronic diseases associated to high blood pres-

sure adversely affect taking medication: multiple

drugs are required for the control of the diseases.

So, patients with high cardiovascular risk some-

times use 4 or more drugs to control several

diseases that can cause undesired side effects

and trigger low adhesion (Morris et al. 2006;

Chapman et al. 2005; Gregorie et al. 2006; Sicras

et al. 2006). DiMateo and collaborators

published a meta-analysis of studies published

over nearly six decades. They concluded that

patients with severe disease and a poor state of

health should be identified as of great risk of

being non-compliant with treatment (DiMatteo

et al. 2007).

To achieve the therapeutic objectives in

hypertension, health professional must consider

that each patient has priorities in health and that

each person has an “acceptable therapeutic

load”; i.e. the maximum number of medications

that are considered reasonable to take every day.

This number varies from person to person and the

physician needs to know it in order to plan treat-

ment (van Duijn et al. 2011). Some authors sug-

gest that non adherence to treatment is induced

by the health system. They propose a “mini-

mally disruptive medicine” (May et al. 2009;

Dabrh et al. 2015) with 4 principles: determine

the load weight which is acceptable for each

patient, enhance coordination in clinical practice

with an holistic vision, increase the knowledge of

the co-morbidity in clinical practice, and priori-

tize the patient autonomy and its perspective.

7 Methods to Measure
Adherence

It is necessary to know the degree of adherence

both to make decisions on the follow-up of the

patient as to assess the outcome of clinical trials.

There are several methods to measure compli-

ance and are classified into direct and indirect

(Márquez 2008; MacFadyen and Struthers 1997).

In general, the former tend to be more sensitive

and specific, but less acceptable to the more

invasive.

Direct methods measure the amount of drug,

metabolites, or markers found in some body

fluids. Methods are more objective and spe-

cific but expensive and inaccessible in pri-

mary care. They are also inefficient for short

half-life drugs. The use of liquid

chromatography-mass spectrometry analysis

for antihypertensive drugs in urine analysis

can detect low compliance in patients with
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refractory hypertension (Jung et al. 2013;

Tomaszewski et al. 2014).

Indirect methods are simple and economic, use-

ful in the clinic, but their disadvantage is that

they are not objective and tend to overesti-

mate the adherence to the treatment. They are

based on the quantification of the number of

tablets or on clinical interviews. These are the

most widely used (Table 2).

7.1 Clinical Interview-Based
Methods Most Commonly
Used Are

7.1.1 Haynes-Sackett or Self-Reported
Compliance Test (Sackett
et al. 1975)

It consists of two parts. The first part avoids a

direct question, and in a friendly environment,

the following sentence is inserted:

“the majority of patients have difficulty taking

their tablets, do you have difficulty in taking all

your own?”.

This approach eases the identification of poor

adhesion. If the answer is Yes, the patient is

non-compliant, and he will be questioned on the

tablets taken in the last month. The authors con-

sidered complier a patient whose percentage of

self-reported compliance is between 80 and

110 % (Stephenson et al. 1993).

7.1.2 Morinsky-Green Test (Morisky
Medication Adherence Scale-4
Items, MMAS-4) (Morisky
et al. 1986)

It is a questionnaire that can help the professional

to identify the poor adherence to antihyperten-

sive treatment. This method has been validated

for several chronic diseases, although it was

initially developed by Morinsky, Green and

Levine to assess compliance with medication in

patients with arterial hypertension. A patient is

considered a good complier if answers correctly

to 4 questions conducted, interspersed in a cor-

dial way, during a conversation about her illness:

1. Do you ever forget to take the drugs for your

illness?;

2. Do you take your medication at the indicated

hours?;

3. Do you stop taking your medication when you

feel well?

Table 2 Indirect methods for evaluating compliance of hypertension

Method Advantages Disadvantages

Validationa

S S PPV NPV

Based on the

table count

Simple count of

tablets

Objective,

quantifiable

It takes time. It does not

detect the drug intake.

High price

Gold standard in research

studies

Medication Event

Monitoring System

(MEMS)

Based on the

clinical

interview

Haynes-Sackett test Simple, quick.

Useful in clinical

practice

It overestimates the

adhesion

0.33 0.93 0.73 0.69

Test of Morysky 0.49 0.68 0.48 0.68

Other

methods

Professional

judgment

Simple, fast Vague 0.28 0.78 0.44 0.64

Assistance to

appointments

Simple It also depends on the

health care organization

0.71 0.83 0.43 0.65

Improvement of

disease

Simple, easy to

apply

Interference from other

factors such as

co-morbidities

0.53 0.62 0.46 0.68

Knowledge of

disease

Simple Dependent on the level of

culture of the patient

0.82 0.41 0.46 0.79

aFrom Márquez (2008)

S sensitivity, S specificity, PPV positive predictive value, NPV negative predictive value
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4. If you ever feel ill, do you quit your

treatment?

There is a version of the questionnaire with

8 items (MMAS-8) (Morisky et al. 2008;

Gallagher et al. 2015) It also includes questions

on the reasons for non-adherence. It is useful to

propose improvement strategies with the patient.

The authors determinate low adhesion if the

patient has less than 6 correct answers, average

adhesion between 6 and 8 and high adhesion if

8 questions are correct.

1. Do you sometimes forget your high blood

pressure pills?

2. Over the last two weeks, were there any days

that you did not take your high blood pressure

medicine?

3. Have you ever cut back or stopped taking your

medication without telling your doctor

because you felt worse when you took it?

4. Do you sometimes forget to bring along your

medication when you travel or leave home?

5. Did you take your hight blood pressure medi-

cine yesterday?

6. Do you sometimes stop taking your medicine

when you feel your blood pressure is under

control?

7. Taking medication everyday is a real incon-

venience for some people. Do you ever feel

hassled about sticking to your blood pressure

treatment plan?

8. How often do you have difficulty remenbering

to take all your blood pressure medication?

7.2 Methods Based on Tablet
Quantification

7.2.1 Medication Event Monitoring
System (MEMS)

They use the Medication Event Monitoring

System (MEMS). These are monitoring systems

based on a computerized registration. A micro-

chip placed on the top of the container records

the date and the time in which the container is

opened. This method is often regarded as the

gold standard to measure the adhesion. However,

it only detects the opening, not the drug intake, it

is not useful in routine clinical practice and it is

expensive (Choo et al. 1999; Rosen et al. 2004).

7.2.2 Simple Tablets Count
It is a simple and objective method that compares

the number of pills remaining in the container,

taking into account the prescribed and the time

elapsed between the prescription and the moment

when they are measured. A patient is considered

good compliant when has consumed 80–100 %

of the prescribed tablets. This method tends to

overestimate compliance when the patient

assumes that it is controlled or if the drug is

consumed by another member of the family

(Bond and Hussar 1991).

7.3 Additional Compliance
Estimations (Márquez
et al. 2006)

• There are other practical measures, although

less used as the Batalla test. This test analyze
the degree of knowledge that the patient has

of his illness, assuming that the greater patient

awareness, the more compliant he will be.

• The health professional judgement: based on

the opinion of the doctor or the nurse on the

patient. The compliance is considered

according to the health professional criteria.

• The assistance to scheduled appointments: if

the patient does not attend the appointments,

he is considered a bad compliant.

• Method based on the improvement of the

treated disease: If hypertension is controlled

that would indicate us that the patient is a

good complier.

• Method based on the medication collection:

It is based on the quantification of the medi-

cation withdrawn from the pharmacy. The

computer records (e-prescribing) report if the

patient goes to renew prescriptions on time.

Usually, patients tend to overestimate their

adherence to medication, and unless a patient

fails to respond to therapy, it is difficult detect a
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low compliance. If the patient affirms he is a

good complier in the clinical interview and we

are suspecting non-compliance, we will have to

check medication collection in the chemist

records and count the tablets used either in the

clinic or at home. The count can be masked

indicating the patient that we are simultaneously

evaluation the expiration. This is the method of

choice for general research, but if you want to

know the pattern of non-compliance the count

will be used through MEMS.

8 Improvement Strategies

8.1 Doctor-Patient Relationship
and Treatment Compliance

The style of communication preferred to improve

the performance of treatments is a patient-

centered style. Thus, it is useful to ask how the

patient understands his illness (“what do you

known about hypertension?, Which organs can

be affected? Do you think that you can control

it?). In this way we explore their attitudes and

expectations. Patients who understand the per-

sonal consequences of their risk factors can man-

age better the information. In a structured way

and to advance in the knowledge of the beliefs of

the patient on the arterial hypertension we can

use questionnaires based on the Self-Regulatory

Model (Ross et al. 2004).

Patients often express their fears to take sev-

eral drugs or become dependent on them (eg:

“When I have to take so many medications, I

feel old” “When my labs are normal, I can quit

treatment”). Therefore we should ask about the

compliance in a non-punitive manner and in the

context of the particular values of the patients

(eg: “it’s hard to take so many pills, How many

times does it happen to you?”). Clinicians must

have a long-term perspective and see failures as a

learning tool.

The communication strategy to improve

adherence should include: the use of

non-technical language adapted to the cultural

level of each person, personal experience in

other drug use, discuss with the patient

expectations of benefit and adverse effects, mod-

ify ideas and misconceptions, incorporate the

preferences of the patient in the treatment plan,

give written instructions in a clear and simple

way, recommend pill boxes to organize the med-

ication, involve family members, discuss the

need to keep the medication despite feeling

well. Try to improve the adhesion with a con-

frontational style with the patient is rarely useful

(James et al. 2016).

8.1.1 Shared Decision Making (SDM)
Involving the patient in decision-making and a

collaborative integration is beneficial in the man-

agement of chronic diseases. We have studies in

hypertensive patients where shared decision-

making strategy improves therapeutic adherence

and control of hypertension. There are studies

with SDM in several health care professionals

such as physicians, pharmacists, nurses and

dieticians. This strategy also showed benefit in

poorly controlled hypertension patients with

computer-based decision-making tools (van

Duijn et al. 2011; Houle et al. 2014; Buhse

et al. 2015; Tinsel et al. 2013; Buchholz

et al. 2012; Abel and Barksdale 2012; Paasche-

Orlow 2011; Roshanov et al. 2011).

8.1.2 Motivational Interview
The motivational interview technics based on the

stages of change model of Prochaska and Di

Clemente demonstrated some benefit in lifestyle

and adherence to treatments (Miller and Rollnick

2013). There are three systematic reviews of

clinical trials performed with this technique that

presents a statistically significant improvement

over conventional interventions with an

estimated OR 1.55 (1.40; 1.71). The benefit is

particularly promising in weight loss, alcohol

and tobacco consumption, sedentary life style

self-monitoring and treatment adherence

(Lundahl et al. 2013). O’Halloran meta-analysis

was performed with studies on people with

chronic diseases (O’Halloran et al. 2014).

VanBuskirk published another systematic review

on primary care population with good results for

weight loss and blood pressure. The motivational

interview seems to be useful in clinical settings
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and one single session can improve the willing-

ness to change and an action for health goals for

behavior changes (VanBuskirk and Wetherell

2014).

The benefit of the motivational interview has

been validated in different healthcare

professionals: physicians, nurses and

pharmaceuticals (Stewart et al. 2014; Klamerus

et al. 2014; Ma et al. 2014; Drevenhorn

et al. 2012). The health professional must know

in which stage of change is the patient for

lifestyles or taking medication changes, as long

as the management strategy is different in each

stage. The stage of the change of the patient can

be classified as shown below:

• Not thinking about it at all (pre-contemplation

stage)

• Thinking about it (contemplation stage)

• Ready to start planning (preparation stage)

• Ready to implement it (Action stage)

• Already making the change (Maintenance

stage)

8.2 Factors Associated with Disease
and Treatment

We have three Cochrane reviews on different

intervention studies to improve compliance and

control of hypertension. The different

interventions can be classified as:

8.2.1 Health Education to Patients
and Professionals

Trials of educational interventions to patients or

professionals in general are not related to signifi-

cant reductions in blood pressure. Clinical stud-

ies show that the effects of reducing the BP with

changes in lifestyle can be equivalent to

monotherapy with drug but the main drawback

is the low level of adhesion as time passes (Elmer

et al. 2006). There is a consensus that when

patients get the information material available

in press, pharmacies, medical clinics or other

public places offices, it can have a favorable

effect on information and motivation of the

persons concerned (Guthrie et al. 2007).

A Cochrane review (Glynn et al. 2010)

including 20 randomized clinical trials (RCTs)

educational interventions directed to the patient

was performed. The combination of the results of

all RCTs produced mixed results. The mean dif-

ference in systolic blood pressure (SBP) and

diastolic (DBP) was not statistically significant.

With respect on the blood pressure control, there

was a trend towards an improvement in the con-

trol (Odds Ratio 0.83; 95 % CI: 0.75–0.91). In

the same systematic review, ten RCT with edu-

cational interventions directed to the health pro-

fessional were analyzed. These interventions

were not associated with a significant decrease

in SBP and DBP, nor with a significant increase

in the blood pressure control.

The tendency to minimize the high figures of

the BP by the physician is denominated thera-

peutic inertia. Medical training programs signifi-

cantly reduce therapeutic inertia therapeutic

although with fewer benefits than expected

(Redon et al. 2010; Luders et al. 2010).

8.2.2 Reminder Systems
Glynn reviewed eight RCTs with interventions

aimed at reminding the patient appointments and

encourage self-monitoring of the efficacy of the

treatment. The systems were diverse: from

postcards, phone reminder notices by text

messages to computer feedbacks. Pooled results

were associated with an improvement during

follow-up (Odds Ratio of losses to follow up

0.4; 95 % CI: 0.3–0.5). However, we have the

study could not determine which reminder sys-

tem was the most effective (Glynn et al. 2010).

The impact of information and communica-

tion technologies in general, and particularly the

computerized decision support systems, is

discussed in detail in the health security report

published by the European Commission in 2007.

The report argues that these systems can prevent

medical errors and adverse events, promote the

participation of the patient with an advantage due

to cooperation and adherence (OECD www.

oecd.org; Russell et al. 2009).

Adherence to Treatment in Hypertension 137

http://www.oecd.org/
http://www.oecd.org/


New technologies, allow that more patients

can be controlled, the contacts may be more

frequent, with a greater chance to address their

concerns, adapt treatment and ultimately

improve the adhesion. However, it is important

to note that these new care delivery models do

not represent a substitute for visits to the

physician’s office. Rather, they offer support for

the strategy of establishing a good relationship

between the patient and the health care

professionals. Studies using communication

technologies have demonstrated that there are

many ways to communicate with patients, with

the theoretical advantage of appropriate adjust-

ment and effective care plans.

8.2.3 Treatment Simplification
Adherence to treatment can also be improved

through treatment simplification (Claxton

et al. 2001) A Cochrane review reviewed nine

RCTs on treatment simplification (Schroeder

et al. 2004). The simplified dosing regimens

improved compliance in seven of the nine stud-

ies, with an improvement in the fulfillment that

varied from 8 to 19.6 %. Studies that were made

using MEMS showed improvement in compli-

ance when one dose a day was used instead of

two. The type of antihypertensive drug is related

with compliance. Thus, in the meta-analysis

published by Kronish et al., the highest adhesion

was found with angiotensin II-receptor blokers

and angiotensine-converting enzyme inhibitors,

the lowest with beta blockers and diuretics

(Kronish et al. 2011).

It is more likely to achieve the goals of blood

pressure control in patients with higher blood

pressure values with combination therapy. We

have recent studies that have shown that patients

receiving fixed-dose combination therapy have a

lower abandonment rate (Corrao et al. 2010). The

use of polypills (fixed-dose drug combinations)

greatly simplifies the number and doses of drugs

and is an interesting field to improve adhesion.

Polypills lowers cost of production and distribu-

tion, improve accessibility to treatment espe-

cially in middle and low income countries

(Muntner et al. 2011).

8.2.4 Pharmacists and Nurses Care
Several studies show a greater reduction of the

BP in groups with multidisciplinary care teams,

when compared with the conventional approach.

Nurses and pharmacists either within a clinic or

in the community are beneficial in reducing the

BP. The participation of nurses and pharmacists

in the management of hypertension has obtained

benefit when they are involved in the patient

education, advice and evaluation of adherence

to the treatment. The contribution of nurses

may be particularly important for the implemen-

tation of the changes of life style (Carter

et al. 2009; Walsh et al. 2006). A recent study

confirms the positive effect of pharmacists

interventions on compliance (Hedegaard

et al. 2015).

The systematic review conducted by Glynn in

2010 brought together 12 RCTs with pharmacists

or nurses care. Pooled results show that the mean

for the SBP difference was from � 13 to

0 mmHg. And the DBP was from � 8 to

0 mmHg. With respect to the degree of blood

pressure control, the results were not significant

(odds ratio ranged from 0.1 to 0.9). The authors

of the review conclude that these health

professionals care can be an excellent way to

provide assistance, since the majority of RCTs

are associated with better control of blood pres-

sure (Glynn et al. 2010).

8.2.5 Self-Monitoring
There are 18 RCTs evaluating the effect of self-

monitoring of the AP by the patient that wer

analyzed in a systematic review (Glynn

et al. 2010). The pooled data showed that self-

monitoring was associated with a significant

reduction in the mean SBP: � 2.5 mmHg

(95 % CI: � 3.7 to � 1.3 mmHg). The mean

DBP showed a more modest decline of

� 1.8 mmHg (95 % CI: � 2.4 to

� 1.2 mmHg). With regard to the control of

blood pressure, there was no significant improve-

ment (Odds Ratio 0.97; 95 % CI: 0.81–1.16). In

this line, Uhlig concluded that self-monitoring of

blood pressure drops blood pressure compared to

usual care, but the effect beyond the 12 months is
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uncertain in a meta-analysis published in 2013

(Uhlig et al. 2013). Tele-monitoring at home

proved to be useful in patients with hypertension.

Several studies have confirmed that the elec-

tronic transmission of the self-BP monitoring

favors better adhesion to the regime of treatment

and is a more effective control of hypertension

(McManus et al. 2010; Morak et al. 2012; Shea

and Chamoff 2012; Parati et al. 2009).

8.2.6 Interventions to Improve
the Provision of Care Services

The systematic review published by Glynn

et al. in 2010 (Glynn et al. 2010) analyzed

9 RCTs with organizational interventions to

improve care for hypertensive patients. Pooling

of results from the individual RCTs produced

mixed results. The largest clinical trial, the

Hypertension Detection and follow-up Program

(HDFP) (The effect of treatment on mortality in

mild hypertension results of the Hypertension

Detection and Follow up Program 1982) that

included around 10.940 people, obtained appre-

ciable reductions both in sBP and dBP. After a

five year follow-up period, these reductions in

blood pressure were associated with a 28.6 %

significant reduction in mortality from all causes.

The organizational measures of this study

consisted of a free of charge care, active

follow-up visits on a regular basis and a steps

use of antihypertensive drug therapy.

8.3 Factors Related to the Health
System

8.3.1 Costs
Recently, an increase in compliance was found in

those patients taking generic drugs when com-

pared with those taking registered trademark

drugs. Besides, a reduction in the vascular events

was also founds (Gragne et al. 2014). These data

were obtained in populations with low incomes,

so it cannot be extrapolated to other populations

where the drug cost may be less important for

adhesion. Other studies confirm that the price of

prescription drugs influences the therapeutic

non-compliance. An example is a study that

showed that patients who had had a cardiac

event and subsequently did not have to pay a

high price for their medication, presented a better

performance and were less likely to have

recurrences of the heart disease (Susan 2015;

Chourdhy et al. 2011).

Sometimes, when the price of drugs is high,

some patients skipped doses or do not continue

with the prescription when it finishes. This makes

the physicians that the prescribed medication was

not enough with a subsequent unnecessary dose

increase. Health care co-payment policies can

lead to the patient to use fewer medicines or to

choose the cheapest. Although this can avoid

using unnecessary medicines, they can also

cause harm when treatments for the control of

chronic diseases are abandoned (Baroletti and

Dell’Orfano 2010; Luiza et al. 2015) The mini-

mum dose required should be prescribed using

generics, and informing the patient about the

most cheap available drugs. The use of cheaper

medication tries to reduce costs and prevent

barriers in the access to medication (Kaplan

et al. 2016). Today, we have generic drugs and

cheap options in all classes of antihypertensive

medication (Choudhry et al. 2016).

8.3.2 Social Support and Self-Help
Groups

There are interesting studies of community-

based intervention on cardiovascular problems

among adult assistance programs similar to

other self-help organizations. They do not

require the active presence of doctors or nurses

and focuses on the empowerment of the patient

and the formation of “expert patients” and com-

munity agents. Their results indicate an improve-

ment in adhesion and achievement of the

objectives of cardiovascular health in chronic

diseases (Fuster et al. 2011; Vedanthan

et al. 2014).

Interventions have also been developed in

order to organize a network of social support in

relation to physical activity, sodium intake,

weight control or reduction of alcohol consump-

tion. As an example, the project “walking with a

friend to health” intends to include the commu-

nity in the prevention measures and hypertension
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control. In this way, it obtains support for early

intervention, prevention, and treatment of high

blood pressure through the organizations of

patients and relatives. So, the relatives of the

patients and their support network become

supporters of the treatment plan (Fishman 1995).

The incorporation of the family, the commu-

nity, and organizations is a key factor for success

in the improvement of adhesion. Living alone is a

major cause of non-compliance. Accordingly, a

poor perception of social support received by the

patient is linked to reduced physical activity and

poor adherence to the diet. Several research stud-

ies have concluded that social support improves

adherence to treatment in hypertensive patients.

In this way, patients who have wide social sup-

port networks or those who are married or in

couple indeed, have better adherence. Social sup-

port is also essential when long-term treatment

are planned that require continuous actions by

the patient (DiMatteo 2004; Oegdegbe

et al. 2004; Bosworth 2010). It is not only neces-

sary an increase in family support. Research has

shown that participation in patient groups is an

effective strategy of motivation (Sherbourne

et al. 1992; Coull et al. 2004). There is substan-

tial evidence that support between pairs of

patients can improve adherence to therapy and,

at the same time, reduces the amount of time

spent by the health care professionals to care

for chronic diseases (WHO 2004).

8.4 Multiple Interventions

As the therapeutic non-compliance is complex

issue that is influenced by variety of factors it

seems logical to design interventions with multi-

ple strategies to try to improve it. In this sense,

there are studies with multiple interventions such

as: reminders, pill containers, self-monitoring of

blood pressure, treatment simplification,

pharmacists or nurses support, family

interventions, or the provision of educational

material to the patient; that achieved

improvements in compliance (Marquez

et al. 2006). In this sense, the COM99 study

(Pladevall et al. 2010) confirmed that

combination of strategies is always more effec-

tive than a single one.

In another systematic review on adherence

Haynes (Haynes et al. 2008) and his

collaborators analyzed 70 RCTs and found

83 types of different interventions. They con-

clude that multifactorial interventions are most

effective in modifying the adherence to long-

term therapies. These studies included

combinations of information, reminders, self-

monitoring, reinforcement, counseling, family

therapy, psychological therapy, crisis interven-

tion, telephone follow-up and support care. Due

to the heterogeneity of the studies they could not

evaluate the individual effect of each strategy on

the control of hypertension, or which combina-

tion was the most effective. With respect to the

quantification of the effect of interventions the

authors are cautious and conclude that even the

most effective interventions did not result in

great improvements in adherence and treatment

outcomes. Marquez and colleagues refer that

these interventions can control BP in two out of

three patients with high cardiovascular risk and a

poor BP control and the number needed to treat

to prevent one patient with poor hypertension

control is five (Márquez et al. 2012). In Table 3

we present a summary of the practical strategies

to improve adherence.

9 Recommendations
of the Clinical Practice
Guidelines

9.1 European Society
of Hypertension (ESH/ESC)
Guideline

European society of hypertension (ESH/ESC)

guideline (ESH/ESC 2013) give great relevance

to the low level of compliance observed, espe-

cially in elderly and poor patients, due to its

influence in prognosis and healthcare costs.

They emphasize that low adherence to treatment

is the most important reason for poor control of

the BP and that this fact has been fully

documented (Lee et al. 2006; Gale et al. 2011;
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Shanti and Maribel 2003; Krousel-Wood

et al. 2011; Corrao et al. 2011; Mazzaglia

et al. 2009).

With regard to the identification of low

adherence to treatment in clinical practice

they point out that there are difficulties because

the information provided by the patient can be

misleading and methods for objectively measur-

ing the adherence to treatment have little appli-

cation in daily medicine.

The guidelines make a series of

recommendations to promote adherence to med-

ication, with the simplification of the drug reg-

imen as the isolated more effective

recommendation. As in the previous guidelines,

the 2013 ESH/ESC guidelines favor the use of

combinations of two antihypertensive doses fixed

in a single pill, since reducing the number of pills

taken daily improves adhesion.

The guideline stresses the relevance of

reporting BP values, even in visits that are not

related to hypertension. They also recommended

the use of self- monitoring blood pressure at

home (Parati et al. 2010).

The European guidelines insist in avoiding the

therapeutic physician inertia (Banegas

et al. 2004), attitude that tends to minimize the

relevance of high blood pressure levels. They

point out that if high AP is detected, the reason

must be searched. The most common causes are

poor adherence to the prescribed regimen, the

persistence of a white coat effect and the occa-

sional or regular consumption of substances that

increase BP.

On the other hand, they recommendmultifac-

torial interventions and to enhance the role of

nurses as a possible strategy to improve adher-

ence to treatment (Berra et al. 2011). The guide-

line points out that multidisciplinary

cardiovascular prevention programs

co-ordinated by a professional nursing improve

the control of risk factors, susceptibility to phys-

ical activity and adherence to treatment com-

pared with usual care. Besides, it also improves

Table 3 Interventions to improve adherence: practical strategies

Type of intervention

Physician related Before you increase the medication think about compliance. Enter medication in a step

ahead fashion. Use the minimum effective dose to avoid side effects. Avoid therapeutic

inertia

Relationship doctor –

patient

Explain the indication of each pill and its side effects. Report of the blood pressure

values. Ask for adherence with a non-confrontational style. Use the motivational

interview techniques: in the event of poor compliance, identify in which stage of

change the patient is

Involve the patient in decision-making

Note the mood of the patient and its cognitive function

Treatment simplification Use the minimum number of drugs and minimum number of possible dose

Use fixed-dose combinations

Recommend the use of pill boxes and organizers for medication

Associate taking medication with a routine of the patient. Provide written information

Reminders Keep the contact with the patient. Schedule an annual review and share with him the

clinical situation. Use reminders: telephone, computer or postal. Contact patients that

are not attending the clinic. Check the collection of medication in the pharmacy records

Self-monitoring of BP Recommend self-monitoring blood pressure

Cost of drugs Use cheap and generic drugs

Collaboration with other

professionals

Promote the control of hypertension by pharmacists and nurses.

Incorporate organizational improvements in the care of hypertensive patients

Social support Involve family members in the treatment

Recommend self-help groups and patient forums.

Multiple interventions Use at least three strategies together
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the perception of the patient’s health, especially

in secondary prevention.

The multidisciplinary team -based care

(Machado et al. 2007) with the participation of

pharmacists and nurses can improve adhesion

and reduce the BP and, thus, it is also

recommended by the European guideline.

The ESH/ECH published its

recommendations on how to organize the work

team for the management of hypertension in

centers of excellence (Stergiou et al. 2010). It

recommends a close contact with the patient

and the use of telemedicine to improve compli-

ance with treatments, as well as the incorporation

of other models for care continuity.

9.2 The NICE Guidelines

The NICE guidelines (2011) in his chapter on

education and adherence in hypertension

recommends

• Provide appropriate guidance and materials

about the benefits of drugs and the unwanted

side effects sometimes experienced in order to

help people make informed choices

• People vary in their attitudes to their hyper-

tension and their experience of treatment. It

may be helpful to provide details of patient

organizations that provide useful forums to

share views and information

• Provide an annual review of care to monitor

blood pressure, provide people with support

and discuss their lifestyle, symptoms and

medication

• Because evidence supporting interventions to

increase adherence is inconclusive, only use

interventions to overcome practical problems

associated with non-adherence if a specific

need is identified. Target the intervention to

the need. Interventions might include:

– suggesting that patients record their medi-

cine-taking

– encouraging patients to monitor their

condition

– simplifying the dosing regimen

– using alternative packaging for the

medicine

– using a multi-compartment medicines

system

9.3 The Recommendations
of the Panel Members
Appointed to the Eighth Joint
National Committee (JNC 8)

The recommendations of the Panel Members

Appointed to the Eighth Joint National Com-

mittee (JNC 8) (James et al. 2014) choose an

individualized treatment strategy. This strategy

should be adapted on the basis of the particular

circumstances of the doctor, the preferences of

the patient and the tolerance to the drug. Within

each strategy, physicians should regularly assess

BP, foster evidence-based interventions in life-

style and adhesion. The Panel recognizes the

importance of treatment adherence and medica-

tion costs but experts think that these issues are

beyond the scope of their recommendations

9.4 Report of the American College
of Cardiology Foundation Task
Force on Clinical Expert
Consensus Documents
Developed in Collaboration
with the American Academy
of Neurology, American
Geriatrics Society, American
Society for Preventive
Cardiology, American Society
of Hypertension, American
Society of Nephrology,
Association of Black
Cardiologists, and European
Society of Hypertension

An important set of scientific societies (Aronow

2011) have made specific recommendations for

elderly hypertensive patients. They conclude that

“elderly patients who are taking more than
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6 medications present a lower adherence to treat-

ment. So clinicians must take account of

polypharmacy and potential pharmacological

interactions, as causes of low adherence to

treatment”.

10 Conclusions

1. The lack of adherence is very prevalent in

hypertension with a multifactorial etiology.

2. Elderly patients, those with several

co-morbidities, social isolation, low incomes

or with depression are the most vulnerable to

this problem.

3. There is no an ideal method to quantify the

adherence to the treatment. Indirect methods

are recommended in clinical practice.

4. Any intervention strategy should be based in

not blaming the patient and a collaborative

approach. It is recommended to involve the

patient in decision-making. The clinical inter-

view style must be patient-centered including

motivational techniques.

5. The strategies that demonstrated greater

effectiveness in hypertension treatment com-

pliance were: treatment simplification,

systems appointment reminders, self-

monitoring of blood pressure, organizational

improvements and nurse and

pharmacists care.

6. Combined interventions are recommended

instead of isolated interventions.
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Abstract

Importance

Two major guide-line committees (JNC-8 and NICE UK) have dropped

beta-blockers as first-line therapy in the treatment of hypertension. Also,

recent meta-analyses (that do not take age into account) have concluded

that beta-blockers are inappropriate first-line agents in the treatment of

hypertension. This review seeks to shed some light on the “rights and

wrongs” of such actions and conclusions.

Objectives

Because the pathophysiology of primary/essential hypertension differs in

elderly and younger subjects, the latter being closely linked to obesity and

increased sympathetic nerve activity, the author sought to clarify the

efficacy of beta-blockers in the younger/middle-aged group in reducing

the risk of death, and cardiovascular end-points.

Evidence acquisition

Four searches were undertaken, utilising PubMed up to 31st Dec 2015.

One search was under the terms “hypertension AND obesity AND sym-

pathetic nerve activity”. A second was “hypertension AND plasma nor-

adrenaline/norepinephrine AND survival”. A third was “beta-blockers or

adrenergic beta-antagonists AND hypertension AND age AND stroke or

myocardial infarction or death”. A fourth was “meta-analysis of beta-

blockers AND hypertension AND age AND death, stroke, myocardial

infarction”
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Results

Diastolic (with or without systolic) hypertension, in contrast to isolated

systolic hypertension, occurs primarily in younger subjects, and is linked

to overweight/obesity and increased sympathetic nerve activity. In

younger/middle-aged hypertensive subjects, high plasma norepinephrine

levels are linked (independent of blood pressure) to an increased risk of

future cardiovascular events and death. High resting heart rates

(a surrogate for high sympathetic nerve activity) likewise predict prema-

ture all-cause death, coronary heart disease and cardiovascular events in

younger hypertensive subjects. In this younger/middle-aged hypertensive

group, antihypertensive agents that increase sympathetic nerve activity

(diuretics, dihydropyridine calcium blockers, and angiotensin receptor

blockers (ARBs)) do not decrease (and may increase) the risk of

myocardial infarction, and are therefore inappropriate first-line agents in

this age-group. By contrast, in younger/middle-aged hypertensive subjects

(less than 60 years old), meta-analysis has shown that beta-blockers are

significantly superior to randomised placebo, and at least as effective as

randomised comparator agents, in reducing death/stroke/myocardial

infarction. In this younger/middle-aged hypertensive group beta-blockers

have been shown (vs randomised placebo or diuretics) to reduce the risk of

myocardial infarction by 35–50 %, and stroke by 50–55 % (vs placebo),

in non-smoker men. Atenolol was at least as effective as ACE-inhibition

(captopril) in reducing all 7 cardiovascular endpoints (including stroke

which was reduced by 50 %), vs less tight control of blood pressure, in

obese hypertensive subjects with type-2 diabetes (UKPDS study); and

after 20 years follow-up, atenolol was significantly (23 %) superior to the

ACE-inhibitor in reducing the risk of all-cause death (beta-blockers have

anti-cancer properties, which maybe relevant).

Conclusions and Relevance

Primary/essential hypertension in younger/middle-age is underpinned by

high sympathetic nerve activity. In this age-group high resting heart rates

and high plasma norepinephrine levels (independent of blood pressure)

are linked to premature cardiovascular events and death. Thus, anti-

hypertensive agents that increase sympathetic nerve activity ie diuretics,

dihydropyridine calcium blockers, and ARBs, are inappropriate first-line

choices in this younger age-group. Beta-blockers perform well vs

randomised placebo and other antihypertensive agents regarding reduced

risk of death/stroke/myocardial infarction in younger (<60 years) hyper-

tensive subjects, and are a reasonable first-line choice of therapy (certainly

in men). These facts should be reflected in the recommendations of

guideline committees around the world.

Keywords

Hypertension • Age • Beta-blocker • Epinephrine • Norepinephrine •

Stroke • Myocardial infarction • Smoking status
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Abbreviations

BP blood pressure

BB beta-blocker

1 Introduction

There is much confusion regarding the role of

beta-blockers (BB) in primary (or essential)

hypertension, stemming from two main sources.

Firstly there are differences among Guideline

committees from the USA (James et al. 2014),

Europe (Mancia et al. 2007) and UK (Krause

et al. 2011), concerning the role of BBs; BBs

are no longer recommended as first-line therapy

for hypertension in the USA (James et al. 2014)

and UK (Krause et al. 2011). Secondly, the

results of 7 recent meta-analyses

(Wu et al. 2013; Prospective Studies Collabora-

tion 2002; Wiysonge and Opie 2013; Lindholm

et al. 2005; Xue et al. 2015; Thomopoulos

et al. 2015a, b) regarding appropriate first-line

therapy for the treatment of hypertension, were

not favourable to BBs (age was not taken into

account).

Importantly, neither the USA-JNC-

8 guidelines (James et al. 2014), nor the

European guidelines (Mancia et al. 2007), take

age into account (hypertension in the young/mid-

dle-aged is often associated with obesity and is

underpinned by high sympathetic nerve activity,

and this is a situation favourable to beta-

blockade, or ACE-inhibitors which reduce sym-

pathetic nerve activity – see later). Nevertheless,

Europe views first-line beta-blockade to be simi-

lar to other classes of anti-hypertensive agents,

the reduction in blood pressure (BP) being the

important factor. In contrast JNC-8 no longer

recommends first-line beta-blockade, primarily

due to the poor results of atenolol (vs losartan)

in the LIFE Study (Dahlof et al. 2002) involving

elderly hypertensives. The UK NICE Committee

(Krause et al. 2011) does take age into account,

but gives the reason for omitting BBs as a first-

line treatment of younger hypertensive patients,

as 1. impaired efficacy in reducing stroke-risk.

2. a tendency to precipitate diabetes, and is

therefore the least cost effective option (vs -

ACE-Is and ARBs) (Williams 2007). Unlike the

USA, its near neighbour Canada does (like the

UK NICE Committee) take age into account and

(unlike the UK NICE Committee) recommends

first-line beta-blockade for hypertensive subjects

less than 60 years old (Khan et al. 2009 May).

This review seeks to shed a little light upon a

confused situation regarding the role of BBs in

the treatment of hypertension, based on views

already expressed by the author (Cruickshank

2013).

2 Methods

Involved utilisation of the PubMed Search up to

December 31st, 2015, under the search terms

1. “hypertension AND obesity AND sympa-

thetic nerve activity”, where 191 studies

were identified, from which 3 (Grassi

et al. 2004; Lambert et al. 2007; Huggett

et al. 2003) relevant, illustrative, recent

(from year 2000) publications were selected

by mutual agreement between the author and

a medical colleague.

2. “hypertension AND plasma noradrenaline/

norepinephrine AND survival”, where 3 stud-

ies were identified, and one was selected

(Peng et al. 2006). There was also reference

to two recent reviews conducted by the author

(Coats and Cruickshank 2014; Cruickshank

2014), relating to diuretics, dihydropyridine

calcium channel blockers, and angiotensin

receptor blockers (ARBs), and their effects

on sympathetic nerve activity and the risk of

myocardial infarction; this approach provided

11 references (Menon et al. 2009; No author

listed 1980; Medical Research Working Party

1985; Leren and Heigeland 1986; Fogari

et al. 2000; Estacio et al. 1998; Heuser

et al. 2003; Moltzer et al. 2010; Strauss and

Hall 2006, 2007).

3. A search was conducted under the terms

“meta-analyses of beta-blockers AND hyper-

tension AND age AND death, stroke,

myocardial infarction”. This search identified
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5 studies, from which two were selected,

being specific to BBs (Khan and McAlister

2006; Kuyper and Kahn 2014).

3 Results

1. Essential hypertension, obesity, sympathetic

nervous activity, and prognostic/treatment

implications.

The classic Framingham Heart Study began in

1948 with enrolment of 5209 men and women

aged 28–62 years, and was enlarged in 1971 to

include a further 5124 men and women who were

the offspring (or their spouses) of the original

participants; follow-up of subjects occurred

every 2–4 years. Two of Framingham’s

conclusions (Franklin et al. 2005) were 1. The

development of diastolic (� systolic) hyperten-

sion was closely related to a younger age and an

increased body mass index (BMI), and 2. The

development of isolated systolic hypertension

occurred in an older age-group, reflecting a stiff-

ening/ageing of the arteries – Table 1. Certainly

from a haemodynamic view-point, primary

hypertension in the young and elderly differ

markedly, with the former being linked primarily

to a high cardiac output (Druktenis et al. 2007);

in the elderly there is a fall in cardiac output

(Palatini and Julius 2009; Sowers and Lester

2000), so that high blood pressure is dependent

on an increased peripheral resistance.

Obese (defined as a BMI greater than 30 kg/

m2) adolescents with hypertension experience a

marked fall in BP after weight-loss following

bariatric surgery, with 74 % becoming normo-

tensive (Inge et al. 2016). In younger subjects,

obesity (particularly central) is linked to a signif-

icant increase in sympathetic nerve activity

(Grassi et al. 2004). The obesity-related high

sympathetic nerve activity may be confined to

men (Kostis et al. 2015), and be apparent mainly

in muscle and kidney (Brooks et al. 2015).

Obesity-related increases in sympathetic nerve

activity are particularly apparent in the presence

of hypertension (Lambert et al. 2007)- Fig. 1, or

type-2 diabetes (Huggett et al. 2003). Even high-

normal blood pressure is linked to increased

muscle sympathetic nerve activity (Seravalle

et al. 2015). The raised sympathetic nerve activ-

ity is associated with the release of leptin

(so-called “thin hormone”) from adipose tissue;

leptin acts upon the hypothalamic region of the

mid-brain, resulting in increased sympathetic

nerve activity (Barnes and McDougal 2014).

High insulin levels, associated with obesity-

related insulin resistance, also act upon the hypo-

thalamic region, resulting in heightened sympa-

thetic nerve activity (Coats and Cruickshank

2014; Cruickshank 2014). This has important

prognostic implications, as high norepinephrine

(noradrenaline) levels are associated with the

atherosclerotic process (Helin et al. 1970) and

Table 1 Different Predictors of Diastolic Hypertension (DH) (� raised systolic – SDH) and Isolated Systolic

Hypertension (ISH) – FRAMINGHAM Study

Predictors of Diastolic Hypertension (� Systolic

Hypertension) ¼ DBP � 90 mmHg (� SBP �
140 mmHg)

Predictors of Isolated Systolic Hypertension ¼ SBP �
140 mmHg + DBP < 90 mmHg (wide P-P)

1. Young age 1. Older age

2. Male sex 2. Female Sex

3. High BMI at baseline 3. Increased BMI during follow-up (weak)

4. Increased BMI during follow-u 4. ISH arises more commonly from normal and high

normal BP, than “burned out” diastolic hypertension

5. Main mechanism of DH and SDH is raised peripheral

resistance

5. Only 18 % with new – onset ISH had a previous DBP

� 95 mmHg

6. Main mechanism of ISH is increased arterial

stiffness ¼ aging of arteries

Franklin et al Circulat (2005)
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(via an increased heart rate) coronary plaque

rupture (Heidland and Strauer 2001a). It thus

comes as no surprise that high plasma norepi-

nephrine levels, independent of smoking and

blood pressure levels, are powerful predictors of

cardiovascular death and survival in

601 (354 men and 247 women) young/middle-

aged hypertensive subjects (over a 6–7 year

follow-up period (Peng et al. 2006) – Fig. 2.

Importantly, high intra-lymphocyte beta-receptor

density (Bmax) and cyclic adenosine

monophosphate (AMP) levels predict (indepen-

dent of BP) future myocardial infarctions, but not

stroke (which relates to blood pressure) (Peng

et al. 2006) – Fig. 3. In the Framingham Heart

Study (Gillman et al. 1993), high resting heart

rates, particularly over 85 bpm (a surrogate for

increased sympathetic nerve activity), in young/

middle-aged hypertensive subjects, have been

shown to predict all-cause death and cardiovas-

cular and coronary heart disease events for both

hypertensive men – Fig. 4, and women over a

36 year follow-up period.

Though sympathetic nerve activity is

increased in elderly hypertension (Yamada

et al. 1989; Hart and Charkoudian 2014), this is

not so within the kidney (Esler et al. 1984). There

is also a marked reduction in beta-receptor
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Fig. 1 Muscle

sympathetic nerve activity

(MSNA) in normal weight

and obese, young/middle-

aged normotensives

(NT) and hypertensives

(HT) (Lambert et al. 2007)
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Fig. 2 601 middle-aged hypertensive subjects followed-

up for 6–7 years; high plasma norepinephrine

concentrations (NE) (>4.0 nmol/L ¼ red) vs low

(>4.0 nmol/L ¼ blue) were associated with high levels

of all-cause death (independent of blood pressure) (Peng

et al. 2006)
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affinity/sensitivity in this older age-group

(Feldman et al. 1984; Tenero et al. 1990),

which may explain the relative lack of efficacy

of beta-blockers in the elderly – (see later).

In the above context, it is notable that antihy-

pertensive agents that increase sympathetic nerve

activity in young/middle-age, perform poorly in

terms of reducing cardiovascular events in this

age-group. Thus, thiazide-type diuretics increase

sympathetic nerve activity (Menon et al. 2009),

and in 3 studies involving diuretic therapy in

young/middle-aged hypertensive subjects

(No author listed 1980; Medical Research Work-

ing Party 1985; Leren and Heigeland 1986) there

was no reduction in the risk of myocardial infarc-

tion (No author listed 1980; Medical Research

Working Party 1985), and even a significant

increase (Leren and Heigeland 1986), versus

randomised placebo/non-treatment.

Dihydropridine calcium blockers (felodipine,

amlodipine, manidipine, and lacidipine) increase

heart rate and plasma norepinephrine levels

(Fogari et al. 2000), and in the ABCD study

(Estacio et al. 1998) the investigation was

terminated prematurely due to a significant

excess of myocardial infarctions in the

nisoldipine, vs the enalapril, group. Likewise,

angiotensin receptor blockers (ARBs) increase

0
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Fig. 3 Beta-receptor

density (Bmax) and cAMP

levels (in lymphocytes) as

predictors of myocardial

infarction(MI)and stroke in

middle-aged hypertensives

followed for 7 years (Peng

et al. 2006)

Fig. 4 Framingham:

Effect of resting heart rate

on all-cause death, CHD

and CVD events in

untreated male

hypertensives, followed-up

for 36 years (Gillman

et al. 1993)
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sympathetic nerve activity in younger subjects

(Heuser et al. 2003; Moltzer et al. 2010). Meta-

analyses indicates that, in contrast to

ACE-inhibitors, ARBs increase the risk of

myocardial infarction (Strauss and Hall 2006;

Straus and Hall 2007) Fig. 5, and in two

subsequent placebo-controlled studies involving

hypertension (Imai et al. 2011) and

pre-hypertension plus diabetes (Haller

et al. 2011), there was a significant excess if

cardiovascular events in those receiving the

ARB. Thus, prevention of myocardial infarction

and cardiovascular events is not just about good

control of BP. In contrast to ARBs,

ACE-inhibition results in a reduction in sympa-

thetic nerve activity (Noll et al. 1997) – see later.

2. The role of beta-blockers in the treatment of

hypertension; the importance of age

2a. Beta-blockers and the atheromataous process

As myocardial infarction is the most common

cardiovascular event in young/middle-aged

essential hypertension (Medical Research Work-

ing Party 1985), it is important to note that beta-

blockade is able to reverse the coronary athero-

sclerotic process. In a pooled analysis of four

intravascular ultrasonography randomised, con-

trolled trials in patients with coronary heart dis-

ease, over an 18–24 month time-interval, BBs

(mainly atenolol and metoprolol) effected a sig-

nificant (p < 0.001) regression of coronary

artery atherosclerotic plaque (Sipahi

et al. 2007). BBs also stabilise vulnerable coro-

nary plaque. A study of 106 middle-aged patients

who underwent coronary angiography twice

within a 6 month period, revealed that high

heart rates (>80 bpm) significantly increased,

and BBs significantly decreased, the risk of

atheromataous plaque disruption and rupture

(a precursor to myocardial infarction) (Heidland

and Strauer 2001b).

2b. Beta-blockers and control of blood pressure

in the younger subject

Beta-2 blockade results in a rise in BP of

about 7/5 mm Hg (Robb et al. 1985). Thus a

moderately beta-1 selective agent like atenolol

is more effective in lowering BP than a

non-selective BB like propranolol (Zacharias

and Cowen 1977). Atenolol, in turn, is less effec-

tive in lowering BP than highly beta-1 selective

bisoprolol (Neutel et al. 1993). Indeed, in

younger/middle-aged hypertensive subjects,

bisoprolol is a more effective anti-hypertensive

agent than the calcium blocker amlodipine, the

alpha-blocker doxazosine, the ACE-inhibitor

lisinopril, and the diuretic bendrofluozide

(Deary et al. 2002), and angiotensin receptor
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Fig. 5 Relative risk of

myocardial infarction

(MI) in meta-analyses of

ARB and ACE-inhibitors:

ARBs increase risk of

MI. Strauss and Hall,

Circulation 2006
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blockers (ARBs) (Hiltunen et al. 2007), being at

least as reno-protective as the latter (Parrinello

et al. 2009).

2c. Beta-blockers and reduction of hard

endpoints.

As already noted, recent meta-analyses that do

not take age into account, are less than compli-

mentary to BBs (Wu et al. 2013; Prospective

Studies Collaboration 2002; Wiysonge and

Opie 2013; Lindholm et al. 2005; Xue

et al. 2015; Thomopoulos et al. 2015a, b; Dahlof

et al. 2002). One (Wu et al. 2013) suggested that

BBs increase all-cause mortality; another

(Lindholm et al. 2005) indicated that first-line

beta-blockade did not reduce all-cause mortality

and was associated with only modest reductions

in cardiovascular events (vs randomised placebo

or non-treatment); another (Xue et al. 2015)

suggested that BBs increase the risk of stroke;

another (Thomopoulos et al. 2015a) indicated

that BBs were inferior to renin-angiotensin sys-

tem (RAS) inhibitors in preventing cardiovascu-

lar events and stroke; and finally 2 meta-analyses

(Thomopoulos et al. 2015b; Dahlof et al. 2002)

concluded that BBs were less effective than other

agents in preventing stroke, and that reduction in

coronary heart disease and all-cause death did

not achieve statistical significance.

Two meta-analyses that do take age into

account (Khan and McAlister 2006; Kuyper and

Kahn 2014) arrive at very different conclusions

to meta-analyses that do not. One meta-analysis

(Khan and McAlister 2006) included

8 randomised placebo-controlled studies, and

9 randomised studies involving active agents

(Williams 2007; Medical Research Working

Party 1985; The IPPPSH Collaborative Group

1985; Coope and Warrender 1986; Dahlof

et al. 1991; MRC Working Party 1992; Trial of

secondary prevention with atenolol after tran-

sient ischemic attack or nondisabling stroke.

The Dutch TIA Trial Study Group. Stroke

24:543–548 1993; Eriksson et al. 1995;

Wilhelmsen et al. 1987; UK Prospective Diabe-

tes Study Group 1998; Hansson et al. 1999a, b,

2000; Zanchetti et al. 2002; Pepine et al. 2003;

Black et al. 2003; Dahlof et al. 2005). Compared

to randomised placebo, in the younger/middle-

aged hypertensive subject, with a mean age less

than 60 years old, (admittedly and arbitrary

cut-off point re definition of young/middle-

aged) BBs were significantly superior to placebo

in reducing the risk of death/stroke/MI – Fig. 6;

with only a positive trend in the elderly – Fig. 7.

When compared to randomised comparator anti-

hypertensive drugs, there was a trend favouring

BBs in younger hypertensive subjects Fig. 8, in

contrast to those older than 60 years old, where

BBs were significantly less effective in reducing

the risk of death/stroke/myocardial infarction –

Fig. 9. The other meta-analysis (Kuyper and

Kahn 2014) involved 21 studies, comprising the

same 17 studies as the first meta-analysis (Khan

and McAlister 2006), plus an extra 4 studies in

0.5 0.7

Favours β-blocker

Overall

Favours placebo

1.5 2.0

0.86 (0.74-0.99) 289/7588 505/11 826

Test for heterogeneity:
p = 0.79

1

Fig. 6 A meta-analysis of 2 studies in the younger (<60y) hypertensive subject; beta-blockers significantly superior to

randomised placebo in preventing all cause death/stroke/MI (Khan and McAlister 2006)
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the younger group (3 studies compared propran-

olol with diuretic therapy (Veterans Administra-

tion Cooperative Study Group on

Antihypertensive Agents 1982; Berglund

et al. 1986; Yurenev et al. 1992), and the fourth

– AASK study (Wright et al. 2002), compared

metoprolol with amlodipine and ramipril in

Black American hypertensive patients with

renal disease). The conclusion was that in the

young/middle-aged (less than 60 years old) both

atenolol and non-atenolol beta-blockers were

similarly effective in reducing cardiovascular

endpoints, while in the elderly, atenolol

(no other BBs have been studied) was associated

with an increased risk of stroke. The second

meta-analysis did not include the most recent

results of the AASK study (Norris et al. 2006)

in younger/middle-age subjects, which showed

that metoprolol, amlodipine, and ramipril were

similarly effective in reducing cardiovascular

outcomes after 4 years of follow-up.

BBs thus have no role to play as first-line

agents in the elderly hypertensive subject, unless

myocardial ischemia is also present (Pepine

et al. 2003), where atenolol was equivalent to

the calcium blocker verapamil. The role of BBs

in the elderly is as second-line therapy to either

diuretics or calcium blockers, as evidenced in the

MRC-elderly study (MRC Working Party 1992)

and the large ALLHAT (The ALLHAT Officers

0.5 0.7 1.5 2.01

0.89 (0.75-1.05) 455/3437 660/4582Overall

Favours β-blocker Favours placebo

Test for heterogeneity:
p = 0.09

Fig. 7 Meta-analysis of 5 studies in the elderly hypertensive subject (>60y) – a strong trend favouring beta-blockers vs

randomised placebo in the prevention of the composite death/stroke/MI (Khan and McAlister 2006)

0.5 0.7 1.5 2.01

0.97 (0.88-1.07) 745/15 136 770/15 276Overall

Favours β-blocker Favours other drug

Test for heterogeneity:
p = 0.6

Fig. 8 A meta-analysis of 5 studies in the younger (<60y) hypertensive subject; a trend favouring beta-blockers

vs. drug in preventing all cause death/stroke/MI (Khan and McAlister 2006)

0.5 0.7 1.5 2.01

1.06 (1.01-1.10) 3588/39 010 3817/40 765

Test for heterogeneity:
p = 0.8

Favours β-blocker Favours other drug

Overall

Fig. 9 A meta-analysis of 7 studies in the elderly (>60y) hypertensive subject; beta-blockers were significantly

inferior to other drugs in preventing all-cause death/stroke/MI. Khan and McAlister
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and Coordinators for the ALLHAT Collaborative

Research Group 2002) and SHEP (SHEP Coop-

erative Research Group 1991) studies, especially

in the presence of the metabolic syndrome

(SHEP Cooperative Research Group 1991).

3. Beta-blockers and prevention of stroke and

all-cause death in younger/middle-aged

hypertensive subjects; dispelling some myths

There is a perception that BBs do not reduce

all-cause mortality (Wu et al. 2013; Prospective

Studies Collaboration 2002; Wiysonge and Opie

2013; Lindholm et al. 2005), and are relatively

ineffective in reducing the risk of stroke (Krause

et al. 2011; Xue et al. 2015; Thomopoulos

et al. 2015a, b; Dahlof et al. 2002; Williams

2007; Khan et al. 2009 May), in younger/mid-

dle-aged hypertensive subjects. The UKPDS-39

(UK Prospective Diabetes Study Group 1998)

and MRC-1 (Medical Research Working Party

1985) studies give no credence to these

perceptions. Concerning stroke-risk reduction in

MRC-1 (Medical Research Working Party 1985)

in non-smoking men, both non-selective pro-

pranolol and the diuretic bendrofluazide, vs

randomised placebo, reduced the risk of stroke

by 54 %. In UKPDS-38 (U.K. Prospective Dia-

betes Study Group 1998), where smoking was

not taken into account, tight control (either aten-

olol or captopril) of blood pressure, vs less tight

control (difference 10/5 mm hg), resulted in a

significant 44 % reduction in the risk of stroke.

UKPDS-39 (UK Prospective Diabetes Study

Group 1998) examined the effect of atenolol

and captopril in reducing macrovascular and

microvascular complications over a 9 year

follow-up period. Figure 10 shows the effect of

the 2 agents in reducing the 7 primary endpoints

(plus heart failure- a secondary end point) vs

less-tight control of blood pressure. It is apparent

that all 8 trends favoured the BB (over the

ACE-I) which reduced stroke-risk by about

50 %, peripheral arterial disease-related

endpoints by about 60 %, microvascular (kidney

and eye) endpoints by about 45 %, and heart

failure by about 65 %. Thus, the UKPDS-39

(UK Prospective Diabetes Study Group 1998)

results, like MRC-1 (Medical Research Working

Party 1985), deny totally the claim that BBs are

relatively ineffective in preventing stroke in

young/middle-aged hypertensive subjects.

The UKPDS patients were monitored for a

further 10 years, with a median total follow-up

time of 14.5 years (Holman et al. 2008). The

trends favouring the beta-blocker over the

ACE-inhibitor tended to persist, but now, in the

case of all-cause death, there was a significant

23 % reduction in favour of atenolol – Fig. 11.

There is thus no truth in the claim that BBs do not

reduce all cause death (Wu et al. 2013; Prospec-

tive Studies Collaboration 2002; Wiysonge and

Opie 2013; Lindholm et al. 2005).

In middle-aged patients with pre/mild hyper-

tension plus stable myocardial ischemia (von

Armin and for the TIBBS Investigators 1996),

randomised to either highly beta-1 selective

(cardioselective) bisoprolol or nifedipine SR, at

0
10
20
30
40
50
60
70

atenolol
captopril

% decrease
vs less tight
BP-control

Fig. 10 UKPDS 39 – all

primary end-point trends

favour atenolol vs captopril

when compared with less-

tight BP control (BP diff

10/5 mm Hg)
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1 year follow-up, event-free survival was signifi-

cantly superior in those randomised to

bisoprolol.

4. The possible mechanism of the reduction in

all-cause death by long-term beta-blockade

(in middle-age)

In UKPDS-39, apart from all-cause death, all

other benefits of atenolol (relative to ACE-I)

noted after the initial study (UK Prospective Dia-

betes Study Group 1998), tended to diminish

with time (mean follow-up time 14.5 years)

(Holman et al. 2008). So what other factors

might be in evidence?

BBs have been observed by several authors, to

modify the initiation and spread of various

cancers. Certainly stress has been noted to hasten

cancer-progression, probably via activation of

tumour-associated beta-receptors by epinephrine

and norepinephrine (Cole and Sood 2012;

Fitzgerald 2012). Thus, beta-blockade has been

noted to benefit 1. Breast cancer and prevent

metastases (Cakir et al. 2002; Barron

et al. 2011; Melhem-Bertrandt et al. 2011)

2. Colon cancer (Takezaki et al. 2001; Perrone

et al. 2008) 3. Pancreatic cancer (Weddle

et al. 2001; Zhang et al. 2010) 4. Melanoma

(De Giorgi et al. 2012) 5. Lung cancer

(Al-Wadei et al. 2012) 6. Neuroblastoma

(Pasquier et al. 2013) 7. Prostate cancer (Perron

et al. 2004; Grytli et al. 2013) –Table 2. This

likely anti-cancer property of BBs is particularly

important in the context of the increased risk of

cancer in middle-aged hypertensive subjects

(Harding et al. 2016).

5. The important beta-blocker/smoking interac-

tion in younger/middle-aged hypertensive

subjects

In three major prospective, randomised, hard-

endpoint studies in middle-aged hypertensive

subjects, cigarette smoking played a vital role

in modifying the potential of the BB to reduce

the risk of a cardiovascular event. The MRC-1

study (Medical Research Working Party 1985)

compared non-selective propranolol with a

0
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% increase
on ACE-I vs
atenolol

Fig. 11 UKPDS study

20 year follow-up (mean

14.5 years); significant

(p < 0.05) 23 % increase

in all-cause death on ACE-I

(vs atenolol) (Holman

et al. 2008)

Table 2 Cancers that may

benefit from beta-blockade
Breast (Cakir et al. (2002); Barron et al. (2011); Melhem-Bertrandt et al. (2011))

Colon (Takezaki et al. (2001); Perrone et al. (2008))

Pancreas (Weddle et al. (2001); Zhang et al. (2010))

Melanoma (De Giorgi et al. (2012))

Lung (Al-Wadei et al. (2012))

Neuroblastoma (Pasquier et al. (2013))

Prostate (Perron et al. (2004); Grytli et al. (2013))
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thiazide diuretic and placebo, in 17,354 subjects,

of whom 30 % of men and 25 % of women were

smokers, over a 5 year follow-up period. The

IPPPSH study (The IPPPSH Collaborative

Group 1985) compared non-selective oxprenolol

with placebo, in 6357 subjects, of whom 29 %

were smokers, over a 3–5 year follow-up period.

The MAPPY study (Wikstrand et al. 1991)

(an extension of the HAPPHY study

(Wilhelmsen et al. 1987)) compared moderately

selective metoprolol with a thiazide diuretic, in

3156 subjects, of whom 34 % were smokers,

followed-up for 4 years.

In the case of myocardial infarction (about

3 times more common than stroke in the young/

middle-aged hypertensive subject (Medical

Research Working Party 1985)), the ability of

the BB to reduce the risk of an event by

33–49 % (vs randomised placebo or diuretic

therapy) in non-smokers, was not observed in

smokers (Medical Research Working Party

1985; The IPPPSH Collaborative Group 1985;

Wikstrand et al. 1991). Indeed, in the case of

non-selective propranolol and oxprenolol, the

risk of myocardial infarction was actually

increased by 13–35 % in smokers – Fig. 12. A

similar result relating to stroke was also noted in

MRC-I (Medical Research Working Party 1985).

In the MRC-elderly study (MRC Working Party

1992), atenolol (vs randomised placebo)

increased the rate of cardiovascular events by

38 % in smokers, compared to a modest 16 %

reduction in non-smokers.

How can these events relating to smokers be

explained and avoided? Cigarette smoking is

linked to a two-to threefold increase in plasma

epinephrine (adrenaline) levels (Cryer

et al. 1976). Epinephine stimulates beta-1, beta-

2, and alpha receptors, and in the presence of

non-selective beta-blockers (and to a lesser

extent with only moderately beta-selective

agents like metoprolol and atenolol) there is

unopposed (total or partial) alpha-

vasoconstriction, resulting in an increase in

blood pressure (Tarnow and Muller 1991). This

increase in blood pressure is about 30 mm Hg for

non-selective BBs, and about 9–10 mm Hg for a

moderately selective agent like metoprolol, com-

pared to no change in blood pressure (vs control)

with a highly beta-1 selective beta-blocker like

bisoprolol (which permits full beta-2-

stimulation-induced vasodilatation) (Wellstein

et al. 1986; Smith and Teitler 1999). Thus, the

adverse BB/hypertensive/smoking interaction

can be avoided by high beta-1 selectivity

(cardioselectivity).

6. The gender debate

The proven benefit of beta-blockade in

younger/middle-aged hypertensive subjects has

been confined to men. In the MRC-1 trial (Medi-

cal Research Working Party 1985), the reduction

in all-cause death (vs placebo) was confined to

active treatment (both diuretic and beta-blocker

therapy) in men only (there was an increase in

women). Also in the MRC-1 trial, the 33 %
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Fig. 12 BB/Smoking

interaction, re reduction of

myocardial infarction

(MI) risk in young/mid-age

hypertensives;

P ¼ placebo, D ¼ diuretic,

Ox ¼ oxprenolol,

Pr ¼ propranolol,

Me ¼ metoprolol
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reduction in coronary events in non-smoking

men was confined to propranolol. Likewise in

the IPPPSH study (The IPPPSH Collaborative

Group 1985) involving young/middle-age hyper-

tensive subjects, oxprenolol (vs placebo) signifi-

cantly reduced cardiac events only in men, the

opposite being the case for women. In the

MAPHY study in male younger/middle-aged

hypertensive subjects, metoprolol significantly

reduced the risk of coronary events only in

non-smokers. In the UKPDS-39 study

(UK Prospective Diabetes Study Group 1998),

45 % were women, but the significant effects of

atenolol (vs less-tight control of BP) were not

analysed in terms of sexual gender.

7. Beta-blockers and Black hypertensive

subjects

Black hypertensive patients usually have low

plasma renin levels (Cruickshank and Prichard

1994), which were thought to account for the

poor antihypertensive effect of propranolol, vs

diuretics, in middle-aged Black subjects

(Hammond et al. 1978). In contrast, highly

beta-1 selective bisoprolol lowered BP equally

in White and Black middle-aged hypertensive

patients (Frishman et al. 1995; Prisant and

Mensah 1996).

In the AASK Study (Norris et al. 2006),

involving 1094 middle-aged African American

patients with hypertension and renal dysfunction,

after 4 years follow-up metoprolol, ramipril, and

amlodipine all had similar effects in reducing the

cumulative incidence of composite cardiovascu-

lar outcomes.

8. The importance of first-line therapy

The outcome of a drug trial is dependent on

which therapy is given first-line. A classic exam-

ple is the MRC-elderly study (MRC Working

Party 1992). In that randomised placebo-

controlled trial, there were 2 active, randomised

therapy groups, namely 1. first-line diuretic,

followed by (if necessary) add-on beta-blocker

(atenolol), and 2. first-line beta-blocker, followed

by (if necessary) add-on diuretic. Only first-line

diuretic/second-line beta-blocker therapy was

associated with significant risk-reduction regard-

ing stroke, coronary events, and all cardiovascu-

lar events.

4 Summary
and Recommendations

There is disagreement amongst leading Guide-

line Committees around the world on the role of

beta-blockers in the treatment of hypertension.

Unless age is taken into account, wrong

conclusions will arise. Meta-analyses that do

not consider age as a factor have been

unfavourable to beta-blockers. By contrast,

meta-analyses that include age as a factor, show

that beta-blockers perform well in the younger/

middle-age group (less than 60 years) in terms of

preventing death/stroke/myocardial infarction

(vs randomised placebo and other antihyperten-

sive drugs).

Diastolic hypertension in younger/middle-

aged subjects is closely associated with over-

weight/obesity and high sympathetic nerve activ-

ity. High sympathetic drive (independent of

blood pressure) and high resting heart rates are

linked to premature cardiovascular events and

death in young/middle-aged hypertension. Anti-

hypertensive drugs that increase sympathetic

nerve activity (diuretics, dihydropyridine cal-

cium blockers, and ARBs) are thus inappropriate

first-line agents in younger/middle-aged hyper-

tensive subjects. In this younger group, first-line

beta-blockade was superior to placebo and

diuretics in preventing myocardial infarction

(certainly in non-smoker males). Beta-blockade

was also at least as good as ACE-inhibition in

reducing the risk of all 7 hard end-points (vs less-

tight control of BP), including a 50 % reduction

in stroke-risk, and was significantly superior in

preventing all-cause death after long-term fol-

low-up (beta-blockers have anti-cancer

properties).
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Thus, beta-blockade is a highly reasonable

first-line choice in the treatment of the younger/

middle-aged hypertensive subject (certainly in

non-smoker men). There is an urgent need for

leading Guide-line Committees to be aware of

the importance of obesity and the sympathetic

nervous system in hypertension in the young/

middle-aged (and treatment implications), and

for there to be a general consensus on the role

of beta-blockers in the treatment of hypertension.
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Abstract

The prevalence of hypertension increases with age making it a significant

health concern for older persons. Aging involves a range of physiological

changes such as increases in arterial stiffness, widening pulse pressure,

changes in renin and aldosterone levels, decreases in renal salt excretion,

declining in renal function, changes in the autonomic nervous system sensi-

tivity and function and changes to endothelial function all of which may not

only affect blood pressure but may also affect individual response to phar-

macotherapy used to manage hypertension and prevent end organ damage

and other complications associated with poor blood pressure control.

Unlike many chronic conditions where there is limited evidence for

management in older populations, there is good evidence regarding the

management of hypertension in the elderly. The findings from multiple

large, robust trials have provided a solid evidence-base regarding the

management of hypertension in older adults, showing that reduction of

blood pressure in older hypertensive populations is associated with

reduced mortality and morbidity. Diuretics, agents action on the renin

angiotensin system, beta blockers and calcium channel blockers have all

been well studied in older populations both in view of the benefits

associated with blood pressure lowering and the risks associated with

associated adverse events. While all antihypertensive agents will lower

blood pressure, when managing hypertension in older persons the choice

of agent is dependent not only on the ability to lower blood pressure but

also on the potential for harm with older persons. Understanding such

potential harms in older populations is essential with older persons

experiencing increased sensitivity to many of the adverse effects such as

dizziness associated with the use of antihypertensive agents.
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Despite the wealth of evidence regarding the benefits of managing

hypertension in the old and very old, a significant proportion of older

individuals with hypertension have suboptimal BP control. While there is

good evidence supporting blood pressure lowering in older antihyperten-

sive agents, these have not yet been optimally translated fully into clinical

guidelines and clinical practice. There appear to be considerable

differences between guidelines in terms of the guidance given to

clinicians. Differences in interpretation of the evidence, as well as

differences in study design and populations all contribute to differences

in the guideline recommendations with respect to older populations,

despite the strength of the underlying scientific evidence. Differences

around who is considered “old” and what BP targets and management

are considered appropriate may lead to confusion among clinicians and

further contribute to the evidence-practice lag.

Keywords
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Older • Drug therapy

Hypertension is the leading modifiable cause of

mortality worldwide. The prevalence of hyper-

tension increases with age making it a significant

health concern for older persons. Unlike many

chronic conditions, there is good evidence

regarding the management of hypertension in

the elderly exists and pharmacotherapy is the

mainstay of treatment for most patients. Given

predicted international increases in the elderly

population and the wealth of evidence regarding

management of hypertension in the elderly,

understanding how the risks associated with

hypertension increase with age as well as how

physicians currently manage older patients with

increased blood pressure is important. Further-

more, insight into current barriers to the provi-

sion of optimal management is essential if we are

to meet the health needs of the growing older

population.

1 Who Is Old?

Internationally the proportion of the population

that is considered older is increasing. In 1950,

8 % of the population was aged over 65 years,

this increased to 10 % in 2000 and is predicted to

exceed 20 % by 2050.(Department of Economic

and Social Affairs United Nations 2002) It has

been estimated that life expectancy for those

aged 65 years has increased by 19 years for

men and 17 years for women over the past cen-

tury.(Rai and Mulley 2007) Projections indicate

that by 2050 there will be over 2 billion older

persons worldwide.(Halter 2009) However while

there is international agreement that the popula-

tion is aging there is less agreement regarding

who should be considered “old”. (Gambert 1994)

Aging encompasses a number of domains and

different definitions focus on different aspects

of the aging process. Chronological age is the

simplest and most commonly used parameter to

define age and refers simply to the number of

years since birth. Yet aging is multidimensional

and not just related to the duration of time in an

individual’s life. Physiologically, aging refers to

the general and gradual changes that human body

experiences over time. Physiological aging is

characterized by declining functional capacity,

decreasing fertility and increased mortality all

of which may vary from individual to individual.

(Kirkwood and Austad 2000; Masoro and Austad

2006) Such variation among older popula-

tions and how it affects their response to
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pharmacotherapy is one of the challenges facing

clinicians in the management of hypertension

among older populations.

2 Hypertension and Aging

Population aging presents a number of healthcare

challenges. There are implications in terms of

resources and funding, as well as in the type of

care that is delivered. Non-communicable

chronic diseases such as cardiovascular disease

currently account for almost two-thirds of deaths

worldwide. (Mathers and Loncar 2006; Daar

et al. 2007) Cardiovascular disease contributes

significantly to the disease burden, disability and

death in both developed and developing

countries (Beaglehole et al. 2008; Murray and

Lopez 1997; Yang et al. 2008) with an increasing

burden among the elderly..(Daar et al. 2007;

Murray and Lopez 1997) Despite predicted

increases in population aging, The World Health

Organization (WHO) has predicted that ischemic

heart disease and stroke will remain among the

leading causes of death worldwide. (Mathers and

Loncar 2006) Hypertension is a major risk factor

for cardiovascular disease (Menotti et al. 2004;

Lim et al. 2013), affecting up to one billion

individuals internationally (Chobanian et al.

2003) (Kumar 2013). It is one of the leading

cause of death worldwide (The World Health

Organisation 2016). The prevalence of hyperten-

sion increases with age (Fagard 2002), with

approximately 30 % of the population aged

under 60 years being considered hypertensive.

Once we start looking at older populations, the

prevalence of hypertension doubles to over 60 %

for those aged over 60 years, with even higher

prevalence with further aging as demonstrated by

data from both the UK Framingham study

(Kannel and Gordan 1978; Vasan et al. 2002;

Beckett et al. 2012) and the US National Health

and Nutrition Survey (NHANES) (Lloyd-Jones

et al. 2005). The NHANES data demonstrates

that increases in hypertension prevalence begin

in adulthood, with the prevalence doubling

between the ages of 20 and 40 years, and dou-

bling again between 40 and 60 years (Kannel and

Gordan 1978), while the Framingham study

showed that this pattern continues with ongoing

aging, with the prevalence of hypertension

increasing from 27.3 % in those aged � 60 years

to 74.0 % in those aged over 80 years (Vasan

et al. 2002).

Gender differences in the prevalence of

hypertension have been noted in both younger

and older populations. A number of studies have

shown found that while the prevalence of hyper-

tension is higher in younger males, this reverse

after the age of 60, when the prevalence in

females is greater than that in males (Halter

2009; Franklin et al. 1997; Mann 1992; Hajjar

and Kotchen 2003; Primatesta and Poulter 2004;

Trenkwalder et al. 1994; Gambassi et al. 1998).

Differences in the hypertension phenotype

with respect to increases in systolic (SBP) com-

pared with diastolic blood pressure (DBP) have

also been reported in older hypertensive

populations. Both systolic (SBP) and diastolic

blood pressure (DBP) increase with age, (Frank-

lin et al. 1997) however it has been proposed that

DBP may plateau or even decrease from the age

of 60 years, leaving the SBP to increase (Franklin

et al. 2001). Such differences may account for

the increase in isolated systolic hypertension that

is noted among older populations. Increases in

hypertension among older persons may be due to

pathophysiological changes associated with

aging such as increased peripheral vascular resis-

tance due to arterial stiffening (Franklin et al.

1997; Mitchell et al. 2004). This increase in

arterial stiffness with ageing is proposed to alter

the normal hemodynamic patterns causing an

increase in pulse wave velocity which is an

index of arterial stiffness and a widening pulse

pressure may account for age related decreases in

DBP and increases in SBP (Mann 1992; Mitchell

et al. 2004; Pinto 2007; Mackey et al. 2002).

Other age related factors such as the changes in

renin and aldosterone levels, decreases in renal

salt excretion, declining in renal function,

changes in the autonomic nervous system sensi-

tivity and function and changes to endothelial

function may further contribute to the increases

in hypertension seen with aging (Halter 2009;

Weinberger 1996; Fliser and Ritz 1998; Wallace
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et al. 2007). Age related life style changes such

as decreased physical activity, changes in body

fat composition, high sodium intake and obesity

may further contribute to the development of

hypertension among older persons. Moreover a

synergistic effect on the risk of hypertension has

been observed when multiple factors exist

together (Halter 2009; Carretero and Oparil

2000; MacMahon et al. 1984; Barreto et al.

2001).

3 Pseudohypertension

Pseudohypertension is occasionally observed in

older persons. In pseudohypertension, measure-

ment of blood pressure using a sphygmomanom-

eter results in a falsely elevated reading.(Kleman

et al. 2013) This phenomenon is more common

in older persons due to increased arterial stiff-

ness, which results in falsely high reading upon

blood pressure measurement due to the inability

of the arteries to compress. Pseudohypertension

is estimated to affect up to 7 % of patients with

resistant hypertension (Kleman et al. 2013) and

should be considered when older patients

presenting with consistently elevated blood pres-

sure over time but who show no signed of end

organ damage or in those who treatment with

antihypertensive agents result in ongoing

symptoms of hypotension. In patients for whom

pseudohypertension is suspected an intra-arterial

blood pressure measurement is required.

3.1 Pharmacological Management
of Hypertension in Older
Populations

Unlike many conditions where limited evidence

exists for management of those aged over

65 years due to the exclusion of older populations

from clinical trials,(White 2010; Devlin 2010)

the findings of multiple large, robust trials have

provided a solid evidence-base regarding the

management of hypertension in older adults.

Adverse outcomes associated with poor blood

pressure (BP) control in older persons have

been well documented. A Cochrane review of

12 clinical trials showed that the management

of hypertension in people aged 60 years and

over was associated with a reduction in mortality

(Relative Risk (RR)) ¼ 0.9, 95 % confidence

interval ((CI) 0.84–0.97).(Musini et al. 2009)

The same review reported pharmacological man-

agement of hypertension in older adults was

associated with significant reductions in both

cardiovascular (RR ¼ 0.77, 95 % CI 0.68–0.86)

and cerebrovascular mortality (RR ¼ 0.66, 95 %

CI 0.53–0.82). (Musini et al. 2009) While

life-style interventions are generally considered

first-line for the management of all persons with

hypertension, the majority of hypertensive

patients, including older persons, will require

pharmacotherapy to adequately control their

blood pressure (Wallace et al. 2007). There

have been a number of large well-conducted

clinical trials exploring pharmacological man-

agement of hypertension in older populations

and there is good evidence for the use of a variety

of different antihypertensive agents in the man-

agement of hypertension in older persons

(Pimenta and Oparil 2012).

3.1.1 Thiazide and Thiazide – Like
Diuretics

Thiazides diuretics are one of the oldest drug

classes used in the treatment of hypertension.

(Huebschmann et al. 2006) Evidence of their

effectiveness in lowering BP and preventing the

cardiovascular and cerebrovascular adverse

outcomes associated with hypertension in older

people has been provided by several clinical

trials, including the Hypertension in the very

elderly trial (HyVET) (Beckett et al. 2012), the

Swedish Trial in Old Patients with Hypertension

(STOP) (Dahl€of et al. 1991; Hansson et al. 1999)

and the Antihypertensive and Lipid-Lowering

Treatment to prevent Heart Attack Trial;

(ALLHAT) (Officers et al. 2002) studies While

not all of these studies specifically recruited older

participants, the mean participant age for all

3 was over 65 years, making their findings par-

ticularly pertinent to older populations.

Use of thiazide and thiazide like diuretics for

the management of hypertension in older persons

170 L. Pont and T. Alhawassi



has declined over the past decade (Primatesta

and Poulter 2004; Trenkwalder et al. 1994;

Triantafyllou et al. 2010; Prencipe et al. 2000;

Psaty et al. 2002). There are a number of factors

that may have contributed to this decline includ-

ing increased use of other non-thiazide diuretics,

particularly by older persons with complicated

hypertension (Van Kraaij et al. 1998) the advent

of newer antihypertensives such as Calcium

channel blockers (CCBs) and agents acting on

the Renin Angiotensin System (RAS) and cau-

tion by prescribers due to increased risk of poten-

tial adverse drug reactions associated with the

use of thiazide diuretics in frail, older persons

(Onder et al. 2001; Moser 1998). Despite this

general decline, the use of thiazide diuretics for

the management of hypertension in the older

individual remains high (Bromfield et al. 2014;

Rodriguez-Roca et al. 2013; Tu et al. 2006),

especially in fixed-dose combination products

where they are among the most commonly used

antihypertensive agents (Primatesta and Poulter

2004; Trenkwalder et al. 1994; Triantafyllou

et al. 2010; Prencipe et al. 2000; Rodriguez-

Roca et al. 2013; Svetkey et al. 1996).

3.1.2 Agents Acting on the Renin-
Angiotensin System (RAS)

There are three main three antihypertensive clas-

ses that act on the RAS. These are the angioten-

sin blocking agents (ARBs), the Angiotensin

converting enzyme inhibitors (ACEI) and the

direct renin inhibitors (DRI). The use of both

ARBs (Triantafyllou et al. 2010; Bromfield

et al. 2014; Rodriguez-Roca et al. 2013) and

ACEIs (Primatesta and Poulter 2004;

Trenkwalder et al. 1994; Triantafyllou et al.

2010; Psaty et al. 2002; Bromfield et al. 2014;

Rodriguez-Roca et al. 2013; Svetkey et al. 1996;

Barker et al. 1998; Prince et al. 2012) in older

populations has increased over recent years and

now surpasses the use of many other antihyper-

tensive classes. The increase in use of these

agents for the management of hypertension in

older populations has been supported by clinical

trials such as the Second Australian National

Blood Pressure (ANBP2) (Wing et al. 2003).

ANBP2 demonstrated that ACEI were superior

to thiazide diuretics in terms of cardiovascular

outcomes in a population comprising 6083 older

persons aged between 65 and 84 years. Despite

benefits in cardiovascular outcomes no differ-

ence between ACEI and diuretics in terms of all

cause mortality was observed. (Wing et al. 2003)

In addition to increased use as monotherapy for

the management of hypertension among older

individuals, the use of ACEIs and ARBs in com-

bination with other antihypertensive medications

has also increased over recent years (Primatesta

and Poulter 2004; Trenkwalder et al. 1994;

Triantafyllou et al. 2010; Rodriguez-Roca et al.

2013; Svetkey et al. 1996). In contrast the uptake

of aliskiren, a direct renin inhibitor has been

slow. Aliskiren has been approved for use in

older populations with hypertension since 2007

yet use of daily practice is limited in comparison

to other antihypertensive agents (Bromfield et al.

2014; Rodriguez-Roca et al. 2013). The slow

uptake of aliskiren for use among older persons

may be in part due to concerns around limited

efficacy and a poor safety profile (Parving et al.

2012; Gheorghiade et al. 2013).

3.1.3 Calcium Channel Blockers (CCBs)
Since the introduction of CCBs, the prescribing

pattern of this antihypertensive medication

class in older populations has increased both

as monotherapy and combination therapy

(Trenkwalder et al. 1994; Prencipe et al. 2000;

Bromfield et al. 2014; Svetkey et al. 1996;

Barker et al. 1998) and use remained steady

until the mid 1990s (Psaty et al. 2002). Despite

publication of the findings from the Systolic

Hypertension in the Europe Trial (Syst-Eur) in

1997, which showed that treating 1000 patients

for 5 years with a CCB prevented 29 strokes or

53 myocardial infarctions (MI), a decline in the

use of CCB has generally been noticed in older

and the very old patients since the mid-1990s.

(Primatesta and Poulter 2004; Triantafyllou et al.

2010; Rodriguez-Roca et al. 2013) This decline

may in part be due safety concerns with the use

of CCBs older populations, including increased

risk of cancer, MI and gastrointestinal haemor-

rhage with long-term use (Pahor et al. 1996a, b;

Maclure et al. 1998).
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3.1.4 Beta Blockers (BBs)
Beta blockers have been among the most com-

monly prescribed antihypertensive agents since

their introduction into hypertension treatment

(Psaty et al. 2002; Svetkey et al. 1996; Barker

et al. 1998) However in recent years, use in older

persons has declined following publication of

a meta-analysis questioning the efficacy of the

BB for hypertension and highlighting safety

concerns, with an increased risk of stroke

reported with use as monotherapy. (Larochelle

et al. 2014) Consequently use of BBs for the

management of hypertension in older popula-

tions has declined particularly as monotherapy

for uncomplicated hypertension management.

(Primatesta and Poulter 2004; Trenkwalder

et al. 1994; Triantafyllou et al. 2010; Prencipe

et al. 2000; Onder et al. 2001).

3.1.5 Alpha Blockers
While several studies have shown a slight

increase in the use of alpha blockers in the man-

agement of hypertension in the old and very old

(Psaty et al. 2002; Bromfield et al. 2014) in

general, there has been a downward trend in the

use of these agents (Trenkwalder et al. 1994;

Rodriguez-Roca et al. 2013; Svetkey et al.

1996; Barker et al. 1998). This decline in use

may be due to the poorer adverse effect profile

of the alpha-blockers for older persons in com-

parison to newer agents such as the ACEI and

ARBs, as well as to a lack of mortality evidence

when compared with other antihypertensive

agents.

3.1.6 Nitrates
While nitrates have an important role in the man-

agement of coronary artery disease, the lack of

studies in older populations using nitrates for the

management of hypertension have resulted in

these drugs no longer having a major role in the

management of hypertension. There has been

some discussion around the potential benefit of

nitrates for the management of hypertension in

older populations, however to date they are not

currently recommended in the main hypertension

guidelines (Weber et al. 2014; Mancia et al.

2013a).

3.1.7 Choice of Antihypertensive Agent
in Older Populations

While all antihypertensive agents will lower

blood pressure, when managing hypertension in

older persons the choice of agent is dependent

not only on the ability to lower blood pressure

but also on the potential for harm with older

persons showing an increased sensitivity to

many adverse effects. In general low dose

thiazides, calcium channel blockers or agents

acting on the renin angiotensin system appear to

present the lowest risks for older populations.

3.2 Barriers to the Optimal
Management of Hypertension
in Older Persons

Despite the wealth of evidence regarding the

benefits of managing hypertension in the old

and very old, a significant proportion of older

individuals with hypertension have suboptimal

BP control (Falaschetti et al. 2014). A number

of barriers to optimal blood pressure control in

older persons have been identified. These

barriers can be considered as system, prescriber

or patient related (Alhawassi et al. 2015).

System–related barriers affecting blood pres-

sure control in older populations include the

variability in treatment recommendations for

this population. (Schäfer et al. 2012; Psaty et al.

1995). While a number of clinical trials have

been conducted in older populations, the extent

to which this evidence has been incorporated into

treatment guidelines and translated into practice

remains unknown.

While older persons are often excluded from

clinical trials for many conditions (Gross et al.

2002; Heiat et al. 2002), multiple large, well-

designed trials exploring hypertension in older

persons have been conducted (Dahl€of et al.

1991; Bulpitt et al. 2011). A Cochrane review

published in 2009 reported 15 studies (n ¼
24,055 subjects) exploring the management of

hypertension in those aged over 60 years (Musini

et al. 2009). These findings demonstrated the

considerable benefits of actively managing

hypertension in older populations, as well as
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providing evidence regarding appropriate blood

pressure (BP) targets and pharmacotherapy for

this population.

Physician related barriers include differences

in physician attitudes towards the risks and

benefits of managing hypertension in older

persons as well as differences in interpretation

of the evidence. (Trenkwalder et al. 1994;

Rodriguez-Roca et al. 2013).

Establishing the evidence is the first step in

ensuring optimal care, yet it is well documented

that there is a considerable lag in the translation

of scientific evidence into current clinical prac-

tice. Moreover, incorporating the latest evidence

into daily practice is something many physicians

often find problematic (Spranger et al. 2004).

One strategy aimed at minimizing the evidence-

practice gap is the development and implementa-

tion of evidence based guidelines. Guidelines

have the potential to improve care and improve

patient outcomes (Grimshaw and Russell 1993)

and multiple international guidelines for the

management of hypertension exist.

Management of hypertension in older persons

is one area where there appear to be considerable

differences between guidelines in terms of the

guidance given to clinicians. Differences in inter-

pretation of the evidence, as well as differences

in study design and populations all contribute to

differences in the guideline recommendations

with respect to older populations, despite the

strength of the underlying scientific evidence.

Differences around who is considered “old” and

what BP targets and management are considered

appropriate may lead to confusion among

clinicians and further contribute to the

evidence-practice lag and a recent systematic

review of international hypertension guidelines

found considerable variation in recommen-

dations regarding the management of hyperten-

sion (Alhawassi et al. 2014).

4 Who Is Considered “Older”
in International Guidelines?

In the 13 international guidelines for the manage-

ment of hypertension included in the systematic

review, three different age ranges were used to

define older populations. Approximately half of

the guidelines defined older populations as those

aged 80 years or older, while other guidelines

defined older populations as those above

65 years and one guideline included individuals

aged over 60 years as older. To further add to

the discussion, In the American Society of

Hypertension/International Society of Hyperten-

sion (ASH/ISH) guideline (Weber et al. 2014),

recommendations were given for the “middle

aged to elderly population” which was defined

as 55–80 years. The European Society of Cardi-

ology (ESC) (Mancia et al. 2013a) and National

Institute of Clinical excellence (NICE) (Jaques

et al. 2013) guidelines referred explicitly to dif-

fering needs among older persons and provide

recommendations for older populations aged

below 80 years and those aged above 80.

5 BP Targets for Older Persons
in the International Guidelines

In most international guidelines the same BP

targets were used for younger and older popula-

tions. (Alhawassi et al. 2014) For the guidelines

that did define hypertension, there was consensus

that a higher BP reading was more acceptable in

older persons with hypertension and that tighter

blood pressure control could be considered for

older populations. The majority of guidelines

that provided specific BP targets for older

populations defined a BP of 140/90 mmHg to

be consistent with hypertension. The only guide-

line to provide a different BP target was the

ASH/ISH guideline which specifying a slightly

higher target BP of 150/90mmHG (Weber et al.

2014).

Despite the plentiful evidence supporting

active management of hypertension in older

persons, no guidelines specifically dedicated to

the management of hypertension in the older

populations were identified in the review. Spe-

cific information regarding the diagnosis and

management of hypertension in older popula-

tions was included in all of the international

hypertension guidelines included in the review,
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however there was considerable variation in the

depth and scope of the recommendations.

Such variation may reflect differences in the

populations included in the landmark hyperten-

sion in older population studies. The HYVET

(Hypertension in the very Elderly) (Bulpitt

et al. 2011) recruited participants aged over

80, while the SHEP (Systolic Hypertension in

the Elderly) (Perry et al. 1989) recruited those

60 years and over, and the STOP study (Swedish

Trial in Old patients with Hypertension) those

aged between 70 and 84 years (Dahl€of et al.

1991).

In general, there is consistency across all

guidelines regarding recommendations that treat-

ment be commenced in older individuals when

systolic BP readings were above 140–150 mmHg

and treatment titrated to achieve a target BP at

the same level. However, despite the guideline

recommendations debate continues regarding the

optimal BP targets in older populations. Two

Japanese studies, the JATOS (Japanese trial to

assess optimal systolic BP in older hypertensive

patients) (Group 2008) and VALISH (Valsartan

in Elderly Isolated Systolic Hypertension)

(Ogihara et al. 2010) studies failed to show an

additional benefit in treating older individuals to

a target of 140 mmHg systolic compared to a

target of 160 mmHg, highlighting the clinical

uncertainty in this area.

The major international hypertension treat-

ment guidelines (Weber et al. 2014; Jaques

et al. 2013; National Heart Foundation of

Australia (National Blood Pressure and Vascular

Disease Advisory Committee) 2010; James et al.

2014; Mancia et al. 2013b; Dasgupta et al. 2014;

Luehr et al. 2012; Shimamoto et al. 2014) all

support the use of pharmacotherapy for the man-

agement of hypertension in the elderly reflecting

the findings of a 2008 meta-analysis that

concluded that the benefits of pharmacotherapy

for managing hypertension in older individuals is

comparable to that in younger persons (Turnbull

et al. 2008).

While most guidelines mentioned that tolera-

bility of pharmacotherapy may be an issue for

older persons, only two guidelines in this review

discussed specific adverse effects in the elderly

such as orthostatic hypotension or falls. Antihy-

pertensive medications have been linked with

adverse outcomes in a number of studies (Tinetti

et al. 1995; Rejnmark 2013; Sato and Akazawa

2013)

Given global increases in life expectancy,

there is a need to re-consider how we define

“older” populations as well as a need to ensure

they are represented in clinical trials and

included in evidence based clinical treatment

guidelines.

6 Adverse Reactions
and Antihypertensive
Medications in the Elderly

One potential age related barrier associated

with antihypertensive pharmacotherapy is an

increased risk of adverse reactions (Monane

et al. 1997). Adverse drug reactions (ADRs) are

a significant health care problem, associated with

significant morbidity and mortality worldwide.

The World Health Organization (WHO) define

an ADR as “the response to a drug that is noxious

and unintended and occurs at doses normally

used in man for the prophylaxis, diagnosis or

therapy of disease, or for modification of physio-

logical function”. (National Heart Foundation of

Australia (National Blood Pressure and Vascular

Disease Advisory Committee) 2010) ADRs have

a significant impact on heath, with between 5 and

7 % of all hospitalisations being due to an ADR

and with a further 10–20 % of all hospitalized

patient experiencing an ADR during their hospi-

tal admission (Davies et al. 2007, 2009;

Pirmohamed et al. 2004). The burden associated

with ADRs is considerable. Up to 6 % of all

ADRs are fatal or have serious consequences

(Moore et al. 1998; Wester et al. 2008; Lazarou

et al. 1998; White et al. 1999).

Older persons have been shown to be at a

high risk of ADRs. (Alhawassi et al. 2014)

A systematic review estimated that at least one

in ten older persons admitted to hospital will

experience an ADRs, either leading to hospitali-

zation or during hospitalization (Alhawassi

et al. 2014). The very old, those aged over

174 L. Pont and T. Alhawassi



80 years of age, are at an even higher risk of

experiencing an ADR with up to 40 % of older

adults medicine users experiencing an ADR.

(Edwards and Aronson 2000; Talbot and Waller

2004) The increased risk of ADRs associated

with aging is multifactorial. Physiological

changes affecting pharmacokinetics and pharma-

codynamics as well as increased clinical com-

plexity, multimorbidity and polypharmacy have

all been associated with an increased risk of an

ADR in the elderly (Alhawassi et al. 2014).

Cardiovascular medicines, including antihy-

pertensive medications have been associated

with an increased risk of ADRs in the general

adult population (Pirmohamed et al. 2004; Bond

and Raehl 2006; Onder et al. 2002; Grossman

and Messerli 2006; Stas et al. 2006; Bates et al.

1999; Field et al. 2004; Gribbin et al. 2010;

Tinetti et al. 2014; Rende et al. 2013). One

study found that over two thirds of adults using

antihypertensive therapy has experienced an

adverse reaction to their medication (National

Heart Foundation of Australia (National Blood

Pressure and Vascular Disease Advisory Com-

mittee) 2010; Olsen et al. 1999). Side effects

associated with antihypertensive agents are well

documented in the product information for each

medication and it is well known that older

persons are more sensitive to a number of anti-

hypertensive side effects, such as hypotension.

The Hypertension Detection and Follow-up

Program study, although not mainly designed to

study ADR, found that about 33 % patients had

experienced at least one drug side effect and

required antihypertensive medications discontin-

uation (Curb et al. 1985).

There have been a number of concerns regard-

ing both the role of poorly controlled blood pres-

sure and the use of antihypertensive agents with a

number of common conditions in the elderly

such as dementia and falls (Dharmarajan and

Dharmarajan 2015). The use of centrally acting

ACEI has been associated with reduced rates of

cognitive decline (Gao et al. 2013). A systematic

review of 18 observation studies comprising

1.3 million older individuals reported similar

findings, suggesting that the benefits in terms of

cognitive function appeared associated with both

CCBs and those medicines affecting the renin

angiotensin system (Rouch et al. 2015). Given

that these findings are based upon observational

data it remains uncertain if the observed benefit

in terms of cognitive decline is directly due to the

use of the individual antihypertensive agents or if

it is a benefit of optimising blood pressure control

in older individuals.

Falls are a common adverse occurrence that

increases in prevalence with age. While multiple

factors such as cognitive function, comorbid

conditions, functional status and environment

may play a role in falls (Dharmarajan and

Dharmarajan 2015), antihypertensive medica-

tions have long been recognised as contributing

factors (Butt et al. 2013; Callisaya et al. 2014;

Gribbin et al. 2011; Lee and Goeres 2015). How-

ever the evidence around the role of antihyper-

tensive medications in falls is conflicting. A large

meta-analysis exploring if any of the commonly

used antihypertensive agents (thiazide diuretics,

ACEI, ARBs, CCBs and BB) were associated

with an increased risk of falls failed to confirm

the association. Despite these findings there has

been multiple studies demonstrating a dose

dependent significant increase in the risk of

falls with the use of antihypertensive medications

across multiple antihypertensive agents (Butt

et al. 2013; Callisaya et al. 2014; Gribbin et al.

2011; Lee and Goeres 2015). Given that all anti-

hypertensive medications may cause hypoten-

sion, and that older persons appear to have an

increased sensitivity to such effects, balancing

the benefits of optimal blood pressure control

with minimization and avoidance of adverse

effects remains a challenge in clinical practice.

7 Conclusions

Antihypertensive medications are widely used by

older persons and have critical role in decreasing

hypertension related mortality and morbidity for

older persons. However, achieving optimal blood

pressure control may be challenging among older

populations. Despite considerable high quality

evidence regarding the benefits of blood pressure

management in older persons, translation of this
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evidence into treatment recommendations in

clinical guidelines remains problematic interna-

tionally. Furthermore increased medication

related harm and adverse reactions associated

with the aging further add to complexity to the

optimal management of hypertension in older

populations.
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Abstract

Conservatively, ten million people in the USA alone may suffer from RH

and may be similarly prevalent elsewhere. Given the strong linear corre-

lation between hypertension and cardiovascular outcomes, better control

is paramount. We favor a multi-pronged approach. It may not suffice to

address this by pharmacologic means only. Careful attention to modifiable

risk factors, particularly sodium intake, adhering to a proper diet

(i.e. DASH), and avoiding agents, i.e. non-steroidals, that can elevate

the blood pressure, is key. Frequent follow up to establish the right

treatment regimen and home blood pressuring monitoring can have a

strong impact on control. Finally, consideration of device therapy may

be a more viable option in the future.
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1 Introduction

Hypertension is the most common chronic dis-

ease in the developed world. Between 2005 and

2008, the National Health and Nutrition Exami-

nation Survey (NHANES) estimated that nearly

one quarter of U.S. adults were hypertensive, and

of those only one half were considered con-

trolled. Therefore, adequate control is of utmost

public health importance given the linear rela-

tionship between blood pressure and

cardiovascular risk.

While essential hypertension (EH) usually

results from a complex interaction between

genetic traits and lifestyle factors such as weight,

stress, and sodium intake, several other defined

D. Valsan, U. Burhan, and G. Teehan (*)

Lankenau Medical Center, Lancaster Avenue, Suite 130,

Wynnewood, PA, USA19096,

e-mail: gteehan1@gmail.com

181

mailto:gteehan1@gmail.com


forms of hypertension exist. Among these are

white coat hypertension, masked hypertension,

resistant hypertension (RH), refractory hyperten-

sion and pseudohypertension. This chapter will

focus on RH which is defined as a blood pressure

of >140/90 despite appropriate adherence to a

regimen of three antihypertensive agents includ-

ing a diuretic. Its actual prevalence unknown,

estimates in several recent studies show it to be

an increasingly common finding.

Therapy in RH, as in EH, requires not only

pharmacologic intervention, but also lifestyle

modification, careful scrutiny of pharmacologic

and herbal remedies, supplements, and over the

counter agents. Device therapy may offer prom-

ise in the future. Certain epidemiologic factors

appear more prevalent in the RH population than

in other hypertensive cohorts. Recognition of

these patients is a challenge to clinicians but

several clues may identify patients for targeted

therapies.

In this chapter, we will describe the epidemi-

ology, prognosis, disease states, diagnostic eval-

uation, non-pharmacologic and pharmacologic

treatment of RH.

2 Establishing the Diagnosis

Distinguishing RH from other forms of hyperten-

sion is critical. The sine qua non of RH is a blood

pressure > 140/90 on three maximally dosed/

tolerated drugs including a well-dosed diuretic,

preferably a thiazide or mineralocorticoid antag-

onist rather than a loop diuretic which tends to be

less effective in blood pressure control (Sarafidis

2011). Correct blood pressure measuring is also

critical and is described elsewhere (Kaplan and

et al. 2010). Table 1 lists the forms of hyperten-

sion and associated diagnostic criteria.

3 Epidemiology

The actual prevalence of RH is unknown but

estimates range from 8 to 15 % of all hyperten-

sive subjects. An ethnically diverse cross-

sectional study done in the Kaiser-Permanente

system in Southern California between 2006

and 2007 revealed 12.8 % of all hypertensive

individuals met criteria for RH. This was partic-

ularly common among males, those of black

race, obese, and older subjects. Diabetes

mellitus, ischemic heart disease, congestive

heart failure, and chronic kidney disease (CKD)

also associated with RH (Pimenta et al. 2012).

In the most recent National Health and Nutri-

tion Examination Survey (NHANES) between

2005 and 2008, among 6000 adults with hyper-

tension, 11.8 % had RH. Between 1988–1994

and 1999–2004 the prevalence was estimated to

5.5 and 8.5 % respectively. In today’s terms,

Table 1 Lists the forms of hypertension and associated diagnostic criteria

Cause Criteria

Essential

hypertension

Lacks specific known/causative condition; genetics, diet, environmental factors play role

White coat

hypertension

Office BP > 140/90 with reliable out of office readings < 140/90; Can confirm with ABPMa

Masked

hypertension

Office BP < 140/90; home readings > 140/90

Pseudohypertension Radial pulse remains palpable despite occlusion of brachial artery, the Osler Maneuver

Resistant

hypertension

BP > 140/90 on 3 antihypertensives including a diuretic

Refractory

hypertension

Like resistant hypertension but on 4 antihypertensives and less likely to respond to MRAb

(Kaplan et al. 2010)
aAmbulatory blood pressure monitoring
bMineralocorticoid antagonists
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based on the latest NHANES data some 76 mil-

lion Americans are hypertensive, of which 12 %

or nine million individuals may be resistant

(Pimenta et al. 2012; Persell 2011).

In the Antihypertensive and Lipid-Lowering

Treatment To Prevent Heart Attack trial

(ALLHAT), International Verapamil-

Trandolapril Study (INVEST), and Avoiding

Cardiovascular Events through Combination

Therapy in Patients Living with Systolic Hyper-

tension (ACCOMPLISH) trials RH was

estimated at 8–15 % of these hypertensive

cohorts (The ALLHAT Officers and

Coordinators for the ALLHAT Collaborative

Research Group 2002; Pepine et al. 1998;

Jamerson et al. 2008).

4 Prognosis

Patients with RH are at greater risk for end organ

damage such as left ventricular hypertrophy

(LVH), CKD, and albuminuria than those

patients who have controlled blood pressure

(Sarafidis 2011).

Retrospectively, Daugherty et al. found that

RH was significantly associated with a 47 %

increased risk of adverse cardiovascular

outcomes (Daugherty 2012). Armario studied

513 patients in a Spanish cohort with RH finding

LVH by echocardiography in 57 %; 46 % had

albuminuria (Armario 2011).

Successfully lowering blood pressure in RH

may reduce cardiovascular events. Pisoni

et al showed a 96 % reduction in cardiovascular

events over 18 months with the use of 3 antihy-

pertensive agents versus placebo in patients with

severe diastolic hypertension (Pisoni 2009).

Sales et al demonstrated the additional clinical

benefits of ambulatory blood pressure monitoring

(ABPM) in RH and found that elevated systolic

and diastolic blood pressures predicted cardio-

vascular and overall mortality (Salles

et al. 2008).

5 RH: Associated Medical
Conditions: Secondary Causes
of Hypertension and Workup

Table 2 lists the most common causes of RH.

Table 2 Lists the most common causes of RH

Diagnosis Etiology Clues to its diagnosis

Primary

aldosteronism

Bilateral hyperplasia, solitary adrenal

adenoma

Hypokalemia, metabolic alkalosis, mild

hypernatremia (Acelajado 2011).

Renovascular

hypertension

Renal artery stenosis, fibromuscular

dysplasia

Flash pulmonary edema with preserved systolic

function, atherosclerotic disease, abdominal or

femoral bruit, absent pedal pulses, assymetric

kidneys on imaging (Cooper et al. 2014).

OSA Partial or complete collapse of the airway

during sleep

Fatigue, day time somnolence, poor sleep

(Drager 2010)

CKD Acute glomerulonephritis, APCKD, renal

cell carcinoma, renin-producing tumors,

vasculitis and chronic pyelonephritis

Elevated creatinine, abnormal urine studies

(Thomas 2015)

Cushing syndrome Excess endogenous or exogenous

glucocorticoids

Moon facies, abdominal striae, truncal obesity,

hirsuitism and kyphoscoliosis (Moneva 2002)

Coarctation of the

aorta

Discrete narrowing in the region of the

ligamentum arteriosum

Hypertension in the upper extremities with

hypotension in the lower extremities, a systolic-

diastolic murmur audible on the chest or back

and a time delay between brachial and femoral

pulses or pulse diminishment (Prisant 2004)

Liddle syndrome Causal mutation of the beta subunit of the

amiloride sensitive sodium channel

Hypokalemia, mild hypernatremia and

metabolic alkalosis (Rose 2001)

Pheochromocytoma Catecholamine-secreting tumors of the

adrenal medulla and the sympathetic

ganglia

Episodic headache, sweating, and tachycardia

(Stein 1981)
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5.1 Primary Hyperaldosteronism

Among patients with RH, primary hyperaldos-

teronism (PHA) is likely the most common

identifiable cause. In an analysis of 88 patients

with RH, 20 % had PHA (Calhoun et al. 2002).

Acelajado et al. found a 17 % prevalence of RH

due to PHA (Acelajado 2011).

Screening should occur in hypertensive

subjects with unexplained or unprovoked hypo-

kalemia, or if induced by diuretics, resisting cor-

rection. Those with a strong family history of

hypertension, especially early-onset

(<40 years), drug resistant hypertension, hyper-

tensive with an adrenal “incidentaloma,” should

also be screened. Morning samples for plasma

aldosterone concentration (PAC), plasma renin

activity (PRA) and an aldosterone to renin ratio

(ARR) are obtained. We suggest holding MRAs

and continuing all other drugs to avoid

accelerating hypertension.

An ARR above 20 is consistent with PHA.

Additionally, a PAC of greater than 15 ng/dl

yields a positive screening result. Twenty-four

urinary aldosterone measurements confirm the

diagnosis. Salt sensitivity is diagnosed when the

Aldosterone levels are relatively high but fail to

reach threshold values for PHA. These patients

are highly responsive to MRAs but also to simple

sodium restriction.

Computed tomography (CT) represents the

best test for this for confirming an adrenal

tumor. Incidental adrenal adenomas are found

in 4 % of the general population on CT, and are

particularly common after the age of 40. Pro-

ceeding to adrenal vein sampling is reasonable

in the hypertensive patient over 40 with an ade-

noma. This can help lateralize the hormonal

excess and direct surgical excision. In bilateral

adrenal hyperplasia medical therapy with MRAs

is best. (Mantero 2000).

5.2 Renovascular Hypertension

Renovascular hypertension is common among

hypertensive patients with multiple risk factors

for atherosclerotic disease, particularly those

with RH.

An abdominal bruit and known history of

athereosclerosis and tobacco use are commonly

seen. Patients challenged with ACE inhibitors

(ACE I) or Angiotensin Receptor Blockers

(ARB may get ischemic nephropathy due to the

effects on Angiotensin II and the efferent renal

arteriole. Bloodwork usually shows an elevated

PRA and PAC. Once suspected, imaging

modalities, particularly duplex ultrasonography,

magnetic resonance angiography (MRA) and

computed tomography angiography (CTA) are

performed.

In duplex ultrasonography, reliable detection

of RAS is operator dependent and sensitivity and

specificity do not compare favorably with MRA

or CTA. MRA confers the risk of gadolinium

induced nephrogenic systemic fibrosis, a syn-

drome linked to individuals with a GFR

<30 ml/min. CTA requires a significant volume

of contrast and may be contraindicated in those

with advancing CKD. Conventional intraarterial

angiography can confirm diagnosis. Unfortu-

nately, three separate trials have shown no

benefit to interventional approaches relative to

medical management and this often leads to a

diagnostic quandary as to whether to pursue this

diagnosis at all (Cooper et al. 2014; The Astral

Trial Investigators 2009; Bax et al. 2009).

Therapy usually includes dual anti-platelet

therapy, antihyperlipidemic drugs, and blood

pressure control. Use of ACE I or ARB is gener-

ally discouraged due to the risk of ischemic

nephropathy (Cooper et al. 2014).

5.3 Obstructive Sleep Apnea

Obstructive sleep apnea (OSA) occurs when

there is a partial or complete collapse of the

airway during sleep. Affecting nearly 2.4 % of

adults, it is associated with mortality and cardio-

vascular risks (Drager 2010). The Ohasama study

showed each 5 % deficiency in the normal

decline in nocturnal blood pressure was

associated with an approximate 20 % increase

in risk of cardiovascular mortality (Ohkubo
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et al. 2000). The prevalence of OSA in hyperten-

sive patients may be as high as 56 % and in

resistant hypertensive patients, nearly 80 %.

Polysomnography confirms the diagnosis

when the apnea hypopnea index (AHI) is greater

than 5. Alajmi et al. identified ten randomized

controlled trials that found that the effects of

CPAP on reduction of blood pressure were mod-

est and not significant. Reductions in BP tended

to be larger in patients with severe OSA (AHI

> 30), and a trend for systolic BP reduction was

associated with higher CPAP adherence (Alajmi

2007; Hyun 2015).

5.4 Chronic Kidney Disease

Broadly this diagnosis captures glomerular and

vascular disorders, hypertension, diabetic kidney

disease and other forms. The Chronic Renal

Insufficiency Cohort (CRIC) investigators

looked at nondialysis CKD patients. Fully 40 %

of the cohort had RH and among these there was

a higher risk of congestive heart failure and CKD

progression versus those without RH (Thomas

2015).

Increased fluid and sodium retention and

subsequent intravascular expansion leads to

treatment resistance. Khosla et al found that

MRAs are effective and safe to reach goal

blood pressure amongst patients with diabetic

nepheropathy when added to a triple antihyper-

tensive regimen of diuretic, ACE I and Calcium

Channel Blocker (CCB). Aside from the reduc-

tion of blood pressure, they are modestly

antiproteinuric (Khosla 2009; Williams

et al. 2015). Treating the underlying renal disor-

der may also be of some benefit.

5.5 Cushing Syndrome

Hypertension is present in 70–90 % of patients

with Cushing’s syndrome (Moneva 2002).

Screening consists of an early morning Corti-

sol reading which can be verified either by a low

dose dexamethasone suppression test (DST) or

measurement of a 24-h urinary free cortisol level.

Following DST a morning plasma cortisol level

is drawn. Levels greater than 5 mg/dL are con-

sistent with Cushing’s Syndrome. Alternatively,

a 24 h urine cortisol level over 55 mcg confirms

the diagnosis. Further testing/imaging should fol-

low to determine if there is an ectopic, pituitary

or adrenal source. CT or MRI of the pituitary and

adrenals should secure the diagnosis.

The therapy used in Cushing Syndrome to

treat patients with hypertension is the same treat-

ment of EH. The use of MRAmay be particularly

effective in patients with very high cortisol

levels. In a study by Ulick et al, cortisol was the

major mineralocorticoid in ectopic ACTH syn-

drome (Moneva 2002; Ulick et al. 1992).

5.6 Coarctation of the Aorta

Coarctation of the aorta accounts for approxi-

mately 6–8 % of congenital heart disease in

infants and children. Although rare compared

with other causes of secondary hypertension,

accounting for only 0.2 % of the adult popula-

tion, clinicians should be aware of the elements

of physical exam abnormalities that can point to

the diagnosis (Prisant 2004). Aortic imaging

confirms the diagnosis. Early correction is

advised (Prisant 2004; Yetman 1997).

5.7 Liddle Syndrome

Liddle Syndrome is a rare form of autosomal

dominant hypertension. Clinically, hypertension

usually begins in childhood. Genetic testing is

available but costly. Diagnosis is often clinical.

Despite a clinical presentation typical of primary

aldosteronism, PRA and PAC are low.

Potassium-sparing diuretics are the therapy of

choice in Liddle syndrome (Rose 2001).

5.8 Pheochromocytoma

Pheochromocytomas account for fewer than

0.2 % cases of hypertension. Almost one half of
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these patients have RH whereas most of the rest

have apparent EH (Stein 1981).

Once suspected, interfering medications, such

as tricyclics and other psychoactive agents, in the

screening and confirmation of the diagnosis

should be discontinued 2 weeks prior to the

assessment. Screening includes 24 h urinary and

plasma catecholamine levels and may include

MIBG scintigraphy. Although 10 % of

pheochromocytomas are extra-adrenal, 95 %

are intra-abdominal. CT or MRI of the abdomen

are highly sensitive (98–100 %) but only 70 %

specific due to the high prevalence of adrenal

“incidentalomas.” (Guerrero 2009)

Surgical resection is the definitive treatment.

Preoperatively, therapy is aimed at controlling

blood pressure and prevent intraoperative HTN.

Phenoxybenzamine is the preferred drug of

choice as well as propanolol which is initiated

thereafter. This order of treatment is important to

avoid stimulating unopposed alpha adrenergic

receptors (Tauzin-Fin 2004).

6 RH: Lifestyle Factors/
Modifications

While establishing a secondary cause can allow

the practitioner to address a specific issue,

i.e. treating PHA with an MRA, often a second-

ary cause is elusive. In the a section below drug

options will be discussed. As medical costs con-

tinue to climb, efforts to find inexpensive

solutions to expensive problems is paramount.

If the prevalence estimates of RH are correct at

8–15 % of the hypertensive population, the eco-

nomic implications are astounding. This assumes

that lowering blood pressure will lead to fewer

cardiovascular, cerebrovascular and renal

outcomes. Correcting modifiable risk factors

may offer a very cost-sensitive way to approach

this problem. The upcoming Triumph trial will

look at an RH population and assess the value of

exercise training, low sodium diet, DASH diet,

and weight management (Blumenthal

et al. 2015). Our current practice is to address

these factors as we would in other hypertensive

populations in the hopes the results will be simi-

lar. Table 3 lists many of the modifiable risk

factors and the magnitude of their effects.

6.1 Sodium Consumption

The majority of patients with RH may consume

more than 10 g of sodium per day. In a resistant

population on a mean off 3–4 antihypertensive

agents, Calhoun et al demonstrated that lower

sodium intake (50 mmol/day vs 250 mmol)

decreased blood pressures by 23/10 mmHg

(office readings and ABPM) (Calhoun 2009). In

current guidelines for hypertensive individuals,

dietary sodium should be less than 100 mmol/

day or 2.4 g of sodium chloride (Calhoun 2009).

For salt sensitive patients, even lower amounts of

sodium may be necessary. Two pivotal trials

highlight the effect of sodium restriction and

how it is magnified by Thiazide diuretic usage.

Fothersby et al studied 17 untreated subjects with

a mean systolic BP of 176 +/� 11 mmHg and

simply applied an 80–100 mmol/day sodium

restriction without any antihypertensive agents.

The BP fell a disappointing 5/2 mmHg. Gavras

et al however showed that by adding a thiazide

diuretic to an austere sodium diet (10 mmol/day)

BP fell 21/7 mmHg (Gavras 1981; Fothersby

1993).

Table 3 Lists many of the modifiable risk factors and the magnitude of their effects (James et al. 2014)

Factor Goal Estimated systolic BP effect

Sodium consumption <5–6 g/day 8–14 mmHg

Ethanol intake 20–30 g/day for men 2–4 mmHg

10–20 g/day for women

Weight loss BMI < 25 kg/m (2) 5–10 mmHg per 10 kg wt loss

Exercise 30 min daily aerobic exercise 4–9 mmHg

Diet DASH diet 11 mmHg
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6.2 Weight Loss

The Dietary Approaches to Stopping Hyperten-

sion (DASH) trial utilized a Mediterranean diet

with low fat, high fiber, rich in calcium and

potassium, and lowered systolic BP by

11 mmHg in just 2 weeks’ time. When sodium

restriction was added the BP fell a bit further but

was less well-tolerated (Sacks et al. 2001). We

target a BMI goal of < 25 kg/m2. The German

Hydra Trial demonstrated that for a BMI > 40

kg/m(2) vs < 25 kg/m(2), there was 5.3 fold

increased risk of RH and a 3.2 fold risk of refrac-

tory hypertension (Sharma et al. 2004). The addi-

tive effect of exercise and alcohol moderation

can be a useful adjunct.

6.3 Over the Counter Agents,
Supplements, and Medications
That Can Raise Blood Pressure

A growing trend toward alternative therapies

exists and patients often seek “non-traditional”

therapies to treat various maladies. Additionally,

certain over the counter agents can raise the

blood pressure and should be avoided, particu-

larly in those with RH. Other agents are medi-

cally necessary, e.g. immunosuppressants in a

transplant recipient and little can be done. Table 4

lists these and recommendations/comments.

6.4 Pharmacologic Therapy

While certain forms of RH mandate specific

therapy, i.e. CPAP for OSA or adrenalectomy

for an aldosterone secreting tumor, when there

is no such directed therapy, there is little avail-

able data to guide treatment options. To satisfy

the definition of RH, diuretic therapy is manda-

tory, and we prefer thiazides and mineralocorti-

coid antagonists to loop diuretics. Further,

lacking much guidance in the literature we advo-

cate using the first line agents from the Joint

National Committee VIII recommendations

which would include treating with an ACE I or

ARB and a dihydropyridine CCB such as

Amlodipine (James et al. 2014). The Pathways

II trial showed that among those with RH,

Aldactone was superior to Bisoprolol or

Doxazosin for blood pressure control. The Resis-

tant Hypertension Optimal Treatment Trial is a

Brazilian study will compare spironolactone to

clonidine as the best fourth agent to a standard

regimen that includes diuretics, ace inhibitors/

angiotensin receptor blockers and a calcium

channel blocker (Williams et al. 2015; Krieger

et al. 2014).

We further recommend those with RH pur-

chase a blood pressure cuff, be instructed on

proper use, and keep a diary of readings.

Calibrating the cuff with an office cuff can be

helpful. Ambulatory blood pressure monitoring

Table 4 Lists these and recommendations/comments (James et al. 2014)

Supplement/Drug/Herb Comment

Nonsteroidal anti-inflammatory

drugs

Salt-retention

Nasal decongestants Vasoconstricting

Diet pills Multiple mechanisms

Sympathomimetic agents Tachycardia, vasoconstriction

Oral contraceptives Multiple hormonal mechanisms

Steroids Anabolic/Catabolic

Calcineurin inhibitors Cyclosporine, Tacrolimus

Street drugs Cocaine, Amphetamines, etc

Antidepressants Venlafaxine, Monoamine oxidase inhibitors, Tricyclic Antidepressants,

Fluoxetine

Herbal remedies Arnica, Bitter Orange, Ephedra, Ginkgo, Ginseng, Guarana, Licorice, Senna,

St. John’s Wort
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intuitively makes sense but is not reimbursed, is

expensive and not widely available. Patients are

counseled that controlling blood pressure may

take weeks to months or longer and requires

frequent follow up.

6.5 Device Therapy

In light of the prevalence of RH and hypertension

in general, the inherent difficulties in effectively

treating the disease(s), and potential impact of a

successful non-pharmacological therapy, several

different devices have been trialed. Unfortu-

nately, the results have thus far been

disappointing.

Surgical sympathectomy in the 1920s “cured”

hypertension but at the expense of causing syn-

cope and a host of other neurologic findings

(Grimson et al. 1949). Catheter-based renal

denervation resulted whereby an electrical pulse

within the renal arterial lumen severs sympa-

thetic fibers from the brain to the kidney. Initial

results from the european Symplicity II

investigators were promising (office blood pres-

sure fell systolically by 32 mmHg versus pla-

cebo) but failed in a larger trial (Esler

et al. 2010; Bhatt et al. 2014).

Carotid Sinus Baroreceptor Electrical

Stimulators send an impulse to the brain that

BP is actually higher reflexively causing reduc-

tion in sympathetic output, and lower BP. Of the

265 subjects with RH in the trial nearly 80 % of

those treated experienced a 44 mmHg decline in

systolic blood pressure. As the trial failed to meet

2 of its 5 pre-specified endpoints (short-term

efficacy and procedure-related adverse events)

it remains unapproved in the U.S. by the Food

and Drug Administration (Bisognano 2011).

Central Arteriovenous Anastomosis creates a

conduit anastomosis between large vessels,

shunting substantial blood volume into high-

capacity, low-resistance venous system, thereby

decreasing total systemic vascular resistance and

therefore BP. Lobo et al studied 88 patients with

RH and found mean office systolic blood pres-

sure and mean ambulatory blood pressure fell by

26.9 and 13.5 mmHg among those treated versus

3.7 and 0.5 mmHg not treated (Lobo 2015).

Median and vagus nerve stimulators may offer

promise as well but remain poorly studied.
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Abstract

Ultrasound (US) allows the non-invasive evaluation of morphological

changes of kidney structure (by means of B-Mode) and patterns of renal

and extrarenal vascularization (by means of color-Doppler and contrast-

enhanced US). In hypertensive subjects it offers a relevant contribution to

the diagnosis of early renal damage, acute or chronic nephropathies and

nephrovascular disease. However, morphological changes are often

detected late and non-specific and in recent years evidence has increased

regarding the clinical relevance of renal resistive index (RRI) for the study

of vascular and renal parenchymal renal abnormalities. RRI is measured

by Doppler sonography in an intrarenal artery, as the difference between

the peak systolic and end-diastolic blood velocities divided by the peak

systolic velocity. At first RRI was proved to be a marker of renal disease

onset and progression; later the influence of systemic vascular properties

on RRI was shown and authors claimed its use as an independent predictor

of cardiovascular risk rather than of renal damage. Indeed, renal vascular

resistance is only one of several renal (vascular compliance, interstitial

and venous pressure), and extrarenal (heart rate, pulse pressure)

determinants that concur to determine RRI individual values but not the

most important one. The clinical relevance of RRI measurement as a

surrogate endpoint of specific renal damage or/and as surrogate endpoint

of atherosclerotic diffuse vascular damage is still debated.To summarize,

from the literature: (a) In hypertensives with normal renal function and no

albuminuria, especially in younger people, RRI is an early marker of renal

damage that is especially useful when hypertension and diabetes concur in

the same subjects. In these subjects RRI could improve current clinical

scores used to stratify early renal damage. In older subjects RRI increases

in accordance with the increase in systemic vascular stiffness and, because
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of this close relationship, RRI is also a marker of systemic atherosclerotic

burden and the role of renal determinants can weaken. The clinical

relevance was not specifically investigated. (b) In transplant kidney and

in chronic renal disease high (>0.80) RRI values can independently

predict renal failure. The recent claim that systemic (pulse pressure) rather

than renal hemodynamic determinants sustain this predictive role of RRI,

does not significantly reduce this predictive role of RRI. (c) Doppler

ultrasound allows diagnosis and grading of renal stenosis in both

fibromuscolar dysplastic and atherosclerotic diseases. Moreover, by RRI

assay Doppler ultrasound can indirectly measure the hemodynamic

impact of renal artery stenosis on the homolateral kidney, by virtue of

the stenosis-related decrease in pulse pressure. However, in elderly

subjects with atherosclerotic renal artery stenosis coexisting renal diseases

can independently increase RRI by the augmentation in renal vascular

stiffness and tubulo-interstitial pressure and hidden changes due to renal

artery stenosis.

Keywords

Renal resistive index • Ultrasonography • Hypertension • Renal disease •

Renal artery stenosis

1 Introduction

The pathophysiological relationship between

increased blood pressure and kidneys is complex.

High blood pressure causes progressive renal

damage but also vascular or parenchymal renal

disease can sustain increase in blood pressure.

Ultrasound (US) has a key role in evaluating

both morphological changes of kidney structure

(by means of B-Mode) and patterns of renal and

extrarenal vascularization (by means of color-

Doppler and contrast-enhanced US), thus

contributing to the diagnosis of early renal dam-

age, acute or chronic nephropathies and

nephrovascular disease in hypertensive patients.

Maximum renal diameter is a morphological

marker of CKD. It decreases contemporarily to

Glomerular Filtration Rate (GFR) and a signifi-

cant correlation of both renal diameter and corti-

cal thickness with renal function has been

demonstrated (Meola et al. 2016a). A direct cor-

relation between the number of functional renal

units, nephrons, renal mass, renal function and

ultrasound-measured renal volume has also been

reported. Kidney size was measured by US

which compared with other radiologic methods

gave results that came closest to the actual size of

the kidney measured during surgery (Vegar

Zubović et al. 2016). Ultrasound-measured vol-

ume of kidneys correlates well with the stage and

the progression of CKD and can be used to eval-

uate CKD progression. However, ultrasound-

detected morphological changes are late and not

specific. In recent years increasing attention has

been paid to the study of renal resistive index

(RRI) obtained by Doppler arterial waveform

analysis of intrarenal arteries as an independent

marker of early renal damage when albuminuria

and glomerular filtration rate are still normal, and

as an independent predictor of renal failure pro-

gression in chronic renal disease (Radermacher

et al. 2002; Ikee et al. 2005; Sugiura 2011; Bigè

et al. 2012).

Infact, as well synthesized in the review by

Viazzi et al. (Viazzi et al. 2014), not only does

Doppler ultrasonography detect renal macro-

scopic vascular abnormalities that allows diag-

nosis and grading of renal artery stenosis, but it
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also identifies changes in blood flow at the micro-

vascular level that reflect functional or structural

changes within the kidneys. Specifically, acute

functional changes in renovascular resistance

physiologically induced by sympathetic activa-

tion or pharmacologically by ACE inhibitors

(Bardelli et al. 1992; Jensen et al. 1994),acute

increase in tubulo-interstitial pressure by

hydronephrosis or acute kidney injury and

chronic structural damage of arteriolar or

tubule-interstitial rather than glomerular com-

partment do affect RRI.

Recent clinical and experimental evidence

indicates that increased RRI in patients with pri-

mary hypertension with normal or reduced renal

function may reflect and score changes in

intrarenal perfusion because of arteriolar and/or

tubule-interstitial renal damage that can occur

independently of glomerular damage. More-

over,in hypertensive patients high RRI is also

associated with worse systemic hemodynamics

and atherosclerotic burden. Due to this relation-

ship,RRI has been also proposed as a new inde-

pendent marker and predictor of systemic

cardiovascular risk in asymptomatic subjects.

The clinical relevance and the possible therapeu-

tic implications of this use need dedicated studies

(Chirinos and Townsend 2014; O’Neill 2014).

This review tries to give information on the

knowledge of physiopathological renal and

extra-renal determinants of RRI, necessary for

the correct use of RRI ultrasound measurement

in clinical practice when focused on the study of

early and late renal damage in essential hyper-

tension and in the diagnosis and grading of renal

artery stenosis. Specifically, we want to show

whether and when the measurement of RRI

should be considered as a specific marker of

renal damage to use together and in addition to

Glomerular Filtration Rate (GFR) and

microalbuminuria or as a parameter of systemic

cardiovascular risk to use together and in addi-

tion to intima-media-thickness and other surro-

gate ultrasound endpoints for cardiovascular risk

stratification of asymptomatic patients.

According to recent recommendations by the

major societies for the study of hypertension (the

American Heart Association, the American

College of Cardiology and the Centers for Dis-

ease Control and Prevention, the American Soci-

ety of Hypertension and the International Society

of Hypertension, the Canadian Hypertension

Educational Program, the European Society of

Cardiology and the European Society of Hyper-

tension, the National Institute for Health and

Care Excellence, The French Society of Hyper-

tension, the Taiwan and the Chinese Society of

Hypertension) (James et al. 2014; Go et al. 2014;

Weber et al. 2014; Dasgupta et al. 2014; Mancia

et al. 2013; National Institute for Health and Care

Excellence 2014; Blacher et al. 2014; Chiang

et al. 2010; Liu 2010), the study of hypertensive

patients by renal ultrasonography is mainly dedi-

cated to patients with the clinical suspicion of

secondary hypertension. This is because ultra-

sound can detect the presence of renal parenchy-

mal disease, polycystic renal disease, and urinary

tract obstruction. Specifically, when clinical

characteristics point to renovascular hyperten-

sion, ultrasound screening is recommended to

confirm or rule out the diagnosis of renal artery

stenosis, grading the stenosis and investigating

its hemodynamic impact on the homolateral kid-

ney. At present, the ultrasound study of renal

target-organ damage in essential hypertension

has not been codified; and the determination of

GFR and of albuminuria excretion rate are

recommended.

This review wants to give strong support to

the use of RRI for investigating early and late

renal damage in hypertensive patients, as an

independent predictor of renal failure and/or of

cardiovascular risk. To have a high RRI selects

subjects at increased risk of developing renal

failure and of having cardiovascular events

beyond the pattern of other current renal and

ultrasound markers of risk.

2 Renal Resistive Index (RRI)

RRI, derived from the Doppler spectrum of

intrarenal (segmental or interlobar) arteries, is

obtained by the difference between maximum

(peak systolic) and minimum (end-diastolic)

flow velocity to maximum flow velocity (Fig. 1):
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RRI ¼ peak systolic velocity PSVð Þ � end� diastolic velocity EDSð Þð Þ
Peak systolic velocity PSVð Þ

The morphology of Doppler spectrum of RRI

is mainly determined by the velocity/time (V/t)

curve that is assayed along the main renal artery,

that can be defined as a “low resistance” curve.

The systolic phase quickly increases to peak

velocity and is followed by a progressive and

gradual deceleration phase with a telediastolic

velocity that does not decrease below

30–40 cm/sec. This Doppler spectrum is com-

mon and peculiar to all parenchymal flows,

because a sufficient oxygen supply must be

assured throughout the cardiac cycle (Meola

et al. 2016b).

RRI was introduced in 1950 and initially pro-

posed for the semi-quantitative assay of intra-

renal vascular resistance by Pourcelot in (1974).

He showed that the ratio was influenced by

changes in vascular resistance distally to the

point of RRI assay. The term RRI has been kept

to the present time, even if the strict relationship

between RRI and actual renal vascular resistance

has become very weak (Chirinos and Townsend

2014; O’Neill 2014).

According to these findings RRI was initially

used for the diagnosis and follow-up of acute and

chronic renal disease (Radermacher et al. 2002;

Viazzi et al. 2014) which are associated to

dynamic and/or structural changes in intra-renal

vessels. Later on RRI was proved to be a strong

independent predictor of renal failure

(Radermacher et al. 2002; Sugiura 2011). How-

ever, in the meantime growing evidence showed

that RRI is the result of many intra and extra-

renal determinants and that renal vascular resis-

tance is only one of these, and not the most

important (Boddi et al. 2015) (Fig. 2). Remark-

ably, in 1991 Gosling et al. (1991), and in 1999

Bude and Rubin (1999), clearly showed by

in vitro experiments performed in simple artifi-

cial circuits, that RRI is dependent on both renal

vascular compliance and resistance, becoming

less dependent on resistance as compliance

decreases. When compliance is zero, RRI is inde-

pendent of changes in renal vascular resistance.

Moreover, new experimental (Chirinos and

Townsend 2014; Tublin et al. 2003) and clinical

data (Chirinos and Townsend 2014; O’Neill

2014) were obtained showing that RRI was

markedly affected by the changes in renal (renal

interstitial and venous pressure) and systemic

(pulse pressure) determinants of vascular com-

pliance, and only scarcely by the chronic

Fig. 1 RRI is measured by Doppler sonography in an intrarenal artery, as the difference between the peak systolic

(PS) and end-diastolic (ED) blood velocities divided by the peak systolic velocity (PSV)
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increase in renal vascular resistance. In chronic

renal diseases and in transplant recipients, RRI

mainly depends on systemic vascular compliance

assayed as pulse pressure, rather than renal vas-

cular properties (Chirinos and Townsend 2014;

O’Neill 2014). In these patients the increase in

RRI is strictly associated with the decrease in

systemic vascular compliance assayed as pulse

pressure that is negatively modulated by aging

and traditional cardiovascular (CV) risk factors,

among which hypertension plays a major role

(Chirinos and Townsend 2014). According to

this point of view, in hypertensive patients with

and without renal function impairment, the

increase in RRI predicts worse renal and general

outcomes, as a marker of systemic atheroscle-

rotic burden rather than of local renal damage.

However, this statement is still a matter of debate

and do not weaken the clinical relevance of RRI

measurement for risk scoring.

On the contrary full agreement was reached

on the clinical use of RRI as a specific marker of

renal damage, in subjects affected by those renal

pathologies that can promote the progression of

renal damage in hypertensive patients,

i.e. hydronephrosis, renal vein thrombosis,

increased abdominal pressure and acute kidney

injury. In all these conditions the acute and

marked increase in renal tubule-interstitial and

venous pressure due to hydrostatic or inflamma-

tory edema leads to the direct increase in RRI

values (Boddi et al. 2015).

3 RRI Threshold in Clinical
Practice

Aging is associated with a progressive quantita-

tive decrease of renal microvascular bed and with

an increased thickness of tunica media of renal

arterioles (Fig. 2). This determines a decrease in

the lumen/vessel wall ratio. Both these changes

result in a progressive increase in RRI (Boddi

et al. 1996) that can be amplified by the contem-

poraneous increase in systemic arterial stiffness.

The steep age-dependent rise in RRI values is

specific to the renal vasculature and is not seen in

other vascular beds. The age-related

Low RRI

High RRI 

Normal RRI 

Renal 
determinants

Systemic
determinants

>60% renal 
artery stenosis

Increased tubulo-interstitial 
pressure or renal venous pressure
by hydronephrosis, AKI,

abdominal hypertension,
renal vein thrombosis

Glomerular vascular
resistance scarcely 
affect RRI

Severe aortic valvular or
aortic stenosis
Tachycardia,

Increased blood volume

Systemic adrenergic activation
Bradicardia
Increased systemic pulse pressure
by aging,hypertension,diabetes

1a)

b)

2c)

2a)

1c)

Fig. 2 Different renal and extrarenal systemic

determinants concur to determine RRI. (1a) and (2a):
renal and systemic determinants that decrease RRI. (b):

glomerular resistance scarcely or not affect RRI. (1c) and
(2c): renal and systemic determinants that increase RRI

(Adapted by Boddi et al. 2015)
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hypertrophic remodelling of the vessel wall of

renal microvessels can be further amplified by

hypertension and/or diabetes (Pontremoli et al.

1999a; Maestripieri et al. 2012). In healthy adults

most authors use >0.70 as the cut-off limit for

pathological RRI and do not establish normal

values according to age. However, in healthy

subjects >70 year, RRI >0.70 can be measured

in the absence of renal diseases, whereas in

subjects aged >40 year can be the first marker

of renal damage that anticipates GRF reduction

and the occurrence of albuminuria (Boddi et al.

1996). Further an emerging clinical issue is the

evaluation of the actual renal function in elderly

normal patients or diabetics, since the estimated

values of GFR by math formula suffer of limits in

these subgroups. So that, in elderly subjects with

normal renal function or diabetics, RRI assess-

ment might be considered an other non-invasive

way to reveal early renal damage.

In a recent large multicentric family-based

population study, age was confirmed as a deter-

minant of RRI. Ponte et al. (2014) also showed

that the relationship of RRI with age is nonlinear

and that RRI increases sharply after the age of

40.

In the same multicentric study female sex was

associated with higher RRI values due to hor-

mone differences and the fact that RRI has a

genetic tract was reported (Ponte et al. 2014);

the clinical relevance of these findings must be

investigated by dedicated studies.

In newborns and in children under the age of

four, RRI > 0.70 can be found because of renal

anatomical structure in this period and is not

associated with renal pathologies (Bude et al.

1992).

4 Systemic and Renal
Determinants of RRI

In any arterial vascular tract, Doppler waveform

is the integrated result of what happens before

and downstream from the point where the flow is

assayed.

4.1 Systemic and Extrarenal
Determinants

4.1.1 Stiffness-Related Systemic Pulse
Pressure

The ratio of systolic to diastolic blood pressure

(see RRI equation) is an inverse function of pulse

pressure. Thus, for any given intra-renal vascular

resistance an increase in systemic systolic arte-

rial pressure promotes a higher peak renal veloc-

ity and/or a decrease in diastolic arterial pressure.

That results in a lower end-diastolic velocity. As

a direct consequence, in vivo any increase in

systemic arterial stiffness that causes increased

pulse pressure is associated with high RRI

values, both in physiological (aging) and patho-

logical (hypertension) conditions (Fig. 2c).

Changes in pulse pressure can also be tonic or

phasic, as during an infusion of L-NG-

monomethyl argirine (L-NMMA), an inhibitor

of endothelial NOS. Neither RRI under baseline

conditions nor RRI during L-NMMA infusion

were related with renal vascular resistance or

renal perfusion, assayed by para-aminohippuric

acid and insulin clearance (Raff et al. 2010). On

the contrary, RRI changed according to

variations of central pulse pressure.

The relationship between RRI and pulse pres-

sure has also been investigated in recipients of

kidney transplants where systemic pulse pressure

is recipient-specific, whereas the compliance of

interlobular arteries is donor specific; in these

kidneys RRI correlated with the age of the recip-

ient but not of the donor, with recipient pulse

pressure but not parameters of allograft function

and with RRI of other (i.e. splenic) districts of the

recipient (Naesens et al. 2013). As a whole the

findings observed in transplant recipients

strongly support that RRI primarily reflects the

properties of the systemic vasculature that can

hidden or weaken the effects of local renal dam-

age on intrarenal vasculature.

4.1.2 Stenosis-Related Pulse Pressure
Severe (>80 %) renal artery thoracic or sovra-

renal abdominal aorta or valvular aortic stenosis
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all decrease pulse pressure in vascular districts

distal to stenosis, and decrease RRI values

(<0.60) as a result of low peak systolic velocity

(Fig. 2, 2a). The dampened flow is revealed by

the peculiar Doppler wave pattern characterized

by a “tardus”, slow, and “parvus”, small pulsus

(Figs. 2 and 3). The finding of low RRI in the

homolateral kidney and the lateralization of RRI

(delta > 0.05) is indirect but reliable proof of

severe renal artery stenosis (Fig. 4). In fact the

gradual reduction of renal perfusion pressure up

to 40 % does not substantially change renal blood

flow and glomerular filtration rate, thanks to the

self-regulating mechanisms of intrarenal circula-

tion. In these conditions RRI is not affected. This

mechanism becomes ineffective when morpho-

logical renal arterial stenosis is >75 %, renal

perfusion pressure falls >40 % and renal systolic

pressure is <70–80 mm Hg (Textor and Wilcox

2001; Jacobson 1988). This renal stenosis is

defined hemodynamically significant, because it

activates the renal renin angiotensin system

(Meola et al. 2016b; Butterly and Schwab 2000)

and demodulates Doppler waveform at intrarenal

arteries. However, when distal renal vascular

disease coexists due to chronic ischemic kidney,

the hemodynamic effects of renal artery stenosis

may be hidden. In these patients RRI is symmet-

rically high, not lateralized and the hemody-

namic effect of arterial stenosis on renal

parenchyma cannot be evaluated by Doppler

ultrasound (Meola et al. 2016b; Boddi et al.

2015) (Fig. 4) (see also Ultrasound diagnostics

of renal artery stenosis, page 14).

4.1.3 Heart Rate
Changes in heart rate can affect RRI indepen-

dently from the other hemodynamic parameters

because of changes in diastolic duration that

modulate end-diastolic velocity. During

Fig. 3 Schematic representation of possible RRI

changes. From the left to the right:(a) low RRI values

(0.50) because of low peak systolic velocity (PSV) with

peculiar Doppler wave pattern of post-stenotic flow

characterized by a “tardus”, slow, and “parvus”, little

pulsus; (b) normal Doppler wave pattern and PSV/EDV

at interlobar arteries; (c, d) high RRI (0.75–0.90) due to

high peak systolic (PSV) and decreased end-diastolic

velocity (EDV) (Adapted by Boddi et al. 2015)
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bradicardia diastolic duration increases and high

RRI is measured. On the contrary during

tachicardia diastolic duration shortens and RRI

decreases (Fig. 2, 2a and c).

4.2 Renal Determinants

4.2.1 Renal Interstitial and Venous
Pressure

The renal capillary wedge pressure (interstitial

tissue plus venous pressure) is a major renal

determinant of RRI. In ex vivo rabbit kidney

model elevations in ureteral pressure were signif-

icantly correlated with increased RRI values,

mean renal vascular resistance (pressure/flow)

and decreased mean conductance (flow/pressure)

(Tublin et al. 1999). In humans in vivo the acute

increase of renal interstitial pressure by

hydronephrosis or of venous pressure by venous

thrombosis, or of both by abdominal hyperten-

sion, results in a linearly related increase in RRI

(Fig. 2, 1c). Also renal hematoma can acutely

increase the pressure of interstitial compartment

and elevate RRI (Platt et al. 1989).

Most importantly, acute kidney injury (AKI)

is associated with an acute increase in interstitial

pressure because of sustained vasoconstriction

and ischemic and inflammatory damage of the

tubulo-interstial compartment by sustained

hypoperfusion. In all these clinical conditions

the occurrence, severity and progression of

renal damage can be well monitored by changes

in RRI values (Platt et al. 1989; Schnell et al.

2012; Dewitte 2013; Le Dorze et al. 2012;

Darmon et al. 2011). Recently, in critical patients

admitted for medical, surgical or trauma disease,

high RRI values at admission were significantly

Vascular or parenchimal
pathologies hidden
renal artery stenosis effect

Time to peak

IR <0.60

PSV

RAR
>3,5

PSV

Aorta

Peak systolic
Velocity (PSV)

renal artery

Fig. 4 Schematic representation of Doppler flow patterns

assayed at and distal to a hemodynamically arterial renal

stenosis; RRI is lateralized (delta > 0.05); when vascular

or parenchimal nephropathies coexist, RRI values sym-

metrically increase and the hemodinamic effect of renal

artery stenosis is hidden (Adapted from Boddi et al. 2015)
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and independently associated with in-ICU mor-

tality and persistent AKI at ICU discharge

(Boddi et al. 2016).

4.2.2 Histological Renal Parameters – RRI
and the Tubulo-Interstitial
Compartment

Twenty years ago Platt et al. showed that RRI

was significantly higher in nephropathies with

tubulo-interstitial and/or vascular injury than in

isolated glomerulopathies (Platt et al. 1990). Glo-

merular arterial resistance, that accounts for

about 20 % of total renal vascular resistance,

scarcely concurs to the determination of RRI;

and nephropathies characterized by prevalent

glomerular involvement are not associated with

increased RRI. RRI is not a marker of renal

function (Fig. 2).

The studies on the relationship between tubu-

lar, interstitial and arterial damage and RRI in

renal disease and in kidney transplants show

conflicting results: according to Ikee et al., only

arteriolosclerosis out of all histological

parameters independently correlated with RRI

in chronic renal disease (Ikee et al. 2005),

whereas in renal transplants investigated at

3, 12 and 24 months after transplantation RRI

was not associated with any renal allograft histo-

logical features. On the contrary, other Authors

reported that high RRI values were related to

more severe tubulo-interstitial damage score,

and an association between RRI values and the

extension of interstitial fibrosis was shown, prob-

ably due to the rise in pressure exerted by inter-

stitial fibrosis on adjacent vessels. Remarkably,

interstitial fibrosis closely correlated to renal

function and long-term prognosis and could

underline the role of RRI as an independent

marker of renal and clinical outcome in patients

with CKD (Sugiura 2011; Bigè et al. 2012).

The possible use of RRI as a marker of tubulo-

interstitial nephropathy is supported by the

findings that the detection of high RRI values

allowed the early identification of both normo-

tensive and hypertensive patients with chronic

tubulo-interstitial nephropathy diagnosed by

99 mTc DMSA scintigraphy and signs of tubular

dysfunction, when renal function was still

preserved (Boddi et al. 2006). Moveover, in

hypertensive patients with normal creatinine

clearance and no albuminuria, high RRI values

were associated with low grade inflammation

(Protein C reactive >2 mg/dl) and hyperuricemia

(>6.5 mg/dl) (Berni et al. 2012, 2010). Both

sustain a tubulo-interstitial nephropathy. In

hypertensive patients, serum uric acid strongly

correlated with RRI, independently of renal func-

tion or albuminuria, but the altered intrarenal

hemodynamics did not explain the pathophysiol-

ogy of hyperuricemic renal damage (Geraci et al.

2016).

A generalized consensus was reached that

tubulo-interstitial and not glomerular

nephropathies affect RRI and that RRI does not

measure renal function.

4.2.3 Role of Arterial Vascular Resistance
Based on early experimental animal data (Bude

and Rubin 1999; Tublin et al. 1999), RRI was

long considered to directly mirror intrarenal

resistance, thus allowing a non-invasive glimpse

into intrarenal (patho) physiology (Norris and

Barnes 1984). Under physiological conditions

RRI assay could detect phasic increase in renal

vascular resistance induced by sympathetic acti-

vation obtained by cold pressor test or handgrip;

in the same subjects the increase of blood volume

by acute hydration resulted in an RRI decrease

(Boddi et al. 1996). Repeated daily sessions of

music-guided slow-breathing increased parasym-

pathetic modulation and decreased RRI early in

the study.These changes were being followed by

a positive modulation of baroflex sensitivity and

decrease in blood pressure (Modesti et al. 2015).

In patients with heart failure high RRI values

were associated with increased intrarenal vascu-

lar resistance due to neurohormonal hyperactiv-

ity and independently predicted heart failure

progression (Ciccone et al. 2014). In septic

shock Doppler ultrasonography and RRI

measurements may help determine in each

patient the optimal mean aortic pressure for

renal blood flow and may be a relevant

end-point to titrate the haemodynamic treatment

by fluid and norepinephrine administration

(Deruddre et al. 2007).Catheter-based renal
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sympathetic denervation in patients with resis-

tant hypertension reduced RRI probably through

a decrease in intraparenchymal resistance, not

mediated by reduction in systolic blood pressure

(Mahfoud et al. 2012). As a whole these findings

sustain that the RRI can detect phasic changes in

renal vascular resistance.

On the contrary, RRI changes during dynamic

vasodilation caused by nytroglicerin or

(L-NMMA) infusion were poorly associated

with the concurring direct measurement of renal

resistance by scintigraphy, even if the changes in

RRI and in renal vascular resistance moved in the

same direction. Rather, RRI changes were

directly related to changes in pulse pressure

(Raff et al. 2010). Increased RRI has been

shown to correlate with systemic arterial stiffness

measured by ambulatory blood pressure derived

by Ambulatory Arterial Stiffness Index (Ratto

et al. 2006). Moreover, a close relationship

between RRI and other markers of systemic ath-

erosclerotic burden, as intima-media thickness

and ankle brachial index, was shown in hyperten-

sive patients with chronic renal disease, indepen-

dently of renal damage (Pontremoli et al. 1999b).

For many years the role of high RRI values as

an independent marker of renal outcome in

patients with CKD was mainly due to the

assumption that RRI increase was determined

above all by the progressive “tonic” increase in

vascular resistance because of: (a) decrease in

arterial compliance due to renal arteriosclerosis;

(b) elevation of extra-vascular renal pressure

exerted by interstitial fibrosis in adjacent vessels;

(c) vasoconstriction secondary to hypoxia and to

loss of capillaries associated with renal fibrosis.

All these are associated with decline in renal

function (Boddi et al. 2015).

In recent years evidence has been gathered

around RRI being an independent marker of

renal and cardiovascular outcomes, because it

measures systemic and not renal hemodynamic

parameters, and reflects systemic vascular dis-

ease (Granata et al. 2014). We agree with O

Neill’s title “Renal resistive index. A case of

mistaken identity” (O’Neill 2014). However,

there is no doubt that both phasic (sympathetic

activation) and tonic (arteriolosclerotic ) changes

in renal arterial resistance can modulate RRI.

4.2.4 RRI and Subclinical Renal Damage
in Hypertension

In clinical practice albuminuria is measured to

define subclinical renal damage in hypertensive

patients, and the combination of eGFR and albu-

minuria is a useful predictor of CV disease

(Viazzi et al. 2014). In recent years RRI was

also validated as a clinical marker of subclinical

renal damage as well as a prognostic predictor of

renal and CV outcomes to use in addition to the

above mentioned markers in order to improve

their performance.

In untreated patients with primary hyperten-

sion and normal renal function, high RRI

(>0.70) highlights subclinical signs of renal

damage and shows a direct relationship with the

amount of urine albumin excretion (Miyoshi

et al. 2016). Further RRI was proved to be a

useful index to predict increase in urinary albu-

min excretion in patients with essential hyperten-

sion (Viazzi et al. 2014). With the progression of

hypertensive renal damage, high RRI values are

often associated with a mild reduction in glomer-

ular filtration rate and increased albuminuria or

both (Doi et al. 2012). In hypertensive patients

high (>0.70) RRI predicts renal dysfunction

evaluated at 12 months by Cystatin C determina-

tion (Okura et al. 2010). Evaluation of both

eGFR and RRI instead of albuminuria could be

another investigative option to identify essential

hypertensive subjects without clinical evidence

of renal damage and cardiovascular disease,

predisposed to worse renal and CV outcomes.

In hypertensive patients undergoing chronic

antihypertensive therapy with no

microalbuminuria and normal renal function,

higher RRI values were found in those with

hyperuricemia or low grade inflammation (PCR

>2 mg/dl), both associated with tubulo-

interstitial inflammation and endothelial dys-

function (Berni et al. 2012). Remarkably, in

experimental studies it was found that hyperuri-

cemia causes glomerular hypertension, vasocon-

striction and ischemia, a potent stimulus for
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tubulo-interstitial inflammation and fibrosis

(Berni et al. 2010; Sanchez-Losada et al. 2005).

Dynamic evaluation of RRI in

normoalbuminuric patients with newly

diagnosed hypertension showed that the decrease

in RRI induced by nytroglicerine was lower in

hypertensives than in controls despite similar

baseline RRI (Bruno et al. 2011). Reduced renal

vasodilation was independently related to the

increase of systemic arterial stiffness and

suggests a role of systemic hemodynamic load

in determining early renal microvascular alter-

ation in hypertension. RRI determination could

help to understand the intricate link between

hypertension and subclinical renal damage, till

now mainly supported by the relationship

between hypertension and microalbuminuria.

The unifying mechanism that accounts for the

different roles of RRI as a marker of subclinical

renal damage and a prognostic predictor of renal

and cardiovascular outcomes was suggested by

Hashimoto et al. (Hashimoto and Hito 2011) who

recorded aortic pressures, aortic and peripheral

pulse wave velocities and RRI in 133 hyperten-

sive patients: (a) RRI depends strongly on aortic

pulse pressure and aortic stiffness; (b) RRI

correlates inversely with the femoral reverse-

flow and diastolic forward-flow indices; and

(c) RRI predicts urinary albumin excretion

together with the aortic pulse pressure. In these

hypertensive patients the altered renal hemody-

namics due to increased central pulse pressure

and aortic stiffness contributed to the develop-

ment of renal microvascular damage marked by

high RRI. Every 0.1 increase in renal RRI was

associated with a 5.4-fold increase in the

adjusted relative risk of albuminuria (Hashimoto

and Hito 2011). According to these findings ath-

erosclerosis increases systemic arterial stiffness,

predisposes renal circulation to a greater hemo-

dynamic load (pulse pressure) and results in

higher renal microvascular resistance. Increased

systemic arterial stiffness underlines the strict

relationship between RRI and atherosclerotic

damage such as left ventricular hypertrophy,

carotid intima media thickness and ankle bra-

chial index (Pontremoli et al. 1999a; Calabia

et al. 2014; Geraci et al. 2015). On the other

hand high RRI might contribute to systemic

arterial stiffening by renal dysfunction and acti-

vate a self-perpetuating process. Moreover, RRI

proved to be an independent predictor of worse

renal and CV outcomes in 426 patients with

primary hypertension and no previous CV dis-

ease followed for a mean of 3.1 years (Doi et al.

2013). We can conclude that in hypertensive

patients with normal renal function RRI is an

early clinical marker of subclinical renal damage,

that can anticipate the occurrence of

microalbuminuria, but also signals systemic ath-

erosclerotic burden. For both reasons high RRI is

a good predictor of worse renal and cardiovascu-

lar outcomes.

The vast majority of RRI measurements

reported in literature are carried out in

hypertensives on different pharmacological

combinations without a wash-out period; this

could result in confounding factors for the study

of determinants of RRI.Remarkably, scarce data

are available in literature (Leoncini et al. 2002;

Watanabe et al. 2006) about the effect of phar-

macological therapy on RRI values; whether and

how the decrease in RRI values could result in an

improvement of renal damage and in renal and

CV outcomes is unknown. This fact is mainly

responsible for the limited use of RRI in clinical

practice and need dedicated studi.

4.2.5 RRI and Renal Damage in Diabetes
RRI can detect early renal damage in patients

with diabetes type 1 and 2: when renal function

is normal and albuminuria is absent; increased

RRI predicts the occurrence of albuminuria

(Hamano et al. 2008; Nosadini et al. 2006).

Most importantly, in patients without

microalbuminuria RRI values >0.70 indepen-

dently predicted the occurrence of diabetic

nephropathy. In diabetic subjects with albumin-

uria and reduced creatinine clearance, RRI>0.80

predicts a worse renal outcome (Boddi et al.

2015).

Newly diagnosed Type 2 diabetic patients

show higher baseline RRI and lower vasodilata-

tion induced by nytroglicerin than those observed

in newly diagnosed hypertensive subjects (Bruno

et al. 2011). Pulse pressure proved to be a strong

predictor of impaired RRI decrease in

hypertensives and diabetics, but only in diabetic
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subjects was impaired vasodilatation signifi-

cantly related to glycated haemoglobin and sys-

tolic pressure. Indeed,in patients with diabetic

nephropathy the postglomerular vessels were

the major contributor to increased resistance,

whereas the pathognomonic histological sign of

hypertensive nephropathy is preglomerular arte-

riolar hyalinosis disease.

These findings suggest that in diabetic

patients renal vasculature might be compromised

even in the presence of early glucose metabolism

impairment, as in pre-diabetic condition where

systemic vascular dysfunction and increased

arterial stiffness are already present.

Accordingly, in hypertensive patients with no

albuminuria and normal renal function, the coex-

istence of diabetes was associated with higher

RRI values despite similar PWV in hypertensives

with and without diabetes (Maestripieri et al.

2012).

4.2.6 RRI and Renal Damage in Chronic
Renal Disease

In 2002 Radermacher et al. reported that in

patients with chronic renal disease of any cause,

an increased (>0.80) RRI correlates with the rate

of decline in renal function and predicts the

course of the disease (Radermacher et al. 2002).

During a mean 3 years of follow up in these

patients proteinuria (>1 g/day) and creatinine

clearance (<40 ml/min) were also important

indicators of disease progression, but in terms

of positive and negative prediction RRI

demonstrated superior utility. High RRI values

were not secondary to differences in pulse rate or

in the use of antihypertensive medication

(Radermacher et al. 2002). Sugiura and Wada

(2011) showed that high (>0.70) RRI as well as

proteinuria, low GFR and hypertension, are inde-

pendent risk factors for the progression of CKD

(follow-up 4 years) and reinforced the feeling

that RRI could be used as an additional tool for

predicting the progression of CKD. High RRI

could identify patients at high risk of end stage

renal disease, because the initial measurements

of RRI in patients with various nephropathies at

the time of renal biopsy is associated with severe

interstitial fibrosis and arteriolosclerosis and a

worse glomerular filtration rate at 18 months

(Bigè et al. 2012). In the high (>0.70) RRI

group of 202 patients with CKD who underwent

renal biopsies, RI � 0.7, hypertension, protein-

uria, and low eGFR at diagnosis were indepen-

dent risk factors for predicting worse renal

dysfunction.

In conclusion, according to the above reported

findings RRI in CKD patients can be considered

an independent predictor of renal failure, histo-

logical damage, and worse renal prognosis, as

well as a possible determinant of the response

to steroid therapy.

In middle aged and elderly hypertensive

subjects Doi et al. (2013) confirmed the relation-

ship between high RRI and worse cardiovascular

and renal outcomes and that the combination of

(<40 ml/min) eGFR and RRI was a powerful

independent predictor of worse outcome, even

when adjusted for traditional cardiovascular risk

factors. The independent role of RRI in outcomes

was maintained also for subjects with a GRF

<60 mL/min. It is noteworthy that patients with

both decreased eGFR and increased RRI had a

significant burden of CV risk factors and a higher

risk of the primary composite end points com-

pared with those with either isolated decreased

eGFR or increased RRI. Although both eGFR

and increased RRI reflect renal dysfunction, the

pathophysiological mechanisms leading to these

abnormalities may, at least in part, be different.

(Radermacher et al. 2002; Boddi et al. 2015; Doi

et al. 2013).

Increased RI could be considered a marker of

systemic atherosclerotic vessel damage, and

compounded with reduced eGFR it may signifi-

cantly increase the cardiovascular and renal risk.

Data obtained from renal transplant recipients

strongly supported that the predictive role of

RRI for renal and CV outcome was the expres-

sion of systemic and not renal determinants

(Chirinos and Townsend 2014; O’Neill 2014).

5 Resistant Hypertension

We have already mentioned that patients with

treatment-resistant hypertension showed high
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RRI (Mahfoud et al. 2012). In these patients renal

denervation was proposed as an attractive oppor-

tunity but so far only invasive procedures have

been tested with conflicting results. Recently an

approach for delivering externally focused ultra-

sound specifically targeting the perirenal artery

tissues has been proposed. The application of

acoustic energy creates a thermal field which is

capable of ablating renal nerves around the renal

artery, up to 1 cm beyond the lumen. In

69 patients with treatment-resistant hypertension

who underwent renal denervation with externally

delivered focused ultrasound, a good reduction

(24/10 mmHg) after 6 months was observed

without major side effects (Neuzil et al. 2016).

Further studies are needed to confirm these first

promising results.

6 Ultrasound Diagnostics
of Renal Artery Stenosis

Eligibility for ultrasound screening for renal

artery stenosis is based on clinical criteria

(Meola et al. 2016a, b; Schaberle et al. 2016).

Screened subjects are mostly adults (especially

elderly subjects) with atherosclerotic vascular

disease involving multiple districts and stage

2 and 3 CKD without a documented history of

renal disease. During a routine ultrasound exam-

ination a small kidney (length <9 cm) can sug-

gest ischemic damage due to renal artery

stenosis. The Doppler parameters used to define

stenosis as hemodinamically significant are well

standardized and can be divided into “major or

direct” and “minor or indirect”, or even

“intrarenal or extrarenal” parameters. The

criteria adopted by Zierler and Strandnes,

published in the American Journal of Hyperten-

sion 1996 (Zierler et al. 1996), are still in use.

Currently, RRI assay is the only Doppler param-

eter that provides information on the total vascu-

lar impedance of the parenchymal circle (Meola

et al. 2016b; Schaberle et al. 2016).

Direct criteria are peak systolic velocity

(PSV) and the ratio between PSV at renal steno-

sis and PSV in the aorta (Fig. 4); renal aortic ratio

(RAR) a- PSV determines the degree of stenosis

according to the continuity equation, because

PSV is inversely proportional to the cross-

sectional area of stenosis. However, PSV is also

influenced by current blood pressure, wall vessel

compliance, tortuosity of renal arteries and

chronic renal parenchymal damage. Hyper-

dynamic circle as observed in young people,

hyperthyroidism and anemia, can also affect

PSV. b-RAR compares the increased

intrastenotic flow velocity in the renal arteries

with the reference value measured in the aorta,

and permits the decrease of the influence of the

above mentioned systemic factors on PSV,

measured at renal artery. Under physiological

conditions the PSV along the main renal artery

ranges between 60 and 120 cm/sec.

We want to remind readers that since eccen-

tric stenosis results in a lower hemodynamic

effect at the same angiographic diameter reduc-

tion, compared with concentric stenosis, (50 % of

diameter reduction in concentric stenosis¼ 75 %

of area reduction, whereas ¼ 50 % in eccentric

stenosis), PSV can rise twice as high at the same

diameter reduction in eccentric stenosis. Com-

pared with gold standard angiography, PSV

measured by Color Duplex ultrasound shows

sensitivities of 71–98 % and specificities of

62–98 %. Studies usually set the PSV cut-off

value for >60 % renal artery stenosis at

180–200 cm/s, but they are determined by each

author using receiver operating characteristics

(ROC) curves, and different values are reported

by different authors. It is to be noticed that

selecting higher PSV cut-off values results in

lower sensitivity and greater specificity in ROC

curves compared with angiography (Meola et al.

2016b; Schaberle et al. 2016).

The combined use of PSV with RAR allows

the increase in sensitivity and specificity of

Doppler renal ultrasound to detect severe renal

artery stenosis (Schaberle et al. 2016).

End-diastolic peak velocity was reported as

stenosis criteria for the grading of carotid steno-

sis, but is markedly influenced by peripheral

resistance which increases early in renal paren-

chymal damage and its use in the grading of renal

artery stenosis is discussed.
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We would like to point out that only

>70–75 % RAS causes a relevant post-stenotic

pressure drop, activating the renin angiotension

system and requiring treatment. Only in high

grade drop in post stenotic pressure can the

severity of renal artery stenosis be calculated as

validated for iliac arteries (Meola et al. 2016b;

Schaberle et al. 2016).

Indirect criteria are based on the analysis of

post-stenotic Doppler frequency spectra found

distally to a >70 % renal artery stenosis, that

depend also on intrarenal wall vessel and extra-

vascular compliance and parenchyma function

(Fig. 4) 1- RRI assayed in the kidney distally to

renal artery stenosis shows a decreased differ-

ence between maximum and minimum flow

velocity with a tardus-parvus spectrum and is

lateralized with a difference in RRI >0.05

between the two kidneys, 2-Delayed acceleration

time (AT) i.e. delay in the systolic rise from end

diastole up to PSV on RRI spectral analysis.

These ultrasound findings suggest that the ische-

mic kidney is protected by marked vasodilation,

modulated by the self-regulating intrarenal

mechanisms (Meola et al. 2016b; Zierler et al.

1996) which predict a good outcome of revascu-

larization in terms of blood pressure control and

recovery of renal function.

Renal artery stenosis due to fibromuscular

dysplasia., usually discovered in young female,

is characterized by specific renal vascular

modifications and a normal renal function. For

this kind of renal artery stenosis has been clearly

shown the utility of doppler findings (PSV, RRI)

in evaluating the severity of stenosis and the

presence of intrarenal hemodynamic

modifications before and after interventional

procedures when compared to those obtained

from the gold standard such as selective renal

arteriography (Schaberle et al. 2016; Zierler

et al. 1996).

In subjects with atherosclerotic renal artery

stenosis, the typical post-stenotic criteria can be

well evident in patients aged <60, with normal

renal function, but not always in older patients

with combined arteriolosclerosis and renal dam-

age. These older subjects show high and symmet-

ric RRI. The concurrence of chronic renal

disease independently increasing RRI can hide

the hemodynamic effect of renal artery stenosis

and limit the information obtainable through

Doppler ultrasound. Moreover, when parenchy-

mal renal damage is asymmetrical as in

pielonephritis, the bias for RRI measurement as

marker of severe renal artery stenosis further

increases (Boddi et al. 2015) (Fig. 4).

Recently, RRI >0.73 measured in the kidney

controlateral to renal artery stenosis was the

strongest predictor of renal function, worsening

after renal revascularization also adjusted for

male sex, regional angioplasty without stenting,

obesity, pulse pressure >75 mmHg and serum

creatinine >1.8 mg/dl (Bruno et al. 2014).

When hypoperfusion due to renal arterial ste-

nosis persists for a long time and becomes

chronic, damage of renal parenchyma develops,

with a progressive reduction of renal volume and

increase in interstitial and vascular resistance

that results in high RRI (Bommart et al. 2010).

High RRI (>0.75), especially when associated

wih renal interpolar diameter < 9 cm and low

renal volume, predicts a bad outcome of revas-

cularization (Radermacher et al. 2001). An

increased RRI value >80 is a strong predictor

of renal functional decline in patients with renal

artery stenosis, despite correction of the stenosis.

As a whole data available in literature can be

summarized as follows:

(a) Asymmetric low RRI distal to renal artery

stenosis is a good marker of the hemody-

namic impact of renal artery stenosis on

renal parenchyma.

(b) When parenchymal disease concurs to renal

artery stenosis and causes a symmetrical

increase in RRI values, scarce or no infor-

mation can be obtained on the hemody-

namic impact of arterial stenosis on renal

parenchyma.

(c) High asymmetric RRI values (�0.80) distal

to renal artery stenosis, with low interpolar

diameter and volume of the ischemic kid-

ney, are associated to bad outcome after

revascularization.

(d) In subjectcs with renal artery stenosis and

high symmetric RRI values can be also the
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mirror of systemic rather than renal

parameters; in these subjects the predictive

role of RRI for good revascularization out-

come is under debate.

In the absence of direct or indirect signs of

renal artery stenosis, increases in the intrapar-

enchymal RRI (RI > 0.75 e/o > 0.80;

PI > 1.50) associated with systemic atheroscle-

rotic disease are indicative of microcirculatory

damage related to nephroangiosclerosis or

atheroembolic disease (Meola et al. 2016a).

7 Conclusions

The use of RRI in clinical practice is limited by

the incomplete knowledge of all renal and extra-

renal pathophysiological determinants that can

concur to modulate RRI value in a different

way in different subjects. In acute conditions

such as hydronephrosis and AKI, renal

determinants have a major role and RRI can

directly monitor renal damage. In vascular and

parenchymal nephropathies, the role of renal and

extra-renal determinants must be analyzed sin-

gly, according to the subject’s clinical

characteristics and questions put to RRI by the

internist, who searches for an early marker of

targeted organ damage in hypertension or diabe-

tes, or for an independent predictor of renal and

CV outcome (Lennartz et al. 2016). To summa-

rize, from the literature: (a) In hypertensives with

normal renal function and no albuminuria, RRI is

an early marker of renal damage and could

improve current clinical scores used to stratify

early renal damage. Especially in younger hyper-

tensive and diabetics subjects. In older subjects

RRI increases in accordance with the increase in

systemic vascular stiffness and the role of renal

determinants can weaken; because of this close

relationship, RRI is also a marker of systemic

atherosclerotic burden but the clinical relevance

was not specifically investigated. (b) In trans-

plant kidney and in chronic renal disease high

(>0.80) RRI values can mark renal damge and

independently predict renal failure. (c) Doppler

ultrasound allows diagnosis and grading of renal

stenosis in both fibromuscolar dysplastic and

atherosclerotic diseases and can indirectly mea-

sure the hemodynamic impact of renal artery

stenosis on the homolateral kidney. However, in

elderly subjects with atherosclerotic renal artery

stenosis coexisting renal diseases can indepen-

dently increase RRI by the augmentation in renal

vascular stiffness and tubulo-interstitial pressure

and partially or completely hidden changes due

to renal artery stenosis.

How and whether RRI assay could allow for

improving the prediction of renal damage and of

cardiovascular risk in asymptomatic subjects

remains a matter of debate.
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Abstract

Atherosclerotic Renal Artery Stenosis is a form or peripheral arterial

disease that tends to affect older subjects with hyperlipidemia, history of

tobacco use, and who have other coexistent forms of vascular insuffi-

ciency. An abdominal bruit on physical exam can be a helpful clue.

Slowly progressive, it can lead to critical narrowing of the renal arteries

which creates a cascade of events such as renin-angiotensin-aldosterone

activation (RAAS), hypertension, acute pulmonary edema, and renal

fibrosis. The hypertension is considered a secondary form and can even

be resistant to multiple antihypertensives. The diagnosis can be made with

imaging (duplex ultrasound CT scans, MRA, or angiography). Because of

the unique circulation to the kidney, stenting and angioplasty are rarely

curative. This was confirmed in three recent large clinical trials. Therapy

consists of lipid and blood pressure control, and dual anti-platelet agents.

Because the disease activates the RAAS system, ace inhibitors and angio-

tensin receptor blockers can be useful agents but carry the risk of ischemic

nephropathy, a form of acute kidney injury related to reduced renal blood

flow after challenge with these agents. As such these agents are used with

caution. Little is known about optimal blood pressure agents or the effect

of lifestyle modification.
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1 Introduction

Atherosclerotic Renal Artery Stenosis is a com-

mon finding in secondary hypertension
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evaluations. Many clues can lead to its diagnosis

including an abdominal bruit, history of tobacco

use, peripheral arterial disease, flash pulmonary

edema, and the development of acute kidney

injury on agents blocking the renin-angiotensin

system. It is an unusual form of peripheral arte-

rial disease in that stenting and angioplasty do

not seem to alter the clinical course of the disease

as compared with peripheral interventions else-

where (i.e. carotid and iliac arterial disease). This

chapter will focus on the diagnosis of the disease

and the therapeutic considerations in light of the

vast array of available clinical trial data.

2 Epidemiology

Atherosclerotic renal artery stenosis (ARAS)

commonly complicates chronic kidney disease

(CKD) and end-stage renal disease (ESRD). As

many as 5–15 % of patients who develop ESRD

and 5–22 % of patients with CKD over 50 years

old may have ARAS. It has an even higher prev-

alence in patients with other forms of atheroscle-

rotic vascular disease. Among those with

non-ESRD CKD, the absolute risk of cardiovas-

cular outcomes is greater than the risk of devel-

oping ESRD. In the ESRD population the

mortality rate is up to 50 % at 3 years (Rimmer

1993).

The degree of stenosis correlates inversely

with survival. Patients with incidentally found

moderate ARAS by angiogram often maintain

stable renal function and may not be at any

higher risk of ESRD than the general population

up to 10 years after diagnosis (Leertouwer

et al. 2001). Patients who go on to develop

ESRD were generally diagnosed later in the

course of the disease with worse renal function

and had a faster rate of decline in their remaining

renal function (Baboolal et al. 1998).

3 Pathogenesis

ARAS is due to atherosclerosis of the main blood

vessels to the kidneys, the left and right renal

arteries. Slowly developing, it follows the same

mechanisms of other atherosclerotic vascular

diseases such as coronary artery disease, carotid

stenosis, and peripheral arterial disease. ARAS

more commonly affects the proximal renal artery

or the ostium and the aortic take-off, versus

another form of renal arterial disease,

fibromuscular dysplasia (FMD). FMD tends to

occurs in younger patients, predominantly

women, and affects the middle portion of the

renal artery (Olin et al. 2012).

In ARAS over time the atherosclerotic

plaques impair blood flow to the kidney. Only

the renal cortex, the site of the glomerulus,

appears to undergo significant ischemia

(Gloviczki et al. 2011). Autoregulation, an early

compensatory mechanism, sustains renal blood

flow to a degree, but begins to fail once the

stenosis reaches roughly 60 % (Herrmann

et al. 2016). At this point, declining renal blood

flow and tissue hypoxia leads to renin release and

activation of the renin-angiotensin-aldosterone

system (RAAS) causing retention of sodium

and water and also peripheral vasoconstriction

(Ritchie et al. 2014). This all leads to hyperten-

sion associated with ARAS. This cascade of

events also leads to local release of cytokines,

inflammation, and eventually fibrosis and deteri-

oration of renal function (Gloviczki et al. 2011).

4 Clinical Presentation

The presentation of ARAS is often chronic and

insidious. As the ARAS progresses past the criti-

cal threshold from moderate to severe, the renal

function will be compromised. The glomerular

filtration rate (GFR) falls out of proportion to an

expected age-related decline. Urinalysis is usu-

ally bland (no hematuria nor proteinuria) as

ARAS has an initial pre-renal effect and

subsequent renal dysfunction occurs due to

hypertensive changes and fibrosis which has an

intrinsic renal effect. Hypertension that was once

easily controlled but now resistant or acutely

worsening can be a sign of worsening RAS and

should be considered during work up for second-

ary hypertension (Rimmer 1993).
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Classically, ARAS may present with hyper-

tensive crisis and associated flash pulmonary

edema. Worsening renal function after starting

RAAS blockade, ischemic nephropathy, or renal

function that is excessively sensitive to intravas-

cular volume may be clues to the diagnosis

(Textor and Wilcox 2000). Many advocate stop-

ping RAAS blockade if the serum creatinine rises

by more than 30 % after use of such agents.

ARAS is almost always associated with other

forms of atherosclerotic diseases. Common risk

factors are hyperlipidemia, smoking, and age

over 50. On physical exam it may be possible to

auscultate an abdominal bruit due to turbulent

flow past a stenosis in a renal artery. Imaging of

the kidneys is especially useful as it may reveal

asymmetric or smaller than expected kidneys

(Rimmer 1993). Table 1 lists common attributes

of ARAS.

5 Diagnosis

A hallmark of ARAS is an elevated plasma renin

assay and serum aldosterone concentration. Once

suspected, duplex ultrasonography, magnetic

resonance angiography (MRA) and computed

tomography angiography (CTA) can aid in diag-

nosis (Rimmer 1993).

Duplex ultrasonography is the least sensitive

and specific modality but is a safe and reasonable

first test. It is labor-intensive, time-consuming,

operator dependent, and in certain patients, par-

ticularly the obese, it is of limited utility. The

resistive index ([peak systolic velocity –

end-diastolic velocity] divided by peak systolic

velocity) when added to duplex Doppler ultraso-

nography may aid in diagnosing RAS. A higher

resistive index is indicative of more extensive

atherosclerotic burden distal to the main renal

arteries. Controversy exists as to whether a

lower resistive index (i.e. < 80 %) represents

an opportunity for revascularization resulting in

lowering blood pressure (Williams et al. 2007).

MRA confers the risk of gadolinium-induced

nephrogenic systemic fibrosis, a syndrome linked

to individuals with a GFR <30 ml/min. Using

arteriography as the gold standard, MRA had

excellent sensitivity and specificity (100, 96 %

respectively) for the detection of stenosis of the

main renal arteries, but was less helpful in acces-

sory renal arteries (Textor 2004).

CTA requires a significant volume of contrast

and may be contraindicated in those with advanc-

ing CKD. Multidetector, spiral CTA can provide

excellent sensitivity (96 %) and specificity

(97 %), but is probably just a bit inferior to

MRA (Crutchley et al. 2009). Conventional

intra-arterial angiography can confirm the diag-

nosis but also carries a contrast nephropathy risk

as well as that of atheroemboli. Blood oxygen

level-dependent MRI which can identify renal

ischemia in a non-invasive way may be a

promising imaging modality (Gloviczki

et al. 2011).

6 Treatment

Several recent clinical trials have addressed the

role of interventional therapies versus medical

management. The success of percutaneous

Table 1 Features of atheroclerotic renal arterial disease (ARAS)

Age of onset

(years) 50–60

Common lab

findings

AKI after RAAS agent usage.

Preferred BP

agents

Unknown but caution with RAAS agents.

Location of lesion Typically ostial, proximal 1/3 of renal artery versus Fibromuscular Dysplasia which affects

middle portion of renal artery

How diagnosed? Duplex ultrasound, CT Angiography, MR Angiography

Risk factors Hyperlipidemia, Age > 50, Tobacco use

Rimmer (1993), Ritchie et al. (2014) and Textor and Wilcox (2000)
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interventions in other peripheral arterial sites has

not been demonstrated in RAS. Three

randomized trials, ASTRAL, CORAL, and

STAR compared standard medical therapy to

the same therapy plus intervention (stenting/

angioplasty) (Levy and Creager 2009; Cooper

et al. 2014; Bax et al. 2009). The trials found

no improvement in renal function, clinically sig-

nificant reduction in antihypertensive

requirements, nor mortality benefit, while mor-

bidity was not trivial among those stented. Per-

cutaneous interventions are no longer the

standard of care in the management of ARAS

following these trials and as such Medicare

claims data for such procedures fell dramatically

following the publication of these trials (Bax

et al. 2009). While there may be a benefit to

revascularization in a smaller population of

patients with recurrent flash pulmonary edema,

severe resistant hypertension, or rapidly progres-

sive CKD, this has been poorly studied.

The disappointing results in intervention trials

have paved the way toward a newer paradigm in

therapy of ARAS. In the absence of compelling

data regarding who will respond to vascular

interventions, we reserve stenting and angio-

plasty for those who have failed medical therapy

and develop resistant or refractory hypertension

and/or pulmonary edema. At that point there is

little else to offer and we feel the risks of the

procedure are justified.

Now, the most important goal is to optimize

any potential risk factors present. This includes a

comprehensive effort to control hypertension,

hyperlipidemia, and limit platelet aggregation.

Hyperlipidemia can be managed with a statin.

Dual antiplatelet therapy may be employed

depending on risk factors for bleeding (Cooper

et al. 2014).

The control of hypertension associated with

ARAS is complicated. As noted above, ARAS

leads to increased activation of the RAAS system

making it is a logical target to guide therapy.

Angiotensin-converting enzyme inhibitors

(ACEI) and angiotensin-receptor blockers

(ARB) are key components for controlling the

hyperactivation of the RAAS system, but con-

founded by the potential for ischemic

nephropathy. About 20 % of patients with

ARAS will have an unacceptable deterioration

in renal function (>30 % rise in serum creati-

nine) following initiation of RAAS blockade

(Franklin and Ronald 1985). We do not advocate

the use of RAAS agents without nephrology con-

sultation. A subject with ARAS and treated with

RAAS agents must have regular bloodwork (cre-

atinine, blood urea nitrogen, and potassium) and

must strictly avoid nonsteroidal agents that alter

renal hemodynamics, as well as be mindful of

developing volume depletion. Still, the benefits

of RAAS blockade in delaying the progression of

CKD and their particular mechanism of action

make these agents a potentially valuable option.

Little data exists about the best agents to con-

trol blood pressure, but we can use the

experiences in STAR, ASTRAL, and CORAL

(Levy and Creager 2009; Cooper et al. 2014;

Bax et al. 2009). Table 2 highlights the features

of the trials and agents used. RAAS blocking

agents were used quite commonly if not outright

mandated for use. The CORAL trial provided an

ARB (Candesartan) to all patients and also man-

dated the use of Hydrochlorothiazide, and the

combination pill of Amlodipine and

Atorvastatin. RAAS agents were used to a lesser

degree (40–60 %) in the other trials. Both STAR

and ASTRAL emphasized lipid control and anti-

platelet agents as well.

As with all forms of resistant hypertension

(RH), focusing on modifiable factors should sup-

plement pharmacologic and/or interventional

Table 2 Clinical trials in renal artery stenosis (RAS)

Trial Coral Star Astral

Year 2014 2009 2009

Number of patients 921 140 806

Mean age (Yrs) 69 69 70

Mean BP or SBP (mm Hg) 150 150 150/

76

Primary endpoint P value NS NS NS

Baseline GFR (ml/min) 58 46

(CrCl)

40

Mean # Drugs * 2.9 2.8

% Taking ACEI or ARB 100 56–60 38–47

Levy and Creager (2009), Cooper et al. (2014) and Bax

et al. (2009)

* Implies no data available on that parameter
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therapies. The effect of lifestyle modification on

RH is being investigated across a broad class of

hypertensive diseases in the upcoming Triumph

Trial and may shed light on the role of weight

loss, sodium restriction, and exercise on the pro-

gression of ARAS (Blumenthal et al. 2015). In

the CORAL trial some of the reassuring renal

outcomes were attributed to addressing smoking,

diabetes, and other non-hypertension factors.

7 Conclusions

ARAS is frequently identified in patients with

high risk for peripheral arterial disease,

diagnosed by duplex ultrasonography, CT angi-

ography, MR angiography, or direct visualiza-

tion. Therapy addresses blood pressure control,

lipids, and utilizing anti-platelet therapy. The

approach to interventional therapies is complex

and we advocate a case-by-case basis to deter-

mine how to proceed. Modifying risk factors

such as smoking, diabetes, sedentary lifestyle,

and use of confounding agents like

non-steroidals and sodium are

non-pharmacologic adjuncts we expect to play a

bigger role in the future.

References

Baboolal K, Evans C, Moore R (1998) Incidence of

end-stage renal disease in medically treated patients

with severe bilateral atherosclerotic renovascular dis-

ease. Am J Kidney Dis 31(6):971–977

Bax L et al (2009) Stent placement in patients with ath-

erosclerotic renal artery stenosis and impaired renal

function: a randomized trial. Ann Intern Med 150

(12):840–848

Blumenthal JA et al (2015) Lifestyle modificcation for

resistant hypertension: the TRIUMPH randomized

clinical trial. Am Heart J 170(5):986–994

Cooper C et al (2014) Stenting and medical therapy for

atherosclerotic renal- artery stenosis. N Engl J Med

370:13–22

Crutchley TA, Pearce JD, Craven TE et al (2009) Clinical

utility of the resistive index in atherosclerotic renovas-

cular disease. J Vasc Surg 49:148

Franklin SS, Ronald DS (1985) Comparison of effects of

enalapril plus hydrochlorothiazide versus standard tri-

ple therapy on renal function in renovascular hyper-

tension. Am J Med 79.3:14–23, Web

Gloviczki ML, Glockner JF, Crane JA, Mckusick MA,

Misra S, Grande JP, Lerman LO, Textor SC (2011)

Blood oxygen level-dependent magnetic resonance

imaging identifies cortical hypoxia in severe renovas-

cular disease. Hypertension 58(6):1066–1072

Herrmann SMS, Saad A, Eirin A, Woollard J, Tang H,

Mckusick MA, Misra S, Glockner JF, Lerman LO,

Textor SC (2016) Differences in GFR and tissue

oxygenation, and interactions between stenotic and

contralateral kidneys in unilateral atherosclerotic

renovascular disease. Clin J Am Soc Nephrol 11

(3):458–469

Leertouwer TC, Pattynama PMt, Van Den Berg-

Huysmans A (2001) Incidental renal artery stenosis

in peripheral vascular disease: a case for treatment?

Kidney Int 59(4):1480–1483

Levy MS, Creager MA (2009) Revascularization versus

medical therapy for renal-artery stenosis. The

ASTRAL investigators. N Engl J Med

361:1953–1962, Vasc Med 15.4 (2010):343–345.

Web

Olin JW, Froehlich J, Gu X, Bacharach JM, Eagle K, Gray

BH, Jaff MR, Kim ES, Mace P, Matsumoto AH,

McBane RD, Kline-Rogers E, White CJ, Gornik HL

(2012) The United States registry for fibromuscular

dysplasia: results in the first 447 patients. Circulation

125(25):3182

Rimmer JM (1993) Atherosclerotic renovascular disease

and progressive renal failure. Ann Intern Med

118.9:712

Ritchie J, Green D, Chrysochou C, Chalmers N, Foley

RN, Kalra PA (2014) High-risk clinical presentations

in atherosclerotic renovascular disease: prognosis and

response to renal artery revascularization. Am J Kid-

ney Dis 63(2):186–197

Textor SC (2004) Pitfalls in imaging for renal artery

stenosis. Ann Intern Med 141:730

Textor SC, Wilcox CS (2000) Ischemic nephropathy/

azotemic renovascular disease. Semin Nephrol 20

(5):489–502. Web

Williams GJ, Macaskill P, Chan SF et al (2007) Compar-

ative accuracy of renal duplex sonographic parameters

in the diagnosis of renal artery stenosis: paired and

unpaired analysis. AJR Am J Roentgenol 188:798

Atherosclerotic Renal Artery Stenosis 213



Adv Exp Med Biol - Advances in Internal Medicine (2017) 2: 215–237

DOI 10.1007/5584_2016_26

# Springer International Publishing AG 2016

Published online: 19 November 2016

Endocrine Hypertension: A Practical
Approach

Joseph M. Pappachan and Harit N. Buch

Abstract

Elevated blood pressure resulting from few endocrine disorders (endo-

crine hypertension) accounts for a high proportion of cases of secondary

hypertension. Although some features may be suggestive, many cases of

endocrine hypertension remain silent until worked up for the disease. A

majority of cases result from primary aldosteronism. Other conditions that

can cause endocrine hypertension are: congenital adrenal hyperplasia,

Liddle syndrome, pheochromocytomas, Cushing’s syndrome, acromeg-

aly, thyroid diseases, primary hyperparathyroidism and iatrogenic hor-

mone manipulation. Early identification and treatment of the cause of

endocrine hypertension may help to reduce morbidity and mortality

related to these disorders. This article gives a comprehensive and practical

approach to the diagnosis and management of endocrine hypertension.

Keywords

Endocrine hypertension • Primary aldosteronism • Congenital adrenal

hyperplasia • Liddle syndrome • Pheochromocytoma • Cushing’s
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1 Introduction

Hypertension is a chronic condition with multi-

system involvement and is associated with high

morbidity and mortality. The prevalence of

hypertension is approximately 40 % among

adults over the age of 25 years and contributes

to 45–50 % of deaths due to heart disease and

stroke (World Health Organization. Obesity and

overweight 2015). Although the prevalence of

hypertension is high in the general population,

only in around 10 % of cases an underlying spe-

cific cause can be identified (secondary hyperten-

sion), of which the majority are related to renal

and endocrine disorders (Young 2015). If sec-

ondary hypertension is suspected, it is important
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to identify the cause, as treatment of the primary

condition may lead to complete or partial cure of

hypertension.

A multitude of endocrine disorders can pres-

ent with secondary hypertension, collectively

termed here as endocrine hypertension. Some of

these disorders may present with unique clinical

features while the others may be asymptomatic

and identified during work-up of resistant hyper-

tension (refractory to standard anti-hypertensive

therapy), or a hypertension-related complication.

Early diagnosis and appropriate management of

the primary illness often result in marked

improvement or cure of hypertension. In this

chapter, we describe a comprehensive and prac-

tical approach to endocrine hypertension.

2 When to Suspect Endocrine
Hypertension?

Secondary hypertension is suspected in patients

who present with: hypertension at an early age,

sudden onset of uncontrolled hypertension, loss

of control over previously well-controlled blood

pressure and a hypertensive emergency (Velasco

and Vongpatanasin 2014; Weber et al. 2014;

Thomas et al. 2015).

Endocrine hypertension is the second most

common cause of secondary hypertension after

renal disease, and forms a major aetiological

factor for resistant hypertension. A diagnosis of

endocrine hypertension may be obvious when

patients present with typical clinical features of

the underlying condition like acromegaly,

Cushing syndrome, hyperthyroidism, hypothy-

roidism and features of virilisation in congenital

adrenal hyperplasia (Young 2015). They may

present with a typical history e.g. paroxysmal

palpitations and orthostatic hypotension in

phaeochromocytoma (Pappachan et al. 2014;

Desai et al. 2009; Kiernan and Solórzano 2016).

Occasionally routine laboratory tests in a patient

with hypertension may raise the suspicion of an

endocrine cause e.g. hypokalemia in

mineralcorticoid excess (Thomas et al. 2015).

However, in a high proportion of patients, an

endocrine cause may not be obvious, and all

patients suspected to have secondary hyperten-

sion should be evaluated for an endocrine cause

unless an alternative aetiology for hypertension

is obvious from the initial clinical and laboratory

picture.

3 Causes of Endocrine
Hypertension

A number of endocrine conditions can result in

hypertension although only a few of them are

common in clinical practice. A detailed discus-

sion of individual disorders, the clinic-

pathological features and diagnostic evaluation

is elaborated below.

4 Primary Mineralocorticoid
Excess

Mineralocorticoids are steroid hormones that

control the water and salt balance in the body.

Aldosterone is the principal endogenous miner-

alocorticoid hormone in the body although other

hormones including glucocorticoids and sex

steroids may exert mineralocorticoid effects.

Aldosterone is synthesised by the zona

glomerulosa cells of the adrenal cortex, and is

under control of angiotensin II, plasma potas-

sium levels, and to a lesser extent adrenocorti-

cotrophin (ACTH).

Clinical conditions in which primary mineral-

ocorticoid excess can occur are: overproduction

of mineralocorticoid hormones as in primary

aldosteronism (PA) and congenital adrenal

hyperplasia (CAH), or increased effect of miner-

alocorticoid hormones as in Liddle syndrome,

syndrome of apparent mineralocorticoid excess

(AME), pseudohypoaldosteronism type

2 (Gordon syndrome) and Geller syndrome.

These conditions are elaborated in the sections

below.
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4.1 Hypermineralocorticoidism

Overproduction of aldosterone occurs in PA or

CAH, and these disorders are elaborated in the

following sections.

4.1.1 Primary Aldosteronism (PA)
PA is one of the most common disorders that

causes secondary hypertension and forms the

majority of cases of endocrine hypertension.

The disease accounts for 5–13 % of cases in

people with age of onset of hypertension between

30 and 60 years (Thomas et al. 2015; Young

2007). About 10 % of cases in hypertension

clinics, 4 % in the community (Hannemann and

Wallaschofski 2012; Boulkroun et al. 2015), and

nearly 20 % with resistant hypertension are

estimated to be resulting from PA (Boulkroun

et al. 2015). The variability in the reported inci-

dence is related to the use of different definitions,

biochemical tests and cut-offs. Nearly 60–65 %

of cases of PA are from idiopathic hyperaldos-

teronism (IHA) and 30–35 % result from an

aldosterone producing adrenal adenoma (APA)

(Thomas et al. 2015; Young 2007). Roughly 5 %

of cases of PA are familial (familial hyperaldos-

teronism type I, II and III [FH-I, II and III]) with

clear genetic background (Zennaro et al. 2015a).

Pathophysiology

PA results from aldosterone over-production

with a consequent suppression of plasma renin,

and manifests with hypertension, retention of

sodium, and over-excretion of potassium that

may lead to hypokalemia (Funder et al. 2008).

Although many of the complex molecular, cellu-

lar and genetic mechanisms involved in these

pathways have been recently elucidated

(Boulkroun et al. 2015; Zennaro et al. 2015a;

Piaditis et al. 2015), they are beyond the scope

of this chapter. Excess production of aldosterone

in PA has multiple biologic and pleiotropic

effects in human body that results in the

manifestations and complications of the disease.

Aldosterone causes retention of sodium from

the distal renal tubules and collecting ducts in

exchange for hydrogen and potassium ions. The

corresponding increase in the water absorption

results in an increase in blood volume and blood

pressure and the loss of hydrogen ions and potas-

sium results in a state of hypokalemic metabolic

alkalosis in some but not all patients (Thomas

et al. 2015; Mulatero et al. 2004). A reduction of

plasma renin levels is classical of PA. Apart from

the usual complications related to essential

hypertension, PA is found to be associated with

elevated risk of cardiac hypertrophy and fibrosis,

vascular endothelial dysfunction, albuminuria

and nephrocalcinosis.

Clinical Presentation

Although the classical presentation of PA is with

resistant hypertension and hypokalemia (some-

times symptomatic), it is not often observed in

clinical practice (Thomas et al. 2015; Funder

et al. 2008). The following categories of cases

should be considered for screening: hypertension

inadequately controlled with three or more anti-

hypertensive medications, hypertension with an

adrenal incidentaloma, hypertension in young

adults, or those presumed to have secondary

hypertension (Thomas et al. 2015; Young

2007). Apart from these categories, the 2008

American Endocrine Society Guidelines also

suggest screening for: hypertensives with

diuretic-induced hypokalemia, patients with

family history of early-onset hypertension or

stroke before 40 years of age and hypertensive

patients with a first degree relative having PA

(Thomas et al. 2015; Manolopoulou et al. 2015).

Diagnostic Approach

Initial Screening Patients with suspected PA

should be tested with an estimation of plasma

aldosterone and renin levels with the calculation

of aldosterone to renin ratio (ARR). The assay

should be ideally performed in the morning after

the individual has been out of bed for 2 h and

seated for 5–15 min (Thomas et al. 2015; Funder

et al. 2008). Different laboratories use different

units and cut off values for ARR depending on

the assay, and a practical approach could be

following the local guidelines. A recent study

using a method-specific ARR cut-off of 1.2
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(ng/dl)/(μIU/ml), determined with direct,

automated chemi-luminescence immunoassays

allowing the simultaneous measurement of

plasma aldosterone and renin concentrations,

provided 98.9 % sensitivity and 78.9 % specific-

ity (Manolopoulou et al. 2015). These results have

been reproduced by other studies but method-

specific cut off needs to be derived. Different

centres use renin activity or renin concentration,

and the ratio cut-off is significantly affected by

this and other laboratory-based variables. An

absolute cut-off value for aldosterone concentra-

tion (also method-specific) is often used as an

additional criterion to make ARR more specific.

Aldosterone antagonists and beta-blockers should

be withdrawn prior to the test as they dispropor-

tionately affect the ARR.

Confounders Several antihypertensive medi-

cations can interfere with the screening results

to a varying extent because of interference with

the renin-angiotensin-aldosterone (RAA) system

causing high false-positive and false-negative

rates, with betablockers and diuretics being the

main culprits. Hypokalemia, and treatment with

antihypertensive medications such as

dihydropyridine group of calcium channel

blockers, angiotensin convertase enzyme

inhibitors and angiotensin II receptor blockers,

can cause false negative results of ARR in

patients with mild PA. Discontinuation of

interfering medications for sufficient time period

may be considered if feasible. For example,

diuretics and aldosterone antagonists should be

withdrawn 4 weeks prior to, and the other

antihypertensives described above, 2 weeks

prior to the intended ARR estimation (Funder

et al. 2008). Antihypertensives such as verapamil

(slow release), hydralazine and alpha-adrenergic

blockers possess minimal effects on RAA system

and are recommended for control of hypertension

before ARR measurement if other antihyperten-

sive drugs are to be discontinued (Thomas

et al. 2015; Funder et al. 2008). However, in

patients with severe hypertension resistant to

conventional medications, switching to these

drugs may not be easy, considering the

anticipated hypertensive complications.

Biochemical Confirmation Although a raised

ARR in a clinically relevant scenario is highly

suggestive of PA, one of the four confirmatory

tests is recommended by the American Endo-

crine Society Guidelines (Funder et al. 2008).

These tests are: oral sodium loading with mea-

surement of urinary aldosterone excretion, intra-

venous saline infusion with measurement of

plasma aldosterone levels (levels suppressed in

absence of PA), fludorcortisone suppression test

and captopril challenge test. The latter two tests

are not routinely used now, and severe uncon-

trolled hypertension and heart failure are relative

contraindications to the former two (Thomas

et al. 2015). The former two confirmatory tests

may become necessary in cases with mild PA,

where the ARR is only marginally elevated in the

absence of severe hypertension or heart failure. A

detailed description and interpretation of the con-

firmatory tests and results are beyond the scope

of this chapter and are freely available to the

readers in the full text of the American Endocrine

Society Guidelines (Funder et al. 2008).

Adrenal Imaging Computed tomography

(CT) scan of the adrenal glands is recommended

in all cases of PA for localisation of the disease

and to exclude the small possibility of an adreno-

cortical carcinoma (Thomas et al. 2015; Funder

et al. 2008). Adrenal CT is preferred over mag-

netic resonance imaging (MRI) as an imaging

modality for localisation purpose because it is

more economical and has better spatial resolu-

tion. However, adrenal imaging had a low sensi-

tivity of 58.6 % to detect unilateral disease (Lim

et al. 2014).

Adrenal Venous Sampling (AVS) AVS is the

gold standard test for detection of the source of

aldosterone excess, and is recommended in most

cases for lateralisation of the abnormal adrenal

gland if a surgical cure is contemplated. The

technical difficulty with the procedure, lack of

availability in many centres and relatively higher

complication rates (about 5 %) are the main

concerns in the routine performance of AVS. A

recent expert consensus statement recommends

avoiding AVS in the following situations: age
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is < 40 years with marked PA in presence of a

typical unilateral adrenal adenoma and normal

appearance of the opposite adrenal on CT, suspi-

cion of adrenocortical carcinoma from adrenal

imaging, high risk cases for adrenalectomy,

proven cases of FH-I and FH-III (Thomas

et al. 2015; Rossi et al. 2014).

Tests for Familial Hyperaldosteronism (FH)

FH-I (GRA) is screened by a low-dose dexa-

methasone suppression test with serial

measurements of blood pressure and plasma

aldosterone levels (Mussa et al. 2012; Korah

and Scholl 2015). Normalisation of blood pres-

sure and suppression of aldosterone are

characteristics of FH-I. In addition, urinary

18-oxocortisol and 18-hydroxycortisol are usu-

ally elevated in patients with FH-I (Mussa

et al. 2012). In patients with FH-II, blood pres-

sure is un-responsive to glucocorticoid challenge

and aldosterone suppression is partial or absent

(Mussa et al. 2012). Urinary 18-oxocortisol and

18-hydroxycortisol levels are normal/moderately

elevated. Blood pressure is unresponsive/

increases with a paradoxical increase in aldoste-

rone levels occurs in cases of FH-III during

dexamethasone suppression test (Mussa

et al. 2012). The urinary 18-steroid metabolites

are very high in FH-III. Genetic testing confirms

the autosomal dominant gene mutations in all the

three forms of FH (Korah and Scholl 2015;

Zennaro et al. 2013).

Management of PA

Surgical Management Surgical management is

possible only in selected cases of PA where there

is a clear evidence of lateralisation of the aldo-

sterone excess to the side of an adrenal adenoma

as described above. A recent systematic review

showed that adrenalectomy for unilateral disease

was associated with normalization of blood pres-

sure in about 42 % (range 20–72) and cure of PA

in 96–100 % with a mean complication rate of

4.7 % among 1056 patients (Muth et al. 2015).

Compared to medical therapy, use of fewer anti-

hypertensive drugs, improvement of quality of

life, and possibly all-cause mortality were

observed after surgery, although without an

observed benefit on cardiovascular

complications.

Laparoscopic adrenalectomy is the preferred

surgical procedure because of lower morbidity,

shorter length of hospital stay and faster recovery

compared to open adrenalectomy. Partial adre-

nalectomy may be an option in selected case of

unilateral PA. Both hypertension and hypokale-

mia should be well controlled pre-operatively,

and levels of plasma aldosterone and renin

should be measured postoperatively to assess

the biochemical response (Thomas et al. 2015;

Funder et al. 2008). Withdrawal of potassium

supplements and mineralocorticoid receptor

(MR) antagonist are usually possible on the first

postoperative day after successful surgery, with

reduction/discontinuation of antihypertensive

medications within 1–6 months in most cases.

Bilateral adrenalectomy may be necessary in

FH-III to control the disease (Mussa et al. 2012).

Medical Therapy Medical treatment is the

option in a majority of cases of PA with bilateral

disease and in cases not appropriate for adrenal-

ectomy. MR antagonist spironolactone is the first

line of treatment. With a starting dose of

12.5–25 mg, the dose is gradually up-titrated to

optimise the dose (usually up to 100 mg daily) to

get adequate control of BP and potassium levels.

Eplerenone, a selective MR antagonist, is started

at a dose of 25 mg once or twice daily. Caution

must be taken in chronic kidney disease stage

3 and above while using these drugs.

Amiloride/triamterene are useful alternative

medications if MR antagonists are not tolerated/

contra-indicated (Funder et al. 2008).

PA resulting from FH-I (GRA) should be

managed with glucocorticoids in adults and MR

antagonists in paediatric cases (because of the

effect of steroids on growth retardation) until

they reach adulthood. Starting dose of dexameth-

asone is 0.125–0.25 mg or prednisolone is

2.5–5 mg at night and the doses are titrated to

partially suppress the ACTH levels to optimise

the aldosterone levels and BP control (Funder
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et al. 2008). FH-II is managed with MR

antagonists +/� amiloride to optimise BP

control.

4.1.2 Congenital Adrenal Hyperplasia
(CAH) with Mineralocorticoid
Excess

CAH is the most common inborn error of adrenal

gland function (Speiser 2015; Sahakitrungruang

2015; Miller and Auchus 2011). There are differ-

ent forms of CAH depending on the type of

genetic mutations and the related enzyme defect

in the adrenocortical hormone synthesis that

cause these disorders. Two types of enzyme

defects cause mineralocorticoid excess in CAH,

viz. 11-β-hydroxylase deficiency (11OHD) and

17-α-hydroxylase deficiency (Sahakitrungruang

2015).

About 5–8 % of cases of CAH among

Caucasians and about 15 % among Middle-

Eastern populations results from 11OHD

(Sahakitrungruang 2015; Miller and Auchus

2011). The enzyme deficiency causes decreased

cortisol production with accumulation of

11-deoxycortisol and 11-deoxycorticosterone

(DOC; a mineralocorticoid precursor). The dis-

ease is transmitted as an autosomal recessive trait

with more than 80 mutations described already

(Zennaro et al. 2015b). Hypertension and varying

degrees of virilisation and precocious puberty in

both sexes are the results of 11OHD clinically.

17-α-hydroxylase deficiency results in a

reduction of cortisol synthesis with overproduc-

tion of corticosterone, and deoxycorticosterone

(mineralocorticoid). Hypertension, hypokalemia

and sexual infantilism secondary to hypergona-

dotropic hypogonadism are the common clinical

features of this disorder. Inheritance pattern is

autosomal recessive with more than 90 gene

mutations described to date (Zennaro

et al. 2015b).

Diagnostic Approach to CAH (with

Mineralocorticoid-Induced Hypertension)

Diagnosis of 11OHD is established by elevated

baseline levels of DOC and 11-deoxycortisol

with significant increase in the levels following

ACTH challenge (Sahakitrungruang 2015;

Zennaro et al. 2015b). Plasma renin and aldoste-

rone levels will be low. Definitive diagnosis is

proved with genetic testing for the mutation.

17-α-hydroxylase deficiency results in elevated

levels of DOC, ACTH and gonadotropins with

suppressed levels of androgens and estrogen

(Zennaro et al. 2015b; Kim and Rhee 2015).

Unlike the classical and non-classical forms of

CAH, levels of 17-hydroxyprogesterone levels

are low and the levels do not rise with ACTH

challenge. Genetic testing establishes the diagno-

sis with identification of the related mutations.

Management

The mainstay of management in patients with

11OHD is glucocorticoids that normalise

ACTH, the driving force for DOC overproduc-

tion, with improvement of hypertension

(Zennaro et al. 2015b). Addition of MR

antagonists such as spironolactone or eplerenone

may be necessary in some cases to treat hyper-

tension. Patients with 17-α-hydroxylase defi-

ciency should be treated with glucocorticoids

and sex steroids when necessary (Zennaro

et al. 2015b; Kim and Rhee 2015). The genital

abnormalities related to virilisation should be

managed by appropriate surgical procedures.

Increased Mineralocortocoid Action

Even with normal levels of mineralocorticoid

hormones, mineralocorticoid-related hyperten-

sion can result from rare genetic disorders from

exaggerated actions of the hormone at the

receptor/effecter-tissue levels. These disorders

are briefly discussed in the following section.

4.1.3 Liddle Syndrome
This is an autosomal dominant genetic disorder

associated with hypertension, hypokalemia, met-

abolic alkalosis, and low plasma renin and aldo-

sterone levels. Because of similarity to the

clinical presentation of PA, the condition is

termed “pseudoaldosteronism” (Wang

et al. 2015). Liddle syndrome results from gain-

of-function mutations in genes encoding the

subunits of epithelial sodium channel (ENaC)

that cause increased sodium re-absorption and

potassium loss from the kidney and hypertension
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(Zennaro et al. 2015b; Wang et al. 2015;

Melcescu et al. 2012).

Diagnosis is considered in hypertensives with

a family history of early-onset hypertension,

hypokalemia, low levels of renin and aldoste-

rone, and prompt response to ENaC antagonists

such as amiolride and triamterine without

response to MR antagonists (Zennaro

et al. 2015b; Wang et al. 2015; Melcescu

et al. 2012). Confirmation of the diagnosis is by

screening for mutations in the genes encoding the

β and γ subunits ENaC. Patients are managed by

a low sodium diet and ENaC antagonists.

4.1.4 Syndrome of Apparent
Mineralocorticoid Excess (AME)

AME is an autosomal recessive disorder

characterised by hypertension, hypokalemia,

metabolic alkalosis with low levels of plasma

renin and aldosterone levels (Zennaro

et al. 2015b; Melcescu et al. 2012). It is caused

by mutations in the HSD11B2 gene coding for

the enzyme 11β-Hydroxysteroid dehydrogenase

2 (HSD11B2) on chromosome 16 (Zennaro

et al. 2015b; Melcescu et al. 2012). This enzyme

is responsible for the inter-conversion of cortisol

to cortisone in aldosterone-selective tissues

including kidneys liver, colon, salivary glands,

lungs, placenta and some neural tissues. Around

40 different types of mutations are described in

the gene already (Zennaro et al. 2015b).

Severe form of the disease is usually

diagnosed in early childhood with hypertension,

polyuria, polydypsia, hypokalemia, metabolic

alkalosis and failure to thrive in presence of

suppressed plasma renin and aldosterone levels

(Zennaro et al. 2015b; Melcescu et al. 2012).

Short stature, renal cysts and nephrocalcinosis

may be present in some cases (Zennaro

et al. 2015b; New et al. 2005). Milder forms

may present during adult life. Biochemical diag-

nosis of AME is based on measurement of the

ratio of urinary metabolites of cortisol to corti-

sone (high ratio in cases) (Zennaro et al. 2015b;

New et al. 2005). Confirmation of the diagnosis

is by genetic testing. Management is usually by

MR antagonists +/� thiazide diuretics along with

small doses of dexamethasone.

4.1.5 Pseudohypoaldosteronism Type
2 (Gordon Syndrome; Familial
Hyperkalemic Hypertension)

This is a rare genetic disorder associated with

hypertension, hyperkalemic-hyperchloremic

metabolic acidosis, low renin and normal or ele-

vated levels of aldosterone (Zennaro et al. 2015b;

Melcescu et al. 2012). Multiple genetic

mutations are identified (in the genes WNK1,

WNK4, KLHL3 and CUL3) that modulate the

thiazide-sensitive Na-Cl cotransporter in the kid-

ney leading to increased re-absorption of sodium

and chloride from the kidney with the resultant

biochemical and clinical manifestations of the

disease.

Diagnosis is based on the biochemical

abnormalities described above and the genetic

testing for different culprit gene mutations

(Zennaro et al. 2015b; Melcescu et al. 2012).

Management of the disease is with dietary

sodium restriction and thiazide diuretics.

4.1.6 Geller Syndrome
This disorder results from a mutation activating

the mineralocorticoid receptor (MR) that was

first described by Geller et al. in 2000 (Geller

et al. 2000). The index case presented with early-

onset severe hypertension associated with low

plasma renin and aldostereone, and exacerbation

of hypertension during pregnancy. So far, only

one family has been identified with a p.

Ser810Leu mutation, located in the ligand bind-

ing domain of the MR (Zennaro et al. 2015b;

Melcescu et al. 2012). Amiloride may be effec-

tive in the correction of the biochemical

abnormalities and improvement of hypertension,

but spironolactone has to be avoided as it is a

potent agonist of the mutant receptor (Zennaro

et al. 2015b).

A flow chart depicting the algorithm for work

up and management of primary mineralocorti-

coid excess states is shown in Fig. 1.
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5 Pheochromocytomas
and Paragangliomas

Pheochromocytomas (PCC) and paragangliomas

(PGL) are rare neuroendocrine tumours arising

from the chromaffin tissues of the embryonic

neural crest cells that become the adrenal

medulla and autonomic neural ganglia in adult

life. With an estimated annual incidence of 2–8

per million, these tumors account for 0.2–0.6 %

of hypertension in the community (Pappachan

et al. 2014; Kasperlik-Zaluska et al. 2006).

About 85 % of pheochromocytomas arise from

the adrenal medulla (PCCs) and the remainder

from the extra-adrenal autonomic ganglia

(PGLs).

Pathophysiology

Increased production and release of

catecholamines (epinephrine, norepinephrine

and dopamine) by the tomors to circulation result

in the clinico-pathological manifestations of

PCCs and PGLs. Catecholamines cause intense

vasospasm and hypertension through

α-adrenergic effect, and vasodilatation, diapho-

resis and tachycardia from the β-adrenergic
effect (Pappachan et al. 2014). Severe orthostatic

hypotension with syncopal episodes can occa-

sionally result from unbalanced effects of α-

Fig. 1 An algorithm for diagnostic evaluation and man-

agement of primary mineralocorticoid excess states (HTN
hypertension, CT computed tomography, MRI magnetic

resonance imaging, K+ potassium, Cl� chloride, ENaC
epithelial sodium channel, HSD11B2 11β-Hydroxysteroid
dehydrogenase 2, AME apparent mineralocorticoid

excess, IHA idiopathic hyperaldosteronism, MRA

mineralocorticoid antagonist, ACTH Adrenocorticotropic

hormone, DST dexamethasone suppression test, CAH
congenital adrenal hyperplasia, FH familial hyperaldos-

teronism, Culprit genes* WNK1, WNK4, KLHL3 and

CUL3, (AVS)** adrenal venous sampling may be avoided

in certain situations as mentioned in the text)
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and β-adrenergic receptors in different vascula-

ture in the body (Pappachan et al. 2014; Desai

et al. 2009).

The paroxysmal nature of the catecholamine

release may explain the episodic nature of

symptoms in PCCs/PGLs. Recurrent surge of

these hormones may cause a (reversible) form

of cardiomyopathy called catecholaminergic car-

diomyopathy (Pappachan et al. 2014; Desai

et al. 2009). 10–15 % of PCCs and 20–50 % of

PGLs can be malignant, and as there is no clear-

cut histological criteria to determine malignancy

in resected tumors, life-long follow up for recur-

rence in an appropriate clinical scenario is

recommended by many authorities (Parenti

et al. 2012; Tsirlin et al. 2014; Lenders

et al. 2014). Several genetic mutations have

been recently described in PCCs/PGLs

(Pappachan et al. 2014) that may be associated

with malignant potential and inheritance to suc-

cessive generations, and the recent endocrine

society guidelines in 2014 recommend appropri-

ate testing and follow up algorithm of the disease

(Lenders et al. 2014).

Clinical Features

Although the classical clinical presentation is

with headaches, palpitations and sweating with

hypertension, many of these tumours present

with protean manifestations including prolonged

periods of clinical silence. <1 % of resistant

hypertension cases are related to PCCs/PGLs

(Rimoldi et al. 2014). With the increasing use

of cross sectional abdominal imaging for medical

diagnostics, many cases of PCCs/PGLs are

diagnosed in the recent years while evaluating

adrenal incidentalomas. About 4 % of adrenal

incidentalomas are reported to be PCCs

(Kasperlik-Zaluska et al. 2006). Few multi-

organ endocrine neoplastic syndromes such as

Multiple Endocrine Neoplasia (MEN) 2A and

2B, Von Hippel-Lindau (VHL) disease and neu-

rofibromatosis type 1 can have PCCs/PGLs as

disease manifestations (Pappachan et al. 2014;

Desai et al. 2009). Hypertensive crisis during

emergency surgery, general anaesthesia or con-

trast radiography, unexplained heart failure,

drug-induced hypertensive crisis (with beta-

blockers or monoamine oxidase inhibitors), and

new-onset diabetes in an young lean hyperten-

sive are some of the atypical clinical

presentations of the disease (Pappachan

et al. 2014).

Diagnostic Approach

Biochemical As in any other endocrine disease

biochemical confirmation of the diagnosis is the

first-line approach to the diagnosis of PCCs/

PGLs. Plasma free metanephrines or urinary

fractionated metanephrines is the screening

investigation of choice for suspected cases

with very high sensitivity and good specificity

(Pappachan et al. 2014; Lenders et al. 2014).

Intake of multiple medications and other

chemicals before testing can interfere with the

results reducing the positive predictive value of

this screening assay. A detailed list of these

medications can be found in the relevant

literature (Pappachan et al. 2014; Lenders

et al. 2014). Therefore, raised levels � 3–4

times the laboratory reference range should be

interpreted with caution to avoid un-necessary

work up because of a false positive test. A

clonidine suppression test may be useful in

such situations (Lenders et al. 2014; Eisenhofer

et al. 2003).

Anatomical Imaging Imaging studies for

localisation should only be undertaken after the

biochemical diagnosis is proven. CT scan and

Magnetic Resonance Imaging (MRI) have excel-

lent sensitivity and reasonable specificity for

anatomical localisation of these tumours.

Non-ionic contrast is preferred for CT scan

because of the risk of hypertensive crisis (Lenders

et al. 2014). MRI is preferred over CT in patients

in whom where radiation needs to be avoided and

in patients suspected to have metastatic disease

(Pappachan et al. 2014; Lenders et al. 2014).

Functional Imaging Once the anatomical diag-

nosis is established with an initial imaging
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modality, functional imaging is usually

recommended to prove the diagnosis, and to

exclude the possibility of metastasis and multi-

site disease in cases of PGLs. 123I-metaiodoben-

zylguanidine (MIBG) scitigraphy is the usual

functional imaging modality utilized in most

centers. The sensitivity and specificity of 123I-

MIBG scintigraphy is around 85 % in PCCs. A

variety of different radio-pharmaceutical agents

can be used for functional imaging in cases with

a negative 123I-MIBG scintigraphy (Pappachan

et al. 2014; Lenders et al. 2014).

Genetic Testing The recommendations for

genetic testing and the testing algorithm can be

found in the 2014 Endocrine society guidelines

(Lenders et al. 2014).

An algorithm for diagnostic work up of

clinically suspected PCCs/PGLs is shown in

Fig. 2.

Management Surgery is the preferred definitive

management option for all cases of PCCs/PGLs

unless contraindicated. Complete resection of the

tumor often results in cure of the disease

although improvement in hypertension depends

on other factors too.

Peri-Operative Management

Prompt control of hypertension and appropriate

preoperative preparation is a must as manipula-

tion of the tumour during surgery results in

hypertensive crisis because of the massive

release of catecholamines to circulation. Ade-

quate control of hypertension with non-selective

α-adrenergic blockers such as

phenoxybenzamine (10 mg BD to a maximum

of 1 mg/kg/day) or α-1 selective agent doxazosin
(2–32 mg/day) 10–14 days prior to the surgery

along with liberal intake of fluids and salt to

replenish volume depletion is recommended in

Fig. 2 Diagnostic evaluation of pheochromocytomas

(PCCs) and paragangliomas (PGLs) (CT Computed

tomography, MRI Magnetic resonance imaging, PET
Positron emission tomography, SPECT Single photon

emission computed tomography, 123I-MIBG 123Iodine-

Meta-iodo-benzyl-guanidine. Reproduced with permis-

sion from Pappachan et al. (2014))
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all cases (Pappachan et al. 2014; Lenders

et al. 2014). Addition of a β-adrenergic blocker

such as propranolol or atenolol to counteract the

reflex tachycardia and postural hypotension

associated with α-blockers may be necessary

after few days of starting α-blockers. Other anti-
hypertensive medications such as calcium chan-

nel antagonists and metyrosine may be necessary

for optimal control of BP in some cases

(Pappachan et al. 2014; Tsirlin et al. 2014;

Lenders et al. 2014). The target BP control

should be < 130/80 mm Hg while seated and

> 90 mm systolic while standing and a heart

rate 70–80 per minute (Pappachan et al. 2014;

Tsirlin et al. 2014; Lenders et al. 2014). Appro-

priate modifications in these targets may be made

in the presence of cardiovascular disease.

Operative Management Surgeon and anaes-

thetist with sufficient experience with the man-

agement of these rare tumors should perform

the surgery to optimise safe outcomes.

Laparoscopic adrenalectomy is the preferred

surgery in most cases of PCCs. Large tumors,

PGLs and suspected metastatic disease are

indications for an open surgery (Pappachan

et al. 2014; Tsirlin et al. 2014; Lenders

et al. 2014). Intra-operative BP changes should

be closely monitored with administration of

intravenous α-adrenergic blockers (phentol-

amine or phenoxybenzamine) for hypertensive

episodes during surgery, and intravenous

crystalloids and vasopressors to manage the

postoperative hypotension in an intensive care

unit may be necessary to manage cases

(Pappachan et al. 2014; Tsirlin et al. 2014).

Postoperative Care Withdrawal of the antihy-

pertensive medications and hypoglycemic agents

(if secondary diabetes was present

pre-operatively) may be possible in some cases.

Testing plasma (or urinary) metanephrines

10 days after the surgery to ensure complete

removal of the tumor is recommended in all

cases (Pappachan et al. 2014; Tsirlin

et al. 2014; Lenders et al. 2014). Regular endo-

crine follow up of the patients with appropriate

long-term care plan is also mandatory.

Follow Up The follow up care of patients with

PCCs and PGLs is detailed in the 2014 guidelines

of the Endocrine Society (Lenders et al. 2014).

An algorithm for management and follow up

of PCCs/PGLs is shown in Fig. 3.

6 Glucocorticoid Excess
(Cushing’s Syndrome)

Glucocorticoids are hormones from the zona

fasciculata of the adrenal cortex. Although physio-

logical levels are critically important for homeo-

stasis in normal subjects, excess production of

glucocorticoids in the body (endogenous hypercor-

tisolism) or prolonged administration of the hor-

mone in high doses (iatrogenic hypercortisolism)

result in a pathologic state known as Cushing’s

syndrome (CS) that is associated with protean

manifestations including secondary hypertension.

The disease is associated with excess morbidity,

mortality and poor quality of life, and an early

diagnosis and appropriate management may miti-

gate this natural history (Nieman 2015). The clini-

cal picture of CS cases varies depending on the

extent and duration of cortisol excess.

Pathophysiology

A majority of cases of CS results from an ACTH

producing pituitary adenoma that is otherwise

known as Cushing’s disease. Ectopic production

of ACTH accounts for a significant proportion of

cases other than pituitary Cushing’s, followed by

cortisol-secreting adrenal adenomas and

carcinomas, and adrenal nodular hyperplasia.

Exogenous steroid administration for therapeutic

purposes results in iatrogenic CS in many patients.

Carney complex, a rare genetic disorder (autosomal

dominant), characterized by pigmented skin and

mucosal lesions, cardiac and cutaneous myxomas,

and multiple endocrine and non-endocrine

neoplasms is an uncommon cause of CS (Correa

et al. 2015). Another rare cause for CS is ectopic

CRH (corticotropin releasing hormone) producing

tumors. Subclinical CS, results from alterations in

the hypothalamus–pituitary–adrenal (HPA) axis

without overt signs or symptoms of hypercor-

tisolism (Di Dalmazi et al. 2015).
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Hypertension in CS may be multi-factorial,

and the exact mechanisms still remain elusive.

Several putative mechanisms have been

identified including imbalance between

vasodilatory and vasoconstrictor chemicals such

as prostacyclin, nitric oxide and endothelins, the

mineralocorticoid receptor activation

(Di Dalmazi et al. 2015; Anagnostis et al. 2009;

Mihailidou et al. 2009; De Leo et al. 2010;

Rizzoni et al. 2009), endothelial abnormalities

(Di Dalmazi et al. 2015; Anagnostis

et al. 2009), and development of metabolic syn-

drome (Di Dalmazi et al. 2015; Anagnostis

et al. 2009; Ferra�u and Korbonits 2015).

Clinical Features

A wide variety of clinical manifestation may

be seen in a classical case of overt CS (Nieman

2015). These include facial plethora, fragility

of skin, acne, hirsutism, thinning of scalp hair,

weight gain with truncal obesity, buffalo hump

and supraclavicular fatty pad (due to ectopic

fat distribution), labile mood and sometimes

frank psychosis, menstrual irregularities, prox-

imal myopathy, growth failure in children, sex-

ual dysfunction (and even impotence),

hypertension, hypokalaemia, glucose intoler-

ance or frank diabetes, osteoporosis, metabolic

syndrome, and susceptibility to infections due

to suppressed immunity. However, these clas-

sical manifestations are less frequently

observed these days because of wide availabil-

ity of investigations and awareness of the dis-

ease among physicians. In up to 15 % of adults

with CS, the clinical manifestations may occur

only periodically, a condition known as cycli-

cal Cushing’s syndrome (Alexandraki

et al. 2009).

Fig. 3 Management and follow up care of pheochromocytomas (PCCs) and paragangliomas (PGLs) (Reproduced with

permission from Pappachan et al. (2014))
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Diagnostic Approach

Although the American Endocrine Society

Guidelines on diagnostic evaluation of CS is

slightly old (Nieman et al. 2008), most of the

recommendations are still valid for work up of

suspected cases. An exclusive meeting to discuss

about CS, held in Germany in October 2014 with

wide participation from global experts, compiled

further evidence on the diagnostic and manage-

ment algorithms of the disease (Reincke 2015). A

detailed discussion of the diagnostic approach to

CS can be found in these published literature and

only a brief account is given here.

A thorough history of extraneous steroid

administration should be obtained in all cases of

clinically suspected CS before biochemical test-

ing. The Endocrine society recommends testing

for CS in patients with multiple clinical features

described above, children with growth retarda-

tion with abnormal weight gain, illnesses uncom-

mon in younger age-groups such as hypertension

and osteoporosis, and adrenal adenomas

(Nieman et al. 2008).

In suspected cases of CS, one of the following

screening investigations should be performed

initially: 24-hour urinary free cortisol (at least

2 samples), late night salivary cortisol, 1-mg

overnight dexamethasone suppression test

(DST) or low-dose DST (0.5 mg QDS for 48 h)

(Nieman et al. 2008). Further evaluation by an

endocrinologist is recommended in cases with at

least one positive test and in those with negative

screening tests and clinically suspected cyclical

CS. Random plasma cortisol measurement has

no value for screening cases of CS because of

the marked variability of levels depending of

many factors.

Confirmation of CS in suspected cases needs

detailed endocrine work up. Measurement of

corticotrophin (ACTH) levels is the next step in

diagnosis. Suppressed level of ACTH indicate an

adrenal/iatrogenic source of hypercortisolism. If

adrenal source is suspected a contrast CT scan of

the adrenal glands should be done. If ACTH

levels are high or high normal, an MRI of pitui-

tary should be done. A pituitary mass � 1 cm

may be an indication of Cushing’s disease and

pituitary surgery although controversy still

remains among endocrinologists on size criteria

(Florez et al. 2013). A high-dose DST (using

2 mg QDS for 48 h) and/or CRH stimulation

tests is recommended by some centers if the

pituitary mass is smaller or absent, in presence

of raised ACTH levels. A suppressible cortisol

with high-dose DST or 20 % rise in cortisol

following CRH administration indicates

pituitary-driven corticotrophin excess although

overlap with ectopic source is well recognised.

Bilateral inferior petrosal sinus sampling

(BIPSS) with baseline and CRH-stimulated

ACTH measurements is the next step. If BIPSS

is negative, imaging of thorax and/or abdomen

and pelvis should be performed to identify an

ectopic source of ACTH. Finally, an octreotide

scan may be necessary if all other confirmatory

tests are negative. A useful algorithm for diag-

nostic work up of CS can be found in the full-test

article (freely available) by Florez et al. (2013).

Management

Management of CS can be complex in many

cases, and the mortality related to the disease

is reported to be higher than in normal

age-matched controls even in treated cases

(Clayton et al. 2011; Graversen et al. 2012).

Complete cure of the disease may not be always

possible, and management of disease

manifestations shall be the only options in

such cases. Whenever feasible, surgical removal

of the cause of excess cortisol/ACTH is the most

appropriate and potentially curable manage-

ment option.

Medical Therapy Even in curable cases, medi-

cal management should bridge the definitive sur-

gery for adequate preparation of the patient. First-

line agent widely used is metyrapone, a

11-β-hydroxylase enzyme inhibitor (dose range

1–4 g/day in divided doses). The drug has been

found to be very effective for short- and long-

term control of endogenous steroid excess in a

recent multicenter study (Daniel et al. 2015).

However, the drug can increase the adrenal syn-

thesis of steroids with mineralocorticoid activity
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that worsens hypertension (Ferra�u and Korbonits

2015). Other cortisol-lowering medications such

as ketoconazole (Nieman 2002), mitotane

(Donadille et al. 2010) and mifepristone (Fleseriu

et al. 2012) also have beneficial effects on hyper-

tension in CS, although careful monitoring for

side effects of these agents is necessary. Recent

guidelines from the Endocrine Society and rec-

ommendation from the European Medicines

Agency suggest ketoconazole as highly effective

option for medical management of CS when used

judiciously (European Medicines Agency 2016;

Nieman et al. 2015). Combination therapy with

ketoconazole and metyrapone may be necessary

to obtain rapid control hypercortisolism in some

cases (Nieman et al. 2015). Pasireotide alone

(Colao et al. 2012), or in combination with

cabergoline and ketoconazole (Feelders

et al. 2010) also have been reported to benefit

treatment of hypertension in CS. Recently,

retinoic acid (Pecori Giraldi et al. 2012) and

LCI699 have been shown to be effective in treat-

ment of CS and disease-related hypertension

(Bertagna et al. 2014; Daniel and Newell-Price

2015). Along with medical measures to manage

hypercortisolism, conventional antihypertensive

treatment also needs to be administered for con-

trol of BP in patients with CS.

Surgery Transphenoidal hypophysectomy is

the preferred surgical treatment in Cushing’s dis-

ease although cure is not guaranteed in all cases

owing to the difficulty in removal of the entire

tumour tissue in some cases, especially small

adenomas. Pituitary radiotherapy may be neces-

sary in selected cases with residual tumour

although associated with higher long-term com-

plication rates including pan-hypopituitarism.

Functional imaging of the pituitary with (11)C-

methionine positron emission tomography-

computed tomography (PET-CT) scan is recently

reported to be an excellent tool to localise resid-

ual disease after previous hypophysectomy for

targeted therapy (Koulouri et al. 2015).

Removal of the source of ectopic ACTH-

driven CS may be easy if precise tumour

localisation is possible pre-surgically.

Hypophysectomy with or without pituitary

radiotherapy is usually associated with multiple

pituitary hormone insufficiencies that

necessitates lifelong hormone replacement with

endocrine follow up. Sometimes bilateral adre-

nalectomy may be necessary for patients with

intractable CS where source of ACTH excess is

irremovable (Reincke et al. 2015). This surgery

is reported to be relatively safe and highly effec-

tive in such cases. Patients need lifelong steroid

and mineralocorticoid replacement and Nelson’s

syndrome is a possible consequence of this sur-

gery in CS due to the growth of the pituitary

adenoma in absence of feedback inhibition from

corticosteroids.

7 Acromegaly

Acromegaly results from prolonged growth hor-

mone (GH) excess in adults. GH exerts its hor-

monal effect in the body through the protein

molecule Insulin-like Growth Factor-1 (IGF-1)

secreted from liver. The classical cases of acro-

megaly with all the phenotypic features are less

often encountered currently in clinical practice

owing to better investigation facilities and

heightened awareness of the disease among

physicians that result in early diagnosis of the

disease. The estimated prevalence of the disease

is 30–60 cases/one million population and arte-

rial hypertension is encountered in 40 % of the

cases (Capatina and Wass 2015).

Pathophysiology

In over 95 % of cases, acromegaly results from a

GH-secreting somatotroph adenoma of pituitary

causing GH and IGF-1 overproduction (Melmed

2009; Katznelson et al. 2014). Majority of these

are macroadenomas (size > 1 cm). Less than

5 % of cases results from a hypothalamic tumour

or a neuroendocrine tumour secreting Growth

Hormone Releasing Hormone (GHRH) or rarely

GH overproduction from a hemopoeitic or

abdominal tumor (Katznelson et al. 2014).

GH-producing tumours may be a consequence

of the genetic MEN-1 syndrome.
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Overstimulation from the excess GH in circu-

lation results in raised plasma levels of IGF-1

produced from liver that causes overgrowth of

somatic tissues culminating in the clinical

manifestations of acromegaly. Disfigurement of

the facial skeleton and enlargement of limbs

result from prolonged hyper-stimulation of

IGF-1. The clinical manifestations of the disease

are related to overgrowth of tissues and the met-

abolic abnormalities related to excess circulating

IGF-1 levels.

Clinical Features

The disease affects most body organs and the

commonmanifestations are headache, coarse facial

features (frontal bossing and prognathism),

enlargement of hands and feet, hypertension and

diabetes, osteoarthritis, entrapment neuropathies,

sleep apnoea, visual field defects and heart failure.

A detailed account of the disease and its clinical

features can be found in the recent article (available

free in the web) by Capatina et al. (2015).

Diagnostic Approach

All patients with clinically suspected acromegaly

and typical features should undergo testing for

IGF-1 levels. Those with some of the features

without a definite clinical picture may also need

IGF-1 testing when some of disease-associated

features such as sleep apnoea, type 2 diabetes,

hypertension, carpel tunnel syndrome,

debilitating arthritis or hyperhidrosis are present

(Katznelson et al. 2014). IGF-1 levels also

should be measured in patients with a pituitary

mass to exclude the disease. Biochemical confir-

mation of acromegaly in patients with elevated or

equivocal IGF-1 levels is by a glucose tolerance

test to show lack of suppression of GH levels

during hyperglycemia (Capatina and Wass

2015; Katznelson et al. 2014).

In biochemically confirmed cases, disease

localisation should be done by an appropriate

imaging study. An MRI of the pituitary detects

a macroadenoma in about 77 % cases

(Katznelson et al. 2014; Mestron et al. 2004),

and a hyper-intense T2-weighted MRI signal

may have prognostic significance (enhanced

response to somatostatin receptor ligand [SRL]

therapy) (Katznelson et al. 2014; Puig-Domingo

et al. 2010). Visual field testing is recommended

in all cases with a pituitary macroadenoma in

the MRI. If pituitary imaging is negative,

GHRH levels should be measured to exclude

rare location of the disease in hypothalamus or

other tissues with appropriate imaging when

necessary (Capatina and Wass 2015).

Management

Surgery All resectable tumors in the pituitary

should be removed through a transphenoidal

hypophysectomy if possible. Some large tumors

may need a trans-cranial or combined approach.

Sometimes surgical de-bulking improves the

medical treatment outcome later if complete

removal of the tumor is impossible (Katznelson

et al. 2014; Katznelson 2010). Repeated surgery

may be necessary if initial procedure did not

clear the entire tumor. Postoperative measure-

ment of GH and IGF-1 levels give evidence for

clearance of tumor during surgery and pituitary

imaging is necessary for anatomical assessment.

These are usually done after 12 weeks of surgery

(Katznelson et al. 2014).

Medical Treatment Medical management

becomes necessary when tumors are inoperable

or when surgery is incomplete with residual dis-

ease. SRLs and pegvisomant are the two classes

of drugs with good activity against acromegaly.

2 forms of SRLs are commercially available

widely (Octreotide LAR [long acting release]

and lanreotide depot/autogel). Pasereotide is a

novel SRL with enhanced activity and confers

better tumoral response to treatment (Capatina

and Wass 2015; Katznelson et al. 2014; Colao

et al. 2014). Pegvisomant possess better treat-

ment response than SRLs in patients with acro-

megaly (Katznelson et al. 2014; van der Lely

et al. 2012). Monitoring of response to treatment

and dose adjustments are done with serial

measurements of IGF-1 and pituitary imaging.

Endocrine Hypertension 229



Mild disease may respond to dopamine agonists

such as cabergoline. Combinations of different

drug classes in different multi-drug regimes may

be necessary in some cases for enhanced

response to treatment (Capatina and Wass 2015;

Katznelson et al. 2014). Pituitary radiotherapy

may also be necessary in cases with residual

disease when medical therapy fails to control

the disease.

Management of multi-system

manifestations of the disease such as diabetes,

hypertension, entrapment neuropathy and heart

disease should be as per the individual needs of

the patient. In general, acromegaly cases are

managed in a multi-disciplinary team environ-

ment involving endocrinologists, surgeons,

biochemists and anaesthesiologists with signifi-

cant expertise in the management of this uncom-

mon disease.

8 Thyroid Diseases

Thyroid disorders are the second most common

causes of endocrine disease after diabetes

mellitus. Although not associated with severe

hypertension, both hypothyroidism and hyper-

thyroidism can cause high BP in some patients.

8.1 Hypothyroidism

Hypothyroidism is a common endocrine disease

with higher prevalence towards older

age-groups. Subclinical hypothyroidism (without

overt symptoms and signs) affects about 3-8 %

of adult population that reaches around 10 % by

the sixth decade of life (Hollowell et al. 2002;

Fatourechi 2009). Overt hypothyroidism presents

with multiple clinical features such as lethargy,

constipation, cold intolerance, menstrual

abnormalities, weight gain, dry skin, hair loss,

hoarseness of voice, psychomotor retardation,

neuropsychiatric abnormalities, bradycardia and

in severe cases, myxedema and coma.

Bradycardia, mild hypertension, narrow pulse

pressure, and muffling of heart sounds are the

most common signs of overt hypothyroidism

(Klein and Ojamaa 2001). Positive correlation

between serum thyrotropin levels and hyperten-

sion was observed in children and adolescents,

suggesting a linear relationship between even

subclinical hypothyroidism and BP, in two large

cohort studies among two populations with

entirely different genetic backgrounds (Chen

et al. 2012; Ittermann et al. 2012). High serum

thyrotropin levels were positively associated with

systolic and diastolic blood pressure, in children

and adolescents with Odds ratios 1.12 and 1.19

respectively (p < 0.05 in both) (Ittermann

et al. 2012). Appropriate control of hypothyroid

state with thyroid hormone replacement results in

normalisation of blood pressure as many of the

other abnormalities related to the disease.

8.2 Hyperthyroidism

Hyperthyroidism results from excessive

circulating levels of thyroid hormones. Primary

hyperthyroidism from diseases of the thyroid

gland is usually autoimmune. Subclinical hyper-

thyroidism, a state of suppressed thyrotropin levels

and normal thyroid hormones, is seen in up to 1 %

of men and 1.5 % of women older than 60 years

(Ittermann et al. 2012; Helfand 2004). The clinical

features of hyperthyroidism are mostly opposite to

hypothyroidism, familiar to most physicians, and

therefore, not described here.

Hyperthyroidism increases cardiac output by

50–300 % because of a decrease in systemic

vascular resistance, an increase in heart rate,

increase in left ventricular output, and an

increase in the blood volume (Klein and Ojamaa

2001). Therefore, systolic hypertension with a

widened pulse pressure (opposite to the hypothy-

roid state) is the usual clinical manifestation in

hyperthyroidism. Prompt resolution of hyperten-

sion is usually observed in patients with hyper-

thyroidism after full control of the disease by

medical or surgical intervention.
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9 Primary Hyperparathyroidism

Primary hyperparathyroidism (PHPT) results

from increase in secretion of parathyroid hor-

mone (PTH) from the parathyroid glands. The

estimated incidence of PHPT in the United States

from 1993 to 2001 was approximately 22 cases

per 100,000 person years (Wermers et al. 2006;

Marcocci and Cetani 2011). Prevalence of PHPT

can be as high as 2.1 % on older individuals

(Lundgren et al. 1997). Many cases are asymp-

tomatic, and the diagnosis is often made while

investigating patients for the cause of mild

hypercalcemia. Sometimes patients may present

with severe hypercalcemia, renal stones, osteo-

porosis and fractures, acute kidney injury, and

chronic renal impairment.

Frequent association between PHPT and

hypertension is well documented even among

patients with mild PHPT (Silverberg

et al. 2009). Mean 24-h BP (both systolic and

diastolic) obtained by ambulatory monitoring

was significantly higher, with a higher preva-

lence of hypertension in 47 % of patients with

PHPT compared to controls (Letizia et al. 2005).

Plasma ionised calcium levels was found to be an

independent risk factor for elevated BP in multi-

ple linear regression model in this study. The

probable mechanism of hypertension in PHPT

is increased arterial stiffness in these patients. A

recent large community-based cohort study

indicated that plasma calcium levels were inde-

pendently associated with higher arterial stiff-

ness, and the PTH levels with arterial blood

pressures (Hagstr€om et al. 2015).

Generally, mild cases of PHPT are not treated

by parathyroid surgery, and the follow up is with

regular monitoring of calcium, renal function and

bone mineral density assessments in the endo-

crine outpatient clinics. Hypertension is managed

by conventional antihypertensive drugs as in a

normal case. Thiazide diuretics should be

avoided as antihypertensives because of the risk

of worsening hypercalcemia. There is conflicting

data on the improvement of hypertension in

patients undergoing parathyroidectomy for

PHPT with some studies showing benefit

(Nainby-Luxmoore et al. 1982; Ringe 1984;

Broulik et al. 2011), while others without a posi-

tive effect (Rapado 1986; Lind et al. 1991).

Although improvement of the substantial cardiac

and vascular dysfunction related to symptomatic

PHPT was observed in patients after parathyroid-

ectomy (Agarwal et al. 2013), PHPT-related

hypertension is not an indication for surgery

currently.

10 Iatrogenic Hormone
Manipulation

Therapeutic administration of hormones for dif-

ferent medical conditions can result in develop-

ment of/or worsening of hypertension.

Glucocorticoid administration is the most com-

mon cause for drug-induced endocrine hyperten-

sion. Prevalence of Steroid-induced hypertension

increases with age, and new-onset hypertension

was observed in 22 % of cases receiving long-

term steroids for giant-cell arteritis (Proven

et al. 2003). Studies on the effect of hormone

replacement on hypertension in post-menopausal

women showed conflicting results with positive

(Preston 2009), and negative effects (Akkad

et al. 1997). Although testosterone can theoreti-

cally increase BP by the effects of vasoconstric-

tion and stimulation of renin-angiotensin-

aldosterone system (Kienitz and Quinkler

2008), testosterone replacement resulted in

improvement of the parameters of metabolic syn-

drome including hypertension in hypogonadal

men (Janjgava et al. 2014).

A classification of different endocrine

disorders causing hypertension, their common

clinical presentations, important diagnostic

features and treatment are summarized in

Table 1.

11 Conclusions

Endocrine hypertension is a cause of secondary

hypertension in a significant proportion of cases.

Some clinical characteristics of the patients may
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help clinician to suspect an endocrine cause for

hypertension. Primary aldosteronism is the most

common cause for endocrine hypertension. The

Endocrine society guidelines on individual

diseases that cause endocrine hypertension may

help clinician to appropriately evaluate and

manage patients.
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Abstract

Phaeochromocytomas and paragangliomas are relatively uncommon

tumours which may be manifest in many ways, specifically as sustained

or paroxysmal hypertension, episodes of palpitations, sweating, headache

and anxiety, or increasingly as an incidental finding. Recent studies have

shown that an increasing number are due to germline mutations. This

review concentrates on the diagnosis, biochemistry and treatment of these

fascinating tumours.
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1 Introduction

Phaeochromocytomas are uncommon tumours

originating from the neural crest- derived

chromafin cells in the adrenal medulla. They

commonly produce one or more catecholamines:

adrenaline (epinephrine), noradrenaline (norepi-

nephrine) or dopamine, and the excess secretion

of these causes a wide array of clinical features,

including hypertension. The highest prevalence

of phaeochromocytoma is seen in the fourth and

fifth decades, with an equal incidence in men and

women.

Although the annual incidence of phaeochro-

mocytoma is predicted to be approximately 0.8

per 100,000 person years (Beard et al. 1983), this

number might be an under-estimation, as autopsy

studies have indicated that over 50 % of

phaeochromocytomas found at autopsy were

not clinically suspected (Sutton et al. 1981).

Even though it is considered to be a rare cause

of hypertension, accounting for only approxi-

mately 0.2 %, phaeochromocytomas should be

diagnosed early as they cause significant morbid-

ity with at least a 10 % possibility of malignancy
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and an even higher percentage of familial disease

(Young 2011) (see below).

The great majority, some 95 %, of

catecholamine-secreting tumours are in the abdo-

men, of which 90 % are intra-adrenal and 10 %

are extra-adrenal and are referred to as

paragangliomas (also known as extra-adrenal

phaeochromocytomas). Approximately 10 % of

catecholamine-secreting tumours are multiple

(Bravo 1991).

2 Catecholamines and Their
Receptors

Catecholamines exert many cardiovascular and

metabolic effects including increasing heart rate,

blood pressure, myocardial contractility and the

velocity of cardiac conduction. Their action is

via three main receptors: α, β, and dopaminergic.

These receptors have several subtypes that have

different physiological actions on the cardiovas-

cular and central nervous systems (Table 1).

3 Clinical Presentation

The presentation of phaeochromocytomas can

have a wide clinical spectrum from

asymptomatic disease to non-specific symptoms

leading all the way up to resistant hypertension

and hypertensive crises. The clinical literature

describes a classic clinical triad seen in

phaeochromocytoma including headache, sweat-

ing and tachycardia. Although typical when pres-

ent, this clinical triad is not commonly

encountered in most patients with

phaeochromocytomas.

Paroxysmal clinical features or ‘spells’ are a

well-recognised consequence of episodic secre-

tion and release of catecholamines. A spell can

start with a sense of shortness of breath followed

by palpitations and a throbbing headache.

Peripheral vasoconstriction associated with such

an episode leads to cold peripheries and facial

pallor. Towards the end of the episode the patient

may feel a sense of warmth and sweating. These

can be either spontaneous or precipitated by pos-

tural change, medications (Table 2), exercise, or

manoeuvres such as lifting and straining. The

presentation of spells can be highly variable;

however, they tend to be stereotypical for each

patient. The frequency of episodes can vary as

well, where some patients experience spells sev-

eral times a day, while others only develop them

very infrequently (Young 2011). It is important

to bear in mind that these episodes are common

and can be due to many other causes apart from

Table 1 Catecholamine receptors, their locations and main actions

Receptor Location Main action

α α1 Postsynaptic receptor Vascular and smooth muscle contraction causing

vasoconstriction and increases in blood pressure

α2 Presynaptic sympathetic nerve endings. Inhibit release of noradrenaline causing suppression of central

sympathetic outflow and decreased blood pressure

β β1 Predominantly in cardiac tissue Positive inotropic and chronotropic effects on the heart

More responsive to isoproterenol (isoprenaline) than to

adrenaline or noradrenaline

Increase renin secretion

β2 Bronchial, vascular smooth muscle Bronchodilatation, vasodilatation in skeletal muscle

Increase release of noradrenaline from sympathetic nerve

terminals

β3 Mainly in adipose tissue Regulation of lipolysis and thermogenesis

D D1 Cerebral, renal, mesenteric and

coronary vessels

Local vasodilatation

D2 Presynaptic sympathetic nerve endings

in sympathetic ganglia and brain

Inhibit the release of noradrenaline, inhibits ganglionic

transmission

Inhibit prolactin release
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phaeochromocytoma. Facial flushing is

described in many textbooks, but in our view is

rarely seen. Concomitant swelling of the thyroid

has been described (Nakamura et al. 2011).

Hypertension is one of the most common

presenting features of catecholamine-secreting

tumours. Several large retrospective case series

have elaborated the prevalence of hypertension

in patients with phaeochromocytomas to be

between 51 % and 90 % (Baguet et al. 2004;

Guerrero et al. 2009). The presentation of hyper-

tension can be quite variable in phaeochro-

mocytoma. It is usually stable and permanent;

however, it can be paroxysmal with wide

fluctuations, and resistant to treatment. Although

uncommon, phaeochromocytoma can also pres-

ent with postural symptoms with episodic hypo-
tension due to extreme blood pressure

fluctuations. This has been reported in patients

with predominantly adrenaline-producing

tumors, where the presentation can be with hypo-

tension or even shock (Streeten and Anderson

1996; Bergland 1989). Hypotension in these

patients could be due to the catecholamine-

induced intravascular volume depletion, an

abrupt decline of catecholamine levels due to

tumour necrosis, hypercalcaemia, desensitisation

of adrenoceptors, or acute cardiovascular events

such as acute myocardial infarction, tachyar-

rhythmia or aortic/coronary artery dissection.

Several case series have elaborated the asso-

ciation between phaeochromocytoma and hyper-

tension. In one series, approximately 50 % of the

patients were discovered due to hypertension of

which half of these had hypertension that was

paroxysmal in nature. The series further

elaborates that, when the reason for the discovery

of phaeochromocytoma was permanent hyper-

tension, it was symptomatic, severe, and treat-

ment resistant (Baguet et al. 2004). Moreover,

approximately 10 % of patients in the series

presented with normal blood pressure, which

was commonly seen in patients with adrenal

incidentalomas or in those undergoing screening

for familial phaeochromocytoma. However, it is

important to bear in mind that, in phaeochro-

mocytoma, patients with normal blood pressure

can still have life-threatening paroxysms of

hypertension. There appears to be a more patho-

logical effect on cardiac function than the hyper-

tension per se would impose (Stolk et al. 2013).

Therefore, hypertension is the initial presen-

tation in most patients with catecholamine

excess, and one should be alerted to the possibil-

ity of a phaeochromocytoma in patients with

hypertension, especially if the hypertension is:

• Paroxysmal, resistant or young onset

(<20 years)

• Paradoxical despite therapy (especially during

treatment with β-blockers)
• New onset or worsening of hypertension with

tricyclic anti-depressants and other

medications (Table 2)

• Severe symptomatic hypotension when

initiating therapy with α-blockers

Table 2 Commonly used medications that can precipitate hypertension/hypertensive crisis in phaeochromocytoma

Drugs Example

Dopamine D2 receptor antagonists Metoclopramide, sulpiride, chlorpromazine,

prochlorperazine

β-Adrenergic receptor blockers Propranolol, sotalol, timolol, nadolol, labetalol

Sympathomimetics Ephedrine, fenfluramine, methylphenidate, phentermine

Opioid analgesics Morphine, pethidine, tramadol

Noradrenaline reuptake inhibitors/tricyclic

antidepressants

Amitriptyline, imipramine, including the newer SNRIs

Monoamine oxidase inhibitors Tranylcypromine, moclobemide, phenelzine

Corticosteroids (rarely) Dexamethasone, prednisone, hydrocortisone,

betamethasone

Neuromuscular blocking agents Succinylcholine, tubocurarine, atracurium

Table adapted from reference Lenders et al. (2014)
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• Severe hypertension or hypertensive crises

following any procedure (eg. anaesthesia, sur-

gery, or angiography)

• In pregnant patients with hypertension not

typical of pregnancy-induced hypertension

With the widespread availability of imaging

techniques, the detection of adrenal

incidentalomas has increased over the last few

decades. Approximately 5 % of all incidentally-

detected adrenal tumours are found to be

phaeochromocytomas, and some 25 % of all

phaeochromocytomas are now being incidentally

discovered during imaging studies for unrelated

disorders (Young 2011; Lenders et al. 2005;

Mantero et al. 2000).

Apart from hypertension and incidental dis-

covery, phaeochromocytoma can present with a

wide variety of clinical features (Table 3).

Cardiovascular complications are another

well-recognised presentation in phaeochro-

mocytoma. Apart from the cardiac emergencies

such as myocardial infarction, cardiac

arrhythmias and aneurysms, it can present with

more long-standing cardiac complications such

as dilated or hypertrophic cardiomyopathy and

congestive heart failure (Liao et al. 2000).

Excess catecholamines can also affect the gas-

trointestinal system including inhibition of peri-

stalsis causing constipation or even pseudo-

obstruction or ileus. Moreover, vasoconstriction

of the mesenteric artery can lead to ischaemic

enterocolitis and intestinal necrosis.

In the clinical evaluation of patients with

phaeochromocytoma, it is important to always

bear in mind the syndromic nature of phaeochro-

mocytoma, and to actively seek out features such

as Marfanoid body habitus, café-au-lait spots,

axillary freckling, subcutaneous neurofibromas,

mucosal neuromas on the tongue, retinal

angiomas, iris hamartomas and multiple other

clinical features suggestive of an underlying clin-

ical syndrome.

In summary, patients with excess

catecholamines can show a wide spectrum of

clinical features and it is recommended that one

considers the possibility of a phaeochro-

mocytoma especially when patients exhibit cer-

tain clinical features (Lenders et al. 2014):

• Hyperadrenergic spells (episodic self-limiting

non-exertional palpitations, diaphoresis,

headache, pallor)

• A personal or family history of familial syn-

drome that predisposes to catecholamine-

secreting tumors (e.g., MEN2, NF1, VHL, etc.)

• An adrenal incidentaloma

• Idiopathic dilated cardiomyopathy

4 Familial Phaeochromocytoma

In contrast to the conventional teaching of a

10 % familial tendency, recent studies have

identified multiple genes in association with

phaeochromocytoma, with up to 30 % or possi-

bly more exhibiting a disease-causing germ-line

mutation. Along with the well-recognised

genetic disorders such as multiple endocrine

neoplasia-2 (MEN-2), neurofibromatosis type

1 and Von-Hippel Lindau syndrome, nearly

21 genes have been identified in association

with phaeochromocytoma. Most phaeochro-

mocytomas due to syndromic causes present at

a younger age than their sporadic counterparts,

although part of this earlier identification my

relate to genetic or biochemical screening.

Table 3 Frequency of common signs and symptoms in

phaeochromocytoma

Symptom Frequency (%)

Hypertension Sustained 50

Paroxysmal 30

Orthostatic 12

Headache 60–90

Palpitations 50–70

Sweating 55–75

Pallor 40

Weight loss 20–40

Fatigue 25–40

Anxiety and panic 20–40

Hyperglycaemia 40

Fever 60

Table adapted from reference Young (2011) and Lenders

et al. (2005)
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Multiple endocrine neoplasia-2 is the one of

the earliest syndromes to have been associated

with phaeochromocytoma. Interestingly, only

half of the patients with phaeochromocytoma

with MEN2 exhibit clinical feature and fewer

patients have hypertension (Pomares et al. 1998).

This might relate to early diagnosis due to other

syndromic associations or screening. MEN 2A

(now known as MEN2) is characterised by med-

ullary thyroid cancer in all patients, phaeochro-

mocytoma in 40–50 % and primary

hyperparathyroidism in 20 %. MEN2B (now

known as MEN3) accounts for approximately

5 % of MEN syndromes and has a similar per-

centage of medullary carcinoma and phaeochro-

mocytoma along with mucocutaneous neuromas;

however, it is not associated with hyperparathy-

roidism. The genetic defect in MEN2 and MEN3

is in the RET proto-oncogene on chromosome

10, which is inherited in an autosomal dominant

pattern with high penetrance. Several codon

mutations in the RET gene have been associated

with MEN2/3 and these are gain-of-function

mutations: the great majority of MEN2 are

associated with a mutation at codon 634 which

codes for the extra-cellular domain of RET, while

for MEN3 the dominant mutation at 918 codes for

part of the intra-cellular domain. It has been

hypothesised that the subtle changes in the clinical

presentation is due to these genetic variations in

the mutation (Mulligan and Ponder 1995). It is

vital to identify phaeochromocytomas in these

patients to avoid perioperative hypertensive crisis

during thyroidectomy for medullary thyroid carci-

noma. Phaeochromocytomas seen in MEN2 are

frequently bilateral and almost invariably benign.

Neurofibromatosis type 1 (NF1) is another

autosomal dominant disorder, characterized by

neurofibromas, café-au-lait spots, freckling,

Lisch nodules, phaeochromocytoma and

paraganglioma: 2 % of patients with the NF1

gene present with solitary and benign pheochro-

mocytoma. However, they can occasionally be

bilateral or extra-adrenal (Walther et al. 1999).

Insulinomas and somatostatinomas are also seen

in this syndrome.

In von Hippel-Lindau (VHL) syndrome,

phaeochromocytomas are more frequently

bilateral with mediastinal, abdominal or pelvic

paragangliomas. Other syndromic features of

VHL include CNS hemangioblastoma, retinal

angioma, clear cell renal cell carcinoma, pancre-

atic neuroendocrine tumours and middle ear

tumours. As in MEN-2, VHL too has consider-

able genetic variability among kindreds with cer-

tain mutations causing a higher frequency (up to

20 %) of phaeochromocytoma, (Dluhy 2002).

Interestingly, patients habouring the VHL muta-

tion have a lower incidence of hypertension and

have elevated normetanephrine, in contrast to

patients with MEN-2, who show elevated

metanephrine levels (Eisenhofer et al. 2001).

Malignancy is rare but does occur.

Another important cause for familial

catecholamine-hypersecreting tumours is succi-

nate dehydrogenase (SDH) gene mutation. Sev-

eral mutations in the SDH gene have been

identified including SDHB, SDHC, SDHD,

SDHAF2, and (very rarely) SDHA. Similar to

the previously mentioned mutations, SDH

mutations are also inherited in an autosomal

dominant pattern. However, interestingly,

SDHD and SDHAF2 have a paternal inheritance

pattern due to maternal imprinting. In patients

with SDH mutations causing paragangliomas/

phaeochromocytomas, the type of catecholamine

produced depends on its location. An

SDH-induced paraganglioma is different from

phaeochromocytoma in general in the fact that

tissue expression of PMNT in these tumors is

minimal, which means that the preferential cate-

cholamine production is norepinephrine or dopa-

mine and they produce normetanephrine, or

normetanephrine and methoxytyramine, or rarely

only methoxytyramine (Timmers et al. 2007).

Interestingly, tumours only producing

methoxytyramine are usually SDH tumors. Of

abdominal paragangliomas, most secrete nor-

adrenaline, often both noradrenaline and dopa-

mine and rarely only dopamine. The rate of

noradrenaline production is much lower in

head-and-neck paragangliomas. Most mutations

in the SDHD, SDHAF2 and SDHC are associated

with non-catecholamine secreting, head-and-

neck paragangliomas (Kantorovich et al. 2010).

Although SDHB mutation commonly presents
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with extra-adrenal abdominal or thoracic disease,

a primary presentation with an adrenal

phaeochromocytoma is still evident in some

patients. Approximately 1/3 of patients with

SDHB mutations present with multifocal disease

(Kantorovich et al. 2010). Moreover, carriers of

SDHBmutations can develop early onset abdom-

inal, pelvic, and thoracic catecholamine-

secreting paragangliomas that are more likely to

be malignant, possibly in up to 50 % of patients.

SDHB carriers who develop malignant

paragangliomas are more likely to develop

other neoplasms including papillary thyroid

tumours, renal cell carcinoma, neuroblastoma,

or gastrointestinal stromal tumours (GIST)

(Neumann et al. 2004). A link has also been

shown between SDH mutation status and pitui-

tary tumours (Galan and Kann 2013).

Apart from these more commonly known

mutations, several new mutations have been

identified in association with pheochromocy-

toma. TMEM127 is a recently identified germ-

line mutation, inherited autosomal dominantly,

commonly associated with benign unilateral

adrenal phaeochromocytoma. However, there

are few case studies of bilateral, malignant and

extra-adrenal disease. Interestingly, the presenta-

tion of these patients is in the fifth decade, more

in keeping with the onset of sporadic phaeochro-

mocytoma rather than the familial form.

The MAX (Myc-associated factor X) gene is

another more recently reported susceptibility

gene, which is inherited as autosomal dominant

and, similar to SDHD and SDHAF2, has a pater-

nal inheritance pattern. The majority of patients

with MAX mutations present at a younger age

and tend to have bilateral or unilateral

phaeochromocytoma with an increased potential

to develop malignant disease and predominantly

produce noradrenaline (Dénes et al. 2015;

Comino-Mendez et al. 2011).

Several other mutations such as HIF2α,
KIF1β, fumarate hydratase and PHD2 have

been reported recently, although detailed studies

have yet to be performed on their syndromic

associations and characteristics of

phaeochromocytoma. (eg. Carney–Stratakis syn-

drome- familial paraganglioma and Gastrointes-

tinal Stromal Tumours (GIST),). Finally, the

recently-described Pacak-Zhuang syndrome,

which shows an association between

paragangliomas, polycythaemia and retinal

angiomas with somatic mutation of HIF-2α,
most likely occurs as a mosaicism similar to the

McCune-Albright syndrome (Zhuang

et al. 2012).

Genetic screening plays a vital role in the

management of phaeochromocytoma, not only

to detect other associated life-threatening

conditions in the index patient but also for the

diagnosis and treatment family members with

certain mutations (eg, medullary carcinoma of

the thyroid with RET mutations). Moreover,

genetics can alert the physician to the malignant

potential of phaeochromocytomas, especially in

patients harbouring certain mutations (eg,

SDHB), and to actively seek for the presence

of metastases. Similar to the genetic mutation

offering clues regarding character of the

tumour, certain characteristics such as tumour

location, the presence of metastases and the type

of catecholamine synthesised can give clues to

the possible causative mutation. Therefore,

genetic analysis has become an important tool

in the investigatory armamentarium for the

evaluation and management of this rare syn-

drome. Accordingly, recently-published major

guidelines recommend that all patients

diagnosed with phaeochromocytoma/

paraganglioma should be engaged in shared

decision making for genetic testing for a possi-

ble somatic or germ line mutation (Lenders

et al. 2014). Due to cost factors, the Endocrine

Society recommends prioritising certain genetic

screening based on the clinical and biochemical

features (Fig. 1). Nevertheless, in Oxford we

screen routinely for a panel of 10 genes in

almost all patients. It has been shown that even

in older patients with single benign phaeochro-

mocytomas and no family history or syndromic

featues, nearly 10 % will still harbour a

germline mutation (Brito et al. 2015).
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5 Synthesis, Storage
and Metabolism
of Catecholamines

The measurement of catecholamines and/or their

by-products is the key in diagnosing pheochro-

mocytoma. Although in the past the direct mea-

surement of catecholamines was commonly used

in the diagnosis, it is now considered a poor

screening tool due to its relatively low

sensitivity.

All catecholamines have a similar chemical

structure with a catechol ring (ortho-

dihydroxybenzene) and an amine group (Fig. 2).

Tyrosine is the initial substrate in the forma-

tion of catecholamines and is either derived from

food or is synthesised in the liver from phenylal-

anine (Fig. 3). It subsequently enters chromaffin

cells by active transportation and undergoes

hydroxylation and decarboxylation to form

various types of catecholamines. The rate-

limiting step in catecholamine synthesis is the

conversion of tyrosine to DOPA, which is

regulated by the enzyme tyrosine hydroxylase.

In managing patients with catecholamine-

secreting neoplasms, inhibition of this rate-

limiting step by tyrosine hydroxylase inhibitors

(e.g. metyrosine) can inhibit the synthesis of

catecholamines.

Subsequent to this rate-limiting step, dopa-

mine is synthesised by further decarboxylation

of DOPA by the enzyme, aromatic L-amino acid

decarboxylase. It is then hydroxylated to form

noradrenaline and stored as granules within the

chromafin cells. It is subsequently released it to

the cytoplasm of the chromaffin cells in the adre-

nal medulla, where phenylethanolamine

N-methyltransferase (PNMT) converts it to

adrenaline. Interestingly, PNMT is regulated by

glucocorticoids and, due to the corticomedullary

portal system in the adrenal gland, medullary

PNMT-producing cells are exposed to high

concentrations of cortisol, making the adrenal

medulla the prime location for adrenaline-

secreting adrenal tumours.

Once formed, these catecholamines are stored

in electron-dense granules. Transport of

Fig. 2 Catechol ring

(ortho-dihydroxybenzene)

Pheochromocytoma
/paraganglioma

Syndromic
features

With metastasis SDHB SDHD, SDHC, VHL, MAX

RET, TMEM127, MAX

SDHD, SDHB, SDHC, MAX

SDHD, SDHB, SDHC

SDHB, SDHD, SDHC, VHL, MAX

SDHB, SDHB, SDHC

VHL

Adrenergic

noradrenergic

noradrenergic

dopaminergic

dopaminergic

SDHB, SDHD, SDHC

Adrenal
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Fig. 1 Algorithm for genetic testing in patients diagnosed with pheochromocytoma (Adapted from reference Lenders

et al. (2014))
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substances into these granules is regulated by

vesicular monoamine transporters (VMAT).

Iodine-labelled MIBG (123I or 131I) is transported

by VMAT into these storage granules and is a

useful tool in localising (and treating)

catecholamine-secreting pheochromocytoma/

paraganglioma.

6 Biochemical Evaluation

Catecholamines have a short half-life, of approxi-

mately 10–100 s, in the plasma. The nerve

terminals reuptake the catecholamines they

produce themselves, while extra-neuronal

catecholamines are metabolised by catechol-

O-methyl-transferase (COMT) to form meta-

nephrine and normetanephrine. Sympathetic

nerves contain MAO, but not catechol-O-

methyltransferase (COMT). Intraneuronal metab-

olism of norepinephrine leads to production of the

deaminated metabolite, DHPG, but not the

O-methylated metabolite, normetanephrine.

Consequently, almost all of the DHPG in plasma

has a neuronal source, whereas normetanephrine

and metanephrine are derived exclusively from

non-neuronal sources including chromaffin cells

in the adrenal medulla (Eisenhofer et al. 2004).

Normally the O-methylation pathway represents a

minor route of catecholamine metabolism while

deamination of noradrenaline within sympathetic

nerves is the major pathway (Fig. 3). However, in

patients with pheochromocytoma, intratumoral

O-methylation pathway dominates catecholamine

metabolism, leading to relatively large increases

in production of the O-methylated metabolites

compared with minor increases of the deaminated

metabolites (Eisenhofer et al. 2004; Eisenhofer

2012).

Unfortunately, the short half-life of

catecholamines makes it difficult to discriminate

pathological overproduction from normal tran-

sient bursts of secretion during stress. Therefore,

due to the short plasma half-life and inter-

mittent nature of secretion, measurement of

catecholamines can give a high rate of false
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positive results, while sampling between bouts of

paroxysmal release will cause false negatives.

Most authorities, including major guidelines, rec-

ommend that either free plasma metanephrines or

fractionated urinary metanephrines as the

investigations of choice for the diagnosis of

phaeochromocytoma. The recommended labora-

tory techniques are liquid chromatography with

mass spectrometric or an electrochemical detec-

tion method (Lenders et al. 2014) Although

plasma free metanephrine and normetanephrine

are nearly as rapidly cleared from the circulation

as their catecholamine precursors, they are supe-

rior to catecholamines for diagnosis as these

metabolites are produced continuously from

catecholamines leaking from storage vesicles

into the cytoplasm where COMT then leads to

conversion to metanephrine and normetanephrine.

This process is not only continuous, but also inde-

pendent of exocytotic catecholamine secretion,

which in phaeochromocytomas can be intermit-

tent or only active with low rates of secretion.

Plasma fractionated metanephrines have a high

sensitivity, 96–100 %, with a specificity of

85–89 %, and is especially useful in diagnosing

patients who carry a higher risk for habouring a

phaeochromocytoma. High-risk patients, who

would benefit from initial plasma metanephrine

measurment, are patients with resistant hyperten-

sion, typical spells, a past history of phaeochro-

mocytoma, genetic syndromes or a family history

of a genetic syndrome, or an adrenal incidentaloma

suggestive of a phaeochromocytoma. Apart from

these, plasma measurements can be useful in chil-

drenwhere 24-h urine collection is difficult. Due to

its high sensitivity, a normal plasma metanephrine

result will exclude the presence of a phaeochro-

mocytoma in the above-mentioned high-risk

patients. The only exceptions are seen in preclini-

cal early disease or tumours with selective dopa-

mine hypersecretion (Sawka et al. 2003). The

plasma sample should ideally be drawn from a

supine patient (fully recumbent for at least

20–30 min) and appropriate supine cut-offs should

be used in the interpretation. In fact, it has been

recently indicated that with a ‘seated sampling’ the

diagnostic accuracy of the plasma test is no better,

if not worse, than the urinary test (Lenders

et al. 2014; Därr et al. 2014).

Twenty-hour fractionated urinary

metanephrines are another investigation fre-

quently used by clinicians. Perry

et al. demonstrated that 24-h urine fractionated

metanephrines using mass spectrometry provide

excellent sensitivity (97 %) and specificity

(91 %) for the diagnosis of a phaeochro-

mocytoma. Therefore, it can be used in patients

with a lower index of clinical suspicion as it has a

higher specificity than the plasma measurement

(Perry et al. 2007). Urinary metanephrines

should include a urinary creatinine measurement

to verify adequacy of urine collection, and

assessments of the utility of random urine

samples are in process. However, it should be

emphasised that in practice there is probably

little difference in the utility of plasma or urinary

collections, with appropriate cut-offs, and the

assay employed will often depend on local

resources and experience.

7 Interfering Medications

Although metanephrine and normetanephrine are

the preferred biochemical substances for diagno-

sis in comparison to catecholamines, their levels

can be altered by several medications due to their

effect on the metabolising enzymes, COMT and

MAO, and uptake pathways. Tricyclic

antidepressants (TCA) are well recognised to

interfere with the assessment of metanephrines,

and it is recommended to taper off and withhold

TCAs and other anti-psychotics (except highly

selective serotonin reuptake inhibitors) for at

least 2 weeks prior to metanephrine analysis

(Neary et al. 2011) (Table 4).

8 Tumour Localisation

Once catecholamine excess is biochemically

confirmed, tumor localisation can be initiated

by way of imaging. While imaging is almost

always followed by biochemical confirmation,

in patients with high risk factors such as a past

history or genetic predisposition to phaeochro-

mocytoma (eg. SDH mutation) there might be

justification to proceed with imaging in the
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absence of compelling biochemical evidence.

Some paragangliomas, especially in the head

and neck region, can be biochemically silent

and imaging with negative biochemistry is

warranted in these instances as well.

As discussed previously, 90 % of phaeochro-

mocytomas are adrenal in origin, while 10 % are

extra-adrenal. Of these extra-adrenal phaeochro-

mocytomas or paragangliomas, 80–95 % are

within the abdomen and pelvis (superior and

inferior para-aortic areas in the abdomen

�75 %, urinary bladder- 10 %, thorax �10 %,

head, neck, and pelvis –5 %) (Whalen

et al. 1992). Therefore, CT scanning of the abdo-

men and pelvis following an adrenal protocol is

the recommended initial imaging modality

(Mantero et al. 2000). CT provides high

tomographic resolution with a localisation sensi-

tivity between 88 % and 100 %. On CT imaging,

phaeochromocytomas can be homogeneous or

heterogeneous, solid or cystic and with or with-

out calcification. Phaeochromocytomas are noto-

rious in being able to mimic the radiological

features of adrenal carcinoma. Most (if not all)

phaeochromocytomas have an attenuation

greater than 10HU due to their lower fat content,

while some can demonstrate very high attenua-

tion due to haemorrhage (Sane et al. 2012; Blake

et al. 2004).

The use of contrast agents during CT scanning

has been an area of controversy for many years

with concerns on risk of precipitating a hyperten-

sive crisis; however, low-osmolar non-ionic con-

trast agents have been used safely in patients

with phaeochromocytoma (Mukherjee

et al. 1997), and this has more recently been

confirmed (Baid et al. 2009). Phaeochro-

mocytomas typically enhance avidly, indicating

the rich capillary framework in the tumour, but

nevertheless they can be heterogeneous with

regions of absent enhancement due to cystic

changes and necrosis. Contrast washout is useful

in the evaluation of adrenal lesions, with an

absolute contrast wash out of>60 % or a relative

washout of >40 % at 15 min indicating a lipid-

rich adenoma. Phaeochromocytoma, in its typi-

cal inconsistent nature, can have variable wash-

out patterns, although the majority of

phaeochromocytomas have a delayed contrast

washout (Blake et al. 2004) (Fig. 4).

MRI is another useful tool in localising

phaeochromocytomas. The most common MR

imaging appearance of a phaeochromocytoma is

of low signal intensity on T1 imaging and high

signal intensity on T2-weighted imaging. They

usually enhance avidly on T1-weighted imaging

after gadolinium-enhancement. Although MRI

lacks the superior spatial resolution of CT, it is

useful to detect skull base and neck

paragangliomas, for patients who cannot undergo

CT scanning (metal clips, allergy to contrast,

etc.), and for patients in whom exposure to radi-

ation should be minimised (children, pregnant

women, patients with known germline mutations

undergoing regular screening) (Lenders

et al. 2014; Jalil et al. 1998).

Table 4 Medications that may cause falsely elevated

results for catecholamine and metanephrine levels

Medications that cause pharmacodynamics
interference and elevate levels (affect all assays)

Tricyclic antidepressants

Levodopa

Antipsychotic agents

Drugs containing adrenergic receptor agonists (e.g.,

decongestants)

Serotonin and noradrenaline reuptake inhibitors

(duloxetine, venlafaxine)

MAO inhibitors

Amphetamines

Prochlorperazine

Reserpine

Phenoxybenzamine (elevate plasma and urinary

normetanephrine)

Ethanol

Illicit drugs (e.g., cocaine, heroin) and withdrawal from

these, and possibly cannabis.

Medications that cause analytical interference with
some assays- (LC-ECD)*

Acetaminophen (a.k.a Paracetamol, elevate plasma and

urinary normetanephrine)

Labetalol, sotalol (elevate urinary meta/

normetanephrine)

Buspirone (elevate plasma and urinary metanephrine)

Methyldopa (elevate plasma and urinary

normetanephrine)

Sulphasalizine (elevate plasma and urinary

normetanephrine)

Midodrine

*LC-ECD Liquid chromatography with electrochemical

or fluorometric detection
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Functional imaging is another widely used

imaging modality for phaeochromocytomas.

Meta-iodobenzylguanidine (MIBG) is a radio-

pharmaceutical agent that accumulates preferen-

tially in catecholamine-producing cells and is

transported into the electron-dense catecholamine

storing granules via the transporter molecule

VMAT. Radiolabelled MIBG is taken up by

normal tissue innervated by the sympathetic

system, such as heart, salivary glands, and

tumours that express the neurohormonal

transporters. 123I-labelled MIBG has a sensitivity

between 85 % and 88 % for phaeochro-

mocytomas and between 56 % and 75 % for

paragangliomas. Its specificity ranges from

70–100 % to 84–100 %, respectively (Berglund

et al. 2001; Bhatia et al. 2008; Jacobson

et al. 2010; Mozley et al. 1994). 123I-MIBG allows

better imaging when compared to 13II-MIBG as its

photon energy allows SPECT scanning which can

greatly improve the sensitivity of the image.

Therefore, 123I MIBG remains the recommended

agent for functional imaging in patients with

phaeochromocytoma. Due to the fact that up to

50 % of normal adrenals take upMIBG asymmet-

rically, one should be aware of false positive

results, especially when performed on a patient

with normal biochemistry or after unilateral adre-

nalectomy (Jacobson et al. 2010). The major uses

of MIBG imaging are confirmation that an adrenal

lesion is a phaeochromocytoma, the identification

of metastases, and for assessing suitability for
131I-MIBG therapy. 123I-MIBG imaging gives

a valuable hint on the response to 131I MIBG

treatment in patients with metastatic pheochro-

mocytoma or paraganglioma. Apart from this,
123I MIBG can be used to detect occult metastasis

in patients with increased risk for metastatic

phaeochromocytoma or paraganglioma (eg, a

large primary tumour, recurrent disease, and

extra-adrenal or multifocal disease) (Lenders

et al. 2014).

Prior to 123I MIBG imaging, thyroid uptake of

radioactive iodine must be blocked with iodide,

usually nowadays in the form of potassium

iodide. It is also important to bear in mind that

certain medications can impair the uptake of

MIBG and should be withheld for 2 weeks

(Table 5).

Table 5 Drugs that interfere with MIBG scanning

Tricyclic antidepressants

Prochlorperazine

Anti-psychotics

Cocaine

Amphetamines

Dopamine

Reserpine

Sympathomimetics

Labetalol

Ca++-channel blockers (?increase uptake)

Fig. 4 Contrast enhanced CT scan of a young female presenting with hypertension showing a large, inhomogeneous,

multiloculated mass with cystic and solid areas. A mass measuring 76 � 66 � 66 mm is seen in the right adrenal gland
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Apart from MIBG, recent studies have

identified several other functional imaging

modalities including PET scanning using 18F-

fluorodopamine, 18F-fluorodihydroxy-phenylala-

nine (18F-DOPA), or 18F-fluoro-deoxy-glucose

(FDG). This is especially used in paragangliomas

or metastatic disease including SDH-related

tumours (Timmers et al. 2009). However, few

of these are generally available. 18F-FDG-PET

can also be of use when other localising imaging

techniques are negative as it is highly sensitive to

these tumours which demonstrate increase gly-

colysis compared to aerobic metabolism, espe-

cially tumours showing SDH mutations, or

rapidly growing metastatic tumours (Mamede

et al. 2006).

Other functioning imaging modalities now

being considered for localization are 111In-

pentetreotide scintigraphy in combination with

CT/MRI and 68Ga-DOTA-NOC. As both

phaeochromocytomas and paragangliomas

express somatostatin receptors to some extent,

these somatostatin receptor scintigraphic studies

have been shown to localise malignant, meta-

static and extra-adrenal lesions very effectively,

and can indicate the possibility of peptide radio-

receptor therapy (Naswa et al. 2012).

9 Treatment
of Pheochromocytoma
in Adults

9.1 Perioperative Medical
Management

Once diagnosed and localised, the treatment of

choice in phaeochromocytoma is surgical

removal. Surgical mortality in patients with undi-

agnosed pheochromocytoma’ who undergo any

surgery without preoperative medical therapy is

high due to lethal hypertensive crises, malignant

arrhythmias, and multi-organ failure. Adrenalec-

tomy itself can release high levels of circulating

catecholamines during surgery, leading to hyper-

tensive crises and arrhythmias, even in normoten-

sive and asymptomatic patients. Therefore, all

patients with a hormonally-active phaeochro-

mocytoma/paraganglioma should undergo

preoperative adrenergic blockade and the first

choice should be an alpha-adrenergic receptor

blocker (Lenders et al. 2014). Unfortunately,

there are no randomised head-to-head clinical

trials to compare as to which alpha-blocker is

most suitable. Phenoxybenzamine is an irrevers-

ible, non-selective, non-competitive,

α-adrenoceptor blocker, with a longer duration

of action due to its irreversible action. This should

be initiated at least 7–14 days prior to surgery to

ensure adequate α-blockade. Phenoxybenzamine

is started at a dose of 10 mg twice daily and

titrated up gradually till the patient is normoten-

sive with no paroxysms of tachycardia or hyper-

tension. The dose can be titrated up by 10–20 mg

daily dose increments, going up to a maximum

tolerable dose, which is generally a total daily

dose of 1 mg/kg. The common side effects of

phenoxybenzamine are postural hypotension

with reflex tachycardia and dizziness, syncope

and nasal congestion. It can also lead to inhibition

of ejaculation, miosis and lassitude. Although the

irreversible, prolonged inhibition caused by

phenoxybenzamine offers effective adrenergic

blockade during adrenal surgery, the prolonged

action can contribute to hypotension in the first

24 h after tumour removal (Pacak 2007).

Due to the aforementioned difficulty with

phenoxybenzamine, selective α1-adrenergic
blockers such as prazosin, terazosin or doxazosin

are used in some centres. Although there are no

head-to-head comparison studies, some retro-

spective studies have demonstrated that selective

α1-adrenergic blockers are associated with lower
diastolic pressure preoperatively, a lower inci-

dence of reactive tachycardia, lower intra-

operative heart rate, and better postoperative

recovery with lower incidence of sustained post-

operative hypotension (Prys-Roberts and

Farndon 2002). However, there are other studies

demonstrating no significant benefit in selective

α1-adrenergic blockers over phenoxybenzamine

(Kocak et al. 2002). If these are used, prazosin is

administered at 2–5 mg two or three times a day,

terazosin at 2–5 mg per day, and doxazosin in

doses of 2–8 mg per day. Some centres initially

use phenoxybenzamine and subsequently change

over to prazosin to avoid post-operative hypoten-

sion (Malchoff et al. 2004).
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Beta-adrenergic blockers are useful preopera-

tively to control tachycardia only after the admin-

istration of adequate alpha-adrenergic blockade.

As shown in Table 1, α1 receptor stimulation

causes vasoconstriction while β2-receptor stimu-

lation can cause peripheral vasodilatation;

β-receptor blockade prior to α-blockade will

cause α1-induced severe vasoconstriction without
compensatory β2-induced vasodilatation, leading

to hypertensive crises. Propranolol and atenolol

are recommended for pre-operative use and

should be initiated at least 3–4 days after the

initiation of alpha blockade (Lenders et al.

2014). Although labetalol and carvedilol have

combined α- and β-adrenoceptor effects, they are

not recommended as their alpha:beta inhibition

ratio is 1:7. Therefore, if used alone they can

precipitate a hypertensive crisis, due to poor

α-receptor inhibition. Some centres only add in

β-antagonists if there is significant tachycardia.
Another agent that can be used is a calcium

channel blocker. These drugs block catecho-

lamines and cause calcium influx into vascular

smooth muscle, thereby controlling hypertension

and tachycardia. Calcium channel blockers can

be used as a supplement to an adrenoceptor

blocker in patients with inadequate blood pres-

sure control or as a replacement for patients with

severe side-effects on adrenoceptor blockers.

Metyrosine is an inhibitor of tyrosine hydrox-

ylase, which is the rate-limiting step in catechol-

amine synthesis (Fig. 2). It can be used in

combination with α-blockers for a short period

before surgery to further stabilise blood pressure

and blood loss during surgery (Steinsapir

et al. 1997), but it is of limited availability.

Apart from adrenoceptor blockade, in patients

with phaeochromocytoma it is vital to ensure

adequate intravascular volume repletion as cate-

cholamine excess causes blood volume contrac-

tion which is only 60 % corrected by the use of

α-adrenergic blockade (Grosse et al. 1990). This
is crucial to avoid severe post-operative hypoten-

sion, especially as these patients respond poorly

to inotropes, due to pre-operative alpha and beta-

receptor blockade. Retrospective studies demon-

strate that a pre-operative high-salt diet,

subsequent to initiation of an α-blocker, can

reverse the volume contraction and reduce the

post-operative hypotension (Pacak 2007). Apart

from the high salt diet, 1–2 l of intravenous

normal saline can be used to replete intravascular

volume 24 h prior to surgery. However, one must

be cautious not to fluid overload patients with

kidney or heart failure.

Although there are no randomised studies on

the pre-operative target blood pressure, a target

blood pressure of less than 130/80 mmHg and a

resting heart rate of 70 bpm are considered rea-

sonable by most authorities.

9.2 Adrenalectomy and Surgical
Outcome

Minimally-invasive laparoscopic adrenalectomy

is the procedure of choice in patients with soli-

tary intra-adrenal phaeochromocytoma without

obvious radiological features of malignancy.

However, for larger tumours of >6–8 cm or

with features of local invasion, open adrenalec-

tomy may be necessary (Lenders et al. 2014;

Assalia and Gagner 2004). Paragangliomas are

more likely to be found in areas difficult to access

laparoscopically and are more frequently malig-

nant. Therefore, paragangliomas are more likely

to require open resection. Partial cortex-sparing

adrenalectomy can be considered in patients with

hereditary phaeochromocytoma (eg. MEN-2,

VHL) and in patients who had undergone previ-

ous unilateral adrenalectomy.

Surgery of any catecholamine-secreting

tumor is a high-risk procedure and should ideally

be performed in a centre with an experienced

surgeon, endocrinologist, and a team of anaesthe-

siologists. The most crucial part in the manage-

ment of these patients is the multidisciplinary

approach with the involvement of the surgeon,

endocrinologist, anaesthetists and the intensive

care specialists. Depending on the experience of

the surgeon, either transperitoneal or a retroperi-

toneal laparoscopic approach can be taken. It is

vital to avoid fracture of the tumour during dis-

section to avoid seeding into the tumour bed and

peritoneal cavity. Intact specimen bags should be

used for the safe retrieval of the resected tumour
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and surgeons have successfully employed hand

assistance or robot assistance for large, difficult

to retrieve tumours (Brunaud et al. 2008). If

cortical-sparing partial adrenalectomy is consid-

ered, devices such as ultrasonic shears can be

used to minimise bleeding; 90 % of the patients

who undergo cortical-sparing adrenalectomy

remain glucocorticoid sufficient, especially so

in patients with small tumours (Volkin

et al. 2012). However, the disadvantage of

cortical-sparing surgery is that inevitably there

is some medullary tissue left behind which

increases the rate of recurrence, with higher sur-

gical complication risk during a second surgery.

As discussed above, patients should be satis-

factorily blocked, as significant surges of

catecholamines are inevitable during the surgery.

Alpha and beta-adrenergic blockade should be

continued until the morning of the surgery.

Short-acting intravenous α- and β-adrenergic
blocking agents should be available during sur-

gery and agents such as fentanyl, ketamine and

morphine should be avoided. Some anaesthetists

use sodium nitroprusside to cause both arterial

and venous dilatation and then fluid replace to

maintain blood volume. Most anaesthetic gases

can be used during surgery apart from halothane

and desflurane. If bilateral adrenalectomy is

planned, the patient should be on stress doses of

hydrocortisone replacement peri-operatively.

Cardiovascular and haemodynamic variables

including intra-arterial pressure and heart rhythm

must be monitored closely during and immedi-

ately follow surgery. If the patient has decreased

cardiac reserve, monitoring of pulmonary capil-

lary wedge pressure can be useful.

Acute hypertensive crises should be

anticipated before or during surgery and should

be treated with intravenous sodium nitroprusside,

phentolamine or nicardipine. Sodium nitro-

prusside is a vasodilator and is ideal for intra-

operative hypertension management due to its

rapid onset and short duration of action. It should

be initially started at a rate of 0.5–1.5

micrograms/kg/min, then increased in steps of

500 nanograms/kg/min every 5 min within

range, 0.5–8 micrograms/kg/min. Intravenous

phentolamine is a non-selective, short-acting α
� adrenergic inhibitor, with a hypotensive

response seen in 3–4 min following an intrave-

nous bolus of 5 mg, which lasts for 10–15 min.

Nicardipine is a dihydropyridine calcium chan-

nel blocker that relaxes vascular smooth muscle

and dilates coronary and peripheral arteries. It

can be used as an intravenous infusion to main-

tain blood pressure during surgery. For the man-

agement of tachyarrhythmias, intravenous

lidocaine, esmolol or labetolol can be used

(Memtsoudis et al. 2005).

Hypotension may occur during and after sur-

gical resection of a phaeochromocytoma, and the

mainstay of treatment should be intravenous

fluids and colloids, and only if necessary intrave-

nous pressor agents can follow. Postoperative

hypotension is less frequent in patients with ade-

quate preoperative volume expansion and

α-adrenergic blockade. Hypoglycemia should

be anticipated in the immediate postoperative

period with regular monitoring of blood glucose.

Fluids given intravenously should preferably be

5 % dextrose to avoid hypoglycaemia. Patients

with congestive cardiac failure or poor cardiac

reserve should have close haemodynamic moni-

toring post-operatively with minimum blood

pressure and heart rate fluctuations.

Although blood pressure normalises in the

majority, some patients remain hypertensive for

up to 4–8 weeks post-operatively. Hypertension

can be persistent in a few patients due to resetting

of the baroreceptors, structural changes to the

blood vessels due to long-standing hypertension,

damage to polar renal vessels during surgery, and

coexisting essential hypertension. In terms of the

catecholamine cardiomyopathy, the alarming

ECG changes frequently normalise, but there is

recent evidence based on MRI imaging showing

persisting decreases in sytolic and diastolic func-

tion due to fibrosis (Ferreira et al. 2016).

9.3 Postoperative Follow-Up

Two weeks following the surgery all patients

should be retested with a 24-h urinary

fractionated metanephrines. If the levels are

within normal limits, surgery can be considered

complete. However, elevated levels of

metanephrines following surgery may indicate
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residual disease, which could be either residual

adrenal disease or occult metastases.

All patients, including patients with normal

metanephrines, should in our opinion have

annual 24-h fractionated metanephrines

evaluated for life. This is crucial to assess for

metastatic disease, tumour recurrence in the

adrenal bed and delayed appearance of multiple

primary tumours. Several studies suggest a 10 %

risk of tumour recurrence in the remnant adrenal

gland (Yip et al. 2004). Moreover, higher recur-

rence rates should be expected in patients with

familial disease, right-sided adrenal phaeochro-

mocytoma, or paragangliomas (Young 2011;

Amar et al. 2005). However, adrenal imaging is

not routinely indicated, unless the metanephrines

rise or in the follow-up of patients with a

non-secretory primary lesion.

10 Histopathology

The typical histopathology of phaeochro-

mocytomas and paragangliomas include chief

cells with abundant granular cytoplasm and

large vesicular nuclei and basophilic to

amphophilic cells. However, some tumours may

have scant cytoplasm with cellular and nuclear

pleomorphism. Cytoplasmic hyaline globules

and melanin-like pigment can be frequently

seen. A prominent cell-nesting pattern called

zellballenmay be present with scattered ganglion

cells. The chief cells are centrally located while

Spindle shaped sustentacular or supporting cells

are found periphery to the chief cell nests.

Higher-grade tumours are characterized by a pro-

gressive loss in the ratio between chief cells and

sustentacular cells with a decrease in the overall

number of sustentacular cells (Barnes and Taylor

1990; Kliewer et al. 1989)

Immunohistochemical studies confirms the

neuroendocrine origin of the tumour with posi-

tive staining of chief cells with chromogranin,

synaptophysin and neuron-specific enolase

(NSE). Moreover, sustentacular cells are nega-

tive for neuroendocrine markers and positive for

molecular markers such as S100 acidic protein

and GFAP. The absence of staining with certain

molecular markers is of use when distinguishing

phaeochromocytoma from other adrenal and

renal tumours. For example, negative EMA

staining in phaechromocytoma is useful to distin-

guish between renal cell tumours and negative

staining with melan A, inhibin-α, calretinin, and
keratin is helpful to distinguish between adreno-

cortical carcinoma. Further, phaeochro-

mocytomas and paragangliomas are positive for

chromogranin A and negative for melan A and

keratin (Kliewer and Cochran 1989).

11 Malignant
Phaeochromocytoma

Malignant phaeochromocytomas pose several

challenges to the managing physician, starting

from the diagnosis and leading up to the manage-

ment. Identification of the malignant nature of a

phaeochromocytoma remains a challenge as,

unlike most malignant lesions, malignant

phaeochromocytomas lack specific tumour and

prognostic markers indicating malignancy: only

the presence of metastases of chromaffin tissue at

sites where no chromaffin tissue should be

expected (eg. liver, bone, lymph nodes)

establishes a definitive diagnosis of malignant

phaeochromocytoma (Young 2011).

Several clinical, biochemical, radiological,

genetic and histopathological clues can alert

one to the potential of malignant disease in a

patient with phaeochromocytoma. Malignant

disease can present with features of catechol-

amine excess similar to benign phaeochro-

mocytoma (eg. hypertension, funny spells etc.).

However, malignancy can present with systemic

and metastatic symptoms such as anorexia,

weight loss and bone pain. If the malignant

tumour is not well differentiated, the catechol-

amine production may not be complete, giving

rise to absent or mild clinical features of cate-

cholamine excess.

The anatomical site of the primary entero-

chromaffin tumour can give some idea of the

possible malignant potential of a phaeochro-

mocytoma. Some 10 % of phaeochromocytomas

are malignant, while up to 35 % of mediastinal

and abdominal paragangliomas are malignant.

Head-and-neck paragangliomas have a lower
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overall risk of malignancy at 4 %, while vagal

and carotid body paragangliomas have a risk of

10–15 % (Eisenhofer et al. 2012).

Apart from the anatomical site, the genetic

background of the patient adds to the potential

malignant risk of a pheochromocytoma. SDHB

gene carries the highest malignancy rates and

patients with paragangliomas with this mutation

should undergo screening for distant metastatic

disease as part of the preoperative evaluation;

VHL and MEN-2 carry a low risk of malignancy,

5 % or less.

Biochemistry can be useful in the differentia-

tion between benign and malignant pheochromo-

cytoma, although it is of limited value. Due to

poor differentiation of the catecholamine biosyn-

thetic pathway, they often do not complete the

catecholamine production all the way up to nor-

adrenaline (Fig. 3): therefore, they produce high

levels of dopamine and its metabolites, particu-

larly 3–methoxytyramine. Therefore, predomi-

nant production of 3-methoxytyramine suggests

a malignant rather than a benign phaeochro-

mocytoma (Eisenhofer et al. 2012; Parenti

et al. 2012). Few other biochemical substances

have been suggested to be associated with

phaeochromocytoma. Chromogranin A is a pro-

tein co-secreted with catecholamines and is ele-

vated in the presence of catecholamine secreting

tumours. However, malignancy has been

associated with very high serum chromogranin

A levels (Grossman et al. 2006).

Similar to clinical and biochemical features,

imaging offers limited clues in distinguishing

malignant from benign phaeochromocytoma.

The typical malignant features of adrenal imag-

ing such as attenuation greater than 10HU,

delayed contrast washout and inhomogeneous

consistency, are seen in both benign and malig-

nant phaeochromocytoma. However, radiology

can be helpful in assessing the size and the loca-

tion of the lesion. Tumours that are greater than

5 cm in size and extra-adrenal in location carry a

higher risk for malignant disease than tumours

that are small or have an adrenal location: size

matters (Korevaar and Grossman 2011).

Somatostatin analogues labelled with

gallium-68 (68Ga-DOTATOC), 111In-

pentetreotide and 18F-FDG are useful functional

imaging modalities in identifying metastatic dis-

ease (Buchmann et al. 2007; Hofmann

et al. 2001). Radiolabelled dopamine or

dihydroxypheylalanine (DOPA), which is taken

up by chromaffin cells, is another useful func-

tional imaging modality, while PET with 6-[18F]-

fluoro-dopamine can detect metastatic

phaeochromocytomas and paragangliomas with

better sensitivity than 131I-MIBG (Ilias

et al. 2003).

Despite recent advances in histopathology and

molecular markers, histological differentiation of

benign and malignant phaeochromocytoma

remains an area of difficulty as no single histo-

logical feature, by itself, is of significant value.

Some evidence suggests that multifactorial anal-

ysis, combining several features, can be helpful

in identifying significant metastatic risk. Several

scoring systems have been proposed, considering

growth patterns, invasion, cytology, mitotic

activity and other tumour characteristics

(Linnoila et al. 1990; Kimura et al. 2005). One

of the most utilised scores is the “Pheochromo-

cytoma of the Adrenal gland Scales Score”

(PASS), proposed by Thompson et al. in 2002

(Table 6). Subsequent studies revealed that all

malignant phaeochromocytomas had a PASS of

Table 6 Phaeochromocytoma of the adrenal gland scor-

ing scale (PASS)

Feature Value

Nuclear hyperchromasia 1

Profound nuclear pleomorphism 1

Capsular invasion 1

Vascular invasion 1

Extension into adipose tissue 2

Atypical mitotic figures 2

Greater than 3 of 10 mitotic figures high-power

field

2

Tumor cell spindling 2

Cellular monotony 2

High cellularity 2

Central or confluent tumour necrosis 2

Large nests or diffuse growth (>10 % of tumour

volume)

2

Total 20

Adopted from reference Thompson (2002)
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>6 and a score of <4 suggested benign nature.

Scores between 4 and 6 are indeterminate

(Thompson 2002; Strong et al. 2008). Kimura

has suggested a system bases on features of

PAS but including Ki-67 as well as some

non-histopathological criteria.

Several molecular markers associated with

malignancy such as cyclooxygenase-2,

secretogranin II-derived peptide, N-cadherin,

vascular endothelial growth factor (VEGF),

endothelin receptor type A (ETA), and type B

(ETB) and telomerase have been identified. In

particular, telomerase seem to be closely related

to the malignant potential of paragangliomas

(Parenti et al. 2012). Markers of proliferation

such as Ki-67 based on the MIB-1 antibody can

give additional information on the proliferative

potential of the tumour. A Ki-67 of >2 % is

considered a useful parameter predicting malig-

nant potential (Liu et al. 2004). Recently, several

micro-RNA expression studies have shown to act

as biomarkers for differentiating benign and

malignant phaeochromocytoma. Although

promising, they need further evaluation with

large cohort studies before the incorporation in

to clinical practice (Parenti et al. 2012).

The treatment of malignant phaeochro-

mocytoma can be a quite challenging and must

be managed in a multidisciplinary setting. The

prognosis can be variable with an overall 5-year

survival rate of between 34 % and 60 %. The

prognosis is worse in patients with lung and

liver metastases rather than bone (Pacak

et al. 2007). Surgical resection is the initial treat-

ment with laparoscopic or open adrenalectomy

with resection of locoregional lymph nodes. Sur-

gical debulking is considered the mainstay of

treatment for palliation, which can improve

local or systemic symptoms related to catechol-

amine secretion and improves response to other

therapeutic approaches. Liver metastases are

treated with arterial or chemoembolisation as

well as radiofrequency ablation (Maithel and

Fong 2009).

Radio-metabolic treatment can be considered

in patients with non-resectable lesions by using

β-emitting isotopes coupled with MIBG or

somatostatin analogues. 131I-MIBG has been

used for the treatment of malignant phaeochro-

mocytoma over the last few decades and is usu-

ally preceded by diagnostic scintigraphy with 123

I-MIBG. About 60 % of metastatic sites are 131I-

MIBG avid with better responses seen in limited

disease with soft-tissue metastases rather than

diffuse disease with bone metastases (Loh

et al. 1997). Radiolabelled somatostatin

analogues are another form of treatment with

the use of yttrium-90-DOTATOC (90Y-DOTA-

TOC) and lutetium-177- DOTA- TATE (177Lu-

DOTA- TATE). Both these can be used as poten-

tial treatment modalities if scintigraphy with

either 111In-pentetreotide or 68Ga-DOTA-TOC

shows high tumour uptake. Recent studies

demonstrated that 68Ga-DOTATATE PET/CT

was significantly superior in detection rate to all

other functional and anatomical imaging

modalities and may represent the preferred future

imaging modality in the evaluation of SDHB-

related metastatic pheochromocytoma/

paraganglioma (Janssen et al. 2015). Radionu-

clide treatment is low in toxicity with fewer

side-effects compared to conventional cytotoxic

agents and is useful in reducing the hormonal

secretion and tumour bulk (Kwekkeboom

et al. 2008; Forrer et al. 2008). Moreover, com-

bination therapy with radiolabelled MIBG and

somatostatin analogues can be considered as a

future treatment option with lower toxicity and

better efficacy (Sze et al. 2013).

The most used and effective anti-neoplastic

chemotherapy regimen is a combination of

cyclophosphamide, vincristine and dacarbazine

(CVD). It is mainly considered in patients with

locally advanced and/or metastatic lesion,

unresectable tumours and disease resistant to

the above mentioned treatment modalities

(Andersen et al. 2011). Dacarbazine is an

alkylating agent, which has the best chemothera-

peutic effect on phaeochromocytoma. However,

it remains unclear as to whether this combination

regime prolongs survival. An oral alternative to

dacarbazine, temozolomide has shown promise

in a retrospective trial in the treatment of patients

with malignant phaeochromocytoma/

paraganglioma with SDHB mutation. The silenc-

ing of O-methylguanine-DNA methyltransferase
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(MGMT) expression as a consequence of

MGMT promoter hypermethylation in SDHB-

mutated tumours has been considered as the

possible mechanism of action of temozolomide

(Hadoux et al. 2014). Neuroendocrine tumours

have a rich vasculature and high levels of vas-

cular endothelial growth factor (VEGF) expres-

sion. Therefore, agents inhibiting angiogenesis

such as thalidomide has been evaluated for the

treatment of malignant pheochromocytoma, in

combination with temozolomide, but

temozolomide alone is probably just as effective

as the combination (Kulke et al. 2006). Molecu-

lar targeted therapy is another promising thera-

peutic option for malignant

pheochromocytoma. Sunitinib, which is a

potent inhibitor of multiple tyrosine kinase

receptors, is an agent that has been considered

patients with several studies showing a survival

benefit. However, more data on the use of

sunitinib will be released in the near future

with the outcome of the First International

Randomized Study in Malignant Progressive

Pheochromocytoma and Paraganglioma

(FIRST-MAPPP). Everolimus is an mTOR

inhibitor which has not shown much efficacy

when used on its own, but various animal and

cell line studies have suggested that

combinations of targeted therapy may be useful

(Druce et al. 2009; N€olting et al. 2012; 2015).

Radiotherapy is another mode of treatment

available for malignant pheochromocytoma.

External beam radiotherapy is mainly considered

for palliative treatment in pain management of

bony metastases. It is important to bear in mind

that adequate adrenergic blockade must be

achieved prior to treatment as all these

modalities can potentially precipitate a hyperten-

sive crisis.
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Abstract

Sympathetic nervous system over-activity is closely linked with elevation

of systemic blood pressure. Both animal and human studies suggest renal

sympathetic nerves play an important role in this respect. Historically,

modulation of sympathetic activity has been used to treat hypertension.

More recently, catheter based renal sympathetic denervation was

introduced for the management of treatment resistant hypertension.

Sound physiological principles and surgical precedent underpin renal

denervation as a therapy for treatment of resistant hypertension. Encour-

aging results of early studies led to a widespread adoption of the procedure

for management of this condition. Subsequently a sham controlled

randomised controlled study failed to confirm the benefit of renal dener-

vation leading to a halt in its use in most countries in the world. However,

critical analysis of the sham-controlled study indicates a number of flaws.

A number of lessons have been learnt from this and other studies which

need to be applied in future trials to ascertain the actual role of renal

denervation in the management of treatment resistant hypertension before

further implementation. This chapter deals with all these issues in detail.

Keywords

Sympathetic nervous system • Renal vascular resistance • Resistant

hypertension • Renal angiography • Simplicity HTN-3 • Global

Simplicity Registry

1 Role of the Sympathetic
Nervous System
in Hypertension

Roman scholar Cornelius Celsus (25 BC–50 AD)

was probably the first person to observe the
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relationship between sympathetic nervous sys-

tem and elevated blood pressure by noting that

exercise, passion and the presence of a doctor

could all cause the pulse to increase in rate and

tenseness (Freis 1995). The sympathetic nervous

system is essential to the maintenance of sys-

temic arterial pressure through changes in car-

diac output, systemic vascular resistance, salt

excretion and modulation of the renin angioten-

sin system in response to acute changes in blood

pressure. Chronic activation of the sympathetic

nervous system leads to increase in cardiac out-

put and peripheral resistance, and retention of

salt and water all of which play important roles

in the development and maintenance of hyper-

tension (Mark 1996). Increase in tubular

sodium reabsorption, renin release and renal

vascular resistance lead to shifting of the pres-

sure natriuresis curve to the right and thus

contributing to chronic elevation of blood pres-

sure (Fig. 1).

It has been demonstrated in both animal

models and humans that those with primary

hypertension have higher sympathetic nerve

activity (SNA) compared to those with normal

blood pressure (Esler et al. 2003; Grassi et al.

1998; Yamada et al. 1989). Increased SNA

causes vascular remodelling and smooth muscle

hypertrophy leading to increased peripheral

resistance (Oparil et al. 2003). These changes

in the peripheral vasculature play important

roles in the development and maintenance

of chronic hypertension. Moreover, increased

SNA in hypertension contributes to end organ

damage as suggested by the correlation between

left ventricular mass and reduced vascular

compliance and elevated circulating noradrena-

line (Marcus et al. 1994; Grassi et al. 1995).

SNA overactivity may also be responsible for

diastolic hypertension in young as indicated

by the correlation between heart rate and dia-

stolic blood pressure suggesting autonomic ner-

vous system imbalance in the form of relative

SNA overactivity (Kim et al. 1999). SNA

overactivity has also been implicated in obesity

related hypertension. Both the renal and

cardiac sympathetic activities have been

demonstrated to be increased in this situation

(Esler 2000).

1.1 Mechanism of Sympathetic
Stimulation in Hypertension

The mechanism of sympathetic stimulation in

hypertension is complex but perhaps involves

both baroreceptor and chemoreceptor pathways.

Both central and peripheral baroreceptors are

cardiac output
Cardiac hypertrophyvascular resistance

Vascular remodelling
Smooth muscle hypertrophy

Af ferent Sympathet ic
Nerves

Renin Release RAAS act ivat ion
Sodium Retent ion
Renal Blood Flow

Fig. 1 Effects of sympathetic activation and the role of

afferent renal sympathetic nerves in the development and

control of hypertension (Reproduced with permission of

Springer: The role of the kidney and the sympathetic

nervous system in hypertension. Paediatric Nephrology

2015 (Thomas and Dasgupta 2015))
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reset at higher blood pressures in hypertension;

and returns to normal as blood pressure is

lowered with treatment (Chapleau et al. 1988;

Guo et al. 1983; Xie et al. 1990). Factors

implicated in sympathetic stimulation are

summarised in Box 1.

Box 1: Factors Implicated in Activation

of Sympathetic Nervous System

in Hypertension

• Abnormal sympathetic innervation and

renal morphogenesis

• Arterial baroreceptor resetting

• Chemoreceptor stimulation to hypoxia

and apnoea

• Mental stress – recurrent stresses

promotes increased vascular reactivity

and maladaptive remodelling

• Renal injury – stepwise relationship

between declining renal function and

SNA

• Oxidative stress – experimental data

show antioxidants reduce SNA

• Reduced nitric oxide bioavailability –

animal and human data showing

ADMA correlates with SNA

• Angiotensin II

• Endothelin

Reproduced with permission of Springer: The

role of the kidney and the sympathetic nervous

system in hypertension. Paediatric Nephrology

2015 (Thomas and Dasgupta 2015).

1.2 Role of Renal Sympathetic
Nerves in Hypertension

Renal nerves are the ‘communication link

between the central nervous system and the kid-

ney’. The major structural and functional

components of the kidney, the vessels, glomeruli,

and tubules are innervated. In response to various

stimuli, both mechanical and chemical, the effer-

ent renal sympathetic nerves are activated. Acti-

vation of the efferent renal sympathetic nerves

leads to reduction in renal blood flow and

glomerular filtration rate, increase in renal tubu-

lar sodium and water reabsorption, and increase

in renin release. Inhibition of these nerves has the

functionally opposite effects. The afferent renal

sympathetic nerves generally, in response to

stretch, exert an inhibitory effect through

facilitating sodium and water excretion. This

reno-renal reflex plays an important role in

maintaining sodium and water homeostasis in

various physiological and pathological states.

However, in states of kidney disease and injury

the excitatory fibres in the afferent sympathetic

nerves are stimulated which leads to increased

peripheral and renal sympathetic nerve activity

leading to peripheral vasoconstriction, increased

cardiac output, renal vasoconstriction, increased

renin release and tubular salt retention all of

which contribute to elevation of systemic blood

pressure. It is postulated that it is the activation of

these fibres that contribute to initiation and main-

tenance of essential hypertension (DiBona and

Sawin 1999; DiBona and Kopp 1995, 1997).

The evidence for the important role that the

renal sympathetic nerve play in the pathogenesis

and maintenance of hypertension come from ani-

mal experiments. There is a suggestion that the

association between the SNS and the kidney

starts in utero. In rodents, glial cell line-derived

neurotrophic factor (GDNF) is essential to the

normal development of renal sympathetic inner-

vation and glomerular morphogenesis (Sainio

et al. 1997). Deletion of a single GDNF gene in

mice results in abnormal renal morphogenesis

with the kidneys developing fewer, larger

glomeruli and higher arterial pressures

(~20 mmHg) compared to control animals with

two copies of the gene (Cullen-McEwen et al.

2003). In spontaneously hypertensive rats (SHR),

neonetal sympathectomy reduce blood pressure

long-term (Gattone et al. 1990; Head 1989). This

is further confirmed when kidneys from neona-

tally sympathectomised SHR are transplanted

into untreated SHR. Mean arterial pressure is

lower in these animals compared to the control

group in which kidneys from hydralazine treated

animals are transplanted into untreated SHR.

This suggests that neonatal sympathectomy

induces chronic changes to SHR kidney function
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leading to reduction of mean arterial pressure

even when extrarenal sympathetic tone is

restored (Grisk et al. 2002). It is suggested that

it is the impairment of the reno-renal reflex men-

tioned above that contributes to the development

of hypertension in SHR. Furthermore, there is a

lot of evidence demonstrating renal denervation

can delay development and attenuate several dif-

ferent types of experimental hypertension (Stella

and Zancetti 1991).

Experiments in both rat models and humans

have demonstrated that the SNS exhibits prefer-

ential activation of renal sympathetic fibres in

response to baroreceptor unloading (Scislo et al.

1998; Johansson et al. 2003). In the human

experiment enalaprilat, an intravenous

angiotensin-converting enzyme inhibitor, was

administered to healthy individuals. There was

a minor drop in mean arterial pressure, but renal

noradrenaline spillover increased to 26 % and

49 % in response to low and high dose

enalaprilat respectively, whilst the cardiac and

total body noradrenaline spillover remained con-

stant. These findings suggest that in healthy

individuals without activated renin angiotensin

system, there is selective stimulation of renal

sympathetic nerve activity in response to barore-

ceptor unloading (Johansson et al. 2003). Pur-

ported mediators of baroreflex resetting include

angiotensin II and oxygen free radicals (Abboud

1974; Li et al. 1996).

1.3 Historical Treatments
for Hypertension – Modulation
of Sympathetic Activity

On the basis of the vasoconstrictor and cardioac-

cleratory properties of the sympathetic nervous

system, a number of therapies have been devel-

oped in an attempt to modify the effect of the

sympathetic nervous system on blood pressure

(BP) control. Efficacy of these therapies further

support the important role the SNA plays in

hypertension. In 1923, Fritz Bruening performed

the first surgical sympathectomy for hyperten-

sion based on the hypothesis that reduction of

sympathetic outflow will lead to reduction in

blood pressure (Freis 1990). This original con-

cept was further developed by other surgeons

such as Peet and Smithwick (Peet 1947;

Smithwick and Thompson 1953) who performed

more extensive operations termed

splanchnicectomy which was offered to those

with severe hypertension with evidence of car-

diovascular damage. These procedures resulted

in impressive reduction in blood pressure but

were associated with significant surgical

morbidities and complicated by orthostatic

symptoms. With the availability of effective

medical therapy these procedures were aban-

doned. However, the success of surgical sympa-

thectomy in reducing high blood pressure led to

the development of drugs producing chemical

sympathectomy. A number of ganglion blocking

agents were developed to treat hypertension like

hexamethonium and tetraethylammonium chlo-

ride (Lyons et al. 1947; Paton and Zaimis 1948).

These agents were the first pharmacological

agents to block sympathetic outflow from the

ganglion and also one of the earliest medical

therapies for hypertension. Alpha-methyldopa a

centrally acting anti-hypertensive agent which

acts by inhibiting sympathetic outflow through

binding to α2 adrenoreceptors became available

in the 1960s (Oates et al. 1960). Use of this drug

is uncommon nowadays except in the context of

hypertension in pregnancy. The role of sympa-

thetic nervous system in the pathogenesis of

hypertension is mediated by the alpha and beta

adrenergic receptors. Beta-blockers were shown

to be beneficial in the management of hyperten-

sion in 1964 (Prichard and Gillam 1964). The

alpha-1 receptors present in the blood vessels

are responsible for peripheral resistance. Selec-

tive alpha-1 receptor blockers were developed

with a view to treating hypertension by reducing

elevated total peripheral resistance (Nash 1990).

However, in practice these agents have been

found to have very modest blood pressure lower-

ing effect (Heran et al. 2012).

Another example of sympathetic modulation

to achieve blood pressure control is bilateral

nephrectomy that used to be carried out in dialy-

sis patients with refractory hypertension

(Zazgornik et al. 1998). The improvement in
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blood pressure control in this situation is likely to

be due to removal of the sympatho-excitatory

effects of the damaged kidneys.

2 Catheter-Based Renal
Denervation in Treatment
Resistant Hypertension

A greater understanding of the role of the sym-

pathetic nervous system in the pathogenesis and

maintenance of primary hypertension and the

lessons learnt from modulation of sympathetic

activity in hypertension control has led to a

number of novel device based therapies of

which catheter based renal denervation (RDN)

is the foremost. Initial encouraging results from

clinical studies led to more than 10,000

procedures being carried out in treatment

resistant hypertension (TRH) across the world

in the last few years.

2.1 The Procedure

The renal nerves arise from T10 to L2 spinal

segments, arborise around the renal artery and

primarily lie within the adventitia of the artery.

This presents an opportunity to ablate the renal

sympathetic nerves percutaneously via the lumen

of the main renal artery using a catheter

connected to a radiofrequency generator. The

access is gained through the common femoral

artery which is punctured, under conscious

sedation and local anaesthetic injection to the

groin, using ultrasound guidance (Figs. 2 and 3).

A guide sheath is introduced using a standard

Seldinger technique. A renal angiogram is

Fig. 2 Diagram demonstrating the radiofrequency renal denervation procedure
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performed using a non-ionic contrast agent to

delineate the renal artery, ostia, bifurcation and

accessory arteries. If the renal artery anatomy is

suitable, a renal denervation catheter is posi-

tioned in the renal artery under fluoroscopic

guidance at an initial position proximal to bifur-

cation of the renal artery. The early renal dener-

vation catheters developed were unipolar with a

flexible tip fitted with an electrode that can dis-

charge radiofrequency waves when connected

with a radiofrequency generator. More recently

multipolar catheters of various designs have been

developed. These are fitted with multiple

electrodes capable of delivering multiple

ablations simultaneously.

The treatment involves the delivery of rela-

tively low power and precisely focused

radiofrequency bursts through the wall of the

renal artery to disrupt the surrounding renal

nerves lying in the adventitia. Depending on the

type of the catheter being used, unipolar or mul-

tipolar, it is repositioned after each treatment to

ablate the sympathetic nerves in each quadrant of

the renal artery in a helical pattern. Catheter

tip temperature and impedance are constantly

monitored during ablation, and radiofrequency

energy delivery is regulated according to a

predetermined algorithm. After a satisfactory

treatment, a repeat selective renal arteriogram is

taken to ensure patency of the renal artery post-

ablation. The process is then repeated in the other

renal artery and/or any accessory renal arteries.

Following successful completion of the proce-

dure a vascular closure device is deployed.

2.2 Pre-clinical and Proof
of Principle Studies of Renal
Denervation

The preclinical studies of catheter-based RDN

were carried out in juvenile swine model. It was

shown to be comparable to direct surgical RDN

via renal artery transection and re-anastomosis.

As proof of success, noradrenaline spillover rates

were reduced by more than 85 % after denerva-

tion (Krum et al. 2009). In humans, bilateral

renal denervation was demonstrated to reduce

noradrenaline spillover, decrease renin activity,

and increase renal plasma flow at 30 days after

the procedure (Schlaich et al. 2009).

The proof-of-concept trial of RDN in humans

(SYMPLICITY HTN-1), included 45 patients

with treatment resistant hypertension with a

clinic systolic blood pressure (BP) �160 mmHg

who underwent RDN using the single electrode

catheter (Symplicity catheter system, Ardian Inc.

Mountain View, CA, USA; Medtronic Inc.,

Fig. 3 Image showing

renal denervation catheter

in the left renal artery at the

point of delivering radio-

frequency ablation
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Santa Rosa, CA, USA) (Krum et al. 2009).

All patients were taking at least three anti-

hypertensive agents of different classes including

a diuretic. Significant reductions in office BP

readings compared to baseline were observed,

�22/�11 mmHg and �27/�17 mmHg at

6 month and 12 month after RDN respectively.

Serial estimated glomerular filtration rate

(eGFR), renal angiography and magnetic reso-

nance renal angiography (MRA) were used to

assess safety of the procedure. The procedure

was found to be safe with no significant change

in renal function and no incidence of renal artery

stenosis on the MRA at 6 months. Two patients

experienced adverse events; one had renal artery

dissection which occurred before any radio-

frequency ablation could be applied to the artery

and the second had a pseudoaneurysm at the

femoral access site.

To assess physiological response of renal

denervation, efferent sympathetic nervous sys-

tem activity at the level of the kidneys was

assessed by isotope dilution renal noradrenaline

spillover testing in a subgroup of 10 patients.

A mean reduction of noradrenaline spillover

of 47 % (95 % confidence interval: 28–65 %)

was observed 1 month after denervation.

These observations, alongside the substantial

reductions in clinic BP suggested successful

targeting of efferent renal nerves. Therefore,

this initial proof-of-concept study in human

subjects demonstrated that the procedure was

safe and was associated with a significant BP

reduction at 1 year.

Furthermore, BP reduction following renal

denervation was sustained. One hundred and

fifty three patients undergoing open-label RDN,

including the cohort of the proof of principle

study, were followed up for 3 years. There was

a mean reduction of 32/14 mmHg in office BP at

3 years with 93 % of the patients having a reduc-

tion in systolic BP of greater than �10 mmHg

(Krum et al. 2014). The average number of

BP-lowering medications prescribed at baseline

and 36 months were similar. Sustained BP reduc-

tion suggested that re-growth of efferent nerve

fibres had not occurred over time.

2.3 Further Clinical Studies
Demonstrating Efficacy
of Catheter Based Renal
Denervation

An open-label, multicentre, randomised control

trial (RCT) of renal denervation versus usual care

in patients with TRH further supported the effi-

cacy and safety of the procedure (SYMPLICITY

HTN-2) (Esler et al. 2010). In this open labelled

RCT, efficacy of RDN was compared against

usual care; 106 patients were randomised to

either RDN or a control arm. At 6 months, there

was a 32/12 mmHg reduction in office BP in the

RDN group, but no difference in office BP in the

control arm, when compared with baseline

BP. No procedural or device-based adverse

events were observed.

Following these encouraging results a number

of new catheter systems were developed and the

efficacy tested in clinical trials. A meta-analysis

of the early studies of renal denervation further

supported the BP lowering benefits of this ther-

apy (Davis et al. 2013). In the RCTs, there were

reductions in mean office BP at 6 and 12 months

of 28.9/11.0 mmHg and 25.4/10.0 mmHg respec-

tively with RDN compared with medical therapy.

Similar lowering in office BP was observed in

uncontrolled studies; reductions of 25.0/

10.0 mmHg and 22.8/10.6 mmHg respectively

at 6 and 12 months post RDN compared with

baseline.

2.3.1 Pitfalls of Early Studies of Renal
Denervation

There were two main criticisms of early studies

of catheter based renal denervation. Ambulatory

blood pressure (ABP) readings were infrequently

used for primary assessment of BP response. The

few studies, which reported on the ABP, showed

much lower BP reductions with a mean of 13.2/

7.3 mmHg at 6 months after procedure compared

with baseline (Davis et al. 2013). Secondly, there

was absence of blinding due to the invasive

nature of the procedure. Therefore, the placebo

effect could not be excluded and the medication
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taking behaviour of the patient may have been

altered by inclusion in a device-based trial.

2.4 The Sham Controlled Trial
of Renal Denervation

Sham controlled trials are considered to be the

most rigorous way of assessing efficacy of new

surgical techniques or device-based interven-

tions. As such, RDN was compared against a

sham procedure where the patients randomised

to the sham arm received a renal angiogram only

(SYMPLICITY HTN-3) (Bhatt et al. 2014). This

RCT included 535 patients with TRH across

88 centres in the USA and was designed to

address the issues raised regarding the design of

prior open-label RDN studies. The mean change

in office systolic BP after 6 months were

�14.1 mmHg and �11.7 mmHg respectively in

the denervation and sham arms, an absolute dif-

ference of 2.4 mmHg between the groups. The

primary efficacy end point, a difference of

5 mmHg between the groups in change of office

systolic BP from baseline to 6 months, was not

met. The secondary efficacy end point of a

2 mmHg difference between groups in change

in 24-h ambulatory systolic BP was also not met;

there was a reduction of 6.75 mmHg obtained in

the denervation group and 4.79 mm Hg in the

sham-procedure group. However, there was no

difference between the groups in major safety

end points, 1.4 % in denervation group versus

06 % in the sham group. Therefore, the sham-

controlled study suggests that catheter based

renal denervation is a safe procedure but does

not lower BP effectively in patients with treat-

ment resistant hypertension.

2.4.1 Critical Analysis of the Sham
Controlled Study

Critical analysis of this study by the investigators

and others suggest a number of factors which

may have been associated with better BP

response in some patients within this trial

(Kandzari et al. 2015; Lobo et al. 2015a). Factors

which have been shown to be associated with

favourable BP response within this trial include

(Box 2):

(a) Number of ablations: Consistently greater

reductions in BP were observed in patients

who received a higher number of renal

artery ablations in the treatment group. An

increased difference in office and ambula-

tory BPs with an increasing number of

ablations was observed after patients in the

two groups were propensity score matched

for the baseline characteristics. This trend

was shown to be statistically significant.

Twelve or more ablations in both renal

arteries were found to be predictive of a

greater change in ambulatory systolic

BP. There was no increase in safety events

corresponding to the increasing number of

renal artery ablations.

(b) Pattern of ablation: There was a trend

towards an increasing BP response with

delivery of ablations in a four-quadrant pat-

tern to neither, one or both renal arteries.

However, this was not statistically signifi-

cant. In the treatment arm, only 19 (5 %)

patients received four-quadrant ablations in

both renal arteries.

(c) Younger age: The subgroup of patients

<65 years in age was associated with office

Box 2: Factors Associated with Favourable

Blood Pressure Response Observed

in Clinical Studies of Renal Denervation

• Younger age (<65 years)

• Non African American ethnic origin

• Higher baseline office systolic blood

pressure (�180 mmHg)

• Concurrent use of aldosterone

antagonists

• Non-use of a vasodilator

• Total number of ablations in both renal

arteries (�12)

• 4-quadrant ablation of renal arteries

• Higher baseline eGFR (�60 ml/min/

1.73m2)
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systolic BP change in the RDN group on

univariate analysis but not in the multivari-

able model.

(d) Ethnicity: A significant difference in office

SBP was observed in the non-American-

African subgroup as compared with the

African-American subgroup, but there was

no significant difference observed in mean

24-h ambulatory BP or home BP.

(e) Higher baseline clinic systolic BP: Multi-

variable analysis of the overall group

identified baseline office SBP

�180 mmHg was a positive predictor of

6-month response of office BP reduction.

(f) Type of antihypertensive medications used:

Multivariable analysis showed use of aldo-

sterone antagonist to positively predict an

increased 6 month change in office SBP.

Conversely, use of vasodilators was found

to be a negative predictor for change in

office SBP at 6 months.

(g) Higher baseline eGFR: Baseline eGFR

�60 mL/min/1.73 m2 was shown to be an

independent predictor of a greater change in

ambulatory BP at 6 months.

Factors that may have contributed to the

apparent ineffectiveness of RDN in the sham-

controlled study are operator inexperience and

medication adherence. The procedure-related

predictors observed, four quadrant ablations and

total number of ablations in both renal arteries,

could be a consequence of operator inexperience

of a relatively new procedure. In 88 centres in the

US, where the study was conducted, 364 RDN

procedures were carried out. One hundred and

eleven interventionists performed at least one

procedure, with approximately one third doing

one procedure and only 26 operators doing more

than five procedures suggesting the majority of

interventionists were relatively inexperienced

with the RDN procedure (Lobo et al. 2015a).

The procedure had been unlicensed in the US

prior to this trial so the learning curve of the

operators fell within the period of the trial.

Adherence to prescribed antihypertensivemed-

ication was assessed by self-reported diary

completed by the patient. This is an indirect

method of assessing mediation adherence which

does not prove actual ingestion, is open to manip-

ulation and is likely to over-estimate adherence. It

is important to assess adherence to prescribed anti-

hypertensive medication in patients with TRH

objectively as up to half may be completely or

partially non-adherent (Hameed et al. 2016; Rosa

et al. 2014). Inclusion in a clinical trial may result

in a change in the subjects’ pill-taking behaviour

due to their awareness of being observed. This

phenomenon is termed ‘the Hawthorne effect’.

2.5 Results of Studies Published
After the Sham Controlled Trial

Since the publication of SYMPLICITY HTN-3, a

number of studies have been published which

help us understand the role of RDN in the man-

agement of treatment resistant hypertension and

give us a future direction. Some of the main

studies are described here.

A prospective, open-label, multicentre registry

was set up to assess the safety and efficacy of RDN

(Global SYMPLICITY Registry) (B€ohm et al.

2015). The results of nearly 1000 patients

undergoing RDN around the world confirm the

favourable safety profile of the procedure. The

mean 6-month reduction in office and 24-h ambu-

latory systolicBPwere 11.6mmHgand 6.6mmHg

respectively. This was a real-world registry with

more lenient inclusion criteria. The greatest reduc-

tion in clinic and 24-h ambulatory systolic BPs

(20.3 mmHg and 8.9 mmHg respectively) were

seen in patients with severe hypertension at base-

line: office systolic BP �160 mmHg with a 24-h

ambulatory systolic BP �135 mmHg and taking

�3 antihypertensive medication.

The results of an open-label, multicentre RCT

of stepped-care standardised antihypertensive

treatment (SSAHT) with or without RDN for

TRH was published (Denervation for Resistant

Hypertension, DNERHTN) (Azizi et al. 2015).

This was a rigorously designed trial which

randomised patients to either RDN or to continue

on SSAHT after confirmation of TRH by ABPM

4 weeks after having been commenced on

SSAHT. There were 48 patients in the RDN

group and 53 patients in the control group.

Adherence to antihypertensive medications was
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assessed using a validated Morisky Medication

Adherence Scale [MMAS-8] and 24-h ABPM

was used to measure the primary efficacy of

RDN in this trial.

The results showed a reduction of 15.4/

9.7 mmHg and 9.5/6.6 mmHg in the 24-h

ABPM for RDN and control groups respectively

with a difference of 5.9/3.1 mmHg between the

groups. There was a statistically significant

reduction in 24-h ambulatory SBP in patients

with proven TRH receiving RDN in addition to

the standardised antihypertensive regimens as

recommended by European and UK hypertension

guidelines. Therefore, although this was an open-

label study, this study addressed the two of the

factors that may have affected the results of the

sham-controlled study, i.e. use of ABP as pri-

mary measure of efficacy and more formal adher-

ence testing.

However, another RCT compared RDN to

intensified pharmacotherapy including spirono-

lactone showed no significant difference in BP

reductions (ambulatory and office) in the two

groups (the PRAGUE-15 study) (Rosa et al.

2015). This was the first RCT to include patients

with true TRH by excluding non-adherence using

quantitative plasma drugs level measurements,

white-coat hypertension, and secondary causes

of hypertension. Unlike the previous RCT

(Azizi et al. 2015), the antihypertensive regimen

here was not standardised and spironolactone

was added in the intensified pharmacotherapy

arm of the study.

Another real world study (UK Renal

Denervation Affiliation, UKRDA) involving

253 patients with true TRH reported a drop of

22/9 mmHg and 12/7 mmHg in clinic and ambu-

latory BP respectively at 11 months, which was

independent of medication changes during

follow-up and use of aldosterone antagonists

(Sharp et al. 2016). Furthermore, patients in the

two highest quartiles of daytime ambulatory sys-

tolic blood pressure at baseline (mean systolic

ABP at baseline of 176 and 199 mmHg respec-

tively) exhibited significant ambulatory blood

pressure reductions (22 and 14 mmHg respec-

tively), whilst those in the lowest quartile

exhibited little response. Table 1 summarises

the major clinical studies of renal denervation

to date, including their strengths and weaknesses.

2.6 Future Direction

Although sound physiological principles and sur-

gical precedent underpin renal denervation as a

therapy for treatment resistant hypertension, clin-

ical studies so far have produced conflicting

results. Further research is required before its

implementation in routine clinical management

of TRH. Lessons learnt from these studies are

listed below which should be considered in

future clinical research.

2.6.1 Appropriate Patient Selection
The results the clinical trials of renal dener-

vation suggest younger patients (<65 years),

those with normal kidney function, and those

with higher baseline office BP (systolic

�180 mmHg) respond best to RDN. Patients

should have a thorough assessment to confirm

the presence of true TRH with exclusion of

white-coat effect, non-adherence and secondary

causes of hypertension. Reliable methods are

now available to test adherence to antihyper-

tensives using urine samples (Lawson et al.

2016; Tomaszewski et al. 2014) which have

confirmed that up to 50 % of patients with

TRH are partially or completely non-adherent

(Jung et al. 2013).

2.6.2 Medication Optimisation
Patients with TRH in the trials of RDN were on

4–5 antihypertensive agents on average. There is

now good evidence from trials of pharmacologi-

cal intervention to recommend the addition of an

aldosterone receptor antagonist (AA) to the rou-

tine combination of a thiazide diuretic, a calcium

channel-blocker and a renin angiotensin system

blocking agents to treat TRH (Williams et al.

2015; Dahal et al. 2015). Post hoc analysis of

SYMPLICITY HTN-3 also shows higher

response rate to denervation in patients taking

AAs (Kandzari et al. 2015). Any trials designed

to test the efficacy of RDN should consider all

patients to be started on a standardised regimen
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Table 1 A table showing studies of renal denervation including their methods, primary outcomes, strengths and

weaknesses

Study Method

Number of

patients Primary outcome Strength Weaknesses

SYMPLICITY

HTN-1 (Krum

et al. 2014)

Single-arm, open-

label, case-series

153 Change in clinic BP at

6 months post-RDN:

�22/�10 mmHg (150)

Change in clinic BP at

3 years post-RDN:

�32/�14 mmHg (88)

First proof-of-

concept study

demonstrating

safety and

efficacy of RDN

No ABPM

measurements

Patients

followed up for

3 years

Assessment of

noradrenaline

spillover

Lack of a

comparator

group

RDN shown to

be safe

SYMPLICITY

HTN-2 (Esler

et al. 2010)

Open label, RCT,

RDN vs usual

treatment

106

(52 RDN;

56 control)

Difference in mean

clinic BP at 6 months

post-RDN between

RDN and usual Rx:

�33/�12 mmHg

Randomised

controlled trial

Un-blinded

Statistically

powered to

detect a

difference

between RDN

and usual Rx.

RDN shown to

be safe

SYMPLICITY

HTN-3 (Bhatt

et al. 2014)

Single blinded,

RCT, RDN vs sham

procedure

535

(364 RDN;

171 Sham)

Difference in mean

clinic systolic BP at

6 months post-RDN

between RDN and

Sham: �2.4 mmHg

Largest RCT of

RDN

Change in

ABPM not a

primary

endpoint.
Sham

comparator

group

Confirms safety

of RDN

Lack of

operator

experience

resulting in

inadequate

ablation

self-reported

medication

adherence

assessment

Global

SYMPLICITY

Registry

(B€ohm et al.

2015)

Single-arm, open-

label, case series

998 Change in Clinic and

24-h mean SBP at

6 months: �11.5 and

�6.6 respectively.

Real-life use of

RDN

Heterogonous

inclusion

criteria

Analysis shows

severe

hypertension

more likely to be

responders

SYMPLICITY

catheter only

(continued)
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of antihypertensives, as used in the DNERHTN,

with 6–8 weeks of time to allow the medication

to take their full affect before RDN is attempted.

Adherence assessment, using a direct method

such as urine drug analysis, should be made at

each post RDN visit to allow the researchers to

attribute any BP changes observed directly

to RDN.

Table 1 (continued)

Study Method

Number of

patients Primary outcome Strength Weaknesses

DNERHTN

(Azizi et al.

2015)

Open label, RCT,

RDN vs stepped-

care standardised

antihypertensive

treatment (SSAHT)

106

(53 RDN,

53 SSAHT)

Difference in mean

24-h ambulatory BP at

6 months between

RDN and SSAHT:

�5.9/�3.1 mmHg

Change in

ABPM is the

primary outcome

Non-use of

aldosterone

antagonists

Experienced

operators

Standardised

antihypertensive

regimens used

Unblinded

(No sham

procedure)

Validated

questionnaire

used for

adherence

assessment

PRAGUE-15

(Rosa et al.

2015)

Open label, RCT,

RDN vs intensified

pharmacotherapy

(PHAR)

106

(52 RDN;

54 PHAR)

Difference in mean

24-h ambulatory BP at

6 months between

RDN and PHAR:

�0.5/�1.1 mmHg

True resistant

hypertension

confirmed.

Unblinded

(No sham

procedure)

Adherence

confirmed using

plasma

antihypertensive

drug level

Use of

aldosterone

Change in

ABPM is the

primary outcome

UK renal

denervation

affiliation

report (Sharp

et al. 2016)

Single-arm, open-

label, case series

253 Change in mean

daytime ABP after an

average of 8.5 months

following RDN: �12/

�7 mmHg

Well

characterised

group of patients

No control/

sham group for

comparison

High percentage

of patients with

ambulatory BP

results

Retrospective

registry

Real-life use of

RDN

EnligHTN I

(Thomas and

Dasgupta 2015;

Worthley et al.

2013)

Single-arm, open

label, series

46 Change in clinic BP at

6 months post-RDN:

�26/�10 mmHg

Multi-electrode

catheter

Observational

study

EnliHTN II

(Lobo et el.

2015b)

Single-arm, open

label, series

103 Change in clinic BP at

6 months post-RDN:

�18/�8 mmHg

Multi-electrode

catheter

Observational

study

EnligHTN III

(Worthley et al.

2015)

Single-arm, open

label, series

39 Change in clinic BP at

6 months post-RDN:

�25/�7 mmHg

Multi-electrode

catheter

Observational

study

272 M.A. Hameed and I. Dasgupta



2.6.3 Appropriate Efficacy Assessment
Studies of denervation should be powered for

difference in ABPM, as it is less sensitive to

regression to the mean (O’Brien et al. 2013;

Warren et al. 2010), rather than office BP.

2.6.4 Procedural Development
Failure of SYMPLICITY HTN-3 to meet its pri-

mary efficacy may be in part due to operator

inexperience in RDN as highlighted above.

Recently, Sakakura and colleagues have shown

from autopsy examination of renal arteries of

20 patients with hypertension (Sakakura et al.

2014) that the distance from renal artery lumen

to nerve location is shortest (mean 2.6 mm) in the

distal arterial segments compared with the proxi-

mal (mean 3.4 mm) and middle segments (mean

3.1 mm), although the volume of renal nerves is

higher in the proximal and mid-vessel. As radio-

frequency waves do not penetrate deeper than

3 mm, it is possible that the variable responses

seen between variable open-label studies and

sham controlled study of RDN is related to the

mechanism and technique by which ablations

were delivered. In future studies, efforts should

be made to deliver radiofrequency energies dis-

tally in the renal artery with a view to achieving

more complete denervation of the kidney.

Multi-electrode catheters have now been devel-

oped to deliver radio-frequency ablations simulta-

neously to multiple points around the renal artery.

Use of these catheters will help deliver four quad-

rant ablations and increase the number of ablations

producing more complete denervation.

2.6.5 Need for a Test to Confirm
Adequacy of Renal Denervation

Currently there is no simple way of assessing

whether adequate denervation has taken place.

Regional noradrenaline spillover and peroneal

muscle sympathetic nerve activity are two

methods which have been used to assess the

effect of RDN on sympathetic activity (Esler

et al. 1984a; Esler et al. 1984b; Vallbo et al.

1979). However, due to the invasive nature of

these techniques and the expertise required to

perform these tests, there is limited uptake of

these tests in clinical trials let alone in routine

clinical practice. Therefore, there is a need for a

test which will allow confirmation of successful

denervation, ideally whilst the patient is still on

the table to allow the operator to make

adjustments as necessary.

2.6.6 Identifying Predictors of Response
There is heterogeneity in the level of BP-response

to RDN. It will be helpful to be able to predict

which patients with TRH are more likely to

respond to RDN. This will allow appropriate

patient selection for selective use of the technique

with greater success. Post hoc-analyses of clinical

trials of RDN, Global Symplicity Registry and

UKRDA have highlighted patient and procedure

related predictors of response. Other studies have

focussed upon physiological testing and biochem-

ical markers of response to RDN. In a clinical trial

of RDN the use of baroreflex sensitivity (BRS)

has been tested as a predictive marker of response

to RDN (Zuern et al. 2013). The results of this

study show that cardiac BRS is a strong and

independent predictor of response to RDN in

patients with TRH. Another study examined the

effect of RDN on angiogenic markers, and found

intercellular cell adhesion molecule-1 [ICAM-1]

and vascular cell adhesion molecule-1 [VCAM-1]

and fms-like tyrosine kinase-1 [sFLT-1]) predict

response to RDN (Dorr et al. 2014).

3 Ultrasound Renal Denervation

High frequency ultrasound renal denervation is a

non-invasive form of renal denervation which is

undergoing clinical trial at present. It is based

on delivery of externally focused ultrasound to

the renal nerves using Doppler based ultrasound

image guidance to track and automatically correct

for renal arterymotion during treatment. The novel

applicator used incorporates an anatomically

customized phased-array ultrasound transducer to

generate and focus therapeutic energy to the depth

of the renal artery, and an ultrasound imaging

transducer to facilitate locating, targeting and

tracking the renal artery for treatment.

Following preliminary feasibility studies in

an open animal model, studies were performed

using the external applicator system in Yorkshire

swine. There was a 71 % reduction in
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norepinephrine levels at 1 week following renal

denervation which persisted for 6 weeks

demonstrating the feasibility of targeted external

ultrasound for renal sympathetic denervation

in an animal model and supported further inves-

tigation in patients with hypertension (Brinton

et al. 2011).

The proof of principle study of twenty-four

patients with refractory hypertension demon-

strated a 27 mmHg reduction in systolic blood

pressure at 6 months after denervation treatment.

This initial technique utilised external focused

ultrasound navigated by a targeting catheter in

the renal artery. In the second phase of the

study, 13 patients with resistant hypertension

underwent bilateral externally focused ultra-

sound utilizing a 5 F intravascular catheter for

targeting and tracking. The procedure was well

tolerated except one patient complained of back

pain lasting 24 h. At 6 week follow up an

18 mmHg reduction in office systolic blood pres-

sure was noted (Neuzil et al. 2013).

In the next stage, a fully non-invasive ultra-

sound renal denervation was studied on

23 patients with resistant hypertension with

office systolic blood pressure greater than

160 mmHg taking more than 3 antihypertensive

medications. At 6 weeks the investigators

reported an average reduction of office systolic

blood pressure of 23 mmHg. Six patients experi-

enced back pain resolving with 24 h of the pro-

cedure (Ormiston et al. 2014).

This technology appears promising. Cur-

rently, an international multicentre phase 3

randomised controlled trial, in patients with

treatment resistant hypertension, is underway,

comparing targeted ultrasound renal denervation

with sham treatment. If this study shows signifi-

cant blood pressure reduction in the treatment

arm, it may prove to be a useful non-invasive

device-based therapy for treatment of treatment

resistant hypertension.

4 Conclusion

Hypertension is one of the most preventable

causes of premature morbidity and mortality in

the world. Treatment-resistant hypertension is a

major clinical problem that requires further treat-

ment options. Catheter based renal denervation is

a technology borne out of sound basic science

and clinical precedent. Clinical studies of this

technology in treatment resistant hypertension

so far have produced conflicting results. Critical

analysis of these studies suggest that there are a

number of patient related and procedural factors

which will need to be addressed in future studies

before implementation of catheter based renal

denervation in routine clinical practice.

Non-invasive ultrasound renal denervation is an

exciting innovation currently undergoing rigor-

ous clinical trial before it becomes available in

the clinic (Box 3).

Box 3: Factors to Be Considered

for Future Research in Renal Denervation

for Treatment Resistant Hypertension

• Appropriate patient selection

• age (<65 years)

• baseline office systolic BP at high

end (�180 mmHg)

• exclusion of white coat effect, second-

ary hypertension and nonadherence to

antihypertensive medication

• Medication optimisation

• standardised regimen of medication

for at least 6 weeks before procedure

• aldosterone antagonists

• adherence testing at every visit fol-

lowing renal denervation using direct

method, e.g. urine assay

• Use of 24 h ambulatory blood pressure

to assess efficacy

• Improvement in procedural factors

• use of multipolar catheters to achieve

maximum number of ablations

(�12)

• distal ablations

• Need for a test to confirm adequacy

of denervation at the time of procedure

• Identification of predictors of response

to improve patient selection

• Clinical

• baro-reflex sensitivity

• ?angiogenic markers
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Abstract

The kidney is one of the major target organs of hypertension.

Kidney damage represents a frequent event in the course of hyperten-

sion and arterial hypertension is one of the leading causes of end-stage

renal disease (ESRD).

ESRD has long been recognized as a strong predictor of cardiovascular

(CV) morbidity and mortality. However, over the past 20 years a large and

consistent body of evidence has been produced suggesting that CV risk

progressively increases as the estimated glomerular filtration rate (eGFR)

declines and is already significantly elevated even in the earliest stages of

renal damage. Data was supported by the very large collaborative meta-

analysis of the Chronic Kidney Disease Prognosis Consortium, which

provided undisputable evidence that there is an inverse association

between eGFR and CV risk. It is important to remember that in evaluating

CV disease using renal parameters, GFR should be assessed simulta-

neously with albuminuria.

Indeed, data from the same meta-analysis indicate that also increased

urinary albumin levels or proteinuria carry an increased risk of all-cause

and CV mortality. Thus, lower eGFR and higher urinary albumin values

are not only predictors of progressive kidney failure, but also of
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all-cause and CV mortality, independent of each other and of traditional

CV risk factors.

Although subjects with ESRD are at the highest risk of CV diseases,

there will likely be more events in subjects with mil-to-moderate renal

dysfunction, because of its much higher prevalence.

These findings are even more noteworthy when one considers that a

mild reduction in renal function is very common in hypertensive patients.

The current European Society of Hypertension (ESH)/European Soci-

ety of Cardiology (ESC) guidelines for the management of arterial hyper-

tension recommend to sought in every patient signs of subclinical

(or asymptomatic) renal damage. This was defined by the detection of

eGFR between 30 mL/min/1.73 m2 and 60 mL/min/1.73 m2 or the pres-

ence of microalbuminuria (MAU), that is an amount of albumin in the

urine of 30–300 mg/day or an albumin/creatinine ratio, preferentially on

morning spot urine, of 30–300 mg/g.

There is clear evidence that urinary albumin excretion levels, even

below the cut-off values used to define MAU, are associated with an

increased risk of CV events. The relationships of MAU with a variety of

risk factors, such as blood pressure, diabetes and metabolic syndrome and

with several indices of subclinical organ damage, may contribute, at least

in part, to explain the enhanced CV risk conferred by MAU. Nonetheless,

several studies showed that the association between MAU and CV disease

remains when all these risk factors are taken into account in multivariate

analyses. Therefore, the exact pathophysiological mechanisms explaining

the association between MAU and CV risk remain to be elucidated. The

simple search for MAU and in general of subclinical renal involvement in

hypertensive patients may enable the clinician to better assess absolute

CV risk, and its identification may induce physicians to encourage

patients to make healthy lifestyle changes and perhaps would prompt to

more aggressive modification of standard CV risk factors.

Keywords

Arterial hypertension • Blood pressure • Glomerular filtration rate •

Microalbuminuria • Proteinuria • Subclinical renal disease • Early

kidney injury • Target organ damage • Cardiovascular disease •

Cardiovascular risk assessment

1 Introduction

The kidney plays a dual role in arterial hyperten-

sion. On the one hand, even subtle renal dysfunc-

tion may cause elevation in blood pressure; on

the other, systemic hypertension, whether pri-

mary or secondary, may cause renal disease or

may accelerate the loss of kidney function in

subjects with established parenchymal disease

(Ruilope 2002).

Indeed, hypertension, along with diabetes, are

the leading causes of chronic kidney disease

(CKD) (Ruilope 2002; Gansevoort et al. 2013;

Levin et al. 2013).

CKD is a worldwide public health problem, in

view of both the number of patients and cost of
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treatment involved. Globally, CKD is the 12th

most common cause of death and the 17th lead-

ing cause of disability (Gansevoort et al. 2013).

End-stage renal disease (ESRD) has long been

recognized as an extremely powerful predictor of

serious cardiovascular (CV) sequelae and death

(Ruilope 2002; Gansevoort et al. 2013; Foley

et al. 2005). However, over the past 20 years a

large and consistent body of evidence has been

produced suggesting that people with any stage

of CKD have an increased risk of developing

cardiovascular diseases (CVD) (Ruilope 2002;

Gansevoort et al. 2013; Levin et al. 2013;

Matsushita et al. 2010). It has been also shown

that middle aged and elderly patients with mild-

to-moderate CKD are more likely to die due to

CKD than to reach ESRD (Gansevoort

et al. 2013; Levin et al. 2013). Moreover,

although people with ESRD are at the highest

risk of a CVD, there will be more events in

subjects with early stage CKD, because of its

much higher prevalence (Ruilope 2002;

Gansevoort et al. 2013).

Numerous studies in recent years have

provided convincing evidence that there is a

quantitative association between decreased

estimated glomerular filtration rate (eGFR) and

CV risk (Ruilope 2002; Gansevoort et al. 2013;

Levin et al. 2013; Matsushita et al. 2010; Go

et al. 2004; Hemmelgarn et al. 2010; Hallan

et al. 2009; The Chronic Kidney Disease Prog-

nosis Consortium 2011).

Studies that have assessed the relation

between kidney function and CV risk generally

fall into three categories: investigations

conducted in general population cohorts, in

cohorts at high risk for chronic kidney disease,

and in CKD patients (Matsushita et al. 2010; Go

et al. 2004; Hemmelgarn et al. 2010; Hallan

et al. 2009; 2012; The Chronic Kidney Disease

Prognosis Consortium 2011; Mafham et al. 2011;

O’Hare et al. 2007; Moynihan et al. 2013; van

der Velde et al. 2011; Astor et al. 2011; Nitsch

et al. 2013; Mahmoodi et al. 2012; Fox

et al. 2012).

Despite differences in the populations

studied and adjustment for confounding

variables, the results are surprisingly consistent.

A meta-analysis of 19 studies (including over

160,000 events) has shown that for each 20 mL/

min/1.73 m2 reduction in eGFR, the risk for

major vascular events (which includes both non-

fatal and fatal events) increases by approxi-

mately 50 % (hazard ratio (HR), 1.49; 95 % CI,

1.38–1.61) (Mafham et al. 2011). The Chronic

Kidney Disease Prognosis Consortium has

presented results from a collaborative meta-

analysis of 21 general population cohorts,

which included more than 1.2 million

participants from 14 countries in North America,

Europe, Asia, and Oceania. The meta-analysis

demonstrated that, after adjustment for age, sex,

ethnicity, diabetes, blood pressure (BP), total

cholesterol level, smoking, and history of CVD,

lower eGFR was associated with an increased

risk for death from any CV cause as compared

to the reference group (eGFR 90–104 mL/min/

1.73 m2). The hazard ratio for all-cause mortality

at eGFRs of 60, 45, and 15 mL/min/1.73 m2 were

1.18, 1.57, and 3.14 respectively when compared

to an eGFR of 95 mL/min/1.73 m2 (Matsushita

et al. 2010).

The current threshold of eGFR <60 ml/min/

1.73 m2 used to define overt CKD (Levin

et al. 2013) has been disputed for several reasons.

Data obtained in the CKD prognosis consortium

meta-analysis, about mortality and ESRD

indicated that the risk of death and renal failure

increased exponentially for eGFR values

<75 ml/min per 1.73 m2, suggesting that eGFR

values in the range 60–74 ml/min per 1.73 m2

could represent the early stages of kidney disease

(Matsushita et al. 2010). On the other hand, the

use of a single eGFR threshold for all age groups

may potentially lead to an overdiagnosis of CKD

in low-risk elderly individuals, assuming that

some decline in kidney function may be regarded

as a physiologic phenomenon associated with

normal aging (O’Hare et al. 2007; Moynihan

et al. 2013).

However, another important observation from

the meta-analysis is that data were not signifi-

cantly different between individuals aged

<65 years and �65 years (Hallan et al. 2012), a

finding which does not support the idea that kid-

ney dysfunction is a physiologic change of aging.
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Data from the same meta-analysis indicate

that also a higher level of albuminuria carried

an increased risk of all-causes and CV mortality.

Albuminuria and eGFR were multiplicatively

associated with all-cause mortality, without evi-

dence for interaction. Thus, lower eGFR and

higher albuminuria are risk factors for not only

progressive kidney failure, but also for all-cause

and CV mortality, independent of each other and

of CV risk factors (Matsushita et al. 2010). Sub-

sequently, the analysis of cohorts at risk for CKD

(van der Velde et al. 2011) or with CKD (Astor

et al. 2011) has demonstrated similar

associations. In addition, a recent new evaluation

of these cohorts assessed for the presence of a sex

interaction in the associations of eGFR and uri-

nary albumin excretion (UAE) with all-cause

mortality, CV mortality, and ESRD (Nitsch

et al. 2013). This study demonstrated that both

sexes with reduced eGFR and increasing UAE.

face an enhanced risk of all-cause mortality, CV

mortality, and ESRD.

Importantly, the association of kidney disease

measures with mortality or ESRD has also been

consistently found in those with or without

hypertension (Mahmoodi et al. 2012), diabetes

(Fox et al. 2012) and also regardless of age

(Hallan et al. 2012). Overall, the results of all

these studies support the view that assessment of

both proteinuria (and albuminuria) and eGFR

level is needed in order to improve the identifica-

tion of individuals at high risk of cardiovascular

complications and to establish appropriate

measures of prevention.

On the basis of these findings, the Kidney

Disease: Improving Global Outcomes (KDIGO)

clinical practice guideline for evaluation and

management of chronic kidney disease (Levin

et al. 2013) has recommended the following:

(1) the assessment of both albuminuria

(or proteinuria) and eGFR in general practice

and (2) the classification of CKD stages by

using both kidney parameters (Fig. 1).

This because integrating both eGFR and albu-

minuria into CKD staging paradigms provides

more precise classification and more accurate

prognostic information.

Assessment of subclinical (or asymptomatic)

target organ damage is a key element in the

evaluation of patients with arterial hypertension

(Mancia et al. 2013). Subclinical organ damage

at cardiac, vascular, and renal levels often

precedes and predicts the development of

morbid events (Mancia et al. 2013). It has been

shown that a systematic in-depth search for mul-

tiple risk factors or organ damage significantly

increases the likelihood of identifying high-risk

individuals. According to recent hypertension

guidelines (Mancia et al. 2013) reduced eGFR,

in the range 60–30 ml/min per 1.73 m2 and

microalbuminuria (MAU) have been proposed

as useful integrated markers of subclinical renal

damage (Mancia et al. 2013).

In the following sections we describe some

epidemiological, pathophysiological, and clini-

cal aspects regarding microalbuminuria.

2 Microalbuminuria

2.1 History

The term “microalbuminuria” was first proposed

in the early 1960s, when Professor Harry Keen’s

Group at Guy’s Hospital developed a radioim-

munoassay technique for measuring in the urine

of patients with type 1 diabetes, very low

concentrations of albumin, well below the detec-

tion threshold of commonly used methods (Keen

and Chlouverakis 1963). However, it was not

until the 1980s, that it became an official part of

the medical lexicon, when Svendsen and coll

(Svendsen et al. 1981) and Viberti and coll

(Viberti et al. 1982) described MAU as the pres-

ence of albuminuria below the detection limit of

a standard dipstick, but at a level, revealed by

using sensitive immunological methods, that was

highly predictive of future overt proteinuria in

diabetic patients.

It was initially defined as an albumin excre-

tion rate between 20 and 200 μg/min. Although

the lower bound was chosen because 95 % of

‘normal’ individuals had excretion rates below

that limit, it was recognized that risk of
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progression to nephropathy was elevated among

diabetics in the ‘high normal’ range (The

Chronic Kidney Disease Prognosis Consortium

2011; Svendsen et al. 1981; Viberti et al. 1982).

Mogensen was the first to describe the impor-

tance of MAU not only as a renal risk factor but

also as a powerful predictor of CV mortality in

patients with type 2 diabetes (Mogensen and

Christensen 1984; Mogensen 1984).

In recent years, however, it has received

increased attention as a prognostic marker for

CV and/or renal risk even in non-diabetic

subjects (Ruilope 2002; Matsushita et al. 2010;

Gerstein et al. 2001; Hillege et al. 2001; 2002;

Arnlov et al. 2005; Ruggenenti and Remuzzi

2006; Yuyun et al. 2004; Cirillo et al. 1998;

Pontremoli et al. 1997; Pedrinelli et al. 2002;

Bramlage et al. 2007; Coresh et al. 2007;

Agrawal et al. 1996; Cerasola et al. 2008; 2010;

Leoncini et al. 2010).

Similar to the relationship between BP and

risk of CV events, mounting evidence indicates

a continuous relationship between albumin

excretion and risk (Matsushita et al. 2010;

Gerstein et al. 2001; Hillege et al. 2001; 2002;

Arnlov et al. 2005; Ruggenenti and Remuzzi

2006).

2.2 Epidemiology

European studies report a 2.2–11.8 % prevalence

of MAU in the general population (Hillege

et al. 2001; Yuyun et al. 2004; Cirillo

Composite ranking for
relative risks by glomerular

filtration rate (GFR)
and albuminuria

Albuminuria stages, description
and range

A1 A2 A3

Normal or 
high normal Increased

Severely 
increased

and 
nephrotic

< 30 mg/g 30-299 mg/g ≥ 300 mg/g

< 30 
mg/day

30-299
mg/day

≥ 300 
mg/day

< 3 
mg/mmol

3-29 
mg/mmol

≥ 30
mg/mmol

GFR
stages,

description
and

range
(ml/min

per
1.73 m2)

G1 Normal or High  ≥ 90
==*

G2 Mildly decreased 60-89
==**

G3a Mildly to moderate 
decreased

45-59

G3b Mildly to severely 
decreased

30-44

G4 Severely decreased 15-29

G5 Kidney failure <15

Fig. 1 Prognosis of CKD by GFR and Albuminuria

categories as identified by 2012 Kidney Disease: Improv-

ing Global Outcomes (KDIGO) clinical practice

guidelines for evaluation and management of chronic

kidney disease (Modified from Ref. (Levin et al. 2013),

(¼¼ low risk; moderate risk; high risk;

very high risk. * The risk may be slightly increased

in subjects with ACR in the high normal range ** The

risk begins to rise in subjects with estimated

GFR < 75 ml/min/1.73 m2)
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et al. 1998; Pontremoli et al. 1997; Pedrinelli et al.

2002; Bramlage et al. 2007; Coresh et al. 2007).

Among the European epidemiological investi-

gations performed in this field deserves to be

mentioned the PREVEND (Prevention of Renal

and Vascular End-stage Disease) study (Hillege

et al. 2001) which involved 40,856 inhabitants of

the city of Groningen (The Netherlands), aged

28–75 years. Microalbuminuria, defined as uri-

nary albumin concentration 20–200 mg/L, was

present in 7.2 % of population. After excluding

the diabetic and hypertensive subjects MAU was

still prevalent in 6.6 % of the individuals, and it

was independently associated with age, gender,

hypertension, diabetes, smoking, previous

myocardial infarction and stroke. Cardiovascular

risk factors were already elevated at levels of

urinary albumin currently considered to be normal

(10–20 mg/L or 15–30 mg per 24 h) (Hillege

et al. 2001).

These percentages indicate that MAU is more

often present in subjects with CV risk factors;

however, in apparently healthy subjects MAU

can frequently be encountered.

Data from the US National Health and Nutri-

tion Examination Surveys (NHANES) showed

an increase in prevalence of MAU (defined as a

urinary albumin– creatinine ratio [ACR] of

30–300 mg/g) from 7.1 to 8.2 % during the sur-

vey periods 1988–1994 and 1999–2004. The

increase was attributed to older age of the popu-

lation, greater proportion of minority groups,

prevalence of hypertension and diabetes and

higher body mass index (Coresh et al. 2007).

In arterial hypertension, prevalence of MAU

ranging from 5 to 60 % has been reported

(Agrawal et al. 1996; Cerasola et al. 2008;

2010; Leoncini et al. 2010; B€ohm et al. 2007;

Meccariello et al. 2016). This wide range may be

due to differences in ethnic groups, specimen

collection, cut-off level of albumin excretion,

analytical methods and influence of anti-

hypertensive medications. The distribution of

demographic and coexisting diseases may also

contribute.

In the abovementioned large-scale population

surveys, the NHANES III (Coresh et al. 2007)

and the PREVEND study (Hillege et al. 2001),

MAU was detected respectively in 16 % and

11.5 % of people with hypertension.

The international, observational, practice

based study i-SEARCH (Survey for Evaluating

Microalbuminuria Routinely by Cardiologists in

patients with Hypertension) was designed to

assess the frequency with which MAU occurred

in a very large group of hypertensive outpatients

attending a cardiologist or internist. A total of

21,050 patients from 26 countries were included

in the primary analysis. Overall, this study

demonstrated a very high worldwide prevalence

(58.4 %) of MAU in high-risk cardiovascular

patients, but with a considerable variation across

countries (B€ohm et al. 2007).

The use of a semi-quantitative test, which tend

to overestimate urine albumin concentration,

may explain to some extent the unusually high

prevalence of microalbuminuria reported in this

large-scale study (B€ohm et al. 2007), as well as in

other ones (Bramlage et al. 2007; Agrawal

et al. 1996). In a very recent study conducted in

1024 unselected hypertensive patients followed

by 13 Italian general practitioners MAU was

detected in 35 % of the overall population

(Dworkin et al. 1983).

A lower frequency of MAU (22.7 %) was

observed in the REDHY (REnal Dysfunction in

HYpertension) study that was conducted in 1856

non-diabetic middle-aged subjects with arterial

hypertension and without cardiovascular

complications and known renal diseases

(Cerasola et al. 2008; 2010). Moreover, in the

I-DEMAND (Italy Developing Education and

awareness on Microalbuminuria in patients with

hyperteNsive Disease) study, an observational,

cross-sectional investigation performed in

87 centers of specialized care (Internal Medicine,

Cardiology, Nephrology, Diabetology) MAU

was found in 27 % of the entire population,

including 3534 patients, 37 % of whom had dia-

betes mellitus (Leoncini et al. 2010).

2.3 Pathophysiology

The presence of microalbuminuria implies dys-

function of the glomerular filtration barrier. It
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may result from haemodynamic-mediated

mechanisms and/or functional or structural

impairment of the glomerular barrier.

Microalbuminuria in essential hypertensive

patients is the consequence of an increased

transglomerular passage of albumin rather than

the result of a decrease in the proximal tubule

reabsorption of albumin. At least two

mechanisms have been proposed for the greater

albumin excretion rate (AER) in some patients

with essential hypertension: increased glo-

merular hydrostatic pressure or increased

permselectivity of the glomerular basement

membrane (Mountokalakis 1997). Glomerular

hydrostatic pressure is regulated by the relative

vasoconstriction-vasodilatation of the afferent

and efferent glomerular arterioles. The tone of

these arterioles is regulated by different

mechanisms, and their sensitivity to pressor/

depressor substances also varies substantially

(Dworkin et al. 1983).

A variety of endocrine, paracrine, and auto-

crine substances, as well as pharmacological

agents, may influence intraglomerular hemody-

namic independently of actions on systemic

blood pressure (BP).

Normally, an elevation of systemic arterial

pressure is associated with vasoconstriction of

the glomerular afferent arterioles, which prevents

transmission of the elevated hydrostatic pressure

to the glomerulus and maintains the glomerular

hydrostatic pressure unaltered (Hostetter

et al. 1981). This protects the glomeruli from

the potential damages of hypertension. If the

autoregulatory adaptation of the glomerular

afferent arterioles is defective, increased glomer-

ular hydrostatic pressure may ensue. Alterna-

tively, an exaggerated vasoconstriction of the

efferent arterioles may increase intraglomerular

hydrostatic pressure, even in the presence of

normal systemic pressure (Hostetter et al. 1981).

A large body of experimental and clinical

evidence supports the notion that derangements

of these adaptive mechanisms are important

determinants for the susceptibility to develop

progressive renal disease (Mountokalakis 1997).

In 1992 our group, in order to verify if in

essential hypertension (EH) MAU increase

could be due to hemodynamic modifications or

to glomerular structural changes, in a very

small group of newly diagnosed essential

hypertensives (n ¼ 30; EHs) having 24-h AER

> 16 μg/min (n ¼15) and in 15 EHs with 24-h

AER < 16 μg/min, the day- and night-time

behaviour of creatinine clearance (Ccr), as well

as AER clearance (AER-C) and fractional clear-

ance (AER-FC), and behaviour of BP were

evaluated (Cottone and Cerasola 1992). Patients

with 24-h AER > 16 μg/min showed hyper-

filtering values of both 24-h and daytime creati-

nine clearance than the other group of EHs, while

during the night period, there were no significant

differences between the two groups. On the con-

trary, AER and both AER-C and AER-FC

resulted markedly and significantly higher in

the EHs with 24-h AER > 16 μg/min not only

in the 24-h evaluation, but also during the night-

time study notwithstanding the significant

decrease in BP and in Ccr observed during the

night. We concluded that these data, in the

absence of correlations between BP and

AER-FC seemed to demonstrate that among

newly diagnosed essential hypertensives a

subgroup of them could have early renal

hemodynamic changes (Cottone and Cerasola

1992). These hemodynamic modifications,

along with defects of the glomerular

membrane permselectivity, led to increased

microalbuminuria.

Hyperfiltration is probably mediated by

abnormal transmission of systemic hypertension

to the glomerulus through a disturbance in glo-

merular autoregulation and/or from progressive

loss of functioning nephrons. Of the

non-haemodynamics, functional abnormalities

of the glomerular basal membrane have been

claimed, although some evidence has been

against this in hypertension.

More widely accepted, however, is that MAU

reflects the kidney expression of a more general-

ised state of endothelial dysfunction (Deckert

et al. 1989; Pedrinelli et al. 1994; Cottone

et al. 2000; 2007).

With regard to systemic endothelial dysfunc-

tion, our group hypothesized that in EHs, plasma

levels of pro-atherogenic adhesion molecules
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would be increased and related with AER. Thus,

we studied biochemical markers of endothelial

activation ICAM-1 and VCAM-1, and their rela-

tionship with AER in a group of individuals with

uncomplicated EH (Cottone et al. 2007). One

hundred patients with essential hypertension

and no diabetes or ultrasonographic evidence of

atherosclerosis were included in the study. EHs

were first studied overall, than were divided into

two subgroups: those with AER >20 μg/min

(MAUs) and those with AER <20 μg/min

(non-MAUs). Microalbuminuric hypertensives

had greater levels of adhesion molecules than

non- MAUs. In multiple regression models in

hypertensive persons AER was independently

associated with ICAM-1, and VCAM-1. These

findings showed that in EH there is a very early

activation of endothelial adhesion molecules

favouring atherosclerosis.

A further interesting data emerging from that

study was the significant difference of plasma

concentrations of adhesion molecules when com-

paring non-MAU hypertensives with healthy

controls. Indeed, it seemed that endothelial acti-

vation expressed by adhesion molecules would

be earlier than microalbuminuria, confirming

that microalbuminuria could be considered a

marker of systemic endothelial dysfunction

(Cottone et al. 2007). A study by Klausen

(Klausen et al. 2004) demonstrated that in the

general population urinary albumin excretion,

below the MAU definition, was associated with

increased coronary heart disease risk, indepen-

dently of hypertension. Thus, the Authors

hypothesize that MAU emerges later in the ath-

erosclerotic process. Our findings, showing a

pro-atherogenic endothelial activation in the

presence of values of AER currently considered

as ‘normal’ seemed to be in line with this finding.

Considering the role that inflammation plays

in the development of endothelial changes that

lead to atherosclerosis, studies on this issue were

performed (Pedrinelli et al. 2004; Festa

et al. 2000; Jager et al. 2002; Kshirsagar

et al. 2008).

C-Reactive Protein (CRP), a well-known

marker of inflammation, was positively

associated with microalbuminuria in the large

data set compiled from the National Health

and Nutrition Examination Surveys (NHANES)

1999 through 2004 (Kshirsagar et al. 2008).

In this study, including 12,831 US men and

women, the multivariate analysis showed that

an increase of one milligram per liter in CRP

concentration was significantly associated with

a 2 % increased odds of microalbuminuria

(p ¼ 0.0003) (Kshirsagar et al. 2008).

2.4 Methodology and Limitations

Microalbuminuria can be revealed by several

methods based on immunologic detection

(immunonephelometry, immunoturbidimetry,

radioimmunoassay, enzyme-linked immunosor-

bent assay) (Miller et al. 2009). Among these

there are also a variety of semiquantitative

dipsticks, such as Clinitek Microalbumin

Dipsticks and Micral-Test II test strips, which

can be used for MAU screening. The reported

sensitivity and specificity of these tests range

from 80 to 97 % and 33 to 80 %, respectively

(Miller et al. 2009).

Microalbuminuria has been defined as an

AER higher than the threshold value obtained

from studies assessing the risk for developing

nephropathy in diabetes, that is an AER between

20 and 200 μg/min. It is now clear that its signifi-

cance extends beyond nephropathy and it likely

mirrors a more widespread vascular injury.

It should be noted that AER may also be

expressed in terms of milligrams per day

(mg/day), in which case the range for

microalbuminuria is 30–300 mg/day (Levin

et al. 2013; Mancia et al. 2013).

Indeed, there is growing evidence, arising

from several prospective studies that urinary

albumin excretion levels well below the current

microalbuminuria threshold (“low-grade albu-

minuria”) are also associated with an increased

risk of incident cardiovascular disease and

all-cause mortality (Matsushita et al. 2010; van

der Velde et al. 2011; Astor et al. 2011;

Nitsch et al. 2013; Mahmoodi et al. 2012; Fox

et al. 2012; Hallan et al. 2012; Klausen

et al. 2004; Redon and Williams 2002). Even in
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apparently healthy individuals (without diabetes

or hypertension), such an association has been

shown (Hillege et al. 2001). These epidemiologi-

cal data prompted some authors to propose the

adoption of a lower AER cut-off point for the

detection of subjects with an enhanced cardio-

vascular risk (Redon and Williams 2002) and

other ones (Ruggenenti and Remuzzi 2006) to

abandon the terms of microalbuminuria and

macroalbuminuria and replaced with ‘urine albu-

min’, because the use of arbitrary dichotomous

categorisation does not reflect the continuously

increasing risk associated with progression of

urine albumin concentrations. Moreover, the

term microalbuminuria may be confusing, since

it should reflect small albumin molecules, and

not small amounts of albumin (Ruggenenti and

Remuzzi 2006).

Despite this criticism, the term

microalbuminuria has become widely accepted

in clinical practice.

Although 24-h urine collection is the gold

standard for the detection of microalbuminuria,

it has been suggested that screening can be more

simply achieved by a timed urine collection or by

untimed spot urine sample. In this latter case the

confounding effect of variations in urine volume

on the urine albumin concentration can be

avoided normalizing the urinary albumin con-

centration to the urinary creatinine concentration

(since creatinine excretion rate is considered

constant) (Miller et al. 2009; Levey et al. 2009).

Indeed, the albumin/creatinine ratio (ACR)

from spot urine, preferably that first voided in

the morning, may be considered equivalent to the

values during a 24-h urine collection (Miller

et al. 2009; Levey et al. 2009).

Even if the ACR corrects for unknown urine

volumes, it needs theoretically differentiation of

males from females in whom creatininuria is

lower because of reduced muscle mass (Miller

et al. 2009; Cirillo et al. 2006; Mogensen

et al. 1995), a fact not taken into account, by

the KDIGO guidelines for evaluation of CKD

(Levin et al. 2013) and by the 2013 ESH-ESC

guidelines for management of arterial hyperten-

sion (Mancia et al. 2013), that for the definition

of microalbuminuria do not recommend the use

of gender-specific ACR thresholds, but a single

cut-off value, that for simplicity was arbitrarily

rounded to 30 mg/g (Levin et al. 2013; Mancia

et al. 2013) (Fig. 1).

For the same reasons described above, albu-

min excretion will be underestimated in a mus-

cular man with a high rate of creatinine excretion

and overestimated in a cachectic patient in whom

muscle mass and creatinine excretion are mark-

edly reduced (Miller et al. 2009; Cirillo

et al. 2006).

A number of physiologic and pathologic

factors must be taken into account when

interpreting AER and ACR results. Albumin

excretion is normally about 25 % higher during

the day, and it can vary by 10–25 or more in day-

to-day measurements. In addition to age and sex,

body mass index and a high-protein meal can all

affect the AER. Vigorous exercise can cause a

transient increase in albumin excretion. As a

result, patients should refrain from vigorous

exercise in the 24 h prior to the test. Measure-

ment can be further confounded by fever,

congestive heart failure, urinary tract infection,

and by some drugs (Mogensen et al. 1995).

Because the limited reproducibility of AER and

ACR measurements, most expert committees

recommend that a presumptive indication of

microalbuminuria should be confirmed by quan-

titative measurement of urinary albumin in at

least two of three, preferably nonconsecutive,

specimens (Mogensen et al. 1995). Even a single

determination of elevated albumin concentration,

however, can predict (albeit with reduced preci-

sion) renal and cardiovascular diseases (Gerstein

et al. 2001; Hillege et al. 2002).

2.5 Microalbuminuria
and Cardiovascular Risk
Factors

There is a strong evidence of a close relationship

of microalbuminuria with a variety of cardiovas-

cular risk factors, such as hypertension, diabetes,

aging, smoking, hyperlipidemia and metabolic

syndrome.

The association of microalbuminuria with all

these factors is so relevant that MAU may
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legitimately be regarded as an integrated marker

of cardiovascular risk (Pedrinelli et al. 2002).

Several studies have shown significant

correlations between blood pressure values and

AER (Cirillo et al. 1998; Bramlage et al. 2007;

Coresh et al. 2007; Agrawal et al. 1996; Cerasola

et al. 2008; 2010; Leoncini et al. 2010; B€ohm
et al. 2007; Cerasola et al. 1989; 1996; Hsu

et al. 2009). There is also evidence that the rela-

tionship of BP with albuminuria is relatively

continuous and graded, with even high-normal

levels of BP associated with albuminuria (Hsu

et al. 2009).

In general, the association of BP values with

albuminuria becomes even closer when BP is

recorded through ambulatory blood pressure

monitoring (Cerasola et al. 1989; 1996; Palatini

et al. 1995) which provides a more precise esti-

mation of the real BP status. Ambulatory BP

monitoring also allowed to show that there are

no significant differences in AER between the

white coat hypertensive and the normotensive

subjects (Cerasola et al. 1995; Palatini

et al. 1998) and that urinary albumin levels are

higher in hypertensives in whom a blunted or

absent nocturnal fall of BP occurs (non dippers)

(Bianchi et al. 1994; Redon et al. 1994). In this

context it is interesting to note that a clinical

condition characterized by a non-dipping BP

pattern, such as the obstructive sleep apnea

syndrome, has been associated with

microalbuminuria in patients with arterial hyper-

tension (Tsioufis et al. 2008).

Very recently, in a group of more than

300 untreated hypertensive subjects, we reported

a positive association of AER with average real

variability (ARV) of 24-h systolic blood pressure

(Fig. 2), a measure of short-term blood pressure

variability endowed with prognostic implications

(Mulè et al. 2016). This association was weak-

ened, but still significant, taking into account the

effect of the mean level of 24-h SBP and other

potential confounders. Moreover, in the subset of

patients with MAU and inverse relationship

between ARV of 24-h SBP and eGFR was also

found (Mulè et al. 2015a).

Accumulating data indicate that MAU

clusters with several metabolic abnormalities
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Fig. 2 Box plots showing average real variability (ARV) of

24-h systolic blood pressure (BP) in hypertensive patients

with microalbuminuria and in those without it. In the Box

andWhisker plots, the central boxes represent the values from

the lower to upper quartile (25–75 percentile). The middle

lines represent themedians. Lower and upperwhiskers extend

to 5th and 95th percentiles. This difference remained signifi-

cant (P ¼ 0.02), even after adjustment byANCOVA for age,

gender, average 24-h systolic BP,waist circumference, serum

uric acid and diabetic status (Mulè et al. 2016)
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(Cirillo et al. 1998; Pontremoli et al. 1997;

Cerasola et al. 2008; 2010; Leoncini et al.

2010; Campese et al. 1999; Cerasola and Cottone

1997; Pinto-Sietsma et al. 2003; Klausen

et al. 2009; Mulè et al. 2006; Palaniappan et al.

2003; Andronico et al. 1998; Srinivasan

et al. 2000; Alberti and Zimmet 1998; Jager

et al. 1998; Chen et al. 2004; Mulè et al. 2005;

Cuspidi et al. 2004; Klausen et al. 2007; Parving

et al. 2006), including some phenotypes of the

metabolic syndrome (MetS) and may be indeed a

part of this syndrome (Alberti and Zimmet 1998).

We have previously shown, in a group of

353 essential hypertensive subjects that the prev-

alence of microalbuminuria and the levels of

AER were higher in patients with MetS than in

those without it (Mulè et al. 2005) (Fig. 3). Fur-

thermore, although researchers have reported

mixed results (Andronico et al. 1998; Srinivasan

et al. 2000; Jager et al. 1998) on the association

betweenMAU and hyperinsulinemia and insulin-

resistance, multiple studies confirmed this rela-

tion (Andronico et al. 1998; Srinivasan

et al. 2000). An investigation of 5659 men and

women from the NHANES III, confirmed the

association between MAU and the MetS, with

the strongest association being with high fasting

serum glucose and high BP (Palaniappan

et al. 2003). A further analysis of the same

study documented that the multivariate-adjusted

odds ratios of microalbuminuria increased

progressively with a higher number of

components of the MetS, defined by the ATP

III guidelines (Chen et al. 2004).

Similar results were obtained in patients with

arterial hypertension (Mulè et al. 2005; Cuspidi

et al. 2004).

In the general population of the Copenhagen

City Heart Study not only the strong association

between microalbuminuria and theMetS was con-

firmed, but interestingly it was also observed that

MAU (even when defined by a very low cut-off

value, that is > 5 μg/min) confers an increased

risk of death and CV disease to a similar extent as

the MetS and independently of it and of other

confounding factors (Klausen et al. 2007).

A relationship between higher AER and ciga-

rette smoking has been described in diabetic

individuals (Parving et al. 2006; Gerstein

et al. 2000) and in hypertensive people

(Andronico et al. 2005), in subjects with increased

CV risk (Gerstein et al. 2000) as well as in the

general population (Pinto-Sietsma et al. 2000).

In the PREVEND study, current smokers had

a higher median albumin excretion than

nonsmokers and were more likely to have

microalbuminuria. After adjustment for several

potential confounding factors, persons who

smoked 20 or fewer cigarettes/day and persons

who smoked more than 20 cigarettes/day, when

compared to nonsmokers, showed a relative risk

of microalbuminuria of 1.92 [CI, 1.54–2.39] and
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prevalence in 353 non

diabetic essential

hypertensive patients

divided on the basis of the
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metabolic syndrome, as

defined by ATP III criteria

(Mulè et al. 2005)
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2.15 [CI, 1.52–3.03], respectively (Pinto-Sietsma

et al. 2000).

However, overall, in the various studies, the

link between smoking and MAU is not very

strong and it seems unlikely that smoking may

explain much of the excess CV risk associated

with MAU.

Besides the associations reported between

microalbuminuria and various conventional car-

diovascular risk factors, significant correlations

have been observed between increased AER and

nontraditional risk factors for cardiovascular

diseases.

For example, during the last decade, several

cross-sectional investigations have documented

that microalbuminuria is related to various

inflammatory markers (Pedrinelli et al. 2004;

Festa et al. 2000; Jager et al. 2002; Kshirsagar

et al. 2008; Mulè et al. 2009) and to some

markers of endothelial damage and dysfunction,

including von Willebrand factor and adhesion

molecules (sVCAM1 and sICAM1 and

e-selectin) (Pedrinelli et al. 1994; Cottone

et al. 2000; 2007).

2.6 Microalbuminuria and Kidney
Dysfunction

The influence of glomerular filtration rate (GFR)

on the microalbuminuria of hypertension merits

a comment. The prevalence of microalbuminuria

increases as the GFR decreases, although

not always in parallel. Moreover, when GFR is

< 60 ml/min/1.73 m2, the probability of AER

normalisation during antihypertensive treatment

is clearly reduced (Pascual et al. 2006).

Changes in proteinuria have been suggested

as a surrogate outcome for kidney disease pro-

gression to facilitate the conduct of clinical trials

(Levey et al. 2009). The progression of CKD is

often slow, and until late stages, it is often

asymptomatic. Thus, end points for clinical trials

may be long delayed from disease onset and the

time that interventions may be effective. Surro-

gate end points may provide an opportunity to

detect early evidence of effectiveness. Protein-

uria is an accepted marker for kidney damage; is

related to diagnosis, prognosis, and treatment in

kidney disease; and has been suggested as a

surrogate outcome for clinical trials of kidney

disease progression (Pascual et al. 2006). A bio-

marker is a characteristic that is objectively

measured and evaluated as an indicator of normal

biological processes, pathogenic processes, or

pharmacological responses to a therapeutic inter-

vention (Biomarkers Definitions Working Group

2001). By definition, proteinuria and decreased

GFR are biomarkers for CKD and potentially

could be surrogate end points for kidney failure

because in general, they precede the develop-

ment of kidney failure.

An intermediate end point is a biomarker that

is intermediate in the causal pathway between an

intervention and a clinical end point. Decreased

GFR also is an intermediate end point because it

is on the causal pathway to kidney failure. Dou-

bling of serum creatinine level is accepted as a

surrogate end point because it reflects a large

decrease in GFR and predicts the development

of kidney failure. The increase in albumin excre-

tion rate potentially could be a surrogate outcome

for a large decrease in GFR in clinical trials.

Indeed, among the impressive number of data

the PREVEND Study offered, the role of albu-

min excretion as a better marker than estimated

GFR to identify individuals at risk for

accelerated GFR loss is relevant. The 8592

patients who were included in this study were

followed for a 4-year period. Among them,

134 patients with macroalbuminuria, 128 with

erythrocyturia, and 103 with impaired renal func-

tion were identified. In the general population the

prevalence of macroalbuminuria, erythrocyturia,

and impaired renal function was calculated to be

0.6, 1.3, and 0.9 %, respectively (Halbesma

et al. 2006). After a mean follow-up of 4.2 year,

the macroalbuminuria group showed a �7.2 ml/

min/1.73 m2 estimated GFR loss compared

with �2.3 ml/min/1.73 m2 in the control group

(difference p < 0.001). After exclusion of

individuals with diabetes, the observed renal

function decline in the macroalbuminuria group

was 7.1 ml/min/1.73 m2. It is interesting that

eGFR fell by only 0.2 ml/min/1.73 m2

(�0.4 %) in participants with impaired renal
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function. Participants who at baseline had both

macroalbuminuria and impaired renal function

(n ¼18) experienced a rate of renal function

decline of 9.0 ml/min/1.73 m2 (Halbesma

et al. 2006).

More recently, it was analyzed whether

screening for albuminuria in the general popula-

tion identifies individuals at increased risk for

renal replacement therapy or accelerated loss of

renal function. In a general population-based

cohort of 40,854 individuals aged 28–75 year, a

first morning void for measurement of urinary

albumin was collected. In a subset of 6, 879

individuals, 24-h urinary albumin excretion and

estimated GFR at baseline and during 6 years of

follow-up were measured. Linkage with the

national renal replacement therapy registry

identified 45 individuals who started renal

replacement therapy during 9 year of follow-up.

The quantity of albuminuria was associated with

increased renal risk: the higher the level of albu-

minuria, the higher the risk of need for renal

replacement therapy and the more rapid renal

function decline. A urinary albumin concentra-

tion � 20 mg/L identified individuals who

started renal replacement therapy during follow-

up with 58 % sensitivity and 92 % specificity. Of

the identified individuals, 39 % were previously

unknown to have impaired renal function.

Restricting screening to high-risk groups (e.g.,

known hypertension, diabetes, cardiovascular

disease, and older age) reduced the sensitivity

of the test only marginally but failed to identify

45 % of individuals with micro- and

macroalbuminuria. Therefore, individuals with

elevated levels of urinary albumin are at

increased risk for RRT and accelerated loss of

renal function. Screening for albuminuria

identifies patients at increased risk for progres-

sive renal disease, 40–50 % of whom were pre-

viously undiagnosed or untreated (van der Velde

et al. 2009).

In arterial hypertensive subjects a retrospec-

tive cohort analysis of 141 hypertensive

individuals followed up for approximately

7 years was carried out several years ago

(Bigazzi et al. 1998). During follow-up, the rate

of clearance of creatinine from patients with

microalbuminuria decreased more than did that

from those with normal urinary albumin excre-

tion (Bigazzi et al. 1998).

Similar associations between albuminuria and

renal function decline have been described by

Viazzi et al in a larger cohort of patients with

essential hypertension. Subjects who developed a

renal event had higher baseline albumin-to-cre-

atinine ratio compared with subjects who did not

develop a renal event (5.12 vs 4.42 mg/g;

p < 0.001) (Viazzi et al. 2010).

2.7 Microalbuminuria
and Subclinical Organ
Damage

According to several studies microalbuminuria

correlate with various cardiac abnormalities

and diseases, including left ventricular

(LV) hypertrophy and dysfunction, electrocar-

diographic abnormalities, and coronary

atherosclerosis.

There is an extensive and highly consistent

body of evidence showing that microalbuminuric

patients exhibited a higher prevalence of left

ventricular hypertrophy (LVH), assessed either

by electrocardiography or echocardiography,

compared to normoalbuminurics (Cerasola

et al. 1989; 1996; 2004; Palatini et al. 1995;

Pontremoli et al. 1999; Wachtell et al. 2002a; b;

Tsioufis et al. 2002; Ratto et al. 2008; Smilde

et al. 2005; Lieb et al. 2006).

Since the first description of our group in 1989

of a close relationship between LV mass and

albumin excretion rate in hypertensive patients

(Cerasola et al. 1989), the vast majority of the

following reports supported the view that

hypertensives with elevated AER had higher car-

diac mass, indicating that early renal damage and

LVH occur in a parallel fashion.

It is important to note that the association

between left ventricular mass and AER not only

reflects an abnormal pressor overload, but

remains statistically significant after accounting

for blood pressure values (Cerasola et al. 1996;

2004; Palatini et al. 1995; Pontremoli et al. 1999;

Wachtell et al. 2002a; 2002b; Tsioufis
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et al. 2002; Ratto et al. 2008; Smilde et al. 2005).

Further support to the blood pressure indepen-

dent relationship of microalbuminuria with

LVH arises from the observation that inappropri-

ate left ventricular mass, that is the LV mass

exceeding the compensatory needs for cardiac

workload, is more strongly associated with

microalbuminuria than do appropriate LV mass

(Ratto et al. 2008).

Even if albumin excretion rate and LV mass

are significantly and independently correlated,

AER determination may add information on car-

diovascular risk stratification beyond those

provided by ultrasonographic detected LVH.

Indeed, in a group of 312 essential hypertensive

patients, we observed that a more intensive

investigation for target organ damage, including

ultrasound examination of the heart to detect

LVH and microalbuminuria determination,

beyond routine work-up alone, increases the pro-

portion of hypertensive patients who should be

classified as having a high absolute risk of car-

diovascular morbidity and mortality. Overall,

26 % of patients changed risk category (mostly

shifting from the medium- to high-risk stratum),

a proportion that was significantly different from

the percentage of patients reclassified after the

addition to the routine work-up of either

microalbuminuria (14 %) or echocardiography

alone (16 %) (Cerasola et al. 2004). In some

(Pontremoli et al. 1999), but not all studies

(Wachtell et al. 2002a) microalbuminuric

subjects showed a higher prevalence of concen-

tric than eccentric LVH, being the former geo-

metric pattern associated with a worse outcome

than the latter.

Furthermore, patients with microalbuminuria

showed subclinical impairment of systolic and

diastolic LV (Pontremoli et al. 1999; Wachtell

et al. 2002a). In the LIFE study, patients with

microalbuminuria had significantly lower endo-

cardial and midwall fractional shortening. On the

other hand, patients with abnormal diastolic LV

filling parameters had a significantly increased

prevalence of microalbuminuria (Wachtell

et al. 2002a).

Further data supporting the close association

between elevated AER and cardiac abnormalities

derive also from the cross-sectional relationship

observed between MAU and silent myocardial

ischemia, which can be evidenced by ST seg-

ment and T wave changes on an electrocardio-

gram (Diercks et al. 2000). Moreover, a

significant and independent association between

MAU and various ECG abnormalities

(arrhythmias, intraventricular conduction

defects, ventricular repolarization alterations

and left-axis deviation) in the large observational

I-DEMAND study, including 4121 hypertensive

patients without overt cardiovascular disease,

was found (Sciarretta et al. 2009).

Elevated AER was also directly associated

with angiographic evidence of CAD. A study of

308 patients who underwent elective coronary

angiography revealed that patients with

angiographic evidence of CAD had significantly

higher urinary albumin levels than disease-free

individuals and that AER correlated with the

severity of coronary atherosclerosis at angiogra-

phy (Tuttle et al. 1999).

A significant association between

microalbuminuria and several functional and

structural changes of the arterial tree, beyond

the coronary bed, has been described

Despite some conflicting results, several

cross-sectional studies (Yokoyama et al. 2004;

Bigazzi et al. 1995; Rodondi et al. 2007; Furtner

et al. 2005; Geraci et al. 2016; Jørgensen

et al. 2007), found that MAU was associated

with higher thickness of the intima and media

(IMT) layers of the carotid artery. In a wide

population of hypertensive subjects with

(n ¼ 183) and without CKD (n ¼ 280), we

recently found greater values of carotid IMT in

microalbuminuric patients when compared to

normoalbuminuric ones (Geraci et al. 2016)

(Fig. 4).

Moreover, in the Bruneck Study, a prospec-

tive population-based survey including

684 Caucasians adults, ACR was significantly

and independently associated with the presence

and severity of carotid and femoral atherosclero-

sis (Furtner et al. 2005). In addition,

microalbuminuria predicts the development and

progression of carotid atherosclerosis (Jørgensen

et al. 2007).
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Hence, it is not unexpected that

microalbuminuria in several studies has been

associated with a greater incidence of stroke

(Gerstein et al. 2001; Hillege et al. 2002;

Yuyun et al. 2004), and with cerebral small ves-

sel disease (Ravera et al. 2002; Wada

et al. 2007).

In addition, albumin excretion rate correlates

with functional abnormalities of the vasculature,

such as alterations of flow- and nitroglycerin-

mediated brachial artery dilatation (Stehouwer

et al. 2004; Malik et al. 2007) and impaired

large artery elastic properties (Mulè et al. 2004;

2009; 2010; Smith et al. 2005; Hermans

et al. 2007; Upadhyay et al. 2009; Munakata

et al. 2009).

Large artery stiffness, especially aortic stiff-

ness, assessed by pulse wave velocity (PWV)

measurement is now well accepted as an inde-

pendent predictor of cardiovascular morbidity

and mortality. We demonstrated in a sample of

140 untreated nondiabetic essential hypertensive

patients that microalbuminuria, was significantly

associated with an augmented aortic stiffness,

independently of low-grade inflammation,

expressed by increased plasma level of high-

sensitivity C-reactive, and of other potential

confounding factors (Mulè et al. 2009). Our

findings, which were replicated in a wider

group of hypertensive patients (Mulè

et al. 2010), are in line with previous

observations of our group (Mulè et al. 2004)

and of other authors (Yokoyama et al. 2004;

Smith et al. 2005; Hermans et al. 2007;

Upadhyay et al. 2009; Munakata et al. 2009)

that reported significant relations of micro-

albuminuria with different indices of reduced

arterial distensibility in a variety of populations.

At the level of renal vasculature, micro-

albuminuria has been associated with increased

intrarenal resistive index (RRI), a sonographic

parameter, which is defined as the dimensionless

ratio of the difference between maximum and

minimum (end-diastolic) flow velocity to maxi-

mum flow velocity (Mulè et al. 2015b; Viazzi

et al. 2015) (Fig. 5).

It is thought to indicate a greater intrapar-

enchymal vascular impedance to blood flow and

a greater risk of function worsening in the long

term. However, accumulating evidence indicates

that the RRI provides important information

about the systemic vasculature as well (Geraci

et al. 2015a; b; 2016; Mulè et al. 2015b; Viazzi

et al. 2015; Morreale et al. 2016). Indeed, recent

C
ar

ot
id

 IM
T 

(m
m

)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

1.3

0.864

p < 0.001

0.957

Subjects without
microalbuminuria

(n = 288)

Subjects with
microalbuminuria

(n = 175)

Fig. 4 Carotid intima-

media thickness in

hypertensive patients with

and without

microalbuminuria (Geraci

et al. 2016). The data are

given as means (the

numbers inside the

histograms) � SD

Mild Renal Dysfunction and Cardiovascular Risk 293



data suggest that this parameter is not only

expression of parenchymal perfusion, but may

be also influenced by upstream vascular factors

and indeed these factors appear to play a more

important role than intrarenal resistance. More-

over, recent reports described significant

associations of RRI with an enhanced cardiovas-

cular risk (Mulè et al. 2015b; Viazzi et al. 2015).

Finally, an increased prevalence of retinal

vascular changes has been reported in

microalbuminuric hypertensive patients. Among

383 essential hypertensive subjects those with

AER > 20 μg/min had a prevalence of hyperten-

sive retinopathy of 69 %, significantly higher

than that observed in subjects having AER < 11

μg/min (48 %) (Cerasola et al. 1996). There is

also evidence, especially in type 1 diabetes, that

MAU is a powerful predictor for the develop-

ment of proliferative diabetic retinopathy and

blindness (Newman et al. 2005).

2.8 Microalbuminuria as Predictor
of Cardiovascular Morbidity
and Mortality

It has long been recognised that

microalbuminuria is an early sign of increased

risk for developing overt nephropathy and car-

diovascular disease in type 1 and type 2 diabetes

(Viberti et al. 1982; Mogensen and Christensen

1984; Mogensen 1984; 2003). A meta-analysis

evaluating the relationship between

microalbuminuria and mortality in type 2 diabe-

tes found that microalbuminuria doubled cardio-

vascular morbidity and mortality (odds ratio

[OR], 2; 95 % CI, 1.4–2.7) and more than

doubled the all-cause mortality rate (OR, 2.4;

95 % CI, 1.8–3.1) (Dinneen and Gerstein 1997).

Subsequently, these results were confirmed in

an observational analysis of the large Action

in Diabetes and Vascular disease: preterAx

and diamicroN-MR Controlled Evaluation

(ADVANCE) study, involving 10,640 type 2 dia-

betes patients. During an average 4.3-years fol-

low-up, the multivariable-adjusted hazard ratio

for cardiovascular events was 2.48 (95 % confi-

dence interval 1.74–3.52) for every 10-fold

increase in baseline ACR, even taking into

account the level of estimated glomerular filtra-

tion rate (Ninomiya et al. 2009a).

In the past decade, a large body of evidence

has been published suggesting that the value of

microalbuminuria as predictor of cardiovascular

events and total mortality may be extended to

nondiabetic subjects and to patients with essen-

tial hypertension (Ruilope 2002; Gansevoort

et al. 2013; Matsushita et al. 2010; Hallan

et al. 2009; The Chronic Kidney Disease Prog-

nosis Consortium 2011; van der Velde

et al. 2011; Astor et al. 2011; Nitsch

et al. 2013; Mahmoodi et al. 2012; Fox

Fig. 5 Relationship

between albuminuria

(in logarithmic scale) and

renal resistance index in

hypertensive patients

(Geraci et al. 2016)
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et al. 2012; Gerstein et al. 2001; Hillege et al.

2002; Arnlov et al. 2005; Yuyun et al. 2004;

Klausen et al. 2004; Brantsma et al. 2008).

In the large Netherlands cohort of the

PREVEND study, after adjustment for cardio-

vascular risk factors, a twofold increase in uri-

nary albumin concentration was associated with

a 29 % increased risk of death from CVD (hazard

ratio, 1.29; 95 % confidence interval [CI],

1.18–1.40; p < 0.001) (Hillege et al. 2002).

Across the whole spectrum of urine albumin

excretion, there was a continuous association

between CVD and increasing albuminuria. The

extended follow-up of the same study, limited to

8496 individuals, showed that baseline albumin-

uria remains a durable predictor of cardiovascu-

lar events up to 5 years after initial measurement

and provides clues to determine optimal intervals

between urinary albumin measurements for car-

diovascular risk stratification (Brantsma

et al. 2008).

Data from the NHANES III, spanning

13 years of follow-up in 14.586 adults, revealed

that after adjustment for conventional CVD risk

factors, C-reactive protein, and eGFR, a doubling

of albuminuria was associated with a 6.3 %

increase in CVD mortality and a 6.3 % increase

in all-cause mortality, with similar results in

patients with and without diabetes (Astor

et al. 2008).

Likewise, in 1665 men and women of the

Gubbio Population Study (aged 45–64 years),

the highest sex-specific decile of urinary AER

distribution was associated with an enhanced

risk for incident cardiovascular disease, that

was furtherly magnified by the concomitant pres-

ence of a high AER and a low estimated glomer-

ular filtration rate (Cirillo et al. 2008).

The findings of these and other studies are

supported by the results of two meta-analyses

(Matsushita et al. 2010; Perkovic et al. 2008).

The largest of these, the abovementioned

Chronic Kidney Disease Prognosis Consortium

study (Matsushita et al. 2010), used pooled indi-

vidual data of more than 100.000 subjects with

ACR measurements and 1.1 million participants

with dipstick measurements from 21 general

population cohorts. ACR was associated with

risk of mortality linearly along its entire distribu-

tion, without threshold effects. Compared with

ACR 0.6 mg/mmol, adjusted HRs for all-cause

mortality were 1.20 (1.15–1.26) for ACR 1.1 mg/

mmol, 1.63 (1.50–1.77) for 3.4 mg/mmol, and

2.22 (1.97–2.51) for 33.9 mg/mmol (Matsushita

et al. 2010). A new recent analysis of the same

data showed that there was a sex-related differ-

ence in the relationships between ACR and mor-

tality (Nitsch et al. 2013). Compared with an

ACR of 5 mg/mmol, the adjusted hazard ratio

for all-cause mortality at urinary albumin-

creatinine ratio 30 was higher in women [1.69

(1.54–1.84)] than in men [1.43 (1.31–1.57); p for

interaction <0.01] (Nitsch et al. 2013).

On the other hand, another meta-analysis

involving 24,470 participants, documented a

strong independent relationship between protein-

uria and cerebrovascular events. Patients with

proteinuria had a 70 % greater risk of stroke

compared with those without (Ninomiya

et al. 2009b).

Urinary excretion of excessive amounts of

albumin and cognitive impairment may be

regarded as manifestations of microvascular dis-

ease, respectively of the kidney and of the brain.

Therefore, these conditions may share a common

pathogenesis. The results of the following study

seem to be in line with this hypothesis (Barzilay

et al. 2011).

In a total of 28,384 subjects with vascular

disease or diabetes mellitus participating in the

Ongoing Telmisartan Alone and in Combination

With Ramipril Global End Point Trial

(ONTARGET) and in the Telmisartan

Randomized Assessment Study in ACE

[Angiotensin-Converting Enzyme]–Intolerant

Subjects With Cardiovascular Disease (TRAN-

SCEND) it has been demonstrated that

microalbuminuria and macroalbuminuria are

associated with increased odds or risk of cogni-

tive decline (Barzilay et al. 2011). Compared

with participants with normoalbuminuria, those

with microalbuminuria were more likely to have

a reduced Mini-Mental State Examination

(MMSE) score (<24). On follow-up, participants

with baseline albuminuria had increased odds

of cognitive decline (decrease in MMSE score
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�3 points) compared with those with

normoalbuminuria (microalbuminuria: OR,

1.22; 95 % CI, 1.07–1.38; macroalbuminuria:

1.21; 0.94–1.55). Participants with baseline

macroalbuminuria treated with an angiotensin-

converting enzyme inhibitor and/or angiotensin

receptor blocker had lower odds of MMSE

decline than participants treated with placebo.

Even though MAU is closely related to sev-

eral traditional and non traditional CV risk

factors and to a variety of indices of preclinical

organ damage, the epidemiological studies above

described showed that the association between

microalbuminuria and cardiovascular disease

remains even when all these risk factors are

taken into account in multivariate analyses.

Therefore, the exact pathophysiological

mechanisms explaining the association between

MAU and CV disease remain uncompletely

understood.

It is doubtful whether MAU causes

atherothrombosis or vice versa. The most likely

hypothesis is that a common pathophysiologic

process, such as endothelial dysfunction,

low-grade inflammation, or increased

transvascular leakage of macromolecules,

underlies the association between MAU and CV

disease. In the STENO hypothesis put forward by

Deckert et al. (Deckert et al. 1989) albumin leak-

age into the urine is a reflection of widespread

vascular damage. The kidney thus would become

a window to the vasculature; leaky renal vessels

reflecting the permeability of the vasculature in

general, caused by some alterations such as a

reduction in the density of heparan sulfate-

proteoglycan, not only of the glomerular base-

ment membrane but also of the vascular wall.

Generalized endothelial dysfunction (i.e., affect-

ing many endothelial functions) plays an impor-

tant role in both the initiation and the progression

of atherosclerosis and MAU has been repeatedly

shown to be accompanied by abnormalities in

various markers of endothelial cell function in

patients with and without diabetes (Fig. 6).

However, there are some inconsistencies in the

literature, and although microalbuminuria,

marker of endothelial dysfunction, and

low-grade inflammation are interrelated, they

all are independently associated with risk for

cardiovascular death.

Therefore, further studies are needed to

explore the nature of the link between

microalbuminuria and cardiovascular risk.

2.9 Microalbuminuria
as Therapeutic Target

While there is now a very large and highly con-

sistent amount of data showing that MAU is a

strong predictor of CV risk, it is less clear

whether reducing levels of MAU or limiting the

progression to macroalbuminuria translates to a

reduction in CV risk.

Although both ACE inhibitors and angioten-

sin receptors blockers (ARBs) (Redon 1998;

ACE Inhibitors in Diabetic Nephropathy Trialist

Group 2001; Viberti et al. 2002) have been

shown to significantly reduce AER in patients

with hypertension and diabetes mellitus, as well

as in those with previous history of CVD, none of

these clinical trials were designed to primarily

study the effect of reducing microalbuminuria on

CVD and renal outcomes.

In clinical trials of patients with chronic kid-

ney disease and macroproteinuria as a result of

type 2 diabetes, such as Irbesartan Diabetic

Nephropathy Trial (IDNT) (Lewis et al. 2001)

and Reduction of Endpoints in NIDDM with the

Angiotensin II Antagonist Losartan (RENAAL)

(Brenner et al. 2001), it is evident that therapeu-

tic strategies that are associated with reduction

of proteinuria are associated with fewer cardio-

vascular and kidney disease end points. How-

ever, whether one can extrapolate these

observations to microalbuminuric patients is

unknown.

The Prevention of REnal and Vascular

ENdstage Disease Intervention Trial

(PREVEND IT) is the only randomized trial

to study the effect of albuminuria lowering

in microalbuminuric, otherwise healthy

individuals, who were not receiving antihyper-

tensive or lipid-lowering agents (Asselbergs

et al. 2004). In this clinical trial, 864 patients

from the PREVEND cohort were enrolled and
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were randomized to receive fosinopril (20 mg/d)

and/or pravastatin (40 mg/d) versus matching

placebo in a 2 � 2 factorial design. The primary

study end point was a composite of CVD mortal-

ity and hospitalization for nonfatal MI or

myocardial ischemia, heart failure, peripheral

vascular disease, or cerebrovascular accident.

Participants were followed for a mean duration

of 46 months. Median AER in these participants

was 22.8 mg/d, and less than 5 % of participants

were diabetic or had a previous CVD event.

Fosinopril reduced albuminuria by 26 %

(p < 0.001) and was associated with a 40 %

reduction in the primary end point (p ¼ 0.098)

compared with placebo. Interestingly, a 90 %

reduction (p ¼ 0.03) in cerebrovascular events

was observed in the group treated with fosinopril.

Adjustment for the blood pressure–lowering

effect of fosinopril did not significantly change

the primary outcome results (Asselbergs

et al. 2004). On the other hand, pravastatin did

not reduce albuminuria and was associated with a

non significant 13 % reduction in the primary

end point.

Although this was the first study that specifi-

cally targeted reducing albuminuria, it was

essentially a primary prevention trial for cardio-

vascular disease (only 3.4 % of the participants

had a history of CVD) and had an insufficient

number of patients to be followed for a sufficient

period of time to have enough events, so it was

underpowered to determine a change in

outcomes attributable to the antialbuminuric

effect of fosinopril.

ENDOTHELIAL  CELL INJURY

RENAL CIRCULATION

MICROALBUMINURIA

SYSTEMIC VASCULATURE

a

b

c

d

CV RISK FACTORS
Arterial hypertension
Non-dipping phenomenon
Increased  BP variability
Diabetes
Age
Smoking
Dyslipidemia
Central obesity 
Insulin Resistance
Salt sensi�vity
Le� Ventricular Hypertrophy
Increased CRP levels
Hyperuricemia
Severe sympathe�c dysfunc�on

INTERSTITIAL 
ALBUMIN LEAK

Glycocalix

Fig. 6 Microalbuminuria as manifestation of systemic

endothelial injury. Maladaptation of several endothelial

functions, as a consequence of the deleterious effect of

traditional and non traditional cardiovascular risk factors,

is believed as an important effector mechanism in the

development of albuminuria and of cardiovascular dis-

ease. A key mechanism that contributes to this process

may be the loss of the glycocalyx—a proteoglycans-rich

gel-like structure that lines the luminal endothelial

surface. It mediates most of the regulatory functions of

the endothelium and normally acts as a barrier against

albumin filtration. Degradation of the glycocalyx in

response to endothelial activation can lead to albuminuria

and subsequent renal and vascular inflammation, thus

providing a pathophysiological framework for the clinical

association of albuminuria with renal and cardiovascular

diseases
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In the LIFE study, 8206 hypertensive patients

with electrocardiographic evidence of left ven-

tricular hypertrophy were randomized to either

losartan or atenolol and observed for a median of

4.8 years. The treatment with the angiotensin

receptor blocker resulted in a greater reduction

in albuminuria compared with the beta blocker,

despite equivalent decreases in blood pressure.

Moreover, losartan reduced the incidence of the

primary composite end point (nonfatal

myocardial infarction and stroke and CV death)

more than atenolol did. This effect of losartan on

albuminuria accounted for about one fifth of its

beneficial effect on the composite end point

(Ibsen et al. 2004).

A prespecified secondary analysis of the same

trial noted that a decrease of albuminuria levels

in the first 12 month of treatment predicted a

better long-term cardiovascular outcome, inde-

pendently of in-treatment level of blood pressure,

suggesting that therapeutic strategies that are

associated with a reduction of albuminuria may

be cardioprotective (Ibsen et al. 2005).

The Irbesartan in Patients With Type 2 Diabe-

tes and Microalbuminuria (IRMA-2) study

randomized 590 hypertensive patients with type

2 diabetes mellitus and microalbuminuria (uri-

nary albumin excretion 20–200 μg/min) to

irbesartan (150 mg/d or 300 mg/d) or placebo

and observed them for a median duration of

2 years. Compared with placebo, irbesartan sig-

nificantly reduced urinary albumin excretion at

both doses, producing a mean reduction of 24 %

with 150 mg/d and 38 % with 300 mg/d. Nonfa-

tal CVD events tended to be slightly less frequent

in the irbesartan 300 mg/d group than in the

placebo group (4.5 % vs 8.7 %, p ¼ 0.11)

(Parving et al. 2001).

The Ongoing Telmisartan Alone and in Com-

bination With Ramipril Global Endpoint Trial

(ONTARGET), in which 25,600 people were

enrolled with vascular disease comparing the

effects on the incidence of CV events of ramipril

with telmisartan versus the combination of

telmisartan along with ramipril (Investigators

et al. 2008), also provides little insight on the

relationships betweenmicroalbuminuria reduction

and CVD outcomes. In this very large study it was

observed a greater decrease in proteinuria with the

combination therapy, but no additional benefit on

cardiovascular disease, and a faster decrease in

GFR and increased risk of kidney failure and

death. In this trial, the geometric mean baseline

urine albumin-creatinine ratio was approximately

10 mg/g, with microalbuminuria and

macroalbuminuria in only 13 % and 4 % of

participants, respectively (Mann et al. 2008).How-

ever, even if the ONTARGET was not designed

and powered to evaluate the associations between

AER variations and CV end-points, when the

study population changes in albuminuria were

assessed regardless of randomization to specific

drug, a greater reduction of urinary albumin

under treatment was related to a lower incidence

CV events (Schmieder et al. 2011).

Similar results were obtained in post hoc

analyses of Action in Diabetes Mellitus and Vas-

cular Disease (ADVANCE) (Zoungas

et al. 2009). However, Avoiding Cardiovascular

Events through Combination Therapy in Patients

Living with Systolic Hypertension (ACCOM-

PLISH) (Bakris et al. 2010) does not confirm

the potential prognostic value of AER changes.

Likewise, a prospective study Olmesartan for the

Delay or Prevention of Microalbuminuria in

Type 2 Diabetes Mellitus (ROADMAP) (Haller

et al. 2011) reported no association between

changes in microalbuminuria and CV events dur-

ing the double-blind period, although an obser-

vational follow-up concluded that development

of microalbuminuria was a marker of cardiovas-

cular events (Menne et al. 2014).

A single-center Spanish study (Pascual et al.

2014) including 2.835 patients showed that

subjects in which microalbuminuria developed

during amedian follow-up of 4.7 years, or persisted

from the beginning, had a significantly higher rate

of events than if remained normoalbuminuric.

A recent meta-regression analysis by Savarese

et al showed that a successfully reduced albumin-

uria was associated with lower risk of myocardial

infarction and stroke (Fig. 7) (Savarese

et al. 2014). However, this analysis included

many heterogeneous studies wherein therapeutic

intervention was not primarily aimed at reducing

blood pressure, had a very short follow-up time
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and did not include four trials specifically

conducted on antihypertensive treatment. Similar

conclusions were attained in another more recent

meta-regression analysis showing a relationship

between changes in albuminuria and CV risk,

after adjustment for blood pressure variation

under treatment. In studies reporting changes in

CV events on the basis of albuminuria variations

(six trials and 36,325 patients, mean follow-up

60 months, 3741 cardiovascular events), the

overall adjusted relative risk of total CV events

was 0.51 (95 % CI 0.38–0.59, P < 0.000) for

albuminuria regression/no variation vs increase

suggesting that urinary albumin excretion

changes may be used in clinical practice as an

intermediate endpoint of antihypertensive treat-

ment (Viazzi et al. 2016). In the last European

Society of Hypertension guidelines changes in

albuminuria are regarded as potentially useful

tool to monitor the effectiveness of treatment

strategy in hypertensive patients, recognizing to

this test the sensitivity to detect clinically mean-

ingful changes over a timeframe of weeks or

months (Mancia et al. 2013).

3 Conclusions

A large and highly consistent body of evidence

supports the statements of recent guidelines for

the management of hypertension (Mancia

et al. 2013) and of KDIGO guidelines for evalu-

ation and management of chronic kidney disease

(Levin et al. 2013) that recommend to use both

albuminuria and reduced GFR in all hypertensive

subjects in order to provide more accurate prog-

nostic information and therefore more precise

risk stratification.

In particular, the powerful association

between UAE and cardiovascular diseases,

documented even below the current

microalbuminuria threshold, reflects the underly-

ing biological complexity of albumin excretion,

in which subtle fluctuations signal important

changes within the cardiovascular system.

In addition, it challenges our previous defini-

tion of normal, suggesting that albuminuria

should be interpreted as a continuum rather than

as threshold cut-off values.

Although there are some conflicting data, the

great majority of studies and meta-analyses show

that reducing albuminuria improves cardiovascular

outcome. The simple search for subclinical renal

damage in hypertensive patients may enable the

clinician to better assess absolute cardiovascular.

Risk and make a more correct decision regard-

ing therapeutic strategies. Identification of MAU

and of a moderate reduction in eGFR may induce

physicians to encourage patients to make healthy

lifestyle changes, and perhaps would prompt to

more aggressive modification of standard risk

factors for cardiovascular diseases.

13%
14%

29%
p = 0.010

p = 0.013
p = 0.001

Myocardial 
infarction Stroke

Composite 
outcome

CHANGE IN CARDIOVASCULAR ENDPOINTS  ASSOCIATED 
WITH 10% REDUCTION OF ALBUMINURIA 

Fig. 7 Meta-regression

analysis of 32 trials

showing the association of

albuminuria reduction with

lower incidence of

cardiovascular events in

hypertensive and/or

diabetic patients (Pascual

et al. 2014) (Composite

outcome: myocardial

infarction, stroke, and

cardiovascular death)
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Abstract

Hypertension, a global public health problem, is currently the leading

factor in the global burden of disease. It is the major modifiable risk factor

for heart disease, stroke and kidney failure. Chronic kidney disease (CKD)

is both a common cause of hypertension and CKD is also a complication

of uncontrolled hypertension. The interaction between hypertension and

CKD is complex and increases the risk of adverse cardiovascular and

cerebrovascular outcomes. This is particularly significant in the setting of

resistant hypertension commonly seen in patient with CKD. The patho-

physiology of CKD associated hypertension is multi-factorial with differ-

ent mechanisms contributing to hypertension. These pathogenic

mechanisms include sodium dysregulation, increased sympathetic ner-

vous system and alterations in renin angiotensin aldosterone system

activity. Standardized blood pressure (BP) measurement is essential in

establishing the diagnosis and management of hypertension in CKD. Use

of ambulatory blood pressure monitoring provides an additional assess-

ment of diurnal variation in BP commonly seen in CKD patients. The

optimal BP target in the treatment of hypertension in general and CKD

population remains a matter of debate and controversial despite recent

guidelines and clinical trial data. Medical therapy of patients with CKD

associated hypertension can be difficult and challenging. Additional eval-

uation by a hypertension specialist may be required in the setting of

treatment resistant hypertension by excluding pseudo-resistance and treat-

able secondary causes. Treatment with a combination of antihypertensive

drugs, including appropriate diuretic choice, based on estimated glomeru-

lar filtration rate, is a key component of hypertension management in
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CKD patients. In addition to drug treatment non-pharmacological

approaches including life style modification, most important of which is

dietary salt restriction, should be included in the management of hyper-

tension in CKD patients.
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Ambulatory blood pressure monitoring • White coat hypertension •

Masked hypertension • Sodium • Salt • Resistant hypertension

1 Introduction and Epidemiology

Hypertension is a global public health issue and

the major risk factor for heart disease, stroke and

kidney failure resulting in premature death and

disability (World Health Organization 2013).

Over the last decade, hypertension has become

the number one factor in the global burden of

disease. Concurrently, there has been an increas-

ing number of deaths and disability-adjusted life

years related to poorly controlled blood pressure

(BP) (Murray and Lopez 2013). Despite

increased awareness and improved treatment of

hypertension, the prevalence of hypertension is

rising. Review of the 2011–2014 National Health

and Nutrition Examination Survey (NHANES)

data shows that nearly one-half (47 %) of adults

aged 20 and over with hypertension had uncon-

trolled high BP in the United States (Yoon

et al. 2015). These data include individuals with

true resistant hypertension – defined as BP that

remains above goal despite the concurrent use of

three antihypertensive agents of different classes,

including a diuretic, prescribed at optimal doses

(Calhoun et al. 2008) without a secondary cause.

Chronic kidney disease (CKD) is another

common and growing problem. CKD is defined

as kidney damage for �3 months, due to struc-

tural or functional abnormalities of the kidney,

with or without decreased glomerular filtration

rate (GFR) or GFR <60 mL/min/1.73 m2 for

�3 months, with or without kidney damage.

Renal parenchymal disease is both a common

cause and complication of uncontrolled

hypertension (Peralta et al. 2012). In other

words hypertension is the most common comor-

bidity seen in patients with CKD. And its preva-

lence increases with declining renal function

(Muntner et al. 2010). Additionally, CKD is

recognized as a risk factor for cardiovascular

disease, which makes treatment of hypertension

even more important for CKD patients. Along

the same line individuals with CKD are more

likely to have resistant hypertension. The preva-

lence of resistant hypertension increases as GFR

decreases, with resistant hypertension rates of

>20 % described based on ambulatory blood

pressure monitoring (ABPM) (De Nicola

et al. 2013; Sakhuja et al. 2015).

In summary CKD interacts with hypertension

on many levels. There is a bidirectional relation-

ship between the two diseases. Hypertension,

particularly resistant hypertension, can not only

occur as the result of CKD, but it is also an

important risk factor for CKD progression.

Resistant hypertension is very common amongst

patients with CKD and the prevalence appears to

be proportional to the degree of renal dysfunction

(Tanner et al. 2013). At some point it becomes

difficult to determine which disease process

precedes the other, as both diseases share similar

risk factors including age, obesity, minority

descent and comorbidities like diabetes or car-

diovascular disease (Table 1). The interaction

between hypertension and CKD is complex and

increases the risk of adverse cardiovascular and

cerebrovascular outcomes particularly in the

setting of resistant hypertension.
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2 Blood Pressure Measurement
and Role of Ambulatory Blood
Pressure Monitoring

Accurate BP measurement is an important factor

in establishing the diagnosis and management of

hypertension. A standardized approach to mea-

suring BP improves the consistency and accuracy

of the recorded readings. Inaccurate BP measure-

ment techniques such as measuring the BP before

the patient rests quietly for 5 min and use of

inappropriately small cuff are the most common

causes of falsely elevated BP readings (Pickering

et al. 2005). Multiple readings taken at intervals

of at least 1–2 min and then averaged is a better

representation of a patient’s BP. The BP should

be measured in both arms to check for any major

reading discrepancies, as between-arm BP

differences are common even in healthy people.

In hypertensive patients, a difference of

4–5 mmHg is not uncommon. A difference in

systolic BP of over 10 mmHg requires vascular

assessment, as heavily calcified or arterioscle-

rotic arteries, seen more commonly in patients

with CKD, cannot be compressed fully for accu-

rate BP readings. BP values between arms that

are different by over 15 mmHg could indicate a

heightened risk for vascular disease and death

(Clark et al. 2012). In general, for management

purposes it is recommended that the higher BP of

the two arms be used.

Major causes of uncontrolled BP in patients

with CKD include non-adherence to important

lifestyle changes such as low salt diet, an

inadequate or suboptimal treatment regimen

including diuretics, and poor adherence to anti-

hypertensive therapy, sometimes due to medica-

tion intolerance (Yiannakopoulou et al. 2005).

Other possible causes of uncontrolled BP are

previously undiagnosed but curable secondary

hypertension; psychiatric causes; use of an

interfering substance such as non-steroidal anti-

inflammatory drugs (NSAIDs) or amphetamines;

and drug interactions.

In general clinic BP measurements are the

most common method of assessment to evaluate

hypertension. Ambulatory blood pressure moni-

toring (ABPM) is a useful tool that adds addi-

tional clinical information on a patient’s BP

pattern including an assessment of nighttime BP

and diurnal variation in BP. ABPM may also

provide additional diagnostic information, such

as white-coat hypertension and masked hyper-

tension (Drawz et al. 2012). White-coat hyper-

tension is defined as persistently elevated clinic

BP readings while out-of-office BP values

measured by 24-h ABPM are normal. This con-

dition is a common cause of apparent resistant

hypertension and should be ruled out to avoid

over treatment with antihypertensive drugs (de la

Sierra et al. 2011). Patients with CKD and white-

coat effect have a much lower cumulative risk of

progressing to end stage renal disease (ESRD),

highlighting the importance of ABPM in CKD

patients (Agarwal and Andersen 2006). Alterna-

tively, masked hypertension is defined as

normal, or near normal, office BP levels but

out-of-office hypertension. Masked hypertension

appears to be remarkably prevalent in CKD

patients (Agarwal et al. 2016). Patients with

masked hypertension are at increased risk for

target organ damage and cardiovascular events

(Fagard and Cornelissen 2007). CKD patients

with this condition appear to have a higher cumu-

lative risk of end stage renal disease (ESRD)

compared to those with controlled ambulatory

pressures (Agarwal 2006). ABPM provides addi-

tional information compared to home and office

recordings with measures of BP variability and

nocturnal BP measurements. The circadian BP

rhythm and nocturnal BP are often abnormal in

patients with CKD. Patients with CKD often

Table 1 Patient’s characteristic and risk factors for

hypertension in CKD

Older age

High baseline BP

Obesity

Obstructive sleep apnea

Ethnic minorities

Diabetes

Excessive dietary salt ingestion

Heavy alcohol consumption

Smoking

Vascular atherosclerosis
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loose the physiologic nocturnal 10–20 % fall

in systolic and diastolic BP level. Patients

with advanced CKD might even exhibit a rise

in nocturnal BP, a phenomena called riser.

The absence of nocturnal dip has been linked

to increased risk of cardiovascular disease and

target organ damage including progression of

CKD (Kanno et al. 2013), (Muxfeldt

et al. 2009). Similarly there is a positive associa-

tion between BP variability and the progression

of renal damage and cardiovascular events

(Ciobanu et al. 2013). When ABPM is not avail-

able, home BP measurement can provide some

information on possible presence of white coat,

masked, or resistant hypertension. Population

studies both in general and in CKD (Cohen

et al. 2014) demonstrate that home-measured

BP is prognostically superior to office BP

readings, correlates more closely with ABPM

than office BP measurements, and is more pre-

dictive of adverse cardiovascular outcomes

(Dolan et al. 2005; Niiranen et al. 2010). There-

fore, out-of-office BP readings, ABPM or home

BP measurement, should be used in management

of hypertension.

3 Target Blood Pressure
in Chronic Kidney Disease

The optimal BP level, whether systolic or dia-

stolic, in the treatment of hypertension in general

and CKD population remains a matter of debate

and has become controversial despite recent

guidelines and clinical trial data (James

et al. 2014; SPRINT Research Group

et al. 2015). In addition to prevention of cardio-

vascular events (McCullough et al. 2011), the

goal in patients with CKD is to delay progression

to ESRD with need for renal transplant or renal

replacement therapy (Whaley-Connell

et al. 2008).

Multiple trials in non-diabetics, including

MDRD (Klahr et al. 1994), AASK (Wright

et al. 2002), and REIN-2 (Ruggenenti et al. 2005)

failed to show benefit from lower BP targets of

<130/80 mmHg compared to <140/90 mmHg in

slowing the progression of CKD to ESRD. A clin-

ical trial on type 2 diabetics, that include a large

number of diabetics with CKD, detected a small

but statistically insignificant reduction in cardio-

vascular events among diabetics treated to the

intensive systolic BP goal of <120 mmHg com-

pared to goal BP of <140 mmHg (Cushman

et al. 2010). In contrast, data from SPRINT

(SPRINT Research Group et al. 2015) which

excluded diabetics, but included 28 % of

participants with reduced estimated GFR of

20–60 ml/min/1.73 m2 showed a 25 % relative

risk reduction in the cardiovascular events. There

was no difference in rates of 50 % reduction of

estimatedGFR orESRDbetween the intensive-BP

treated group compared to standard-BP group.

More patients without incident CKD had >30 %

decline in estimatedGFRwith intensive treatment.

Both ACCORD and SPRINT trials showed an

increase in the risk of serious adverse events with

the more intensive BP–lowering strategy. The

benefit of BP target of less than 130/80 mm Hg

in patients with CKD and proteinuria is supported

based on post hoc analyses (Upadhyay et al. 2011).

Hence, as depicted in Table 2, based on the limited

clinical trial evidence almost all of the clinical

practice guidelines for the management of BP in

CKD without albuminuria or proteinuria recom-

mend a goal BP of <140/90 mm Hg. The recom-

mendation, based on expert opinion, is a lower BP

target of <130/80 mm Hg for CKD patients with

albuminuria or proteinuria.

The foundation of antihypertensive therapy in

CKD patients should be based on the evidence-

based strategy of using inhibitors of the renin

angiotensin aldosterone system (RAAS) with

diuretics, either thiazide or thiazide–type agents

in the absence of significantly low GFR

(<30 mL/min/1.73 m2). Addition of other agents

such as calcium channel blockers, or other drug

classes should be considered as necessary to

achieve a lower systolic BP level. It is important

to balance the anticipated cardiovascular benefits

of therapy in patients with higher cardiovascular

risk with possible serious adverse effects of

intensive targeted BP.
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4 Pathophysiology of Blood
Pressure Regulation
and Pathogenesis
of Hypertension in Chronic
Kidney Disease

The pathophysiology ofCKDassociated hyperten-

sion is complex because the kidney is not only the

contributing organ, but is also a target organ of the

hypertensive processes. Multiple mechanisms

contribute to hypertension in CKD and their

contributions might differ between patients.

Blood pressure is mainly regulated by four

pathways. These include the sodium regulation,

sympathetic nervous system (SNS) activity,

humoral system – Renin Angiotensin Aldoste-

rone System (RAAS), and auto-regulatory sys-

tem. These pathways could have independent or

interdependent effect on BP regulation. The

pathological activity of one or multiple factors

plus additional exogenous factors can influence

BP and its management in patients with CKD.

The endogenous pathologic factors in CKD

include increased SNS (Klein et al. 2003) and

RAAS activity plus endothelial dysfunction.

Hypertension can cause and accelerate renal

injury when impaired auto-regulation allows the

transmission of high systemic pressures to the

glomeruli, resulting in glomerulosclerosis

(Bidani et al. 2013). Renal injury and loss of

GFR in turn can cause hypertension due to

impairment in sodium excretion and increased

salt sensitivity (Koomans et al. 1982; Pimenta

et al. 2009). Respectively, exogenous factors

including high dietary sodium intake, and

intervening medications like over-the-counters,

such as NSAID (LeLorier et al. 2002) add to

this complexity.

In general, GFR decreases with age and CKD

accelerates the vascular ageing and atherosclero-

sis. This leads to increased arterial stiffness and

increased risk of development of systolic hyper-

tension in elderly patients with CKD (Briet

et al. 2012). Similarly CKD is more common in

patients with obesity and metabolic syndrome.

The relationship between obesity and hyperten-

sion is well described (Hall 2003). However, the

pathophysiology of obesity-induced hyperten-

sion is complex and not fully understood. Plausi-

ble mechanistic pathways of hypertension in

CKD patients that are similar to obesity

associated hypertension include impaired sodium

excretion, increased SNS activity, and activation

of the RAAS. There is also a high prevalence of

obstructive sleep apnea (OSA) in CKD patients

(Nicholl et al. 2012) and in patients with resistant

Table 2 Blood pressure targets and treatment recommendations in CKD

Guideline

BP target in CKD without

Albuminuria or Proteinuria

BP target in CKD with

Albuminuria or

Proteinuria

JNC8 (James et al. 2014) <140/90 mmHg <140/90 mmHg

KDIGO (2012) <140/90 mmHg <130/80 mmHg

NICE (National Institute for Health and Care Excellence

Hypertension clinical management of primary hypertension

in adults; National Institute for Health and Care Excellence

Chronic kidney disease)

<140/90 mmHg <130/80 mmHg

CHEP (Dasgupta et al. 2014) <140/90 mmHg <140/90 mmHg

ESC/ESH (Mancia et al. 2013) <140 mmHg <130 mmHg

ASH/ISH (Weber et al. 2014b) <140/90 mmHg <140/90 mmHg

ISHIB (Flack et al. 2010) <130/80 mmHg <130/80 mmHg

ADA (American Diabetes Association 2013) <140/80 mmHg

Abbreviations: ADA American Diabetes Association, ASH/ISH American Society of Hypertension/International

Society of Hypertension, CHEP Canadian Hypertension Education Program, ESC/ESH European Society of Cardiolo-

gy/European Society of Hypertension, ISHIB International Society of Hypertension in Blacks, KDIGOKidney Disease:

Improving Global Outcomes, NICE National Institute for Heath and Care Excellence, JNC8 USA Eighth Joint National

Committee
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hypertension, indicative of considerable overlap

in these conditions. Although the exact unifying

pathologic mechanism of this relationship is

unclear, it appears to be linked with hyperaldos-

teronism and salt and volume retention (Gonzaga

et al. 2010).

5 Sodium Regulation

The kidneys filter over 25,000 mmol of sodium

per day excreting only less than 1 % of the fil-

tered sodium load. Mismatch of input and output

as the result of inadequate sodium excretion in

the setting of CKD over time can result in vol-

ume mediated hypertension. Initial volume

expansion increases cardiac filling and cardiac

output; leading to a decrease in RAAS activation

and results in increased sodium excretion. Loss

of sodium regulation in the setting of CKD and

low GFR is associated with a greater sensitivity

of BP to salt. This leads to the increased preva-

lence of salt-sensitive hypertension seen in CKD.

In addition increased sodium intake results in

arterial vessel stiffness, decreased nitric oxide

release, and the promotion of inflammatory pro-

cesses all of which contribute to BP elevation

(Hovater and Sanders 2012). Excessive salt

intake also blunts the BP lowering effect of

most classes of antihypertensive agents thus

favoring development of resistant hypertension

(Luft and Weinberger 1988). These effects are

more pronounced in salt-sensitive patients,

including the elderly, African Americans, and

patients with CKD (Boudville et al. 2005). The

American Heart Association recommends a

sodium intake of 1500 mg per day in patients at

high risk, including those with hypertension, dia-

betes, African descent, and CKD (American

Heart Association Shaking the salt habit).

Patients with CKD usually have co-morbidities

and polypharmacy is not an unusual scenario.

Several medications, some commonly used by

this patient population, interfere with BP control

and can contribute to treatment resistance

(Grossman and Messerli 2012). Consequently,

there can be blunting of the BP lowering effect

of several antihypertensive drug classes,

including diuretics, angiotensin converting

enzyme inhibitors (ACE), angiotensin receptor

blockers (ARBs), and beta blockers (Conlin

et al. 2000) (Table 3).

Non-steroidal anti-inflammatory drugs

(NSAIDs) have an inhibitory effect on renal pros-

taglandin production, especially prostaglandin E2

and prostaglandin I2. This effect can lead to

sodium and fluid retention. These adverse effects

are especially manifested in elderly patients,

diabetics, and patients with CKD (Johnson

et al. 1994). Use of immunosuppressive agents in

patients with CKD as a result of primary

glomerulopathy or tubule-interstitial disease is

common and associated with adverse effects

including hypertension. Glucocorticoids with

greater mineralocorticoid effect (e.g. cortisol) can

cause significant increases in BP by inducing

sodium and fluid retention. In such cases, use

of a mineralocorticoid receptor antagonist

(spironolactone or eplerenone) can be an effective

strategy to lower BP. Similarly, drugs like

Calcineurin inhibitors induce a salt sensitive

hypertension as a result of increased renal expres-

sion of the phosphorylated (active) form of the

thiazide-sensitive NaCl co-transporter (NCC)

(Hoorn et al. 2011). This phenotype is similar to

familial hyperkalemic hypertension (also known

as pseudo-hypoaldosteronism type II or Gordon’s

syndrome), which presents as hypertension, renal

sodium and potassium retention, and renal tubular

acidosis. Other agents that can add difficulty in BP

management include decongestant and diet pills

Table 3 Pharmacological agents that can increase blood

pressure

Nonsteroidal anti-inflammatory agents, including aspirin

Selective COX-2 inhibitors

Sympathomimetic agents (decongestants, diet pills,

cocaine)

Stimulants (methylphenidate, dexmethylphenidate,

dextroamphetamine, amphetamine, methamphetamine,

modafinil)

Glucocorticoids with greater mineralocorticoid effect

Oral contraceptives

Cyclosporine

Erythropoietin

Natural licorice

Herbal compounds (ephedra or ma huang)
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that contain sympathomimetic, amphetamine-like

stimulants, oral contraceptives, and herbal

preparations containing ephedra (or ma huang)

(Mansoor 2001).

6 Sympathetic Nervous System
Regulation

SNS activity is increased in CKD (Klein

et al. 2003). Assessment of SNS activity and its

contribution to BP regulation is imprecise, as

circulating catecholamine levels provide only a

rough estimate of SNS activity. Measurement of

muscle sympathetic nerve activity is more pre-

cise, but remains a limited available diagnostic

tool. The renal artery is highly innervated, with

efferent renal nerves that originate from the cen-

tral nervous system, and afferent renal nerves

that originate from the kidneys. Stimulation of

efferent renal nerves via β-1 adrenoreceptor

stimulates renin secretion and activates the

RAAS resulting in decreased urinary sodium

excretion. Maximal stimulation of the efferent

nerves can lead to an increase in renal vascular

resistance (DiBona and Kopp 1997). Another

well-described pathophysiology is the hypox-

emia induced sustained increase in SNS activity

seen in obstructive sleep apnea (OSA), which in

turn raises BP through an increase in cardiac

output, increase in peripheral resistance, and

fluid retention (Somers et al. 1995). Accordingly,

β-1 adrenergic blockers, ACE inhibitors, and

ARBs are among the most effective antihyper-

tensive agents in conditions with high SNS activ-

ity status including CKD and OSA.

7 Humoral System – Renin
Angiotensin Aldosterone
Regulation

Renin is secreted from the juxtaglomerular appa-

ratus, which is the nephron site wherein there is

contact between the afferent arteriole, and the

distal convoluted tubule. While SNS stimulation

induces renin secretion through the efferent renal

nerves, renin secretion is also highly volume

regulated (Davis and Freeman 1976). Volume

depletion leads to renin secretion whereas vol-

ume overload and increased afferent arteriolar

stretch suppress the renin secretion. In response

to renin secretion, subsequent activation of

RAAS causes vasoconstriction via angiotensin

II effect. RAAS activation also increases sodium

reabsorption by both angiotensin II in the proxi-

mal tubule and aldosterone in the distal nephron

in exchange for the secretion of potassium. In

addition to mineralocorticoid receptor stimula-

tion aldosterone has a direct effect on the vascu-

lature (Briet and Schiffrin 2013). Other factors

like endothelins, oxidative stressors, and inflam-

matory mediators may also contribute to hyper-

tension in CKD. Endothelins, such as ET-1, are

potent vasoconstrictors. Oxidative stressors such

as reactive oxygen species promote vasoconstric-

tion, the release of renin, and increased urinary

protein excretion (Araujo and Wilcox 2014).

Inflammatory mediators or cytokines, such as

TNF and IFNγ, further impair endothelial func-

tion (Crowley 2014). In addition, patients with

CKD are at increased risk of vascular calcifica-

tion and arterial stiffness which promote

hypertension.

8 Chronic Kidney Disease
and Resistant Hypertension

There is a strong association of CKD with greater

prevalence of resistant hypertension, and greater

risk of end-organ damage. Among CKD patients

the severity of hypertension increases as GFR

declines and sodium excretion decreases. Excess

salt intake and subclinical volume overload are

important contributors to the increased preva-

lence of resistant hypertension (Pimenta

et al. 2009). As discussed earlier, a high dietary

salt intake amplifies the consequences of

impaired sodium excretion on BP. Therefore, a

reduction in salt intake can have a synergistic

effect on the actions of antihypertensive drugs

that block the renin angiotensin aldosterone sys-

tem in control of BP (Kwakernaak et al. 2014).

Presence of significant proteinuria, commonly

seen in CKD, may have an accentuating effect.
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Aberrant filtration of plasminogen and its con-

version within the urinary space to plasmin by

urokinase-type plasminogen activator may

increase sodium retention by activating the epi-

thelial sodium channel (ENaC) and contributing

further to volume overload status (Svenningsen

et al. 2013). Similar results have been observed

in patients with preeclampsia (Buhl et al. 2012).

Overall, these findings stress the possible impor-

tant role of amiloride use in the management of

salt-sensitive hypertension associated with pro-

teinuria or nephrotic syndrome.

The epidemic of obesity, a common finding in

patients with CKD, with angiotensin-II indepen-

dent release of aldosterone by adipocytes could

be a reason for the increased occurrence of aldo-

sterone mediated resistant hypertension (Ehrhart-

Bornstein et al. 2003). Along the same line

patients with CKD and Obesity are at high risk

of developing OSA. The pathophysiology of

OSA associated hypertension has not been fully

elucidated, but in patients with resistant hyper-

tension, it has been shown that aldosterone levels

correlate with severity of OSA (Dudenbostel and

Calhoun 2012). Blockade of aldosterone by min-

eralocorticoid receptor blockers reduces the

severity of OSA and is an effective treatment

strategy in the many patients who continue to

have uncontrolled BP levels while taking three

antihypertensive agents (Ziegler et al. 2011).

Patients with CKD have high prevalence of a

blunted nocturnal BP decline and loss of the

circadian BP pattern. During sleep in healthy

individuals, there is a physiological BP decrease

of 10–20 % of the average awake BP level.

Patients with CKD often fail to show this noctur-

nal BP dip during the sleep period. These patients

are referred to as non-dippers. In addition to the

non-dipping phenomena as determined by

ABPM, there may also be an increase in the

sleep period BP levels, a pattern referred to as a

riser. Other factors independently associated

with elevated nighttime BP are proteinuria,

older age, black race, and presence of diabetes

(Drawz et al. 2016). There is a strong association

between elevated nighttime BP and masked

hypertension. Masked hypertension appears to

have the same risk for cardiovascular events as

sustained hypertension and is a well-established

risk factor for target organ damage, such as LVH,

vascular stiffness, and cardiovascular events

(Hänninen et al. 2013). The loss of circadian

rhythm and increased prevalence of the riser BP

pattern, is associated with highest cardiovascular

events risk among all possible BP patterns, and is

2.5-fold more prevalent in CKD, and up to five-

fold more prevalent in end-stage renal disease

(Mojón et al. 2013). The high prevalence of non

dipping BP, rising BP at night and/or masked

hypertension in patients with CKD reinforces

the need to measure out-of-office BP for a full

characterization of the burden of Hypertension.

Hence, ABPM is an important useful tool in

assessing the overall 24-h BP pattern and

contributes substantially to the risk stratification

of cardiovascular outcomes in the high risk CKD

population.

9 Evaluation of Hypertension
in Chronic Kidney Disease

Patients with CKD and hypertension have com-

plex hypertension. Achieving optimal BP control

is frequently challenging even for nephrologists

or hypertension specialists.

The first step in evaluation of a patient with

CKD and difficult to treat hypertension is to

confirm the diagnosis of true treatment resistance

hypertension and exclude pseudo-resistance due

to inaccurate blood pressure measurement tech-

nique and treatment non-adherence (Burnier

et al. 2013) (Fig. 1). Barriers to successful medi-

cation adherence include polypharmacy, drug

costs, dosing inconvenience and adverse effects

of drugs. Once the diagnosis is confirmed, possi-

ble factors that can contribute to treatment resis-

tance should be considered.. These include life

style factors such as obesity, physical inactivity,

high dietary salt intake, excessive alcohol inges-

tion and use of substances with potential interfer-

ence with antihypertensive medications such as

over the counter medications or herbs. It is

important to consider and screen for overlapping

conditions such as obstructive sleep apnea and

possibly hyperaldosteronism.
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The medical history and physical examination

should include information on duration, course,

severity of the hypertension and if possible the

chronologic relation to the established CKD

diagnosis. It is important to inquire about pres-

ence of orthostatic complications (i.e. dizziness,

fatigue, and vision blurring), prior regimens

used, and any experienced side effect. History

of snoring, witnessed apnea, and excessive day-

time sleepiness indicates further evaluation for

OSA. Presence of abdominal bruits in young

female or carotid bruits in an elderly patient

with known atherosclerotic disease increases

the possibility of renal artery stenosis. Discrep-

ancy between arm and thigh blood pressure

readings is suggestive of aortic coarctation and

features of Cushing’s disease are suggested by

central obesity, abdominal striae, moon face or

prominent interscapular fat deposition.

Screening for target-organ damage including

left ventricular hypertrophy (LVH�115 g/m2 for

men and �95 g/m2 for women), retinopathy,

microalbuminuria (increased urinary albumin

excretion of �30–299 mg/g of creatinine),

macroalbuminuria (increased urinary albumin

excretion of �300 mg/g of creatinine), and

degree of CKD by estimated GFR are essential

to assess the overall increased risk of cardiovas-

cular complications such as myocardial infarc-

tion, heart failure, stroke and further

deterioration of renal function. The risk increases

both with the degree and the duration of uncon-

trolled BP and CKD. The relationship between

cardiovascular disease and target organ damage

including CKD can be bidirectional. Uncon-

trolled BP can cause cardiovascular and renal

structural and functional alterations, and contrib-

ute to development of LVH, aortic stiffness,

microvascular disease. Overall, CKD can render

hypertension more difficult to control (Muiesan

et al. 2013).

Alternatively, the clinical findings of great

discrepancy between higher clinic BP

measurements and lower out-of office BP

measurements particularly in a patient with

orthostatic symptoms and no sign of target

organ damage requires investigation for possible

white-coat hypertension and overtreatment. Out-

of-office BP measurements done by the patient,

using a manual or automated blood pressure

monitor, or the use of 24-h ABPM, as a more

accurate alternative, can be used to document the

presence and/or significance of any white-coat

effect. 24-h ABPM also allows the assessment

for absence of a nocturnal dipping, presence of a

riser pattern, or significantly increased pulse

pressure suggestive of vascular remodeling and

vascular stiffness (Muxfeldt and Salles 2008).

Hence, in accordance with the recent

U.S. Preventive Services Task Force statement

(Siu 2015) and evidence based data (Persu

et al. 2014) it is recommended to confirm a

diagnosis of hypertension or resistant hyperten-

sion with ABPM.

Basic laboratory evaluation of a hypertensive

individual with CKD includes a routine meta-

bolic profile, and urinalysis. Evaluation for a

Confirm Treatment Resistant
Hypertension

Exclude Pseudo-Resistant Hypertension

Identify Reversible Contributing Factors

Discontinue Interfering Factors

Rule Out Secondary Causes of
Hypertension and

Check for End Organ Damage

Non Pharmacological and
Pharmacologic Treatment

Refer to Nephrologist or Hypertension
Specialist

Fig. 1 A stepped sequence in evaluation and manage-

ment of hypertension in patients with chronic kidney

disease (See text for details for each step)
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renal vascular lesion should be considered, par-

ticularly in a young female patient, whose pre-

sentation may suggest the presence of

fibromuscular dysplasia or an older patient at

increased risk of atherosclerotic disease in

whom there has been a recent deterioration in

renal function following therapy with

ACE-inhibitors or ARBs, or history of flash pul-

monary edema. When a renal vascular lesion is

suspected, a duplex ultrasound study is required

to rule out renal artery stenosis (Rimoldi

et al. 2014). Although duplex ultrasound results

depend on the level of training and experience of

operator, they are preferred modality over com-

puter tomographic angiography in patients with

CKD in view of increased risk of contrast

induced acute kidney injury. The gold standard

diagnostic renal arteriograms in the absence of

suspicious noninvasive imaging are not

recommended. The presence of persistent and

otherwise unexplained hypokalemia requires

measurement of both plasma renin activity and

aldosterone concentration to rule out hyperaldos-

teronism. However, with low GFR and reduced

potassium excretion, hypokalemia may be

absent. In patients already taking antihyperten-

sive drugs it can be difficult to interpret renin and

aldosterone levels. Suppressed renin level with-

out elevated aldosterone concentration is sugges-

tive of inappropriate volume expansion

commonly seen in patients with CKD.

10 Non-pharmacologic Therapy

Treatment of hypertension in patients with CKD

starts with non-pharmacological approaches. The

modification of lifestyle factors – restriction of

dietary salt, weight loss, regular exercise, and

decreased alcohol ingestion, factors that contrib-

ute to treatment resistance is of high importance.

Also included in this approach in CKD patients is

discontinuation of any potentially interfering

substances, like NSAIDs, as clinically allowable.

Although the benefit of dietary modification

interventions has not been extensively studied

in patients with hypertension and CKD, the data

on their benefits in general hypertensive popula-

tion is compelling.

Compliance in adhering to a low salt diet in

hypertensive patients, particularly in salt sensi-

tive patients like African-Americans, elderly,

and individuals with CKD is associated with

significant reductions in systolic and diastolic

BP (Vollmer et al. 2001). High salt diet blunts

the effect of ACE inhibitors (Singer et al. 1991)

and sodium reduction enhances the anti-

proteinuric effect of ARBs (Kwakernaak

et al. 2014) which is an important renal protec-

tive effect of RAAS blockaders. Accordingly,

dietary salt restriction to less than 100 mEq

(2300 mg) of sodium/24-h is recommended by

most clinical practice guidelines. Additionally

ingestion of a diet rich in fruits and vegetables,

with close monitoring of the potassium levels in

CKD patients, reduces systolic and diastolic BP

compared to a usual diet in hypertensive patients

(Appel et al. 1997).

Long-term weight loss, although difficult to

achieve and to maintain, is clearly associated

with modest improvement of BP level. Success-

ful reduction in excess body weight may also

lead to a reduction in the number of antihyper-

tensive medications (Aucott et al. 2005). Simi-

larly, data from meta-analysis including both

normotensive and hypertensive cohorts show

regular aerobic exercise results in mild reduction

of both systolic and diastolic BP (Whelton

et al. 2002). Based on these observational data,

patients should be encouraged to maintain an

ideal weight and exercise for at least a minimum

of 30 min on most days of the week.

High alcohol consumption is associated

with increased risk of treatment resistant hyper-

tension (Wildman et al. 2005; Aguilera

et al. 1999). Alcohol intake should be limited

to no more than 28 g of ethanol per day for men

and 14 g per day for women as moderation in

alcohol intake significantly improves BP

control.

To improve and maximize patient adherence

to prescribed medication, it is important to avoid

complex dosing regimens and high out-of-pocket

costs. The medication regimen should be

simplified by using long-acting drugs, if
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possible, and include antihypertensive drugs

from different classes in order to provide a com-

bination of pharmacological effects. A treatment

strategy that reduces the number of tablets taken

per day and the number of doses per day, as well

as minimizing adverse effects facilitate drug

treatment adherence. Encouraging patient

involvement in their care by requesting frequent

home BP measurements also can enhance medi-

cation adherence (Ogedegbe and Schoenthaler

2006).

11 Pharmacologic Therapy

The goal of pharmacologic therapy should be to

achieve and maintain BP control using the least

number of medications with minimal adverse

effects. Individualization of treatment should

consider etiologies and comorbidities that com-

monly co-exist among subgroups of patients. It is

also important to consider the high cardiovascu-

lar disease risk status, age, sex, ethnicity, any

disease associated target organ damage, and risk

of drug–drug interactions. As an example, RAAS

activation is often absent in elderly patients and

in patients of African origin. For these patient

sub-groups RAAS blockade for the treatment of

treatment resistant hypertension may be less

effective.

The standard recommended medical treat-

ment regimen for hypertension is A + C + D.

A ¼ angiotensin-converting enzyme inhibitor

or angiotensin-receptor blocker; C ¼ calcium

channel blocker; D ¼ thiazide-like diuretic

(James et al. 2014; Weber et al. 2014a). The

‘A + C + D’ combination is well tolerated and

acts on different BP regulatory systems with

increased renal sodium excretion and inhibition

of both the RAAS and the SNS activity. There is

strong evidence that combination regimens

reduce cardiovascular events in hypertensive

individuals (Dahlof et al. 2005; Patel

et al. 2007; Chalmers et al. 2014).

Resistant hypertension is commonly present

in patients with CKD, especially with advanced

CKD. Therefore a combination drug regimen

that blocks different regulatory pathways is

necessary to reduce BP level. Loss of GFR is

associated with a slower rate of sodium excre-

tion. The subsequent development of volume

overload status plays a key factor in the patho-

genesis of resistant hypertension in CKD, and

diuretics are essential in achieving BP control.

When sodium excretion cannot keep pace with

constant sodium intake in patients with CKD,

dietary salt restriction in conjunction with

diuretics is required to maintain euvolemia.

Lack of or underuse of diuretics in patients with

CKD is a common cause of treatment resistant

hypertension. Appropriate diuretic choice, based

on estimated GFR, is a crucial component in

hypertension management in CKD patients

(Sica 2008).

Modification of an antihypertensive regimen

by adding a diuretic, increasing the dose of the

diuretic, or changing the class of prescribed

diuretic based on GFR can significantly improve

BP control (Tamargo et al. 2014a, b). Thiazides,

unlike the thiazide-like compound indapamide,

appear to have a small vasodilatory effect at high

concentrations (Pickkers et al. 1998). In general

the long-acting thiazide-like diuretic

chlorthalidone (Ernst et al. 2006) is the most

potent thiazide diuretic and can be used unless

the GFR is very low. With a GFR less than

30 ml/min/1.73 m2 loop diuretics should be

used. Loop diuretics are more potent natriuretic

agents. KDIGO guideline (Kidney Disease:

Improving Global Outcomes (KDIGO) CKD

Work Group 2013) recommends a switch from

thiazide diuretic to loop diuretic at CKD Stage

4 (<30 mL/min/1.73 m2). This recommendation

however has been challenged recently, based on

few small studies that reported efficacy of thia-

zide – type diuretics at GRF below 30 ml/min/

1.73 m2 (Cirillo et al. 2014). However,

individuals with advanced CKD with or without

albuminuria may require even higher doses of

loop diuretics to achieve natriuresis and BP

reduction. To avoid counter-regulatory rebound

sodium reabsorption and volume retention in

patients with CKD the diuretics should be

dosed more frequently if short acting drugs are

used (Shankar and Brater 2003). Use of long

acting diuretics such as chlorthalidone or
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torsemide can avoid the rebound sodium absorp-

tion seen in patients using diuretics with short

half-life. Moreover, the sequential blockade of

sodium channels along the nephron with both a

thiazide and loop diuretic is very effective, but

this combination of diuretics requires frequent

serum creatinine and electrolytes monitoring

(Izzo 2012). In addition use of diuretics might

correct the non-dipping BP during sleep, a phe-

nomena commonly seen in patient with CKD

(Uzu and Kimura 1999) (Table 4).

ACE inhibitors or ARBs if tolerated, are the

important classes of drugs that are recommended

in many guidelines for use in hypertensive CKD

patients with or without proteinuria. Both ACE

inhibitors and ARBs are recommended for CKD

patients because of their efficacy, relatively low

side effect profile, reno-protective effects and

reduced risk for cardiovascular and renal events

(Maione et al. 2011). RAAS blockers exert their

reno-protective effect by reducing the

intraglomerular pressure and thereby decreasing

proteinuria (Anderson and Brenner 1988). A con-

current reduction in GFR and associated rise in

serum creatinine of up to 30 % is physiologic and

is associated with a better renal outcome

(Holtkamp et al. 2011). The physiologic GFR

drop is not an indication for drug cessation,

unless there is complication of persistent

hyperkalemia refractory to treatment. A greater

increase in serum creatinine, if observed follow-

ing initiation of ACE-inhibition or ARB therapy,

could be due to volume contraction, use of neph-

rotoxic agents such as NSAIDs, or bilateral renal

artery stenosis, which would require further

investigation. Although a combination of an

ACE inhibitor with an ARB could improve BP

control in difficult to treat hypertension, this

combination is associated with significant

adverse effects (ONTARGET Investigators

et al. 2008) including risk of severe

hyperkalemia, hypotension and acute renal fail-

ure (Fried et al. 2013). Similar findings are seen

with aliskiren, a direct renin inhibitor used with

ACE inhibitor or ARB (Parving et al. 2012).

Therefore a combination of RAAS agents should

be avoided.

Dihydropyridine calcium channel blockers

(CCBs) in contrast to non-dihydropyridine

CCBs that have an antiproteinuric effect are

very effective antihypertensive drugs (Bakris

et al. 2004). Due to the higher precapillary arte-

rial dilatation effect of the drug, patients may

experience lower extremity edema that is refrac-

tory to diuretics, but improves or resolves with

the use of an ACE inhibitor or ARB. The combi-

nation of CCB with an ACEI might be more

effective in slowing the progression of CKD,

particularly in black patients (Bakris

et al. 2010; Weir et al. 2012).

Table 4 Properties of common diuretics

Drug class Site of action Drugs

Usual PO

dose – mg

Dosing

interval

Thiazide-type Na-Cl cotransporter in distal convoluted

tubule

HCTZ 12.5–50 Daily

Chlorothalidone 6.25–25

Metolazone 2.5–10

Indapamide 1.25–5

Loop agents Na-K-2Cl cotransporter in thick ascending

limb of the loop of Henle

Furosemide 20–80 Twice a day

Bumetanide 0.5–2.0 Twice a day

Torsemide 5–20 Daily

Ethacrynic acida 25

Aldosterone

antagonists

Cortical collecting tubule Spironolactone 25–50 Daily

Eplerenone 50

Epithelial

Na-Channel

Blocker

Cortical collecting tubule Amiloride 5–10 Daily

aManagement of edema associated with renal disease in the setting of sulfa allergy
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Uncontrolled BP despite use of combination

regimen of A + C + D (i.e. office BP > 140/90

mmHg and/or 24 h ABPM > 130/80 mmHg)

requires search for pathogenic mechanism and

possibly additional antihypertensive agent. Min-

eralocorticoid receptor antagonist (MRA) or

aldosterone antagonists are the most important

drug of choice for patients uncontrolled on mul-

tidrug regimens and low-renin status as the result

of volume expansion or possible aldosterone

escape phenomenon (Eide et al. 2004). Addition

of low dose spironolactone of 12.5–50 mg daily

is suggested as the fourth line of therapy and

could effectively lower both systolic and dia-

stolic BP (Williams et al. 2015). The MRA effect

is independent of patient’s baseline plasma aldo-

sterone or 24-h urinary aldosterone level, plasma

renin activity, or plasma aldosterone/renin ratio

(Nishizaka et al. 2003). The most common

adverse effect of spironolactone, the breast ten-

derness with or without breast enlargement, is

particularly seen in men and at higher doses of

50–100 mg/day. Use of an aldosterone antagonist

combined with an ACE inhibitor or ARB though

not contraindicated requires careful monitoring

of serum potassium and creatinine levels. Simi-

larly, the risk of hyperkalemia is increased in

patients taking NSAIDs, or with co-morbidities

particularly like diabetes and/or CKD. Use of

MRA should be restricted to patients with GFR

> 30 mL/min/1.73 m2 and plasma potassium

concentrations of <4.5 mmol/L.

Amiloride is a diuretic that functions as an

indirect aldosterone antagonist by blocking the

epithelial sodium channel in the distal collecting

duct of the kidney. Amiloride has been shown to

be an effective add-on therapy in patients with

uncontrolled hypertension or patients with sig-

nificant proteinuria (Muxfeldt and Salles 2008).

Beta-Blockers, as the fifth drug of choice, are

more often used when there is a coexisting car-

diac disease such as ischemic heart disease or

heart failure (Rosendorff et al. 2015). If

indicated, the more effective beta-blocking

drugs are the drugs with combined alpha and

beta antagonist activity. However, in a clinical

condition of increased SNS activity and/or arte-

rial stiffness, use of an alpha-blocker like

doxazosin may have a favorable effect on BP

and vascular remodeling. The main side effect

of this drug is dizziness. Centrally acting agent,

clonidine, can be very effective, but requires

frequent dosing. The drug has a significant

adverse effect profile and using a dose of over

0.6 mg per day is associated with rebound hyper-

tension if doses are frequently missed. Potent

vasodilators such as hydralazine or minoxidil

have a higher incidence of adverse effects includ-

ing lower extremity edema, and tachycardia.

Finally, an important factor in management of

hypertension in CKD is the concept of chrono-

therapy. Intake of at least one of the hypertensive

agents at bedtime is associated with a better 24-h

mean BP control and, in particular, could induce

the desired nocturnal dip in non-dippers, which

could be beneficial in reducing cardiovascular

event risk (Hermida et al. 2011a, b).

12 Device Interventions

Device-based interventions like carotid barore-

ceptor stimulation and renal denervation (RDN)

have been used for the treatment of drug resistant

hypertension with high SNS activity. Carotid

baroreceptor stimulation decreases central neural

sympathetic outflow through electrical activation

of the sympatho-inhibitory area thus lowering

arterial pressure (Lohmeier and Iliescu 2015).

Baroreceptor stimulation requires surgical

implantation and the BP-lowering effect may be

attenuated if the hypertension is associated with

hyperaldosteronism (Lohmeier et al. 2015) and

angiotensin II-induced hypertension.

In contrast the renal arteries are highly

innervated with both afferent and efferent nerves.

Denervation of the renal arteries as a potential

treatment for patients with resistant hypertension

has been investigated. Using a catheter-based

radiofrequency method, renal denervation may

become a plausible treatment option in manage-

ment of difficult to control resistant hyperten-

sion. However, to date, the RDN studies have

had conflicting results (Krum et al. 2009; Esler

et al. 2010; Bhatt et al. 2014).
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Although the intervention in patients with

CKD at baseline has shown positive results and

the procedure is safe and well tolerated (Hering

et al. 2012; Ott et al. 2015), subsequent studies

are needed to determine the effectiveness of

RDN for hypertension management.

13 Prognosis

The long-term prognosis of individuals with dif-

ficult to treat hypertension compared to patients

with controlled hypertension has not been ade-

quately determined. Patients with resistant

hypertension are more likely to have target-

organ damage, including carotid intima–media

thickening, LVH, impaired renal function and

microalbuminuria (Cuspidi et al. 2001). Respec-

tively these patients have an unfavorable progno-

sis and are more likely to experience the

combined outcome of death, myocardial infarc-

tion, congestive heart failure, stroke or CKD over

time compared to those who have achieved goal

blood pressure (Daugherty et al. 2012). Further-

more this risk increases if patients have CKD

(De Nicola et al. 2013).

14 Summary

Hypertension is a global public health problem

and is currently the number one factor in the

global burden of disease. It is the major

modifiable risk factor for heart disease, stroke

and kidney failure. Renal parenchymal disease

is both a common cause and also a complication

of uncontrolled hypertension. The interaction

between hypertension and CKD is complex and

increases the risk of adverse cardiovascular and

cerebrovascular outcomes. This is particularly

significant in the setting of resistant hypertension

commonly seen in patient with CKD. The patho-

physiology of CKD associated hypertension is

multi-factorial with different mechanisms

contributing to hypertension. These include

sodium dysregulation, increased sympathetic

nervous system and renin angiotensin aldoste-

rone system activity plus disturbance in auto-

regulatory system. Standardized blood pressure

measurement is an important factor in

establishing the diagnosis and management of

hypertension in CKD. Use of ambulatory blood

pressure monitoring provides an assessment of

diurnal variation in BP commonly seen in CKD

patients. The optimal BP target in the treatment

of hypertension in general and CKD population

remains a matter of debate and controversial

despite recent guidelines and clinical trial data.

Medical therapy of patients with CKD associated

hypertension can be difficult, challenging, and

even frustrating. Evaluation by a hypertension

specialist may be required in the setting of com-

monly seen treatment resistant hypertension by

excluding pseudo-resistance and treatable sec-

ondary causes. Use of combination regimen

including appropriate diuretic choice, based on

estimated glomerular filtration rate, is a crucial

and key component of hypertension management

in CKD patients. In addition to drug treatment

non-pharmacological approaches including life

style modification, most important of which

is dietary salt restriction, should be included in

the management of hypertension in CKD

patients.
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Abstract

Hypertension is common yet difficult tomanage in the hemodialysis patients

population. This chapter discusses various aspects of this problem including

its prevalence, distinctive pathophysiology, methods of diagnosis and phar-

macological and non pharmacological treatment approaches. The topic is

relevant to any health care provider taking care of hemodialysis patients.
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1 Introduction

Hypertension is common among hemodialysis

patients, and unfortunately it can be difficult to

manage. In part this is related to the unique

variability in BP that the dialysis patient

experiences and the complexity of getting reliable

BP readings. Distinctive pathophysiologic

mechanisms also contribute to hypertension in

this population and are challenging to recognize

and measure. Not surprisingly, the optimal targets

for BP control are also unclear in the dialysis popu-

lation. The aim of this review is to discuss in detail

the prevalence, pathophysiology, diagnosis, and

management of BP in the hemodialysis population.

The topics are not only relevant to a practicing

nephrologist, but also for the general internist

who sees dialysis patients in the hospital or clinic.

2 Prevalence of Hypertension
Among Hemodialysis Patients

Hypertension is very common in hemodialysis

patients and the reported prevalence internation-

ally is between approximately 50–90 %

(Agarwal et al. 2003, 2009; Salem 1995; Harper

et al. 2009; Liu et al. 2014). Part of the wide

variation in prevalence is explained by the differ-

ent definitions of hypertension used in studies.
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For example, hypertension has been defined as

pre-dialysis systolic blood pressure (SBP) � 150

mmHg, diastolic blood pressure (DBP) � 85

mmHg or by the use of antihypertensive

medications. Other studies used pre-dialysis

mean arterial blood pressure (BP), average BP

from 24 h ambulatory BP monitoring and

pre-dialysis BP of > 140/90 to define hyperten-

sion (Salem 1995; Agarwal 2011).

Gender (Agarwal et al. 2003; Salem 1995) and

ethnicity (Agarwal et al. 2003) do not appear to

influence the prevalence of hypertension, but,

hypertension is more common among patients

who have diabetes or hypertension as the etiology

of their ESRD (Agarwal et al. 2003). Other factors

that have been associated with hypertension

among hemodialysis patients include erythropoie-

tin use (Agarwal 2011), younger age (Agarwal

et al. 2003; Salem 1995) and lower BMI (Agarwal

2011; Levin et al. 2010). Interestingly, erythropoi-

etin use also reported to be associated with blunted

circadian rhythm (Liu et al. 2014).

3 Pathophysiology
of Hypertension
in Hemodialysis Patients

Multiple factors contribute to inadequate BP con-

trol in hemodialysis patients. The following sec-

tion describes some of the most well studied

etiologic factors.

3.1 Positive Sodium Balance
and Extracellular Volume
Expansion

Impaired renal function leads to impaired salt and

water excretion. The resulting increase in extracel-

lular volume raises BP. Agarwal et al. (2009)

showed that reduction in dry weight of 1 kg over

8 weeks resulted in drop in ambulatory SBP of

6.6 mmHg and DBP of 3.3 mmHg. The authors

of that study reported a drop in SBP of only

2 mmHg immediately post dialysis suggesting

that immediate post dialysis BP is a poor indicator

of overall BP load and thus may not be reliable

indicator of degree of extracellular volume

expansion. Weight gain between dialysis sessions

has also been correlated with pre-dialysis BP and

the number of antihypertensive medications

(Lopez-Gomez et al. 2005). For every 1 %

increase in weight gain between dialysis sessions,

there was 1 mmHg increase in pre-dialysis and

intra-dialysis SBP (Inrig et al. 2007a). Using

bioimpedance analysis spectroscopy, Fagugli

et al. (2003) showed that extracellular water was

associatedwith ambulatory blood pressure and left

ventricular mass index. Another bioimpedance

based study showed a significantly higher extra-

cellular volume in hypertensive patients as com-

pared to normotensive patients. All patients with

excessive extracellular volume had hypertension,

but not all hypertensive patients had excessive

extracellular volume (Chen et al. 2002).

Integral to the control of extracellular volume

is the maintenance of sodium balance: neutral

intake and output of sodium. Most hemodialysis

patients are oligo or anuric and therefore, the

removal of sodium is largely dependent on

hemodialysis. Further complicating the issue,

hemodialysis patients on average have a higher

intake of sodium than what is even recommended

for the general population. The average sodium

intake is 2.2–4.2 g of sodium per day, despite a

recommended sodium restriction of 2 g or less

per day (Maduell and Navarro 2001; Mc

Causland et al. 2012).

Besides the oral intake of sodium, the dialy-

sate sodium concentration is probably the main

determinant of overall sodium balance. In an

attempt to minimize symptoms of dialysis dis-

equilibrium after the widespread use of high flux

dialyzers, many nephrologists began prescribing

a higher dialysate sodium concentration. The use

of a higher dialysate sodium concentration (time

averaged concentration of 147 mmol/L vs

138 mmol/L) was associated with increased

weight gain between dialysis sessions and

increased ambulatory BP (Song et al. 2002). A

higher dialysate sodium concentration has also

been associated with the use of more antihyper-

tensives and the need to use more classes of

medications (Davenport 2006). Just lowering

dialysate sodium from 140 to 135 mmol/L over

8 weeks combined with dietary sodium restric-

tion to less than 2.3 g per day has been shown to
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result in a decrease in mean BP from 108 to

98 mmHg and the reduced use of antihyper-

tensives (Krautzig et al. 1998).

3.2 Sympathetic Nervous System
Dysregulation

Although poorly understood, patients with chronic

kidney disease appear to have increased sympa-

thetic nervous system activity, which is a likely

contributor to hypertension. Converse et al. (1992)

compared postganglionic sympathetic nerve dis-

charge among hemodialysis patients, patients who

had undergone bilateral nephrectomy, and to nor-

mal subjects. In this study, hemodialysis patients

with native kidneys had a 2.5 times higher rate of

sympathetic nerve discharge and a higher BP as

compared to post-nephrectomy patients and nor-

mal subjects. These findings did not correlate with

plasma norepinephrine or renin, (Converse

et al. 1992) and thus, these levels can’t be used as

a surrogatemarker of sympathetic activity. Kidney

transplant patients have persistently elevated mus-

cle sympathetic nerve activity despite the correc-

tion of uremia with transplantation, (Hausberg

et al. 2002) which suggests that uremia is not the

cause of increased sympathetic activity (Hausberg

et al. 2002). Recent evidence has shown that

patients on hemodialysis have an increase in sym-

pathetic nerve density in the internal area of the

peri-adventitial tissue compared to nondialysis

patients (Mauriello et al. 2015).

Supporting that idea, sympathetic activity

decreases after native kidney nephrectomy.

Short daily hemodialysis also leads to a reduction

in sympathetic hyperactivity and reduced blood

pressure (Zilch et al. 2007).

3.3 Renin Angiotensin Aldosterone
System

As discussed above, most hemodialysis patients

are volume expanded. The normal hormonal

response to volume expansion is a suppression

of the renin angiotensin system, but this may not

occur in hemodialysis patients. One study

showed that hemodialysis patients whose BP

does not improve with euvolemia have increased

plasma renin activity as compared to those hemo-

dialysis patients whose BP improves with vol-

ume control. Moreover, BP control improved

after nephrectomy in that study (Weidmann

et al. 1971). More support for the role of inap-

propriately increased renin angiotensin system in

the hypertension of hemodialysis patients is the

effectiveness of aliskiren (a direct renin inhibi-

tor) for BP control in this population (Morishita

et al. 2012). Whether the elevated renin activity

is driven by parenchymal kidney disease or sec-

ondary to renal artery stenosis is unclear.

3.4 Arterial Stiffness

The loss of arterial elasticity leading to arterial

stiffness is known to result in an increase in sys-

tolic BP and pulse pressure in the general popula-

tion. This phenomena is accelerated in ESRD

(Utescu et al. 2013) and is associated with left

ventricular hypertrophy, end organ damage, and a

higher mortality (Fortier et al. 2015).

3.5 Hyperparathyroidism

Hyperparathyroidism, a common complication

of chronic kidney disease, is also correlated

with increased BP likely because of increased

intracellular calcium. The use of active vitamin

D analogues in a non-dialysis chronic kidney

disease population was shown to reduce PTH

and mean BP (Raine et al. 1993). Although

none of the patients in the above described

study were on hemodialysis, the data can likely

be extrapolated to the hemodialysis population.

Further supporting that notion, a case series in

hemodialysis patients showed a drop in SBP

following parathyroidectomy for secondary

hyperparathyroidism. This drop in BP correlated

with decrease in calcium (Goldsmith et al. 1996).

3.6 Other Potential Factors

Several other potential factors may be uniquely

associated with elevated BP in the dialysis
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population including: reduced renalase, increased

asymmetric dimethylarginine and dysregulated

nitric oxide, increased endothelin, and exogenous

erythropoietin.

Renalase is a flavin adenine dinucleotide-

dependent amine oxidase known for

metabolizing catecholamines (especially dopa-

mine) in vitro. Its gene expression is the highest

in the kidney, and the concentration of renalase is

markedly reduced in patients with ESRD.

Supporting the role for renalase in reducing BP,

the injection of renalase into rats led to an imme-

diate short term decrease in BP, heart rate and

cardiac output (Xu et al. 2005).

Nitric oxide is a potent vasodilator that is

produced by nitric oxide synthase. Asymmetric

dimethylarginine, a potent inhibitor of nitric

oxide, may be increased in hemodialysis patients

(Vallance et al. 1992; Cooke 2000). In a rat

model, the plasma level of asymmetric

dimethylarginine was correlated with systolic

BP (Matsuguma et al. 2006).

Plasma endothelin, a known potent vasocon-

strictor is also shown to be elevated in ESRD

patients with hypertension when compared to

normotensive ESRD patients, although it is

unclear if this elevation have a pathophysiologi-

cal role in vivo (Shichiri et al. 1990).

Anemia treatment with exogenous erythro-

poietin is nearly ubiquitous in the hemodialysis

population. The impact of erythropoietin on BP

appears to be dose dependent and is associated

with an increase in SBP up to 5–8 mmHg and

DBP up to 4–6 mmHg. The proposed mechanism

is enhanced adrenergic sensitivity and increased

circulating endothelin-1 levels. A thorough

review on the subject can be found in a review

paper by Krapf et al. (2009).

4 Varied Methods of BP
Measurement

As mentioned earlier, various BP measurement

methods and thresholds have been utilized to

define hypertension. BP can vary depending on

the method and time of measurement in the gen-

eral population, but this variation is especially

pronounced in hemodialysis patients (Fagugli

et al. 2009). It is important to understand the

advantages and disadvantages of the varied

settings in which BP is obtained in the dialysis

patients to individualize patient management.

4.1 Pre and Post Dialysis Readings

Immediate pre and post dialysis readings, which

are obtained routinely during hemodialysis, tend

to over- and under estimate interdialytic BP

(Coomer et al. 1997; Agarwal et al. 2006a).

Pre-dialysis SBP has been shown to overestimate

mean SBP by 10 mmHg when compared to aver-

age SBP obtained by a 48 h ambulatory BP

monitor. At the same time, the post dialysis

SBP underestimated ambulatory BP by

7 mmHg. Thus, it is not surprising that

in-center BP readings do not correlate well with

markers of end organ damage like left ventricular

hypertrophy (Agarwal et al. 2006b).

Pre and post dialysis BP readings are unreli-

able for several reasons. First, major volume

shifts occur during the dialysis procedure leading

to rapidly fluctuating BP. Also, the unreliability

is related to the medications taken on hemodial-

ysis days. It is not uncommon for hemodialysis

patients to hold antihypertensives on the hemo-

dialysis days to blunt the hypotension that can

occur with volume removal. Another important

consideration when interpreting BP

measurements from the dialysis unit is how the

BP was actually obtained. Because of various

hemodialysis accesses and vascular issues, it is

not uncommon for ankle or wrist BPs to be taken.

These measurements are inherently unreliable.

BP measurements that are taken immediately

pre or post hemodialysis also miss important

aspects of BP control including diurnal variation,

nocturnal hypertension and masked hypertension

which are common among hemodialysis patients

and have prognostic significance (Agarwal

et al. 2011). However, BP monitoring in the

dialysis unit remains important despite their

limitations. These measurements are easily

performed and widely available. These readings

are important for the adjustment of the ultrafil-

tration target and are key to the detection of

dialysis related complications such as

330 M. Hommos and C. Schinstock



hypotension/hypertension during the dialysis

procedure, dialyzer reaction, and myocardial

infarction among other complications.

Multiple studies utilizing in-center BP

readings showed a U shape association between

BP and mortality in hemodialysis patients

(Lacson and Lazarus 2007; Li et al. 2006; Port

et al. 1999; Stidley et al. 2006; Zager et al. 1998).

For example, one group observed increased mor-

tality when pre-dialysis SBP was <160 mmHg

and >200 mmHg with significant increase in

mortality seen in patients with pre-dialysis SBP

<120 mmHg (Li et al. 2006). Another group

found increased mortality in incident hemodialy-

sis patients with SBP < 120 mmHg in first

2 years and in patients with SBP > 150 mmHg

who survived more than 3 years on hemodialysis

(Stidley et al. 2006).

A similar U shape relationship between dia-

stolic BP and mortality has been reported in the

general population (Boutitie et al. 2002). This is

logical from a pathophysiologic perspective

because low BP may lead to impaired organ

perfusion and function. Observational studies

suggest a shift in the systolic BP threshold on

this U curve toward higher BP for unclear

reasons. This could be related to the inherent

limitations of pre and post dialysis BP measure-

ment discussed above, but is likely because dial-

ysis patients have marked vascular calcifications

that lead to higher BP and impaired auto-

regulation. Alternatively, it is possible that low

BP is just a marker of serious comorbidities that

carry high risk of mortality such as development

of heart failure (Foley et al. 1996).

4.2 Ambulatory BP Monitoring

Important aspects to consider when evaluating

the BP of a dialysis patient and determining its

impact on end organ damage are the following:

BP load between dialysis sessions, diurnal

variability, BP consistency, and reproducibility.

The use of ambulatory BP monitoring is the

optimal method for evaluating these aspects and

is better correlated with end organ damage than

single pre and post dialysis readings (Agarwal

et al. 2006b). In a prospective study, elevated

24 h pulse pressure and elevated nocturnal sys-

tolic BP were predictors of CV mortality (Amar

et al. 2000). Alborzi et al. (2007) showed that

when in-center pre and post dialysis BP was not

predictive of total mortality, ambulatory BP was

predictive of mortality with 50 % higher death

rate for a 22.3 and 13.8 mmHg increase in sys-

tolic and diastolic BP, respectively. When

patients were divided into quartiles based on

their home and ambulatory SBP, patients with

ambulatory SBP 115–125 mmHg and home SBP

125–144 mmHg had the lowest all-cause and

cardiovascular mortality.

Forty-eight hour ambulatory BP monitoring is

the gold standard because it will capture both

dialysis and non-dialysis days (Fagugli

et al. 2009). The disadvantage of ambulatory

monitoring is its expense, inconvenience, and

availability. 24 h BP monitoring, especially on

non-dialysis days, appears to correlate well with

48 h ambulatory BP and can be done as an

alternative (Fagugli et al. 2009; Peixoto

et al. 2000) Additionally, because BP fluctuates

frequently in the dialysis population, it is imprac-

tical to do 48 h monitoring whenever a change

has been made in management.

4.3 Home BP Monitoring

A more readily available and less expensive

alternative to ambulatory monitoring is home

monitoring. Average home BP readings done on

non-dialysis days correlates well with ambula-

tory readings and the presence of LVH (Agarwal

et al. 2006b; Alborzi et al. 2007; Moriya

et al. 2008). To get a representative sample of

home readings, we recommend 3 readings per

day over 1 week.

In summary, ambulatory and home BP moni-

toring correlate best with left ventricular hyper-

trophy and have better prognostic value in

hemodialysis patients, but are sometimes cum-

bersome and expensive. Given the advantages

and disadvantages of the various methods

Table 1, we recommend reviewing the home BP

readings in combination with pre and post
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dialysis readings. If there is an unexplained dis-

crepancy, ambulatory monitoring is a consider-

ation. Ambulatory monitoring should also be

considered for difficult to control hypertension

or unexplained end organ damage.

5 Targets for BP Control
in the Hemodialysis Population

The optimal BP correlates with less end organ

damage, fewer cardiovascular events, and lower

mortality in the absence of symptomatic hypo-

tension or medication adverse effects. Debate

exists about BP targets in the general population

and the optimal targets are less clear in the

dialysis population. A paucity of large well-

designed prospective studies of hypertension

exist in the hemodialysis population, and most

recommendations are extrapolated from the

general population. The factors that complicate

the design of hypertension studies in the hemo-

dialysis population include the heterogeneous

patient population, rapid extracellular volume

shifts, and varied methods of BP measurement

(dialysis readings versus ambulatory readings).

Hemodialysis patients also have a shorter

lifespan in general which also makes it difficult

to show long term benefits of BP lowering.

Because hemodialysis specific studies are lim-

ited, the question is whether we can adopt BP

goals derived from studies on general population

(e.g. JNC and AHA recommendations). In short,

the answer is not known. The international group

KDIGO (Kidney Disease Improving Global

Outcomes) has not recommended specific BP

targets in ESRD patients, but they endorse the

superiority of home BP measurement on

nondialysis days and ambulatory measurements

over in-center pre and post dialysis readings

(Levin et al. 2010). However, KDOQI (Kidney

Disease Outcomes Quality Initiative)

recommends predialysis BP to be <140/

90 mmHg and postdialysis BP to be <130/

80mmHg (K/DOQIWorkgroup 2005). However,

KDOQI acknowledges that ambulatory and self-

measured home BP may correlate better with BP

load on nondialysis days. Strikingly, using the

KDOQI BP targets, more than two thirds of

hemodialysis patients have uncontrolled BP.

6 Treatment

6.1 Nonpharmacological Therapy

6.1.1 Fluid and Sodium Restriction
By targeting some of the factors involved in the

pathophysiology of hypertension in hemodialysis

Table 1 Advantages and disadvantages of various blood pressure measurement methods

Method Advantage Disadvantage

In-center blood
pressure

Readily available

Help in adjusting rate of ultrafiltration

Has a role in detecting hemodialysis related

complications (e.g. dialyzer reaction)

Unreliable

Does not represent interdialytic BP load

Poor correlation with markers of end

organ damage like LVH

Miss nocturnal hypertension and masked

hypertension

Ambulatory blood
pressure monitoring

Reflect BP load in the interdialytic period

Characterize diurnal variation in blood pressure

Diagnose masked hypertension and nocturnal

hypertension

Correlate better with end organ damage

Expensive

Not widely available

Cumbersome for the patient

Home blood
pressure monitoring

Easy to perform and widely available

Reflect BP load in interdialytic period

Better correlation with end organ damage

Require patient education and

calibration of home devices

Need to average multiple readings for a

reliable result
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patients, BP control can be improved to reduce

medication burden. Because extracellular vol-

ume status is a major contributor to hypertension,

the main components of nonpharmacological

therapy are fluid and sodium restriction. Sodium

restriction appears to be more important than

fluid restriction (Tomson 2001; Ahmad 2004;

Maduell and Navarro 2000). This may be

because sodium consumption often leads to thirst

and subsequent fluid intake. Also, because dialy-

sis patients have less means to excrete sodium,

fluid retention follows sodium retention to main-

tain serum osmolality.

In one study, sodium intake accounted for all

of the weight gain between dialysis sessions in

non-diabetic patients and half of the weight gain

in diabetic patients (Ramdeen et al. 1998). Addi-

tionally, strict sodium restriction combined with

intensive ultrafiltration lead to normalized BP

over 3 months and a reduction in left ventricular

hypertrophy over 12 months (Ozkahya

et al. 2002). The goal sodium intake in hemodi-

alysis patients has not been rigorously studied,

but limiting sodium intake to less than 2 g per

day is currently recommended. Modeling studies

suggest that a stricter limit of 1200 mg of sodium

a day could result in substantial reduction of

cardiovascular events in general population and

this may be extended to hemodialysis patients

(Bibbins-Domingo et al. 2010).

6.1.2 Lower Dialysate Sodium
Concentration

Higher dialysate sodium used to be viewed as a

tool to improve hemodynamic stability during

dialysis, (Cybulsky et al. 1985) but multiple stud-

ies have shown that higher dialysate sodium can

lead to increased thirst, interdialytic weight gain,

(Daugirdas et al. 1985; Barre et al. 1988) higher

BP, and more antihypertensives use (Song

et al. 2002; Davenport 2006). The use of sodium

modeling to reduce intradialytic hypotension

could also result in positive sodium balance and

should be used with caution (Sang et al. 1997). It

is critical to individualize sodium prescription

and avoid hypertonic dialysate sodium. It has

been suggested to use patient’s pre-dialysis aver-

age sodium level as guide for dialysis sodium

prescription. This approach may result in better

BP control and less interdialytic thirst and its

ramifications (Santos and Peixoto 2008; de

Paula et al. 2004).

6.1.3 Dry Weight Adjustment
Dry weight can be defined as the weight where a

patient has only physiological extracellular vol-

ume (Raimann et al. 2008). In addition to fluid

restriction, increased fluid removal at hemodial-

ysis to establish a new dry weight can lead to

improved BP. A reduction in dry weight of 1 kg

over 8 weeks resulted in drop in ambulatory SBP

of 6.6 mmHg and DBP of 3.3 mmHg (Agarwal

et al. 2009). Unfortunately, this strategy is com-

plicated because of the difficulty in establishing

the dry weight and the other factors that lead to

increased BP (cardiac output and vascular resis-

tance). Also attempting to lower dry weight can

lead to hypotension if fluid is removed too rap-

idly to allow for equilibration among tissues or if

extracellular volume is reduced to the point of

hypovolemia. Hypotension during dialysis is

problematic because it can lead to symptoms

such as cramping and headache, which often

requires the discontinuation of ultrafiltration

and possibly fluid administration. Symptomatic

hypotension and orthostatic hypotension can

affect quality of life and increase the risk of AV

fistula clotting. Dry weight adjustment should be

gradual and may require a tapering off of some

antihypertensives. For unclear reasons, a lag time

between dry weight reduction and reduced BP

has been observed (Agarwal et al. 2009; Charra

et al. 1998). Lack of appreciation of this phenom-

enon may result in adjusting dry weight too fre-

quently leading to eventual hypotension.

Despite its importance, determining the dry

weight in hemodialysis patients is mainly based

on clinical judgment. Absence of edema does not

correlate with euvolemia and is not a good

marker of volume status in hemodialysis patients

(Agarwal et al. 2008). Recent studies suggest that

tools such as bioimpedance plethysmography,

pre and postdialysis ANP levels, monitoring

blood volume during dialysis using Crit-Line

and measurement of IVC collapsibility are tools

to estimate dry weight (Onofriescu et al. 2014;
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Joffy and Rosner 2005; Rodriguez et al. 2005;

Kraemer et al. 2006). With the exception of

bioimpedance plethysmography, none of these

methods were compared to clinical assessment

alone.

6.1.4 Increased Frequency and Duration
of Dialysis

Observational studies suggest that frequent dial-

ysis can result in lower BP, fewer antihyper-

tensives, and even a regression in left

ventricular mass (Chan et al. 2002, 2005;

Woods et al. 1999; Culleton et al. 2007).

Whether this is result of improved volume con-

trol or result of removal of “uremic” toxins it is

unclear. Similar findings were reported by fre-

quent hemodialysis network study. In this study,

hemodialysis patients were randomized to either

conventional dialysis three times weekly or

greater than 3 sessions per week. Patients who

received more frequent dialysis had an increased

drop in SBP, fewer antihypertensives, and

improved left ventricular mass (Group

et al. 2010). An added benefit of more frequent

or longer dialysis sessions is the ability to do

more gradual ultrafiltration which is better

tolerated (Katzarski et al. 1999).

6.2 Pharmacological Therapy

Despite all of the potential nonpharmacological

methods for BP reduction in the dialysis patient,

antihypertensives remain an important tool in

controlling BP. One meta-analyses found cardio-

vascular benefit from lowering BP using

antihypertensives in hemodialysis patients,

(Agarwal and Sinha 2009) and another reported

reduction in cardiovascular events, all-cause

mortality and cardiovascular mortality when var-

ious antihypertensives were used in dialysis

patients (Heerspink et al. 2009). With the excep-

tion of diuretics, all other groups of antihyperten-

sive can and have been used in dialysis patients.

Thiazide diuretics are unlikely to work in a dial-

ysis patient because they need tubular function to

be active. However, loop diuretics may be very

effective in a patient with residual kidney func-

tion to minimize weight gain between dialysis

sessions, but it is unlikely to be beneficial in an

anuric patients (Hayashi et al. 2008).

Few studies have been done to compare the

efficacy of different antihypertensive in hemodi-

alysis patients. K/DOQI guidelines consider

ACEIs and ARBs as the agents of choice in

treatment of hypertension in patients with signif-

icant residual kidney function (K/DOQI

Workgroup 2005). Outside of this recommenda-

tion, the choice of medication should depend on

other compelling indications and patient’s

comorbidities.

6.2.1 Angiotensin Converting Enzyme
Inhibitors (ACEI) and Angiotensin
II Receptors Blockers (ARB)

K/DOQI guidelines consider ACEIs and/or ARBs

antihypertensive of choice in hemodialysis

patients with residual kidney function since these

two classes of medications may help preserve

residual kidney function while on dialysis. How-

ever, there are few randomized controlled studies

that looked into ACEI/ARB specifically in hemo-

dialysis patients, and the results are conflicting. In

one meta-analysis examining the cardiovascular

effect of ACEI/ARB in hemodialysis patients,

there was a reduction in LV mass but this did

not translate into a reduction in the risk of fatal

or non-fatal CV events (Tai et al. 2010). This

meta-analysis was limited by small number of

patients, short follow-up, and the studies included

(988 patients from 8 RCTs). A more recent obser-

vational study had comparable results: ACEI/

ARB were not associated with a reduction in the

composite of all-cause mortality or hospitalization

for myocardial infarction (MI), stroke, heart fail-

ure (HF), or coronary revascularization when

compared to calcium channel blockers in hemodi-

alysis patients (Bajaj et al. 2012). In contrast,

other studies did show a reduction in fatal and

non-fatal CVD with use of ARB, (Suzuki

et al. 2008) and reduction in mortality among

patients younger than age of 65 years with use of

ACEI (Efrati et al. 2002).
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Despite the conflicting results mentioned

above, ACEI and ARB remain effective

antihypertensives with probable survival and

CV benefit in hemodialysis patient. They also

play an important role in management of patients

with cardiovascular comorbidities, especially

systolic dysfunction where ACEI/ARB is

associated with improved survival.

There are important side effect to monitor

when using ACEI/ARB. Hyperkalemia is a

potential dangerous complication and ACEI

may exacerbate anemia. Although use of AN69

dialyzer has become very rare in US, it is impor-

tant to note that anaphylactic reactions have been

observed when patients are on ACEI and this

dialyzer is used (Horl and Horl 2004). It is also

important to remember pharmacokinetics of var-

ious ACEI and ARB before using them in hemo-

dialysis patients. Some ACEI are removed by

hemodialysis, while ARB are note removed by

hemodialysis. Removal of medications during

the dialysis session is a potential cause of hyper-

tension during or after the dialysis session itself

(Table 2).

6.2.2 Calcium Channel Blockers
Dihydropyridine and non-dihydropyridine cal-

cium channel blockers can also be used for BP

control in hemodialysis patient. A small prospec-

tive study showed a trend toward lower cardio-

vascular mortality in patients treated with

amlodipine and a reduction in composite of

all-cause mortality and cardiovascular events.

(Tepel et al. 2008) Amlodipine was effective in

reducing systolic BP in the treated group.

6.2.3 Beta Blockers
Beta blockers have an important role in the man-

agement of hemodialysis patients with cardio-

vascular comorbidities, including systolic heart

failure and coronary artery disease. Among

patients on hemodialysis with LVH, atenolol

administered three times a week after dialysis

was shown to be more effective in lowering BP,

decreasing risk of serious cardiovascular events

and all cause hospitalizations when compared to

lisinopril dosed three times a week (Agarwal

et al. 2014). It is again important to consider

pharmacokinetics of various b-blockers. Ateno-

lol for example is primarily removed by the kid-

ney itself and actually requires dose reduction in

hemodialysis patients (Table 2). Given its longer

half-life in hemodialysis patients, it may be a

good option to use in patients with poor compli-

ance since it can be dosed three times a week

after dialysis. On the other hand, carvedilol does

not require dose adjustment in hemodialysis

patients and its alpha 1-adrenergic blocking

activity may improve BP control beyond other

b-blockers, but could also potentiate symptoms

of postural hypotension.

6.2.4 Other Antihypertensives
Hydralazine and clonidine can be used for BP

control in hemodialysis patients but both

medications require multiple dosing during the

day and may lead to reduced compliance espe-

cially in hemodialysis patients who already have

large pill burden. An alternative option is trans-

dermal clonidine patch which requires dosing

once a week. Minoxidil is another potent vasodi-

lator that can be dosed once a day but should be

combined with beta blocker to prevent reflex

tachycardia.

Table 2 Pharmacokinetics of select antihypertensives

use in dialysis patients (Inrig 2010a)

Drug Removed by hemodialysis

ACEIs

Captopril Yes

Lisinopril Partial

Enlapril Partial

Fosinopril Minimal

ARBs No

Calcium channel blockers

Amlodipine No

Diltiazem Partial

Nifedipine No

B blockers

Atenolol Yes

Metoprolol Yes

Carvedilol No

Labetalol No

Hydralazine No

Minoxidil Partial

Clonidine No

Hypertension in the Hemodialysis Patient 335



6.3 Treatment of Patients
Non-adherent to Medications

Poor adherence to medications in hemodialysis

patients is well recognized and likely contributes

to uncontrolled BP. One study reported that only

48 % of hemodialysis patients were adherent to

their treatment.(Neri et al. 2011) Multiple

strategies have been suggested to help improve

compliance with antihypertensives in hemodial-

ysis patients, but the most important is to sim-

plify the medication regimen. For example, use

of longer acting formulations such as transdermal

clonidine patch reduces pill burden. Directly

observed therapy using other long acting antihy-

pertensive such as atenolol and certain ACE

inhibitors have also been utilized with some suc-

cess.(Zheng et al. 2007) Other strategies include

counseling, education and the exploration of

social, financial and mental health issues that

may be limiting compliance with medications.

7 Intradialytic Hypertension

Increase in BP during dialysis, or intradialytic

hypertension, does not have a standard definition.

Some studies defined it as increase in SBP > 10

mmHg from pre to post dialysis (Inrig

et al. 2009). Intradialytic hypertension has been

observed in 13 % of hemodialysis patients and

has been associated with a higher risk of hospi-

talization and death than if BP decreases (Inrig

et al. 2007b). In incident hemodialysis patients,

intradialytic hypertension was associated with

decreased 2 year survival in patients with

predialysis SBP < 120 mmHg (Inrig

et al. 2009). The pathogenesis of this phenomena

is not well understood but some of the suggested

mechanisms include altered balance of nitric

oxide and endothelin-1, (Chou et al. 2006)

removal of certain antihypertensives and admin-

istration of erythropoietin stimulating agents

(Inrig 2010b). Treatment of this condition

remains a challenge because its pathophysiology

is not well understood. Any treatment strategy

should include review of patient’s interdialytic

BP control, dialysis sodium prescription, and dry

weight. Additionally, a thorough review of the

pharmacokinetics and timing of medications in

relation to dialysis is needed. Carvedilol may

have modest improvement in intradialytic and

interdialytic BP control (Inrig et al. 2012).

Another strategy is to use dialysate sodium con-

centration that is 5 mEq/L lower than serum

sodium (Inrig et al. 2015).

8 Conclusion and Guidelines
Recommendations

In summary, hypertension is common among

hemodialysis patients and its control is compli-

cated by the limitations of various blood pressure

measurement methods. The only published

guidelines that include exact blood pressure

goal is K/DOQI clinical practice guidelines,

which recommend pre-dialysis BP < 140/

90 mmHg and post dialysis < 130/80 mmHg

(K/DOQI Workgroup 2005). However, given

the evidence of U shape relationship between

blood pressure and outcomes in hemodialysis

patients, we recommend individualizing BP

goals and relying on combination of average

home readings, in-center readings and ambula-

tory blood pressure monitoring. When treating

blood pressure in hemodialysis patients,

non-pharmacological approach including sodium

restriction, probing dry weight and lowering dial-

ysate sodium, and pharmacological approach

utilizing ACEI/ARB as first line therapy espe-

cially in patients with residual kidney function

should be utilized. Intradialytic hypertension

remains a challenging area to manage and require

review of dialysis prescription and patient

medications.
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Abstract

For the select fortunate recipients of organ transplants, transplantation

affords the rare opportunity for a new life. Given the scarcity of organs for

transplantation, it is imperative that the health of transplant recipients be

optimized in order to fully benefit from this gift of life. Unfortunately,

hypertension is highly prevalent in the transplant population and it is

considered a major cardiovascular risk factor contributing to mortality

and morbidity in this population. In this chapter, we expound on the

epidemiology, unique pathophysiology, evaluation, and management of

hypertension as it pertains to the solid organ transplant recipient. In

addition, a brief commentary is made on the subject of hypertension

following living kidney donation, and practical aspects of management

of hypertension in the solid organ recipient are summarized at the end of

the chapter.
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1 Introduction

For the select fortunate recipients of organ

transplants, transplantation affords the rare

opportunity for a new life. Given the scarcity of

organs for transplantation, it is imperative that

the health of transplant recipients be optimized in

order to fully benefit from this gift of life. Car-

diovascular disease is a major cause of death of a

functioning graft in all of solid organ transplan-

tation, and thus management of its risk factors

are of utmost importance. Hypertension is a

major cardiovascular risk factor and highly prev-

alent in the transplant population. In spite of this,

there remains a lack of consensus regarding the

definition of hypertension in transplant recipients

as well as the general population. Despite its

importance, a paucity of evidence exists to
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guide its management in the transplant population.

In this review, we review the epidemiology, path-

ophysiology, and management of hypertension in

the solid organ transplant population and discuss

diagnostic and therapeutic considerations.

1.1 Epidemiology of Hypertension
in the Transplant Population

Hypertension is strikingly prevalent across organ

transplant recipients. It is estimated that hyperten-

sion is prevalent in 75–90 % of kidney transplant

recipients (Campistol et al. 2004; Kasiske et al.

2004; Dobrowolski et al. 2016). Data from the

International Society for Heart and Lung Trans-

plantation (ISHLT) Registry shows that of 116,104

heart transplant recipients transplanted between

1995 and 2013, 72 % of recipients had hyperten-

sion within 1 year post-transplant. This increases

up to 92 % at 5 years post-transplantation (Lund

et al. 2014). In liver transplant recipients, the prev-

alence of hypertension ranges from 65 to 80 %

(Stegall et al. 1995; Sheiner et al. 2000; Guillaud

et al. 2014), with similar rates noted in lung trans-

plant recipients (Silverborn et al. 2005).

In themodern era of transplantation, calcineurin

inhibitors (CNIs) are part of a standard immuno-

suppressive regimen for most patients (Textor et al.

2000; Hoorn et al. 2012; Azzi et al. 2013). Despite

the benefits of CNIs from an immunosuppressive

standpoint, they are known to exacerbate hyperten-

sion. Besides CNIs, there are multiple other factors

that should be considered when managing hyper-

tension in the transplant patient.

2 Hypertension in Select
Settings

2.1 Hypertension Immediately
Post-transplant

Blood pressure immediately post-transplant

fluctuates and can be difficult to manage

(Fig. 1). Unique considerations include

Fig. 1 Timeline for development of hypertension after

solid organ transplant. The etiology of hypertension can

differ depending on its timing post-transplantation.

Recognizing the potential causes for hypertension in the

post-transplant period is important for optimal blood pres-

sure management
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postoperative pain, hypervolemia, hypoxemia,

anxiety, and discontinuation of oral anti-

hypertensive medications (pre-transplant ACE

inhibitors, ARB, or clonidine) or withdrawal

(for example, clonidine). Not only can medi-

cation discontinuation lead to elevated blood

pressure, the initiation of common immunosup-

pressants such as CNIs (tacrolimus or cyclospor-

ine) and steroids commonly leads to elevated

blood pressure.

Bladder distension is a less commonly

recognized source of hypertension in a post-

surgical patient. In a physiologic study

evaluating the response to bladder distension

in sixteen healthy volunteers, it was noted that

an increase in the measured sympathetic outflow

was noted when the urge to urinate was most

pronounced. With this, there was also a con-

comitant increase in blood pressure from

125 � 2/74 � 2 mmHg to 140 � 4/

84 � 3 mmHg (Fagius and Karhuvaara 1989).

This effect of elevated blood pressure with blad-

der distension is especially a consideration in

non-kidney transplant recipients because they

are less likely to have their bladder routinely

drained immediately post-surgery. Even if

voiding was not a problem pre-transplant, this

should be a consideration because several

medications, particularly opioids, impair blad-

der emptying.

Liver transplant recipients have distinctive

reasons to develop hypertension post-transplant.

Prior to transplant, these patients are vasodilated

and have decreased systemic vascular resis-

tance and increased cardiac output. After liver

transplantation, this pathophysiology reverses

leading to increased systemic vascular resis-

tance and later reduced cardiac output. This

process is augmented by CNI mediated vaso-

constriction, resulting in increasing blood pres-

sure within weeks to months following liver

transplantation (Hryniewiecka and Żegarska

2011). This phenomenon can be striking.

Mean blood pressure can rise by up to

40–50 mmHg following liver transplantation

(Textor 1993).

2.2 Chronic Hypertension
Post-transplant

2.2.1 Contributing Factors Across
All Solid Organ Transplant
Recipients

Chronic hypertension is common in general

population so it is not surprising that hyperten-

sion is widespread among transplant recipients

who often have multiple medical comorbidities

and are on medications known to aggravate

hypertension (i.e. CNIs and steroids). Neverthe-

less, recognizing potentially modifiable factors

that could contribute to hypertension is essential

for optimal patient management and to reduce

medication burden and side effects (Fig. 2).

Obesity, non-steroidal anti-inflammatory drug

(NSAID) use, alcohol consumption, excess

sodium, sleep apnea, renal artery stenosis (espe-

cially a consideration for kidney transplant

recipients), primary hyperaldosteronism, pheo-

chromocytoma, and hypothyroidism are some

of the most common modifiable factors that

can lead to hypertension (Dalby et al. 2001).

These potentially modifiable factors can easily

be overlooked in transplant recipients who have

complicated medical histories.

2.2.2 The Effect of Calcineurin Inhibitors
(CNIs) on Blood Pressure

It is difficult to quantify the true effect of CNIs

on the prevalence of hypertension, since the

definition of high blood pressure has changed

over time and the use of CNI-based maintenance

immunosuppressive regimens is ubiquitous.

What is striking, however, is the high preva-

lence of hypertension, across different organ

transplants in immunosuppression regimens

that primarily include CNIs. In one study, kidney

transplant who were on belatacept based

(non-CNI) immunosuppression needed fewer

antihypertensive medications (median 2 drugs)

compared with those on CNI based regimens

(median 4 drugs) 10 years after follow up

(Grannas et al. 2014). In liver transplant patients

who typically are not hypertensive pre-
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transplant, the prevalence of hypertension has

been noted to rise to as high as 65–85 % of

recipients post-transplant. Similar increases

have been quoted for cardiac transplant patients

(increase from 10 % pre-transplant to 71–100 %

post-transplant), kidney transplant recipients

(45–55 % pre-transplant, increasing to 67–86

post-transplant), and even bone marrow trans-

plant recipients (5–10 % pre-transplant, increas-

ing to 33–60 % post-transplant) (Textor et al.

1994). CNIs may have several physiologic

effects on blood pressure. They can impair vas-

cular tone by causing vasoconstriction and/or

impairing vasodilatation. Cyclosporine (CSA)

in particular is known to cause acute vasocon-

striction of the renal vessels, mediated by

increased levels of endothelin in the

pre-glomerular vessels (Meyer-Lehnert et al.

1997; Haug et al. 1995). Thromboxane has also

been implicated in promoting vasoconstriction,

though experimental data has shown mixed

results (Nasser et al. 2014). Other studies suggest

Hypertension in the  Kidney 
Transplant Patient

Donor                    
factors

Donor age, sex, 
blood pressure, GFR

Recipient               
factors

Pre-transplant

Essential 
hypertension

secondary causes  
(ie. sleep apnea)

Post-transplant

calcineurin 
inhibitors

transplant renal 
artery stenosis

ureteral obstruction

steroids

acute rejection

allograft 
dysfunction

All factors that can 
contribute to HTN 

pre-transplant

Fig. 2 Causative Factors

Leading to Hypertension in

Kidney Transplant

Recipients
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that CNIs are associated with impaired vasodila-

tion, which occurs because CNIs can activate

protein kinase C leading to reduced nitric oxide

production (Vaziri et al. 1998) by the vascular

endothelium (Oriji and Keiser 1999). Calcium

channel blockers may have a role to play in

ameliorating some of these deleterious effects

(Sanchez-Lozada et al. 2000; Chander and

Chopra 2005).

Some data suggests that CNIs alter the renin/

angiotensin system, but this is controversial.

Some studies suggest that CNIs suppress renin

secretion (Bantle et al. 1987), while others sug-

gest that CNIs directly increases renin secretion

(Kurtz et al. 1988; Saraswat et al. 2014). Similar

heterogeneity is noted with regards to angioten-

sin. In one study, CNIs are associated with the

up-regulation of angiotensin II receptors and

calcium responses in human vascular smooth

muscle cells (Avdonin et al. 1999) whereas

other studies have noted a downregulation of

angiotensin receptors in the kidney (Nishiyama

et al. 2003). In addition to the aforementioned

mechanisms, CNIs have been shown to promote

a sodium-avid state by increasing sodium reab-

sorption in the proximal tubule (Epting et al.

2006) and the loop of Henle (Ciresi et al. 1992;

Esteva-Font et al. 2007).

Chronic administration of CNIs has been

associated with obliterative arteriolopathy, ische-

mic glomeruli, and striped fibrosis of the renal

interstitium (Naesens et al. 2009). Given the

kidneys central role in blood pressure control, it

is logical that renal dysfunction resulting from

CNIs could also aggravate hypertension.

In systemic vasculature, CNI use is associated

with increased arterial stiffness (Martı́nez-

Castelao et al. 2005), which would not only

lead to hypertension, but cardiovascular risk in

general. Sirolimus (Joannidès et al. 2011) and

belatacept (Melilli et al. 2015) are both

associated with reduced vascular stiffness and

hypertension as compared to CNIs. The similar

changes in blood pressure have been noted with

other CNIs, including tacrolimus, although the

hypertensive effect of cyclosporine is higher

than that seen with tacrolimus (Radermacher

et al. 1998).

2.2.3 The Effect of Corticosteroids
on Blood Pressure in Transplant
Recipients

Corticosteroids may mediate hypertension by

stimulating mineralocorticoid receptors and pro-

moting sodium reabsorption. The impact of

corticosteroids on hypertension is most pro-

nounced in the early post-transplant period

when solid organ transplant recipients often

receive high doses of corticosteroids as part of

their induction therapy. However, kidney trans-

plant recipients maintained on corticosteroids

long term tend have higher blood pressure than

those in steroid avoidance or withdrawal

programs (Knight and Morris 2010). In a meta-

analysis of 34 studies including 5637 kidney

transplant recipients, there was a reduced inci-

dence of hypertension in the steroid avoidance or

withdrawal group, compared with those on

steroids (RR 0.90, CI 0.85–0.94, P < 0.0001)

(Knight and Morris 2010).

2.2.4 Unique Causes of Hypertension
in Kidney Transplant Recipients

Because the kidney has a role in blood pressure

control, any factor (donor or recipient related)

that is associated with a lower GFR, is indirectly

associated with hypertension post-transplant.

Examples of donor related factors associated

with hypertension post-transplant include:

increased donor age (Ducloux et al. 2002), and

presence of donor hypertension (Guidi et al.

1996).

Studies have shown that recipients of kidneys

from hypertensive donors are prescribed more

anti-hypertensive medications than recipients of

kidneys from normotensive donors (Guidi et al.

1996). In the study by Guidi et al., this effect was

mainly restricted to recipients without a family

history of hypertension (Guidi et al. 1996).

Recipients of kidneys from expanded criteria

donors [defined as older kidney donors

(�60 years) or donors who are aged

50–59 years and have two of the following

three features: hypertension, terminal serum cre-

atinine >1.5 mg/dl, or death from cerebrovascu-

lar accident] also have higher rates of
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hypertension at 3 years and 5 years post trans-

plantation than recipients of kidneys from stan-

dard criteria donors (Blanca et al. 2012;

Wlodarczyk et al. 2003). Recipients of kidneys

from older donors also have lower graft function

after transplantation (Noppakun et al. 2011) and

therefore the donor related factors associated

with hypertension may simply be related to

reduced renal allograft function, but this remains

unclear.

Certain donor genetic variants such as single-

nucleotide polymorphisms within the genes that

encode for ABCC2, ABCB1 and CYP3A5, and

APOL-1 have been indirectly associated with

higher rates of post-transplant hypertension

likely resulting from their association with

reduced allograft function. Specifically,

polymorphisms in ABCC2 are associated with

delayed graft function and certain CYP3A5

mutations (Joy et al. 2007), and ABCB1

polymorphisms (Hauser et al. 2005) are

associated with CNI toxicity. The APOL-1 gene

variant which has been associated with kidney

disease in African Americans is also associated

with early graft failure in recipients of kidneys

from donors with this gene variant (Thomas et al.

2013; Weir et al. 2015; Reeves-Daniel et al.

2011).

Just as renal artery stenosis in a non-transplant

patient is associated with hypertension; renal

artery stenosis of the transplant renal artery

(TRAS) is associated with hypertension.

Although the prevalence of TRAS is 1–23 % of

renal transplant recipients, it is thought to con-

tribute to hypertension in between 1 and 5 % of

kidney transplant recipients (Fervenza et al.

1998; Bruno et al. 2004). It may become appar-

ent at any time post transplantation, though pre-

sentation between 3 months and 2 years is

typical. The stenosis most often occurs near the

anastomosis and is a result of the technical

aspects of the transplant surgery itself

(Willicombe et al. 2014) such as vessel torsion,

use of vascular clamps, perfusion pump cannula-

tion injury, disproportionate vessel size, or a

reaction to suture material. Less commonly the

stenosis is diffuse along the transplant renal

artery, in which case immune based mechanisms

have been proposed as a potential etiology

(Wong et al. 1996). In fact, the presence of de

novo class II donor-specific antibodies has been

associated with development of post-

anastomosis TRAS (Willicombe et al. 2014).

The typical presentation of transplant renal

artery stenosis is worsening or refractory hyper-

tension and/or graft function, with notable edema

from a sodium-avid state. An audible bruit in the

correct clinical context may be useful in the

diagnosis, though it is neither sensitive nor spe-

cific. Doppler ultrasound often demonstrates an

increase in the peak systolic velocity >2.5 m/s,

and a “tardus parvus” waveform abnormality in

the intra-renal vessels. The gold standard for

diagnosis, however, remains renal angiography

(and if possible, carbon dioxide angiography

should be utilized, in order to avoid iodinated

contrast). Treatment options include conserva-

tive therapy, angioplasty with or without stent

placement, versus surgical correction. Treatment

decisions are determined on a case by case basis

are are reviewed elsewhere (Bruno et al. 2004;

Buturović-Ponikvar 2003; Chen et al. 2015). The

effects of treatment on blood pressure have been

mixed (Touma et al. 2014; Ali et al. 2015).

Other potential kidney transplant specific

factors that could lead to hypertension include

increased cold ischemia time and/or delayed graft

function and other causes of impairment in allo-

graft function such as acute and chronic rejection,

medication induced nephrotoxicity, BK nephropa-

thy, recurrent disease in the allograft, and ureteral

obstruction (Weir et al. 2015; Mangray and Vella

2011; Cosio et al. 1999).Whenever a kidney trans-

plant recipient has an abrupt change in blood pres-

sure, these conditions should be a consideration.

Not uncommonly, a change in blood pressure is the

first signal of impending allograft dysfunction

from rejection or recurrent disease.

2.2.5 Unique Contributors
to Hypertension in Cardiac
Transplant Recipients

Cardiac transplant patients experience inade-

quate adaptation of the renin-angiotensin system

in the setting of fluid retention, which could

contribute to the incidence and severity of
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hypertension in this population (Braith et al.

1996). Pharmacologic suppression of the RAS

system eliminated avid salt and fluid retention

in heart transplant recipients, improving blood

pressure and overall fluid homeostasis (Braith

et al. 2003).

3 Hypertension Following Living
Kidney Donation

A paucity of data exists about the effect that living

kidney donation has on blood pressure. Many live

donors have not been followed prospectively, and

it is hard to distinguish the effect of donation on

blood pressure because hypertension is prevalent

in the general population. In addition, the lack of

appropriate control groups makes it challenging to

make inferences about the effect of living kidney

donation on blood pressure. A meta-analysis that

included 5145 kidney donors revealed that factors

associated with higher blood pressure post-kidney

donation included older age at the time of dona-

tion, age, male sex, increased BMI, and a lower

pre-donation glomerular filtration rate (Boudville

et al. 2006). Recently, a prospective controlled

trial evaluating live kidney donor outcomes

3 years post-donation revealed no difference in

blood pressure as measured by ambulatory blood

pressure monitoring at 36 months (Kasiske et al.

2015). A retrospective, matched-cohort study with

a median follow up of 10.9 years demonstrated a

higher incidence (11 %) of gestational hyperten-

sion or preeclampsia in living kidney donors than

in matched non-donors (5 %), but maternal and

fetal outcomes did not differ significantly between

the two groups (Garg et al. 2015).

4 Hypertension Management
for the Transplant Patient

4.1 Blood Pressure Measurement
and Diagnosis

As in the general population, before acting on a

blood pressure measurement; the provider must

consider the circumstances and make sure that

the measurement is reliable. Appropriate blood

pressure measurement techniques are imperative

to avoid falsely low or high readings as over or

under-treatment of hypertension can lead to

adverse outcomes. Furthermore, white coat

hypertension and masked hypertension needs to

be identified to avoid the unique risks in these

situations (Griffin and Schinstock 2015).

Home and ambulatory blood pressure moni-

toring are useful adjuncts to in-office blood pres-

sure readings. Several studies have suggested

that office blood pressure readings are unreliable

in both the general and the renal transplant popu-

lation (Kooman et al. 2001; Stenehjem et al.

2006). In fact, home blood pressure readings

correlate better with ambulatory blood pressure

readings than office readings (Agena et al. 2011;

Sberro-Soussan et al. 2012). When office blood

pressures are compared with ambulatory blood

pressure readings one can further identify

patients with “white coat hypertension”, in

whom office blood pressures are typically higher

than the 24 h readings, and patients with “masked

hypertension”, in which the opposite occurs:

blood pressures in the office appear normal,

whereas those at home are high. Additionally,

ambulatory blood pressure readings are able to

identify the nocturnal blood pressure patterns,

stratifying patients into those with normal noc-

turnal dipping, versus those with a “non-dipping”

pattern or even “reverse dipping”. We recom-

mend monitoring ambulatory blood pressures at

the 1 year annual visit post transplantation,

whenever feasible. In a study evaluating 24 h

ambulatory blood pressures at 1 year post kidney

transplantation, it was noted that the lack of

nocturnal fall in SBP is related to poor allograft

function, high chronic vascular score on biopsy,

and high resistive index irrespective of allograft

fibrosis (Wadei et al. 2007).

4.2 Goals of Therapy

Currently, there are no specific high quality evi-

dence based recommendations for blood pressure

targets in transplant recipients. As in the general

population, there remains some debate regarding
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optimal blood pressure targets. According to the

Eighth Report of the Joint National Committee

on the Evidence-Based Guideline for Manage-

ment of High Blood Pressure in Adults (James

et al. 2014), blood pressure of greater than

140/90 is still felt to be a reasonable definition

of high blood pressure, although the recently

published SPRINT trial (SPRINT Research

Group et al. 2015) suggests that certain patients

(including some high risk patients with CKD)

may do better with even lower blood pressures.

In kidney transplant recipients, the Kidney Dis-

ease Outcomes Quality Initiative (KDOQI) com-

mentary on the 2012 KDIGO guidelines stipulate

that a target blood pressure of <130/80 in kidney

transplant recipients is not guided by evidence,

and in the absence of data to support the benefits

of a BP goal <140/90 mmHg in transplant

recipients, it is better to individualize BP goal

decisions, taking into account risk and benefit

profiles (Taler et al. 2013).

Excluding hypertensive emergencies when

treatment is indicated for acute management of

hypertension, the main goal of treatment is to

reduce target organ damage and cardiovascular

risk over the long term. Compared with End

Stage Renal Disease (ESRD), kidney transplant

recipients have an improved cardiovascular risk

profile (Wolfe et al. 1999). However, the trans-

plant in and of itself does not eliminate this risk

(Ojo 2006), and death from cardiovascular dis-

ease remains the most common reason for

decreased patient survival (Ojo et al. 2000). In

addition to this, it is important to take into con-

sideration that reduced allograft function in and

of itself may confer increased cardiovascular

risk. In a large retrospective analysis of 58,900

adult renal transplant recipients registered in the

United States Renal Data System, it was noted

that serum creatinine values at 1 year after trans-

plantation were strongly associated with the risk

for cardiovascular death (Meier-Kriesche et al.

2003). While the following text describes phar-

macologic options in the management of hyper-

tension after transplantation, it should be noted

that other aspects of cardiovascular risk such as

glycemic control and lipid status should also be

addressed (Cosio et al. 2005) in tandem with

lifestyle modification.

4.3 Pharmacological Therapy

An optimal antihypertensive treatment regimen

for a transplant patient does not exist and initial

anti-hypertensive therapy should be tailored

based on the patient’s underlying comorbidities

and preferences. We recommend using medica-

tions the patient used prior to transplantation

unless there are particular drug-drug interactions

or adverse effects. Special considerations for

transplant patients are described below.

4.3.1 Calcium Channel Blockers
Calcium channel blockers are classified into

non-dihydropyridine calcium channel blockers

(examples include verapamil and diltiazem) and

dihydropyridine calcium channel blockers

(examples include amlodipine, nifedipine, and

nicardipine). The dihydropyridine calcium chan-

nel blockers have a higher selectivity for vascular

smooth muscle compared with myocardial

tissue. In the transplant population on CNIs,

non-dihydropyridine calcium channel blockers

need to be used with caution because they can

lead to increased CNI levels due to the inhibition

of CYP3A4 activity (Hooper et al. 2012; Hooper

et al. 2011). Dihydropyridine calcium channel

blockers such as nifedipine have been shown to

have an antagonistic effect to CSA mediated

vasoconstriction at the level of the endothelium,

favoring their use in this population (Sanchez-

Lozada et al. 2000; Chander and Chopra 2005;

Ruggenenti et al. 1993; Cross et al. 2009;

Mehrens et al. 2000; Kuypers et al. 2004).

In the general population, there is some con-

cern for increased risk of myocardial infarction

with high doses of short acting dihydropyridine

calcium channel blockers such as nifedipine

(Psaty et al. 1995), and longer acting agents

such as amlodipine appear to be safer. In the

renal transplant population, one study has

shown that dihydropyridine calcium channel

antagonists were associated with an increased

risk for ischemic heart disease in this population

(relative risk, 2.26; 95 % confidence interval,

1.24–4.12; P ¼ 0.008), and this association was

independent of other antihypertensive agents and

risk factors (Kasiske et al. 2000). On the other

348 D. Mitema and C. Schinstock



hand, a prospective randomized (but non-blinded

or placebo controlled) study in the cardiac trans-

plant population suggested that diltiazem

(selected in the study protocol due to its antihy-

pertensive effects) may attenuate the usual

reduction in the coronary artery diameter during

the first year after cardiac transplantation and

may inhibit the development of visually evident

coronary artery disease (Schroeder et al. 1993).

4.3.2 Renin Angiotensin Aldosterone
(RAS) Blockade

RAS blockade is a potentially attractive option

in the management of hypertension in the trans-

plant population. RAS blockade reduces intra-

glomerular pressures and proteinuria, but it may

also play a role in retarding fibrosis of the renal

allograft by reducing TGF-Beta expression

(Campistol et al. 1999; Holgado et al. 2001;

Mas et al. 2004). From a cardiovascular health

prospective, RAS blockade may reverse left ven-

tricular hypertrophy and improve remodeling of

the heart (Klingbeil et al. 2000).

Data regarding the long term effects of ACE

inhibitors on patient and graft survival has been

mixed. In a retrospective cohort study of 2031

Austrian renal transplant recipients, 10 year

patient survival rates were 74 % in the ACEI/

ARB group but only 53 % in the no ACEI/ARB

group. 10 year actual graft survival rate was 59 %

in ACEI/ARB patients but only 41 % in nonusers

(P ¼ 0.002)(Heinze et al. 2006). However, in sep-

arate analyses, ACEI/ARB was not associated

with improved transplant outcomes (Opelz et al.

2006; Opelz and D€ohler 2014). Not unexpectedly,

the use of ACEI/ARB is associated with reduced

GFR (Cross et al. 2009), but it remains unclear

whether this is an expected hemodynamic effect

that is reversible with discontinuation of the drug

or a lasting effect.

From a practical standpoint, it is advised to

closely monitor renal function within several

days of initiating or changing the dose of ACEi

or ARB therapy in order to detect (i) acute drops

in GFR beyond the acceptable 30 % threshold,

and/or (ii) significant hyperkalemia. An abrupt

rise in serum creatinine should raise the possibil-

ity of transplant renal artery stenosis.

4.3.3 Beta Blockade
Beta blockers are commonly used in transplant

patients because they have relatively few drug

interactions and they do not affect renal allograft

function. The potential side effects that are par-

ticularly important in transplant recipients

includes hyperkalemia (McCauley et al. 2002)

deleterious lipid metabolism (more notable in

metoprolol than carvedilol)(Bakris et al. 2004),

and masking of hypoglycemic symptoms. In a

study on cardiac transplant patients, it was

noted that carvedilol, but not metoprolol, was

associated with a significant increase in CSA

levels, presumably by inhibiting P-glycoprotein

(P-gp), a membrane protein that regulates CSA

absorption (Bader et al. 2005).

4.3.4 Diuretics
Loop diuretics are commonly used in the early

postoperative period where they may be useful to

control hypertension mediated by hypervolemia.

Although diuretics may counter CNI-mediated

proximal tubule and/or loop of Henle sodium

avidity, in our experience we generally favor

calcium channel blockers, RAS blockers, and

beta blockers over diuretics dueto their favorable

cardio-metabolic profile and lower risk of

hypovolemia.

5 Conclusions

Hypertension is prevalent in all of solid organ

transplantation, but there is a paucity of evi-

dence of to guide therapy. This is unfortunate

because transplant patients are at high risk for

cardiovascular disease, and hypertension

management is essential. The contributors to

hypertension are similar to that affecting the

general population, but there are unique aspects

to not overlook. Calcineurin inhibitors and

steroids, which are commonly used in transplant

patients exacerbates hypertension and have per-

tinent drug-drug interactions with common anti-

hypertensives. To ultimately improve hyperten-

sion management in these patients, further

research is needed.
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6 Some Practical Points
Regarding Management
of Blood Pressure
in Transplant Recipients

1. Whenever possible, use ambulatory blood

pressure measurements and/or home monitor-

ing to guide therapy.

2. Treatment decisions should be individualized

to each patient.

3. In kidney transplant recipients in the immedi-

ate post-transplant period, we suggest

allowing slightly higher blood pressures to

maintain renal perfusion. Hypotension should

be avoided in these circumstances.

4. In the long-term management of hypertension

in transplant recipients, it is reasonable to treat

these patients as one would the general popu-

lation, taking into account their cardio-

vascular risk profile and drug interactions

(e.g. Non-Dihydropyridine calcium channel

blockers need to be used cautiously since

their use can result in elevated CNI levels).
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Abstract

Preeclampsia is a life-threatening vascular disorder of pregnancy due to a

failing stressed placenta. Millions of women risk death to give birth each

year and globally each year, almost 300,000 lose their life in this process

and over 500,000 babies die as a consequence of preeclampsia. Despite

decades of research, we lack pharmacological agents to treat it. Maternal

endothelial oxidative stress is a central phenomenon responsible for the

preeclampsia phenotype of high maternal blood pressure and proteinuria.

In 1997, it was proposed that preeclampsia arises due to the loss of VEGF

activity, possibly due to elevation in anti-angiogenic factor, soluble Flt-1

(sFlt-1). Researchers showed that high sFlt-1 and soluble endoglin (sEng)

elicit the severe preeclampsia phenotype in pregnant rodents. We

demonstrated that heme oxygenase-1 (HO-1)/carbon monoxide

(CO) pathway prevents placental stress and suppresses sFlt-1 and sEng

release. Likewise, hydrogen sulphide (H2S)/cystathionine-γ-lyase (Cth)

systems limit sFlt-1 and sEng and protect against the preeclampsia phe-

notype in mice. Importantly, H2S restores placental vasculature, and in

doing so improves lagging fetal growth. These molecules act as the

inhibitor systems in pregnancy and when they fail, preeclampsia is trig-

gered. In this review, we discuss what are the hypotheses and models for

the pathophysiology of preeclampsia on the basis of Bradford Hill causa-

tion criteria for disease causation and how further in vivo experimentation

is needed to establish ‘proof of principle’. Hypotheses that fail to meet the

Bradford Hill causation criteria include abnormal spiral artery

remodelling and inflammation and should be considered associated or

consequential to the disorder. In contrast, the protection against cellular

stress hypothesis that states that the protective pathways mitigate cellular

stress by limiting elevation of anti-angiogenic factors or oxidative stress
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and the subsequent clinical signs of preeclampsia appear to fulfil most of

Bradford Hill causation criteria. Identifying the candidates on the

roadmap to this pathway is essential in developing diagnostics and thera-

peutics to target the pathogenesis of preeclampsia.

Keywords

Preeclampsia • sFlt-1 • HO-1 • Inflammation • Hypoxia • Activin A •

Gasotransmitter • microRNA • Oxidative stress • Angiogenic factors

1 Introduction

It is believed that in 400 B. C, Hippocrates was the

first to state that convulsion during pregnancy was

a sign of bad pregnancy, which resulted in imbal-

ance in the ‘humours’ (Bell 2010). Today pre-

eclampsia is still being debated as the “disease of

theories” reported as a ‘two-stage model’. The first

stage being asymptomatic, characterized by an

abnormal formation of the placenta and the release

of placental factors into the maternal circulation.

The second stage is symptomatic resulting in

hypertension and proteinuria that can eventually

culminate in angiospasm in the brain to cause

eclampsia (Hladunewich et al. 2007). Preeclamp-

sia is characterised as de novo hypertension

(bp �140/90) and proteinuria (�300 mg/24 h)

occurring after 20 weeks of pregnancy, however,

neither are specific to the pathophysiology of pre-

eclampsia (Brown et al. 2001). The prevalence of

preeclampsia ranges from 5 to 8 % of pregnancies

depending on the geographical location and affects

8.5 million pregnancies globally, accounting for

over 70 000 maternal deaths and 500 000 infant

deaths per year (Ramma and Ahmed 2014; Lowe

et al. 2009).

The causes of preeclampsia remain largely

unknown. Recent studies, however, have shed

new light on factors originating in the placenta

likely to cause the condition due to an imbalance

in ‘autacoids’ factors (Ahmed and Ramma

2015). Preeclampsia still lacks a reliable means

of diagnosis and prediction with no effective

therapy or pharmacological agents available to

treat the disease. The only solution is the early

delivery of the pregnancy. If left untreated, pre-

eclampsia can be life threatening and may

progress to eclampsia with complications of

HELLP syndrome (Elevated liver enzymes,

haemolysis, and low platelets), placental abrup-

tion, acute renal failure and pulmonary oedema

(Arulkumaran and Lightstone 2013). Although

maternal symptoms appear to be largely resolved

with the delivery of the baby, data are

accumulating that preeclampsia is associated

with long-term maternal cardiovascular and

other complications such as renal diseases

(Smith et al. 2001; Saxena et al. 2010; Garovic

and Hayman 2007; Veerbeek et al. 2016).

As Steve Jobs once said “You can only con-

nect the dots looking backwards”. To gain a

deeper insight into the pathophysiology of pre-

eclampsia, we need to identify the “dots” critical

in the pathogenesis of preeclampsia in order to

discover the roadmap. What are the intersections

that connect the dots to make up the roadmap of

the preeclampsia phenotype? To discover the

‘roadmaps’ that connect the dots of preeclamp-

sia, proof-of-principle experimentation that goes

beyond association-type approaches need to be

undertaken. Studies focused on in vitro

experimentations to make bold claims of links

to preeclampsia are misrepresenting the facts and

provide limited insight into the mechanisms.

Therefore, in vitro studies per se, should not be

considered as representative vehicles for ‘proof

of principle’. Animal models which mimic the

“preeclampsia phenotype”, are better vehicles to

connect and test the ‘dots’. Even though animals

rarely get preeclampsia, many phenotypes of the

disorder can be modelled in rodents. In such a

system, it is possible to test whether a potential

cause can be reversed, ultimately leading to the

rectification of symptoms and establishment of
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‘proof of principle’. Any hypotheses put forward

for investigation should be critically analysed

using the Bradford Hill causation criteria (Hill

1965), rather than claiming the ‘cause and effect’

status without it (Ramma and Ahmed 2011).

In this review, we discuss what are the

hypotheses and models for the pathophysiology

of preeclampsia. A revised view is presented to

test the evidence for the role of circulating

factors such as soluble fms-like tyrosine kinase-

1 (sFlt-1) and inhibin, inflammation, oxidative

stress and gasotransmitters on the basis of the

Bradford Hill causation criteria for disease cau-

sation (see Table 1).

2 Evaluating the Current
Hypothesis of Preeclampsia

Decades of research into placental histopathol-

ogy of preeclampsia established certain dogmas.

These now need to be challenged if we are to find

therapies apart from prematurely delivering the

baby. These dogmas include (i) abnormal spiral

artery remodelling (Khong et al. 1986; Feinberg

et al. 1991; Brosens et al. 2002; Burton et al.

2009) and (ii) failed trophoblast invasion (Zhou

et al. 1997); accepted as the early primary defect

causing preeclampsia. It is further claimed that

the failure of trophoblast remodelling of spiral

arteries precedes abnormal placentation to cause

the secretion of placental factors into the mater-

nal circulation that lead to (iii) aberrant maternal

systemic inflammation, (iv) oxidative stress and

(v) angiogenic imbalance (Redman and Sargent

2009; Maynard et al. 2008). These ultimately

lead to the manifestation of clinical signs and

symptoms of preeclampsia. A closer scrutiny

based on the Bradford Hill criteria has brought

many of the established dogmas into question.

3 Role of Inflammation
in Abnormal Spiral Artery
Remodelling

Evidence to support any mechanistic understand-

ing of the processes of abnormal spiral artery

remodelling or trophoblast invasion is lacking

apart from association and descriptive studies.

The two separate processes are highly inter-

related and it is accepted that spiral artery

remodelling involves the maternal immune sys-

tem and the placenta. Recent studies established

that spiral artery remodelling may be a common

underlying contributing factor of abnormal pla-

centation, but it is not specific to preeclampsia

(Lyall et al. 2013).

Uterine natural killer cells (uNK), part of the

innate immune response, differ from the classical

natural killer cells in the peripheral blood. One

possible role of the uNK cells is to maintain

immunological tolerance for the semi-allogeneic

fetus by antagonising the TH17 subset of T cells

through the secretion of Interferon-gamma

(IFN-γ) (Fu et al. 2013). Loss of this regulation

is linked to spontaneous abortion with a rise in

TH17 cells and local inflammation (Fu et al.

2013). However, the uNK also accumulate

around uterine spiral arteries and are abundant

in early pregnancy (Robson et al. 2012). Robson

and co-workers showed that uNK-conditioned

media containing secreted factors, IFN-γ,
VEGF-C (Vascular Endothelial Growth Factor

C), angiopoietin-1 and angiopoietin-2, impact

upon vascular smooth muscle cell separation

and extra cellular matrix remodelling In vitro

studies (Robson et al. 2012), speculating that

Table 1 Bradford-Hill causation criteria

Criterion Explanaion

Temporality The cause always precedes the effect

Dose

response

An increase in exposure results in an

increase in the risk

Strength The stronger the association, the more

likely it is that there is a causal

relationship between the associated

factors

Consistency The results can be replicated by different

people or in different studies

Specificity A single cause will result in a specific

effect

Coherence There must be coherence between the

epidemiology and the experimental

findings.

Plausibility The cause can be linked to the effect

through a plausible mechanism
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similar changes occur during spiral artery

remodelling.

There is contrasting data on the levels of uNK

in preeclampsia; immunohistochemistry and

flow cytometry showed an increase in uNK

levels (Stallmach et al. 1999; Bachmayer et al.

2006) whereas a reduced population was

detected in placental bed biopsies from pre-

eclampsia (Williams et al. 2009). These

associations need to be supported by mechanistic

in vivo experimentation. Therefore, more studies

are necessary to establish the role of uNK in

spiral artery remodelling and trophoblast inva-

sion during preeclampsia. Furthermore, it is not

clear whether the immunological alteration that

occurs early in pregnancy contributes to the onset

of preeclampsia or whether activation and eleva-

tion of pro-inflammatory mediators are a conse-

quence of the disease (Ramma and Ahmed 2011;

Cheng and Sharma 2016). Indeed immune defi-

cient Rag2�/�/γc�/�double-knockout mice that

lack spiral artery remodelling remain normoten-

sive and do not develop proteinuria, fetal growth

restriction or other preeclampsia-like phenotype

(Burke et al. 2010).

Interestingly, a temporal relationship between

excessive inflammation and the onset of pre-

eclampsia does not exist, evident from the lack

of changes seen in the levels of pro-inflammatory

cytokines before the onset of the disorder

(Djurovic et al. 2002; Kronborg et al. 2011;

Carty et al. 2012). Moreover, the level of inflam-

mation does not correlate with the severity of the

disorder, supported by the absence of significant

quantitative differences in serum TNF-α and

IL-6 (Ozler et al. 2012). Pregnant women with

increased levels of IL-6 have normal angiogenic

status with no symptoms of hypertension or pro-

teinuria (Ramma et al. 2012). Finally, corticoste-

roid treatment in women with severe

preeclampsia did not resolve the condition and

only transiently reduced the levels of IL-6 and

C-reactive protein along with improving the clin-

ical manifestations for approximately 48 h

(Nayeri et al. 2014). Thus, it can be said that

treatment of inflammation does not remove the

stimulus of the disorder.

4 Hypoxia and Spiral Artery
Remodelling

Extravillous trophoblast cells become invasive,

allowing the transformation of vessels to accom-

modate the increase in maternal blood flow

(Carter et al. 2015). Oxygen levels were reported

to be a regulating factor for this differentiation as

Genbacev and colleagues demonstrated that at

2 % oxygen tension, trophoblasts maintained

their proliferative state in vitro, whereas in

20 % oxygen they acquire an invasive phenotype

(Genbacev et al. 1996). Therefore, hypoxia must

be prolonged for the failure of trophoblast inva-

sion to occur and must precede abnormal spiral

artery remodelling (Huppertz et al. 2014). This is

in mark contrast to the argument proposed by the

Two Stage model where failure of trophoblast

invasion leads to failed spiral artery remodelling,

which leads to placental hypoxia (Roberts and

Hubel 2009; Redman and Sargent 2005).

During the hypoxic conditions of the placenta,

HIF-1α expression is high and is found to posi-

tively regulate trophoblast invasion though

Transforming Growth Factor-β3 (TGFβ3) signal-
ling in vitro. Inhibition of HIF-1α in hypoxic

explants inhibited TGFβ3 expression leading to

markers of an invasive trophoblast phenotype

(Caniggia et al. 2000). In normal pregnancy,

HIF-1a levels decrease in line with the increase

in the placental oxygen tension throughout ges-

tation (Rajakumar and Conrad 2000a; b). Inter-

estingly these same authors showed that when

placental villous explants obtained from women

with preeclampsia were exposed to hypoxia (2 %

oxygen) HIF-1a was not up-regulated as was the

case in normal placental tissue indicating that

something other than hypoxia affects the relative

high levels of HIF-1a in preeclamptic placenta

(Rajakumar et al. 2003a; b). These are at best loss

association studies and collectively question the

significance of hypoxia as a trigger for the path-

ogenesis of preeclampsia.

Recent studies challenge the view that abnor-

mal spiral artery remodelling leads to the hyp-

oxia during preeclampsia. Immunohistochemical

analysis using Hypoxyprobe™-1 to detect
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cellular hypoxia showed that oxygen delivery to

the placenta is not impaired in Rag2�/�Il2rg�/�

double knock-out pregnant mice, which fail to

undergo normal physiological spiral arterial

remodelling (Leno-Duran et al. 2010). In fact, it

is known that ‘hypoxia’ is key to normal placen-

tation during the first trimester of pregnancy, and

increase in oxygen tension above 20 mmHg,

through the dissolution of trophoblast plugs in

the spiral arteries, can result in spontaneous abor-

tion (Huppertz et al. 2014). Based on the above

evidences, hypoxia as an initial stimulus for the

causation of preeclampsia can be disputed.

Levels of sFlt-1 are elevated in preeclamptic

placental explants compared to normal placental

explants, when cultured under atmospheric

conditions (Ahmad and Ahmed 2004),

demonstrating that sFlt-1 elevated before the

onset of preeclampsia is not increased due to

placental hypoxia. Thus, the Two Stage model

of failed remodelling of spiral arteries leading to

hypoxia and subsequent alteration in the down-

stream factors in preeclampsia is a misconcep-

tion (Ahmed and Ramma 2015). The availability

of materials limits the study of human spiral

artery remodelling with no standard practice to

follow for placenta collection. Animal models

such as the murine ‘reduced uterine placenta

perfusion’ model can generate the symptoms of

preeclampsia through placental perfusion (Burke

and Karumanchi 2013), however, this does not

prove ischemia and hypoxia are key elements on

the roadmap to preeclampsia phenotype.

5 Role of sFLT-1 in Preeclampsia

The most prominent factor linked to the patho-

genesis of preeclampsia is the ‘loss of VEGF

activity’ as proposed originally in 1997 (Ahmed

1997). Several groups showed elevated levels of

naturally occurring anti-angiogenic molecule,

sFlt-1, in women with preeclampsia, which is

strongly linked to the clinical sign of hyperten-

sion through antagonising VEGF and PlGF

(He et al. 1999; Ahmad and Ahmed 2001; May-

nard et al. 2003; Levine et al. 2004).

Soluble Flt-1 is a splice variant of flt-1 gene

and belongs to the vascular endothelial growth

receptor (VEGFR) family. Several isoforms of

sFlt-1 have been identified (Thomas et al. 2009)

with sFlt-1e15a thought to make up at least 80 %

of placental sFlt-1 while sFlt-1i13 makes up

~15 % (Jebbink et al. 2011). The amount of

sFlt-1e15a, coupled with its placental specificity,

is considered as the main isoform responsible for

the preeclampsia phenotype (Palmer et al. 2016).

Recent in vivo studies reveal that mice injected

with adenovirus to full length human sFlt-e15a,

have increased levels of creatinine/albumin in

the urine and elevated mean arterial pressure

(Szalai et al. 2014).

The administration of sFlt-1 into mouse

models induces hypertension and proteinuria as

well as other clinical manifestations of pre-

eclampsia (Maynard et al. 2003). Furthermore,

reduction in sFlt-1 levels in preeclamptic women

using ‘dextran sulfate’ apheresis, reduced pro-

teinuria and stabilised blood pressure (Thadhani

et al. 2011; 2016). Loss of VEGF activity causing

preeclampsia-like syndrome comes from human

cancer chemotherapy patients receiving anti-

VEGF treatment (Cross et al. 2012). Two

patients treated with bevacizumab, (VEGF

neutralising antibody), developed a

preeclampsia-like syndrome characterised by

hypertension, proteinuria, liver enzyme elevation

and central nervous system irritability (Cross

et al. 2012). Interestingly, VEGF increased sFlt-

1 mRNA expression and release in cultured

endothelial cells. Furthermore, adenovirus

overexpression of VEGF-A in mice resulted in

an eight-fold increase in circulating sFlt-1 levels

(Ahmad et al. 2011). Following these

observations in vivo, it is reasonable to state

that the ‘loss of VEGF activity’ may play a

central role in the pathogenesis of preeclampsia.

Hypoxic conditions induce VEGF expression

(Shweiki et al. 1992) and the same relationship

exists for sFlt-1 (Ahmad and Ahmed 2004;

Palmer et al. 2016). Further contradicting the

‘hypoxia hypothesis’ as contributing to pre-

eclampsia pathogenesis. However, hypoxia may

affect cell types differently in vitro; an increase

in sFlt-1 secretion and mRNA expression in
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cytotrophoblasts exposed to 8 % or 2 % oxygen

concentration is not seen in endothelial cells and

villous fibroblasts (Nagamatsu et al. 2004). Inter-

estingly, endothelial cells incubated with VEGF-

A revealed an increase in sFlt-1 mRNA expres-

sion and secretion, which was then replicated

in vivo, using adenovirus overexpression of

VEGF-A in mice, resulting in an 8-fold increase

in circulating sFlt-1 levels (Ahmad et al. 2011).

An important growth factor in placental

development appears to be placenta growth fac-

tor (PlGF) that is also antagonised by sFlt-1. It is

dramatically decreased before the onset of pre-

eclampsia and remains suppressed during the

disorder in relation to the severity (Levine et al.

2004, 2006). The temporal relationship between

PlGF levels and the onset of preeclampsia

signifying a clear role of PlGF in preeclampsia,

however, this remains unknown and unproven.

6 Role of Soluble Endoglin
in Preeclampsia

Membrane glycoprotein, endoglin is a

co-receptor for TGFβ signalling. Its cleaved iso-

form, soluble endoglin (sEng), is increased along

with sFlt-1 before the onset of clinical symptoms

of preeclampsia (Levine et al. 2006). Transgenic

mice that express sEng (Sol.eng+) exhibit

symptoms of hypertension, small pup size, pro-

teinuria and renal damage, which mimic the signs

of preeclampsia (Valbuena-Diez et al. 2012).

An increase in sEng, blocking the TGFβ
downstream signalling, results in a reduction in

endothelial nitric oxide synthase (NOS3) activity

(Venkatesha et al. 2006). This ultimately leads to

a decrease in the vasodilator, NO. As TGFβ1 and
TGFβ3 are also anti-inflammatory cytokines,

sEng levels may influence the polarisation of

different T cell subsets, mainly Tregs and TH17

cells, both of which are found to be decreased

and increased respectively in pre-eclamptic

patients when compared to normotensive preg-

nancy controls (Darmochwal-Kolarz et al. 2012).

This dysregulation of signaling may lead to the

exacerbation of the inflammatory response seen

in preeclampsia and would suggest that a rise in

sEng precedes the immune response. However,

in vivo studies regarding the relationship between

sEng and T cell populations are needed to sup-

port any associative link.

7 The Role of Anti-angiogenic
Factors in Endothelial
Dysfunction

Maternal endothelial dysfunction is central to the

hypertensive phenotype and other clinical

manifestations of preeclampsia. Endothelial cell

surface adhesion molecules are markers of endo-

thelial activation (Farzadnia et al. 2013). These

markers are elevated in preeclampsia, soluble

E-selectin was significantly higher at

12–16 weeks’ gestation in women who subse-

quently developed preeclampsia (Carty et al.

2012). A recent study also revealed soluble

VCAM-1 and ICAM-1 levels to be elevated in

severe preeclampsia compared to normotensive

pregnancy controls (Farzadnia et al. 2013). Both

of these adhesion molecules are key to

identifying endothelial activation (Farzadnia

et al. 2013). However, no significant differences

were seen in both adhesion molecules between

normal and mild preeclamptic pregnancy.

Soluble Flt-1 and sEng are factors thought to

induce endothelial dysfunction in preeclampsia.

It was reported that in vitro, sFlt-1 alone does not
cause endothelial dysfunction but works in con-

cert with pro-inflammatory cytokines (TNF-α) to
sensitise and amplify endothelial dysfunction

(Cindrova-Davies et al. 2011). However, sFlt-1

alone does induces endothelial dysfunction

in vivo (Bergmann et al. 2010). This contrast in

results, demonstrates potential false positive

nature of in vitro studies per se. In vitro studies

should refrain from over claims unless further

support for the argument comes from in vivo

studies used to complete ‘proof of principle’.

Inhibition of TGFβ signaling using an adeno-

virus to overexpress sEng in mice, increased

leukocyte rolling, demonstrating a chemokinetic

response (Walshe et al. 2009). Soluble VCAM-1

and E-selectin expression also increased

correlating with a decrease in leukocyte velocity.
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Thus, this study shows sEng to be involved in the

activation of endothelial cells, ready for an

immunological response (Walshe et al. 2009).

Overexpression of sFlt-1 and sEng together in

mice demonstrates a synergistic approach to

induce endothelial dysfunction, ultimately

resulting in severe vascular damage, hyperten-

sion, proteinuria, fetal growth restriction and

HELPP syndrome (Venkatesha et al. 2006). In a

separate rodent study, it was also found to cause

focal vasospasm, and increased vascular perme-

ability leading to brain odema, which is

associated with eclampsia (Maharaj et al. 2008).

Therefore, given the evidence for their temporal

relationship with preeclampsia, sFlt-1 and sEng

elevation may lie close to the root cause of endo-

thelial dysfunction in preeclampsia, further

supports to the possibility of these two anti-

angiogenic factors being important ‘dots’ on the

roadmap of preeclampsia development.

8 Oxidative Stress

Oxidative stress reflects on the imbalance of oxi-

dative substances, such as reactive oxygen spe-

cies (ROS) over the innate anti-oxidants that

make up the endogenous defence system. Oxida-

tive stress acts through several mechanisms such

as DNA damage, inhibition of protein synthesis,

protein nitration and mitochondrial modification

(Sanchez-Aranguren et al. 2014). An increase in

oxidative stress in the placenta and maternal

circulation is found in preeclampsia at which

point, multiple factors converge leading to endo-

thelial dysfunction, systemic inflammation and

more oxidative stress (Alpoim et al. 2016; Tjoa

et al. 2006). Measurement of mitochondrial dys-

function using oxygen consumption rate revealed

dysfunction in trophoblast mitochondrion

isolated from preeclamptic patients (Maloyan

et al. 2012; Muralimanoharan et al. 2012).

The placental syncytiotrophoblast is sensitive

to exposure to high oxygen and low anti-oxidant

levels from the mother, and so oxidative stress is

present in normal pregnancy (Myatt and Webster

2009). It is argued that the inadequate tropho-

blast invasion resulting in placental hypoxia,

causes the formation of free radicals and a

reduction in anti-oxidant molecules and thus

increases oxidative stress in preeclampsia. How-

ever, this description of events is not supported

by temporal evidence as discussed earlier in this

review. Similar to hypoxia, failed trophoblast

invasion and abnormal spiral artery remodelling

are dispelled as causational factors, so the pro-

cess by which oxidative stress produces free

radicals needs to be identified. Do the answers

lie with mitochondrial dysfunction, identified in

the trophoblast cells of the preeclamptic placenta

(Maloyan et al. 2012; Muralimanoharan et al.

2012)? What cannot be ruled out is that oxidative

stress is part of the final common pathway to a

preeclampsia phenotype. Superoxide can react

with NO to produce peroxynitrite, leading to a

reduction in the bioavailability of NO, thereby

reducing vasodilation while promoting the pro-

duction of vasoconstrictors (Sankaralingam et al.

2006). This is plausible and needs to be tested

in vivo using mouse models, which produce the

preeclampsia phenotype. Furthermore, many

proteins are nitrated in the presence of NO and

superoxide which can lead to either loss or gain

of protein function (Peluffo and Radi 2007).

Indeed, placental peroxynitrite expression is

increased in preeclampsia (Myatt et al. 1996)

and tyrosine nitration is increased in cardiovas-

cular disease (Peluffo and Radi 2007).

The natural oxidative stress already present

during pregnancy may be intensified by the

decreased anti-oxidant levels (enzymatic and

non-enzymatic) observed in the circulation of

women with preeclampsia. However, there was

no correlation found between the level of enzy-

matic anti-oxidant and the severity of the disease

(Llurba et al. 2004). A systematic review showed

that supplementation of anti-oxidant does not

reduce the risk of preeclampsia (Salles et al.

2012), ruling oxidative stress as a secondary

phenomenon to the pathogenesis of

preeclampsia.

9 Protective and Stress Model

Pregnancy can be viewed as a ‘journey in a car’

with the accelerator and brake system controlling

the movement and progression of the vehicle
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towards a successful birth. Getting in a car and

getting to your destination is equivalent to a

successful pregnancy outcome. If the car breaks

down, it can be viewed as pregnancy complica-

tion but if the brakes fail altogether, the system

crashes that’s preeclampsia. What are the brakes

in pregnancy that hold back the fuel for the

accelerator? The fuel for the accelerator includes

inflammation, oxidative stress and anti-

angiogenic factors, while the brakes work to

maintain control of the car through regulating

the amount of fuel in the accelerator pathway.

In this review we demonstrate that it is the failure

in the braking system, representing the protective

pathways, that causes the car to loose control

until the system crashes, manifesting itself as

preeclampsia. Identifying the braking systems

(the protective pathways) and discovering how

to enhance their effects, may restore balance

leading to a possible prevention or cure of

preeclampsia.

10 Gasotransmitters

Gaseous signalling molecules, NO, CO and H2S,

have potential to be part of the ‘braking’ system

based on their roles in angiogenesis,

cytoprotection and regulation of vascular tone.

Numerous studies show NO, CO and H2S as well

as their related enzymes promote placental blood

vasodilation in vitro and in vivo (Gude et al.

1990; Myatt et al. 1991; Learmont and Poston

1996; Ahmed et al. 2000; Bainbridge et al. 2002;

Zhao et al. 2008; Cindrova-Davies et al. 2013;

Wang et al. 2013) suggesting a role in the patho-

physiology of preeclampsia (Fig. 1).

11 HO/CO System

Heme oxygenase (HO) is the rate-limiting

enzyme responsible for the degradation of heme

in the endoplasmic reticulum to generate equi-

molar amount of biliverdin, free iron and carbon

monoxide (CO) (Tenhunen et al. 1969). Biliver-

din is rapidly reduced to bilirubin, a potent anti-

oxidant, by the cytosolic enzyme biliverdin

reductase. Atmospheric CO is lethal; cellular

CO is a potent vasodilator with anti-apoptotic

properties (Dulak et al. 2008).

HO exists in two main isoforms; HO-2

(36 kDa) is constitutively expressed in several

tissues around the body with high concentrations

in the brain and vascular endothelium. Reduced

HO-2 immunostaining at the maternal-placental

interface reported to be associated with reduction

in trophoblasts’ invasion in preeclampsia and

linked to abnormal placentation (Lyall et al.

2000). In mammalian tissues, the inducible

Fig. 1 Schematic diagram illustrating the molecules

involved in the pathogenesis of preeclampsia. The

upstream events consist of decrease in nitric oxide

(NO), carbon monoxide (CO) and hydrogen sulphide

(H2S) leads to increase in microalbuminuria, cell death,

inflammation, elevation in soluble Flt-1 (sFlt-1) and

soluble Endoglin (sEng) and decrease in placenta growth

factor (PlGF). These biochemical changes lead to gener-

ation of reactive oxygen species (ROS) and endothelial

dysfunction that contributes to the pathogenesis of

preeclampsia
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isoform, HO-1, is found in the spleen and liver in

high concentration but can be identified through-

out the body. HO-1 expression is thought to be

induced mainly by its substrate, heme, but can

also be regulated by other stimuli such as

peroxynitrite, cytokines, hypoxia, hypothermia,

endotoxins, and metalloprphyrins (Sikorski et al.

2004). HO-1, via its products, inhibits inflamma-

tion, oxidative stress and is anti-apoptotic (Dulak

et al. 2008). Indeed, deficiency in HO-1 results in

severe endothelial damage marked by an

increase in thrombomodulin and von Willebrand

factor (Yachie et al. 1999).

12 HO/CO Pathway in Pregnancy

The HO-1/CO axis plays a crucial role in the

maintenance of uterine quiescence during normal

pregnancy (Acevedo and Ahmed 1998) and acts

on the utero-placental circulation (Ahmed et al.

2000; Lyall et al. 2000). Placental HO protects

human placenta from cellular damage and

reduced HO-1 expression is associated with pre-

eclampsia (Ahmed et al. 2000). HO-1 deficient

mice that develop hypertension at the beginning

of pregnancy (Linzke et al. 2014) further support

the role of HO-1 in preeclampsia. Preeclamptic

pregnant women also have decreased

concentrations of CO compared to healthy preg-

nant women in their exhaled breath signifying a

decrease in HO-1 enzymatic activity (Baum et al.

2000). Deletion of the HO-1 gene leads to preg-

nancy complications including intrauterine

growth restriction and fetal lethality as well as

hypertension (Zenclussen et al. 2014). Further-

more, a recent murine study showed that treating

HO-1-deficient animals with CO normalised the

number of uNK and angiogenic factor expression

as well as restoring spiral artery remodelling

(Venditti et al. 2014) that was reported as defi-

cient spiral artery remodelling in HO-1-deficient

animals (Zenclussen et al. 2014). However,

defect of spiral artery remodelling may be a

generalised phenomenon rather than specific to

preeclampsia, pointed out earlier in this review

as it fails to meet most of the Bradford Hill

criteria. More importantly, human studies using

fetal placenta cells (chorionic villous sampling,

CVS) showed HO-1 mRNA expression to be

reduced in women before the onset of preeclamp-

sia (Alpoim et al. 2016; Farina et al. 2008) and so

meets one of the key Bradford Hill causation

criterion for disease causation.

When the first link between sFlt-1 and HO-1

was established (Cudmore et al. 2007), the sig-

nificance of HO-1 in preeclampsia gained trac-

tion and other researchers entered the field.

Adenoviral HO-1 expression or COP-releasing

donors inhibited VEGF-mediated sFlt-1 release

and IFN-γ and TNF-α-induced sEng release in

cultured endothelial cells (Cudmore et al. 2007).

Likewise, knockdown of HO-1 increased sFlt-1

release. In addition, a clinical study showed

HO-1 mRNA levels to increase in samples of

villous trophoblast, obtained from women

between 6 and 11 weeks of gestation undergoing

elective abortion, while the mRNA expression of

sFlt-1 was decreased with gestational age

(Miyagami et al. 2013). It is no surprise therefore

that human trophoblast cells from patients with

preeclampsia cultured with CO had reduced abil-

ity to secret sFlt-1 (Zenclussen et al. 2014).

Indeed, women who smoke have reduced

circulating sFlt-1 levels (Levine et al. 2006), we

would argue this is due to an increase in CO

levels. Despite a recent paper challenging the

ability of Hmox1 to inhibit sFlt-1 production

(Tong et al. 2015) an overwhelming number of

studies show that a number of drugs that inhibit

sFlt-1 do so via up-regulation of HO-1 (Onda

et al. 2015; McCarthy et al. 2011); sildenafil

suppresses sFlt-1 from trophoblast via HO-1

(Jeong et al. 2014). In addition, HO-1 induction

attenuates ischemia-induced hypertension in

pregnant rats (George et al. 2011) and

proteinase-activated receptor-2 mediated sFlt-1

release (Al-Ani et al. 2010). Moreover, diastolic

blood pressures and plasma sFlt-1 levels were

significantly elevated in HO-1+/� pregnant mice

(Zhao et al. 2009). HO-1 mRNA expression is

also decreased in women destined to develop
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preeclampsia (Farina et al. 2008) and an Hmox1

promoter polymorphism is associated with pre-

eclampsia (Kaartokallio et al. 2014) indicating

HO activity is reduced in preeclampsia. Collec-

tively, these studies show that HO-1 acts as a

negative regulator of sFlt-1 and sEng (Cudmore

et al. 2011) and support the argument that partial

loss of HO-1 activity early in gestation maybe

the cause of preeclampsia. In vivo proof-of-prin-

ciple experiments are needed to validate this

theory.

13 The Cth/H2S System

Hydrogen sulfide (H2S) is a gaseous signaling

molecule promotes vasodilatation (Zhao et al.

2001), exhibits cytoprotective anti-inflammatory

properties (Zanardo et al. 2006), protects against

reperfusion injury induced cellular damage

(Elrod et al. 2007) or lethal hypoxia (Blackstone

and Roth 2007) and stimulates angiogenesis

(Papapetropoulos et al. 2009). H2S production

is regulated by three enzymes; cystathionine

γ-lyase (Cth, also known as CSE), cystathionine

β synthase (CBS), and 3-mercaptopyruvate

sulfurtransferase (MST) and is generated from

the substrates cystathionine, homocysteine, cys-

teine, and mercaptopyruvate respectively (Wang

et al. 2015). CBS is most abundant in the brain

whereas Cth is primarily responsible for endoge-

nous H2S production in vasculature (Wang et al.

2015). Administration of the Cth selective inhib-

itor (DL-propargylglycine, PAG) leads to ele-

vated blood pressure and vascular remodelling

in rats (Yan et al. 2004), and mice lacking Cth

develop age-dependent hypertension, severe

hyperhomocysteinaemia, and endothelial dys-

function (Wang et al. 2015).

14 Cth/H2S Pathway in Pregnancy

H2S is produced by the placenta and other uterine

tissues (Patel et al. 2009) and Cth and CBS both

localise to the endothelium in chorionic and stem

villi of the placenta (Holwerda et al. 2012). In

normal vasculature, H2S is vasodilatory (Leffler

et al. 2006) and as expected perfusion of normal

placenta with a H2S donor causes vasorelaxation

of pre-constricted vasculature in vitro (Cindrova-

Davies et al. 2013). A dysregulation in H2S

levels in preeclampsia was reported due to

reduced plasma H2S levels in the maternal circu-

lation and reduced expression of Cth in the pla-

centa of these patients (Wang et al. 2013).

Recent studies regarding Cth and CBS

expression levels in preeclampsia are inconsis-

tent. Holwerda and colleagues observed in pla-

cental villous tissue from early onset

preeclampsia, no changes in Cth expression,

but a decrease in CBS expression using

immunohistochemistry, mRNA and protein

expression (Holwerda et al. 2012). In contrast,

Cth immunoreactivity was reduced in placenta

from pregnancies with severe early-onset

growth-restriction and preeclampsia

(Cindrova-Davies et al. 2013; Wang et al.

2013). Real-time PCR confirmed reduced Cth

mRNA in preeclamptic women and was

associated with decreased levels of plasma

H2S (Wang et al. 2013). These are observational

studies and provide little insight into the contri-

bution this enzyme system makes in

preeclampsia.

Interestingly, the Cth pathway shows similar

capabilities to the HO-1 system. Endothelial Cth

knockdown by siRNA increased the release of

sFlt-1 and sEng, while adenoviral-mediated Cth

overexpression inhibited their release from endo-

thelial cells (Wang et al. 2013). Furthermore,

inhibition of Cth activity by administration of

PAG to pregnant mice induced hypertension,

liver damage, elevated sFlt-1 and sEng and pro-

moted abnormal labyrinth vascularisation in the

placenta as well as decreased fetal growth (Wang

et al. 2013). These symptoms were reversed

when the inhibitor was supplemented with

GYY4137, a slow releasing H2S-generating

compound, demonstrating that the effect of

PAG was due to inhibition of H2S production

(Wang et al. 2013). These findings strongly
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support a link between H2S and the anti-

angiogenic factors and implicate H2S/Cth as a

player on the roadmap of preeclampsia

phenotype.

Treatment with H2S donor, SG-1002, offers

cardio protection via upregulation of the VEGF–

Akt–NOS3–NO pathway (Kondo et al. 2013).

This is further supported by the uncoupling of

eNOS in Cth KOmice, reducing the bioavailabil-

ity of NO (Polhemus et al. 2014). This phenotype

can be rescued with the restoration of H2S levels.

Heart failure patients with decreased levels of

NO and H2S, treated with SG-1002, showed an

increase in NO bioavailability and plasma H2S

levels (Polhemus et al. 2014). This was also

replicated in healthy individuals, illustrating the

potential for exogenous H2S to reverse some of

the damaging changes in preeclampsia (Ahmed

and Wang 2014, patent WO2014132083 A2).

Interestingly, H2S is known to stimulate VEGF

and exposure of vascular smooth muscle cells to

H2S, up-regulates HIF-1α and VEGF protein

levels and increased HIF-1α binding activity

under hypoxic condition (Liu et al. 2010).

Recently, VEGF receptor-2 was reported as the

direct target of H2S and VEGF receptor inhibitor

suppressed angiogenesis induced by H2S (Tao

et al. 2013), suggesting that H2S promotes angio-

genesis via VEGF receptor activation. Studies

regarding the impact of H2S/Cth in preeclampsia

indirectly support the original idea that loss of

VEGF activity (Ahmed 1997) may be the major

initiator of preeclampsia.

In preeclampsia, the maternal circulating level

of PlGF is decreased well before the onset of the

symptoms (Levine et al. 2004; 2006), and Cth

dysregulation offers an explanation. Inhibition of

Cth activity in early (first trimester) human pla-

cental explants obtained from termination of

pregnancy results in a marked reduction in

PlGF production (Wang et al. 2013). Administra-

tion of PlGF in lentiviral sFlt-1-infected

non-pregnant mice depresses the level of sFlt-1

and ameliorates hypertension, glomerular

endotheliosis and proteinuria (Kumasawa et al.

2011). Furthermore, mice deficient in PlGF

(PlGF�/�) and treated with an adenovirus

containing sFlt-1 developed severe hypertension

and proteinuria and H2S releasing agent.

GYY4137, reduced these symptoms (personal

communication, Dr Shakil Ahmed). Therefore,

Cth/H2S activity may be upstream to PlGF and

could be an earlier biomarker as well as a key

regulator that keep the level of PlGF and VEGF

activity sufficiently high to counteract antago-

nism by sFlt-1.

15 The NOS3/NO System

Nitric oxide (NO) is synthesized from the non-

essential amino acid L-arginine by one of the

three isoforms of NO synthase (NOS); NOS1

(neuronal), NOS2 (inducible), and NOS3 (endo-

thelial). NO produced by NOS3 is important for

the relaxation of smooth muscle cells and sub-

sequently the promotion of vasodilation. It is

critical for neovascularisation (Bussolati et al.

2001; Ahmad et al. 2006). Loss of NOS3 activ-

ity is an established contributor to endothelial

dysfunction (Heitzer et al. 2001), a key sign

associated with preeclampsia. In endothelial

cells, NOS3 exists in a homodimeric complex

that is stabilized by the cofactor tetrahydro-

biopterin (BH4). Decreased availability of

BH4 results in “uncoupling” of NOS3 activity

and an increase in superoxide (d’Uscio et al.

2001; Bendall et al. 2005).

16 NOS3/NO Pathway
in Pregnancy

Blocking the production of NO by administering

a NOS-inhibiting agent produces virtually all the

symptoms of preeclampsia in pregnant mice and

rats, suggesting that the NOS pathway is a key

player in this disorder (Lowe 2000). A meta-

analysis showed that genetic variations in the

NOS3 gene contribute to an increased risk for

preeclampsia (Dai et al. 2013). In

non-pregnancy mice lacking NOS3, the sFlt-
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induced preeclampsia phenotype is aggravated

(Li et al. 2012). Indeed, BH4 doubled NOS3

activity in a concentration dependent manner in

homogenates of first trimester and term placenta

(Kukor et al. 2000) and uncoupled NOS3 and

oxidative stress in a rat model of pregnancy-

induced hypertension (Mitchell et al. 2007).

However, BH4 concentrations in preeclamptic

placenta were reported to be comparable with

those of normal placenta (Kukor et al. 2000). A

nested case-control study of screening for pre-

eclampsia revealed that asymmetric

dimethylarginine (ADMA), an endogenous

inhibitor of NO formation, normally increases

during pregnancy but the concentrations in the

second trimester were significantly elevated in

pregnancies that later developed preeclampsia

(Rizos 2012, #5348).

Reduced availability of the NOS3 substrate

L-arginine is also linked to impaired endothelial

NO production. Twenty years earlier, it was

reported that blood pressure in men could be

reduced through intravenous administration of

L-arginine as well as improving renal plasma

flow and decreased renal vascular resistance

(Higashi 1995, #5535). In small clinical trials,

L-arginine supplementation used in complicated

pregnancy was without conclusive outcomes.

L-arginine supplementation reduced the risk of

preeclampsia in high-risk women (Vadillo-

Ortega et al. 2011), while showed little or no

beneficial effects (Staff et al. 2004). As

L-arginine supplementation increases the levels

of asymmetric dimethylarginine and arginase,

direct and indirect competitive inhibitors of

endothelial NOS (Jabecka et al. 2012), high

expression of these enzymes can induce the

uncoupling of NOS as a source of superoxide in

the vasculature. A number of studies suggested

that L-arginine supplementation could lead to a

further increase in peroxynitrite (Xia et al. 1996;

Sankaralingam et al. 2010). Indeed, long-term

L-arginine supplementation is harmful both in

animal models (Chen et al. 2003) and in patients

with cardiovascular diseases (Schulman et al.

2006). Finally, there is still an absence of a

solid mechanistic model for impact of

L-arginine in preeclampsia.

17 Activin A and Inhibin A
in Preeclampsia

Activin A and inhibin A are members of TGFβ
superfamily. The main function of activin A is in

trophoblast proliferation while both molecules

have opposing effects on follicle stimulating hor-

mone (FSH) production from the pituitary

(Muttukrishna et al. 1997; Caniggia et al. 1997).

They are elevated before the onset of the pre-

eclamptic phenotype. An eight-fold and ten-fold

increased serum concentration in activin A and

inhibin A respectively was reported in women

with preeclampsia compared to normal preg-

nancy (Muttukrishna et al. 2000). The more

severe the preeclampsia, the higher the levels of

inhinin A (Kang et al. 2008) supporting a dose-

response correlation. However, the mechanism

by which the interaction between activin A and

inhibin A is not clear. Perhaps it contributes to

the pathogenesis of preeclampsia potentially

through decreasing protective factors or increas-

ing ROS activity and is an area worthy of further

investigation.

18 Role of microRNA
in Preeclampsia

Micro RNA’s (miRNA) are small, non-coding,

single stranded RNA molecules that target spe-

cific mRNA. By annealing to their mRNA part-

ner, they can manipulate the expression pattern

of the mRNA (Lagos-Quintana et al. 2002). A

large number of miRNAs are now being discov-

ered in pregnancy. Pro-angiogenic miRNA-126

correlated with VEGF expression and was

decreased in preeclampsia pregnancies (Hong

et al. 2014). Another miRNA found to be

reduced in endothelial cells from preeclampsia

patients is miRNA-155, believed to down-

regulate angiogenic factors, possibly

contributing to the angiogenic imbalance seen

in preeclampsia (Zhang et al. 2010). MiRNA-

155 also linked to endothelial NOS3 modulation

(Li et al. 2014) and trophoblast function (Dai

et al. 2011). Exact role of these miRNA in

366 A. Ahmed et al.



pregnancy and preeclampsia remains to be

defined in mechanistic and in vivo models as

well as in clinical studies. MicroRNAs are not

only found in the placenta but also in the mater-

nal circulation and may be potentially important

as diagnostic targets for preeclampsia (Mouillet

et al. 2011).

19 Biochemical Markers to Predict
Preeclampsia

Identified risk factors are used to screen preg-

nant women at high risk of developing pre-

eclampsia. These include age, obesity, diabetes

mellitus, renal disease, multiple pregnancy and

history of preeclampsia in earlier pregnancies.

Indeed, none of these alone can predict pre-

eclampsia sufficiently, but combining these

pre-dispositions with possible biomarkers may

lead to effective diagnosis and potential

predictions of disease onset (Bartsch et al.

2016). Both sFlt-1 and PlGF have been pro-

posed as highly selective biomarkers for diag-

nosis of preeclampsia (Levine et al. 2006;

Chappell et al. 2013). Placental protein 13 is

another biomarker, which when combined with

Doppler ultrasound pulsatility index showed a

prediction rate of 90 % in first trimester of preg-

nancy (Nicolaides et al. 2005). However, ideal

biomarkers needs to detected in plasma without

the need of a sophisticated ultrasound or an

obstetrician input. Biomarkers used to predict

preeclampsia must precede the onset of pre-

eclampsia, correlate with the severity of the

disease and must show a high (>90 %) sensitiv-

ity and specificity and be overall low cost to

existing management systems and ideally

replace them.

20 Future Perspective
and Conclusion

Despite substantial advances in the scientific and

technological field, we have failed to provide

effective treatment and diagnostic means for

patients with preeclampsia. There is a vast

amount of information but we are no closer to

solving the enigma of preeclampsia. In order to

identify suitable diagnosis, treatment and preven-

tion strategies for preeclampsia, the roadmap of

preeclampsia phenotype needs to be discovered

and manipulated to illustrate a causation link.

This review can only stress that any hypothesis

proposed should be analyzed based on the

Bradford Hill causation criteria in order to

make claims for a given set of molecules to be

implicated as a contributor in the causation of

preeclampsia.

Both sFlt-1 and sEng are increased before the

onset of symptoms. They both impact on VEGF

and NO signaling pathways ultimately resulting

in hypertension and other clinical symptoms. It is

also evident that by removing these molecules,

symptoms can improve. This cannot be said to be

true for the “excessive inflammation” hypothesis

seen during preeclampsia as corticosteroid treat-

ment only transiently reduced symptoms. Both

sFlt-1 and HO-1 pathways fit the disorder criteria

to a greater extent, as there is a correlation

between the levels of expression within the dis-

order progression as well as their regulatory rela-

tionship. Recent studies involving activin A and

inhibin A expression also show a relationship

between expression and severity. However,

more in vivo research is needed to pinpoint the

roles these molecules in roadmap of preeclamp-

sia phenotype.

Limitations within the research field, as well

as the dogma’s compiled for the disorder, have

blocked or created false intersections between

the ‘dots’ of preeclampsia. In vitro studies

should not be considered as the only means to

demolish these roadblocks. There are now

many mouse models, which rely on a number

of different techniques to produce a preeclamp-

tic phenotype. These in vivo models are and

should be used to gather ‘proper’ evidence

with regards to ‘connecting the dots looking

backwards’ in order to answer; what ‘dots’ are

inside the black box of causation? (Fig. 2) and

how do the intersections between them fit

together? Only by taking this approach can we

hope to control and abolish this major disorder

of pregnancy.
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Abstract

Hypertensive disorders of pregnancy remain an unresolved and

unpreventable problem in obstetrics. They remain one of the leading

member of deadly triad causing maternal mortality, the other two being

hemorrhage and sepsis which are preventable. The incidence of hyperten-

sive disorders worldwide is 12 %. We have discussed various

terminologies used to describe hypertension during pregnancy, risk

factors, etiopathogenesis, pathophysiology, management guidelines,

complications and long term consequences of hypertensive disorders of

pregnancy in this chapter.
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In spite of extensive research, what causes preg-

nancy induced hypertension remains unsolved

problem in obstetrics. Preeclampsia complicates

12 % of pregnancies worldwide (Walker 2000;

ACOG Committee on Obstetric Practice 2002).

It remains one of the members of deadly triad-

along with hemorrhage and sepsis-that leads to

maternal mortality.

1 Classification of Hypertensive
Disorders of Pregnancy

As per report of American College of

Obstetricians and Gynecologists Task Force on

Hypertension in Pregnancy four categories have

been described (American College of

Obstetricians and Gynecologists, Task Force on

Hypertension in Pregnancy 2013).

1. Gestational hypertension (BP elevation after

20 weeks of gestation in absence of protein-

uria or any of the severe features of pre-

eclampsia listed below)

2. Preeclampsia- eclampsia (BP elevation after

20 weeks of gestation with proteinuria or any
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of the severe features of preeclampsia listed

below)

3. Chronic hypertension (of any cause that

predates pregnancy)

4. Chronic hypertension with superimposed pre-

eclampsia (chronic hypertension in associa-

tion with preeclampsia)

Importantly, this classification differentiates

preeclampsia syndrome from other hypertensive

disorders because it is potentially more ominous.

1.1 Gestational Hypertension

Diagnosis of gestational hypertension is made

when blood pressure rises >140/90 mm Hg for

the first time after 20 weeks period of gestation,

but in whom proteinuria is not identified. Almost

half of these women progress to develop pre-

eclampsia syndrome. The blood pressure gener-

ally returns to normal by 12 weeks postpartum.

1.2 Preeclampsia Syndrome

Preeclampsia is a pregnancy specific syndrome

that can affect virtually every organ system of

body. Although preeclampsia has been defined

traditionally as hypertension with proteinuria

(National High Blood Pressure Education

2000). It has been now appreciated that overt

proteinuria may not be a feature in some

women with preeclampsia syndrome (Sibai and

Stella 2009). Proteinuria reflects the endothelial

leak which characterizes the preeclampsia

syndrome.

Abnormal protein excretion has been defined

as excretion of �300 mg/dl of protein in a 24-h

urine collection. Alternatively, a timed excretion

that is extrapolated to this 24-h urine value or a

protein/creatinine ratio of at least 0.3 (each

measured as mg/dl). The dipstick method is

discouraged for diagnostic use in presence of

other methods. 1+ is considered as cutoff for

the diagnosis of proteinuria.

The diagnosis of severe preeclampsia is no

longer dependent the presence of proteinuria.

Massive proteinuria (>5 g) has been eliminated

from consideration of preeclampsia as severe

(American College of Obstetricians and

Gynecologists, Task Force on Hypertension in

Pregnancy 2013).

1.3 Indicators of Preeclampsia
Severity

Criteria listed in Table 1 are used to classify

preeclampsia syndrome as severe or non severe.

Many use “mild” or “severe” classification sys-

tem; the Task force (2013) discourages the use of

term “mild preeclampsia”.

Some symptoms are considered to be omi-

nous. Headaches or visual disturbances such as

scotoma can be premonitory symptoms of

eclampsia. Epigastric pain or right upper quad-

rant pain accompanies hepatocellular necrosis,

ischemia, and edema that stretches Glisson’s

capsule. This characteristic pain is frequently

associated with elevated serum hepatic

Table 1 Indicators of severity of preeclampsia

Criteria Needed

1. Hypertension Systolic �160 or diastolic �110 on two occasions at least 4 h apart while patient is

on bed rest (unless antihypertensive therapy is initiated before this time

2. Thrombocytopenia Platelet count <100,000

3. Impaired liver function Elevated liver transaminases to twice the normal values, severe persistent right

upper quadrant or epigastric pain unresponsive to medication and not accounted for

by alternative diagnoses, or both.

4. New development of renal

insufficiency

Elevated serum creatinine greater than 1.1 mg/dl, or doubling of serum creatinine in

absence of other renal disease.

5. Pulmonary edema

6. New onset cerebral or visual

disturbances
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transaminases. Thrombocytopenia signifies

platelet activation, aggregation and

microangiopathic hemolysis. Other features of

severe preeclampsia include renal or cardiac

involvement. Importantly, fetal growth restric-

tion has been removed as a finding indicative of

severe preeclampsia.

1.4 Eclampsia

Preeclampsia when complicated with

convulsions and/or coma is called eclampsia.

Seizures are generalized tonic clonic type. They

may occur before, during and after onset of

labour and termed as antepartum, intapartum or

postpartum eclampsia. Postpartum usually tend

to occur within 48 h of delivery. However in

10 % of cases fits can occur after 48 h of deliv-

ery, termed as delayed postpartum eclampsia

(Sibai 2005).

1.5 Chronic Hypertension

Chronic hypertension is defined as presence of

hypertension of any cause antedating pregnancy

or before 20th week of pregnancy and its pres-

ence beyond 12 weeks after delivery. The

condition poses a difficult problem regarding

diagnosis and management because there is fall

in blood pressure during the second and early

third trimesters in both normotensive and chron-

ically hypertensive women. Even a careful

search for systemic changes of hypertension

may turn futile, as many of these do not have

ventricular, retinal or renal changes.

1.6 Preeclampsia Superimposed
on Chronic Hypertension

If baseline hypertension is accompanied by wors-

ening, new-onset proteinuria or other symptoms

listed in Table 1, then superimposed preeclamp-

sia is diagnosed. Superimposed preeclampsia

tend to occur earlier in pregnancy, more severe

and often accompanied by fetal – growth restric-

tion (Fig. 1).

2 Incidence

The incidence varies markedly with race and

ethnicity e.g. in Maternal-Fetal Medicine Units

(MFMU) Network study, the incidence of pre-

eclampsia was 5 % in white, 9 % in Hispanic,

and 11 % in African-American women (Myatt

Fig. 1 Massive vulval

edema in a woman with

severe preeclampsia

Hypertension in Pregnancy 377



et al. 2012a, b). Staff and coworkers reported

incidence in nulliparous women as 3–10 %

(Staff et al. 2014) and somewhat lower in mul-

tiparous 1.4–4 % (Roberts et al. 2011). Incidence

of eclampsia has decreased over the years in

areas where prenatal care is readily available. In

countries with adequate resources, incidence

averages 1 in 2000 deliveries (Royal College of

Obstetricians and Gynaecologists 2006).

3 Risk Factors

Hypertensive disorders are more likely to

develop in women with following characteristics

• Are exposed to chorionic villi for the first

time- young or elderly primigravida

• Are exposed to superabundance of chorionic

villi – multiple pregnancy, hydatidiform mole

• Have preexisting conditions of endothelial

activation or inflammation such as diabetes

or renal or cardiovascular disease

• Are genetically predisposed to hypertension

developing during pregnancy – family history

of preeclampsia or hypertension, race and

ethnicity

• Obesity – BMI >35 kg/m2

• Hereditary thrombophilias – antiphospholipid

antibody syndrome, protein C, protein S defi-

ciency, Factor V Leiden mutation

Ironically, smoking has consistently been

associated with a reduced risk for hypertension

during pregnancy, possible mechanism may be

upregulation of placental adrenomedullin expres-

sion, which regulates volume homeostasis.

4 Etiopathogenesis

Various theories have been proposed to explain

pathogenesis of preeclampsia. Those currently

considered important include:

1. Abnormal trophoblastic invasion of uterine

vessels – Normal implantation is characterized

by extensive remodeling of spiral arterioles

within decidua basalis as well as myometrium.

Endovascular trophoblasts replace the vascular

endothelial and muscular lining to result in low

resistance vessels. In preeclampsia, however,

there is incomplete invasion, only the decidual

vessels but not myometrial vessels are lined

with trophoblasts resulting in high resistance

vessels. Mc Mohan et al have provided evi-

dence that decreased soluble antiangiogenic

factors may be involved in faulty endovascular

remodelling (McMohan et al. 2014). Nelson

et al. in their study on 1200 women reported

that vascular lesions including spiral arterioles

narrowing, atherosis, and infarcts were com-

mon in placentas of women diagnosed with

preeclampsia before 34 weeks (Nelson et al.

2014).

Abnormally narrow spiral arterioles likely

impair placental blood flow. Diminished per-

fusion and a hypoxic environment lead to

release of placental micro particles that incite

an inflammatory response.

2. Immunological maladaptation between

maternal, fetal and placental tissues-

Maternal immune system produces blocking

antibodies against fetal and placental antigens

in normal pregnancy which prevents immune

rejection of fetus. Immune dysregulation is

another theory cited to account for preeclamp-

sia syndrome. Some of the factors associated

with dysregulation include “Human leukocyte

antigen (HLA), Natural killer (NK)- cells

receptor haplotypes, and possibly shared

susceptibility genes with diabetes and

hypertension.

Immune dysregulation may explain an

increased risk in the first pregnancy and

when paternal antigenic load is increased

e.g. in molar pregnancy. Conversely, women

previously exposed to paternal antigens, such

as a prior pregnancy with same partner, are

immunized against preeclampsia and hence

protected.

3. Endothelial Cell Activation -

Inresponse to placental factors released by

ischemic changes, a cascade of events begins.

Cytokines released from activated leukocytes

such as tumour necrosis factor-α (TNF-α) and
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interleukins (IL) contribute to oxidative stress

associated with preeclampsia. It is characterized

by reactive oxygen species and free radicals that

lead to formation of self- propagating lipid

peroxides which in turn generate highly toxic

radicals that injure endothelial cells, modify

nitric oxide production, and interfere with pros-

taglandin balance.

4. Maternal genetic predisposition -

Preeclampsia is a multifactorial, polygenic

disorder. Ward and Taylor cite a 20–40 %

risk of preeclampsia in daughters of pre-

eclamptic mothers; 11–37 % in sisters of pre-

eclamptic mothers and 22–47 % for twins

(Ward and Taylor 2014).

Various genes with possible association with

preeclampsia syndrome are listed in Table 2.

5. Nutritional factors

Role of antioxidants like vit C, vit E and

Calcium have been evaluated in various stud-

ies in causation of preeclampsia. According to

Task force 2013, supplementation with

antioxidants vitamins C or E showed no

benefits. Also, there is no role of calcium

supplementation in population without defi-

ciency of dietary calcium (American College

of Obstetricians and Gynecologists, Task

Force on Hypertension in Pregnancy 2013).

4.1 Pathogenesis

4.1.1 Vasospasm
Endothelial activation causes vascular constric-

tion with increased resistance and subsequent

hypertension. At the same time, endothelial dam-

age causes interstitial leakage through which

blood constituents, including platelets and fibrin-

ogen are deposited subendothelially. With dimin-

ished blood flow ischemia of surrounding tissues

causes necrosis, hemorrhage, and end organ

disturbance.

4.1.2 Endothelial Cell Injury
Intact endothelium has anticoagulant properties,

and endothelial cells blunt response of smooth

muscle to agonists by releasing nitric oxide. In

preaclampsia, placental factors are secreted into

maternal circulation and provoke dysfunction of

endothelium. Damaged endothelium produces

less nitric oxide and secretes substances that pro-

mote coagulation and increase sensitivity to

vasopresssors.

Pregnant women normally develop refracto-

riness to infused vasopressors. Women with pre-

eclampsia, however have increased reactivity to

infused norepinephrine and angiotensin II.

Similarly, in normal pregnancy vascular

responsiveness is decreased due to endothelial

prostacyclin (PGI2) production. Its synthesis is

decreased in preeclampsia. At the same time

thromboxane A2, a potent vasoconstrictor, secre-

tion is increased by platelets and PGI2: TXA2

ratio decreases which favors increased sensitivity

to infused angiotensin II and ultimately,

vasoconstriction.

Nitric oxide, a potent vasodilator is

synthesized by endothelial cells. Inhibition of

nitric oxide synthesis in preeclampsia, increases

mean arterial blood pressure, decreases heart

rate, and reverses pregnancy associated refracto-

riness to vasopressors.

Endothelin 1 (Et 1) levels are increased in

pregnancy but even more in preeclamptic

women likely as a result of endothelial

activation.

Table 2 Genes with possible association with pre-

eclampsia syndrome

Gene Function affected

MTHFR Methylene tetrahydrofolate reductase

F5 Factor V leiden

AGT Angiotensinogen

HLA Human Leukocyte antigens

NOS3 Endothelial nitric oxide

F2 Prothrombin (factor II)

ACE Angiotensin converting enzyme

CTLA4 Cytotoxic T-lymphocyte associated

protein

LPL Lipoprotein lipase

SERPINE

1

Serine peptidase inhibitor

Data from Buurma et al. (2013), Staines- Urias et al.

(2012), Ward and Taylor (2014)
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4.1.3 Angiogenic and Antiangiogenic
Proteins

Angiogenic imbalance is another hypothesis to

describe pathogenesis of preeclampsia.

Trophoblasts of women destined to develop pre-

eclampsia over produces anti angiogenic peptides

that enter maternal circulation:

1. Soluble Fms-like tyrosine kinase-1 (sFlt-1)

is a variant of Flt-1 receptor for placental

growth factor (PIGF) and vascular endothelial

growth factor (VEGF). Increased sFlt 1 levels

inactivate and decrease PIGF and VEGF con-

centration leading to endothelial dysfunction.

2. Soluble endoglin (sEng), a placenta derived

molecule that blocks endoglin which is a sur-

face coreceptor for TGFβ family. It inhibits

various TGFβ isoforms from binding to endo-

thelial receptors resulting in decreased endo-

thelial nitric oxide dependent vasodilatation.

5 Pathophysiology

5.1 Cardiovascular System

Normal cardiovascular function is severely

compromised in preeclampsia. Following

changes are observed

1. Increased cardiac afterload caused by

hypertension

2. Pathologically diminished hypervolemia of

pregnancy

3. Endothelial activation causing interendothelial

extravasation of intravascular fluid into extra-

vascular space, especially lungs.

5.2 Myocardial Function

There is a ventricular remodellingas evidenced

by diastolic dysfunction as an adaptive response

to maintain normal contractility with increased

afterload in preeclampsia. When combined with

underlying ventricular dysfunction like concen-

tric hypertrophy from chronic hypertension-

further diastolic dysfunction may cause cardio-

genic pulmonary edema.

5.3 Ventricular Function

Both normal pregnant women and women with

preeclampsia syndrome can have normal or

slightly hyperdynamic ventricular function. Left

ventricular filling pressures are dependent on the

volume of intravenous fluids infused. Specifically,

aggressive hydration results in overtly

hyperdynamic ventricular function accompanied

by elevated capillary wedge pressures resulting in

pulmonary edema. This was compounded by endo-

thelial- epithelial leak and decreased serum oncotic

pressures from low serum albumin concentration.

5.4 Blood Volume

Hemoconcentration is a hallmark of eclampsia.

Normal expected hypervolemia is severely

curtailed with eclampsia. It results from

generalized vasoconstriction that follows endo-

thelial activation and leakage of plasma into

interstitial space due to increased permeability.

This vasospasm and endothelial leakage may

persist for variable duration after delivery as

endothelium is restored to normalcy. As this

takes place, vasoconstriction reverses, the blood

volume increases and hematocrit usually falls.

Women with preeclampsia are thus,

1. Unduly sensitive to vigorous fluid therapy

resulting in pulmonary edema.

2. Are sensitive to blood loss at delivery consid-

ered normal for a normotensive woman.

5.5 Hematological Changes

5.5.1 Platelet Abnormalities

Thrombocytopenia

Overt thrombocytopenia defined by a platelet

count <100,000/uL indicates severe disease.
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Lower the platelet count higher the fetal and

maternal morbidity and mortality. In most cases

delivery is advisable as thrombocytopenia

continues to worsen. After delivery platelet

count declines for first 24 h but returns to normal

thereafter within 3–5 days. Other causes like

thrombotic microangiopathy should be ruled out

if these do not reach a nadir until 48–72 h after

delivery.

Other Platelet Abnormalities

Platelet bound and circulating platelet- bind

ableimmunoglobulin are increased suggesting

surface alteration. Platelet aggregation is

decreased, compared with normal increase as in

normal pregnancy, as a result of immunological

processes or platelet deposition at the site of

endothelial damage. Importantly, neonatal

thrombocytopenia does not develop despite

severe maternal thrombocytopenia so maternal

thrombocytopenia is not a fetal indication of

cesarean delivery.

Hemolysis

It is seen as elevated serum lactate dehydroge-

nase levels and decreased haptoglobin levels,

schizocytosis, spherocytosis, and reticulocytosis

in peripheral blood film. These changes result

from microangiopathic hemolysis caused by

endothelial disruption with platelet adherence

and fibrin deposition. Erythrocytic membrane

changes, increased adhesiveness, and aggrega-

tion may also promote hypercoagulable state.

Coagulation Changes

Increased intravascular coagulation and intravas-

cular destruction are commonly found in pre-

eclampsia syndrome. There is increased factor

VII consumption, increased fibrinopeptides A

and B, D dimers, and decreased anti thrombin

III and protein C and S levels. Unless there is

placental abruption, plasma fibrinogen levels do

not differ remarkably from levels in normal preg-

nancy. Routine laboratory assessments of coagu-

lation, including prothrombin time, activated

partial thromboplastin time, and plasma fibrino-

gen levels are unnecessary in management of

preeclampsia.

5.5.2 Fluid and Electrolyte changes
In preeclampsia the volume of extracellular fluid

is much greater than that in normal pregnant

women. The mechanism is thought to be endo-

thelial injury. In addition, these women have

decreased plasma oncotic pressure as a result of

proteinuria.

Following a convulsion, serum pH and bicar-

bonate are lowered due to lactic acidosis and

compensatory respiratory loss of carbon dioxide.

5.5.3 Kidney
As a result of preeclampsia renal perfusion and

glomerular filtration are reduced but not much

less than normal nonpregnant values. The mech-

anism may be due to increased renal afferent

arteriolar resistance and to some extent reduced

plasma volume.

Morphological changes include glomerular

endotheliosis blocking filtration barrier. As

already discussed these women are sensitive to

intravenous fluid therapy due to risk of pulmo-

nary edema, intensive fluid therapy for oliguria is

not indicated except in diminished urine output

due to hemorrhage or fluid loss from vomiting or

fever.

Plasma uric acid concentration is typically

elevated likely due to enhanced tubular reabsorp-

tion, increased placental urate production com-

pensatory to increased oxidative stress.

Detection of proteinuria adds to diagnosis of

preeclampsia. Proteinuria may develop late

e.g. Zwart et al. did not find proteinuria in 17 %

of women by the time of seizures (Zwart et al.

2008). Various methods for its estimation have

already been discussed previously.

Rarely acute tubular necrosis occurs as a

result of preeclampsia alone but more commonly

it is induced by severe obstetrical hemorrhage for

which adequate blood replacement is not given.

Rarely, irreversible renal cortical necrosis

develops.

5.5.4 Liver
Symptomatic involvement is considered to be a

sign of severe disease. It typically manifests as

moderate to severe right upper quadrant or
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epigastric pain and tenderness. Such women

commonly have elevated levels of serum

aminotransferases namely aspartate (AST) or

alanine transferase (ALT). Asymptomatic

elevations of serum transaminases- ALT and

AST- are also considered markers for severe

preeclampsia. Values seldom exceed 500 U/L

but have been reported to be greater than

2000 U/L.

The characteristic lesions are periportal hem-

orrhage in liver periphery. Sheehan and Lynch

described some degree of hepatic infarction

accompanied hemorrhage in almost half of the

women who died of eclampsia (Sheehan and

Lynch 1973). Constellation of hemolysis,

hepatocallular necrosis and thrombocytopenia

was termed as HELLP syndrome by Weinstein

in 1985 (Weinstein 1985).

Hemorrhagic infarction may extend to form a

hepatic hematoma which in turn may extend to

form a hepatic hematoma that may extend to

form sub capsular rupture. Computed tomogra-

phy (CT) scanning or magnetic resonance

(MR) imaging may be used to identify these.

Management usually consists of observation

and conservative approach unless hemorrhage is

ongoing where prompt surgical intervention may

be lifesaving.

5.5.5 Brain

Cerebrovascular Pathophysiology

Auto regulation is the mechanism by which cere-

bral blood flow remains relatively constant

despite alterations in cerebral perfusion pressure.

This mechanism protects brain from hyper per-

fusion when mean arterial pressures increase to

as high as 160 mm Hg, which is far greater

thanthose seen in most women with eclampsia.

Therefore, it was theorized that auto regulation

must be altered by pregnancy.

Two theories have been proposed for the cere-

brovascular changes seen in eclampsia. In the

first, in response to acute and severe hyperten-

sion, cerebrovascular overregulation leads to

vasospasm, diminished blood flow results in

ischemia, cytotoxic edema and eventually tissue

infarction. The second theory proposes that sud-

den elevations in systemic blood pressure exceed

normal cerebrovascular autoregulatory capacity.

Regions of forced vasodilation and vasoconstric-

tion develop, especially in arterial bound zones.

At the capillary level, disruption of end-capillary

pressure causes increased hydrostatic pressure,

hyperperfusion, and extravasation of plasma

and red cells through endothelial tight-junction

openings, leading to vasogenic edema. Very few

eclamptic women have mean arterial pressures

that exceed limits of autoregulation.

Most likely mechanism is the combination of

the two. Thus, preeclampsia associated cell leak

develops at a blood pressure levels much lower

than those usually causing vasogenic edema and

is coupled with a loss of upper-limit of

autoregulation. To conclude eclampsia occurs

when cerebral hyperperfusion forces capillary

fluid interstitially because of endothelial damage,

which leads to perivascular edema.

Manifestations

There are several neurological manifestations of

preeclampsia syndrome, signifying severe

involvement and immediate attention.

Headache and Scotomas

Fifty to Sixty percent of women have headaches

and 20–30 % have visual changes preceding

eclampsia (Sibai 2005). These are usually unre-

sponsive to analgesic, but show improvement

with magnesium sulphate therapy.

Convulsions

Diagnostic of eclampsia, convulsions may

extend causing status and significant brain injury.

Visual Symptoms

Scotomas, blurred vision and diplopia are more

common in severe preeclampsia and eclampsia.

These usually improve with magnesium sulphate

therapy. Blindness is less common and usually

reversible. It is caused due to lesions at three

levels visual cortex, lateral geniculate nuclei or

the retina.
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Occipital blindness- also called amaurosis-

usually resolves completely in all cases except

rarely when cerebral infarction is the cause lead-

ing to total or partial visual defects. Affected

women have evidence of extensive vasogenic

edema on imaging studies.

Retinal lesions- It may be due to serous retinal

detachment, rarely by retinal infarction termed

as, Purtscher retinopathy, or due to retinal artery
occlusion where there may be permanent

visual loss.

Direct evidence of vasoconstriction may be

obtained by ophthalmologic examination. The

most common findings in women with severe

preeclampsia are an increase in vein to artery

ratio and segmental vasospasm. Women without

severe features usually have a normal

fundoscopic examination. Papilloedema is not a

common finding in preeclampsia and it suggests

the possibility of brain tumour causing an

increase in intracranial pressure. The presence

of hemorrhages, exudates or extensive arteriolar

changes suggests chronic hypertension.

Cerebral Edema

Widespread cerebral edema may develop which

may be clinically evident ranging from lethargy,

confusion, and blurred vision to coma. These

women are susceptible to sudden and severe

blood pressure elevations resulting in transtentorial

herniation. Consideration for treatment with man-

nitol and dexamethasone should be given.

Posterior Reversible Leukoencephalopathy

Syndrome (PRES)

Reversible posterior leukoencephalopathy syn-

drome is a recently proposed clinic-

neuroradiological entity characterized by

seizures, disorders of consciousness, visual

abnormalities and headache associated with pre-

dominantly white matter changes on

computerized tomography head and magnetic

resonance imaging. This is a rare encephalopathy

condition, where the diagnosis depends on clini-

cal and radiological features. It is rare but now

being recognized more often. The lesions of pos-

terior leukoencephalopathy are best visualized

with magnetic resonance imaging however

computed tomography can also be used satisfac-

torily to detect hypo dense lesions of posterior

leukoencephalopathy. T2 weighted MR images

characteristically show diffuse hyper intensity

selectively involving the parieto-occipital white

matter, occasionally the lesions also involve grey

matter. They may also involve other brain areas.

In most cases these lesions are reversible (Fig. 2).

Fig. 2 MR Imaging

showing posterior

reversible encephalopathy

syndrome in a woman with

severe preeclampsia, she

presented with cortical

blindness which resolved

following cesarean section
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5.6 Prediction and Prevention

A good test for predicting women who will

develop preeclampsia should be simple, rapid,

noninvasive, inexpensive, easy to perform, and

should not expose the patient to discomfort or

risk. The technology should be widely available

and the results reproducible and reliable, with a

high likelihood ratio for a positive test and a low

likelihood ratio for a negative result and good

sensitivity and specificity. Ideally, it should pro-

vide an opportunity for intervention to prevent

development of the disease, or at least result in

better maternal and/or fetal outcomes.

The ability to predict preeclampsia is cur-

rently of limited benefit because neither the

development of the disorder nor its progression

from the mild to the severe spectrum of disease

can be prevented in most patients, nor there is

cure except delivery. Nevertheless, the accurate

identification of women at risk, early diagnosis,

and prompt and appropriate management may

improve maternal outcome, and possibly perina-

tal outcome, as well. Various biological, bio-

chemical and biophysical markers have been

proposed to predict its development. Attempts

have been made to identify markers of faulty

placentation, impaired placental perfusion, endo-

thelial cell activation and dysfunction, and acti-

vation of coagulation.

Currently, there are no clinically available

tests that perform well in distinguishing women

who will develop preeclampsia from those who

will not. A detailed medical history to evaluate

for risk factors is currently the best and only

recommended screening approach for pre-

eclampsia; it should remain the method of

screening for preeclampsia until studies show

that aspirin or other interventions reduce the

incidence of preeclampsia for women at high

risk based on first-trimester predictive tests

(Table 3).

5.7 Prevention

Various methods have been studied worldwide to

prevent onset of preeclampsia, some of these are

listed in Table 4. In general, none have been

proved to be beneficial convincingly. Of the

mentioned strategies, calcium supplementation

may have a role in preeclampsia prevention in

calcium deficient women (Staff et al. 2014). Low

dose aspirin in the doses of 50–150 mg daily

Table 3 Tests for prediction of development of preeclampsia

Related to Examples

Placental perfusion/vascular

resistance

Roll-over test, isometric handgrip or cold pressor test, pressor response to aerobic

exercise, angiotensin-II infusion, midtrimester mean arterial pressure, platelet

angiotensin-II binding, renin, 24- h ambulatory blood pressure monitoring, uterine

artery or fetal transcranial Doppler velocimetry

Fetal-placental unit

endocrine dysfunction

Human chorionic gonadotropin (HCG), alpha-fetoprotein (AFP), estriol, pregnancy

associated protein A (PPAP A), inhibin A, activin A, placental protein

13, corticotrophin – releasing hormone, A disintegrin, ADAM-12, kisspeptin

Renal dysfunction Serum uric acid, microalbuminuria, urinary calcium or kallikrein, microtransferrinuria,

N-acetyl-β-glucosaminidase, cystatin C, podocyturia

Endothelial dysfunction/

oxidant stress

Platelet count and activation, fibronectin, endothelial adhesion molecules,

prostaglandins, prostacyclin, MMP-9, thromboxane, C- reactive protein, cytokines,

endothelin, neurokinin B, homocystein, lipids, insulin resistance, antiphopholipid

antibodies, plasminogen activator inhibitor (PAI), leptin, p-selectin, angiogenic factors

such as placental growth factors (PIGF), vascular endothelial growth factor (VEGF),

fms- like tyrosine kinase receptor-1 (sFlt �1), endoglin

Others Antithrombin III (AT 3), atrial natriuretic peptide (ANP), β2-microglobulin,

haptoglobin, transferring, 25- hydroxyvitamin D, genetic markers, cell-free DNA,

serum and urine proteomics and metabolomic markers, hepatic aminotransferases

ADAM 12 ADAM metallopeptidase domain 12, MMP matrix metalloproteinase

Adapted from Conde-Augudelo et al. (2014)
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have shown promising results in some of the

trials like the Paris Collaborative Group

performed meta-analysis including

31 randomized controlled trials (Askie et al.

2007). For women assigned to receive

antiplatelet agents, the relative risk for develop-

ment of preeclampsia, superimposed preeclamp-

sia, preterm delivery and any adverse pregnancy

outcome was significantly decreased by 10 %.

The 2013 Task Force recommended use of low

does aspirin in some high- risk women to prevent

preeclampsia (American College of

Obstetricians and Gynecologists, Task Force on

Hypertension in Pregnancy 2013). Regarding

usage of both low dose aspirin and heparin for

prevention of preeclampsia, there is still insuffi-

cient evidence to support its use (Staff et al.

2014). Rest all methods have shown no benefit

in reducing the risk of preeclampsia.

6 Management

The basic management goals for any pregnancy

complicated with preeclampsia are:

1. Termination of pregnancy with least possible

trauma to mother and fetus

2. Birth of an infant who subsequently thrives

and

3. Complete restoration of health to the mother

Frequent antenatal visits during third trimester

aids in early diagnosis and timely management of

preeclampsia. This frequency should be increased

in women in whom preeclampsia is suspected like

women with new-onset diastolic blood pressure

>80 mm Hg but <90 mm Hg or with sudden

weight gain more than 2 pounds per week.

6.1 Hospitalization

There is no role of domiciliary treatment in an

established case of preeclampsia. Hospitalization

is considered necessary at least initially for new

onset hypertension, especially if there is persis-

tent or worsening hypertension or development

of proteinuria. However, in some centers cases of

mild preeclampsia are managed in day care

centers. It is essential that she should be warned

against the ominous symptoms such as headache,

visual disturbance, vomiting, epigastric pain or

scanty urine.

6.2 Evaluation

• Detailed physical examination followed by

daily scrutiny for clinical findings such as

headache, visual disturbance, epigastric pain

and decreased urine output.

• Daily maternal weight

• Daily fetal kick count

• Blood pressure every 4 hrly in sitting position

with appropriate size cuff except during night

• Analysis for proteinuria or urine protein-

creatinine ratio twice weekly

• Complete hemogram including platelet count,

liver transaminases and plasma creatinine

levels. Frequency of testing depends on sever-

ity of preeclampsia. Task force recommends

weekly testing in women with preeclamsia

without severe features (American College

of Obstetricians and Gynecologists, Task

Force on Hypertension in Pregnancy 2013).

Some recommend serum uric acid and lactate

dehydrogenase levels and coagulation studies.

However, value of these tests has been called

to question (Conde-Augudelo et al. 2014).

Table 4 Methods evaluated in various studies to prevent preeclampsia

Bed rest

Dietary manipulation Low sodium diet, calcium or fish oil supplementation

Exercise Physical activity, stretching excercises

Cardiovascular drugs Diuretics, antihypertensive drugs, statins

Antioxidants Ascorbic acid (vitamin C), α- tocopherol (vitamin E), vitamin D

Antithrombotic agents Low dose asprin, asprin/dipyridamole, aspirin + heparin, aspirin + ketanserin
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• Evaluation of fetal well being with

gravidogram and sonography.

Goals of management include early identification

of worsening preeclampsia and timely delivery.

Restricted physical activity throughout the

day is likely to be beneficial but as Task force,

2013 has recommended absolute bed rest is not

desirable. There is no role of fluid and salt

restriction. Ample proteins and calories should

be included in diet.

Further management depends on

1. Preeclampsia severity

2. Gestational age of fetus

3. Condition of cervix.

6.3 Timing of Delivery

The treatment of preeclampsia is termination of

pregnancy. The prime objective of management

of preeclampsia is to avoid convulsions, to pre-

vent serious maternal complications and to

deliver a healthy newborn. When the fetus is

preterm, the tendency is to gain some time hop-

ing that a few more weeks in utero will reduce

the risk of neonatal death and serious morbidity

due to prematurity. Such a policy is justifiable

only in cases of mild preeclampsia. Assessments

of fetal and maternal well-being are performed

repeatedly while conservative treatment. Tests

for fetal well being include the non stress test

and biophysical profile. If evidence of fetal

growth restriction is suspected on clinical exam-

ination fetoplacental assessment that includes

umbilical artery Doppler velocimetry as an

adjunct antenatal test is recommended by task

force (American College of Obstetricians and

Gynecologists, Task Force on Hypertension in

Pregnancy 2013).Measurement of lecithin-

sphingomyelin (L/S) ratio in amniotic fluid may

provide evidence of lung maturity. The task force

recommends expectant management with fetal

and maternal monitoring in women with mild

preeclampsia without any severe features and

no indication of delivery at less than 37 weeks

of gestation. Delivery rather than continued

observation is suggested in mild preeclampsia

when gestation is more than 37 weeks(American

College of Obstetricians and Gynecologists,

Task Force on Hypertension in Pregnancy 2013).

With severe preeclampsia that does not

improve with hospitalization delivery is usually

advisable for well being of both mother as well as

fetus. This is true even when the cervix is unfa-

vorable. Task force recommends delivery after

initial maternal stabilization in women with

severe preeclampsia at or beyond 34 weeks of

gestation, and in those with unstable maternal or

fetal conditions irrespective of gestational age.

Expectant management is also not

recommended in women with severe pre-

eclampsia before fetal viability i.e. 23 weeks.

For women with slightly more advanced gesta-

tion, 24–32 weeks, however the decision is less

clear. Serious maternal complications like pla-

cental abruption, HELLP syndrome, pulmonary

edema, eclampsia, acute renal failure are com-

mon in such an approach.

The decision of delivery is not based on

amount of proteinuria or change in amount of

proteinuria.

6.4 Corticosteroids

Corticosteroids can be administered and delivery

deferred for 48 h if maternal and fetal condition

remain stable for women with severe preeclamp-

sia and a viable fetus at 34 weeks or less of

gestation with any of the following:

1. Preterm premature rupture of membranes

2. Labor

3. Low platelet count (<100,000)

4. Persistently elevated liver enzymes (twice or

more the upper normal values)

5. Fetal growth restriction

6. Severe oligohydramnios (AFI < 5 cm)

7. Reversed end-diastolic flow on Doppler

studies

8. New onset renal dysfunction or increasing

renal dysfunction
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Corticosteroids may be administered if the

fetus is viable and at 34 weeks or less of gesta-

tion, but delivery not delayed after initial mater-

nal stabilization regardless of gestational age for

women with severe preeclampsia that is compli-

cated with any of the following

1. Uncontrolled severe hypertension

2. Eclamsia

3. Pulmonary edema

4. Abruption placentae

5. Disseminated intravascular coagulation

6. Evidence of nonreassuring fetal status

7. Intrapartum fetal demise

For women with HELLP syndrome with ges-

tational age 32–34 weeks, if maternal and fetal

condition permits delivery may be delayed for

24–48 h to complete a course of corticosteroids

for fetal benefit. For women before gestational

age of fetal viability and after 34 weeks or more,

delivery should be undertaken shortly after initial

maternal stabilization.

6.5 Eclampsia

Preeclampsia complicated with generalized tonic

clonic convulsions is termed as eclampsia. In

recent years, the incidence of postpartum

eclampasia has risen, this may be presumably

due to improved access to prenatal care, earlier

detection of preeclampsia, and prophylactic use of

magnesium sulphate. Maternal mortality rate

approximates 1 % in women with eclampsia

even in developed countries (Thorton et al. 2013).

Eclamptic seizures may rarely continue

unabated-status epilepticus, or when convulsions

are infrequent woman be regain some conscious-

ness after each attack or very rarely may pass on

to comatose state. Importantly, other diagnoses

should be considered in women with convulsions

more than 48 h postpartum or in women with

focal neurological deficits, prolonged coma, or

atypical eclampsia (Sibai 2012) (Table 5).

6.6 Antihypertensive Therapy

Severe hypertension can cause cerebrovascular

hemorrhage, hypertensive encephalopathy, after

load congestive heart failure, placental abruption

and eclamptic seizures inwomenwith preeclamsia.

Because of these dangerous sequels, National

High Blood Pressure Education Program Work-

ing Group (National High Blood Pressure Edu-

cation Program 2000) and the Task Force 2013

(American College of Obstetricians and

Gynecologists, Task Force on Hypertension in

Pregnancy 2013) recommend treatment to lower

Table 5 Magnesium sulphate dosage schedule for severe preeclampsia and eclampsia

Continuous Intravenous (IV) Infusion

4–6 g loading dose as 20 % solution administered over 15–20 min.

Followed by 2 g/h in 100 ml of iv maintenance infusion. Some recommend 1 g/h.

Monitor for magnesium toxicity:

Assess deep tendon reflexes periodically

Respiratory rate, >12/min

Urine output the previous 4 h exceeded 100 ml

Some measure serum magnesium level at 4–6 h, maintain between 4 and 7 mEq/L (4.8–8.4 mg/dl)

Measure serum magnesium levels if serum creatinine �1.0 mg/dl.

Intermittent Intramuscular Injections

4 g of magnesium sulphate as a 20 % solution intravenously at a rate not exceeding 1 g/min

Followed by 10 g of 50 % magnesium sulphate solution, half (5 g) in each buttock deep intramuscular. If convulsion

persists after 15 min, give upto 2 g more iv as 20 % solution and if women is large upto 4 g may be given slowly.

Thereafter every 4 h, give 5 g of 50 % solution injected deep intramuscularly in alternate buttocks, only after ensuring

no magnesium toxicity. Check for magnesium toxicity as mentioned above.

To be discontinued 24 h after delivery or last fit whichever is later.

Hypertension in Pregnancy 387



systolic blood pressure to or below 160 mm of

Hg and diastolic pressures to or below 110 mm

of Hg.

Several drugs are available to rapidly lower

dangerously elevated blood pressure namely

labetalol, hydralazine and nifedepin.

Name Dose

Mechanism

of action Side effects

Hydralazine 5 mg

intravenously

initial dose

followed by

5–10 mg doses

at 15–20 min

intervals until

a satisfactory

response

(American

College of

Obstetricians

and

Gynecologists

2002).

Arterial

dilator

Maternal

tachycardia,

palpitations

and

hypotension

and fetal heart

decelerations.

Labetalol 10 mg

intravenously

initial dose

followed by

20 mg at

10 min

interval

followed by

40 mg and

another 40 mg

at 10 min

interval. If

salutary

response not

achieved, then

80 mg can be

given,

maximum

220 mg per

treatment

cycle.

α 1 and β
blocker

Maternal

hypotension,

bradycardia

and fetal heart

declerations.

Nifedepin 10 mg oral

initial dose to

be repeated at

every 30 min

intervals if

necessary,

max dose

120 mg/day

(National High

Blood

Pressure

Education

Program 2000)

Ca channel

blocker

Maternal

tachycardia,

hypotension,

fetal

bradycardia

6.7 Alpha Methyl Dopa

For women with preeclampsia α Methyl Dopa, a

centrally acting antihypertensive agent can be

used. It is metabolized to alpha-

methylnorepinephrine in the brain and activates

central alpha-2 adrenergic receptors which

appear to inhibit sympathetic nervous system

output and lower blood pressure. It is

metabolized in the liver and is excreted in

urine. Usual dosage is 500–2000 mg per day in

2–4 divided dosage. Onset of action is 12–24 h

after oral intake.

Use of angiotensin-converting enzyme

inhibitors, angiotensin receptor blockers, renin

inhibitors and mineralocorticoid receptor

antagonists is not recommended.

6.8 Diuretics

Loop diuretics can further compromise placental

perfusion which is already reduced compared to

normal pregnancy therefore not used to lower

blood pressure. Antepartum use is restricted

solely to treat pulmonary edema.

6.9 Fluid Therapy

Lactated Ringer solution should be administered

at a rate of 60–80 ml per hour. Infusion of larger

amounts increases risk of pulmonary and cere-

bral edema except unless there is unusual fluid

loss from vomiting, diarrhea, or post partum

hemorrhage. For labor analgesia with neuraxial

analgesia, crystalloid solutions are infused

slowly in graded amounts.

6.10 Invasive Hemodynamic
Monitoring

American College of Obstetricians and

Gynaecologists (2013) recommends against rou-

tine invasive monitoring. It notes that such
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monitoring should be reserved only for severely

preeclamptic women with accompanying severe

cardiac disease, renal disease, or both or in cases

of refractory hypertension, oliguria, and pulmo-

nary edema.

6.11 Magnesium Sulphate

The largest comparative study, MAGnesium-

Sulphate for Prevention of Eclampsia, reported

by MAGPIE Trial Collaboration Group, 2002

that included 10,000 women with severe pre-

eclampsia from 33 countries were randomly

allocated to treatment with magnesium sulphate

or placebo (Magpie Trial Collaboration Group

2002). Women with magnesium had 58-%

lower risk of eclampsia than those given placebo.

The 2013 Task Force recommends that

women with either eclampsia or severe pre-

eclampsia should be given magnesium sulphate

prophylaxis. At the same time, it also suggests

that all women with “mild” preeclampsia do not

need magnesium sulphate prophylaxis. For

women with preeclampsia undergoing cesarean

delivery continued intraoperative administration

of magnesium sulphate to prevent eclampsia is

recommended (American College of

Obstetricians and Gynecologists, Task Force on

Hypertension in Pregnancy 2013).

6.12 Route of Delivery

The route of delivery should be determined by

fetal gestation, presentation, cervical status, and

maternal and fetal condition. Vaginal route of

delivery is attempted initially as serious morbid-

ity is less common during purperium following

vaginal route. Following seizure, labour often

ensues spontaneously or can be induced success-

fully even in women remote from term. Labour

induction is carried out, usually with

preinduction cervical ripening with a prostaglan-

din. Whenever it appears that induction will not

succeed or attempts have failed, cesarean deliv-

ery is indicated.

6.13 Blood Loss at Delivery

Hemoconcentration is a constant feature of

severe preeclampsia-eclampsia. Women with

severe preeclampsia are much less tolerant to

even normal blood loss than are normotensive

pregnant women. It is important to recognize

that appreciable fall in blood pressure soon after

delivery most often means excessive blood loss

and not sudden resolution of vasospasm and

endothelial damage. If identified, hemorrhage

should be treated promptly with careful crystal-

loid and blood transfusion.

6.14 Anaesthesia and Analgesia

General anaesthesia has been disregarded as

favored anaesthesia in women with preeclampsia

as tracheal intubation may be particularly diffi-

cult and thus hazardous in women with tracheal

edema. Moreover, stimulation of trachea can

cause sudden severe hypertension, in turn; can

cause pulmonary edema, cerebral edema, or

intracranial hypertension (American College of

Obstetrician and Gynecologists 2002). The use of

conduction neuraxial analgesia (either spinal or

epidural) has proven ideal but the problem with

this method included hypotension and dimin-

ished uterine perfusion caused by sympathetic

blockade. Slow induction epidural analgesia

with dilute solutions of anaesthetic agents to

counter need for rapid infusion of large volumes

of crystalloid or colloid to correct maternal hypo-

tension can mitigate pulmonary edema.

6.15 Lactation and Contraception

Preeclampsia itself is not itself a contraindication

for breastfeeding, the use of antihypertensive

drugs may be an issue for lactating women.

Methyldopa is excreted in human milk in

concentrations that probably do not cause any

harm to the breastfed baby. However, methyl

dopa should be avoided in women at risk of

depression. Labetalol, is excreted only in small
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amounts therefore can be safely given during

puerperium. Beta blockers, propanalol, atenolol

and metoprolol are excreted in very less amount

but baby should be monitored for symptoms of

beta blockade. Calcium channel blockers,

nifedepine and verapamil although excreted in

very small amounts and are unlikely to be harm-

ful. Ace inhibitors enalapril and captopril can be

used when first choice agents cannot be used or

are ineffective. Vasodilators like hydralazine can

be used during puerperium. Diuretics should be

avoided in preeclamptic breastfeeding women or

expressing milk (Breastfeeding 2011). Exclusive

breast feeding is recommended in patients of

preeclamsia. Magnesium sulphate therapy is not

a contraindication to breast feeding. Bromocrip-

tine should be avoided for milk suppression. The

best contraceptive strategy is only-progestin con-

traception or non-hormonal contraceptive use.

The advice for contraception should be guided

by the persistence of hypertension in postpartum

period. Women in whom blood pressure has

returned to normal in postpartum period, there

seems to be no reason of denying her the benefits

of combined oral contraceptives provided ade-

quate and continuing supervision is available.

Women with thrombophilia including

antiphospholipid antibody syndrome should

avoid estrogen containing contraceptives.

6.16 Persistent Severe Postpartum
Hypertension

The potential problem of antihypertensive therapy

causing severe compromise of uteroplacental per-

fusion and thus fetal well-being is obviated by

delivery. Oral regimens using other antihyperten-

sive agents can be given for example, labetalol or

another β- blocker, nifedepine or other Ca channel
blocker, and thiazide or furosemide diuretic.

Refractory hypertension is likely due to mobiliza-

tion of pathological interstitial fluid and redistri-

bution into intravenous compartment, underlying

chronic hypertension, or usually both. For women

in whom gestational hypertension, preeclampsia,

or superimposed preeclampsia is diagnosed task

force suggests that blood pressure be monitored

for72 h postpartum and again 7–10 days after

delivery or earlier with symptoms (American Col-

lege of Obstetricians and Gynecologists, Task

Force on Hypertension in Pregnancy 2013).

Parentral magnesium sulphate should be

administered in women with postpartum severe

hypertension.

6.17 Counseling for Future
pregnancy

Women who have had either gestational hyper-

tension or preeclampsia are at greater risk to

develop hypertension in future pregnancy and

this risk increases if preeclampsia is early onset

in index pregnancy (Bramham et al. 2011). The

risk of subsequent preterm delivery and fetal

growth restriction is increased even in

subsequent normotensive pregnancies (Connealy

et al. 2013) and the converse also holds true

i.e. preterm birth and fetal growth restriction in

first pregnancy significantly increases the risk of

preeclampsia in second pregnancy.

Preconceptional counseling and assessment,

modifiable activities like weight loss, increased

physical activity should be encouraged.

Preexisting hypertension and diabetes should be

brought to best possible control. Folic acid sup-

plementation and consideration for low-dose

aspirin in upcoming pregnancy should be done.

7 Long-Term Consequences

7.1 Cardiovascular Consequences

The Working Group concluded that hypertension

attributable to pregnancy should resolve within

12 weeks of delivery (National High Blood Pres-

sure Education Program 2000). Persistence

beyond this time is considered to be chronic

hypertension. Current evidences suggest that the

risk for long term cardiovascular morbidity is

significantly increased in preeclamptic women.
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In a Swedish population study of more than

40,000 nulliparas delivered between 1973 and

1982, increased incidence of ischemic heart dis-

ease was found with prior pregnancy associated

hypertension (Wikstrom et al. 2005). The risk in

later life was increased for hypertension, ische-

mic heart disease, stroke, venous thromboembo-

lism, and all- causemortality. As emphasized by

several investigators, other cofactors or co

morbidities are related to acquisition of these

long term adverse outcomes (Gastric et al.

2012; Spaan et al. 2012). Lifestyle modification

(maintenance of a healthy weight, increased

physical activity and smoking cessation) are

recommended. In women with h/o recurrent and

early onset preeclampsia yearly BP, fasting

blood glucose and BMI should be done.

7.2 Renal Squeals

In a Norwegian study, although absolute risk of

renal failure was small, preeclampsia was

associated with a fourfold increased risk (Vikse

et al. 2008). Women with recurrent preeclampsia

had an even greater risk.

7.3 Neurological Squeals

Until recently it was believed that eclamptic

seizures have no significant long term squeals.

But now, it has been seen that it is not always

the case. Aukes et al., 2009have reported long

term persistence of brain white-matter lesions

that were incurred during eclamptic seizures

(Aukes et al. 2009). These investigators later

also observed these white matter lesions in pre-

eclamptic women without convulsions (Aukes

et al. 2012). Aukes and colleagues (2007) reported

that formerly eclamptic women had subjectively

impaired cognitive functioning, impaired

sustained attention compared to their normoten-

sive controls (Aukes et al. 2007). Because there

were no studies done before these women suffered

preeclampsia or eclampsia, the investigators

concluded that cause versus effect of these

white-matter lesions remains unknown.

8 Chronic Hypertension
and Superimposed
Preeclampsia

Referral to a physician with expertise in treating

hypertension to direct the workup is suggested.

Women with poorly controlled BP, home BP

monitoring are suggested. Weight loss and

extremely low sodium (<100 mEq/d) diet should

not be used for managing chronic hypertension in

pregnancy. For women accustomed to exercises

and in whom BP is well controlled moderate

exercises can be continued throughout the preg-

nancy. Indications of starting antihypertensive

therapy and goals of treatment are same as in

preeclampsia. Choice of antihypertensive ther-

apy is same uncomplicated chronic hypertension

as in preeclampsia. Use of angiotensin receptor

blockers, renin inhibitors, and mineralocorticoid

receptor antagonists is not recommended unless

there is compelling reason such as presence of

proteinuric renal disease. Use of corticosteroids

for fetal lung maturity in women at less than

34 weeks of gestation is recommended. Admin-

istration of daily low dose aspirin (60–80 mg)

beginning in late first trimester for prevention of

adverse pregnancy outcomes such as early onset

preeclampsia, preterm delivery and intrauterine

growth retardation is recommended. Ultrasonog-

raphy and Doppler velocimetry as an adjunct test

to screen for fetal growth restriction is

recommended. Termination of pregnancy before

38 weeks is not recommended in uncomplicated

cases. Indications of preterm termination are

same as in preeclampsia. For women with

superimposed preeclampsia with severe features

treatment should be done in facilities with mater-

nal and fetal intensive care resources. And

expectant management beyond 34 weeks of ges-

tation is not recommended (American College of

Obstetricians and Gynecologists, Task Force on

Hypertension in Pregnancy 2013).
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Abstract

Chronic hypertension is frequently encountered during pregnancy and

needs to be distinguished from other hypertensive complications of preg-

nancy, such as preeclampsia and gestational hypertension. The prevalence

of this pregnancy complication is attributable to the increased prevalence

of obesity and maternal age at childbearing. Women with chronic arterial

hypertension are at increased risk for several pregnancy complications,

including superimposed preeclampsia, caesarean delivery, preterm deliv-

ery <37 weeks gestation, birth weight <2500 g, neonatal unit admission,

and perinatal death. Therefore, specialized attention should be given to

these women as part of family planning before conception to provide

counseling about the pregnancy risks, to inform about surveillance of fetal

well-being, to determine the timing of delivery, and to optimize BP

control before, during, and after birth.
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CI confidence interval

DASH Dietary Approaches to Stop

Hypertension

FDA Food and Drug Administration

HT Hypertension

JNC-8 Eighth Joint National Committee

NHBPEP National High Blood Pressure Edu-

cation Program’s

OR odds ratio

PE preeclampsia

RR relative risk

SGA Small for gestational age.

1 Definition and Epidemiology

Hypertensive disorders are important medical

conditions during pregnancy and are a major

cause of maternal and perinatal morbidity and

mortality. In general, hypertension

(HT) complicates 8–10 % of pregnancies and

can lead to serious maternal and fetal

complications (Zetterstr€om et al. 2005, 2006;

Lawler et al. 2007; Heshmati et al. 2013; Seely

and Ecker 2014).

During pregnancy, four major hypertensive

disorders are recognized: (1) preeclampsia-

eclampsia; (2) gestational hypertension;

(3) chronic hypertension; and (4) chronic hyper-

tension with superimposed preeclampsia

(Table 1). All hypertensive subtypes can lead to

serious perinatal complications, although pre-

eclampsia is that with the highest maternal and

fetal risks (Leon et al. 2016; Lecarpentier

et al. 2013; Sibai et al. 2011; Livingston

et al. 2003; Sibai 2002).

Chronic arterial hypertension (cHT)

complicates approximately 2–5 % of

pregnancies (Lawler et al. 2007; Seely and

Ecker 2014; Savitz et al. 2014) and, in pregnant

women, is defined as blood pressure (BP) � 140

mmHg systolic and/or 90 mmHg diastolic before

pregnancy or developing before 20 weeks of

gestation, use of antihypertensive medications

before pregnancy, or persistence of hypertension

for more than 12 weeks after delivery (The

Table 1 The American College of Obstetricians and Gynecologists (ACOG) classification of hypertension during

pregnancy (The American College of Obstetricians and Gynecologists 2013)

Classification Definition

Preeclampsia/Eclampsia Occurrence of new-onset hypertension plus new-onset proteinuria. In the

absence of proteinuria, PE is diagnosed as HT in association with

thrombocytopenia (<100.000/microliter), impaired liver function (elevated

blood levels of liver transaminases to twice the normal concentration), the new

development of renal insufficiency (elevated serum creatinine greater than

1.1 mg/dL or a doubling of serum creatinine in the absence or other renal

disease), pulmonary edema, or new-onset cerebral or visual disturbances.

Eclampsia is the convulsive phase of the disorder and is among the more severe

manifestations of the disease.

Chronic arterial hypertension (of any

cause)

High BP known to predate conception or detected before 20 weeks of

gestation.

Chronic hypertension with

superimposed preeclampsia

Women with HT only in early gestation who develop proteinuria after

20 weeks of gestation and women with proteinuria before 20 weeks of

gestation who have: (1) a sudden exacerbation of hypertension; (2) sudden

manifestation of other signs and symptoms, such as an increase in liver

enzymes to abnormal levels; (3) platelet levels below 100.000/microliter;

(4) right upper quadrant pain and severe headaches; (5) pulmonary congestion

or edema; (6) renal insufficiency; and (7) sudden, substantial, and sustained

increases in protein excretion. In the presence of organ dysfunction, this is

considered to be superimposed preeclampsia with severe features.

Gestational hypertension New-onset elevations of BP after 20 weeks of gestation, often near term, in the

absence of proteinuria. Failure of BP to normalize postpartum requires

changing the diagnosis to chronic hypertension.

BP blood pressure, HT hypertension, PE preeclampsia
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American College of Obstetricians and

Gynecologists 2013).

Hypertension affects a substantial proportion

of the adult population worldwide at progres-

sively younger ages. Genetic, environmental,

and behavioral factors influence the development

of HT, which is considered a major causal risk

factor for the development of cardiovascular dis-

ease, such as heart disease, vascular disease

(including stroke), and renal disease (Danaei

et al. 2011).

The prevalence of hypertension among adults

18 years of age and older in the United States was

30 %, or is present in nearly 1 in 3 adults. In

particular, African American women have a

prevalence of hypertension that is among the

highest in the world, and its onset occurs at

younger ages (Danaei et al. 2011; Centers for

Disease Control and Prevention (CDC) 2011;

Ezzati et al. 2008; Roger et al. 2011). Therefore,

HT affects millions of persons worldwide, and

less than half of those with hypertension have

their condition controlled (Centers for Disease

Control and Prevention (CDC) 2011). Approxi-

mately 80 % of hypertensive individuals were

aware of their elevated BP, 70 % of them were

receiving antihypertensive therapy, but only

48 % had a BP of <140/90 mmHg (Ezzati

et al. 2008).

Age is among the strongest risk factors for

hypertension (Singh et al. 2012). With an aging

population, the overall prevalence of hyperten-

sion increases sharply (Roger et al. 2011). In

addition, numerous studies have demonstrated

the important role of weight gain in BP elevation

(and weight reduction in BP lowering), noting

that the increasing population weight is also one

of the major determinants of increasing BP

(Danaei et al. 2011; Centers for Disease Control

and Prevention (CDC) 2011; Ezzati et al. 2008;

Roger et al. 2011). Thus, the progressive increase

in the female population weight and the age at

which a woman becomes pregnant are two major

problems that converge to contribute to the

higher incidence of chronic hypertension during

pregnancy.

2 Cardiovascular Changes
During Pregnancy

Cardiovascular changes related to normal preg-

nancy begin early, prior to full placentation

(Guedes-Martins et al. 2014, 2015a, b). Those

changes include an increase in cardiac output,

blood volume expansion, peripheral vasodilation

and blood pressure reduction.

As in normotensive gestations (Strevens

et al. 2001; Gaillard et al. 2011), in chronic

hypertensive pregnant women the shapes of BP

trajectories are characterized by a decrease until

mid-pregnancy followed by an increase late in

pregnancy, when it rises to return to

prepregnancy values (Guedes-Martins

et al. 2015c). This BP decrease begins early in

the first trimester, and the physiological decrease

in blood pressure, approximately 10 mmHg, is

noted until the third trimester, at which time the

BP profile tends to return to the patient’s standard

(typical of the non-pregnant state).

As a result, some hypertensive women

become normotensive during pregnancy, which

can delay the diagnosis of disease or confuse it

with the occurrence of a hypertensive condition

related to pregnancy itself (e.g., preeclampsia,

gestational hypertension). Consequently, in

such cases the diagnosis of chronic hypertension

can only be performed after 12 weeks postpartum

if the blood pressure values are not normalized

(The American College of Obstetricians and

Gynecologists 2013).

3 Chronic Hypertension
and Pregnancy Outcomes

Chronic hypertension is a disease that can be

well tolerated during pregnancy, and in some

cases, cHT pregnancies have a normal outcome

without maternal and fetal complications. How-

ever, specialized attention should be given to

these pregnant women because cHT is an

established risk factor for poor obstetrical

outcomes.
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Adverse outcomes are particularly observed

in women with cHT with uncontrolled severe

hypertension, in those with target organ damage,

and in those who are noncompliant with prenatal

visits. In addition, adverse outcomes are substan-

tially increased in women who develop

superimposed preeclampsia, which complicates

17–25 % of cHT pregnancies (vs. a 3–5 % pre-

eclampsia frequency described for the general

population) (Sibai 2002).

Superimposed preeclampsia is the most prev-

alent complication in pregnant women with

chronic hypertension. Chappel and colleagues

(2008) presented prospective contemporaneous

data on the outcome of pregnancies in women

with chronic hypertension. In their study

(Chappell et al. 2008), indices of maternal and

perinatal morbidity and mortality were deter-

mined using prospectively collected data for

822 women with chronic hypertension. The inci-

dence of superimposed preeclampsia was 22 %

with early onset preeclampsia (�34 weeks gesta-

tion) accounting for nearly half (44 %) of these

cases (Chappell et al. 2008). Delivering an infant

<10th customized birthweight percentile com-

plicated 48 % (87/180) of those with

superimposed preeclampsia and 21 % (137/642)

of those without (relative risk [RR] 2.30; 95 %

confidence intervals [CI95%] 1.85–2.84)

(Chappell et al. 2008). Delivery at <37 weeks

gestation occurred in 51 % of those with

superimposed preeclampsia (98 % of these iatro-

genic) and 15 % of those without (66 % iatro-

genic) (RR 3.52; 95 % CI95% 2.79–4.45)

(Chappell et al. 2008). The results obtained by

Chappell and colleagues suggests that the preva-

lence of infants born small for gestational age

and preterm is considerably higher than back-

ground rates and is increased further in women

with superimposed preeclampsia (Chappell

et al. 2008). The results were similar to that

reported by three previous, robust, observational

studies of women with chronic hypertension

(Rey and Couturier 1994; McCowan

et al. 1996; Sibai et al. 1998). Nevertheless,

even without superimposed preeclampsia,

women with cHT have significantly higher

frequencies of perinatal death and small-for-ges-

tational-age newborns than do normotensive

women (Rey and Couturier 1994).

As a corollary, an extensive systematic review

reporting meta-analyzed data from 55 studies of

approximately 800,000 pregnancies (Bramham

et al. 2014) showed that adverse outcomes of

cHT pregnancy are common, and that review

emphasized a need for adequate antenatal sur-

veillance (Table 2).

Bramham and colleagues (2014) reported that

women with chronic hypertension had high

pooled incidences of superimposed

pre-eclampsia (25.9 %, CI95% 21.0–31.5 %),

caesarean delivery (41.4 %, CI95%
35.5–47.7 %), preterm delivery <37 weeks ges-

tation (28.1 % CI95% 22.6–34.4 %), birth weight

<2500 g (16.9 %, CI95% 13.1–21.5 %), neonatal

intensive care unit admission (20.5 %, CI95%
15.7–26.4 %), and perinatal death (4.0 %,

CI95% 2.9–5.4 %). In their systematic review,

the incidences of adverse outcomes showed sig-

nificantly higher risks in those with cHT: the

relative risks were 7.7 (CI95% 5.7–10.1) for

superimposed pre-eclampsia compared with

pre-eclampsia, 1.3 (CI95% 1.1–1.5) for caesarean

delivery, 2.7 (CI95% 1.9–3.6) for preterm deliv-

ery <37 weeks gestation, 2.7 (CI95% 1.9–3.8) for

birth weight <2500 g, 3.2 (CI95% 2.2–4.4) for

neonatal intensive care unit admission, and 4.2

(CI95% 2.7–6.5) for perinatal death (Bramham

et al. 2014). These results should guide

counseling, adequate drug treatment, and

pre-pregnancy optimization of women affected

by cHT (The American College of Obstetricians

and Gynecologists 2013; Bramham et al. 2014).

Table 2 Adverse pregnancy outcomes for women with

chronic hypertension

Superimposed preeclampsia

Caesarean delivery

Pre-term delivery (<37 weeks)

Birth weight < 2500 g

Neonatal intensive care

Perinatal death

Bramham et al. (2014)
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4 Prepregnancy Care of Women
with Chronic Hypertension

The American College of Obstetricians and

Gynecologists (2013) recommends preconcep-

tion explanation of the risks associated with

chronic hypertension and education about the

signs and symptoms of preeclampsia. The pres-

ence of diabetes, obesity, kidney disease, history

of early preeclampsia, uncontrolled hyperten-

sion, and secondary hypertension are considered

risk factors for the development of superimposed

preeclampsia (The American College of

Obstetricians and Gynecologists 2013). How-

ever, some evidence suggests that in women

with chronic hypertension, a history of pre-

eclampsia does not increase the rate of

superimposed preeclampsia, but is associated

with an increased rate of delivery at <37 weeks

(Sibai et al. 2011). The ACOG and the National

Institute for Health and Care Excellence

guidelines guidance (2015) also recommends

pre-conception discontinuation of medications

with known fetal adverse effects, in particular

angiotensin-converting enzyme (ACE)

inhibitors, angiotensin receptor blockers, miner-

alocorticoid antagonists, and statins.

The Report of the National High Blood Pres-

sure Education ProgramWorking Group on High

Blood Pressure in Pregnancy advises for the

assessment for ventricular hypertrophy, retinop-

athy and renal disease in women with history of

hypertension for more than several years because

target organ damage, especially renal disease,

can progress during pregnancy (Report of the

National High Blood Pressure Education Pro-

gram Working Group on High Blood Pressure

in Pregnancy 2000). In women with severe

hypertension of long duration (more than

4 years), assessment of left ventricular function

with echocardiography or electrocardiography is

considered good clinical practice (The American

College of Obstetricians and Gynecologists

2013). This recommendation is also enhanced

by the Canadian (Magee et al. 2014),

Australasian and JNC 8 evidence guidelines for

the management of high blood pressure in adults

(James et al. 2014), reinforcing the importance of

looking for signs and symptoms of secondary

hypertension in women with cHT who seek pre-

conception counseling. Particularly, the presence

of resistant hypertension, hypokalemia (potas-

sium levels less than 3.0 mEq/L), elevated

serum creatinine level (greater than 1.1 mg/dL)

and family history of kidney disease are impor-

tant suggestive findings of secondary hyperten-

sion. Additionally, if the urinalysis is positive for

protein, then a 24-h urine collection for protein

analysis or measurement of spot urine protein-to-

creatinine ratio can be assessed (Côté

et al. 2008). This analysis might assist in the

diagnosis of superimposed preeclampsia and

can provide prognostic information about the

development of fetal growth restriction when

prepregnancy proteinuria is found (Seely and

Ecker 2014; Sibai et al. 1998). The baseline

concentrations of serum creatinine, electrolytes,

uric acid, liver enzymes, and platelet count

should be documented before conception to use

as comparators if superimposed preeclampsia is

suspected (The American College of

Obstetricians and Gynecologists 2013). The

ACOG task force recommendation (The Ameri-

can College of Obstetricians and Gynecologists

2013) also suggests referral to a physician with

expertise in treating hypertension if secondary

hypertension is suspected.

5 Management of the Pregnant
with Chronic Arterial
Hypertension

For the general population with cHT, the use of

home BP monitoring in daily clinical practice is a

useful instrument as an aid to achieving targets

and monitoring responses to medication

(Maldonado et al. 2009). For pregnant women

with chronic hypertension and poorly controlled

BP, the use of home BP monitoring is suggested,

particularly in the second half of pregnancy when

most superimposed preeclampsia occurs (The

American College of Obstetricians and

Gynecologists 2013). In particular, ambulatory

BP monitoring can be of special interest for

women with suspected white coat hypertension,

avoiding overtreatment of BP and unnecessary

adverse effects of treatment when not indicated
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(The American College of Obstetricians and

Gynecologists 2013; James et al. 2014).

Mild to moderate hypertension during preg-

nancy is a common finding. In daily clinical

practice, antihypertensive drugs are often used

in the belief that lowering blood pressure will

prevent progression to more severe disease and

thereby improve the outcome, reducing maternal

morbidity by limiting episodes of severe hyper-

tension (Seely and Ecker 2014; Abalos

et al. 2014). However, it remains unclear whether

antihypertensive drug therapy for mild to moder-

ate hypertension during pregnancy is worthwhile

(Abalos et al. 2014). In addition, overly aggres-

sive antihypertensive treatment might decrease

fetoplacental perfusion, increase the risk of fetal

growth restriction (Seely and Ecker 2014; von

Dadelszen et al. 2000), and reproduce fetal

effects of diseases related to placental bed

dysfunction.

Recently, the Control of Hypertension in

Pregnancy Study (CHIPS) was designed to com-

pare tight control (the use of antihypertensive

therapy to normalize BP) with less-tight control

of non-proteinuric, non-severe hypertension in

pregnancy with respect to perinatal and maternal

outcomes (Magee et al. 2015). CHIPS was an

open, international, randomized, multicenter

trial involving 987 women. The primary outcome

was a composite of pregnancy loss (defined as

miscarriage, ectopic pregnancy, pregnancy ter-

mination, stillbirth, or neonatal death) or high-

level neonatal care (defined as greater-than-nor-

mal newborn care) for more than 48 h until

28 days of life or until discharge home, which-

ever was later. The secondary outcome was seri-

ous maternal complications occurring up to

6 weeks postpartum or until hospital discharge,

whichever was later (Martin et al. 2005). This

randomized trial showed that less-tight control of

maternal hypertension in pregnancy compared

with tight control resulted in no significant dif-

ference in the risk of adverse perinatal outcomes,

as assessed by the rates of perinatal death or

high-level neonatal care for more than 48 h (pri-

mary outcome) (Brown et al. 2000). Addition-

ally, less-tight (vs. tight) control did not

significantly increase the risk of overall serious

maternal complications (secondary outcome).

However, with respect to the mothers, the

CHIPS findings are consistent with a meta-

analysis of previous trials that showed that less-

tight versus tight control increases the incidence

of severe maternal hypertension (but not pre-

eclampsia) (Abalos et al. 2014; Magee

et al. 2015), which is considered a risk factor

for acute stroke during and outside of pregnancy

(James et al. 2014; Martin et al. 2005). The

treatment of severe hypertension (systolic BP

more than 160 mmHg and/or diastolic BP more

than 110 mmHg) is always recommended

because it is believed to reduce the risk of mater-

nal stroke and coronary events and to limit

episodes of severe hypertension. However, the

exact goal ranges for BP targets during preg-

nancy in women with chronic hypertension are

not established.

The ACOG recommends antihypertensive

therapy for pregnant women with persistent

chronic hypertension with systolic BP of

160 mmHg or higher or diastolic BP of

105 mmHg or higher (The American College of

Obstetricians and Gynecologists 2013). For preg-

nant women with chronic hypertension treated

with antihypertensive medication, the ACOG

suggests that BP levels be maintained between

120 mmHg systolic and 80 mmHg diastolic, and

160 mmHg systolic and 105 mmHg diastolic.

The NHBPEP (Report of the National High

Blood Pressure Education Program Working

Group on High Blood Pressure in Pregnancy

2000) working group considers tapering antihy-

pertensive medications and reinstituting or

increasing the dose of antihypertensive drugs if

BP is >150–160 mmHg systolic or

>100–110 mmHg diastolic. Additionally, the

JNC-8 suggests continuing medication if there

is target-organ damage or a previous requirement

for multiple antihypertensive agents for BP con-

trol, and if medication is stopped, instituting

pharmacological treatment if BP is

>150–160 mmHg systolic or >100–110 mmHg

diastolic (James et al. 2014). The Society of

Obstetricians and Gynaecologists of Canada

(Magee et al. 2014) recommends treatment if

BP is >159 mmHg systolic or >109 mmHg dia-

stolic to reduce maternal risk with a target of

<156 mmHg systolic and <106 mmHg diastolic
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in patients without cardiovascular risk factors.

Finally, the Australasian Society for the Study

of Hypertension in Pregnancy (Brown

et al. 2000) suggests antihypertensive therapy in

cases of BP >170 mmHg systolic or

>110 mmHg diastolic with a recommended tar-

get of 120–140 mmHg systolic and 80–90 mmHg

diastolic.

For women who enter pregnancy and receive

antihypertensive therapy prior to conception,

there are scarce or absent data to guide decisions

regarding continuing or discontinuing therapy

(The American College of Obstetricians and

Gynecologists 2013).

6 Antihypertensive Agents
in Pregnancy

The more commonly used antihypertensive

agents with an acceptable safety profile in preg-

nancy and their Food and Drug Administration

(FDA) classification are illustrated in Table 3.

Table 3 Antihypertensive medications used in pregnancy

Agent

FDA

class Dose Contraindications

Potential side effects and

comments

Methyldopa B 250–1500 mg

orally twice

daily

Hypersensitivity to methyldopa or any

component of the formulation; active

hepatic disease (e.g.,, acute hepatitis,

active cirrhosis); hepatic disorders

previously associated with use of

methyldopa; concurrent use of MAO

inhibitors.

Only a mild antihypertensive

agent and has a slow onset of

action (3–6 h); Sedative effect at

high doses.

Labetalol C 100–1200 mg

orally twice

daily

Hypersensitivity to labetalol or any

component of the formulation; severe

bradycardia; heart block greater than

first degree (except in patients with a

functioning artificial pacemaker);

cardiogenic shock; bronchial asthma;

uncompensated cardiac failure;

conditions associated with severe and

prolonged hypotension.

Has both alpha- and beta-

adrenergic blocking activity and

might preserve uteroplacental

blood flow to a greater extent than

traditional beta-blockers;

Hepatotoxicity.

Nifedipine C 30–90 mg

orally daily, as

sustained

release tablet

Hypersensitivity to nifedipine or any

component of the formulation;

concomitant use with strong CYP3A4

inducers (e.g.,, rifampin); cardiogenic

shock.

There is a small risk of an acute,

precipitous fall in blood pressure,

which may result in a reduction in

uteroplacental perfusion and

headache.

Thiazide

diuretics

C Varies

according to

drug used

Hypotension; Hypersensitivity to

sulfur-containing medications; Gout;

Renal failure; Lithium therapy;

Hypokalemia.

Volume depletion; Hypokalemia;

Hyperglycemia.

Clonidine C 0.1–0.3 mg/

24 h patch

applied once

every 7 days

Hypersensitivity to clonidine

hydrochloride.

Rebound hypertension if it is

stopped suddenly; Particularly

useful for patients who cannot take

an oral antihypertensive drug.

FDA (Food and Drug Administration) classification of drugs in pregnancy: Category A, adequate and well-controlled

studies have failed to demonstrate a risk to the fetus in the first trimester of pregnancy, and there is no evidence of risk in

later trimesters; Category B, animal reproduction studies have failed to demonstrate a risk to the fetus, and there are no

adequate and well-controlled studies in pregnant women; Category C, animal reproduction studies have shown an

adverse effect on the fetus, and there are no adequate and well-controlled studies in humans, but potential benefits might

warrant use of the drug in pregnant women despite potential risks; Category D, there is positive evidence of human fetal

risk based on adverse reaction data from investigational or marketing experience or studies in humans, but potential

benefits might warrant use of the drug in pregnant women despite potential risks; Category X, studies in animals or

humans have demonstrated fetal abnormalities, and/or there is positive evidence of human fetal risk based on adverse

reaction data from investigational or marketing experience, and the risks involved in use of the drug in pregnant women

clearly outweigh potential benefits; Category N, the FDA has not classified the drug
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Methyldopa has been widely used in preg-

nancy, seems safe to use, and is probably prefer-

able to other drugs from the point of view of the

neonate and child (Cockburn et al. 1982). For

infants born to mothers with chronic hyperten-

sion, compared with those with mothers are

treated by methyldopa alone, those whose

mothers are treated by beta-blockers appear to

be at increased risk of being small for gestational

age (SGA) and being hospitalized during infancy

(Xie et al. 2014). Methyldopa, a centrally acting

alpha-2 adrenergic agonist, is considered a first-

line drug for the treatment of hypertension in

pregnancy (Seely and Ecker 2014), with no

apparent adverse effects on uteroplacental hemo-

dynamics (Montan et al. 1993), birth weight,

neonatal complications, and development at

1 year after delivery (Mutch et al. 1977).

Beta-blockers are also commonly used during

the first trimester of pregnancy, and data

concerning the risks of congenital anomalies in

offspring have not been summarized. Based on a

2013 systematic review of 13 population-based

case control cohort studies examining the risk of

congenital malformations, first-trimester oral

β-blocker use showed no increased odds of all or

major congenital anomalies (OR ¼ 1.00; CI95%
0.91–1.10). However, in analyses examining

organ-specific malformations, increased odds of

cardiovascular defects (OR ¼ 2.01; CI95%
1.18–3.42), cleft lip/palate (OR ¼ 3.11; CI95%
1.79–5.43), and neural tube defects (OR ¼ 3.56;

CI95% 1.19–10.67) were observed. The effects on

severe hypospadias were non-significant. The

authors concluded that causality is difficult to

interpret given the small number of heterogeneous

studies and possibility of biases. Additionally,

given the frequency of this exposure in pregnancy,

further research is needed (Yakoob et al. 2013).

Labetalol is a beta-blocker with alpha-blocking

activity commonly used in pregnancy, with no

significant differences in perinatal outcomes

when compared with placebo or methyldopa

(Sibai et al. 1990).

Calcium channel blockers are considered to

be safe for use in pregnancy although they are a

class of drugs that has not been extensively stud-

ied in pregnant women with chronic hyperten-

sion (The American College of Obstetricians and

Gynecologists 2013). Oral nifedipine, the most

commonly prescribed calcium channel blocker,

is also a suitable option for the treatment of

hypertension in pregnancy/postpartum (Firoz

et al. 2014).

Diuretics, generally considered second-line

drugs for the treatment of hypertension in preg-

nancy, can be especially useful in women with

salt-sensitive hypertension (The American Col-

lege of Obstetricians and Gynecologists 2013).

Dose adjustments to minimize the adverse effects

and risks, such as hypokalemia and intravascular

volume depletion, are recommended (The Amer-

ican College of Obstetricians and Gynecologists

2013).

Clonidine has a similar mechanism of action

as methyldopa and appears to be a safe antihy-

pertensive agent in pregnancy (Horvath

et al. 1985; Rothberger et al. 2010). Clonidine

is particularly useful for patients who cannot take

an oral antihypertensive drug because it is avail-

able as a transdermal patch (Table 3).

Angiotensin converting enzyme (ACE)

inhibitors, angiotensin II receptor blockers

(ARB) and direct renin inhibitors are

contraindicated during pregnancy. When mater-

nal exposure is in the second and third trimester,

they are associated with renal abnormalities,

adverse pregnancy outcomes, oligohydramnios,

fetal growth restriction, skull hypoplasia, and

fetal death, and first trimester exposure has been

associated with fetal cardiac abnormalities (Coo-

per et al. 2006).

Hydralazine, labetalol, and calcium channel

blockers are among the medications that were

recommended for urgent lowering of BP in preg-

nant women with chronic hypertension (The

American College of Obstetricians and

Gynecologists 2013; Duley et al. 2013). Based

on the results of a recent, robust Cochrane sys-

tematic review, evidence is inadequate to dem-

onstrate the superior safety or efficacy of any of

these medications (Duley et al. 2013). The

authors state that until better evidence is avail-

able, the choice of antihypertensive should

depend on the clinician’s experience and

familiarity with a particular drug, on what is

known about adverse effects, and on the patient’s

preferences (Duley et al. 2013).
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Nitroprusside is the agent of resort for urgent

control of refractory severe hypertension. It is

recommended that its use should be limited to

emergency situations during a short period of

time. Although under suspicion (Sass

et al. 2007), at present there is insufficient evi-

dence for definitive conclusions about any direct

association between sodium nitroprusside use

and fetal demise (Magee et al. 2014; Sass

et al. 2007).

A systematic review with the purpose to

establish which antihypertensive medications

are safe for use while breastfeeding indicated

that ACE inhibitors, methyldopa, beta-blockers

with high protein binding, and some calcium

channel blockers all appear to be safe treatments

of hypertension in a nursing mother (Beardmore

et al. 2002).

7 Lifestyle Modification
and Blood Pressure Control
of Women with Chronic
Hypertension

There are no large randomized trials that have

evaluated the benefits of limited weight gain or

implementation or continuation of the DASH

diet during pregnancy with chronic hypertension.

However, the ACOG recommends that weight

loss and extremely low-sodium diets

(<100 mEq/d) should not be used for managing

chronic hypertension in pregnancy. In addition,

for women with chronic hypertension who are

accustomed to exercising, and in whom BP is

well controlled, it is suggested that moderate

exercise should be continued during pregnancy

(The American College of Obstetricians and

Gynecologists 2013).

8 Prevention of Superimposed
Preeclampsia

There does not appear to be any benefit for the

prevention of preeclampsia from routine calcium

supplementation (Levine et al. 1997) or the use

of antioxidants (Rumbold et al. 2005) for women

with chronic hypertension. However, there is

some evidence that low-dose aspirin initiated in

early pregnancy is an efficient method of reduc-

ing the incidence of preeclampsia (Duley

et al. 2007; Bujold et al. 2010; Askie

et al. 2007). Therefore, for women with chronic

hypertension who are at a greatly increased risk

of adverse pregnancy outcomes (history of early

onset preeclampsia and preterm delivery at

<34 weeks of gestation or preeclampsia in

more than one prior pregnancy), the ACOG

recommends initiating the administration of

daily low-dose aspirin (60–80 mg) beginning in

the late first trimester. Further information is

required to assess which women are most likely

to benefit when treatment is best started, and at

what dose (Duley et al. 2007).

9 Fetal Surveillance and Timing
of Delivery for Women
with Chronic Hypertension

In general, more frequent prenatal visits are usual

in daily clinical practice with the objective of

following BP profile, urine protein, fundal height

and maternal/fetal well-being (Seely and Ecker

2014). However, there is no consensus on the

most appropriate fetal surveillance tests or the

interval and timing of testing for women with

chronic hypertension (The American College of

Obstetricians and Gynecologists 2013). Notwith-

standing, because these pregnancies are more

likely to be complicated by fetal growth restric-

tion, the ACOG suggests the use of ultrasonogra-

phy (instead of fundal height) to screen for fetal

growth abnormalities, and if evidence of fetal

growth restriction is found, fetoplacental assess-

ment to include umbilical artery Doppler

velocimetry is recommended (The American

College of Obstetricians and Gynecologists

2013). For women with chronic hypertension

and no additional maternal or fetal

complications, delivery before 38 weeks of ges-

tation is not recommended by the ACOG (The

American College of Obstetricians and

Gynecologists 2013).
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10 Women with Chronic
Hypertension
in the Postpartum
Hypertension

Postpartum hypertension can be related to

preexisting cHT, preeclampsia, persistence of

gestational hypertension, or it could develop sec-

ondary to other causes (Sibai 2012). The exact

incidence of postpartum hypertension is difficult

to determine (Sibai 2012). However, despite the

few data regarding hypertensive disorders that

are diagnosed in the postpartum period, the

reported prevalence of de novo postpartum

hypertension or preeclampsia ranges from 0.3 to

27.5 % (Sibai 2012; Podymow and August

2010).

There are scarce data describing the etiology,

differential diagnosis, and management of post-

partum hypertension-preeclampsia (Sibai 2012).

In daily clinical practice the differential diagno-

sis is extensive, and varies from benign (mild

gestational or essential hypertension) to life-

threatening such as severe preeclampsia-

eclampsia, pheochromocytoma, and cerebrovas-

cular accidents (Sibai 2012). Because delivery

does not eliminate the risk for preeclampsia and

its complications, efforts should be directed at

the continued monitoring, reporting, and

evaluating of the symptoms of preeclampsia dur-

ing the postpartum period (Matthys et al. 2004).

HT or exacerbation of hypertension postpartum

may be due to either undiagnosed cHT (women

with limited medical care prior to or early in

pregnancy), or due to exacerbation of HT after

delivery in those with superimposed

preeclampsia.

Evaluation and management of women with

postpartum HT should be guided by obtaining a

detailed history, careful physical examination,

selective laboratory and imaging studies, and

response to initial treatment (Sibai 2012).

Women with cHT will usually require treat-

ment with antihypertensive agents in the postpar-

tum period, even if they were not treated during

pregnancy (The American College of

Obstetricians and Gynecologists 2013; National

Institute for Health and Care Excellence

guidelines [CG107], Hypertension in Pregnancy

2015; Report of the National High Blood Pres-

sure Education ProgramWorking Group on High

Blood Pressure in Pregnancy 2000). Addition-

ally, good clinical practice suggests that women

with chronic hypertension should be encouraged

to breastfeed, although there are no studies that

have assessed either maternal or children

outcomes in this patient population exposed to

antihypertensive medications in breast milk (The

American College of Obstetricians and

Gynecologists 2013). Methyldopa, propranolol,

labetalol, captopril, and channel blockers are

considered safe, and concentrations in breast

milk are low (The American College of

Obstetricians and Gynecologists 2013). The con-

centration of diuretics in breast milk is also low

but these agents may reduce the quantity of milk

production (The American College of

Obstetricians and Gynecologists 2013; National

Institute for Health and Care Excellence

guidelines [CG107], Hypertension in Pregnancy

2015; Report of the National High Blood Pres-

sure Education ProgramWorking Group on High

Blood Pressure in Pregnancy 2000; Magee

et al. 2014; James et al. 2014).

11 Conclusion

Chronic hypertension is frequently encountered

during pregnancy and needs to be distinguished

from other hypertensive complications of preg-

nancy, such as preeclampsia and gestational

hypertension. Women with chronic arterial

hypertension are at increased risk for several

pregnancy complications, including

superimposed pre-eclampsia, caesarean delivery,

preterm delivery <37 weeks gestation, birth

weight <2500 g, neonatal intensive care unit

admission, and perinatal death. Therefore,

specialized attention should be given to these

women as part of family planning before concep-

tion, to provide counseling regarding the preg-

nancy risks, to inform about surveillance of fetal

well-being, to determine the timing of delivery,
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and to optimize BP control before, during, and

after birth.
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Abstract

Superimposed preeclampsia refers to women with chronic arterial hyper-

tension (primary or secondary) who develop preeclampsia (PE). Because

hypertension affects 5–15 % of pregnancies, it is itself a matter of con-

cern. However, this concern should be permanent, given the increased risk

of the hypertension worsening and, particularly, the appearance of

superimposed PE. The search for factors that underlie or promote the

development of this disorder has been the subject of intense research.

However, despite the wealth of knowledge, the cause or causes remain to

be determined.
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Abbreviations

ACOG American College of Obstetricians and

Gynecologists

eNOS endothelial nitric oxide synthase

IUGR intra-uterine growth restriction

LR likelihood ratio

NO nitric oxide

PE preeclampsia

PI pulsatility index

PlGF placental growth factor

sFlt-1 soluble fms-like tyrosine kinase

sPE superimposed preeclampsia

UtA uterine artery

�ve negative

+ve positive

VEGF vascular endothelial growth factor.

1 Introduction

Hypertension is a serious human disorder that if

left untreated, can lead to dire consequences,

most often affecting target organs, such as the
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heart, brain, kidney and retina (Edwards

et al. 2014; Leow 2015). Not unexpectedly,

when a woman is diagnosed with hypertension

and becomes pregnant, greater care is taken due

to the additional effect of hypertension on the

placenta and the fetus (Bramham et al. 2014;

Seely and Ecker 2014).

According to the Report of the Working

Group on Research on Hypertension During

Pregnancy, from the 2001 Meeting at the

National Heart, Lung, and Blood Institute,

“hypertension during pregnancy is categorized

as: preeclampsia (PE)/eclampsia, gestational

hypertension, the continued presence of chronic

hypertension, and preeclampsia superimposed

upon chronic hypertension” (National Heart,

Lung and Blood Institute 2001). This report fur-

ther defines and emphasizes the relevance of

these entities, in particular, the previous exis-

tence of hypertension and the precise point at

which women suffering from hypertension have

a significant risk “of superimposed PE (25 %

risk), preterm delivery, fetal growth restriction

or demise, abruptio placentae, congestive heart

failure and renal failure. In addition, the outcome

for mother and infant is worse than the outcome

with de novo PE” (National Heart, Lung and

Blood Institute 2001).

2 From Hypertension
to Preeclampsia

Hypertension is defined as systolic blood pres-

sure of at least 140 mmHg and diastolic blood

pressure of 90 mmHg on at least two occasions;

these measurements should be taken at least 4 h

(but not more than 7 days) apart. The situation is

considered severe if the systolic blood pressure is

at least 160 mmHg and/or if the diastolic pres-

sure is at least 110 mmHg on two occasions at

least 4 h apart (Sibai and Stella 2009). Usually,

the criteria to diagnose PE is beyond hyperten-

sion and includes the presence of proteinuria,

defined primarily as a concentration of �30 mg/

dL (1+ in the dipstick) in at least 2 random urine

specimens that were collected �4 h apart (but

within a 7-day interval) or 0.3 g in a 24-h period

(Sibai et al. 2005). In the absence of proteinuria,

PE is diagnosed as hypertension in association

with thrombocytopenia (<100,000/μl), impaired

liver function (elevated blood levels of liver

transaminases to twice the normal concentra-

tion), the new development of renal insufficiency

(elevated serum creatinine greater than 1.1 mg/

dL or a doubling of serum creatinine in the

absence of other renal disease), pulmonary

edema, or new-onset cerebral or visual

disturbances (American College of Obstetricians

and Gynecologists 2013).

Because hypertension affects 5–15 % of

pregnancies (Lain and Roberts 2002; Anumba

et al. 2010), it is itself a matter of concern.

However, this concern should be permanent,

given the increased risk of the hypertension

worsening and, particularly, the appearance of

superimposed PE. Compared to severe hyperten-

sion, the likelihood of preterm delivery and

abruptio placenta in severe PE can increase to

50 %, and fetal death might supervene (Sibai and

Stella 2009).

Understandably, the search for factors that

underlie or promote the development of this dis-

order has been the subject of intense research.

However, despite the wealth of knowledge, the

cause or causes remain to be determined

(Karumanchi et al. 2005). Thus, it is imperative

to continue investigations into the factors respon-

sible for hypertension.

A personal history of PE, the presence of

hypertension, parity, obesity, black ancestry,

insulin-dependent diabetes, collagen disorder,

thrombotic abnormalities, twin pregnancy,

hydatidiform molar disease and extremes of

reproductive age are all factors that increase the

risk of PE (Lain and Roberts 2002; Karumanchi

et al. 2005). These data suggest that the cause or

causes of hypertension are mostly of maternal

origin and that the fetal structures are a target.

Consequently, efforts to understand the

unwanted effects of hypertension in pregnancy

should emphasize the maternal side prior to the

placental side.

In Western countries as a whole, the age at

which women deliver their first child has steadily

increased (Istance and Theisens 2008; Mathews
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and Hamilton 2009). This decision, likely the

result of economic or educational reasons, has

important medical implications because of the

expected age-related reduction of natural fecun-

dity (Menken et al. 1986) and the increased use

of assisted reproductive technologies

(de Mouzon et al. 2010).

Thus, older age, in contrast with younger age,

is an increasingly relevant modulating factor of

pregnancy outcome. Indeed, pregnancy in older

women carries the enhanced risk for the occur-

rence of pregnancy disorders or serious

complications, which include abortion, fetal

death, preterm delivery, pre-eclampsia, intrauter-

ine growth restriction and abruptio placenta

(Oyelese and Ananth 2006; Balasch and

Gratacós 2011). Furthermore, older women,

compared to younger women, are more prone to

suffer from hypertension (Hajjar et al. 2006),

enhancing the risks associated with pregnancy.

Therefore, due to the increased incidence and

severity of consequences, one should pay closer

attention to hypertensive, reproductive-age

women in the clinical management of

pregnancies (Jacobsson et al. 2004; van Katwijk

and Peeters 1998).

It is also important that such clinical problems

be studied with a biomedical approach. In fact,

these conditions reflect disordered local gene

expression that might be unveiled through the

application of molecular biology techniques.

It is recognized that most of these

complications of pregnancy result from

abnormalities in the uterine placental bed trans-

formation (Brosens et al. 2011). Yet, despite the

amount of information known about the struc-

tural features observed in the myometrium,

decidua and spiral arteries, the local regulation

that leads to normal placentation or its derange-

ment remains unknown.

3 Superimposed Preeclampsia:
General Aspects

Superimposed preeclampsia refers to the devel-

opment of PE following chronic arterial hyper-

tension (primary or secondary) during pregnancy

(American College of Obstetricians and

Gynecologists 2013).

Chronic hypertension is a recognized risk fac-

tor for preeclampsia, and superimposed pre-

eclampsia is associated with important

maternal-fetal morbidity and mortality (Ameri-

can College of Obstetricians and Gynecologists

2013; Ferrer et al. 2000). Approximately

10–40 % of women with chronic arterial hyper-

tension develop preeclampsia, either with or

without underlying chronic hypertension, and

experience worse perinatal outcomes (Ray

et al. 2001). In addition, the risk of superimposed

preeclampsia is significantly influenced by diag-

nostic criteria, the type of underlying hyperten-

sion, and the severity of hypertension (American

College of Obstetricians and Gynecologists

2013; Ferrer et al. 2000; Ray et al. 2001). The

Task Force on Hypertension in Pregnancy devel-

oped by the American College of Obstetricians

and Gynecologists (2013) proposes that

superimposed preeclampsia be stratified into

two groups ‘to guide management’:

(1) superimposed preeclampsia (sPE) and

(2) superimposed preeclampsia with severe

features (American College of Obstetricians and

Gynecologists 2013).

After 20 weeks of gestation (with chronic

arterial hypertension) when a sudden increase in

blood pressure (BP) or escalation of antihyper-

tensive drugs to control BP is noted, and new

onset proteinuria or a sudden increase in protein-

uria (in a pregnant women with known protein-

uria early in pregnancy) is detected, sPE is likely

be present (Bramham et al. 2014; American Col-

lege of Obstetricians and Gynecologists 2013).

Superimposed preeclampsia with severe

features is defined by the American College of

Obstetricians and Gynecologists (2013) when

any of the following criteria are present:

(1) Severe range BP despite escalation of antihy-

pertensive therapy; (2) Thrombocytopenia

(platelet count <100.000/microliter); (3) Ele-

vated liver transaminases (two times the upper

limit of normal concentration for a particular

laboratory); (4) New-onset and worsening renal

insufficiency; (5) Pulmonary edema; and, (6) Per-

sistent cerebral or visual disturbances.
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4 Prediction of Preeclampsia/
Superimposed Preeclampsia

There is continuing research for improved tests

to predict and/or diagnose preeclampsia.

In general, it is agreed that the increased blood

flow to the uterus during pregnancy is

accommodated through the close relationship

between the maternal and fetal circulations. In

the non-pregnant state, the uterine artery (UtA)

Doppler waveform exhibits a rapid rise and fall

in systolic flow velocity that is followed by a

notch in early diastole (Steer et al. 1995). This

peculiar feature typically fades during the preg-

nancy; the prevalence of bilateral notching is

46.3 % between 11 and 14 weeks, 16.5 %

between 15 and 24 weeks, and 5 % between

25 and 41 weeks (Gómez et al. 2008). As a

consequence of notch disappearance, the mean

diastolic velocity rises, which results in a

pulsatility index (PI) value reduction (Fig. 1).

Due to the value of UtA impedance

assessments employing Doppler ultrasound, the

reference ranges for the mean PI during the nor-

mal menstrual cycle (Guedes-Martins

et al. 2015) and from 6 to 41 weeks in uneventful

Fig. 1 UtA waveforms. Spectral analysis of normal

blood flow velocity waveforms obtained before preg-

nancy (a) and at 20 weeks (b) of gestation. In

non-pregnant women and during the first half of a normal

pregnancy, the flow velocity waveforms from the main

UtA are characterized by a well-defined protodiastolic

notch (a). End-diastolic flow increases in the main UtA

and its branches during the second half of the menstrual

cycle, and this increase continues as pregnancy advances

(Guedes-Martins et al. 2014a, b, 2015). The presence of

early diastolic notches remains relevant, particularly if

bilateral, to adverse pregnancy outcome, even with nor-

mal UtA resistance values
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pregnancies were established and clearly

revealed a general progressive gestational

age-related decrement (Gómez et al. 2008;

Guedes-Martins et al. 2014a). This trend has

been attributed to the major changes in the pla-

cental bed that modify the properties of the UtA

from a resistance vessel into a capacitance vessel

(Osol and Mandala 2009).

Beyond the reference ranges for an uneventful

pregnancy, a number of studies at different ges-

tational ages have shown that UtA impedance is

able to provide important predictive information

about serious obstetrical disorders, such as

PE. Notably, in women with gestational hyper-

tension just before term, the incidence of ele-

vated UtA impedance was found to be as high

as 68 % and to rise to 89 % when associated with

PE (Frusca et al. 2003). Other studies also

observed a high incidence of abnormal UtA-PI,

although at lower values, likely reflecting the

different criteria for inclusion (Li et al. 2005;

Meler et al. 2010).

In a group of unselected pregnant women at

22–24 weeks of gestation (Papageorghiou

et al. 2001), the enhanced UtA-PI was reported

to show a 69 % sensitivity for the appearance of

PE with intra-uterine growth restriction (IUGR)

in subsequent weeks, a value that increased to

83 % when the criteria included protodiastolic

notch persistence. However, although the detec-

tion rate of PE as a result of enhanced UtA-PI

was already shown to be superior to the patient’s

epidemiological data detection rate

(Papageorghiou et al. 2005), additional

conditions had to be met. In fact, other reports

indicated that the correlation between abnormal

UtA impedance at 22 weeks and the establish-

ment of PE was significant only in situations in

which the fetal outcome was poor, including

IUGR and preterm birth (van den Elzen

et al. 1995; Aardema et al. 2004). More recently,

top-decile PI values and the presence of bilateral

notching were considered to have a good predic-

tive value for an enhanced risk of stillbirth

resulting from placental causes (Smith

et al. 2007). As a corollary of these studies, an

extensive systematic review of 74 studies includ-

ing 79,547 women (Cnossen et al. 2008) with the

intended purpose of evaluating the use of UtA

Doppler velocimetry for the prediction of PE,

concluded that UtA Doppler ultrasonography

was more accurate for the prediction of PE

when performed in the second trimester rather

than in the first trimester. In addition, the predic-

tion of the overall risk of PE and the risk of

severe PE is significantly different in pregnant

women with a low risk than in those with a high

risk of developing the disease. In the group of

low-risk patients, the overall risk of PE was best

predicted by the presence of a second-trimester

elevation of PI accompanied by UtA notching

[sensitivity 23 %, specificity 99 %, positive like-

lihood ratio (+ve LR) 7.5, �ve LR 0.59]. Also in

this low-risk group, the risk of severe PE was

best predicted by either the second trimester PI

(sensitivity 78 %, specificity 95 %, +ve LR 15.6,

�ve LR 0.23) or bilateral notching (sensitivity

65 %, specificity 95 %, +ve LR 13.4, �ve LR

0.37). In contrast, in women at a high risk of

developing PE, the overall risk of PE was best

predicted by the presence of a second-trimester

elevation of PI accompanied by UtA notching

(sensitivity 19 %, specificity 99 %, +ve LR

21, �ve LR 0.82). Additionally, the risk of

severe PE in high-risk patients was best predicted

by second-trimester elevated RI (sensitivity

80 %, specificity 78 %, + ve LR 3.7, �ve LR

0.26). These findings supported the recommen-

dation to employ PI and notching assessment in

daily clinical practice (Cnossen et al. 2008).

This progressive increase in the maternal-

placental blood flow during gestation is mainly

due to vasodilation in part related to increased

levels of 17β-estradiol, progesterone, and relaxin
(Sprague et al. 2009; Vodstrcil et al. 2012). Addi-

tionally, the UtA diameter doubles in size after

20 weeks of pregnancy (Konje et al. 2001).

Because blood flow within a vessel increases in

proportion to the fourth power of the radius, this

slight diameter increase in the UtA produces a

significant blood flow capacity increase (Palmer

et al. 1988; Mandala and Osol 2012) with a

concomitant Doppler velocimetry increment.

The downstream fall in vascular resistance

leads to circumferential vessel growth, a process

that nitric oxide (NO) appears to play a key role
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in regulating. NO is generated in the endothelium

by endothelial nitric oxide synthase (eNOS) and

is essential for proper endothelial function and

the regulation of vascular tone. For instance,

estrogen, placental growth factor (PlGF), and

vascular endothelial growth factor (VEGF) aug-

ment eNOS and, consequently, NO production

(Sprague et al. 2009; Mandala and Osol 2012;

Grummer et al. 2009). In addition, increased

soluble fms-like tyrosine kinase 1 (sFlt-1) levels

inactivate and decrease circulating PlGF and

VEGF concentrations and have been recognized

as an important factor in PE pathogenesis

(Karumanchi et al. 2005). To reverse this trend,

the relative vascular insensitivity to infused

angiotensin II and norepinephrine (Rosenfeld

et al. 2012) also serves to increase the

uteroplacental blood supply.

Abnormal UtA-PI and elevated levels of sFlt-

1, reduced levels of PlGF, and an increased sFlt-

1:PlGF ratio have been reported as potential pre-

dictive markers for the development of pre-

eclampsia (Cnossen et al. 2008; Seely and

Solomon 2016). However, these markers are not

validated for clinical use in cases of

superimposed preeclampsia.

5 Evaluation and Management
of Women with Superimposed
Preeclampsia

The surveillance of a pregnant woman with the

diagnosis of sPE should be performed as an inpa-

tient. This aspect is of particular importance

because the failure of diagnosis or inadequate

treatment of the disease is an important cause of

poor obstetric outcomes, including fetal death. It

is particularly important to look for signs and

symptoms of severe preeclampsia, such as neuro-

logic symptoms, epigastric or right upper quadrant

pain, and nausea and vomiting (American College

of Obstetricians and Gynecologists 2013).

Serial BP measurements, assessment of pro-

teinuria from a 24-h urine collection, and labora-

tory evaluation (complete blood count with

platelets, liver enzymes, lactic dehydrogenase,

serum creatinine, and acid uric concentration)

are needed. Ideally, the ACOG recommends

that these laboratory results should be compared

with baseline information obtained in early preg-

nancy. In addition, fetal growth and well-being

should be assessed when sPE is suspected

(American College of Obstetricians and

Gynecologists 2013), and once the diagnosis of

sPE is established, acute lowering of severe

hypertension can be performed by oral or intra-

venous medications (See chapter ‘Chronic Hyper

tension and Pregnancy’).

For women with sPE who receive expectant

management at less than 34 weeks of gestation,

the American College of Obstetricians and

Gynecologists recommends the administration

of corticosteroids for fetal lung maturation

(American College of Obstetricians and

Gynecologists 2013; National Institutes of

Health Consensus Development Panel 2001).

Until then, there is only one randomized trial of

glucocorticoids given to hypertensive women for

fetal lung maturation (Amorim et al. 1999). This

double-blind randomized trial enrolled 218 preg-

nant women with severe preeclampsia and gesta-

tional age between 26 and 34 weeks. One

hundred ten women received betamethasone

(12 mg administered intramuscularly, repeated

after 24 h and then once a week), and

108 received placebo. The frequency of respira-

tory distress syndrome was significantly reduced

in the corticosteroid group (23 %) compared to

the placebo group (43 %), with a relative risk of

0.53 (CI95% 0.35–0. 82). The relative risks of

intraventricular hemorrhage, patent ductus

arteriosus, and perinatal infection were also sig-

nificantly decreased in the corticosteroid group:

0.35 (CI95% 0.15–0.86), 0.27 (CI95% 0.08–0.95),

and 0.39 (CI95% 0.39–0.97), respectively. There

was no significant difference in the frequency of

stillbirth, but the neonatal mortality rate was

lower in the corticosteroid group (14 %) than in

the placebo group (28 %), with a relative risk of

0.5 (CI95% 0.28–0.89). Amorim and colleagues

(1999) concluded that antenatal corticosteroid

therapy with betamethasone for the acceleration

of fetal lung maturity is a safe and efficient treat-

ment in patients with severe preeclampsia

between 26 and 34 weeks gestation.

Although the expectant management of pre-

term superimposed preeclampsia among women
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with chronic arterial hypertension is considered a

reasonable management strategy, it is associated

with some maternal morbidity (Samuel

et al. 2011) and with a frequency of eclampsia

development estimated in the range of 0–2.5 %

(Samuel et al. 2011; Chappell et al. 2008). In this

context, for women with chronic hypertension

and sPE with severe features, ACOG

recommends the administration of intra-partum

parenteral magnesium sulfate to prevent eclamp-

sia (American College of Obstetricians and

Gynecologists 2013) and immediate delivery

after maternal stabilization. The ACOG task

force also reinforces that for women with sPE

with severe features, expectant management

beyond 34 weeks of gestation is not

recommended. In fact, termination of pregnancy

is the only cure for preeclampsia.

6 Conclusion

The development of sPE is the most prevalent

complication in pregnancy in women with

chronic hypertension, and it is an important

cause of bad birth outcomes, such as preterm

birth, caesarean delivery, placental abruption,

and fetal growth abnormalities. Because worsen-

ing chronic hypertension is managed differently

from preeclampsia, it is imperative to distinguish

these two entities. In addition to the fact that the

diagnosis can be really difficult to achieve, there

are no known tests capable of early prediction of

the disease. Future research is necessary to

search for improved tests to both predict and

diagnose sPE.
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Abstract

Many prospective cohort studies have demonstrated that hypertension is a

strong risk factor for total mortality and cardiovascular disease (CVD).

Heart disease includes coronary heart disease (CHD), heart failure, atrial

fibrillation, valvular disease, sudden cardiac death (SCD), sick sinus

syndrome (SSS), cardiomyopathy, and aortic aneurysms. Most of the

epidemiologic prospective studies of heart disease focused on coronary/

ischemic heart disease. Here we comprehensively reviewed the associa-

tion between hypertension and the above-mentioned heart diseases. We

found that CHD, heart failure, atrial fibrillation, aortic valvular disease,

SCD, SSS, left ventricular hypertrophy, and abdominal aortic aneurysms

were all associated with hypertension. Those relations tended to be stron-

ger in men. The prevention of hypertension and lowering one’s blood

pressure may help reduce the risk of developing heart disease.

Keywords

Heart disease • Hypertension • Prospective studies • Epidemiology • Risk

factors

1 Introduction

Many prospective cohort studies have

demonstrated that hypertension is a strong risk

factor for total mortality and cardiovascular dis-

ease (CVD) (Heerspink et al. 2009). The man-

agement and prevention of hypertension are

important to reduce the risk of CVD.

Accumulating evidence suggests the importance

of reducing blood pressure not only toward

preventing CVD but also in the management of
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other diseases, such as brain–cardiorenal cross-

talk and noncardiovascular diseases including

dementia, cancer, oral health disorders, and oste-

oporosis (Kokubo and Iwashima 2015).

Risk factors for heart disease include not only

hypercholesterolemia and smoking but also

hypertension. Previous reviews concerning

hypertension focused mainly on CVD. In the

present review, we broaden the range of studies

to comprehensibly examine the association

between hypertension and heart disease, which

disease includes CVD/coronary heart disease

(CHD), heart failure, atrial fibrillation, aortic

valve disease, sudden cardiac death (SCD), sick

sinus syndrome (SSS), left ventricular hypertro-

phy (LVH), and thoracic and abdominal aortic

aneurysms (TAA/AAA).

2 Coronary Heart Disease (CHD)
and Cardiovascular Disease
(CVD)

Hypertension is the largest risk factor for CVD

(Wilson et al. 1998; Eshak et al. 2012). The

population-attributable fractions (PAF) of com-

bined prehypertension with hypertension for

CVD were approximately 30–60 % (Kokubo

et al. 2008; Ikeda et al. 2009). The prevention

of hypertension and the improvement of blood

pressure (BP) are essential and fundamental steps

toward the prevention of CVD (Table 1).

The Framingham Heart Study showed that

high-normal BP and hypertension (stage

1, stage 2, and higher) increased the risk of

CHD in both men [relative risk (RR, 95 % confi-

dence intervals, CI) ¼ 1.31 (0.98–1.76), 1.67

(1.28–2.18), and 1.84 (1.37–2.49)] and women

[RR (95 % CI) ¼ 1.30 (0.86–1.98), 1.73

(1.19–2.52), and 2.12 (1.42–3.17)] (Wilson

et al. 1998). The Suita Study, a Japanese urban

cohort study, showed that high-normal BP and

hypertension stage 1 and stage 2 or higher

increased the risk of myocardial infarction

(MI) in men [hazard ratios, HRs (95 %

CI) ¼ 2.65 (1.20–5.85), 2.72 (1.26–5.84), and

3.89 (1.76–8.56), respectively], and that hyper-

tension stage 2 or higher was increased risk of MI

in women [HR (95 % CI) ¼ 5.24 (1.85–14.85)]

(Kokubo et al. 2008).

A meta-analysis of individual data for one mil-

lion adults examined in 61 prospective studies

showed that throughout the range of usual systolic

blood pressure (SBP) values decreasing to

�115 mmHg, the slope of the association between

CHD mortality (plotted on a doubling scale) and

the usual SBP levels were approximately constant

within each age range, although the relative

strength of the association was weaker for CHD

than for stroke mortality in middle age

(Lewington et al. 2002) (Table 2). In addition,

for the association between CHD mortality and

usual diastolic blood pressure (DBP) values

decreasing to �75 mmHg, age-specific HRs

associated with 10-mmHg differences in usual

DBP are equivalent to those associated with

20-mmHg differences in usual SBP values.

The Japan Arteriosclerosis Longitudinal

Study Group provided a meta-analysis of

16 cohort studies that included 48,224 Japanese

men and women (40–89 years old) at baseline

and an average 8.4-year follow-up (Miura

et al. 2009). Higher SBP, pulse pressure, and

mean BP were increased risks of MI in men,

but not in women. The incidence of MI was 1.2

and 0.5 per 1000 person-years in the men and

women, respectively. Due to the small sample

size of women, the association between higher

BP values and incident MI may not be observed

in women.

3 Heart Failure

In the First National Health and Nutrition Exam-

ination Survey Epidemiologic (NHANES I)

Follow-up Study, during the average follow-up

of 19 years, 10.1 % of the Congestive heart fail-

ure (CHF) cases were documented. The inci-

dence of CHF was significantly associated with

coronary heart disease [RR (95 % CI) ¼ 8.11

(6.95–9.46), PAF ¼ 61.6 %], cigarette smoking

[RR (95 % CI) ¼ 1.59 (1.39–1.83), PAF ¼ 17.1

%], hypertension [RR (95 % CI) ¼ 1.40

(1.24–1.59), PAF ¼ 10.1 %], in descending

order of the PAF values (He et al. 2001).
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Table 1 Review of studies of hypertension as a risk factor for heart disease

Disease Population

No. of

subjects Age (years) Design Results

MI Framingham Heart

Study (Wilson

et al. 1998)

M, 2489 48.6 � 11.7 Prospective

study

Men: normal BP: RR ¼ 1.0 (ref), high

normal BP: RR ¼ 1.31 (0.98–1.76),

HTN stage 1: RR ¼ 1.67 (1.28–2.18),

HTN stages 2–4: RR ¼ 1.84 (1.37–2.49)

W, 2856 Women: normal BP: RR ¼ 1.0 (ref),

high normal BP: RR ¼ 1.30(0.86–1.98),

HTN stage 1: RR ¼ 1.73 (1.19–2.52),

HTN stages 2–4: RR ¼ 2.12 (1.42–3.17)

*adjusted for total cholesterol

Suita Study (Kokubo

et al. 2008)

5494 30–79 Prospective

study

Men: Optimal: HR ¼ 1(ref), normal BP:

2.14 (0.94–4.86), high-normal BP:

HR ¼ 2.65 (1.20–5.85), HTN stage 1:

HR ¼ 2.72 (1.26–5.84), HTN stage �2:

HR ¼ 3.89 (1.76–8.56)

Women: Optimal: HR ¼ 1(ref), normal

BP: HR ¼ 1.44 (0.42–4.90), high-

normal BP: HR ¼ 2.27 (0.78–6.57),

HTN stage 1: HR ¼ 1.69 (0.56–5.10),

HTN stage �2: HR ¼ 5.24 (1.85–14.85)

HF NHANES

(He et al. 2001)

13,643 M,

52.2 � 15.2

Prospective

study

HTN: RR ¼ 1.50 (1.34–1.68)

W,

48.1 � 15.4

Framingham Heart

Study (Lee

et al. 2007)

3362 62 Prospective

study

SBP per 1-SD increment: HR ¼ 1.31

(1.11–1.55)

Af Framingham Heart

study (Benjamin

et al. 1994)

M, 2090 55–94 Prospective

study

Men: HTN (1.5:1.2–2.0),

W, 2641 Women: HTN (1.4:1.1–1.8)

Southern Community

Cohort Study

(Lipworth et al. 2012)

8836 �65 prospective

study

HTN: HR ¼ 1.29 (1.07–1.55)

AS Cardiovascular

Health Study (CHS)

(Stewart et al. 1997)

�65 Prospective

study

HTN: OR ¼ 1.23 (1.1–1.4)

MR Framingham Heart

Study (Singh

et al. 1999)

M, 1696 54 � 10 Prospective

study

HTN: OR ¼ 1.6 (1.2–2.0)

W, 1893

SCD Nurses’ Health Study

(Albert et al. 2003)

121,701

women

30–55 Prospective

study

HTN: OR ¼ 2.49 (1.87–3.32)

SSS ARIC & CHS (Jensen

et al. 2014)

20,572 ARIC: 54 Prospective

study

HTN: OR ¼ 1.56 (1.09–2.25)

CHS: 73

LVH Framingham Heart &

Offspring Study

(Verdecchia

et al. 1996)

274 �50 Prospective

study

Men: HTN: OR ¼ 2.58 (0.97–6.86)

Women: HTN: OR ¼ 5.94 (3.06–11.53)

AAA Southern Community

Cohort (Jahangir

et al. 2015)

18,782 64.5 Prospective

study

Normal BP: HR ¼ 1.0 (ref), high BP:

HR ¼ 1.44 (1.04–2.01)

MI myocardial infarction, HF heart failure Af atrial fibrillation, AS aortic sclerosis, MR mitral regurgitation, SCD
sudden cardiac death, SSS sick sinus syndrome, LVH left ventricular hypertrophy, AAA abdominal aortic aneurysm,

CHD ischemic heart disease, HTN hypertension, BP blood pressure, SBP systolic blood pressure, DBP diastolic blood

pressure, MBP mean blood pressure, PP pulse pressure, M men, W women, HR hazard ratio, ref reference, OR odds

ratio, SD standard deviation
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In the Framingham Heart Study, during

67,240 person-years of follow-up, 518 incidence

of heart failure were observed. Recent SBP

[HR (95 % CI) per 1-SD increment ¼ 1.31

(1.11–1.55)], pulse pressure [HR (95 % CI) per

1-SD increment ¼ 1.33 (1.14–1.54)], and body

mass index (BMI) [HR (95 % CI) per unit

increase ¼ 1.15 (1.08–1.23)] were associated

with heart failure risk even after adjusting for

current measures (Lee et al. 2007). Therefore,

the presence of hypertension and higher SBP

increased risk of heart failure.

4 Atrial Fibrillation

Atrial fibrillation (AF) is one of the most frequent

types of arrhythmia and is a risk factor for mor-

tality, CVD (Emdin et al. 2016), and ischemic

stroke (Lip et al. 2012). In the Framingham Heart

Study, hypertension was revealed to provide

1.5- and 1.4-increased risks of AF in men and

women, respectively.(Benjamin et al. 1994) The

Women’s Health Study showed that systolic

high-normal BP and grades 1, 2 and 3 hyperten-

sion increased the risk of incident AF compared

to systolic optimal BP [adjusted HRs (95 %c

CI) ¼ 1.28 (1.00–1.63), 1.56 (1.22–2.01), and

2.74 (1.77–4.22); P for trend <0.0001, respec-

tively], and that diastolic high-normal BP and

grade 2 and 3 hypertension increased the risk of

incident AF compared to diastolic BP

<65 mmHg [adjusted HRs (95 % CI) ¼ 1.53

(1.05–2.23) and 2.15 (1.21–3.84); P for trend

¼ 0.004] (Conen et al. 2009). A cohort study of

Norwegian men also showed that high-normal

BP was associated with incident AF (Grundvold

et al. 2012). The Southern Community Cohort

study showed that hypertension and diabetes

increased the risk of AF, especially in blacks

and women (Lipworth et al. 2012).

These associations were also confirmed in a

recent Japanese cohort study (Kokubo

et al. 2015). In that study, systolic and diastolic

hypertension and pulse pressure are risk factors

for incident AF. Compared to normal BP with

Table 2 Meta-analysis of studies of hypertension as a risk factor for heart disease

Disease Population No. of subjects Results

CHD mortality 61 prospective studies

(Lewington et al. 2002)

12.7 million

person-years

Usual SBP: decreasing to �115 mmHg

Age 40–49: HR ¼ 0.49 (0.45–0.53)

Age 50–59: HR ¼ 0.50 (0.49–0.52)

Age 60–69: HR ¼ 0.54 (0.53–0.55)

Age 70–79: HR ¼ 0.60 (0.58–0.61)

Age 80–89: HR ¼ 0.67 (0.64–0.70)

Usual DBP: decreasing to �75 mmHg

Age 40–49: HR ¼ 0.47 (0.43–0.51)

Age 50–59: HR ¼ 0.52 (0.50–0.55)

Age 60–69: HR ¼ 0.56 (0.54–0.58)

Age 70–79: HR ¼ 0.62 (0.60–0.64)

Age 80–89: HR ¼ 0.70 (0.65–0.74)

MI 16 Japanese cohort studies

(Miura et al. 2009)

407,213

person-years

Men:

SBP per 1-SD increment: HR ¼ 1.23 (1.06–1.44)

DBP per 1-SD increment: HR ¼ 1.17 (0.99–1.39)

PP per 1-SD increment: HR ¼ 1.17 (1.01–1.36)

MBP per 1-SD increment: HR ¼ 1.22 (1.04–1.44)

Women:

SBP per 1-SD increment: HR ¼ 1.25 (0.99–1.58)

DBP per 1-SD increment: HR ¼ 1.18 (0.92–1.52)

PP per 1-SD increment: HR ¼ 1.18 (0.95–1.47)

MBP per 1-SD increment: HR ¼ 1.25 (0.98–1.59)

Abbreviations are explained in the Table 1 footnote
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normal weight, systolic prehypertension with

overweight was shown to be associated with an

increased risk of incident AF (P for interaction

between SBP and body mass index ¼ 0.04). In

this study, Arterial stiffness, increased left atrial

size, and left ventricular hypertrophy are impor-

tant mediators of the relationship between BP

and incident AF (Brignole et al. 2013). Higher

SBP and body weight may mutually exacerbate

hypertension and left ventricular hypertrophy,

and consequently, these two factors may cooper-

atively increase the risk of AF.

5 Valve Disease

Aortic valve disease, manifested as aortic valve

stenosis and regurgitation is one of the problem-

atic heart disease in aging society. In the Cardio-

vascular Health Study, aortic valve sclerosis was

present in 26 % and aortic valve stenosis in 2 %

of the study cohort. The independent clinical

factors associated with degenerative aortic

valve disease included age (a two-fold increased

risk for each 10-year increase in age), male gen-

der (a two-fold excess risk), present smoking

(a 35 % increase in risk), a history of hyperten-

sion (a 20 % increase in risk) (Stewart

et al. 1997).

For mitral valve disease and tricuspid valve

disease, in the Framingham Heart Study, the

clinical determinant risk factors for mitral regur-

gitation were age (odds ratio [OR] ¼ 1.3/

9.9 years, 95 %CI ¼ 1.2–1.5), hypertension

(OR ¼ 1.6, 95 %CI ¼ 1.2–2.0), and BMI

[OR (95 % CI) ¼ 0.8 (0.7–0.9) per 4.3 kg/m2];

the clinical determinant risk factors for tricuspid

regurgitation were age [OR (95 % CI) ¼ 1.5

(1.3–1.7) per 9.9 years], BMI [OR (95 %

CI) ¼ 0.7 (0.6–0.8) per 4.3 kg/m2], and female

gender [OR (95 % CI) ¼ 1.2 (1.0–1.6)], and

those for aortic regurgitation were age

[OR (95 % CI) ¼ 2.3 (2.0–2.7) per 9.9 years]

and male gender [OR (95 % CI) ¼ 1.6

(1.2–2.1)] (Singh et al. 1999). In that study of a

U.S. general population, hypertension was a risk

factor only for mitral regurgitation.

6 Sudden Cardiac Death (SCD)

The Nurses’ Health Study Cohort showed that all

of the cardiac risk factors examined—especially

smoking, diabetes, and hypertension—were

associated with the risk of SCD (Albert

et al. 2003). Multivariable-adjusted risk factors

associated with SCD included diabetes (a 2.9-

fold increased risk), hypertension (a 2.5-fold

increased risk), smoking (2.8-, 2.4-, and 4.1-

fold increased risks in individuals who smoke

<15, 15–24, and �25 cigarettes/day), and obe-

sity (a 1.6-fold increased risk). The incident SCD

in a Japanese general population living in rural

areas was 0.13 per 1000 person-years.

7 Sick Sinus Syndrome (SSS)

Sick sinus syndrome (SSS) is the name for a

group of heart rhythm problems (arrhythmias)

in which the sinus node does not work properly.

Typical symptoms of SSS are syncope, dizziness,

palpitations, exertional dyspnea, easy fatigability

from chronotropic incompetence, heart failure,

and angina (Jensen et al. 2014). The joint study

of the ARIC (Atherosclerosis Risk In

Communities) study and the CHS (Cardiovascu-

lar Health Study) showed that the standardized

incidence of SSS in white and black individuals

is 0.9 and 0.7 per 1000 person-years, respec-

tively, (Jensen et al. 2014) and the incident SSS

was associated with prevalent hypertension

[OR (95 % CI) ¼ 1.56 (1.09–2.25)]. Older age,

hypertension, heart failure, and history of CVD

were associated with SSS in the ARIC and CHS

(Sanders et al. 2004).

8 Left Ventricular Hypertrophy
(LVH)

Left ventricular hypertrophy (LVH), the

thickening of the myocardium of the left ventri-

cle of the heart, is a strong BP-independent risk

factor for cardiovascular morbidity and mortality

in general populations (Schmieder and Messerli
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2000). The Framingham Heart and Offspring

Study showed that LV mass, but not its geomet-

ric pattern, provides important prognostic infor-

mation independent of conventional risk markers

including office and ambulatory BP values in

hypertensive subjects with established LV hyper-

trophy (Verdecchia et al. 1996).

9 Thoracic and Abdominal Aortic
Aneurysms (TAA/AAA)

Approximately 60 % of the instances of thoracic

aortic aneurysms (TAAs) has been observed at

the aortic root and/or the ascending aorta, 40 %

at the descending aorta, and 10 % at the arch

(Isselbacher 2005). An ascending TAA in partic-

ular most often results from cystic medial degen-

eration, where it appears as smooth muscle cell

dropout and elastic fiber degeneration. Cystic

medial degeneration accelerates with aging and

hypertension (Guo et al. 2001).

Abdominal aortic aneurysms (AAAs) are

much more common than TAAs. The risk factors

of AAA are age, male sex, hypertension, hyper-

lipidemia, atherosclerosis, and smoking (Lederle

et al. 1997; Lederle et al. 2001).

The Southern Community Cohort Study

showed that incident AAA in black and white

populations was 1.53 and 4.01 per 1000 person-

years, respectively. The risk factors for incident

AAA were female sex [HR (95 % CI) ¼ 0.48

(0.36–0.65)], blacks [HR (95 % CI) ¼ 0.51

(0.37–0.69)], smoking [former: HR (95 %

CI) ¼ 1.91 (1.27–2.87); current: HR (95 %

CI) ¼ 5.55 (3.67–8.40)], and a history of hyper-

tension [HR (95 % CI) ¼ 1.44 (1.04–2.01)]

(Jahangir et al. 2015). Smoking is the strongest

risk factor for AAA, whereas hypertension is a

moderate but significant increased risk for AAA

in the U.S. population. In an Asian population, the

incident AAA in men and women >70 years old

were 0.78 and 0.19 per 1000 person-years, respec-

tively (Yii 2003). The prevalence of smoking and

hypertension was �40% among AAA patients.

The incidence of AAA was higher in Westerners

compared to Asians. Smoking and hypertension

were risk factors for AAA in both Westerners

and Asians.

10 Clinical Implications

Hypertension is a risk factor for heart disease; not

only CHD, but also heart failure, atrial fibrilla-

tion, aortic valvular disease, SCD, SSS, LVH,

and AAA. The prevention of hypertension may

reduce the risk of these heart diseases. In order to

reduce higher BP, lifestyle modification is very

important. The various guidelines issued by the

Japanese Society of Hypertension, the American

College of Cardiology/American Heart Associa-

tion, and the European Society of Hypertensio-

n/European Society of Cardiology are essentially

the same in stating that there are seven points of

lifestyle modification that will help reduce and

prevent hypertensions: eating sufficient amounts

of vegetables and fruits, reducing salt and satu-

rate fatty acid intakes, increasing fish intake,

moderating one’s alcohol intake, quitting smok-

ing, engaging in regular exercise, and

maintaining a normal weight (Shimamoto

et al. 2014; Eckel et al. 2014; Mancia

et al. 2013). The prevention of hypertension and

lifestyle modifications may also reduce the risk

of heart diseases and hypertension-related

diseases such as dementia, chronic kidney dis-

ease, cancer, and periodontal disease (Kokubo

and Iwashima 2015; Kokubo 2014).

Source of Funding This work was supported by the

Intramural Research Fund of the National Cerebral and

Cardiovascular Center, by the Japan Agency for Medical

Research and development, AMED

(15gk0210001h0101), and by a Grant-in-Aid for Scien-

tific Research (B, No. 16H05252) and Challenging

Exploratory Research (No. 16K15365) in Japan.

References

Albert CM, Chae CU, Grodstein F et al (2003) Prospec-

tive study of sudden cardiac death among women in

the United States. Circulation 107:2096–2101

Benjamin EJ, Levy D, Vaziri SM, D’Agostino RB,

Belanger AJ, Wolf PA (1994) Independent risk factors

424 Y. Kokubo and C. Matsumoto



for atrial fibrillation in a population-based cohort. The

Framingham Heart Study. JAMA 271:840–844

Brignole M, Auricchio A, Baron-Esquivias G et al (2013)

2013 ESC guidelines on cardiac pacing and cardiac

resynchronization therapy: the task force on cardiac

pacing and resynchronization therapy of the European

Society of Cardiology (ESC). Developed in collabora-

tion with the European Heart Rhythm Association

(EHRA). Eur Heart J 34:2281–2329

Conen D, Tedrow UB, Koplan BA, Glynn RJ, Buring JE,

Albert CM (2009) Influence of systolic and diastolic

blood pressure on the risk of incident atrial fibrillation

in women. Circulation 119:2146–2152

Eckel RH, Jakicic JM, Ard JD et al (2014) 2013

AHA/ACC guideline on lifestyle management to

reduce cardiovascular risk: a report of the American

College of Cardiology/American Heart Association

Task Force on Practice Guidelines. Circulation 129:

S76–S99

Emdin CA, Wong CX, Hsiao AJ et al (2016) Atrial

fibrillation as risk factor for cardiovascular disease

and death in women compared with men: systematic

review and meta-analysis of cohort studies. BMJ 532:

h7013

Eshak ES, Iso H, Kokubo Y et al (2012) Soft drink intake

in relation to incident ischemic heart disease, stroke,

and stroke subtypes in Japanese men and women: the

Japan Public Health Centre-based study cohort I. Am J

Clin Nutr 96:1390–1397

Grundvold I, Skretteberg PT, Liestol K et al (2012) Upper

normal blood pressures predict incident atrial fibrilla-

tion in healthy middle-aged men: a 35-year follow-up

study. Hypertension 59:198–204

Guo D, Hasham S, Kuang SQ et al (2001) Familial tho-

racic aortic aneurysms and dissections: genetic hetero-

geneity with a major locus mapping to 5q13-14.

Circulation 103:2461–2468

He J, Ogden LG, Bazzano LA, Vupputuri S, Loria C,

Whelton PK (2001) Risk factors for congestive heart

failure in US men and women: NHANES I epidemio-

logic follow-up study. Arch Intern Med 161:996–1002

Heerspink HJ, Ninomiya T, Zoungas S et al (2009) Effect

of lowering blood pressure on cardiovascular events

and mortality in patients on dialysis: a systematic

review and meta-analysis of randomised controlled

trials. Lancet 373:1009–1015

Ikeda A, Iso H, Yamagishi K, Inoue M, Tsugane S (2009)

Blood pressure and the risk of stroke, cardiovascular

disease, and all-cause mortality among Japanese: the

JPHC study. Am J Hypertens 22:273–280

Isselbacher EM (2005) Thoracic and abdominal aortic

aneurysms. Circulation 111:816–828

Jahangir E, Lipworth L, Edwards TL et al (2015) Smok-

ing, sex, risk factors and abdominal aortic aneurysms:

a prospective study of 18 782 persons aged above

65 years in the Southern Community Cohort Study. J

Epidemiol Community Health 69:481–488

Jensen PN, Gronroos NN, Chen LY et al (2014) Incidence

of and risk factors for sick sinus syndrome in the

general population. J Am Coll Cardiol 64:531–538

Kokubo Y (2014) Prevention of hypertension and cardio-

vascular diseases: a comparison of lifestyle factors in

Westerners and East Asians. Hypertension

63:655–660

Kokubo Y, Iwashima Y (2015) Higher blood pressure as a

risk factor for diseases other than stroke and ischemic

heart disease. Hypertension 66:254–259

Kokubo Y, Kamide K, Okamura T et al (2008) Impact of

high-normal blood pressure on the risk of cardiovas-

cular disease in a Japanese urban cohort – the Suita

study. Hypertension 52:652–659

Kokubo Y, Watanabe M, Higashiyama A et al (2015)

Interaction of blood pressure and body mass index

with risk of incident atrial fibrillation in a Japanese

urban cohort: the Suita study. Am J Hypertens

28:1355–1361

Lederle FA, Johnson GR, Wilson SE et al (1997) Preva-

lence and associations of abdominal aortic aneurysm

detected through screening. Aneurysm Detection and

Management (ADAM) Veterans Affairs Cooperative

Study Group. Ann Intern Med 126:441–449

Lederle FA, Johnson GR, Wilson SE, Aneurysm D, Man-

agement Veterans Affairs Cooperative S (2001)

Abdominal aortic aneurysm in women. J Vasc Surg

34:122–126

Lee DS, Massaro JM, Wang TJ et al (2007) Antecedent

blood pressure, body mass index, and the risk of inci-

dent heart failure in later life. Hypertension

50:869–876

Lewington S, Clarke R, Qizilbash N, Peto R, Collins R

(2002) Age-specific relevance of usual blood pressure

to vascular mortality: a meta-analysis of individual

data for one million adults in 61 prospective studies.

Lancet 360:1903–1913

Lip GY, Tse HF, Lane DA (2012) Atrial fibrillation.

Lancet 379:648–661

Lipworth L, Okafor H, Mumma MT et al (2012) Race-

specific impact of atrial fibrillation risk factors in

blacks and whites in the southern community cohort

study. Am J Cardiol 110:1637–1642

Mancia G, Fagard R, Narkiewicz K et al (2013) 2013

ESH/ESC Guidelines for the management of arterial

hypertension: the Task Force for the management of

arterial hypertension of the European Society of

Hypertension (ESH) and of the European Society of

Cardiology (ESC). J Hypertens 31:1281–1357

Miura K, Nakagawa H, Ohashi Y et al (2009) Four blood

pressure indexes and the risk of stroke and myocardial

infarction in Japanese men and women: a meta-analysis

of 16 cohort studies. Circulation 119:1892–1898

Sanders P, Morton JB, Kistler PM et al (2004) Electro-

physiological and electroanatomic characterization of

the atria in sinus node disease: evidence of diffuse

atrial remodeling. Circulation 109:1514–1522

Schmieder RE, Messerli FH (2000) Hypertension and the

heart. J Hum Hypertens 14:597–604

Shimamoto K, Ando K, Fujita T et al (2014) The Japanese

Society of Hypertension guidelines for the manage-

ment of hypertension (JSH 2014). Hypertens Res

37:253–387

Heart and Hypertension 425



Singh JP, Evans JC, Levy D et al (1999) Prevalence and

clinical determinants of mitral, tricuspid, and aortic

regurgitation (the Framingham Heart Study). Am J

Cardiol 83:897–902

Stewart BF, Siscovick D, Lind BK et al (1997) Clinical

factors associated with calcific aortic valve disease.

Cardiovascular health study. J Am Coll Cardiol

29:630–634

Verdecchia P, Schillaci G, Borgioni C et al (1996) Prog-

nostic value of left ventricular mass and geometry in

systemic hypertension with left ventricular hypertro-

phy. Am J Cardiol 78:197–202

Wilson PW, D’Agostino RB, Levy D, Belanger AM,

Silbershatz H, Kannel WB (1998) Prediction of coro-

nary heart disease using risk factor categories. Circu-

lation 97:1837–1847

Yii MK (2003) Epidemiology of abdominal aortic

aneurysm in an Asian population. ANZ J Surg

73:393–395

426 Y. Kokubo and C. Matsumoto



Adv Exp Med Biol - Advances in Internal Medicine (2017) 2: 427–445

DOI 10.1007/5584_2016_86

# Springer International Publishing AG 2016

Published online: 22 November 2016

The Relationship Between Aortic Root
Size and Hypertension: An Unsolved
Conundrum
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Abstract

Thoracic aortic aneurysms rupture and dissection are among the most

devastating vascular diseases, being characterized by elevated mortality,

despite improvements in diagnostic imaging and surgical techniques.

An increased aortic root diameter (ARD) represents the main risk

factor for thoracic aortic dissection and rupture and for aortic valve

regurgitation.

Even though arterial hypertension is commonly regarded as a

predisposing condition for the development of thoracic aorta aneurysms,

the role of blood pressure (BP) as determinant of aortic root enlargement

is still controversial. The use of different methods for indexation of ARD

may have in part contributed to the heterogeneous findings obtained in the

investigations exploring the relationships between ARD and BP. Indeed,

the best methods for ARD indexation, as well as the normal values of

aortic root size, are still a matter of debate.

Several non-hemodynamic factors influence ARD, including age,

gender, and anthropometric variables, such as height, weight and their

derivatives body surface area (BSA) and body mass index. Of these

factors, anthropometric variables have the greatest impact.

Several studies documented an association between ARD enlargement,

assessed by echocardiography, and some indices of hypertensive target
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organ damage such as left ventricular hypertrophy, diastolic dysfunction,

and carotid intima–media thickening. Recently, we found that ARD,

expressed either as absolute values or normalized for BSA (ARD/BSA)

or height (ARD/H), was significantly greater in hypertensive subjects with

chronic kidney disease (CKD) when compared to their counterparts with

normal renal function. Moreover, at univariate analyses estimated glo-

merular filtration rate (eGFR) showed significant inverse correlations with

ARD not indexed and with ARD/BSA and ARD/H. Taking into account

the effect of age, sex, duration of hypertension and other potentially

confounding factors, in multiple regression analyses, only the association

of GFR with ARD/H and that between GFR and ARD/BSA remained

statistically significant. The receiver-operating characteristic curve analy-

sis revealed that an estimated GFR of about 50 ml/min/1.73 m2 represents

the better threshold to distinguish hypertensive patients with dilated aortic

root from those with a normal one.

Some population-based studies showed that an enlarged ARD might

predict an adverse prognosis, even in absence of aneurysmatic alterations.

In the Cardiovascular Health Study, a dilated aortic root was indepen-

dently associated with an increased risk for stroke, cardiovascular and

total mortality in both sexes and with incident congestive heart failure

only in men. The relationship between ARD and heart failure has been

observed also in the Framingham Heart Study. More recently, the

PAMELA (Pressioni Arteriose Monitorate E Loro Associazioni) study

demonstrated an independent relationship of ARD/H with incident car-

diovascular morbidity and mortality.

Although the relationship between BP and aortic root size is still a

matter of debate, increasing evidence seems to support the notion that

aortic root dilatation, even in absence of aneurysmatic alterations, may be

regarded as an hypertensive organ damage paralleling other preclinical

markers whose unfavourable prognostic significance is firmly established.

Future studies are needed to assess whether or not antihypertensive

therapy is able to reduce aortic root dimension and the increased risk

associated with its enlargement.

Keywords

Arterial hypertension • Blood pressure • Thoracic aorta • Aneurysm •

Aortic root • Echocardiography • Glomerular filtration rate • Chronic

kidney disease • Target organ damage • Cardiovascular disease

1 Introduction

The aorta represents a complex organ system

which begins in the aortic ring adjacent to the

aortic root with the origin of the two major coro-

nary arteries, and ends at the iliac bifurcation.

The size of the aorta decreases with distance

from the aortic valve in a tapering fashion.

The gross anatomy of the aorta may be

divided into the following segments: the aortic

root; the sinotubular junction; the ascending

aorta; the aortic arch; the isthmus and descending
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aorta; and the abdominal aorta. The aortic root is

a geometrically complex structure that extends

from the basal attachments of the aortic valve

leaflets within the LV outflow tract to their distal

attachment at the tubular portion of the aorta (the

sinotubular junction), including principally the

sinuses of Valsalva (SoV) (Fig. 1) (Erbel

et al. 2014).

The aorta as an organ can be regarded as an

elastic reservoir, storing kinetic energy during

systole which is delivered during diastole, in

order to convert the high velocity (around 1 m/

s) pulsatile flow at the level of the ascending

aorta to a low velocity (around 0.01 cm/s) steady

flow necessary to cellular exchanges. This

systolic-diastolic interplay has been defined

“windkessel” effect by analogy with an

old-fashioned hand-pumped fire engine

(in German “windkessel” pump), that firemen

used to obtain a constant water stream (Fig. 2).

The windkessel effect helps in damping the

fluctuation in blood pressure during the cardiac

cycle and assists in the maintenance of coronary

perfusion during diastole when cardiac ejection

ceases.

In addition to the conductance and pumping

functions, the aorta plays an important role in the

control of systemic vascular resistance and heart

rate, via pressure-responsive receptors located in

the ascending aorta and aortic arch. An increase

in aortic pressure results in a decrease in heart

rate and systemic vascular resistance, whereas a

decrease in aortic pressure results in an increase

in heart rate and systemic vascular resistance

(Erbel et al. 2014).

2 Thoracic Aortic Aneurysm
and Dissection

Acute dissection (AD) is one of the most

devastating diseases of the aorta. This condition

is often lethal, even when emergency surgery can

be performed. Indeed, it is regarded as one of

the most dramatic life-threatening vascular

emergencies, characterized by elevated mortality

despite improvements in diagnostic imaging and

surgical techniques (Erbel et al. 2014; Baguet

et al. 2012; Howard et al. 2013; Landenhed

et al. 2015).

Previous epidemiological studies of AD have

been hospital-based, have had incomplete ascer-

tainment due to exclusion of out-of-hospital

cases and predated widespread use of modern

Sinotubular 
junction

Ventriculo-aortic
junction

Sinuses 
of Valsalva

a

b

c

Distal
ascending

aorta

Fig. 1 Diagrammatical representation of the ascending aorta and in particular of the aortic root. (a: sinotubular
junction; b: the sinuses of Valsalva; c: Ventriculo-aortic junction, also called basal ring or surgical annulus)
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diagnostic technology, such as CT angiography.

The first prospective study of acute aortic disease

was conducted in a population of 92,728 in

Oxfordshire, UK, during 2002–2012, as part of

the Oxford Vascular Study (OXVASC) (Howard

et al. 2013). The incidence of AD (6 per 100, 000

people per year) and of ruptured/symptomatic

aortic aneurysms (11 per 100,000 people per

year) in this study was higher than previously

estimated (Howard et al. 2013), probably due

to more complete inclusion of deaths prior to

hospital admission. It is also possible that

improvements in vascular imaging might have

contributed and that the incidence of AD may

have increased since previous studies. Even

higher incidence rates of AD (15 per 100,000

patient-years) were recorded in the prospective

cohort of 30,142 middle-aged individuals

participating in the Malm€o Diet and Cancer

study, during up to 20 years of follow-up

(Landenhed et al. 2015). In the same study hyper-

tension was present in 86 % of individuals who

subsequently developed AD. High blood pres-

sure (BP) was strongly associated with incident

AD (hazard ratio 2.64, 95 % CI 1.33–5.25), and

conferred a population‐attributable risk of 54 %

(Landenhed et al. 2015). Similarly, in the

OXVASC study it has been observed that uncon-

trolled hypertension was the most significant

treatable risk factor for AD. Premorbid control

of BP was often poor, even though 67.3 % of

patients were prescribed antihypertensive

medications (Howard et al. 2013).

An abrupt, transient, severe increase in BP has

been associated with acute AD through various

mechanisms. Crack cocaine, which may cause

transient hypertension due to catecholamine

release, accounted for 37 % of dissections in a

report of an inner city population (Manning and

Black 2016). High-intensity weight lifting or

other strenuous resistance training can also

cause a transient elevation in blood pressure

and has been reported as an antecedent (Manning

and Black 2016). Hypertension is also the

postulated mechanism when energy drinks or

ergotism have been associated with aortic dissec-

tion (Manning and Black 2016).

Pathophysiology of dissection involves the

separation of the tunica intima from the tunica

media with subsequent penetration of blood. We

have only limited understanding, however, of the

mechanobiological processes that lead to this

Fig. 2 Through the ‘windkessel’ effect, aorta acts as an elastic reservoir, converting the pulsatile ejection of blood into

a steady stream of flow (see text for further explanations)
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dreaded condition. Besides the link with

poorly controlled hypertension, thoracic aortic

aneurysms and dissections are associated with

mutations in genes for extracellular matrix

constituents, membrane receptors, contractile

proteins, and associated signalling molecules

(Humphrey et al. 2015). This grouping of factors

suggests that these thoracic aorta diseases result,

in part, from dysfunctional mechanosensing

and mechanoregulation of the extracellular

matrix by the intramural cells, which leads to a

compromised structural integrity of the wall

(Humphrey et al. 2015).

Some of the genetic mutations above

mentioned are responsible for several syndromic

and nonsyndromic genetic conditions that are

associated with the development of thoracic

aortic aneurysms and present with dissections

at smaller diameters than usual. These

conditions include Marfan syndrome, bicuspid

aortic valve, Turner syndrome, Loeys-Dietz

syndrome, and other less common diseases

(Erbel et al. 2014; Baguet et al. 2012; Manning

and Black 2016).

To prevent dissection of the aorta, timely

operation on a patient with a known dilatation

of the ascending aorta is advised, along with

other supportive measures (Erbel et al. 2014;

Baguet et al. 2012).

The wall tension, given by the product of the

circumferential stress and wall thickness, is

directly proportional to BP and vessel diameter,

thus explaining why both hypertension and aortic

dilatation are risk factors for aortic dissection

(Erbel et al. 2014; Baguet et al. 2012). Indeed,

an increased aortic root diameter (ARD)

represents the main risk factor for thoracic aortic

dissection and rupture and for aortic valve regur-

gitation (Erbel et al. 2014; Baguet et al. 2012).

It should be emphasized that thoracic aortic

dimension alone seems not to be sufficient to

detect subjects at high risk of aortic rupture and

dissection. In fact, the aging process of the prox-

imal elastic arteries, characterized by the pro-

gressive fracture of the elastic lamellae, account

for both dilation (from the stretch after the frac-

ture of a load-bearing material) and stiffening

(through the transfer of stresses to more rigid

collagenous components of the arterial wall)

(Erbel et al. 2014; Baguet et al. 2012).

Although aortic surgery is usually

recommended when the ascending aortic diame-

ter reaches 5.5 cm in non-Marfan patients and

4.5 cm in Marfan patients (Erbel et al. 2014;

Baguet et al. 2012), it has been recently shown

that dissecting aortas are often sized well below

the diameters defined by these surgical

guidelines (Pape et al. 2007; Davies et al. 2006).

The International Registry of Acute Aortic

Dissection study demonstrated that among

patients with acute type A aortic dissection, aor-

tic diameter at presentation was < 5.5 cm in

most cases and < 5.0 cm in 40 % of the cases

(Pape et al. 2007).

The usual underlying histopathologic changes

in aortic tissue associated with aortic AD and

often also with thoracic aneurysms are defined

as “cystic medial degeneration or necrosis”.

These changes are known to occur to some extent

with aging, but are accelerated by hypertension

(Erbel et al. 2014; Baguet et al. 2012).

Although transthoracic echocardiography

(TTE) is not the technique of choice for full

assessment of the thoracic aorta, it is an excellent

screening tool to evaluate aortic root morphology

and dimensions, being widely available, cost

effective, and safe. For these reasons, TTE is

the most frequently used technique for measuring

proximal aortic segments in clinical practice. It

suffices to quantify maximum aortic root and

proximal ascending aorta diameters when the

acoustic window is adequate. Nevertheless,

the technique is more limited for measuring

the remaining aortic segments, for which

transoesophageal echocardiography, computed

tomography or magnetic resonance imaging are

needed (Erbel et al. 2014; Baguet et al. 2012;

Lang et al. 2015).

Measurements of aortic diameters are not

always straightforward and some limitations

inherent to all imaging techniques need to be

acknowledged. No imaging modality has perfect

resolution and reliable detection of aortic

diameter at the same aortic segment over time

requires standardized measurement; this includes

similar determination of edges (inner-to-inner, or
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leading edge-to-leading edge, or outer-to-outer

diameter measurement, according to the imaging

modality). Whether the measurement should be

done during systole or diastole has not yet been

accurately assessed, but diastolic images give the

best reproducibility (Erbel et al. 2014; Lang

et al. 2015).

The available evidence regarding the prognos-

tic role of aortic root size we will describe subse-

quently is mostly based on aortic root size

measurements obtained by M-Mode echocardi-

ography, under 2-dimensional control, at a single

level (that is the widest point of Valsalva’s

sinuses). It is now recognized (Erbel

et al. 2014; Lang et al. 2015) that this approach

yields measurements that are 1–2 mm smaller

than that recorded by 2-dimensional echocardi-

ography and is biased by translational movement

of the aortic root. Moreover, it has been observed

that the correlates of aortic root may differ if its

measurement is taken at different sites

(i.e. annulus, supra-aortic ridge and ascending

aorta) (Milan et al. 2013; Kim et al. 1996; Vriz

et al. 2013; Campens et al. 2014).

3 Aortic Root and Hypertension

Intuitively, remodelling of the aortic root may be

expected to occur in hypertensive subjects as a

consequence of increased stress on the aortic

wall due to the repeated hemodynamic overload.

For this reason arterial hypertension is com-

monly regarded as a predisposing condition for

the development of thoracic aorta aneurysms

(Erbel et al. 2014; Baguet et al. 2012). Even

though linking dilatation of aortic root to high

BP seems straightforward, the role of hyperten-

sion as determinant of aortic root enlargement

remains controversial (Erbel et al. 2014; Baguet

et al. 2012; Milan et al. 2013; Kim et al. 1996;

Vriz et al. 2013; Campens et al. 2014; Vasan

et al. 1995; Lam et al. 2010; O’Rourke and

Nichols 2005; Mitchell et al. 2003; 2008;

Ingelsson et al. 2008; Farasat et al. 2008;

Roman et al. 1987; Tell et al. 1994; Palmieri

et al. 2001; Bella et al. 2002; Agmon

et al. 2003; Savage et al. 1979; Biaggi

et al. 2009).

Vasan et al., using two-dimensionally guided

M-mode measurement of the sinuses of Valsalva

in the Framingham Heart Study, found a small

direct relation between diastolic pressure and

ARD, whereas both systolic and pulse pressures

(PP) were inversely related to ARD after adjust-

ment for age, height, and weight (Vasan

et al. 1995). These results were confirmed in a

longitudinal analysis of the same study, where

each 10-mmHg increase in diastolic BP was

associated with a larger predicted ARD in men

(0.39 mm) than in women (0.19 mmHg), after

adjustment for all other clinical covariates.

Moreover, 10-mmHg increase in PP was related

to a smaller predicted aortic root diameter in men

(0.19 mm) and women (0.08 mm), after adjust-

ment for age, BMI, and antihypertensive therapy

(Lam et al. 2010).

These observations are in contrast with the

classic notion that age-related Elastinc fragmen-

tation, passive aortic dilatation, wall stiffening,

and premature wave reflection lead directly to

increasing PP with age (O’Rourke and Nichols

2005). In line with this traditional view, aortic

root enlargement and increase in pulse pressure

are two closely related phenomena, both linked

to vascular aging (O’Rourke and Nichols 2005).

On the contrary, these findings have led to the

hypothesis that a smaller aortic root may play a

key role in the pathogenesis of systolic hyperten-

sion by introducing a mismatch between ARD

and blood flow so that forward wave amplitude is

increased (Mitchell et al. 2003). Indeed, direct

measurements of pulsatile hemodynamics in

patients with systolic hypertension showed that

although aortic root dilatation and stiffening

occurred with increasing age, higher PP was

associated with increased characteristic imped-

ance and reduced rather than increased aortic

root diameter (Mitchell et al. 2003). However,

the only prospective analysis testing this hypoth-

esis, performed in 3195 Framingham study

participants with normal BP values at baseline,

failed to show an association between incidence

of hypertension and aortic root size (Ingelsson

et al. 2008). The hypothesis that the association
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between aortic root size and BP may be related to

specific subtypes of hypertension (isolated dia-

stolic, isolated systolic, or systolic–diastolic

hypertension) was not confirmed in a cross-

sectional evaluation of 1256 Taiwanese patients

(Farasat et al. 2008). In this study, after account-

ing for age and body surface area, ARD does not

differ between normotensive and hypertensive

individuals, even when the various patterns of

hypertension are examined separately (Farasat

et al. 2008), highlighting the importance of

correctly matching cases and controls for those

parameters which are known to be the main

determinants of aortic size, namely sex, age and

body size. Kim et al. (Kim et al. 1996) evaluated

the size of ascending aorta in 110 normotensive

individuals and 110 hypertensive patients

matched for age and sex: after indexing aortic

size for BSA, no significant difference was found

between the two groups at the aortic annulus or at

the SoV. In a study involving 102 patients with

severe aortic regurgitation, Roman et al. found

similar mean M-mode aortic diameters in

normotensive and hypertensive groups (Roman

et al. 1987).

Tell et al. in the Cardiovascular Health Study

found a relation between diastolic but not sys-

tolic pressure and M-mode echocardiographic

dimensions when the entire elderly cohort was

analysed; however, when the “healthier” sub-

group (no coronary heart disease or antihyperten-

sive therapy) was examined, aortic diameter was

not associated with blood pressure (Tell

et al. 1994).

In a cross-sectional analysis of the 2096

hypertensive and 361 normotensive participants

in the The Hypertension Genetic Epidemiology

Network (HyperGEN) study (Palmieri

et al. 2001), the prevalence of aortic root dilata-

tion was similar between hypertensive and nor-

motensive individuals and only a weak direct

relation between ARD and office DBP was

observed. In the Losartan Intervention for End-

point reduction (LIFE) study (Bella et al. 2002)

examining 947 hypertensive patients with elec-

trocardiographic LVH no significant relation-

ship between BP values and aortic dilatation

was found. Other imaging evaluations (Vriz

et al. 2013; Campens et al. 2014; Bella

et al. 2002; Agmon et al. 2003; Mitchell et al.

2008; Savage et al. 1979) and autopsy series

(Sawabe et al. 2011; Virmani et al. 1991) exam-

ined this relation with mixed results. Nonethe-

less, recent data suggest a high prevalence of

echocardiographic aortic root dilatation in the

hypertensive population (Cipolli et al. 2009;

Cuspidi et al. 2011; Covella et al. 2014).

In order to assess the prevalence of ARD

dilatation in arterial hypertension, Covella and

co-workers performed a meta-analysis including

eight studies and a total of 10,791 hypertensive

patients (Covella et al. 2014). Prevalence of

ARD in the pooled population was 9.1 % with a

marked difference between men and women

(12.7 vs. 4.5 %). Hypertensive patients with

ARD enlargement and those with normal aortic

root size had similar office BP values (Covella

et al. 2014).

On the contrary, in the PAMELA (Pressioni

Arteriose Monitorate E Loro Associazioni) study

(Cuspidi et al. 2014), conducted in 2051

individuals randomly selected from the popula-

tion of Monza (Italy), and with a low global

cardiovascular risk profile, office, home and

24-h ambulatory SBP and DBP showed a direct,

significant correlation with ARD (Cuspidi

et al. 2014).

Additionally, the Healthy Coronary Artery

Risk Development in Young Adults (CARDIA)

study provides longitudinal data on clinical

correlates of aortic root size and dilatation

through a 20-year period of early adulthood, in

3051 young adults aged 23–35 years (Teixido-

Tura et al. 2015). Aortic root diameter measured

by M-mode echocardiography at the end of the

period of observation was positively correlated

with the 20-year increase in diastolic, systolic,

and mean arterial pressure and inversely related

to pulse pressure (Teixido-Tura et al. 2015).

Very recently, in a large group of hyperten-

sive individuals characterized by a high preva-

lence of chronic kidney disease (CKD), we found

only a weak association, close to statistical sig-

nificance (p ¼ 0.08), between clinic diastolic BP

and ARD either not indexed or normalized for

height (Mulé et al. 2016).
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Several reasons could explain the inconsistent

findings of the studies above described:

differences in study design, failure of cross-

sectional studies to match hypertensive patients

and normotensive individuals for all the potential

confounding factors, definition of the aortic phe-

notype, and site and types of BP measurement.

Whereas in the majority of studies only clinical

BP measurements were available, out-of-office

BP and central hemodynamics might be closer

correlates of ARD enlargement (Kim et al. 1996;

Cipolli et al. 2009; Cuspidi et al. 2014; Cuspidi

et al. 2007).

Besides the aforementioned PAMELA study,

that is the first one linking elevated out-of-office

BP, as assessed either by home and ambulatory

measurements, to aortic dilatation (Cuspidi

et al. 2014), in a previous report of the same

research group, average night-time diastolic BP,

but not clinic or average 48 h BP, showed an

independent association with ARD in

519 never-treated hypertensive patients (Cuspidi

et al. 2007).

However, in the previously cited study of Kim

et al. 24 h ambulatory BP readings were less

strongly correlated to aortic diameters than

casual blood pressure in the normotensive

group, whereas ambulatory blood pressure was

more correlated to aortic size in the hypertensive

group (Kim et al. 1996). The physiological sig-

nificance of this difference remains unclear.

A more accurate measurement of hemody-

namic load may be achieved by non-invasive

estimation of central arterial pressure and vascu-

lar compliance or by quantitative analysis of the

arterial pressure waveform. Despite similar mean

pressures, systolic and diastolic pressures may

vary considerably with the degree of wave ampli-

fication, being maximal in the young, normoten-

sive individual with a compliant vasculature

(Erbel et al. 2014; Vasan et al. 1995).

Indeed, Milan and co-workers documented

that, in a total of 190 untreated and treated essen-

tial hypertensive patients, central hemodynamic

variables (aortic augmentation index and central

pulse pressure) estimated by an applanation

tonometry applied to the radial artery, were sig-

nificantly associated with an increased ARD,

whereas peripheral BP was not (Milan

et al. 2011).

Moreover, assuming a relation between BP

and aortic root diameter exists, the impact of

the duration of high BP must be taken into

account, as seem to suggest the relatively low

prevalence of aortic root dilatation (3.7 %)

among the untreated newly diagnosed hyperten-

sive subjects examined by Cuspidi et al. (Cuspidi

et al. 2007).

It is also possible that antihypertensive

medications, taken by most of the patients

enrolled in the investigations above reported,

may have concealed the relation between BP

and aortic root size. Last, but not least, the use

of different methods for indexation of ARD may

have in part contributed to the heterogeneous

findings obtained in the investigations exploring

the relationships between ARD and blood

pressures.

Indeed, the best method for ARD indexation,

as well as the normal values of aortic root size,

are still a matter of debate (Table 1) (Erbel

et al. 2014; Baguet et al. 2012; Pape et al. 2007;

Davies et al. 2006; Lang et al. 2015; Vriz

et al. 2013; Campens et al. 2014; Vasan et al.

1995; Palmieri et al. 2001; Bella et al. 2002;

Cuspidi et al. 2007, 2011, 2014; Milan

et al. 2011; Devereux et al. 2012). In the past

years absolute measures were used to assess the

size of aortic root, but the absolute aortic diame-

ter is not a good enough marker of risk for aortic

dissection (Erbel et al. 2014; Baguet et al. 2012;

Pape et al. 2007; Davies et al. 2006; Lang

et al. 2015). It is noteworthy that, as above

reported, the majority of patients with acute

type A aortic dissection had an aortic diameter

less than 5.5 cm, a measure that is considered the

cut-off value for suggesting aortic replacement

by surgical guidelines (Pape et al. 2007).

For the great influence of BSA on aortic root

dimensions, it has been proposed to normalize

the absolute values of ARD for BSA (ARD/BSA)

(Erbel et al. 2014; Baguet et al. 2012; Lang

et al. 2015; Campens et al. 2014; Devereux

et al. 2012; Hiratzka et al. 2010), considering

also that such an indexation predicted the risk

of rupture, dissection and death in patients with
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thoracic aortic aneurysms, better than did unad-

justed aortic root size (Erbel et al. 2014; Davies

et al. 2006). Furthermore, ARD/BSA showed a

significant association with mortality (Lai

et al. 2010).

On the other hand, some authors have

suggested that the use of body surface area as a

means of adjustment for differences in body size

is mathematically incorrect (Nidorf et al. 1992)

and carries the potential risk of an under diagno-

sis in obese subjects, which are a substantial

proportion of hypertensive patients, and of an

over diagnosis in the individuals with lower

BSA (e.g. women).

For these reasons, they advocate indexation of

aortic diameter for height that is considered a

more linear and mathematically sound way of

comparing measurements. (Nidorf et al. 1992).

Finally, some evidence suggests that ARD would

have a better prognostic value when normalized

to height (Cuspidi et al. 2014).

Regardless of the method used to measure BP,

overall the contribution of it to aortic root dilata-

tion has been shown to be substantially inferior

than that of some non-hemodynamic factors.

4 Non-hemodynamic
Determinants of Aortic
Root Size

Besides BP, several factors influence aortic root

dimension, including age, gender and anthropo-

metric variables, such as height, weight and their

derivatives body surface area and body mass

index (BMI) (Erbel et al. 2014; Kim et al. 1996;

Bella et al. 2002; Teixido-Tura et al. 2015;

Devereux et al. 2012; Hiratzka et al. 2010; Lai

Table 1 Cut-off values of aortic root size, measured by echocardiography at the sinuses of Valsalva, as suggested by

different authors

Author, year Not indexed (cm) Indexed for BSA (cm/m2) Indexed for height (cm/m)

Roman et al., 1989 M: 4.0; F: 3.6 M: 2.1; F: 2.1 –

Vasan et al., 1995

(Framingham study)

– 95th percentiles that can be

calculated by sex-specific

regression equations

95th percentiles that can be

calculated by sex-specific

regression equations

Bella et al., 2002

(LIFE study)

– >2SD above the regression line

with BSA in a reference population

–

Palmieri et al., 2005

(HYPERGEN study)

– 97.5th percentiles that can be

calculated by sex-specific regression

equations

–

Cuspidi et al., 2006

(ETODH registry)

M: 4.0; F: 3.8 – –

Cuspidi et al., 2007 M: 4.0; F: 3.7 – –

Cipolli et al., 2009 M: 4.0; F: 3.7 – –

Milan et al., 2011 – 2.0 –

Cuspidi et al., 2011 M: 3.9; F: 3.7 – –

Baguet et al., 2012

(ESH newletter)

M: 2.1; F: 2.1

Devereux et al.,

2012

– Nomograms based on age, sex and

BSA

Nomograms based on age, sex and

height

Milan et al., 2013 M: 3.9; F: 3.7 – –

Cuspidi et al., 2014

(PAMELA study)

M: 3.8; F: 3.4 M: 2.1; F: 2.2 M: 2.3; F: 2.2

Campens et al., 2014 – Gender-, age- and BSA- specific

upper limits of normal and Z-score

equations

–
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et al. 2010; Nidorf et al. 1992; Reed et al. 1993;

Roman et al. 1989). Of these factors, anthropo-

metric variables have the greatest impact.

In some studies, height is the most important

determinant of aortic root size compared with

other anthropometric indexes, such as weight or

body surface area (Lai et al. 2010; Nidorf

et al. 1992; Reed et al. 1993). Original

observations in Framingham study (Vasan

et al. 1995) showed that height is the most impor-

tant predictor, with every 10-cm increment in

height associated with increment in aortic root

size of 0.24 mm in men and 0.38 mm in women.

Weight also influences aortic dimensions with

a 10-kg increase in weight associated with an

increment in aortic root size of 0.87 in males

and 0.68 mm in females (Vasan et al. 1995).

More recently, Campens et al. in a cohort of

849 children and adults (Campens et al. 2014)

demonstrated that ARD measured by TTE at the

sinuses of Valsalva correlated closely with height

in the children, whereas in subjects > 15 years

of age, height was less strongly correlated with

aortic dimensions compared to BSA.

An association between age and aortic root

size has been consistently reported in autopsy

series and clinical studies (Milan et al. 2011,

2013; Kim et al. 1996; [12]; Vriz et al. 2013;

Campens et al. 2014; Vasan et al. 1995;

Lam et al. 2010; Agmon et al. 2003; Savage

et al. 1979; Biaggi et al. 2009; Sawabe et al.

2011; Virmani et al. 1991; Cipolli et al. 2009;

Cuspidi et al. 2007, 2011, 2014; Covella et al.

2014; Teixido-Tura et al. 2015; Mulé et al. 2016;

Devereux et al. 2012; Hiratzka et al. 2010). In the

most recent Framingham analysis (Lam

et al. 2010) is reported a 0.9-mm increase of

aortic dimension in men and 0.7 mm in women,

for each successive decade of life, after adjust-

ment for other determinants. The age-related

increase of ARD is considered a consequence

of fatigue and fracture of elastin fibers with

subsequent remodelling (O’Rourke and Nichols

2005). This view applies the principles of mate-

rial fatigue that relate fracture of non-living

components with extent of pulsatile strain and

the number of applied cycles of strain (i.e.,

heart beats). This theory explains both aortic

dilation (from fracture of elastic components)

and stiffening (from transfer of tension from

elastin to collagenous fibers in the wall)

(O’Rourke and Nichols 2005).

It is generally accepted that aortic dimensions

are smaller in women than in men in adulthood,

whereas aortic root size do not differ between the

genders in infancy and childhood (Erbel

et al. 2014; Lang et al. 2015; Vriz et al. 2013;

Campens et al. 2014; Vasan et al. 1995). The

physiologic basis for this difference has not

been completely elucidated, but is likely related

to the average smaller body size (and lean body

mass) and the lesser absolute cardiac output, in

women as compared to men (Erbel et al. 2014;

Cuspidi et al. 2007; Hiratzka et al. 2010).

A greater propensity to outward aortic

remodelling for men has been highlighted in a

longitudinal analysis of more than 3000

Framingham patients (Lam et al. 2010), and this

finding is consistent with the high male-to-

female ratio seen in patients with thoracic aortic

dissection (Pape et al. 2007). Sex steroids have

been shown in vitro to regulate collagen and

elastin deposition and gene expression of matrix

metalloproteinases (MMPs) (Natoli et al. 2005).

Among the main cardiovascular risk factors,

diabetes alone seems to be associated with

reduced aortic diameters, at abdominal and tho-

racic level, as well as with a lower risk of aortic

aneurysms and dissections (Shantikumar

et al. 2010; Prakash et al. 2012).

The cause of the smaller aortic dimension in

the diabetic population remains to be established.

It presumably arises from glycaemia-

associated alterations in the vascular matrix,

which protect against aortic enlargement. It

is well known that the walls of aneurysmal

aortas show increased proteolytic activity and

accelerated matrix depletion (Freestone

et al. 1995).

By contrast, diabetes is characterized by

increased matrix deposition due to a combination

of increased synthesis and reduced proteolysis
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(Mauer 1994). It has been reported that wall

stress in the aorta was reduced in diabetes,

mainly due to an increased wall thickness

(Astrand et al. 2007).

Continued excessive MMPs production and

activation result in increased degradation of aor-

tic wall elastin and collagen, with alteration

in the mechanical properties of the aortic wall,

leading to aneurysmal dilatation (Shantikumar

et al. 2010; Prakash et al. 2012; Freestone

et al. 1995; Karakaya et al. 2006). A down regu-

lation of MMPs activity has been shown in

arteries of diabetic patients, and high glucose

levels accelerating synthesis of collagen might

be the mechanism behind increased wall thick-

ness, reduced aortic wall stress, decreased aneu-

rysm prevalence and reduced frequency of aortic

root dilatation (Shantikumar et al. 2010; Prakash

et al. 2012; Singh et al. 2001; Portik-Dobos

et al. 2002; Lam et al. 2003).

Indeed, it has been suggested that

hyperglycaemia induced crosslinking of the col-

lagen network in the aortic wall media, and this

crosslinking resists proteolysis and inhibits

secretion of the MMPs thought to mediate aortic

aneurysm formation. Further, diabetes is also

known to suppress plasmin, which activates the

MMPs (Shantikumar et al. 2010; Prakash

et al. 2012).

Hyperglycaemia is also associated with

reduced adventitial neovascularization and

decreased infiltration of inflammatory cells into

the medial layer of the aorta (Shantikumar

et al. 2010; Prakash et al. 2012). These processes

could also reduce the expansion of aorta by

reduction of vascular smooth muscle cell death

and extracellular matrix degradation. Alterna-

tively, it is possible that aortic dilatation may

protect against the development of diabetes. Tho-

racic aorta disease is associated with increased

circulating concentrations of insulin-like growth

factor 1, an endocrine peptide endowed with

antidiabetic effects (Shantikumar et al. 2010;

Prakash et al. 2012).

Further evidence is required to determine the

plausibility of these various pathophysiologic

explanations for this seemingly paradoxical

effect of diabetes on aortic size.

5 Aortic Root Dilatation
and Subclinical Hypertensive
Target Organ Damage

Current hypertension guidelines propose a risk

stratification strategy based on BP levels as well

as on the presence or not of concomitant cardio-

vascular risk factors, subclinical target organ

damage (TOD) and associated clinical conditions

(Mancia et al. 2013).

A great emphasis has been placed on the early

detection of subclinical (or asymptomatic) car-

diovascular and renal alterations, defined as

hypertension related TOD (Mancia et al. 2013).

This because the search for TOD in clinical prac-

tice allows a better cardiovascular risk profiling

of patients with hypertension, being TOD unani-

mously regarded as a mediating step between

risk factor exposure and CV events, that reflects

the cumulative damaging effects from risk

factors (Mancia et al. 2013).

Several alterations of hypertensive target

organs have been described. Among these

manifestations, most attention has been devoted

to left ventricular hypertrophy (LVH), left ven-

tricular dysfunction, left atrial enlargement, renal

dysfunction, and abnormalities in small and

medium-size arteries such as retinal and carotid

vessels (Mancia et al. 2013).

An independent association between aortic

root size, determined by X-ray scan, transthoracic

or transoesophageal echocardiography, and LVH

has been reported in different settings (Palmieri

et al. 2001; Bella et al. 2002; Cipolli et al. 2009;

Cuspidi et al. 2006, 2007, 2011, 2014; Covella

et al. 2014; Mulé et al. 2016; Rayner et al. 2004;

Iarussi et al. 2001). In the abovementioned meta-

analysis of Covella et al. (Covella et al. 2014), left

ventricular mass (LVM) was significantly greater

in hypertensive patients with aortic root enlarge-

ment than in those with normal aortic root. Simi-

larly, in our recent study we observed highly

significant correlations between ARD and LVM

either considered as absolute values or indexed for

BSA or height (Mulé et al. 2016).

Interestingly, in a cross-sectional analysis of

438 hypertensive patients with LV hypertrophy
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(266 women and 172 men) women with enlarged

ARD had higher cardiac output, decreased

peripheral vascular resistance, whereas men

with ARD dilatation presented with a higher

prevalence of concentric LV hypertrophy,

suggesting that aortic root enlargement may be

related to volume overload in women and to

myocardial growth-related parameters in men

(Cipolli et al. 2009).

Although the positive relationship between

LVM and ARD could be simply mediated by

hypertension itself, the dubious association of

BP with ARD, does not support this hypothesis.

The most comprehensive assessment of the

relation between aortic root size and TOD, at

the cardiac and extra cardiac level, was

performed in the large population of mostly

treated essential hypertensive patients enrolled

in the Evaluation of Target Organ Damage in

Hypertension (ETODH) observational registry

(Cuspidi et al. 2006). In this investigation the

prevalence of LVH, carotid intima–media

thickening (IMT), plaques and microalbuminuria

was significantly higher in patients with aortic

root dilatation (ARD > 40 mm in men and > 38

mm in men; n ¼ 206; 6.1 %)) when compared

to 3160 patients with normal aortic size (Cuspidi

et al. 2006). Moreover, a lower E/A (early dia-

stolic/late diastolic) mitral flow velocity ratio

was found in patients with aortic root dilatation

with respect to subjects with normal aortic root

size (Cuspidi et al. 2006). In a multiple logistic

regression analysis, in both untreated and treated

hypertensive patients, the markers of TOD that

remained independently associated with ARD

dilatation were: LVH, E/A ratio and carotid

IMT (Cuspidi et al. 2006).

Subsequently, the relationships between aor-

tic root diameter and echocardiographic features

of LV diastolic functions were investigated in

333 patients with preserved LV systolic function

and at least one cardiovascular risk factor (hyper-

tension, diabetes or dyslipidaemia) (Masugata

et al. 2011). ARD was measured by M-mode

echocardiography, and LV diastolic function

was evaluated by measuring the peak velocity

of early (E) and late (A) diastolic transmitral

blood flow and peak early diastolic mitral

annular velocity (E0) by Doppler echocardiogra-

phy. Stepwise multiple regression analysis

showed that E wave in women and E0 in men

were independently associated with aortic root

diameter. The authors concluded that aortic root

dilatation might be a useful marker of subclinical

LV diastolic dysfunction (Masugata et al. 2011).

6 Aortic Root Size and Renal
Function

Even if the association of aortic stiffness with

CKD, since its earlier stages, is largely

demonstrated (Briet et al. 2006, 2012; Mulè

et al. 2010; Geraci et al. 2015; ), little attention

has been paid to the relationships between renal

function and aortic root size.

For this reason, we recently assessed the influ-

ence of estimated glomerular filtration rate

(eGFR) on ARD in 611 hypertensive subjects

with a high prevalence of CKD (Mulé

et al. 2016).

We found that aortic root was significantly

greater in hypertensive subjects with CKD

when compared to their counterparts with normal

renal function (Fig. 3). On the other hand, the

hypertensive patients with elevated aortic root

diameter, expressed either as absolute values or

normalized for BSA or height, had significantly

lower GFR, estimated using the Chronic Kidney

Disease Epidemiology Collaboration (CKD-EPI)

equation, than those with normal aortic root size

(Fig. 4). Moreover, GFR was significantly and

inversely associated with ARD, assessed by TTE

(Fig. 5). This relation was detectable at univari-

ate analyses, regardless of the method used to

assess aortic root dimension, as absolute measure

or indexed for height or BSA. However, in mul-

tivariate analyses, taking into account the effect

of age, sex, duration of hypertension and other

potentially confounding factors, only the associ-

ation of eGFR with ARD/H and that between

eGFR and ARD/BSA remained statistically sig-

nificant (Fig 6) (Mulé et al. 2016).

Additionally, the receiver-operating charac-

teristic curve analysis revealed that an estimated

GFR value of about 50 ml/min/1.73 m2
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represents the better threshold to distinguish

hypertensive patients with dilated aortic root

from those with a normal one, especially when

aortic size is normalized for BSA. The practical

implications of the very high negative predictive

value (99 %) of this threshold, with respect to the

detection of an enlarged ARD/BSA, are that

patients with a GFR above this value, having

clinical characteristics similar to those of our

study population, have a very low probability

(1 %) to manifest a dilated ARD/BSA (Mulé

et al. 2016) (Fig. 7).

Moreover, we observed a steeper age-related

increase of ARD in CKD patients as compared to

those with normal renal function. This seems to

suggest that the inverse association between GFR

and ARD that we found may be regarded as a

manifestation of accelerated vascular aging, sim-

ilar to that described in other arterial districts in

the CKD patients (Briet et al. 2006).
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Fig. 3 Mean values (�
SD) of aortic root diameter

indexed for body surface

area (BSA) in hypertensive

patients with and without

chronic kidney disease
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Fig. 5 The scatterplot describes in a population of hyper-

tensive patients with a high prevalence of CKD, the

inverse relationship between aortic root diameter indexed

for body surface area (BSA) and glomerular filtration rate

(GFR) estimated with Chronic Kidney Disease Epidemi-

ology Collaboration (CKD-EPI) equation. The GFR was

recalculated to adjust for BSA of each patient by

multiplying by each individual’s BSA and dividing by

1.73 m2, so that GFR was expressed in units of ml/min.

The correlations did not differ in men (grey squares) and
in women (grey circles)

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4

0.339
0.343

0.198
0.059
0.065
0.071

0.388
0.116

0.112
0.126

0.069

0.272
0.26

0.138
0.078 

Es�mated GFR (m/min/1.73 m2)
Diastolic BP (mmHg)

(Log) Albuminuria (mg/min)

Body surface area (m2)

Age (years)
Sex (Men = 1; Women = 2)

Diabetes (Yes = 1; No = 0)
Sex (Men = 1; Women = 2)

Estimated GFR (m/min/1.73 m2)
Age (years)

Diastolic BP (mmHg)
Estimated GFR (m/min/1.73 m

Body mass index (Kg/m2)
Sex (Men = 1; Women = 2)

Age (years)

= 0.081
= 0.01
= 0.003
= 0.002
< 0.0001

= 0.141
= 0.086
= 0.089
< 0.0001
< 0.0001
< 0.0001

p value

= 0.029
= 0.008
< 0.0001
< 0.0001

A

B

C

Fig. 6 Multivariate correlates of aortic root diameter

indexed for BSA (a), normalized for height (b), and not

indexed (c) in the study of Mulè et al. (Mulé et al. 2016).

Each histogram represents the standardized regression

coefficient. The variables showing an association not

statistically significant, but with a p value ranging from

0.15 to 0.05, are presented in Italics
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The negative relationship between GFR and

ARD/BSA in our study was attenuated, but

remained significant in multivariate analyses, even

taking into account the effect of LVM, either

indexed for BSA or normalized for height2.7 (Mulé

et al. 2016). This probably because LVH and dilated

ARD/BSA related to kidney dysfunction share only

in part the same pathogenetic mechanisms.

It is conceivable that, at least in part,

mechanisms similar to those responsible for the

reduced large arteries elasticity may be the cause

of aortic root enlargement in CKD patients: endo-

thelial dysfunction, activation of the renin–

angiotensin–aldosterone system and of the

endothelins system, inflammation, oxidative stress

and lipid peroxidation, increased homocysteine

levels, abnormalities in tissue metalloproteinases,

vascular smooth muscle cell hyperplasia, elastin

fragmentation, reduced amount of elastic fibers

and increased collagen content (Briet et al. 2006).

On the other hand, it has been demonstrated that, in

patients with mild-to-moderate CKD, arterial

enlargement and increased arterial stiffness of the

carotid artery occur in parallel with the decline in

renal function (Briet et al. 2012).

Finally, it is noteworthy that some studies

(Iribarren et al. 2007; Chun et al. 2014) reported

an association between renal insufficiency and

risk of developing abdominal aortic aneurysms.

Even these evidences are not available to date for

thoracic aorta, they seem to be in line with our

findings and corroborate the notion that the

unfavourable impact of an impaired renal func-

tion on the cardiovascular system may be

extended also to the structure of the aorta.

7 Aortic Root Dilatation, In
Absence of Aneurysmatic
Alterasions, as Predictor
of Cardiovascular Risk

Recent population-based studies showed that an

enlarged ARD might predict an adverse progno-

sis, even in absence of aneurysmatic alterations

(Cuspidi et al. 2014; Lai et al. 2010; Gardin

et al. 2006; Lam et al. 2013).

In a bi-racial sample of the general population

including 3993 elderly without overt cardiovas-

cular disease at baseline, participating in the

Cardiovascular Health Study, enlarged ARD

was independently associated with an increased

risk for stroke in men and women (hazard ratio

1.39 per cm, p ¼ 0.015), CVD mortality in men

and women (hazard ratio 1.48 per cm,

p ¼ 0.007), and total mortality in men and

women taking antihypertensive medications

(hazard ratio 1.46 per cm, p ¼ 0.007), but not

with incident myocardial infarction (hazard ratio

0.89, p ¼ 0.39) (Gardin et al. 2006). Further-

more, the highest quintile of ARD was found to

be a significant, but modest, predictor of incident

congestive failure in men but not in women

(Gardin et al. 2006).
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Fig. 7 Dot plot graph

showing that in the study

of Mulè et al. (Mulé

et al. 2016) the value of

estimated GFR able to

better distinguish patients

with enlarged ARD from

those with normal aortic

root size was 49.2 ml/min

per 1.73 m2. The

sensitivity and specificity

of this value are also

reported
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The relationship between ARD and heart fail-

ure has been more recently examined in the

Framingham Heart Study (Lam et al. 2013). The

authors reported that among the 6483middle-aged

and older adults followed up over an 8-year

period, the risk of incident heart failure increased

with ARD values at baseline (Lam et al. 2013).

Furthermore, ARD indexed for BSA showed a

significant association with all-cause death in the

subjects aged < 65 years, enrolled in the Chin–

Shan Community Cardiovascular Cohort

(CCCC) study (Lai et al. 2010).

Moreover, in the PAMELA study, adjusting

for several clinical covariates including

demographics, BP and clinical risk factors,

ARD indexed to height was a significant predic-

tor of incident cardiovascular morbidity and mor-

tality (hazard ratio 2.6) (Cuspidi et al. 2014).

It is important to note that the association

between LVH and AR dilatation (as defined

according to sex-specific criteria derived from

the healthy fraction of the PAMELA population)

was a stronger predictor of cardiovascular

outcomes than that entailed by LVH alone

(Fig. 8) (Cuspidi et al. 2014).

8 Conclusions

Although the relationship between BP and aortic

root size is still a matter od debate, increasing

evidence seems to support the notion that aortic

root dilatation, even in absence of aneurysmatic

alterations, may be regarded as an hypertensive

organ damage paralleling other preclinical

markers such as left ventricular hypertrophy

(LVH) or microalbuminuria, whose unfa-

vourable prognostic significance is firmly

established. Future studies are needed to assess

whether or not antihypertensive therapy is able to

reduce aortic root dimension and the increased

risk associated with its enlargement.
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Abstract

Hypertension and dementia are two of the most prevalent and damaging

diseases associated with aging. Chronic hypertension, particularly during

mid-life, is a strong risk factor for late-life cognitive decline and

impairment. Hypertension is also the number one risk factor for stroke

and a major contributor to the pathogenesis of vascular dementia and

Alzheimer’s disease. Despite the vast epidemiologic and mechanistic

evidence linking hypertension to cognitive impairment, and the positive

effects of blood pressure lowering on reducing the risk of post-stroke

dementia, uncertainty remains about the benefit of antihypertensive med-

ication on other forms of dementia. This chapter reviews the link between

hypertension and cognition, and discusses the evidence for and against the

use of antihypertensive medication for dementia prevention.
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1 Introduction

Hypertension and dementia are two of the most

prevalent and damaging diseases associated with

aging, affecting millions of individuals world-

wide (Global Health Observatory Data: World

Health Organization). Together they represent a

major public health concern given the increasing

life expectancy of seniors in modern societies.

Besides the heart and the kidneys, the brain is

one of the major organs that suffer from the

deleterious effects of hypertension, and such

damage is strongly responsible for the mortality

and morbidity associated with this disorder

(Go et al. 2014).

Decades ago, hypertension was defined by an

increase in diastolic blood pressure (DBP) above

90 mmHg. An increase in SBP was thought to be

part of the normal aging process. Several studies

later demonstrated that SBP was a stronger pre-

dictor of adverse cardiovascular events and mor-

tality (Lewington et al. 2002; Kannel et al. 1971),

what led afterwards to a change in the definition

of hypertension to include both parameters (SBP

�140 mmHg and/or DBP �90 mmHg).

Both DBP and SBP rise with increasing age;

however the patterns of change are different.

From age 20 to 60, both SBP and DBP increase

in a linear fashion (Franklin et al. 1997); and this

rise is mostly attributed to increased peripheral

vascular resistance. With the onset of middle age

(between age 50 and 60) DBP begins to plateau

and declines thereafter, while SBP continues to

increase progressively with advancing age,

resulting in an increased pulse pressure (defined

as the difference between SBP and DBP) (Frank-

lin et al. 1997). With aging, the elastic properties

of large conduit arteries such as the carotids and

the aorta begin to degenerate; a phenomenon that

results in increased arterial stiffness and explains

the predominance of increased SBP over DBP in

the elderly (Franklin 2006). As a result, isolated

systolic hypertension is the most frequent sub-

type of hypertension in middle aged and elderly

subjects (Franklin et al. 2001).

Several epidemiological studies have reported

that chronic hypertension, particularly during

mid-life, is a strong risk factor for late-life cog-

nitive decline and impairment (Elias et al. 1993;

Qiu et al. 2005; Abete et al. 2014). Cognitive

impairment is a broad term that encompasses a

group of symptoms that may be caused by differ-

ent underlying pathologies. Thus, cognitive
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dysfunction may manifest in different ways, such

as failure to remember recent events, forgetting

words, difficulties in judgement and decision-

making, getting lost in familiar surroundings,

repetitive questioning; symptoms which are

most often accompanied by drastic mood swings

and personality changes (Trivedi 2006; Winblad

et al. 2004). Cognitive impairment is one of the

major causes of disability in the elderly and in

many cases, a strong precursor to dementia

(Bennett et al. 2002).

Hypertension is also the number one risk fac-

tor for stroke (Lawes et al. 2004) and a major

contributor to the pathogenesis of vascular

dementia (VaD) and Alzheimer’s disease

(AD) (Eftekhari et al. 2007), the most common

causes of dementia in the elderly. Alzheimer’s

disease is a complex, multi-faceted neurodegen-

erative disorder leading to synaptic loss and neu-

ronal dysfunction (Selkoe 2002). Its two major

pathological substrates are extracellular

aggregates of amyloid-β (Aβ) peptides and intra-

cellular neurofibrillary tangles (Querfurth and

LaFerla 2010; Blennow et al. 2006). Instead,

vascular dementia refers to a heterogeneous

group of brain disorders in which cognitive dys-

function is caused by cerebrovascular lesions

(e.g. atherosclerosis, ischemic or haemorrhagic

stroke, lacunes, microbleeds, carotid stenosis)

(Iadecola 2013). Alzheimer’s disease accounts

for 60–80 % of all dementia cases, followed by

vascular dementia (Alzheimer’s Association

2015). Although traditionally the pathogenic

hallmarks of these two types of dementia have

been considered different, there is a growing

recognition that mixed dementias with vascular

and Alzheimer pathology are common, and that

vascular factors are also major contributor to the

pathogenesis of Alzheimer’s disease (Iadecola

2010).

The negative effects of hypertension on cog-

nitive function are best understood in terms of

the brain’s need for constant blood supply. The

brain is a highly vascularized organ, and

continued perfusion is vital to meet its high met-

abolic demand. Hypertension alters the structure

and molecular composition of cerebral blood

vessels and disrupts the homeostatic mechanisms

that ensure an adequate blood supply to the brain

at all times (Pires et al. 2013; Iadecola

et al. 2009). Thus, damage to the cerebral vascu-

lature compromises oxygen and glucose delivery

for proper neuronal function, as well as the

removal of metabolic waste and toxic proteins.

These alterations render the brain more vulnera-

ble to ischemic injury, white matter disease and

to the development of neurodegenerative

pathologies (Soros et al. 2013; Faraco and

Iadecola 2013).

Although hypertension is regarded as a strong

risk factor for stroke, cognitive dysfunction and

dementia later in life, the evidence that antihy-

pertensive therapy improves cognition and

reduces dementia risk is less conclusive. While

several studies report a strong effect of

controlling blood pressure in reducing stroke

risk by ~40 % and consequently, post-stroke

dementia, the effects of antihypertensive

medications on other forms of cognitive decline

or dementia is less clear (Rouch et al. 2015).

In the present chapter we examine the patho-

physiological link between hypertension and

cognition, and discuss the evidence for and

against the use of antihypertensive medications

in preventing cognitive decline and dementia.

We consider the limitations of observational

studies and randomized controlled trials and

offer a perspective on how this question could

be re-examined in future clinical studies.

2 The Link Between
Hypertension, Cognitive
Decline and Dementia

It is well recognized that vascular risk factors,

such as hypertension, diabetes, hypercholesterol-

emia, coronary heart disease and obesity are

implicated in the pathogenesis of vascular

dementia and Alzheimer’s disease (de la Torre

2004; Barnes and Yaffe 2011). Hypertension is a

leading risk factor for stroke, a condition which

doubles the risk to develop dementia (Leys

et al. 2005). Hypertension has been associated

with impaired cognitive function, particularly

affecting processing speed, attention, judgement
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and reasoning, and to a lesser extent episodic

memory (Elias et al. 2012). For comprehensive

reviews on the subject the reader is referred to

(Qiu et al. 2005; Leys et al. 2005; Guo

et al. 1997a; Kennelly et al. 2009; Hughes and

Sink 2016; Duron and Hanon 2008; Birns and

Kalra 2009; Gorelick et al. 2012).

Although the link between high blood pres-

sure and cognitive dysfunction is well

established, the onset and age at hypertension

assessment are key factors that may influence

an individual’s risk to develop cognitive

impairment and/or dementia in the future (Qiu

et al. 2005).

2.1 Mid-Life Hypertension,
Cognitive Decline and Dementia

Several large-scale observational studies includ-

ing men and women have indicated that chronic

hypertension, especially high SBP during midlife

(~40–65 years), is associated with an increased

risk of cognitive decline and dementia in late

adulthood. A summary list of relevant studies is

presented in Table 1.

The Framingham Study in the early 1990s was

one of the first to show that blood pressure levels

and chronicity of hypertension in individuals

aged 55–88 years where inversely related to

global cognitive performance and to specific

measures of memory and attention, assessed

14 years after blood pressure examination (Elias

et al. 1993). A similar adverse effect of midlife

hypertension on late-life cognitive function was

demonstrated by the Honolulu-Asia Aging Study

(Launer et al. 1995). Although this program

examined only men of Japanese-American ori-

gin, results demonstrated that the risk for poor

cognitive function increased progressively with

higher levels of SBP, which had been measured

in the preceding two decades. In this report, there

was not a significant association between midlife

DBP and cognitive function. However, two addi-

tional Swedish studies with other large-scale men

cohorts have found significant inverse

correlations between DBP measured at age

50 and cognitive function 20 years later

(Kilander et al. 1998; Kilander et al. 2000).

Extending these observations, the multiethnic

Southall and Brent study showed a significant U

shaped-association between mid-life DBP (at age

40–67) and cognitive impairment in the

subsequent two decades (Taylor et al. 2013). In

other words, both low and high DBP were found

to have adverse effects on cognitive function

later in life. The U-shaped relationship between

DBP and cognition was more prominent in the

older participants (50–67 years) than in the youn-

ger subjects (40–49 years), and surprisingly pulse

pressure showed little evidence of association

after covariate adjustment (Taylor et al. 2013).

If hypertension has a negative effect on cog-

nitive function, when do cognitive deficits appear

after the onset of high blood pressure? In a recent

prospective cohort (a Dutch population including

men and women), the Masstrich Aging Study

examined the cognitive trajectories of

individuals with prevalent and incident hyperten-

sion (age 25–84) over a period of 12 years

(Kohler et al. 2014). Interestingly, it was found

that subjects who developed hypertension during

the study duration exhibited a slow, steady

decline in memory and processing speed within

6–12 years after blood pressure assessment,

suggesting that the onset of hypertension may

offer a window for therapeutic brain protection.

With respect to dementia, epidemiologic stud-

ies have also shown a significant adverse effect

of elevated mid-life blood pressure on the risk of

developing vascular dementia and Alzheimer’s

disease in future years (Launer et al. 2000;

Kivipelto et al. 2001; Wu et al. 2003; Yamada

et al. 2003; Whitmer et al. 2005; Ninomiya

et al. 2011). The Honolulu Heart Program,

where a large cohort of Japanese-American men

were followed over a period of 25 years, revealed

that the risk of two of the most common subtypes

of dementia (AD and VaD) was ~4 times higher

(4.8 (95 % CI ¼ 2.0–11.8)) for those individuals

with untreated high SBP (�160 mmHg) and high

DBP (�95 mmHg) (4.3 (95 % CI ¼ 1.7–10.8)

(Launer et al. 2000). Mid-life blood pressure

(whether it was moderate or high) was not

associated with dementia risk in men who

received antihypertensive medication. This
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study further reported a trend for an association

between low DBP (<80 mmHg) and increased

risk of both types of dementia, although it was

not significant.

In line with the results of the Honolulu Heart

Program, Kivipelto and colleagues later

demonstrated in a Finnish population (including

men and women) that individuals with mid-life

isolated systolic hypertension (SBP�160 mmHg)

exhibited a ~ 2 fold risk (CI ¼ 1.0–5.5) of devel-

oping Alzheimer’s disease over a follow-up

period of 11–26 years (Kivipelto et al. 2001).

Table 1 Summary of studies investigating the association between mid-life hypertension and late-life cognitive

decline and dementia

Study Participantsa Follow-up Outcome Main results

Kohler et al.
(2014)

n ¼ 1805, age

25–84 years

12 years Verbal memory, executive

function and processing

speed (psychometric tests)

Baseline and incident HT (�140/

90 mmHg) associated with a faster

decline in memory and processing

speed

Gottesman

et al. (2014)
n ¼ 13,476, age

45–64 years

20 years Verbal learning, short-term

memory and executive

function (as a composite)

HT (�140/90 mmHg) at baseline was

associated with a steeper cognitive

decline later in life

Taylor et al.
(2013)

n ¼ 1484, age

40–67 years

(multiethnic)

20 years Global cognitive function,

expressed as a composite

Low and high baseline DBP

(quintiles) related to cognitive

impairment

Ninomiya

et al. (2011)

n ¼ 534, age

65–79 years

32 years AD and VaD (DSM-III and

NINCDS-ADRDA

Greater mid-life BP (quartiles)

associated with increased risk of VaD

but not of AD

Whitmer

et al. (2005)

n ¼ 8845, mean

age 42 years

30 years Dementia (medical

records)

Mid-life HT (�140/90 mmHg)

associated with a 20–40 % increased

risk of dementia

Wu

et al. (2003)

n ¼ 301, age

>65 years

15 years AD (DSM-IV) Mid-life severe HT (�160/95 mmHg)

was as a strong risk factor for AD later

in life

Yamada

et al. (2003)
n ¼ 1774, age

>65 years

25–30 years AD and VaD (DSM-IV) Higher SBP (continuous variable)

associated with increased risk of VaD

but not of AD

Kivipelto

et al. (2001)
n ¼ 1449 age

40–64 years

11–26 years AD (DSM-IV and

NINCDS-ADRDA)

High SBP (�160 mmHg) in mid-life

was a significant risk factor for AD

later in life

Kilander

et al. (2000)

n ¼ 502, age

50 years (men

only)

20 years Global cognitive function,

measured with

13 psychometric tests

Low DBP (�70 mmHg) related to

better performance in cognitive tests

later in life

Launer

et al. 2000

n ¼ 3703, age

45–68 years

(men only)

25–27 years Dementia (DSM-III); AD

(NINCDS-ADRDA)

Midlife severe HT (�160/95 mmHg)

increased risk of late-life dementia in

untreated subjects

Kilander

et al. (1998)
n ¼ 999, age

50 years (men

only)

20 years Global cognitive function,

measured by the MMSE

Positive association between mid-life

DBP and prospective cognitive

decline

Launer

et al. (1995)

n ¼ 3735, mean

age 53 (men

only)

25 years Cognitive function,

measured by the CASI

Midlife SBP predictor of poor

cognitive function. No association

with DBP

Elias

et al. (1993)

n ¼ 1702, age

55–88 years

14–20 years Global cognitive function,

expressed as a composite

score

Inverse relation between BP

(continuous variable) and cognition

aAge refers to age at study inclusion. AD Alzheimer’s disease, BP blood pressure, CASI cognitive abilities screening

instrument, DBP diastolic blood pressure, DSM-III/IV Diagnostic and Statistical Manual for mental disorders 3rd and

4th edition, HT hypertension, NINCDS-ADRDA National Institute of Neurological and Communicative Disorders and

Stroke – Alzheimer’s Disease and Related Disorders Association, MMSE mini-mental state examination, SBP systolic

blood pressure, VaD vascular dementia
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This risk was enhanced in people who also had

high serum cholesterol levels (�6.5 mmol/L), and

was not influenced by midlife DBP levels. The

significant association between high SBP and

dementia risk in the Honolulu Heart Program

and in the Kivipelto cohort highlights the impor-

tance of monitoring and controlling isolated sys-

tolic hypertension. The lack of association

between DBP and dementia in the study of

Kivipelto and colleagues may be related to the

fact that individuals with Alzheimer’s disease

were more likely to have received treatment for

hypertension, which could have corrected DBP

but not SBP levels, as discussed by the authors.

Also, some individuals were followed for less than

20 years and the population was smaller compared

to that from the Honolulu Heart Program. Despite

these differences, both studies highlight the rele-

vance of high mid-life SBP as a risk factor for

dementia.

2.2 Late-Life Hypertension,
Cognitive Dysfunction
and Dementia

Even though the association between midlife

hypertension, cognitive dysfunction and demen-

tia is generally well supported, the relationship

between high blood pressure in late life (65

+ years) and cognition is less consistent. A sum-

mary list of relevant reports is depicted in

Table 2.

Several cross-sectional and longitudinal stud-

ies have indicated a significant adverse effect of

late-life hypertension (defined as BP �140–160/

90–95 mmHg) on global cognition (Kilander

et al. 1998; Cacciatore et al. 1997; Elias

et al. 2003; Tzourio et al. 1999) as well as on

specific cognitive domains like executive func-

tion (Kuo et al. 2004). However, such

associations between high BP and cognitive

decline could not be demonstrated in other

elderly populations (Hebert et al. 2004; Tervo

et al. 2004; Solfrizzi et al. 2004; Gottesman

et al. 2014). In addition, evidence from other

study cohorts suggest either the inverse relation;

that low blood pressure in older adults is related

to poor global cognitive function, or even more

complex U-shaped associations between late-life

blood pressure and cognition (Launer et al. 1995;

Guo et al. 1997b; Pandav et al. 2003; Waldstein

et al. 2005). While high BP may be damaging to

the brain by leading to atherosclerosis, white

matter disease and altered neurovascular cou-

pling (as reviewed later in this chapter), low BP

may negatively affect cognition by leading to

insufficient cerebral perfusion, rendering the

brain more vulnerable to ischemic and neurode-

generative pathologies.

Similar discrepancies have been reported on

the relationship between hypertension in old age

and dementia (Qiu et al. 2005; Power

et al. 2013). For example, a longitudinal study

of 70 year-old residents of Gothenburg, Sweden,

revealed a significant correlation between

increased DBP (�100 mmHg) at age 70 and the

risk of developing dementia 15 years later

(Skoog et al. 1996). In a study with a shorter

follow-up (6 years), SBP and DBP were found

to confer opposing risks. While subjects with

very high SBP were at higher risk of dementia,

very low DBP (�65 mmHg), rather than high

DBP, produced an adjusted relative risk of 1.7

(95 % CI ¼ 1.1–2.4) for Alzheimer disease (Qiu

et al. 2003). The association between low DBP

on dementia risk was also found in other prospec-

tive cohorts (Verghese et al. 2003). The opposing

trajectories of systolic and diastolic BP are in line

with the concept that pulse pressure increases

with older age, reflecting increased arterial stiff-

ness; which could explain the positive

associations between high SBP and low DBP

with Alzheimer’s disease.

In contrast, Morris and colleagues found no

significant relation between Alzheimer’s disease

risk and high blood pressure measured 13 years

before and 2 years after dementia diagnosis in

subjects aged 65 or older (Morris et al. 2001). It

should be noted that in this study only a small

number of participants had high blood pressure at

baseline, and that they tended to be older. Also,

about 30 % of the population was receiving anti-

hypertensive medication with diuretics or beta-

blockers, although there was no association

between antihypertensive use, Alzheimer’s
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Table 2 Summary of studies investigating the association between late-life hypertension and risk of cognitive decline

and dementia

Study Participants

Follow-

up Outcome Main results

Ninomiya

et al. (2011)

n ¼ 668, age

65–79 years

17 years AD and VaD (DSM-III and

NINCDS-ADRDA)

Significant association between

late-life BP level (defined by

JNC-7) and VaD but not AD

Li

et al. (2007)

n ¼ 2356, age

�65 years

8 years Dementia (NINCDS-ADRDA) High SBP (�160 mmHg)

associated with increased risk of

dementia (<70 years); risk

declined with older age (70+)

Waldstein

et al. (2005)

n ¼ 847, age

39–96 years

11 years Battery of six psychometric tests

to assess attention, working and

verbal memory, processing speed

and executive function

At older ages, both high and low

DBP were associated with poor

performance on tests of executive

function, confrontation naming

and processing speed

Solfrizzi

et al. (2004)

n ¼ 2963, age

65–84 years

3.5 years MCI (MMSE) and (DSM-III and

NINCDS-ADRDA)

No significant effect of HT as a

risk factor for MCI

Tervo

et al. (2004)

n ¼ 747, age

60–76 years

3 years MCI (MMSE) No effect of elevated blood

pressure on conversion to MCI

Kuo

et al. (2004)

n ¼ 70, mean

age 72 years

Cross-

sectional

study

Verbal and visual memory, visuo-

spatial skills and executive

function

Greater SBP (quartiles) associated

to impairment in executive

function

Hebert

et al. (2004)

n ¼ 4284, age

� 65 years

3–6 years Global cognition (composite of

four cognitive tests)

No significant association between

SBP or DBP and cognitive change

Elias

et al. (2003)

n ¼ 1423, age

55–88 years

4–6 years Learning, memory, executive

function and abstract reasoning

Positive association between HT

(�140/90 mmHg) and low

cognitive performance only in

men (not in women)

Qiu

et al. (2003)

n ¼ 1270, age

75–101 years

6 years Dementia and AD (DSM-III) Both high SBP (>180 mmHg) and

low DBP (�65 mmHg) associated

with an increased risk of dementia

and AD

Verghese

et al. (2003)

n ¼488, age

�75 years

Median

6.7 years

Dementia (DSM-III) High SBP (140–179 mmHg) and

low DBP (<70 mmHg) influenced

risk of developing AD

Morris

et al. (2001)

n ¼ 378, age

�65 years

13 years AD (NINCDS-ADRDA) No association between high SBP

(�160 mmHg) and risk of AD

Tzourio

et al. (1999)

n ¼ 1172, age

59–71 years

4 years Global cognitive function,

measured with the MMSE

High BP (�160/95 mmHg)

associated with cognitive decline

Kilander

et al. 1998

n ¼999, age

70 years (men

only)

Cross-

sectional

study

Global cognitive function,

measured with the MMSE

Greater DBP (quintiles) related to

lower cognitive function

Cacciatore

et al. (1997)

n ¼ 1106, age

65–95 years

Cross-

sectional

study

Global cognitive function,

measured with the MMSE

Greater DBP (but not SBP)

associated with increased risk of

cognitive impairment

Skoog

et al. (1996)

n ¼ 382, age

70 years

15 years Dementia (DSM-III) and AD

(NINCDS-ADRDA)

Subjects who developed dementia

at age 79–85 had higher SBP and

DBP at age 70 than people who

remained dementia free

AD Alzheimer’s disease, BP blood pressure, CASI cognitive abilities screening instrument, DBP diastolic blood

pressure, DSM-III/IV Diagnostic and Statistical Manual for mental disorders 3rd and 4th edition, HT hypertension,

NINCDS-ADRDA National Institute of Neurological and Communicative Disorders and Stroke – Alzheimer’s Disease

and Related Disorders Association, MCI mild cognitive impairment, MMSE mini-mental state examination, SBP
systolic blood pressure, VaD vascular dementia
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disease and SBP measured between 4 and

13 years before diagnosis.

When examining the risk of high blood pres-

sure on dementia across different age strata

(65–74 years, 75–84 years and 85+), Li

et al. found that only in the youngest age group

there was a significant association between high

SBP (>160 mmHg) and dementia (HR ¼ 1.6,

95 % CI ¼ 1.01–2.55) (Li et al. 2007). No such

relationships were evident in the older

participants, supporting the concept that the link

between high blood pressure and dementia varies

with age.

Since Alzheimer’s disease has a long incuba-

tion phase that lasts decades, it is possible that

late-life hypertension is not related to a disease

that had begun decades before, or alternatively, if

hypertension is indeed a risk factor, there may

not be enough time for the clinical expression of

dementia to manifest when hypertension occurs

in late life.

Interestingly, prospective longitudinal studies

with very long durations (between 32 and

37 years of follow-up) have revealed an inverted

U-shaped trajectory of blood pressure in people

who developed incident dementia. In the

Honolulu-Asia Aging Study, the development

of Alzheimer’s disease or vascular dementia

was related to a greater rise in SBP from midlife

to late life followed by a decline in blood pres-

sure in the years preceding the clinical diagnosis

of dementia (Stewart et al. 2009).

Similar findings were presented by the Pro-

spective Population Study of Women in

Gothenburg, Sweden, a cohort that was followed

for 37 years. In this study, the development of

incident Alzheimer’s disease (between ages

79 and 85) was related to higher midlife SBP

and DBP and a steeper increase of SBP between

age 46 and 70, followed by declines in blood

pressure in the years before dementia onset

(between ages 75 and 85) (Joas et al. 2012).

This decline could be explained by a disturbed

control of BP with neurodegeneration and/or by

the fact that hypotension itself promotes degen-

erative processes. Interestingly, the same study

showed that such variations in SBP were more

pronounced in demented subjects treated for

hypertension, suggesting that these treatments

in women who became demented did not prevent

well the increase in blood pressure.

2.3 Post-stroke Dementia

It is estimated that more than 70 % of patients

with ischemic or haemorrhagic stroke have a

history of high blood pressure (Miller

et al. 2014). Dementia is a frequent cause of

disability after stroke, occurring in approxi-

mately 25–30 % stroke survivors, although prev-

alence rates may vary among study populations

(Henon et al. 2006; Barba et al. 2000). In fact,

having a stroke increases the risk of developing

dementia by 3–5 times, irrespective of its type

(vascular, Alzheimer’s or mixed), and this risk is

highest within the first months after stroke (Leys

et al. 2005).

Patients with post-stroke dementia have

higher mortality rates and are often more

impaired in functional daily activities (Henon

et al. 2006). There is also a strong, linear associ-

ation between stroke mortality and blood pres-

sure (Palmer et al. 1992). Thus, it has been

argued that among the modifiable risk factors,

controlling blood pressure in patients with a

prior stroke should result in a favourable reduc-

tion in the risk of developing dementia and cog-

nitive impairment (Soros et al. 2013). Whether

antihypertensive therapy is effective in

preventing stroke-related cognitive decline and

other forms of dementia will be discussed in

Sect. 3 of this chapter.

2.4 How Does Hypertension Affect
Cognitive Function?

Multiple mechanisms link hypertension to cogni-

tive dysfunction and dementia (Fig. 1). High

blood pressure affects the brain by altering the

structure of the cerebral vasculature, by

disrupting the mechanisms that regulate the cere-

bral circulation, as well as by contributing to the

pathogenesis of Alzheimer’s disease (Faraco and

Iadecola 2013; Iadecola and Davisson 2008;
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Girouard and Iadecola 2006; Skoog and

Gustafson 2006). These effects will be briefly

reviewed.

2.4.1 Structural Alterations in Cerebral
Blood Vessels

Hypertension promotes the formation of athero-

sclerosis in large extracranial and intracranial

arteries, leading to a reduced vascular lumen and

hypoperfusion followed by vascular occlusion and

ischemic injury, and consequently, to increased

stroke risk (Hollander et al. 1993). Studies in

rodents suggest that a moderate reduction in cere-

bral blood flow affects brain homeostasis. At

declining flow rates, protein synthesis is inhibited

first, at blood flow values approximately 80 % of

the normal flow rate (Xie et al. 1989; Jacewicz

et al. 1986), followed by alterations in glucose

utilization and energy metabolism, the release of

neurotransmitters (particularly of the inhibitory

type), and finally by anoxic depolarization

(at <20 % of normal flow rate) (Hossmann

1994). Chronic hypoperfusion has also been pro-

posed as an early factor driving the neurodegener-

ative process of Alzheimer’s disease (Zlokovic

2011; de la Torre 2002).

Elevated blood pressure also induces occlud-

ing lesions in small cerebral arteries and

arterioles supplying the white matter, known as

lipohyalinosis. This refers to thickening of the

vessel wall or in severe cases to vessel wall

necrosis, which may lead to rupture (Lammie

Fig. 1 The link between hypertension, cerebrovascular
dysfunction and dementia. Persistent elevated blood pres-
sure promotes the formation of atherosclerosis, leads to

arterial smooth muscle hyperplasia and vascular

remodelling, increasing arterial stiffening. The resulting

increased pulsatility may promote reactive oxygen species

production and inflammation in cerebral blood vessels and

further lead to disruption in the blood brain barrier (BBB).
Hypertension may also affect small cerebral arteries lead-

ing to microhemorrages and vessel wall necrosis, referred

as lipohyalinosis. Besides affecting the structure of cere-

bral blood vessels, hypertension disrupts the mechanisms

that regulate cerebral blood flow, such as neurovascular

coupling (NVC) and cerebral autoregulation. These

changes compromise the clearance of brain metabolites,

such as amyloid-β and tau, favouring their accumulation.

Taken together, the structural and functional alterations

induced by hypertension lead to cerebrovascular dysfunc-

tion and render the brain more vulnerable to degenerative

and ischemic disease
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2002). Thus, such morphological alterations

facilitate the appearance of lacunes (infarcts of

<20 mm in diameter) and microinfarcts (<1 mm

in diameter), as well as microbleeds and large

cerebral haemorrhages, leading to white matter

damage, (Havlik et al. 2002). Notably, these vas-

cular lesions have been associated to reduced

cognitive function (Skoog et al. 1996; Kapasi

and Schneider 2016; Wolf et al. 2000) and to an

accelerated progression from mild cognitive

impairment (MCI) to dementia (Clerici

et al. 2012).

Sustained elevations in blood pressure may

also lead to adaptive changes in cerebral blood

vessels (i.e. vascular remodelling) to counteract

the adverse effects of increased pulsatile stress

induced by hypertension (Intengan and Schiffrin

2001). Vascular smooth muscle cells may grow

in size or undergo a rearrangement that leads to

reduced vessel lumen and capacity to dilate; and

accumulation of extracellular matrix proteins

may further lead to greater vessel wall thickness

(Intengan and Schiffrin 2001; Baumbach and

Heistad 1989; Heistad et al. 1990). Accumulation

of collagen deposits and elastin fragmentation

may also occur in large arteries, leading to

reduced distensibility and vascular stiffening

(Kaess et al. 2012). Arterial stiffness is often a

neglected aspect of hypertension, which deserves

further attention as it has been related to stroke,

cognitive impairment and dementia (Pase

et al. 2012; Hanon et al. 2005), although the

pathogenic mechanisms involved continue to be

elucidated (Sadekova et al. 2013).

2.4.2 Alterations in Cerebrovascular
Function

Besides affecting the mechanical properties of

cerebral blood vessels, hypertension interferes

with the homeostatic mechanisms that control

the regulation of cerebral blood flow. In experi-

mental models, hypertension (induced by the

infusion of angiotensin-II) impaired the

endothelium-dependent relaxation of cerebral

blood vessels as well as functional hyperemia,

which is the increase in cerebral blood flow in

response to neuronal activity (Kazama

et al. 2004; Girouard et al. 2006). Alterations in

neurovascular coupling are also supported by

human studies. Patients with untreated hyperten-

sion have reduced evoked cerebral blood flow

responses in the posterior parietal cortex when

engaged in a memory task (Jennings et al. 2005).

Given that the integrity of endothelial cells is

vital for the regulation of blood-brain barrier

(BBB) permeability, the negative effects of

hypertension on endothelial function inevitably

impact on BBB maintenance (Abbott

et al. 2010). Several lines of evidence point at

oxidative stress, matrix metallo-protease activa-

tion and inflammation as the underlying

mechanisms linking hypertension to BBB break-

down (Kahles et al. 2007; Yang and Rosenberg

2011).

In addition, hypertension alters cerebral

autoregulation (Immink et al. 2004), which is

the mechanism by which cerebral blood flow

remains constant within a certain range of arterial

pressures (60–150 mmHg). Taken together, the

changes induced by hypertension compromise

cerebral perfusion and render the brain more

vulnerable to stroke and to neurodegenerative

lesions. Interestingly, endothelium-dependent

relaxation and functional hyperemia are altered

in experimental models of Alzheimer’s disease

(Niwa et al. 2000a, b; Park et al. 2004) as well as

in humans suffering from this disorder (Hock

et al. 1997; Rosengarten et al. 2006; Janik

et al. 2016).

2.4.3 Alzheimer’s Disease Pathology
It is known that cerebrovascular lesions, such as

those caused by hypertension, worsen cognitive

performance and increase the likelihood of

dementia development in individuals who also

exhibit Alzheimer’s neuropathology (Snowdon

et al. 1997; Esiri et al. 1999; Chi et al. 2013).

Interestingly, histopathological analyses from

the Honolulu-Asia Aging Study have

demonstrated that people with elevated midlife

blood pressure exhibited greater number of cor-

tical and hippocampal amyloid plaques and neu-

rofibrillary tangles, as well as reduced brain

weight later in life (Petrovitch et al. 2000).

Likewise, Shah and colleagues recently

reported that the risk of Alzheimer’s disease
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was higher in individuals with declining levels of

plasma Aβ; an interaction which was enhanced

by midlife blood pressure (Shah et al. 2012). In

this study, reduced plasma Aβ was related to an

increased likelihood of cerebral amyloid

angiopathy (deposition of amyloid within the

walls of cerebral blood vessels); suggesting that

hypertension may interfere with the vascular

clearance of Aβ leading to amyloid accumula-

tion. As a case in point, experimental models of

chronic and acute hypertension reproduce the

enhanced deposition of Aβ in cerebral blood

vessels and in the brain parenchyma, and also

exhibit an altered permeability of the blood-

brain barrier (Carnevale et al. 2012; Gentile

et al. 2009; Faraco et al. 2016).

3 Treating Hypertension
to Prevent Cognitive Decline
and Dementia

Given the ample epidemiological and mechanis-

tic evidence linking hypertension with lower

cognitive abilities, a logical question emerges:

does blood pressure control slow down cognitive

decline and prevent dementia? A beneficial

effect of antihypertensive medication on cogni-

tive decline and dementia incidence is suggested

by several observational studies with short/

medium-term follow-ups (i.e. between

412 years) (Kohler et al. 2014; Tzourio

et al. 1999; Qiu et al. 2003; Joas et al. 2012;

Gelber et al. 2013; Khachaturian et al. 2006;

Guo et al. 1999, 2001). Interestingly, Peila and

colleagues suggested that the protective effect of

antihypertensive therapy (after adjusting for age,

education, APOE ε4 status, midlife and late-life

BP) is proportional to its use: the longer the

duration of treatment, the lower the risk of inci-

dent dementia and its subtypes (AD and VaD)

(Peila et al. 2006). Despite these encouraging

observations, the true effect of blood pressure

lowering drugs on cognition can only be assessed

by randomized placebo-controlled clinical trials.

These are summarized in Table 3.

The Systolic Hypertension in Europe

(SYST-EUR) trial was one of the first double-

blind studies to show a significant reduction in

the incidence of dementia (AD and VaD) due to

antihypertensive treatment (Forette et al. 1998).

This trial enrolled dementia-free subjects (with

no prior history of stroke) who were 60+ years

and had high SBP (160–219 mmHg). Active

treatment consisted of nitrendipine, a calcium

channel blocker (CCB), which could be com-

bined with a diuretic (hydrochlorothiazide:

HCTZ) and/or with enalapril, an angiotensin-

converting enzyme (ACE) inhibitor. The goal of

the study was to reach a threshold of SBP reduc-

tion of at least 150 mmHg. The SYST-EUR trial

was stopped early after 2 years due to a signifi-

cant reduction in stroke-related events (by ~40 %

P < 0.001) in the treatment group. At this time

point, nitrendipine also reduced the incidence of

all cause dementia by 50 % (P ¼ 0.05), includ-

ing Alzheimer’s, vascular and mixed dementia

cases. These findings were based on a total of

32 incident dementia cases (all forms). After the

trial stopped, all participants (those previously

treated and those in the placebo group) were

invited to continue or begin treatment with the

same BP-lowering regimen for another 2 years

(Forette et al. 2002). Interestingly, this second

phase showed that immediate antihypertensive

therapy was more effective at reducing dementia

risk compared to delayed treatment, supporting

the observation from Peila et al. discussed above

(Peila et al. 2006).

Despite comparable subject demographics to

the SYST-EUR trial (participants aged 60+, SBP

ranging from 160 to 219 mmHg) and a similarly

reduced stroke risk (by 36 %), the Systolic

Hypertension in the Elderly Program

(SHEP) study did not find a significant protec-

tive effect of blood pressure lowering on demen-

tia incidence, after a follow-up of 4.5 years

(relative risk reduction; RRR: 14 %; 95 % CI:

�26 to 54 %; P ¼ 0.44) (SHEP Cooperative

Research Group 1991). No distinction between

AD and VaD dementia was made. It should be

also noted that the antihypertensive regimen was

different, consisting primarily of chlorthalidone

(a diuretic). Thus, it is possible that for dementia

prevention it may not be just about lowering

blood pressure but also about the choice of
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antihypertensive drug. In particular CCBs of the

dihydropyridine (DHP) type, as used in the

SYST-EUR trial, could be beneficial in the con-

text of Alzheimer’s disease given that sustained

intracellular calcium elevations may promote Aβ

production and tau phosphorylation (Paris

et al. 2011; Green and LaFerla 2008; Yu

et al. 2009). This suggests that DHP-CCBs may

have additional protective effects on the brain

other than decreasing BP.

Table 3 Randomized controlled trials assessing the effect of antihypertensive drugs on cognitive decline and dementia

Trial Participants

Follow-

up Intervention Outcome Main results

SYST-EUR n ¼ 2902 with

ISH, mean age

70 years

4 years CCB (nitrendipine)

and/or ACEI

(enalapril) and/or

diuretic (HCTZ)

vs. placebo

Dementia (AD,

VaD and mixed)

by DSM-III and

MMSE

Significant dementia

(AD and VaD) risk

reduction by 55 % (95 %

CI: 24–73 %) in treated

group

SHEP n ¼ 4376 with

ISH, age

>60 years

4.5 years Diuretic

(chlorthalidone)

with BB (atenolol)

or reserpine

vs. placebo

Dementia

(Short-CARE

test)

14 % (95 % CI: �26 to

54 %) reduction in dementia

(non significant) in treated

group

SCOPE n ¼ 4964 with

ESH, age

70–89 years

3.7 years ARB (candesartan)

with possible

addition of diuretic

(HCTZ) and/or

open-label AH

Dementia and

cognitive

function

(ICD-10 and

MMSE)

Comparable incidence of

dementia (all cause) and rate

of cognitive decline between

placebo and active treatment

groups

MRC n ¼ 2584 with

ESH, age

65–74 years

4.5 years Diuretic (HCTZ) or

BB (atenolol)

vs. placebo

Change in

cognitive

function

(measured by

the PAL and

TMT tests)

No significant effect of

active treatment on change

in cognitive function

PROGRESS n ¼ 6105 with

prior stroke or

TIA, mean age

64 years

3.9 years ACEI (perindopril)

with possible

addition of diuretic

(indapamide)

vs. placebo

Dementia and

cognitive

decline

(DSM-IV and

MMSE)

Significant reduction in the

risk of dementia with

recurrent stroke by 34 %

(95 % CI: 3–55 %) and of

cognitive decline with

recurrent stroke by 45%

(95% CI: 21-61%)

HOPE n ¼9297 with

vascular risk

factors, age �
55 years

4.5 years ACEI (ramirpil)

vs. placebo

Stroke, TIA and

cognitive

function

Significant reduction in

stroke-related cognitive

decline by 41 % (95 % CI:

6–63 %)

HYVET-

COG

n ¼ 3336 with

ESH, age �
55 years

2.2 years Diuretic

(indapamide) with

possible addition of

ACEI (perindropil)

vs. placebo

Cognitive

decline and

dementia

(assessed by

MMSE)

No significant difference in

incident dementia rates

between active treatment

and placebo

AD Alzheimer’s disease, ACEI angiotensin-converting enzyme inhibitors, AH antihypertensive, ARB angiotensin

receptor blocker, BB beta-blocker, CCB calcium channel blocker, CI confidence interval, DSM-III/IV Diagnostic and

Statistical Manual for mental disorders 3rd and 4th edition, ESH essential hypertension, HCTZ hydrochlorothiazide,

HOPE heart outcomes prevention evaluation, HYVET-COG hypertension in thevery elderly trial cognitive function

assessment, ICD-10 International Statistical Classification of Diseases and Related Health Problems 10th edition, ISH
isolated systolic hypertension, MMSE mini-mental state examination, MRC Medical Research Council, PAL paired-

associates learning, PROGRESS The Perindopril Protection Against Recurrent Stroke Study, SCOPE Study on

Cognition and Prognosis in the Elderly, SHEP Systolic Hypertension in the Elderly Program, Short-CARE short-

comprehensive assessment and referral evaluation, SYST-EUR systolic hypertension in Europe, TIA transient ischemic

attack, TM trail making, VaD vascular dementia
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In a subsequent report about the SHEP trial, it

was observed that the non-significant cognitive

and functional effects of the treatment might

have been due to differential dropout between

the groups; i.e. participants who missed the

annual cognitive assessments tended to be

older, to be in the placebo group and to have a

higher occurrence of cardiovascular events. In

other words, selective attrition may have biased

the lack of significant differences between active

treatment and placebo (Di Bari et al. 2001).

Another important consideration is that due to

ethical reasons, participants with high blood

pressure in the placebo group also received

open-label antihypertensive medication. These

limitations put into question the observation

that BP lowering does not affect dementia.

The Study on Cognition and Prognosis in

the Elderly (SCOPE) was a prospective,

double-blind trial designed to assess whether

antihypertensive treatment with candesartan, an

angiotensin-II type I (AT1) receptor blocker

(ARB), was effective in reducing cardiovascular

events, cognitive decline and dementia in elderly

patients (70–89 years) with moderate high blood

pressure (SBP 160–179 mmHg) (Lithell

et al. 2003). Additional open-label antihyperten-

sive drugs (i.e. HCTZ, diuretic, CCBs), were

included as needed in both groups.

After 3.7 years of follow-up and after achiev-

ing considerable reductions in blood pressure and

non-fatal stroke risk (by 27.8 %), no difference

was noted in global cognition scores or dementia

incidence between the two groups, assessed with

the mini-mental state examination (MMSE) and

ICD-10 criteria. Considering that by the end of

the trial both candesartan and placebo groups had

received additional AH medication and that both

obtained significant BP reductions (from 166.0/

90.3 to 145.2/79.9 in candesartan arm and 166.6/

90/4 to 148.5/81.6 in placebo arm), it is possible

that this could be masking any treatment benefit.

The fact that a significant stroke risk reduction

was seen with candesartan treatment (compared

to placebo) could further highlight a protective

cerebrovascular effect mediated through AT1

receptor antagonism. In addition, as the authors

acknowledged, the rates of dementia incidence in

the study cohort were lower (approximately 6.5

cases per 1000 patient years) compared to what

would be expected for the age range

(70–89 years) of the subjects, thus limiting the

study’s power to detect a significant difference

on the treatment. Notably, in a later report,

SCOPE participants were segregated based on

baseline cognitive function into high and low.

This new analysis revealed that the incidence of

dementia was higher in subjects with initially

lower cognitive function, and importantly, that

MMSE scores in the active treatment subgroup

declined less than in the placebo group (Skoog

et al. 2005).

Similarly, in a first report of the Medical

Research Council (MRC) study, a subgroup of

hypertensive subjects (n ¼ 2584; age 65–74;

SBP 160–209 mmHg, DBP < 115 mmHg) who

received treatment with a diuretic (HCTZ +

amiloride) or a beta-blocker (atenolol) were

examined longitudinally with a neuropsycholog-

ical testing battery, that included the paired asso-

ciate learning and trail making tests, over a

period of 4.5 years. These tests evaluate episodic

memory and new learning as well as executive

functions. The trial reported no difference in the

rate of change of semantic memory and attention

scores between the treated and placebo groups

(Prince et al. 1996). When a subset of these

patients (n ¼ 387) were followed for an

extended period of 9–12 years, it was found that

poorer global cognition at follow-up was signifi-

cantly associated to a smaller decline in SBP

during the study period (Cervilla et al. 2000),

suggesting that more extensive trial durations

may be needed to detect significant differences

in cognition.

The Perindopril Protection Against Recur-

rent Stroke Study (PROGRESS) trial

evaluated the efficacy of monotherapy with

perindopril (an ACE inhibitor), or in combina-

tion with indapamide (a thiazide-like diuretic),

compared to other antihypertensive therapies in

reducing the risk of cognitive decline and demen-

tia in subjects with pre-existing stroke or tran-

sient ischemic attack (mean age 64 years).

Contrary to the other studies discussed before,

cognitive decline and dementia incidence
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(assessed by the MMSE and DSM-IV criteria)

were primary outcomes in the PROGRESS trial

analysis. After a mean follow-up of 3.9 years, the

study showed a clear benefit of combination

therapy in reducing the risk of post-stroke

dementia and cognitive decline by 34 % (95 %

CI: 3–55 %) and 45 % (95 % CI: 21–61 %)

respectively, in individuals with recurrent stroke.

Despite this positive observation, the effect was

not significant in patients with dementia in the

absence of repeated stroke events (Tzourio

et al. 2003). In line with the PROGRESS study,

the Heart Outcomes Prevention Evaluation

(HOPE) trial revealed a significant 41 % reduc-

tion in stroke-related functional impairment

(cognition, motor weakness, speech and

swallowing) in patients with cardiovascular risk

factors treated with an ACE inhibitor (ramipril)

(Bosch et al. 2002). In the HOPE trial, an effect

on dementia incidence was not evaluated.

A commonality of all previous studies was the

testing of antihypertensive medication for cogni-

tive protection in ‘young’ older adults

(60–75 years). The double-blind, placebo-con-

trolled Hypertension in the Very Elderly

Trial (HYVET) included a cognitive assessment

sub-study (HYVET-COG) to examine the benefit

of treating very old hypertensive subjects (80+,

SBP 160–200 mmHg; DBP < 110 mmHg), with

no dementia at baseline (Peters et al. 2008).

Participants received indapamide (a diuretic)

with the possible addition of perindropil (ACE

inhibitor) to reach a target blood pressure of

<150/80 mmHg. The study had a short follow-

up (mean 2.2 years) due to positive effects on

stroke and total mortality reduction. At this time,

although there was a risk reduction of 14 % in

dementia incidence between active treatment and

placebo, these differences were not statistically

significant, likely due to the short follow-up and

the low number of patients who had developed

dementia.

In brief, several observational studies and

some, but not all, randomized controlled trials

support the use of antihypertensive medication

for dementia prevention. While the protective

effect of blood pressure control on cognition is

consistent for stroke-related cognitive decline,

the beneficial effect of antihypertensive drugs

on other forms of dementia has not been

supported by some trials and further questioned

in several meta-analyses (Power et al. 2011;

McGuinness et al. 2009). The reasons for such

conflicting results will be discussed in the next

section.

4 Antihypertensive Treatment
and Dementia Prevention:
Assessing the Evidence

The conflicting results of some randomized con-

trolled trials and meta-analyses put into question

the efficacy of antihypertensive drugs for

preventing cognitive decline and dementia. How-

ever, certain methodological considerations, as

briefly discussed above, may have negatively

biased these outcomes. These are further

reviewed below along with possible

recommendations for future trial design and

data analysis.

4.1 Patient Heterogeneity

Several trials have tested the efficacy of antihy-

pertensive therapies for dementia prevention in

heterogeneous patient populations, and such

analyses may have negatively biased the results

of these studies. Instead, looking at the effect of

blood pressure lowering on subgroup of patients,

rather than globally, may reveal positive effects

of such drugs on cognition. An example of this is

the outcome of the PROGRESS and HOPE trials,

which revealed significant reductions in cogni-

tive decline and dementia in patients with recur-

rent stroke but not in patients who developed

dementia without a new stroke (Tzourio

et al. 2003; Bosch et al. 2002).

Patients could also be segregated by genetic

polymorphisms that have an impact on cognition.

The best studied genetic risk factor for

Alzheimer’s disease is the E4 allele of apolipo-

protein E (ApoE4) (Poirier et al. 1993). This

variant favours Aβ aggregation and impairs its

clearance (Verghese et al. 2013). ApoE4 carriers
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exhibit a greater decline in cerebral blood flow in

brain regions typically affected by Alzheimer’s

pathology (temporal, frontal and parietal corti-

ces) (Thambisetty et al. 2010). In individuals

with hypertension, the presence of an E4 allele

synergistically accelerates cognitive decline

(Yasuno et al. 2012). Notably, none of the

randomised trials discussed in this chapter have

evaluated the effect of antihypertensives on cog-

nition in individuals with E4 alleles. The PROG-

RESS trial reported a comparable number of E4

carriers between the treatment and placebo group

but did not conduct sub analyses on E4 carriers.

This could be something to take into consider-

ation in the design of future trials.

Age at hypertension onset is another key factor

to consider, as it is well established that the nega-

tive effects of hypertension on cognitive function

are more important in middle age. Therefore,

timely control of blood pressure in patients in

their 50s–60s may confer greater cognitive protec-

tion than in very elderly patients (80+).

Sex and ethnicity are also important criteria.

There is evidence from human and animal stud-

ies that males and females are affected differ-

ently by hypertension. The incidence of

hypertension and ischemic stroke is lower in

premenopausal women, and such protection has

been attributed to reproductive hormones, partic-

ularly estrogen (Sandberg and Ji 2012). In exper-

imental models of hypertension, male and

ovariectomized female mice exhibit attenuated

cerebrovascular responses to whisker stimulation

or acetylcholine, while young female mice are

relatively spared (Girouard et al. 2008). Interest-

ingly, after women enter menopause the inci-

dence of hypertension is even higher than in

men (Ong et al. 2008). Besides hypertension,

the prevalence of Alzheimer’s disease is higher

in women older than 80 years than in men, with

faster rates of cognitive decline after dementia

diagnosis (Mielke et al. 2014). Therefore, a bet-

ter understanding of the mechanisms underlying

sex differences in the impact of high blood pres-

sure and dementia will allow for a better choice

of therapies for each particular group. For such

analyses, it will be important to consider men and

women separately but also to segregate them into

age categories that take into account pre- and

post-menopause.

In a similar manner, ethnicity may also

account for differences in blood pressure

responses to antihypertensive therapy. In the

Anglo-Scandinavian Cardiac Outcomes Trial

(ASCOT), the blood pressure lowering effect of

atenolol (a beta blocker) and amlodipine (a CCB)

differed among different ethnic groups: black

patients were significantly less responsive to

atenolol compared to Caucasians, while

amlodipine was equally effective in both groups

(Gupta et al. 2010). In combination therapy

(amlodipine + perindopril), South-Asians

exhibited a greater blood pressure lowering

response compared to white and black patients

(Gupta et al. 2010). These findings should be

taken into consideration for the future design of

trials as well as for guidelines on blood pressure

management.

Overall, the factors mentioned above suggest

that the classification of patient populations is

essential, and that analyses in subgroups of

subjects may unmask previously unrecognized

differences in the protective effect of

antihypertensives.

4.2 Choice of Antihypertensive Drug

The fact that different classes of antihypertensive

drugs were used across different trials makes it

difficult to conclude whether lack of benefit is

due to the drug itself, or simply to blood pressure

lowering. In other words, some antihypertensive

therapies might be beneficial to protect cognition

beyond their blood pressure lowering properties.

The potential benefit of treatment with CCB

for Alzheimer’s disease and vascular dementia

have been suggested by a Cochrane meta-

analysis (Lopez-Arrieta and Birks 2002) and

also demonstrated by the SYST-EUR trial. The

latter also revealed a significant benefit of

nitrendipine on reducing stroke risk. In a meta-

analysis of 13 studies, Angeli and colleagues

further concluded that the effect on stroke is

more significant for dihydropyridine CCBs and

that it appears to be independent from the degree
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of blood pressure lowering, hinting at potential

neuroprotective effects of CCB (Angeli

et al. 2004). CCB work by reducing the number

of open calcium channels in cell membranes,

thereby restricting the influx of calcium into

cells. This mechanism of action is relevant in

the context of amyloid pathologies given that

Aβ is known to disrupt calcium homeostasis by

inducing the formation of calcium-permeable

pores on the cell membrane, leading to

neurodegeneration (Yu et al. 2009).

In the first report of the SCOPE trial a protec-

tive effect of candesartan (an ARB) on dementia

incidence was not demonstrated (Lithell

et al. 2003), although a sub-study with a longer

follow-up revealed a lower reduction in MMSE

scores in patients with active treatment (Skoog

et al. 2005). In agreement, the OSCAR study

(Observational Study on Cognitive function

And SBP Reduction) supported the use of

ARBs for the protection of cognitive function

(Hanon et al. 2008). OSCAR was a large

(n ¼ 25,745), multi-ethnic longitudinal open-

label trial to assess the benefit of 6-month

eprosartan treatment (a highly selective AT1

receptor antagonist) on cognitive decline and

BP reduction in individuals with isolated systolic

hypertension, aged 50+ years (Pathak

et al. 2007). The MMSE was used to assess

global cognitive function. In its primary report,

it was observed that even after a short follow-up,

treatment with eprosartan (as monotherapy or in

combination with other AH drugs) led to an

improvement in MMSE scores from baseline

(+0.8 points; P < 0.0001) (Hanon et al. 2008).

There was a strong correlation between the

degree of SBP reduction and MMSEs score

improvement at completion. In a subsequent

publication, it was shown that, besides BP reduc-

tion, eprosartan treatment also diminished pulse

pressure (Radaideh et al. 2011), suggesting that

the protective effects of AT1 receptor antago-

nism could also include a reduction of arterial

stiffness, which could further lead to a cognitive

benefit.

The PROGRESS and HYVET-COG trials

supported the efficacy of ACE inhibitors in

preventing stroke-related cognitive decline and

dementia. ACE inhibitors lower blood pressure

by inhibiting the production of angiotensin II

(AngII), a potent vasoconstrictor (Brown and

Vaughan 1998). AngII has deleterious effects

on cognitive (Duchemin et al. 2013) and cerebro-

vascular functions (Kazama et al. 2004; Girouard

et al. 2006), which could also explain the benefit

of inhibiting its production, particularly in ische-

mic diseases. ACE inhibitors have been linked

with other mechanisms relevant to dementia,

such as their capacity to antagonize the effects

of AngII on the inhibition of acetylcholine

release (Barnes et al. 1992; Savaskan 2005), as

well as by their effect on the modulation of

inflammation, which is another hallmark of neu-

rodegenerative diseases (Montecucco

et al. 2009). To date, the clinical benefit of

ACE inhibitors for non-stroke related dementias

remains to be demonstrated.

In summary, even if all antihypertensive drugs

lower blood pressure, the choice of a particular

class of drug may be important for preventing

(or delaying) different causes of cognitive

decline and dementia. From the evidence avail-

able, it appears that dihydropyridine CCBs and

AT1 receptor antagonists could have an addi-

tional beneficial effect on cognition in sporadic

dementias, while AT1 receptor antagonists and

ACE inhibitors have better efficacy in preventing

cognitive decline and dementia associated with

stroke compared to drugs that similarly lower

blood pressure.

4.3 Study Duration and Sensitivity
of Neuropsychological Tests

In contrast to longitudinal observational studies

with follow-up periods of 20–30 years, most

randomized clinical trials have run for shorter

periods (maximum 4–5 years). A limited

follow-up duration, especially when enrolling

patients in their 60–70s who are dementia-free

may not be sufficient time to detect significant

changes in incidence dementia rates.

There is a growing recognition that

Alzheimer’s disease has a decades-long asymp-

tomatic or ‘incubation’ phase, where the
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pathological changes that lead to dementia are

present despite the absence of cognitive or func-

tional deficits (Sperling et al. 2011; Dubois

et al. 2010). It is known that this preclinical

phase, in which biomarkers are abnormal, is

also characterized by very subtle deficits in cog-

nition while functional activities are spared

(Sperling et al. 2013). In that sense, longer

follow-ups with cognitive decline and dementia

as a primary outcome are needed as well as more

sensitive cognitive tests. The MMSE test, which

has been widely used in many randomized trials

and is still a hallmark in the clinic, is not particu-

larly sensitive for detecting subtle changes in

cognition (Pendlebury et al. 2012). An alterna-

tive test that could be considered is the Montreal

Cognitive Assessment (MoCA) (Nasreddine

et al. 2005), with the advantage that besides

assessing multiple cognitive domains it also

evaluates several aspects of executive functions,

that are particularly affected in vascular cogni-

tive disorders. This test is recommended in the

Vascular Cognitive Impairment Harmonization

Standards from the National Institute of Neuro-

logical Disorders and Stroke–Canadian Stroke

Network (Hachinski et al. 2006).

A further advantage of the MoCA test is the

possibility of screening for cognitive deficits in

specific domains, separating memory from exec-

utive function scores. This is an important con-

sideration for future trials, which could help

detect more subtle deficits in specific domains

that may appear masked by a normal global cog-

nitive performance. As a case in point, the Cana-

dian Study of Health and Aging found that in

individuals with cognitive impairment (mean

age 83.06 years) there was no association

between dementia incidence and hypertension

during a follow-up of 5 years. The same was

true for subjects who only had a memory deficit.

However, in individuals with executive dysfunc-

tion, 57.7 % subjects with hypertension

progressed to dementia, whereas the rate of pro-

gression was 28 % for normotensives

(Oveisgharan and Hachinski 2010).

In addition, self-to-self comparisons should be

encouraged, as this analysis would reveal true

cognitive change or decline, as opposed to

comparing a single test value at a single time

point. It should be noted that, except for the

PROGRESS study, cognition was a secondary

outcome in all the other randomized controlled

studies.

Considering the long asymptomatic phase of

Alzheimer’s disease and the short duration of

most antihypertensive drug trials, the inclusion

of fluid (CSF, plasma) or imaging biomarkers

(e.g. PiB-PET; MRI, FDG-PET) should be

encouraged in future trials. An intervention that

may appear to be ineffective on preventing

dementia (using cognitive or functional

outcomes as endpoints) may demonstrate effi-

cacy on reducing pathological biomarkers, thus

providing the grounds for re-evaluating such

therapy with a different study design.

4.4 Blood Pressure Lowering
Regimen: Standard vs. Intensive

Many randomized trials were conducted in

subjects with very high blood pressure (SBP

160–219 mmHg) and aimed to reach a reduction

of at least 150 mmHg. Is it possible that blood

pressure should be reduced beyond what current

guidelines recommend (140 mmHg) to observe a

positive effect on cognitive function and demen-

tia prevention?

The Systolic Blood Pressure Intervention

Trial (SPRINT) is the first study to compare the

efficacy of standard (SBP <150–140 mmHg)

versus intensive (SBP < 120 mmHg) blood

pressure lowering therapy on reducing cardiovas-

cular risk, dementia incidence and the rate of

cognitive decline, as primary endpoints. The

study has been conducted in hypertensive

patients (SBP >130 mmHg or higher) with car-

diovascular risk factors, except for diabetes or a

previous stroke (those patients were excluded).

Rather than focusing on specific drug classes,

SPRINT focused on comparing two different

blood pressure lowering endpoints.

In a first communication, the SPRINT

Research Group reported that after 3 years of

follow-up, intensive blood pressure lowering sig-

nificantly reduced cardiovascular events and
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mortality rates by ~30 %. It should be noted that

patients in the intensive group also exhibited a

higher frequency of adverse events compared to

the standard-treatment group, including hypoten-

sion, syncope, electrolyte abnormalities, and

acute kidney injury or failure (Perkovic and

Rodgers 2015). The subset study focusing on

cognition and dementia (SPRINT-MIND) is not

currently completed. Based on the positive

results of the first analysis, the field awaits with

excitement whether intensive treatment will also

have a positive effect on dementia.

In line with the SPRINT principles, results

from an ongoing clinical study comparing the

cognitive performance of untreated normoten-

sive subjects to that of individuals with con-

trolled hypertension (age range 65–85 years)

revealed a strong correlation between the % of

daily BP over 135 mmHg and poor performance

on tests of executive function (Noriega-de-la-

Colina et al. 2016). Likewise, the OSCAR study

showed that individuals with a tighter control of

SBP (<140 mmHg) had a greater improvement

of MMSE scores compared to subjects whose

SBP ranged between 140 and 160 mmHg follow-

ing treatment (Hanon et al. 2008). Taken

together, the results of these studies reinforce

the SPRINT hypothesis that a more intensive

BP reduction (lower threshold) should have pos-

itive effects on cognition in people with

hypertension.

4.5 Neglecting the Contribution
of Other Parameters Associated
to Hypertension

4.5.1 Arterial Stiffness
It is well accepted that stiffening of large elastic

arteries occurs with aging, and that such process

can be accelerated by hypertension (Franklin

et al. 1997; Benetos et al. 2002). Similarly, in

young adult hypertensive subjects, the pulsatile

stress induced by increased blood pressure may

lead to vascular remodelling and elastin frag-

mentation and result in arterial stiffening. Inter-

estingly, arterial stiffness has been demonstrated

as an antecedent factor to hypertension in young

normotensive adults, suggesting a bidirectional

interaction between the two processes (Dernellis

and Panaretou 2005).

The significance of arterial stiffness is best

highlighted by epidemiological studies revealing

its role as a strong risk factor for cognitive

decline, dementia and amyloid accumulation

(Pase et al. 2012; Hughes et al. 2015). Therefore,

if antihypertensive drugs are efficient at lowering

blood pressure but not at correcting arterial stiff-

ness it is expected that reducing blood pressure

may not have an impact on preventing cognitive

decline and dementia. As a case in point,

Mackenzie and colleagues reported that while

four different kinds of antihypertensive drugs

were capable of reducing peripheral systolic

pressure as well as pulse pressure, most of them

were not efficient at reducing central arterial

stiffness (Mackenzie et al. 2009).

Future trials should therefore consider the

contribution of arterial stiffness to cognitive

decline and incorporate other measures, such as

pulse wave velocity (a surrogate of arterial stiff-

ness), besides brachial blood pressure to assess

the influence of hypertension and arterial stiff-

ness on cognition. In addition, given that arterial

stiffness is a significant link between hyperten-

sion and dementia, future trials should focus on

interventions that correct these two parameters.

Evidence suggests that DHP-CCBs and ACE

inhibitors are superior to other antihypertensive

drugs in reducing central arterial stiffening (Janic

et al. 2014; Dudenbostel and Glasser 2012).

4.5.2 Circadian Variations in Blood
Pressure

It is physiologically normal that blood pressure

levels vary during a 24 h period. Blood pressure

typically falls during the first hours of sleep

(around 10–20 % drop) and rises in the morning

during wakefulness (<15 mmHg) (Pickering

et al. 2006). This marked increase in blood pres-

sure is known as morning surge. Besides having

high blood pressure, individuals with hyperten-

sion may exhibit a distorted pattern of blood

pressure variations, such as an exacerbated

morning surge or a diminished (<10 %) noctur-

nal blood pressure drop (Neutel et al. 2008). The

latter is referred as non-dipping pattern.
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The current standard assessment of blood

pressure in clinical practise provides a static BP

value that is not informative of such diurnal

variations. These parameters are important for

several reasons. Firstly, exacerbated morning

surge is a common phenomenon in hypertensive

subjects, even in those with mild hypertension

(Neutel et al. 2008). Prospective studies have

demonstrated significant associations between

increased morning surge and stroke risk as well

as cardiovascular events and cardiac mortality,

independent of the 24 h blood pressure level

(Kario et al. 2003; Gosse et al. 2004). Second,

there is a strong relation between the non-dipping

pattern and low cognitive function, vascular

dementia and cerebrovascular lesions (Kilander

et al. 1998; Yamamoto et al. 2005).

Morning surge and the nocturnal drop in BP

can be assessed through ambulatory blood pres-

sure monitoring (ABPM), which involves the use

of a blood pressure monitor that takes several

readings during the day and night. This informa-

tion could be highly beneficial in clinical trials of

antihypertensive drugs to better understand the

link between the different BP parameters and

cognitive decline. It could also help evaluate

whether a certain drug (or drug class) maintains

its effect throughout the 24 h cycle and thus help

select the most adequate drug with the proper

pharmacodynamic profile to target a particular

group of patients.

In brief, this discussion reinforces the concept

that hypertension, just like dementia, is a com-

plex disorder which needs to be studied in light

of the many factors presented above, before rul-

ing out that blood pressure management will not

have an impact on preventing cognitive decline

and dementia.

5 Conclusion: How Can We Treat
Hypertension to Protect
the Brain?

Hypertension is one of the most common

diseases associated with aging and it is well

established that timely blood pressure control is

the gold standard for stroke prevention. Despite

the solid mechanistic and epidemiological evi-

dence linking hypertension (particularly in mid-

dle age) to cognitive impairment, uncertainty

remains regarding the benefit of blood pressure

control on dementia prevention, particularly for

patients without a prior history of stroke. Future

randomized controlled trials are needed to

answer this question -which remains open- tak-

ing into account the complexity of hypertension

and the contribution of factors such as age, gen-

der, ethnicity, genetic polymorphisms, the mech-

anism of action of blood pressure lowering drugs

and the need for more sensitive cognitive tests

and longer follow-ups.

With the evidence available, current

guidelines from the American Heart Association

recommend antihypertensive treatment for cog-

nitive protection and dementia prevention in

patients with a history of stroke or at risk for

vascular cognitive impairment. For other

individuals, it is mentioned that blood pressure

lowering could be useful in preventing dementia

if treatment occurs during middle-age, whereas

for patients aged 80+ it is recognized that such

benefit is not well established (Gorelick

et al. 2011).

To what extent should blood pressure be

reduced across different age groups? According

to the most recent report from the Eighth Joint

National Committee on the Prevention, Detec-

tion, Evaluation, and Treatment of High Blood

Pressure (JNC-8) the target blood pressure for

most individuals should be <140/90 mmHg and

lower (130/80 mmHg) for people with albumin-

uria and chronic kidney disease or diabetes

mellitus (James et al. 2014). In terms of age, a

blood pressure target of 130/80 mmHg or lower

is recommended for young adults, while a less

tight control is preferred for persons older than

60 years (<150/90 mmHg) (James et al. 2014).

The guidelines from the Canadian Hypertension

Education Program concur (Daskalopoulou

et al. 2015).

In terms of medication initiation, for people

over 80 years the JNC-8 recommends antihyper-

tensive treatment to be initiated if BP is >150/

90 mmHg, while the threshold for starting anti-

hypertensive medication in younger adults is
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>140/90 mmHg (James et al. 2014). Given the

recent results of the SPRINT study that an inten-

sive reduction in BP (<120 mmHg) resulted in a

25 % risk reduction of major cardiovascular

events (including stroke), it could be expected

that current guidelines for hypertension manage-

ment may be modified in the near future.

What is less clear is how to treat -or whether it

is safe to treat- older people with already

established dementia, cognitive impairment and

hypertension. No specific recommendations exist

from the JNC-8 or the European Society of

Hypertension. A growing body of evidence

from epidemiological studies indicates that

excessive blood pressure reduction may be harm-

ful in older patients with pre-existing cognitive

and physical disability (Poortvliet et al. 2013;

Sabayan et al. 2012). Recently, Mossello and

colleagues examined the association between

blood pressure (measured by ABPM), cognitive

score change (assessed by the MMSE) in a popu-

lation of elderly patients (mean age 79 years)

with MCI (32 %) and Alzheimer’s disease

(68 %). They found that individuals with demen-

tia or MCI who were being treated with

antihypertensives and whose daytime SBP was

in the lowest tertile (�128 mmHg) exhibited

greater cognitive decline over a period of

9 months, compared with subjects in the interme-

diate and highest tertiles (Mossello et al. 2015).

Although the population studied was small

(172 subjects) and the follow-up was short,

their findings are consistent with the concept

that aggressive blood pressure lowering may

not be beneficial for elderly individuals with

pre-existing cognitive impairment. Considering

that large artery stiffness, reduced microvascular

density and impaired cerebrovascular regulation

increase with age, the elevated blood pressure

may serve as a compensatory mechanism to

ensure proper perfusion to the brain, and thus

be critical for cognitive function. Meanwhile,

the neurodegenerative process in individuals

with dementia may affect blood pressure regula-

tion leading to a decline in blood pressure that

further compromises cerebral perfusion. There-

fore, as eloquently stated by Sabayan and

Westerdorp, a ‘one size fits all’ approach in

hypertension management needs to be revisited,

and the concept of ‘the lower the better’ may not

apply to all patient subgroups (Sabayan and

Westendorp 2015).

Is antihypertensive therapy the only route for

cognitive protection? The Finnish Geriatric

Intervention Study to Prevent Cognitive

Impairment and Disability (FINGER) is a

randomised controlled trial that tested the effect

of a multi-domain intervention to prevent cogni-

tive decline in the elderly at risk of dementia.

FINGER enrolled subjects aged 60–77 years who

were assigned to an ‘active intervention’ (diet,

exercise, cognitive training, monitoring and

management of vascular risk factors and social

activity) or to ‘placebo’ (general medical

advice). After 2 years, people in the active inter-

vention group exhibited significantly higher

scores in tests of memory, executive function

and processing speed (Ngandu et al. 2015).

The initial results of the FINGER study are

consistent with the concept that the detection and

control of vascular risk factors, such as blood

pressure, could have a significant impact on the

prevention of cognitive impairment and demen-

tia. In agreement, Barnes and Yaffe reported

several years ago that about 5 % (1.7 million)

of Alzheimer’s disease cases are potentially

attributable to hypertension (during mid-life),

and, importantly, if the prevalence of hyperten-

sion were reduced by only by 10 % (for instance

by primary prevention with lifestyle modifica-

tion), that would result in 160 000 less Alzheimer

cases worldwide (Barnes and Yaffe 2011).

At present, the vast evidence for the contribu-

tion of vascular factors such as hypertension to

the pathogenesis of dementia calls for new

randomized controlled trials to further investi-

gate the potential of blood pressure management

on promoting healthy cognitive aging.
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Lamarre-Cliche M, Larochelle P, Bherer L, Girouard

H (eds) (2016) Correlation between cognitive decline

and blood pressure in elderly patients with controlled

hypertension. In: 10th annual meeting of the Canadian

Association for Neuroscience, 29 May–1 June, 2016,

Toronto, Canada

Ong KL, Tso AW, Lam KS, Cheung BM (2008) Gender

difference in blood pressure control and cardiovascu-

lar risk factors in Americans with diagnosed hyperten-

sion. Hypertension 51(4):1142–1148

Oveisgharan S, Hachinski V (2010) Hypertension, execu-

tive dysfunction, and progression to dementia: the

canadian study of health and aging. Arch Neurol 67

(2):187–192

Palmer AJ, Bulpitt CJ, Fletcher AE, Beevers DG, Coles

EC, Ledingham JG et al (1992) Relation between

blood pressure and stroke mortality. Hypertension 20

(5):601–605

Pandav R, Dodge HH, DeKosky ST, Ganguli M (2003)

Blood pressure and cognitive impairment in India and

the United States: a cross-national epidemiological

study. Arch Neurol 60(8):1123–1128

Paris D, Bachmeier C, Patel N, Quadros A, Volmar CH,

Laporte V et al (2011) Selective antihypertensive

dihydropyridines lower Abeta accumulation by

targeting both the production and the clearance of

Abeta across the blood-brain barrier. Mol Med 17

(3–4):149–162

Park L, Anrather J, Forster C, Kazama K, Carlson GA,

Iadecola C (2004) Abeta-induced vascular oxidative

stress and attenuation of functional hyperemia in

mouse somatosensory cortex. J Cereb Blood Flow

Metab 24(3):334–342

Pase MP, Herbert A, Grima NA, Pipingas A, O’Rourke

MF (2012) Arterial stiffness as a cause of cognitive

decline and dementia: a systematic review and meta-

analysis. Intern Med J 42(7):808–815

Pathak A, Hanon O, Negre-Pages L, Sevenier F, Oscar

Investigators (2007) Rationale, design and methods of

the OSCAR study: observational study on cognitive

function and systolic blood pressure reduction in

hypertensive patients. Fundam Clin Pharmacol 21

(2):199–205

Peila R, White LR, Masaki K, Petrovitch H, Launer LJ

(2006) Reducing the risk of dementia: efficacy of

long-term treatment of hypertension. Stroke 37

(5):1165–1170

Pendlebury ST, Mariz J, Bull L, Mehta Z, Rothwell PM

(2012) MoCA, ACE-R, and MMSE versus the

National Institute of Neurological Disorders and

Stroke-Canadian Stroke Network Vascular Cognitive

Impairment Harmonization Standards Neuropsycho-

logical Battery after TIA and stroke. Stroke 43

(2):464–469

Perkovic V, Rodgers A (2015) Redefining blood-pressure

targets–SPRINT starts the marathon. N Engl J Med

373(22):2175–2178

Peters R, Beckett N, Forette F, Tuomilehto J, Clarke R,

Ritchie C et al (2008) Incident dementia and blood

pressure lowering in the Hypertension in the Very

Elderly Trial cognitive function assessment

(HYVET-COG): a double-blind, placebo controlled

trial. Lancet Neurol 7(8):683–689

Petrovitch H, White LR, Izmirilian G, Ross GW, Havlik

RJ, Markesbery W et al (2000) Midlife blood pressure

and neuritic plaques, neurofibrillary tangles, and brain

weight at death: the HAAS. Honolulu-Asia aging

Study. Neurobiol Aging 21(1):57–62

Pickering TG, Shimbo D, Haas D (2006) Ambulatory

blood-pressure monitoring. N Engl J Med 354

(22):2368–2374

Pires PW, Dams Ramos CM, Matin N, Dorrance AM

(2013) The effects of hypertension on the cerebral

circulation. Am J Physiol Heart Circ Physiol 304

(12):H1598–H1614

Poirier J, Davignon J, Bouthillier D, Kogan S, Bertrand P,

Gauthier S (1993) Apolipoprotein E polymorphism

and Alzheimer’s disease. Lancet 342(8873):697–699

Poortvliet RK, Blom JW, de Craen AJ, Mooijaart SP,

Westendorp RG, Assendelft WJ et al (2013) Low

blood pressure predicts increased mortality in very

old age even without heart failure: the Leiden

85-plus study. Eur J Heart Fail 15(5):528–533

Power MC, Weuve J, Gagne JJ, McQueen MB,

Viswanathan A, Blacker D (2011) The association

between blood pressure and incident Alzheimer dis-

ease: a systematic review and meta-analysis. Epidemi-

ology 22(5):646–659

Power MC, Tchetgen EJ, Sparrow D, Schwartz J,

Weisskopf MG (2013) Blood pressure and cognition:

factors that may account for their inconsistent associ-

ation. Epidemiology 24(6):886–893

Prince MJ, Bird AS, Blizard RA, Mann AH (1996) Is the

cognitive function of older patients affected by anti-

hypertensive treatment? Results from 54 months of the

Medical Research Council’s trial of hypertension in

older adults. BMJ 312(7034):801–805

Qiu C, von Strauss E, Fastbom J, Winblad B, Fratiglioni L

(2003) Low blood pressure and risk of dementia in the

Kungsholmen project: a 6-year follow-up study. Arch

Neurol 60(2):223–228

Qiu C, Winblad B, Fratiglioni L (2005) The

age-dependent relation of blood pressure to cognitive

function and dementia. Lancet Neurol 4(8):487–499

Querfurth HW, LaFerla FM (2010) Alzheimer’s disease.

N Engl J Med 362(4):329–344

Radaideh GA, Choueiry P, Ismail A, Eid E, Berrou JP,

Sedefdjian A et al (2011) Eprosartan-based hyperten-

sion therapy, systolic arterial blood pressure and

Hypertension and the Brain 471



cognitive function: analysis of Middle East data from

the OSCAR study. Vasc Health Risk Manag

7:491–495

Rosengarten B, Paulsen S, Molnar S, Kaschel R,

Gallhofer B, Kaps M (2006) Acetylcholine esterase

inhibitor donepezil improves dynamic cerebrovascu-

lar regulation in Alzheimer patients. J Neurol 253

(1):58–64

Rouch L, Cestac P, Hanon O, Cool C, Helmer C,

Bouhanick B et al (2015) Antihypertensive drugs,

prevention of cognitive decline and dementia: a sys-

tematic review of observational studies, randomized

controlled trials and meta-analyses, with discussion of

potential mechanisms. CNS Drugs 29(2):113–130

Sabayan B, Westendorp RG (2015) Blood pressure con-

trol and cognitive impairment–why low is not always

better. JAMA Intern Med 175(4):586–587

Sabayan B, Oleksik AM, Maier AB, van Buchem MA,

Poortvliet RK, de Ruijter W et al (2012) High blood

pressure and resilience to physical and cognitive

decline in the oldest old: the Leiden 85-plus study. J

Am Geriatr Soc 60(11):2014–2019

Sadekova N, Vallerand D, Guevara E, Lesage F, Girouard

H (2013) Carotid calcification in mice: a new model to

study the effects of arterial stiffness on the brain. J Am

Heart Assoc 2(3):e000224

Sandberg K, Ji H (2012) Sex differences in primary

hypertension. Biol Sex Differ 3(1):7

Savaskan E (2005) The role of the brain renin-angiotensin

system in neurodegenerative disorders. Curr

Alzheimer Res 2(1):29–35

Selkoe DJ (2002) Alzheimer’s disease is a synaptic fail-

ure. Science 298(5594):789–791

Shah NS, Vidal JS, Masaki K, Petrovitch H, Ross GW,

Tilley C et al (2012) Midlife blood pressure, plasma

beta-amyloid, and the risk for Alzheimer disease: the

Honolulu Asia aging study. Hypertension 59

(4):780–786

SHEP Cooperative Research Group (1991) Prevention of

stroke by antihypertensive drug treatment in older

persons with isolated systolic hypertension. Final

results of the Systolic Hypertension in the Elderly

Program (SHEP). SHEP Cooperative Research

Group. JAMA 265(24):3255–3264

Skoog I, Gustafson D (2006) Update on hypertension and

Alzheimer’s disease. Neurol Res 28(6):605–611

Skoog I, Lernfelt B, Landahl S, Palmertz B, Andreasson

LA, Nilsson L et al (1996) 15-year longitudinal study

of blood pressure and dementia. Lancet 347

(9009):1141–1145

Skoog I, Lithell H, Hansson L, Elmfeldt D, Hofman A,

Olofsson B et al (2005) Effect of baseline cognitive

function and antihypertensive treatment on cognitive

and cardiovascular outcomes: Study on Cognition and

Prognosis in the Elderly (SCOPE). Am J Hypertens 18

(8):1052–1059

Snowdon DA, Greiner LH, Mortimer JA, Riley KP,

Greiner PA, Markesbery WR (1997) Brain infarction

and the clinical expression of Alzheimer disease. The

Nun Study. JAMA 277(10):813–817

Solfrizzi V, Panza F, Colacicco AM, D’Introno A,

Capurso C, Torres F et al (2004) Vascular risk factors,

incidence of MCI, and rates of progression to demen-

tia. Neurology 63(10):1882–1891

Soros P, Whitehead S, Spence JD, Hachinski V (2013)

Antihypertensive treatment can prevent stroke and

cognitive decline. Nat Rev Neurol 9(3):174–178

Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S,

Fagan AM et al (2011) Toward defining the preclinical

stages of Alzheimer’s disease: recommendations from

the National Institute on Aging-Alzheimer’s Associa-

tion workgroups on diagnostic guidelines for

Alzheimer’s disease. Alzheimers Dement 7

(3):280–292

Sperling RA, Johnson KA, Doraiswamy PM, Reiman EM,

Fleisher AS, Sabbagh MN et al (2013) Amyloid depo-

sition detected with florbetapir F 18 ((18)F-AV-45) is

related to lower episodic memory performance in

clinically normal older individuals. Neurobiol Aging

34(3):822–831

Stewart R, Xue QL, Masaki K, Petrovitch H, Ross GW,

White LR et al (2009) Change in blood pressure and

incident dementia: a 32-year prospective study.

Hypertension 54(2):233–240

Taylor C, Tillin T, Chaturvedi N, Dewey M, Ferri CP,

Hughes A et al (2013) Midlife hypertensive status and

cognitive function 20 years later: the Southall and

Brent revisited study. J Am Geriatr Soc 61

(9):1489–1498

Tervo S, Kivipelto M, Hanninen T, Vanhanen M,

Hallikainen M, Mannermaa A et al (2004) Incidence

and risk factors for mild cognitive impairment: a

population-based three-year follow-up study of cogni-

tively healthy elderly subjects. Dement Geriatr Cogn

Disord 17(3):196–203

Thambisetty M, Beason-Held L, An Y, Kraut MA,

Resnick SM (2010) APOE epsilon4 genotype and

longitudinal changes in cerebral blood flow in normal

aging. Arch Neurol 67(1):93–98

Trivedi JK (2006) Cognitive deficits in psychiatric

disorders: current status. Indian J Psychiatry 48

(1):10–20

Tzourio C, Dufouil C, Ducimetiere P, Alperovitch A

(1999) Cognitive decline in individuals with high

blood pressure: a longitudinal study in the elderly.

EVA study group. Epidemiology of vascular aging.

Neurology 53(9):1948–1952

Tzourio C, Anderson C, Chapman N, Woodward M,

Neal B, MacMahon S et al (2003) Effects of blood

pressure lowering with perindopril and indapamide

therapy on dementia and cognitive decline in patients

with cerebrovascular disease. Arch Intern Med 163

(9):1069–1075

Verghese J, Lipton RB, Hall CB, Kuslansky G, Katz MJ

(2003) Low blood pressure and the risk of dementia in

very old individuals. Neurology 61(12):1667–1672

472 M.F. Iulita and H. Girouard



Verghese PB, Castellano JM, Garai K, Wang Y, Jiang H,

Shah A et al (2013) ApoE influences amyloid-beta

(Abeta) clearance despite minimal apoE/Abeta asso-

ciation in physiological conditions. Proc Natl Acad

Sci U S A 110(19):E1807–E1816

Waldstein SR, Giggey PP, Thayer JF, Zonderman AB

(2005) Nonlinear relations of blood pressure to cogni-

tive function: the Baltimore longitudinal study of

aging. Hypertension 45(3):374–379

Whitmer RA, Sidney S, Selby J, Johnston SC, Yaffe K

(2005) Midlife cardiovascular risk factors and risk of

dementia in late life. Neurology 64(2):277–281

Winblad B, Palmer K, Kivipelto M, Jelic V, Fratiglioni L,

Wahlund LO et al (2004) Mild cognitive impairment–

beyond controversies, towards a consensus: report of

the International Working Group on Mild Cognitive

Impairment. J Intern Med 256(3):240–246

Wolf H, Ecke GM, Bettin S, Dietrich J, Gertz HJ (2000)

Do white matter changes contribute to the subsequent

development of dementia in patients with mild cogni-

tive impairment? A longitudinal study. Int J Geriatr

Psychiatry 15(9):803–812

Wu C, Zhou D, Wen C, Zhang L, Como P, Qiao Y (2003)

Relationship between blood pressure and Alzheimer’s

disease in Linxian County, China. Life Sci 72

(10):1125–1133

Xie Y, Mies G, Hossmann KA (1989) Ischemic threshold

of brain protein synthesis after unilateral carotid artery

occlusion in gerbils. Stroke 20(5):620–626

Yamada M, Kasagi F, Sasaki H, Masunari N, Mimori Y,

Suzuki G (2003) Association between dementia and

midlife risk factors: the Radiation Effects Research

Foundation adult health study. J Am Geriatr Soc 51

(3):410–414

Yamamoto Y, Akiguchi I, Oiwa K, Hayashi M, Ohara T,

Ozasa K (2005) The relationship between 24-hour

blood pressure readings, subcortical ischemic lesions

and vascular dementia. Cerebrovasc Dis 19

(5):302–308

Yang Y, Rosenberg GA (2011) Blood-brain barrier break-

down in acute and chronic cerebrovascular disease.

Stroke 42(11):3323–3328

Yasuno F, Tanimukai S, Sasaki M, Ikejima C,

Yamashita F, Kodama C et al (2012) Effect of plasma

lipids, hypertension and APOE genotype on cognitive

decline. Neurobiol Aging 33(11):2633–2640

Yu JT, Chang RC, Tan L (2009) Calcium dysregulation in

Alzheimer’s disease: from mechanisms to therapeutic

opportunities. Prog Neurobiol 89(3):240–255

Zlokovic BV (2011) Neurovascular pathways to

neurodegeneration in Alzheimer’s disease and other

disorders. Nat Rev Neurosci 12(12):723–738

Hypertension and the Brain 473



Adv Exp Med Biol - Advances in Internal Medicine (2017) 2: 475–488

DOI 10.1007/5584_2016_78

# Springer International Publishing AG 2016

Published online: 9 October 2016

Measurement of Arterial Stiffness: A Novel
Tool of Risk Stratification in Hypertension

János Nemcsik, Orsolya Cseprekál, and András Tislér

Abstract

Cardiovascular diseases are the leading causes of morbidity and mortality

in industrialized countries worldwide, despite highly effective preventive

treatments available. As a difference continues to exist between the

estimated and true number of events, further improvement of risk stratifi-

cation is an essential part of cardiovascular research.

Among hypertensive patients measurement of arterial stiffness

parameters, like carotid-femoral pulse wave velocity (cfPWV) or

brachial-ankle pulse wave velocity (baPWV) can contribute to the identi-

fication of high-risk subpopulation of patients. This is a hot topic of

vascular research including the possibility of the non-invasive measure-

ment of central hemodynamics, wave reflections and recently, 24-h arte-

rial stiffness monitoring as well. This chapter discusses the past and the

present of this area including the scientific achievements with cfPWV,

baPWV and other measures, provides a short overview of methodologies

and the representation of arterial stiffness parameters in guidelines.

Keywords
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1 Introduction

Hypertension has many aspects and a wild range

of medical professions are involved in its

research and treatment, like cardiology,

angiology, endocrinology, nephrology, neurol-

ogy or psychiatry. In this chapter we focus on

the arteries, especially their mechanical
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properties, that can be non-invasively measured

with the identification and analysis of pulse wave

curves leading to the evaluation of arterial stiff-

ness, wave reflection and central hemodynamic

parameters. The spread of this research area and

its implantation into clinical practice might lead

to the development of a new profession, which

could be called “arteriology”.

The palpation of the pulse is a fundamental

part of physical examination since the early ages

of the Greek and Chinese medicine (Kuriyama

1999). The first European milestone of vascular

research is dated back to 1628, when William

Harvey described the basics of circulation in his

classical text “de Motu Cordis. . .” (Harvey 1628;
O’Rourke et al. 2001). Pulse wave analysis is

rooted in the nineteenth century, when after the

theoretical basis of Marey (Marey 1860),

Frederick Akbar Mahomed developed sphygmo-

graph, described normal radial pressure wave-

form and demonstrated differences from carotid

wave (Mahomed 1872). In the middle of the

twentieth century McDonald enlightened that

this difference is based on wave reflection

(McDonald 1960) and Womersley introduced

transfer functions to characterize vascular beds

in the frequency domain, an invention, that led to

the development of the modern pulse wave anal-

ysis (O’Rourke et al. 2001; Womersley 1957).

The history of arterial stiffness measurement

begins in 1985, when Levy, Targett and their

co-workers described in two articles the first

device and computer program to automatically

record and calculate pulse wave velocity (PWV)

(Levy et al. 1985; Targett et al. 1985).

The shape of pulse wave curves is changing

with age-associated arterial stiffening due to

increased wave reflections, as it is demonstrated

in Fig. 1. The pathopysiological background of

this phenomenon is complex. It is thought, that

with ageing, the chronic cyclical stress on the

wall of large arteries leads to elastin fracturing

and thinning, which is accelerated in the pres-

ence of hypertension (Nichols and O’Rourke

2005). Since in adulthood the production of elas-

tin is not possible, this process leads to the irre-

versible change of the elastin/collagen ratio,

which causes the stiffening of the large arteries

(Powell et al. 1992). Among the autocrine, para-

crine and neuroendocrine effects leading to an

increase in arterial stiffening, the role of the

renin-angiotensin-aldosterone system have been

extensively studied. Its activation stimulate mul-

tiple inflammatory pathways, such as tissue

growth factor-β and NF-kB, promoting reactive

oxygen species production with reduction in

nitric oxide bioavailability (Usui et al. 2000;

Gibbons et al. 1992; Fok and Cruickshank

2015). In hypertension, systemic arterial compli-

ance was strongly and negatively correlated with

plasma aldosterone level (Blacher et al. 1997).

Other deleterious effects of inflammatory pro-

cesses are the impair of the balance between the

production of proteases and their inhibitors and

the promotion of the synthesis of advanced

glycation end-products (AGEs). Matrix

metalloproteases are proteases that are responsi-

ble for the accelerated breakdown of elastin and

destruction of the molecular folding of collagen.

AGEs promote the irreversible cross-linking of

collagen, which together with overexpression of

MMPs, eventuate in a stiff extracellular matrix

(Fok and Cruickshank 2015). Sodium is also an

important player in the process of arterial stiffen-

ing. High sodium concentration itself leads to the

hypertrophy of vascular smooth muscle cells

(Gu et al. 1998). In sodium-sensitive, border-

line-hypertensive patients large artery compli-

ance was found reduced compared to

age-matched sodium-resistant subjects which

suggests alterations in the viscoelastic properties

of arterial wall characteristics in sodium-

sensitive patients (Draaijer et al. 1993).

It remains a conundrum, whether arterial stiff-

ening is a cause or a consequence of hyperten-

sion? It was a widely accepted belief, that

increased arterial stiffness is a consequence of

hypertension. But in contrast to this dogma, in

treated hypertensive patients baseline arterial

stiffness measures were found to be associated

with longitudinal increases of systolic blood

pressure, mean arterial pressure and pulse pres-

sure (Coutinho et al. 2014). Moreover, in an

analysis of the Framingham Heart Study higher

arterial stiffness was associated with blood pres-

sure progression and incident hypertension
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7 years later, but higher blood pressure at the

initial examination was not associated with pro-

gressive arterial stiffening (Kaess et al. 2012).

What is might mostly approaching the truth is,

that arterial stiffening is both a cause and a con-

sequence of hypertension in a sort of vicious

circle. Elastic and muscular type arteries adapt

differently to hemodynamic changes caused by

the left ventricule construction. The ability of

large and elastic arteries to accommodate for

the nonlinear pressure-volume changes caused

by stroke volume (conduit and Windkessel func-

tion) can be characterized by several functional

and structural parameters, especially compli-

ance, distensibility, that provides information

about the extrinsic features of the arteries, mean-

while i.e. elastic modulus (Young’s) describe the

intrinsic elastic properties of the vessel walls.

The conduit and Windkessel functions of the

aorta balance the effect of pressure-volume over-

load that generate central pulse pressure. It

transfers toward the peripheral muscular vessels

those of smaller inner diameter, thinner and

stiffer vessel wall (London and Pannier 2010).

The altered geometry and structure of muscular

type arteries protect small vessels against higher

pulse pressure from the central arteries that is

called phenomenon of impedance mismatch.

During aging the elasticity of the arterial wall

decreases and become stiffer. Thus after a

Fig. 1 Changes of pulse wave curves with ageing. (a)
carotid wave of a young patient (26 years); (b) femoral

wave of a young patient (26 years); (c) carotid wave of an

aged patient (78 years); (d) femoral wave of an aged

patient (78 years). Evaluated with the tonometric

PulsePen device
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prime age small vessels can not be protected

against the pressure load, that lead to increased

shear stress and endothelial damage in the

periphery. Physiologically, the transfer of pulse

pressure is displayed as pulse wave that is

reflected back from the points of vessel junctions

and reach the heart at the diastolic phase. Stiffer

arteries – transition from elastic to muscular type

arteries and that of resistance arteries – can

reflect the pulse wave earlier, thus the augmented

pressure approach the heart cycle during the sys-

tolic phase causing pressure burden on the left

ventricle.

Structural damage and functional deteriora-

tion of arteries reinforce the hemodynamic

vicious circle of stiffness and high blood pres-

sure, while highlighting the chicken and the egg

debate of the possible origin of hypertension per
se. These findings also underscore the impor-

tance of the better understanding of the patho-

physiology of arterial stiffening, with the hope of

providing a new potential targets for the preven-

tion of hypertension.

2 Aortic and Carotid-Femoral
Pulse Wave Velocity

The most accepted and wildly used arterial stiff-

ness parameter is pulse wave velocity (PWV),

derived from less flow velocity, but rather diam-

eter and pressure waveforms recorded at differ-

ent points of the arterial tree. PWV, as the

Bramwell-Hill equation demonstrates, is a func-

tional measurement of distensibility, which is

defined by a volume change in proportion to a

change in pressure relative to the initial volume

(Bramwell and Hill 1922):

PWV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

V � ΔP
ρ� ΔV

s

where PWV is the pulse wave velocity, V is the

volume, P is the pressure and ρ is the blood

density. Consequently, PWV is closely related

to changes in volume and arterial pressure as

well. Arterial wall properties are also important

in determining PWV, and these are described by

the Moens-Kroteweg equation (Nichols and

O’Rourke 2005):

PWV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Einc � h

ρ
� D

s

where PWV is the pulse wave velocity, Einc is the

Young’s elastic modulus of arterial wall

(a measure of the arterial wall mechanical

properties), h is the arterial wall thickness, ρ is

the blood density and D is the vessel diameter.

An increase in wall stiffness (Einc) and/or in wall

thickness is accompanied with an increase in

PWV and arterial calibre is inversely propor-

tional to PWV. Taken together, arterial stiffness

can be modulated directly by the changes in

vascular tone, arterial wall mechanical properties

and thickness and also indirectly, by changes in

blood pressure (Fok and Cruickshank 2015).

As the thoracic and abdominal aorta gives the

largest contribution to the arterial buffering func-

tion (Isnard et al. 1989), aortic PWV (aPWV) is

an arterial stiffness parameter of high priority. As

the exact evaluation of aPWV requires invasive

intervention or MRI, methodologies with limited

possibility of involvement into epidemiological

studies, surrogate methodologies are used for

approximations of aPWV. Among them,

carotid-femoral PWV (cfPWV), the velocity of

pulse as it travels from the heart to the carotid

and to the femoral artery, is the most commonly

applied non-invasive method and considered as

the “gold standard” measurement of arterial stiff-

ness (Laurent et al. 2006). cfPWV is usually

evaluated using the “foot-to-foot” velocity

method from a number of waveforms. Surface

tonometry probes are usually applied at the right

common carotid artery and the right femoral

artery. cfPWV is calculated using the following

formula:

cfPWV ¼ D=Dt

where cfPWV is carotid-femoral pulse wave

velocity, D is the distance between the two

recording sites and Dt is the time delay between

the “foot” of the carotid and the femoral

waveforms. The “foot” of the wave is defined at
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the end of diastole, when the steep rise of the

waveform begins (Vlachopoulos et al. 2015).

The unit of cfPWV is meter/second (m/s).

From this formula it is clear, that a crucial

point of cfPWV evaluation is the correct mea-

surement of the travelled distance. Different

measurement methodologies can lead to different

PWV values which can also have different prog-

nostic significances (Nemeth et al. 2011). For a

long time there has been no agreement in this

field until 2012, when consensus document was

published recommending the use of the 80 % of

the direct carotid to femoral distance as it

provides only 0.4 % difference with

MRI-calculated value (Van Bortel et al. 2012).

Another important point of view in respect of

methodological considerations is the accuracy

of distance measurement between the carotid

and femoral sites. In women the breast contour

and in both sexes obesity can limit the use of tape

measure, so it is recommended to apply sliding

caliper instead of tape (Bossuyt et al. 2013).

Several devices are commercially available to

measure directly cfPWV. The first was the

Complior System (Alam Medical, Vincennes,

France), which is based on the simultaneous

recording of arterial pulse waves at carotid and

femoral sites, through mechanotransducer probes

(Asmar et al. 1995). The next was the

SphygmoCor system (AtCor, Sydney,

Australia), which uses a large-band

piezoelectronic probe (applanation tonometer)

and records consecutively carotid and femoral

arterial pulse waves, with both signals being

synchronized to the same ECG R wave

(Wilkinson et al. 1998). The PulsePen (Diatecne,

Milano, Italy) is based also on applanation

tonometry and uses successive carotid and femo-

ral pulse waves synchronized with ECG (Salvi

et al. 2004). The Vicorder (Skidmore Medical

Limited, Bristol, United Kingdom) is based on

oscillometric technique to measure cfPWV

through the inflation of a neck pad and a cuff

around the thigh (van Leeuwen-Segarceanu

et al. 2010). Moreover, cfPWV can also be

measured by pulsed Doppler ultrasound with a

Linear Array, with ECG gating, as it was

demonstrated by Calabia et al. (2011). However,

among these devices Complior and SpygmoCor

are the most frequently used ones, also in epide-

miologic studies.

Before implementation of a novel biomarker

into clinical practice the applicant must fulfill

different criteria, as Table 1. demonstrates.

From this point of view cfPWV fulfill almost

all requirements.

A number of studies have proven, that cfPWV

is associated with different cardiovascular patho-

physiological conditions and has strong prognos-

tic value. Apart from the dominant effect of

ageing (McEniery et al. 2005), hypertension

was found to be another main contributor to

enhanced arterial stiffening (Simon et al. 1985).

In uncomplicated essential hypertension the

Table 1 Criteria for vascular biomarkers to qualify as clinical surrogate endpoints

1. Proof of concept Do novel biomarker levels differ between subjects with and without outcome?

2. Prospective validation Does the novel biomarker predict development of future outcomes in a prospective

cohort or nested case-cohort study?

3. Incremental value Does it add predictive information over and above established, standard risk markers?

4. Clinical utility Does it change predicted risk sufficiently to change recommended therapy?

5. Clinical outcomes Does the use of the novel biomarker improve clinical outcomes, especially when tested

in a randomized clinical trial?

6. Cost-effectiveness Does the use of the biomarker improve clinical outcomes sufficiently to justify the

additional costs?

7. Ease of use Is it easy to use, allowing widespread application?

8. Methodological

consensus

Is the biomarker measured uniformly in different laboratories? Are study results

directly comparable?

9. Reference values

(or cut-off values)

Are there published reference values, or, at least, cut-off values?

Adapted from Vlachopoulos et al. (2015)
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independent predictive value of cfPWV from

classic cardiovascular risk factors was clearly

demonstrated (Boutouyrie et al. 2002; Laurent

et al. 2001, 2003). Moreover, its predictive

value was also confirmed in end-stage renal dis-

ease (Blacher et al. 1999), in patients after ische-

mic stroke (Gasecki et al. 2012), in elderly

subjects (Meaume et al. 2001; Sutton-Tyrrell

et al. 2005) and in the general population

(Mattace-Raso et al. 2006). The independent pre-

dictive value of cfPWV was even confirmed by a

recent meta-analysis, in which Ben-Shlomo

et al. nicely demonstrated that after the adjustment

of additional risk factors an increase in 1 SD

change in log cfPWV is related to 30 %, 28 %

and 17 % increase in cardiovascular (CV) events,

CV mortality and all-cause mortality, respectively

(Ben-Shlomo et al. 2014). In the practical inter-

pretation of the results, for a 60-year-old man who

is a non-smoker, non-diabetic, normotensive and

normolipemic, a 1 m/s increase in cfPWV leads to

a 7 % increase of the hazard for CV events

(Ben-Shlomo et al. 2014; Vlachopoulos

et al. 2014). The independent association with

all-cause mortality suggests that the impact of

arterial stiffening extends beyond the diseases of

CV system.

The clinical utility of cfPWV measurement

was confirmed by two studies and a meta-analysis

demonstrating that patients at intermediate risk

could be reclassified into a higher or lower CV

risk category when cfPWV is measured (Mattace-

Raso et al. 2006; Sehestedt et al. 2009; Mitchell

et al. 2010). In the Framingham study for

individuals at intermediate CV risk, addition of

cfPWV resulted in upward reclassification of

14.3 % of participants who experienced a CV

event and downward reclassification of 1.4 % of

participants who did not experience a CV event,

yielding a net reclassification of 15.7 % (Mitchell

et al. 2010). Based on the above-mentioned results

it is obvious, the cfPWV fulfills the requirements

of the 1–4 points of Table 1.

According to point 5., the influence of cfPWV

modification for clinical outcome, there is only

one study available so far, in which in patients

with end-stage renal disease the lack of the

decrease of cfPWV in response to blood pressure

medication was a predictor of all-cause and car-

diovascular mortality (Guerin et al. 2001). A

randomized clinical trial called Statégie de Pré-

vention Cardiovasculaire Basée sur la Rigidité

Arterielle Study (SPARTE) was started in 2012

in 40 French clinical centres with the planned

involvement of 3000 hypertensive patients and

with the follow-up period of 4 years, aiming to

test the hypothesis that a therapeutic strategy that

targets the normalization of arterial stiffness is

more effective in preventing CV events than

usual care. In the control group, the target is

blood pressure, while in the active group the

target is aortic stiffness with the aim of

normalizing it to <10 m/s (Laurent et al. 2012).

Without the result of this and other future trials

with similar setups, there is a lack of evidence on

broader patient population that the normalization

of cfPWV or any other arterial stiffness parame-

ter has positive impact on CV outcome above

that of reaching the blood pressure target values.

No data are currently available about the cost-

effectiveness of cfPWV measurement. Poten-

tially, the spread of the technology could reduce

device prices, however no marked reduction was

observed in the latest years. The main expense is

the salary of the examiner, which geographically

can differ markedly. Considering the high reclas-

sification rate of patients and the comparison of

cost with other powerful, but costly biomarkers,

like coronary calcium score, cfPWV is probably

a cost-effective risk stratification methodology.

The accurate and reproducible measurement

of cfPWV requires moderate expertise. It is easy

in most of the cases, but obesity and picnic stat-

ure may render measurements challenging. A

true disadvantage of cfPWV measurement is the

manipulation in the inguinal region which can be

uncomfortable for some patients.

An expert consensus document on the mea-

surement of aortic stiffness on the daily practice

using cfPWV is available involving such scien-

tific communities, like the Artery Society, the

European Society of Hypertension and the

European Network for Noninvasive Investiga-

tion of Large Arteries (Van Bortel et al. 2012).

Reference values of cfPWV have been

established in 2010 involving 1455 healthy
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subjects together with 11,092 patients with dif-

ferent CV risk factors (Arterial Stiffness’ Collab-

oration 2010). However, this paper was

published before the consensus document on dis-

tance measurement (Van Bortel et al. 2012), but

cfPWV values were calculated according to the

later accepted 80 % of the direct carotid-femoral

distance. Table 2. demonstrates the distribution

of cfPWV according to the age category in

apparently healthy population.

As a consequence that cfPWV fulfills almost

all the nine requirements of Table 1 to be an

accepted biomarker, it has already been involved

into some guidelines. It was first recommended

as a marker of subclinical organ damage with the

value >12 m/s in 2007, in the guideline of the

European Society of Hypertension (ESH) and the

European Society of Cardiology (ESC), for the

management of arterial hypertension (Mancia

et al. 2007). In the next ESH-ESC hypertension

guideline in 2013 cfPWV is recommended to be

evaluated as a measure of asymptomatic organ

damage with the strength of class IIa, level of

evidence B (Mancia et al. 2013). In the recent

ESC- Artery Society position paper, the evalua-

tion of cfPWV as a vascular biomarker is

recommended as a class IIa, level of evidence

A method (Vlachopoulos et al. 2015). Pulse

wave velocity measurement is also

recommended in the recent ESC- European

Association for the Study of Diabetes guideline,

as a useful cardiovascular marker, adding predic-

tive value to the usual risk estimate (Ryden

et al. 2013). In 2010, in the American College

of Cardiology Foundation (ACCF)/American

Heart Association (AHA) task force document

the measurement of cfPWV was not

recommended to be used in asymptomatic adults,

outside of research settings (Greenland

et al. 2010) and cfPWV measurement was even

not mentioned in the next ACC/AHA guideline

for the assessment of cardiovascular risk (Goff

et al. 2014). However, in a recently published

AHA scientific statement it is declared that it is

reasonable to measure arterial stiffness to pro-

vide incremental information beyond standard

CV disease risk factors in the prediction of future

CV disease events (class: IIa, level of evidence:

A) (Townsend et al. 2015). With this statement

document the position of cfPWVmeasurement in

the cardiovascular risk stratification has become

similar both in Europe and in America.

3 Oscillometric Approximations
of Aortic Pulse Wave Velocity

As cfPWV measurement is partly operator-

dependent and the manipulation in the inguinal

region can cause discomfort for the subject,

oscillometric approximations of aortic PWV

through a brachial cuff can have perspectives in

the future. Mobil-o-Graph (Wassertheurer

et al. 2010), Arteriograph (Horvath et al. 2010)

and Vasotens (Ageenkova and Purygina 2011)

are such devices, and all of them are able per se

or have versions developed for 24-h blood pres-

sure and arterial stiffness monitoring as well

(Laszlo et al. 2015). So far none of these new

techniques is involved in the recommendations

as an alternative of cfPWV (Vlachopoulos

et al. 2015; Mancia et al. 2013; Townsend

Table 2 Distribution of carotid-femoral pulse wave velocity (m/s) according to the age category in healthy population

(1455 subjects)

Age category (years) Mean (�2 SD) Median (10–90 pc)

<30 6.2 (4.7–7.6) 6.1 (5.3–7.1)

30–39 6.5 (3.8–9.2) 6.4 (5.2–8.0)

40–49 7.2 (4.6–9.8) 6.9 (5.9–8.6)

50–59 8.3 (4.5–12.1) 8.1 (6.3–10.0)

60–69 10.3 (5.5–15.0) 9.7 (7.9–13.1)

�70 10.9 (5.5–16.3) 10.6 (8.0–14.6)

Adapted from Arterial Stiffness’ Collaboration (2010)

SD standard deviation, 10 pc the upper limit of the 10th percentile, 90 pc the lower limit of the 90th percentile
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et al. 2015). As in case of these new

methodologies in validation studies the determi-

nation coefficients (R2) in comparison with gold-

standard methods are mostly between 0.4 and

0.7, which reflect very imperfect agreement,

experts do not recommend their involvement

into prospective studies (Boutouyrie

et al. 2014a). This fact can lead to a catch-22,

as a manufacturer company per se rarely have

enough funds to perform large population-based

investigations. A solution for this discrepancy

were the use of gold-standard and oscillometric

methods parallel in prospective studies, which

could provide both answers for clinical questions

and validations of these alternative

methodologies.

4 Brachial-Ankle Pulse Wave
Velocity and Other Promising
Parameters

In this paragraph we would like to provide an

overview of an arterial stiffness parameter which

is widely accepted and used in Japan and China

and the cumulating data with this methodology

also enabled its involvement into guidelines.

Brachial-ankle pulse wave velocity (baPWV) is

a simple-to-assess stiffness marker of the large

and middle-size arteries. It is measured with a

volume-plethysmographic device (eg VP1000,

VP2000, OMRON Health Care Co. Ltd., Kyota,

Japan) using four cuffs placed on both arms

(brachial) and ankles, connected to plethysmo-

graphic and oscillometric sensors, recording the

brachial and posterior tibial pressure waveforms

(Vlachopoulos et al. 2015; Tomiyama

et al. 2006). Travel distance is calculated using

the path lengths from the suprasternal notch to

the brachium (Lb) and from the suprasternal

notch to the ankle (La) with a correction for the

height of the individual using validated

equations. baPWV is calculated with the follow-

ing equation:

baPWV ¼ La�Lbð Þ=ΔTba;

where ΔTba is the time interval between the

wavefront of the brachial waveform and that of

the ankle waveform (Vlachopoulos et al. 2015;

Tomiyama et al. 2006).

It has been demonstrated, that baPWV is

closely correlated with cfPWV and invasively

assessed aortic PWV and the presence of CV

risk factors is linked with its elevated value

(Yamashina et al. 2002, 2003; Tomiyama and

Yamashina 2010). Prospective studies have con-

firmed that baPWV is a useful predictor of future

CV events not only in essential hypertension

(Munakata et al. 2012), but also in general popu-

lation (Ninomiya et al. 2013), in end-stage renal

disease (Kitahara et al. 2005), in diabetes (Maeda

et al. 2014), in patients with acute coronary syn-

drome (Tomiyama et al. 2005) and heart failure

(Meguro et al. 2009). In a meta-analysis it was

demonstrated that a 1 m/s increase in baPWV

corresponds with an increase of 12 %, 13 %

and 6 % in total cardiovascular events, cardio-

vascular mortality and all-cause mortality,

respectively (Vlachopoulos et al. 2012). It

seems, that an optimal cutoff value of baPWV

is 18 m/s in the assessment of high risk for CV

disease (Ninomiya et al. 2013; Tomiyama

et al. 2005). Moreover, as baPWV can predict

the development of hypertension or stage III

chronic kidney disease (Yambe et al. 2007;

Takase et al. 2011; Chen et al. 2011; Tomiyama

et al. 2010), in healthy subjects under the age of

60, and baPWV values between 14 and 18 m/

s lifestyle modifications are recommended by

some experts of this field (Yamashina

et al. 2003; Tomiyama et al. 2016).

Although lots of achievements have been

succeeded in respect of baPWV to be an accepted

CV biomarker, but there are still some incom-

plete requirements. No consensus document is

available on the measurement methodology,

only the manufacturer’s instructions. Reference

values have been published only in Chinese

populations (Ai et al. 2011; Wang et al. 2009),

data are missing in Caucasian or other races. So

far, the potential clinical advantage of baPWV

over traditional risk scores have not been proven.

Although it has been demonstrated that baPWV

improves for the treatment of hypertension,

dyslipidemia, diabetes or lifestyle modifications

(Toyama et al. 2012, 2016), only one study

reported so far, that improvement of baPWV
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obtained after 6 months of conventional therapy

was a reliable marker of a better prognosis in

patients with coronary artery disease (Orlova

et al. 2010).

Based on these findings, in the recent ESC

position paper on vascular biomarkers baPWV

is recommended for primary and secondary CV

disease prevention with the class of IIb, level of

evidence B (Vlachopoulos et al. 2015). The

recent AHA recommendation states that

baPWV is useful in cardiovascular outcome

predictions in Asian populations, but longitudi-

nal studies in the United States and Europe by

these methods are lacking (Class I; Level of

Evidence B) (Townsend et al. 2015).

Unfortunately the limited extent of this book

chapter does not permit the detailed description

of other parameters that also can have future

perspectives. Parameters of pulse wave analysis

and central hemodynamics can be estimated

alone or connected with cfPWV measurement.

Other parameters can be evaluated with specific

devices. Some of these measures are already

mentioned in the recommendations. The recent

ESC/ESH hypertension guideline states that aug-

mentation index and central blood pressure can

be helpful risk stratification tools in young

patients with isolated systolic hypertension, how-

ever, more data are needed before central hemo-

dynamic indices are recommended for routine

use in hypertensive patients in general (Mancia

et al. 2013). In the recent ESC biomarker posi-

tion paper the usefulness of the measurement of

central hemodynamics/wave reflections for pri-

mary and secondary CV disease prevention is

judged as IIb/B (recommendation/level of evi-

dence) (Vlachopoulos et al. 2015). The AHA

scientific statement declares that the use of

wave separation analysis is recommended when

investigations are focused specifically on the role

of wave reflection as either an exposure for CV

outcome or a target for intervention (class I, level

of evidence B). The same document states that

similarly to baPWV, the measurement of cardiac

ankle vascular stiffness index is useful in CV

outcome prediction in Asian populations, but

longitudinal studies in the United States and

Europe are lacking (class I, level of evidence

B) (Townsend et al. 2015). The measurement of

carotid stiffness parameters is also promising. A

recent meta-analysis demonstrated that greater

carotid stiffness is associated with a higher inci-

dence of stroke independently of cfPWV and

modestly improved risk prediction of stroke

beyond Framingham stroke risk score factors

and cfPWV (van Sloten et al. 2015). In summary,

this research area is far not limited only for

cfPWV or baPWV, the complexity is growing

with new candidates with further potential in

helping risk stratification and individual therapy

adjustment.

5 How Can We Improve
the Arterial Stiffness of Our
Patients?

Many non-pharmacological interventions can

improve arterial stiffness and/or wave reflection,

like dietary changing including weight loss and

salt reduction (Pase et al. 2011; Dengo

et al. 2010), aerobic exercise training (Edwards

et al. 2004; Edwards and Lang 2005), passive

vibration (Sanchez-Gonzalez et al. 2012) and

enhanced external counterpulsation treatment

(Nichols et al. 2006). For maximal cardiovascu-

lar benefits, these interventions must be initially

introduced immediately and continued over an

extended period of time (Townsend et al. 2015).

In respect of pharmaceutical interventions, it

is demonstrated, that different kind of blood pres-

sure medications have beneficial effect for arte-

rial stiffening (Fok and Cruickshank 2015). The

reduction of aortic PWV was confirmed with the

administration of renin inhibitor (Virdis

et al. 2012), angiotensin converting enzyme

(ACE) inhibitors/angiotensin AT1 receptor

blockers (ARBs) (Mitchell et al. 2002, 2005;

Karalliedde et al. 2008; Boutouyrie

et al. 2014b), an endothelin-A receptor antago-

nist (Dhaun et al. 2009), with spironolactone and

hydrochlorotiazide monotherapy in elderly

(Kithas and Supiano 2010), or with ACE inhibi-

tor/ARBs in combination with spironolactone

(Edwards et al. 2009). The problem with these

interventions, that the destiffening effect of a
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blood pressure medication can hardly be divided

from the effect of blood pressure reduction per

se, however, some authors state that the observed

destiffening effect is at least partly independent

of blood pressure reduction (Karalliedde

et al. 2008; Boutouyrie et al. 2014b; Edwards

et al. 2009). One compound with a direct

destiffening effect was tested so far, but the

advanced glycation end-products crosslink

breaker alagebrium after promising initial results

(Kass et al. 2001; Zieman et al. 2007) unfortu-

nately did not get through all the clinical phar-

macological phases, probably due to the financial

problems of the developing company.

Numerous nutritional supplements have been

found to improve arterial stiffening like

flavonoids (Lilamand et al. 2014), omega-3 and

soy isoflavone (Pase et al. 2011) or tetrahydro-

biopterin (Moreau et al. 2012; Pierce et al. 2012).

As these interventions are also often

accompanied with blood pressure reduction,

their blood-pressure independent destiffening

effect is not unambiguous as well. So the clinical

importance of blood pressure-independent

destiffening is still a pending question and such

studies like the above-mentioned SPARTE

(Laurent et al. 2012) are needed to give us

answers.

6 Conclusions, Future Directions

In hypertensive patients the measurement of arte-

rial stiffening, especially cfPWV is already a

recommended method to detect target organ

damage both in Europe and in America. Its role

in risk stratification seems to be clarified, but the

potential benefit in cardiovascular outcome from

treating hypertensive patients until a certain

cfPWV goal value is not confirmed yet. Besides

cfPWV, other measures of arterial stiffness are

getting closer to be recommended in clinical use,

like baPWV, or different wave reflection

parameters. Recently devices measuring 24-h

ambulatory arterial stiffness have become avail-

able on the market, opening a new field of

research interest. These findings confirm that

the study of large artery structure and function

is becoming an essential part of

hypertension care.
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Abstract

Fetal life and childhood are important in the development of

cardiometabolic risk and later clinical disease of atherosclerosis, hyper-

tension and diabetes mellitus. Molecular and environmental conditions

leading to cardiometabolic risk in early life bring us a challenge to

develop effective prevention and intervention strategies to reduce cardio-

vascular (CV) risk in children and later disease. It is important that

prevention strategies begin at an early age to reduce future CV morbidity

and mortality. Pioneering work from longitudinal studies such as

Bogalusa Heart Study (BHS), the Finnish Youth Study and other

programs provide an awareness of the need for public and health services

to begin primordial prevention. The impending CV risk beginning in

childhood has a significant socioeconomic burden. Directions to achieve

primordial prevention of cardiometabolic risk in children have been

developed by prior longitudinal studies. Based on those studies that

show risk factors in childhood as precursors of adult CV risk, implemen-

tation of primordial prevention will have effects at broad levels. Consid-

ering the epidemic of obesity, the high prevalence of hypertension and

cardiometabolic risk, prevention early in life is valuable. Comprehensive

health education, such as ‘Health Ahead/Heart Smart’, for all elementary

school age children is one approach to begin primordial prevention and
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can be included in public education beginning in kindergarten along with

the traditional education subject matter.

Keywords

Childhood cardiometabolic risk • Childhood and adolescence metabolic

syndrome • Primordial prevention

Abbreviations

AAP American Academy of Pediatrics

AHA American Heart Association

BHS Bogalusa Heart Study

BMI Body mass index

CV Cardiovascular

PEP Prevention Education Program

SHPPS School Health Policies and Programs

Study

T2DM Type 2 Diabetes Mellitus

1 Introduction

Cardiometabolic risk factors tend to cluster and

directly increase the risk for cardiovascular

(CV) diseases and type 2 diabetes mellitus

(T2DM). The burden from CV disease impacts

general health and has an important socioeco-

nomic burden on global health (Ford 2004).

Cardiometabolic risk factors are known to start

early in childhood (Webber et al. 1995; Weiss

et al. 2004) and therefore, being prevalent in the

pediatric population needs to be structured into a

correct stratification of future CV risk. In fact,

longitudinal studies indicate that findings of arte-

rial high blood pressure and metabolic syndrome

in childhood translate into high CV and heart

disease risk in adulthood. The aim of interven-

tion in children with cardiometabolic risk is to

achieve an optimal reduction of such risk. Life-

style modifications and public awareness attempt

to counteract the effects of the underlying risk

factors (abdominal obesity, physical inactivity

and atherogenic diet) (Misra et al. 2010).

Moreover, starting from childhood physicians

should screen for metabolic disturbances and

associated metabolic risk factors (high blood

pressure, dyslipidemia, insulin resistance and

prothrombotic and proinflammatory states).

Childhood and adolescence are particularly

vulnerable periods of life to the effects of

cardiometabolic risk and later development of

atherosclerosis, hypertension and diabetes

mellitus. Even fetal life influences adult CV dis-

ease, through low birth weight (Lopez-Lopez

et al. 2015; Sipola-Leppänen and Kajantie

2015). A better understanding of mechanisms

leading to cardiometabolic risk in early life will

lead to more effective prevention and interven-

tion strategies to reduce metabolic stress in chil-

dren, underlying silent CV disease and later

manifest disease (Berenson et al. 2005). There-

fore, early prevention strategies beginning in

childhood are the most logical steps to reduce

future CV morbidity and mortality. Primordial

preventive efforts for cardiometabolic risk in

children have been recognized as necessary

steps to improve the future health of children

loading into adulthood.

Lifestyle interventions are the first step in

achieving cardiometabolic risk reduction in chil-

dren and adolescents. The promotions of exercise

and energy expenditure are key lifestyle

interventions. Other lifestyle changes also have

a beneficial effect on specific cardiometabolic

risk populations and must be encouraged in spe-

cific children.

Maintenance of lifestyle changes in children

requires counseling the parents and frequently

confounded by socioeconomic conditions.

These, remain to be difficult in the long term.

The School Breakfast Program is one such exam-

ple (Williams 2014). This program provides

breakfast to public and nonprofit private schools

and residential childcare institutions to provide
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free and reduced-price breakfasts to eligible chil-

dren. The aim is to target children who do not

eat a healthy breakfast at home. Children who eat

healthy school breakfast will less likely to be

overweight and will have improved nutrition,

eat more fruits, vegetables, protein. The empha-

sis in nutrition has to be stressed through

education.

In this review, we will concisely consider the

efforts to stratify and primordially prevent

cardiometabolic risk in children.

2 Childhood Obesity
and Endemic Proneness
to Develop Metabolic
Syndrome

Undoubtedly, the prevalence of cardiometabolic

risk increases several fold among obese children

and adolescents. An alarming global epidemic

of childhood obesity, hypertension and T2DM

(Hannon et al. 2005) fueled the consideration

and worldwide recognition of cardiometabolic

risk in children and adolescents as a global public

health concern (Cook et al. 2003; de Ferranti

et al. 2004). Yet, there is a tendency to overlook

cardiometabolic risk factors in children. For

instance, high blood pressure (hypertension)

in children is blood pressure that is same or

above than 95 % of children who are the same

sex, age and height. Given the fact that, a

simple target blood pressure level does not indi-

cate high blood pressure in all age and gender

groups for children since changes occur as

they grow, physicians tend to underestimate the

consequences of high blood pressure in children.

Fortunately, there are now non-invasive

measures of silent changes of the CV system.

Several companies invest in non-invasive

instruments for precise measurement of blood

pressure and endothelial function. Surely, life-

style changes, such as improving eating habits

and exercising more, can help reduce high blood

pressure in children, for some children,

medications can still be necessary to prevent

end-organ damage (Simonetti et al. 2011; Tu

et al. 2011; Pacifico et al. 2011).

Prevention and treatment strategies for

cardiometabolic risk in children focus on weight

management, prevention of obesity and insulin

resistance. Environmental and social factors such

as diet and physical activity influence high blood

pressure, dyslipidemia and obesity in children.

Cigarette smoking and tobacco use are also com-

mon among adolescents, yet, these as well as

other risk factors are all controllable. Lifestyle

and behavioral influence on CV risk begin early

in life and preventive measures should meet this

challenge. Healthy lifestyle should be adopted in

childhood, to modulate CV risk effectively later

in life. Surely, we need long-term data related to

the CV disease and T2DM risk from pediatric

cardiometabolic risk. Concerns exist about the

safety of forceful strategies in children who are

still growing and developing. Moreover, chronic

alterations in sex hormone secretion in children

may affect the timing of puberty, final stature,

and body composition, as well as cause of early-

onset obesity, cardiometabolic risk and T2DM.

Furthermore differences exist in the criteria,

definition and prevalence of cardiometabolic risk

in children and adolescents between populations

(Deboer 2010). Environmental factors, physical

activity and eating habits not only differ among

populations but also change during the transition

of puberty and adolescence (Lazarou et al. 2009).

Therefore, conclusive guidelines for global

assessment of cardiometabolic risk in children

are unlikely to be imminent.

3 Primordial Prevention

For over 30 years, Bogalusa Heart Study (BHS),

the Finnish Youth Study, the Muscatine Study

and other population studies provided further

understanding of the early origin of CV disease

beginning in childhood (Berenson et al. 1998).

Environment and lifestyle related problems such

as poor eating behavior, use of tobacco, alcohol

and addicting drugs begin early in life and
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contribute to development of adult heart disease

(Berenson et al. 1995).

Prevention strategies can diverge as: (1) popu-

lation or public health strategy and (2) a high risk

model. But in these strategies, need to include

addressing special problems in children that

affect health of children, such as drop-out rate

in schools and violent behavior.

3.1 Population or Public Health
Strategy

Primary care physicians, pediatricians and

cardiologists can play a major leadership role in

the prevention of adult heart diseases beginning

in childhood. Physicians are encouraged to

obtain and understand risk factor profiles in chil-

dren, along with a family history of heart disease.

It is important to incorporate health education

into the public school system starting in the kin-

dergarten. A public health approach to preven-

tion of CV disease can be introduced early

through health education and health promotion

programs (Berenson and Pickoff 1995). ‘Health

Ahead/Heart Smart’ program is an example of a

public health model focusing on school children

and individuals at a young age (Downey et al.

1987; Berenson 1998). This program addresses

the broad problem of CV risk and obesity and

incorporates primordial prevention. Students

have achieved weight reduction and improved

physical activity in schools implementing the

program aggressively (Berenson 2012). This

program has been introduced into a geographic

area of a Parish (County) of Louisiana State in

United States to involve all elementary age

students (approximately 5000 children). The

program succeeded in controlling obesity with

the involvement of parents and community

resources.

3.2 High Risk Offspring Model

This model is for parents and children who have

already developed risk factors or clinical heart

disease (Berenson et al. 1993; Johnson and

Nicklas 1995). Table 1 briefly summarizes uni-

versally accepted criteria identifying children at

high risk (Agirbasli et al. 2016). It is especially

important to identify children of parents who

have had established vascular disease by age

60 or have hypertension, diabetes, or other risk

factors (Berenson and Pickoff 1995). The ‘Heart

Smart Family Health Promotion’ program is a

unique approach to education and skills develop-

ment aimed at improving the CV health of entire

family. A multidisciplinary team, consisting of a

cardiologist, physician and nurse specialist inter-

ested in CV prevention, a nutritionist, an exercise

person and a psychologist, teaches families,

including children, on a weekly basis. Enhanced

social support and self-confidence are needed to

succeed (Johnson and Nicklas 1995) and are

integrated into the program. This program has

been shown to be successful in risk factor reduc-

tion (Berenson 2012).

Prevention Education Program (PEP) Family

Health Study is an observational study to assess

the effects of 1 year of sustained general lifestyle

advice in school-children and their parents

(Schwandt et al. 2011). PEP is an intergenera-

tional lifestyle habits that affect CV risk factors

within biological families. As lifestyle habits are

predictable, they may be used for implementa-

tion of family-based CV disease prevention

strategies which are models for high-risk families

(Schwandt et al. 2010). PEP reveals that

improvement in CV risk factors is possible by

lifestyle enhancement. Decreases in insulin resis-

tance and dyslipidemia following weight reduc-

tion have also been accomplished (Grulich-Henn

et al. 2011).

Table 1 Universal criteria to identify children at

high risk

Waist circumference �90th percentile

Waist/height ratio >0.5

Body mass index >90th percentile

Fasting plasma glucose �86 mg/dL

Triglycerides >75th percentile

High-density lipoprotein cholesterol <25th percentile

Systolic or diastolic blood pressure >75th percentile

Positive family history for diabetes mellitus or metabolic

syndrome

Agirbasli et al. (2016)
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The development of life skills necessary for

maintaining optimal wellness, including social

issues, such as prevention of smoking, alcohol

and drug use, violent behavior, teenage preg-

nancy and dropping out of school are emphasized

(Berenson 2010). Early evaluations of this pro-

gram indicated favorable changes in health

knowledge, eating habits, physical activity and

clinical CV risk factors of the children (Johnson

and Nicklas 1995).

The primordial strategies (Berenson 2009)

include healthy diet and physical exercise to

obtain CV fitness and prevent obesity, hyperten-

sion and hypercholesterolemia together with pre-

vention of smoking, alcohol and other drug usage

starting from kindergarten.

4 Tobacco Use and Parental
Smoking

Substantial scientific evidence documents the

association between CV risk factors and tobacco

use of adolescents and parental smoking (Juonala

et al. 2012). Thus, preventive measures will have

the greatest impact when applied at an early age

(Wynder 1995). Young children can be protected

from tobacco smoke exposure only if their

parents quit smoking. Moreover, recently mater-

nal smoking is shown to be a risk factor for

higher BMI and obesity index particularly in

children whose mothers had smoked during preg-

nancy (Ino et al. 2012). Educational programs

should focus on social support and family based

approach. Skill- training programs in smoking

prevention in adolescents are also essential

components (Weintraub et al. 2011).

5 Health Education for Public
Schools

Increasing childhood obesity is linked to increas-

ing cardiometabolic risk consequences, includ-

ing CV disease and T2DM. American Heart

Association (AHA) and American Academy of

Pediatrics (AAP) have reported recommen-

dations for CV health and risk reduction in

children and adolescents including screening

programs, dietary and physical activity recom-

mendations (Weintraub et al. 2011; Gidding et al.

2012). At each well-child visit, heart disease-

related health behaviors should be assessed and

monitored. CV risk factor screening with school-

based (and preschool) health assessments would

also assist in early identification of children at

risk (Roger et al. 2012).

Adequate intake of micronutrients and

physical activity appropriate for the maintenance

of a normal weight for height; are encouraged

(Gidding et al. 2005).

The School Health Policies and Programs

Study (SHPPS) focused on health-promoting

physical school environment policies and

programs (Jones et al. 2007). Concerted public

health efforts to coordinate culturally-appropriate

parental and caregiver education, home lifestyle

changes, dietary and exercise modifications may

reverse the current trajectory of obesity epidemic.

6 Future Directives

According to 2011–2012 data from National

Health and Nutrition Examination Survey

(National Center for Health Statistics), in United

States, among children 2–19 years of age, 31.7 %

are overweight or obese and 16.9 % are obese.

Mexican American boys or girls and African

American girls are disproportionately affected

(Roger et al. 2012). Approximately 30 % of

overweight children have three cardiometabolic

risk factors and 9 out of 10 have at least one risk

factor (Cruz and Goran 2004).

Perhaps the most effective method to reach a

total population under risk is to incorporate a

comprehensive health education program like

‘Health Ahead/Heart Smart’ into public educa-

tion starting in kindergarten.

Family history should be updated for obesity,

hypertension, dyslipidemia, diabetes, and smoking

before age 55 for men and age 65 for women in

order to identify children and adolescents who are

at high risk for CV disease (Weintraub et al. 2011).

The epidemic of childhood obesity, which

resulted in increased cardiometabolic risk
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prevalence, has become a major health problem

due to its future consequences. Programs should

become a component of national health-care

reform (Wynder 1995). Future research priority

should also be given to testing new models deliv-

ering risk prevention and treatment in the health

systems and primary care practices. Evidence-

based therapies should be disseminated to pri-

mary care practices.

7 Conclusion

The coexistence of multiple risk factors starts an

early form of atherosclerosis in childhood

(Newman et al. 1986). Cardiometabolic risk in

children and its many consequences including

T2DM and silent CV disease present serious

threats to the current and future health of youth.

Screening and identifying children and

adolescents for CV risk and encouraging them

and their families through healthy lifestyle

changes should be implemented as a global strat-

egy. Health education and health promotion of

children require cooperation as a community and

family effort. Health care providers together with

primary care providers should develop and test

the primordial prevention strategies in large

cohort studies. Pioneering work from longitudi-

nal studies such as BHS need to incorporate into

improved educational efforts. The awareness of

the public and health services improved

concerning the impending CV risk. It is likely

primordial prevention can have an effect at a

broad level, considering the high prevalence of

obesity, cardiometabolic risk, and their

consequences of heart disease, atherosclerosis,

hypertension and T2DM. We recommend com-

prehensive health education such as ‘Health

Ahead/Heart Smart’ to be included in public

education beginning in kindergarten equal to

the traditional education subject matter.
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Abstract

Globally most interventions focus on improving lifestyle habits and treat-

ment regimens to combat hypertension as a non-communicable disease

(NCD). However, despite these interventions and improved medical

treatments, blood pressure (BP) values are still on the rise and poorly

controlled in sub-Saharan Africa (SSA). Other factors contributing to

hypertension prevalence, such as chronic emotional stress, might provide

some insight for future health policy approaches.

Currently, Hypertension Society guidelines do not mention emotional

stress as a probable cause for hypertension. Recently the 2014 World

Global Health reports, suggested that African governments should con-

sider using World Health Organization hypertension data as a proxy

indicator for social well-being. However, the possibility that a stressful

life and taxing environmental factors might disturb central neural control

of BP regulation has largely been ignored in SSA.

Linking emotional stress to vascular dysregulation is therefore one way

to investigate increased cardiometabolic challenges, neurotransmitter

depletion and disturbed hemodynamics. Disruption of stress response

pathways and subsequent changes in lifestyle habits as ways of coping

with a stressful life, and as probable cause for hypertension prevalence in

SSA, may be included in future preventive measures. We will provide an

overview on emotional stress and central neural control of BP and will

include also implications thereof for clinical practice in SSA cohorts.

1 Hypertension Prevalence
in Sub-Saharan Africa (SSA)

As a non-communicable disease (NCD), hyper-

tension is responsible for an estimated 45 % of

deaths due to heart disease and 51 % of deaths

due to stroke globally (World Health
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Organisation 2014). Of the WHO’s six regions,

the African region has the highest prevalence of

hypertension with an estimate of 46 % in adults

aged 25 and above, according to WHO’s Global

status report on NCD’s (World Health

Organisation 2014) (Fig. 1). The prevalence of

elevated BP was consistently increased, with

low, lower middle and upper middle income

countries all having rates in the region of 40 %.

However, more recent findings provide a far

more disturbing picture. A prospectively

followed teachers’ cohort from South Africa

[173 black (aged 47.5 � 7.8 years; 186 white

(aged 49.6 � 9.9 years)] showed that Blacks

had a substantially higher 24 h hypertension

prevalence (66 %) as opposed to Whites (42 %)

(Hamer et al. 2015; Malan et al. 2016). Further-

more, the composite cardiovascular disease

(CVD) burden in this Black cohort over 3 years

(defined as history of physician diagnosed heart

disease, use of anti-hypertensives, anti-diabetic,

or statin medications at either time point) was

higher compared to Whites (49.1 vs. 32.0 %,

p ¼ 0.012) (Hamer et al. 2015). In another

South African cohort study including 1,994

Blacks older than 30 years, hypertension

prevalence was 48 % (Schutte et al. 2012)

whereas it ranged from 19 to 48 % in cohorts

from Ghana (Bosu 2010).

The large variation in separate studies’ data

raises concern about the real situation. One pos-

sibility may be the lack of hypothesis driven

prospective findings on hypertension prevalence

in SSA. Another more controversial matter is that

hypertension research did not receive enough

attention over the last decade, with funding bod-

ies mostly supporting infectious disease research

in SSA (Peck et al. 2013; Tagoe and Dake 2011;

World Health Organisation 2014) Fortunately

enough, at present the attention seems to be

shifting and Nigeria, one of many developing

countries, recently reported that NCD’s have

become a growing problem (Peck et al. 2013;

World Health Organisation 2014). At a

Tanzanian hospital this was also the case since

NCDs accounted for half of all deaths. Here,

hypertension was the second most common

cause of death overall and the leading cause of

death in patients >50 years old (Peck

et al. 2013). Due to overwhelming evidence of

hypertension as a causative factor for deaths in

SSA (World Health Organisation 2014), it is of
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the utmost importance, therefore, to progress

with hypothesis driven research on hypertension

prevalence and secondary outcomes in prospec-

tive cohort studies.

The examination as to whether emotional

stress is a causative factor for hypertension or

other NCDs has largely been understudied in

SSA. Currently, the Sympathetic activity and

Ambulatory Blood Pressure in Africans

(SABPA) study is the only prospective cohort

study in SSA where the study design (central

neural control) was based on findings from stud-

ies over the previous 20 years (Malan

et al. 2015). Cross-sectional data revealed that

coping disability, cognitive emotional distress

and a lack of social support were factors involved

in NCDs development and progression in

teachers from an urban environment (Malan

et al. 2008, 2012, 2015; Venter et al. 2014). In

this cohort, sympathetic hyperactivity was

associated with cardiometabolic risk, namely

hypertension prevalence, sympathovagal imbal-

ance and depressed heart rate variability, all

which contribute to vulnerability for cardiovas-

cular risk (Lambert et al. 1994; Malan et al. 2013;

Pal et al. 2014; Van Lill et al. 2011). It was also

shown that factors leading to sympathetic hyper-

activity included a stressful life and coping with

continuous and taxing emotional demands

(McEwen and Gianaros 2010). As a conse-

quence, cardiometabolic demands will increase

so to induce continuous adjustments by the brain

to control sensitivity levels of organ systems in

maintaining homeostasis (Gross 1998).

2 Central Neural Control of BP

As early as 1878 Claude Bernard postulated that

maintenance of a stable internal environment is a

prerequisite for the development of a complex

functional nervous system (Gross 1998). Meta-

bolic balance is maintained as neurons store gly-

cogen as endogenous neuronal glycogen, which

protects neuronal tolerance to hypoxic stress

(Saez et al. 2014). Therefore, the brain maintains

homeostasis by adjusting the sensitivity of target

organs to neural and metabolic inputs (Gross

1998; McDougall et al. 2015; Saez et al. 2014)

For example, the regular and continuous

contractions of a normally functioning heart

muscle must be able to respond to the changing

requirements of the body’s tissues.

It is also important to note that BP is centrally

controlled, whereby no set-point for BP exists in

the central nervous system (Nishida et al. 2012).

If a set point existed, the BP control system

would become a completely closed, self-

contained system always causing BP to return

to the set level independent of demands in organs

and tissues. This implies that organs and tissues

will not be protected even though the circulatory

system itself may be. Therefore, neural BP regu-

lation seems to be dynamic and acts as a phasic

control in the circulatory system essential for

maintaining life (Gross 1998; Nishida

et al. 2012) When cardiometabolic demands

increase, it is essential that the cardiovascular

system, an open system, is able to respond with

compensatory increases in BP to maintain

homeostasis. Whether hypertension is the result

of a compensatory elevation of BP to maintain

organ function has been questioned (Mancia

et al. 2013). Surely, fluctuations in BP are

deemed physiologically necessary when

cardiometabolic demands increase in an attempt

to maintain homeostasis. Hypertension, however,

represents a permanent shift in normal values,

necessary for optimal organ function, but leading

to end-organ damage. The “safety” or threshold

levels for BP still needs in-depth investigations

as hypertension prevalence is increasing despite

medical interventions or treatment regimens to

lower BP.

Despite these views, a neurophysiological

approach showed that increased cardiometabolic

demands in a hypertensive individual will be

taxing to neuronal health because depletion or

attenuated neurotransmitter secretion may

induce neural and adrenal fatigue and/or depres-

sion (Cabib 1996; De Kock et al. 2012, 2015;

Dobrunz and Stevens 1997). Long-term changes

in a neuron or synapse will result in a permanent

change in a neuron’s excitatory properties and

can cause synaptic fatigue (Cabib 1996). This

may occur from much more or less activation
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that could potentially lead to synaptic depression.

Indeed, short-term depression as well as habitua-

tion have been located in the sensory part of the

defence response pathway, as well as at the axon

terminals of sensory afferents in the brain stem

(caudal pontine reticular nucleus) (Kvetnansky

et al. 2009). In support, higher metabolic

demands revealed reduced cerebral respiratory

quotient in depressed subjects (Lambert

et al. 1994). Neural fatigue or depression may

thus impair metabolism in subcortical areas

which regulate emotions such as the dorsolateral

prefrontal cortex and the amygdala (Barton

et al. 2007; LeDoux 2012; Taylor et al. 2013).

A threat to homeostasis is thus sensed where the

response has a degree of specificity depending,

among other things, on the particular challenge

to homeostasis, the organism’s perception of the

stressor and its ability to cope with it (LeDoux

2012). An important feature of successful coping

with stress is that physiological systems are not

only turned-on efficiently by a particular stressor

but are also turned-off again after cessation of the

stressor to conserve resources. However, coping

with chronic stress, will have a turned-off reac-

tion when cardiometabolic demands increase in

hypertensive individuals as cognitive or memory

performance was related to blunted parietal cere-

bral cortex blood flow responses (Jennings

et al. 2005). Whereas turned-on reactions in

hypertensives resulted in compensatory regional

cerebral blood flow in the mesencephalon

(or midbrain) which correlated with prefrontal

cerebral blood flow (Jennings et al. 2005). Once

again, a set-point for BP can be questioned.

In support of this notion, central neural con-

trol of subcortical areas regulating emotion, such

as the dorsolateral prefrontal cortex and the

amygdala, was associated with impaired metab-

olism and depression (Barton et al. 2007;

LeDoux 2012; Taylor et al. 2013). Linking emo-

tional distress to vascular dysregulation is there-

fore one way to investigate increased

cardiometabolic challenges (Akinroye 2013;

Kadirvelu et al. 2012; Lambert et al. 2000;

Malan et al. 1992, 1996). Defensive coping

responses included increased cardiometabolic

challenges, depletion of neurotransmitters and

disturbed hemodynamics in urban-dwelling

Blacks from the North-West region of

South Africa (De Kock et al. 2012, 2015;

Malan et al. 2008, 2012, 2013, 2015, 2016;

Scheepers et al. 2016).

Central neural control is thus actively

involved with emotional stress upon activation

of stress response pathways. These pathways

include the sympatho-adrenal medullary (SAM)

and hypothalamic-pituitary-adrenal cortical axis

(HPAA), both facilitating inflammatory, glycol-

ysis and adrenergic responses (Taylor

et al. 2013). Indeed, sympathetic hyperactivity

is present in about 30 % of depressed patients,

independent of hypertensive status (Barton

et al. 2007). Other findings support the notion

of sympathetic hyperactivity and neural fatigue,

as attenuated acute stress pathway responses

(De Kock et al. 2012; Taylor et al. 2013) and

chronic defensiveness were shown in a SSA

Black cohort. (Malan et al. 2015) Indeed, in this

cohort, chronic depression in conjunction with

hypertension prevalence was more prevalent in

Blacks than in Whites (28.67 % vs. 5.29 � %;

P � 0.001) (Malan et al. 2016). Therefore,

chronic emotional distress seems to facilitate

higher metabolic demands and may even further

contribute to increased risk of stroke (Taylor

et al. 2013). In agreement, Biccard (Biccard

2008) also showed that Blacks from SSA are

more likely to be diagnosed with symptomatic

occlusive vascular disease or vascular

dysregulation indicating increased stroke risk.

Additionally, recent studies support the notion

that the cardiovascular system is regulated by

cortical modulation (Mazzeo et al. 2014; Nagai

et al. 2010; Stahrenberg et al. 2013). Insular

cortex damage is suggested to be associated

with cardiovascular system dysregulation such

as ECG, cardiac stress (Tropinin T) and

sympathovagal disturbances (Mazzeo

et al. 2014; Nagai et al. 2010; Stahrenberg

et al. 2013). Increased sympathetic nervous sys-

tem activity therefore may serve as a pathophys-

iological event affecting the relationship between

the insular cortex and cardiovascular

dysregulation (Nagai et al. 2010). The insular

cortex, amygdala and anterior cingulate gyrus
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are involved in processing the information

related to emotional significance, such as the

defence response to external stressors. Therefore,

the insular cortex is implicated in BP control in

cooperation with subcortical autonomic centres.

3 Factors Burdening Central
Neural Control of BP

Important background factors are to be consid-

ered as possible obstacles for BP control in SSA.

Social supportive systems are not in place

(Kadirvelu et al. 2012) and Mayosi et al. (2012)

urged the launch of an integrated model of health

care at all levels in South Africa, which has to be

supported by a robust surveillance system. How-

ever, upstream determinants of ill health, such as

a lack of resources, poverty and insufficient qual-

ity education, may lie beyond the reach of the

health sector in Africa (Seedat 2015). Therefore,

if social support systems are not in place, self-

management of NCDs in SSA will remain poor.

Another factor which may seriously compro-

mise mental well-being is the level of violence in

South Africa. According to a non-governmental

organisation, registered as a non-profit company

with the aim of protecting the rights of

minorities, 17,805 persons were murdered in

South Africa in 1 year (2014–2015) (National

Development Plan 2016). That is an average of

48.8 murders per day. The country’s homicide

figure has subsequently increased with 4.6 %

since 2013/2014. Attempted murder showed an

increase of 3.2 %, while robbery with

aggravating circumstances increased drastically

by 8.5 %. These figures are an example of the

high levels of aggression currently prevailing in

South Africa and unfortunately are also spread-

ing to the youth. The impact of this threat on

emotional health is documented in WHO reports

on mental well-being (Lund et al. 2011; Reed

et al. 2012; World Health Organisation 2008,

2010). Threats to well-being or survival, actual

or potential may increase a vicious cycle of fear,

not feeling safe and anxiety (Reed et al. 2012).

Subsequent autonomic, cardiovascular and neu-

roendocrine activation and specific behaviour

patterns have been associated with a hypervigi-

lant state in an attempt to cope with these adverse

or unexpected situations (World Health

Organisation 2010). Vulnerability and an ele-

vated risk of psychological distress will thus

enforce increases in poor lifestyle habits and

NCDs in an attempt to cope with these situations.

3.1 Stress Appraisal – The Defence
Response

In more than 400 studies, little consensus could

be found about how to conceptualize or classify

how people cope with or appraise stress situations

(Skinner et al. 2003). Coping functions at a num-

ber of levels and involves a plethora of

behaviours, cognitions, and perceptions. At the

highest level are sets of basic adaptive processes

which intervene between stress and its psycho-

logical, social, and physiological outcomes. Cop-

ing inventories of Carver et al. (1989) and

Amirkhan (1990) primarily focussed on

problem-solving (defence) vs. emotional avoid-

ance (defeat), and social support seeking

behaviours. The above described defence

response in two separate bi–ethnic gender group

studies, performed 10 years apart, was related to

similar outcomes, i.e. disturbed cardiometabolic

responses (Malan et al. 2006, 2012, 2014). Given

the focus of our review, our approach will be from

a neurophysiological angle, as sensory perception

and a hypervigilant state burden central neural

control, thereby overloading an individual’s

resources, so to induce neural and adrenal fatigue

(De Kock et al. 2012, 2015; Malan et al. 2008,

2012, 2013, 2015; Scheepers et al. 2015, 2016).

This concurs (Fig. 2) with most recent neurosci-

ence research findings (LeDoux 2012).

A defensive state is triggered by activity in

survival circuits that detect threats and generate

automatic defence and a general arousal state due

to widespread release of aminergic

neuromodulators (Moscarello and LeDoux

2013). Memory processing or thoughts are

implicated in this process with emotions

resulting from the cognitive processing of actual

situations. Coping has been defined as “cognitive
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Fig. 2 Proposed sensory-motor integrative defensive

responses involve sensory perception and a state of con-

sciousness of environmental changes (internal and external)

in the thalamus. Memory processing or thoughts are

implicated in the process. Downstream signalling in the

insula region will activate emotional responses in the amyg-

dala whereas the importance of the stimuli as a threat or a

challenge is weighted in the hippocampus. The nucleus

accumbens will regulate motivation for recognition of

stimuli in the prefrontal cortex. The paraventricular nucleus

in the hypothalamus will respond and activate the auto-

nomic nervous system motor output pathway; considering

the integrated emotional response in the ventral tegmentum

area. Output signals will be conducted via the brain stem to

the heart (Permission to use diagram granted by the artists:

A de Kock and AJG du Plessis, April, 2016)
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and behavioural efforts to manage specific exter-

nal or internal demands (and conflicts between

them) that are appraised as taxing to the

resources of a person” (Amirkhan 1990). Coping

resources can be divided into internal psycholog-

ical resources (e.g. personality characteristics)

and external environmental resources

(e.g. social support). Coping also has behavioural

facets (activities to deal with stress) as well as

physiological implications (neuro-endocrine

activity and cardiovascular reactivity)

(Moscarello and LeDoux 2013).

Chronic stress experience, such as the psycho-

social stress of an urban-dwelling lifestyle, and

ultimately acculturation (Malan et al. 1992,

1996) may however exacerbate cardiovascular

reactivity to acute stressors (Malan et al. 2006,

2012, 2013), and predispose to hypertension

(Malan et al. 2006, 2012). When coping is suc-

cessful, the vagal system is typically activated to

decrease secretion of stress mediators and to

normalise autonomic activity, whilst α2-adrener-
gic receptor binding activates a negative feed-

back loop to decrease norepinephrine levels

(Huang et al. 2012). However, chronic stress,

sleep deprivation or apnoea, sedentary lifestyles,

stimulant abuse, abdominal obesity, insulin resis-

tance, hypertension, and depression, can all

cause chronic sympathetic hyperactivity with

disruption of autonomic homeostasis (Curtis

and O’Keefe 2002; Malan et al. 2013). Over-

whelming or sustained stress may therefore inter-

fere with coping ability, causing distress and

hyperactivity of the SAM system, as the body

tries to cope with increasing demands. As such

neither the vagal system nor the negative feed-

back mechanism of the α2-adrenergic receptors

will be able to reduce the amounts of norepineph-

rine released (Curtis et al. 2002; Huang

et al. 2012; Malan et al. 2012). Concentrations

will increase even further and may culminate in

norepinephrine overload, enforcing a hypervigi-

lant defensive coping state. Indeed, findings have

revealed that prolonged SAM activation and/or

norepinephrine overload can further increase

vasoconstriction, alter cardiovascular stress

responses, and facilitate hypertension, endothe-

lial dysfunction as well as atherosclerosis risk

(De Kock et al. 2012, 2015; Malan et al. 2008,

2012, 2013, 2015, 2016; Scheepers et al. 2016).

Cross-cultural differences in coping have

been related to perspectives on the Self in a

western context. The Self is the basis of what

the individual thinks, feels and does and reflects

the relative importance of the individual-self ver-

sus social-self (Chang 1996) The Self-construct,

as social construct, is a cultural construct that

shows cross-cultural variance. In collectivistic

groups, the Self is defined as part of the inner

group. Independency in collectivistic groups (in

the Black African culture) means that the indi-

vidual does not want to be a burden to his/her

inner group (Van der Wateren 1997). Indepen-

dency in individualistic cultures (in the White

Western culture) indicates a need in the individ-

ual to act his/her own way (Triandis et al. 1990).

In an urban environment, Black individuals may

find it difficult to maintain their traditional way

of life and in order to survive, may feel the need

to abandon their traditional beliefs. The social

support they experienced in a traditional setting

will disappear (Malan et al. 1992, 1996, 2008;

Vorster et al. 2005). Thus Whites might be able

to find solutions for their own problems whereas

Blacks depending on support and approval from

their inner group might be more Indeed, they

sought more social support, as coping strategy,

to adapt in an urban environment (Malan

et al. 2008, 2013, 2015).

In the African Black, it could imply that if

defence coping on a long-term basis becomes

untenable because the situation is judged as “no

way out”, a shift towards defeat, neural fatigue or

depression is a conceivable outcome (De Kock

et al. 2012, 2015; Malan et al. 2006, 2008). This

implies a physiological neural fatigue or reaction

with enhanced sympathetic activity, especially

vascular reactivity (Malan et al. 2006, 2012,

2013). On behavioural level, the urban Black

individuals still reported a defence coping reac-

tion style, but with a physiological reaction

resembling emotional distress or neural fatigue

(De Kock et al. 2012). The “normal” physiologi-

cal reaction pattern changes where defence cop-

ing (in-control) is dissociated from the normal

physiological reaction and is exhibited as a
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physiological neural fatigue or loss-of-control

reaction. This pattern could indicate a physiolog-

ical adaptation process where African Blacks

with an inherent collectivistic cultural context

are living in an individualistic cultural environ-

ment and, if anticipated support is not forthcom-

ing, stress will be exacerbated (Ryff and Singer

2002). Adaptive learned behaviours of defensive

coping Africans might therefore reflect life

choices of smoking and alcohol consumption,

which appears to be ineffective in handling nor-

mal challenges of daily life (Malan et al. 2014).

Their enhanced vascular reactivity due to alpha-

adrenergic stimulation and / or beta-adrenergic

hyporesponsiveness (Malan et al. 2012, 2013)

will have permissive effects on cortisol

(De Kock et al. 2012, 2015), and may further

impact on depression or distress via the HPAA

(Bj€orntorp 2001; Folkow 2000). Therefore, it

appears that coping styles, as possible risk factors

for cardiometabolic disturbance, may be

contributing to the development of hypertension

in an urban-dwelling environment.

Unpublished data in defensive coping African

Black vs. Whites reinforce the notion of disrup-

tion in central neural control of BP. Defence

coping increases activation of HPAA pathways

during exposure to an acute mental stressor

(Stroop 1935), similar to everyday life stress

(Kidd et al. 2014). Responses to an acute mental

stressor indicative of emotional distress are

presented in Fig. 3. Vasoconstrictive responses

(DBP) and lower cortisol responses are

accompanied by increased insular region activa-

tion, high sensitive Troponin T release and 24 h

silent ischemic events. Central neural control

activation occurs via acutely increased metabolic

changes, i.e. glucose responses which support the

defence response. The pattern is maladaptive in

urban-dwelling Blacks and emotional distress

seems to disrupt homeostatic control. Hence,

SAM activation will induce a depression in

heart rate variability (HRV) to maintain central

neural control.

3.2 Emotional Stress and
an Urban-Dwelling Lifestyle

As early as 1929, Donnison (1929) screened

approximately 1,000 male Kenyans, aged 15–80

years, living in primitive conditions in a native

reserve. He showed that BP was similar or

slightly lower in aged compared to younger
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Kenyans. Sobngwi et al. (2004) supported these

findings, showing that lifetime exposure to

urbanization was associated with increases in

obesity, BP, and diabetes but not with age. Simi-

larly Danaei et al. (2011) reported increases in

systolic blood pressure (SBP) in 5.4 million

participants from low to middle income countries

when moving from a traditional rural area to an

urbanized area. In Ghana West Africa, the odds

ratios for being hypertensive were 1.9 (1.3–2.9;

P < 0.01) for urban men and 1.9 (1.3–2.8;

P < 0.0001) for urban women, independent of

age (Agyemang 2006).

Since 1989, transition from an rural to an

urban-dwelling environment in approximately

4,000 Black Africans from the Venda, Botswana

and the North-West regions in South Africa, was

related to cultural disruption, increases in emo-

tional distress, hypertension prevalence (Malan

L, et al. 2006, 2008, 2012; Malan NT, et al. 1992,

1996; Vorster et al. 2005) as well as vascular

changes such as angiogenesis (Venter

et al. 2014). Apart from cultural disruption,

other aggravating factors, like crime, come into

play emphasizing why an urban-dwelling life-

style has been recognized as a potent psychoso-

cial stressor for CVD risk (Bj€orntorp 2001;

Malan et al. 2006). Official crime statistics of

2016 in SSA recorded that in only one of the

urban-dwelling areas in SSA about 78 % car

hijackings, 74 % of car thefts, and 57 % of

house robberies occurred compared to other

urban-dwelling areas (South African Cities

Urban Safety Reference Group (USRG) 2016).

In agreement, BeLue et al., showed increased

CVD risk in urban environments (BeLue

et al. 2009).

Apart from cultural disruption, these statistics

additionally emphasize the burden of an urban-

dwelling lifestyle in SSA (BeLue et al. 2009).

Overall, psychosocial stress has been associated

with the more negative spectrum of health effects

i.e., increases in perceived stress,

hypocortisolism, vascular responsiveness, cen-

tral obesity, hypertension prevalence and other

risk factors for NCDs (Danaei et al. 2011; Malan

et al. 1992; Malan et al. 2015, 2016; Rosmond

2005; Sobngwi et al. 2004). These findings are

supported by the synergistic effect of

cardiometabolic risk markers and defensiveness

in African men (De Kock et al. 2015; Malan

et al. 2008, 2015; Scheepers et al. 2015, 2016).

An urban over-demanding and unsafe environ-

ment seemingly increase demands on central

neural control systems and coping with these

demands may be taxing on the cardiovascular

system (Malan et al. 2006, 2008), if endured

chronically (Malan et al. 2015, 2016). Subse-

quently, higher demands on central neural con-

trol centres, if chronically challenged, will

increase NCDs morbidity, as has just been

shown by Hamer et al. (2015), von Känel

et al. (2016) and Malan et al. (2016) From these

findings, it is apparent that acculturated

communities are even more vulnerable to NCDs

than even those having lived their entire lives in

an urban environment (Malan et al. 1996;

Sobngwi et al. 2004). Neurobiological pathway

regulation and behavioural or lifestyle factors are

thus instrumental to cope with a taxing

environment.

3.3 Behavioural Risk Factors –
Neurobiological Pathways

Psychological distress and coping disability have

been associated with dysregulated neurobiologi-

cal pathways and changes in behavioural risk

factors such as a poor diet, physical inactivity,

increases in smoking and alcohol consumption

(Alberts et al. 2005; Cois and Ehrlich 2014;

Deasy et al. 2014; Layte and Whelan 2009;

Parrott 1999; Sinha and Jastreboff 2013; WHO

2014).

3.3.1 Obesity
Chronic and high levels of repeated and uncon-

trollable stress result in dysregulation of the

HPAA, with changes in glucocorticoid gene

expression affecting energy homeostasis and

feeding behaviour (K€onner 2011; Sinha and

Jastreboff 2013). Chronic stress persistently

increases glucocorticoids, and promotes central

obesity which, in the presence of insulin will

decrease HPAA activity (Bj€orntorp 2001). With
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chronic stress, corticotrophin, glucocorticoids

and catecholamine activities are altered to

increase sensitization of reward pathways

(including the ventral tegmental area, nucleus

accumbens, dorsal striatum and the prefrontal

cortex areas) (K€onner 2011). These pathways

influence preference for addictive substances,

highly palatable foods and increases drug/food

craving and intake (Tyrka et al. 2012). The extra-

hypothalamic projections of corticotrophin are

involved in subjective and behavioural responses

to stress, while release of neuropeptide Y (NPY)

during stress and increased NPY mRNA in the

arcuate nucleus of the hypothalamus, amygdala

and hippocampus, increase feeding, but also

decrease anxiety and stress (Maniam and Morris

2012). This motivational circuit overlaps with

limbic regions controlling emotions (e.g. the

amygdala, hippocampus, and insula) that play a

role in experiencing emotions and stress, and in

learning and memory processes involved in

negotiating behavioural and cognitive responses

critical for adaptation and homeostasis (Maniam

and Morris 2012). The coping or self-medicating

functions of these habitual behaviours make the

costs of giving them up particularly difficult and

limit the ability to adopt healthy but challenging

behaviours (Lutfey and Freese 2005).

3.3.2 Physical Inactivity
Hallgren et al. (2016) demonstrated that exercise

interventions reduced depression and moderated

sensitivity to stress. However, they stated that lon-

gitudinal studies are still needed to confirm long

term outcomes. Indeed, both smoking and physical

inactivity alleviated stress in the short term, but it

was shown to increase stress levels in the long term

(Sinha and Jastreboff 2013). In SSA, behavioural

risk markers were also related to increases in NCDs

(Groenewald et al. 2007; Hamer et al. 2011; World

Health Organisation 2014). South Africans addi-

tionally demonstrated high rates of physical inac-

tivity prevalence rates, with 46.4 % of men and

55.7 % of women, not meeting the recommended

guidelines (McGuire et al. 2009; World Health

Organisation 2014). However, we could not repli-

cate findings that physical activity of different

intensity was directly associated with markers of

chronic stress or telomere length in an African

teachers’ cohort (von Känel et al. 2016).

3.3.3 Smoking and Alcohol Habits
In South Africa, the prevalence of tobacco use

varies by population group and gender and the

use of tobacco in women is at very high levels

(Groenewald et al. 2007). Alcohol consumption

however, remains the most serious concern in

SSA (Malan et al. 2016; Zatu et al. 2016), mostly

so in men (Bosu 2010). In a meta-analysis

involving under-developed and middle-income

countries, South Africa was rated as one of the

countries with the highest hypertension preva-

lence rates, with alcohol abuse, in individuals

younger than 50 years, being one of the most

significant predictors for hypertension in Blacks

(Lloyd-Sherlock et al. 2014).

Alcohol abuse was independently associated

with BP, transient 24 h ischemic events, auto-

nomic dysfunction and structural vascular dis-

ease in Ghana (Agyemang 2006), Uganda

(Bosu 2010; Kotwani et al. 2013) and

South Africa (Malan et al. 2013, Malan

et al. 2014; Oosthuizen et al. in press). Gamma

glutamyl transferase, a marker of alcohol con-

sumption (Hastedt et al. 2013), predicted cardio-

vascular [HR ¼ 2.76 (1.49–5.12)] and all-cause

mortality [HR ¼ 2.47 (1.75–3.47)] and hyper-

tension development [(HR ¼ 1.31 (1.06–1.62)]

in 1,471 black South Africans over 5 years (Zatu

et al. 2016).

Alcohol consumption of more than 58 g/day

predicted subcortical silent brain infarction and

was recognised as a risk factor for stroke [OR,

2.58 (95 % CI, 1.50 to 4.45)] (Kobayashi

et al. 1997). The impact of alcohol abuse in

Blacks may thus be detrimental to subcortical

and vascular health in Blacks. Alcohol is a cen-

tral nervous system depressant, which can induce

higher metabolic demands and vascular depres-

sion (Hastedt et al. 2013; Kobayashi et al. 1997;

Van Deventer and Lindeque 2015). Therefore,

statistical adjustment for alcohol abuse in data

analyses fails to provide a clear answer when

considering the effect of ethanol on the brain,

vasculature and metabolism. Alcohol abuse as

defence mechanism to cope with a taxing
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environment (Malan et al. 2014, 2015, 2016)

might thus induce depression. Whether depres-

sion per se truly reflects emotional distress or

alternatively, whether alcohol abuse induces

subcortical depression and ischemia in Blacks,

however, remains to be investigated.

4 From Basic Research to Clinical
Practice

In comparison with data from other countries,

South Africa has lower rates of depression, than

the USA but higher rates than Nigeria, where

general practioners fail to detect 33–50 % of

depressive disorders in patients (Ngcobo and

Pillay 2008; Tomlinson et al. 2009). However,

depression has recently been acknowledged as a

risk factor for cardiac remodelling and poor

prognosis in patients with coronary heart disease

(Lichtman et al. 2014). Presently, we underscore

the importance of emotional distress when

utilizing chronic defence coping as it was

associated with left ventricular hypertrophy, neu-

ral and adrenal fatigue in a Black cohort from

SSA (De Kock et al. 2012, 2015; Malan

et al. 2016; Mashele et al. 2014). We have

observed that emotional distress increased

cardiometabolic demands and disrupted central

neural control of BP in a Black cohort from SSA

(Malan et al. 2016). We cautiously suggest that

more hypotheses-driven longitudinal studies are

needed to inform the medical community on

emotional stress as an important cause of a high

prevalence of hypertension. If not investigated,

implementation of interventions for preventive

health care programs will be slowed down.

Africans behaviourally might thus be masking

the truth by reporting emotional well-being, which

contrasts with physiological loss of control with

disturbed central neural control increasing blood

pressure and thus hypertension prevalence. Cur-

rently, recommendations are for (1) longitudinal

studies focussing on emotional stress; (2) screen-

ing of BP, ECGs (depressed HRV), central obesity

as well as for signs of depression to detect dis-

turbed central neural control; and lastly, we

recommend (3) appointment of school counsellors

to support the acquirement of healthy coping

strategies at a tender age which may prove to be

more effective compared to changing the lifestyle

habits of adults (Vedanthan et al. 2016).

Acknowledgements The SABPA study and findings on

emotional stress and hypertension would not have been

possible without the volunteering participant sample, the

dedicated input of the Hypertension in Africa Research

Team (HART), GJ Motlhasedi (Fieldworker), C Lessing
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Abstract

In the past, endothelium was thought to be only a mechanical barrier.

Today, endothelium is known to be a tissue regulating vascular tone, cell

growth and the interaction between the leukocytes, thrombocytes and the

vessel wall. It also synthesizes growth factors and thrombo-regulatory

molecules and responds to physical and chemical signals. Even though the

term “endothelial dysfunction” is generally used for deterioration of

endothelium-dependent vasodilatation; the term also includes the

abnormalities between endothelium and leukocytes, thrombocytes and

regulatory molecules and conditions resulting in aberrant endothelium

activation. Healthy endothelium is essential for cardiovascular control.

Thus, it plays an important role in pathogenesis of many diseases and

cardiovascular problems such as atherosclerosis, systemic and pulmonary

hypertension, cardiomyopathies and vasculitides. The aim of this chapter

is to explain endothelial dysfunction and the circulating molecules of

endothelial cells as they become potential targets of therapeutic approach

for hypertension. This chapter reviews the roles of endothelial dysfunction

in hypertension by addressing (1) the nature of endothelial function,

(2) mechanisms of endothelial dysfunction and its relationship with the

diseases (3) also endothelial function testing (4) the role of endothelial

dysfunction and hypertension and (4) the effects of antihypertensive

therapeutic options on the endothelial dysfunction. In addition to these,

the role of endothelial dysfunction in white coat hypertension has been

discussed. The key connections between hypertension and endothelial

dysfunction are vitally important for future studies to permit new

interventions to be designed and released.
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1 Introduction

The term endothelial dysfunction is used to

describe the altered metabolism of available

nitric oxide (NO) or imbalance of several

endothelium-derived relaxing and constrictor

factors. Between the blood and the vascular

wall, the endothelium forms both mechanical

and biological barrier (Vanhoutte et al. 2009).

Interactions between platelets and leukocytes

with the vessel wall, impairment of vascular

tone, inflammation, free radical formation and

oxidation of lipids and vascular smooth muscle

cell proliferation can be activate endothelial cells

(ECs) (Lerman and Burnett Jr 1992). ECs func-

tion by secreting relaxing and/or contracting

molecules. ECs are exposed to the shear stress

resulting from blood flow and can convert

mechanical stimuli into intracellular or biochem-

ical signals (e.g., proliferation, apoptosis, migra-

tion, permeability, remodeling and gene

expression) (Li et al. 2005a). As a result, endo-

thelial dysfunction is related to several diseases

including atherosclerosis, cancer metastasis,

inflammatory diseases and hypertension

(Rajendran et al. 2013).

Hypertension is defined as the presence of

chronically elevated systemic arterial or diastolic

blood pressure (BP) above a certain threshold

whereas sustained hypertension is defined as sys-

tolic BP >140 mm Hg in medical environment

and daytime ambulatory systolic BP >135 mm

Hg, and/or medical environment diastolic BP

>90 mm Hg and daytime ambulatory diastolic

BP >85 mm Hg (Weber et al. 2014). Thus, the

patients with sustained hypertension have

increased BP levels in the medical environment

(in clinics or office) and out of the medical envi-

ronment (at home). Sustained high blood

pressure is also an indicator of the age, diet,

stress, sedentary lifestyle, all or the combination

of these factors. It has been suggested that

sustained hypertension is closely related to both

target organ damage and organ function failure

including heart, kidneys, and brain. Pathophysi-

ology of hypertension is related to several

factors, including genetics, activation of the sym-

pathetic nervous system, the rennin- angiotensin

(AT)- aldosterone system, endothelial dysfunc-

tion, impaired capillary blood flow and inflam-

matory mediators (Dawes et al. 2008; Oparil

et al. 2003).

2 The Nature of Endothelial
Function

Three layers of the artery wall from outside to

inside comprise; tunica adventitia, tunica media

and tunica intima. The layer of tunica adventitia;

contains nerve endings, perivascular adipose tis-

sue and connective elements, such as fibroblasts

and collagen. It plays important roles in the vas-

cular development and remodeling. The second

layer, vascular smooth muscle, regulates the

response of constriction and dilatation of the

blood vessels. The mechanical stimuli, such as

shear stress and pressure, or pharmacological

stimuli activate the contraction of the vascular

smooth muscle cells by increasing the intracellu-

lar calcium concentration. Tunica intima, the

innermost layer of the vascular arterial wall,

consists of monolayer ECs and connective

tissues lie beneath the ECs. Substances can pass

through the connection between ECs or are

absorbed by the cells. As the vascular vessel

sizes are about 60–80 nm in diameter, endothe-

lium provides restriction for larger particles and
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prevents the interaction between the blood cells

and the vessel wall (Wilson and Lerman 2001;

Vestweber 2012).

Multiprotein complexes containing trans-

membrane proteins (such as claudins, occludins,

and junction adhesion molecules) and cytosol

proteins that connect membrane proteins to the

intracellular cytoskeleton form intercellular

junctions between ECs (Chistiakov et al. 2015).

The endothelium is also considered as an endo-

crine organ, while it demonstrates several para-

crine functions by producing and secreting

vasoactive, inflammatory, vasculoprotective,

angiogenic, thrombotic and antithrombotic

molecules (Fig. 1). Like the other endocrine

organs, endothelium possesses receptors that dis-

play various cellular and hormonal events

(Table 1).

2.1 Regulation of Vascular Tonicity

Vascular tonicity is regulated by atrial

natriuretic peptide, eicosanoids, adrenal steroids,

sodium, and water excretion and by the control of

neurologic, kallikrein- kinin, reno-medullary

endothelial systems. Molecules such as

endothelin-1 (ET-1), angiotensin II (AT-II),

thromboxane A2 (TXA2), and reactive oxygen

species (ROS) are known as endothelium‐
derived relaxing factors, whereas NO and prosta-

cyclin are known as endothelium‐derived
hyperpolarizing factors (EDHFs) (Dawes

et al. 2008). In healthy endothelial tissues, a

Fig. 1 Activities of endothelial cells. Vasomotor and

mitogenic balance is provided by molecules secreted by

endothelial cells and vascular smooth muscle cell. These

cells have several paracrine functions by producing and

secreting several molecules including vasoactive, inflam-

matory, vasculoprotective, angiogenic, thrombotic and

antithrombotic

Table 1 Molecules which are produced and secreted by

endothelial cells

Regulation of
vascular tonicity

Vasodilatation Nitric oxide

Prostacyclin

Endothelium‐derived
hyperpolarizing factors

Adenosine

Vasoconstriction Endothelin-1

Angiotensin II

Thromboxane A2

Reactive oxygen species

Balancing of blood fluidity and thrombosis

Coagulation Heparin cofactor 2

Factor V

Protein S

Protein C

Thrombomodulin

Tissue factor

von Willebrand factor

Fibrinolysis Tissue plasminogen activator

Prostaglandins

Plasminogen activator inhibitor

type 1

Urokinase

Vascular inflammatory and immunological process
control

Cytokines Interleukin -1

Interleukin-6

Interleukin-8

Monocyte chemoattractant

protein-1

Adhesion molecules Transforming growth factor

Tumor necrosis factor

Vascular cell adhesion

protein 1

Intercellular adhesion

molecule 1

Selectins

Growth factors Basic fibroblast growth factor

Insulin like growth factor

Platelet derived growth factor

Transforming growth factor
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balance between endothelium‐derived relaxing

factors (EDRFs) and endothelium‐derived
contracting factors (EDCFs) is maintained. Dis-

turbance of this balance causes endothelial dys-

function (Cahill and Redmond 2016).

Nitric Oxide (NO) Vascular smooth muscle

cells release: Endothelium-derived NO, the

known most powerful vasodilator which activates

the soluble guanylate cyclase. Soluble Guanylate

cyclase (sGS) enzyme converts GTP to cyclic

GMP (cGMP) which activates protein kinase G

that leads decreases in the cytosolic calcium

concentrations. NO can also affect cellular activ-

ity, independently of sGC activation, by the stim-

ulation of the endoplasmic reticulum calcium

ATPase, reducing the intracellular calcium con-

centration and cause relaxation of the smooth

muscle. The release of inflammation, vascular

cell proliferation, platelet adhesion, and tissue

factor are inhibited by NO (Laher 2014).

NO is synthesized from an L-arginine by the

enzyme nitric oxide synthases (NOS) as a free

radical (Fig. 2). There are three distinct genes

encoding NOS isozymes; neuronal NOS (nNOS

or NOS-1), cytokine-inducible NOS (iNOS or

NOS-2) and endothelial NOS (eNOS or NOS-3)

(Melikian et al. 2009) (Table 2). The production

of NO from L-arginine by NOS requires the

presence of various co-factors including

tetrahydrobiopterin, flavin adenine dinucleo-

tide, flavin mononucleotide, calmodulin (cal-

cium binding protein) and iron protoporphyrin

(Palmer et al. 1988). nNOS is expressed in the

central and peripheral nervous systems, in car-

diac and skeletal myocytes, smooth muscles and

ECs. NO produced in the nervous systems by

nNOS is associated with the regulation of neu-

ronal excitability and synaptic plasticity, mem-

ory and learning processes. It has been

suggested that the expression of vascular

nNOS is also upregulated by stimulation with

Fig. 2 Nitric oxide (NO) is synthesized by endothelial

nitric oxidase synthase (eNOS) can activate soluble

guanylate cyclase. cGMP is produced. Vasodilatation

occurs, and angiogenesis is inhibited. NO inhibits both

platelet and monocyte functions (Şekil Türkçe)
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AT-II and platelet-derived growth factor

(Dawson et al. 1991). iNOS is minimal under

physiological conditions and is calcium insensi-

tive. When iNOS is stimulated, it continuously

produces NO. Induction of iNOS occurs mainly

during infection and chronic inflammation.

iNOS is expressed in vascular smooth muscle

cells following exposure to pro-inflammatory

cytokines. It is reported that inflammation-

induced iNOS production in the endothelium is

related to the vascular dysfunction by limiting

the availability of BH4 for e NOS (Lowenstein

and Padalko 2004; Gunnett et al. 2005). eNOS is

the major isoform for the regulation of vascular

function. The activity of eNOS and the produc-

tion of NO can be stimulated by shear stress,

acetylcholine, bradykinin and histamine by both

calcium-dependent and independent ways

(Laher 2014). Acetylcholine, bradykinin and

histamine bind to specific receptors on the endo-

thelial cell membrane and increase the intracel-

lular concentration of calcium. In a calcium-

independent manner, the activation of eNOS is

due to the post-translational modification of the

enzyme including phosphorylation by NOS

kinase and dephosphorylation by phosphatases

(Kellogg et al. 2005; Bae et al. 2003). Phosphor-

ylation alters the activity of eNOS, and different

sites of phosphorylation can have an opposing

effect.The endogenous competitive inhibitor for

eNOS is called asymmetric dimethyl arginine

(ADMA) (Arora et al. 2013; Zhao et al. 2014).

The inhibition of eNOS is correlated with

plasma ADMA levels, and plasma ADMA

levels are inversely related to endothelium-

dependent vasodilation (Vestweber 2012). The

acute and chronic rise in the shear stress of

blood up-regulates the expression and the activ-

ity of eNOS, and thus the release of EDRF/NO

(Kolluru et al. 2010; Michel and Vanhoutte

2010). AT-II by binding to its receptor produces

bradykinins which stimulate eNOS conse-

quently increases the formation of NO (Yayama

et al. 2006).

Additionally, the products of the metabolism

of NO are nitrite and nitrate which act as a

reservoir of NO. Under certain conditions, sev-

eral enzymes, such as xanthine oxidoreductase,

mitochondrial cytochrome oxidase, aldehyde

dehydrogenase 2 and cytochrome P450 reduc-

tase, catalyze the reduction of nitrite or nitrate

to NO (Weitzberg et al. 2010).

Table 2 The forms of NO synthase

Gene

Main

Localization (s) Functions Stimulation

Neuronal NOS
(nNOS;NOS-1)
(calcium-dependent)

Chromosome 12 Central and

peripheral

nervous

systems

Regulation of neuronal

excitability and synaptic

plasticity,

Angiotensin II

Platelet-derived growth

factor

Cardiac and

skeletal

myocytes

Smooth muscle

and endothelial

cells

Memory and learning

processes

Inducible NOS
(iNOS;NOS-2)
(calcium-
independent)

Chromosome 17 Immune system Participation in anti-

microbial and anti-tumor

activities (e.g.oxidative

burst of macrophages)

Proinflammatory

cytokines (Interleukin-

1, Tumor necrosis

factor α, Interferon γ)

Cardiovascular

system

Smooth muscle

cells

Endothelial NOS
(eNOS; NOS-3)
(calcium–dependent)

Chromosome 7 Endothelium Regulating vascular

function

Shear stress

Acetylcholine

Bradykinin

Histamine
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Prostacyclin Another vasodilator molecule is

prostacyclin (also called prostaglandin I2 or

PGI2) which is a prostaglandin that belongs to

the eicosanoid family of lipid molecules. Prosta-

cyclin is produced in ECs in response to inflam-

matory mediators, including interleukin (IL)-1

and platelet-derived and epidermal growth

factors from prostaglandin H2 (PGH2) by the

action of the enzyme prostacyclin synthase

(Fig. 3). Like NO, it inhibits platelet activation

and act as an effective vasodilator (Cahill and

Redmond 2016; Siti et al. 2015). PGI2 is released

by healthy ECs and performs its function via

paracrine signaling that involves G protein-

coupled receptors on both ECs and platelets.

PGI2 binds to endothelial prostacyclin receptors

and raise cAMP levels in the cytosol. cAMP

activates protein kinase A (PKA) which

promotes the dephosphorylation of the myosin

light chain kinase. Dephosphorylation of the

enzyme results in the inhibition of myosinlight-

chainkinase. This leads relaxation of the smooth

muscle relaxation and vasodilation (Francis

et al. 2010). Prostacyclin has also antiproli-

ferative, antithrombotic, anti-inflammatory and

antimitogenic effects on vascular cells. On the

other hand, prostanoids, such as PGD2 and PGF2,
produced in vascular endothelium modulating

intracellular Ca2+ concentration produce vaso-

constriction (Siti et al. 2015).

Fig. 3 The synthesis of the prostacyclin from prostaglan-

din (PG) G2 and thromboxane (TX) A2. TXA2 shows

interactions in contrast to PGI2. IL-1 Interleukin-1, PDGF

Platelet derived growth factor, EGF Epidermal growth

factor, R PGI2 receptor
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Endothelium‐Derived Hyperpolarizing

Factor The term of EDHF represents a mecha-

nism rather than a specific factor (Luksha et al.

2009). Prostacyclin and NO can be considered as

an endothelium-derived hyperpolarizing substance.

Because most of the available inhibitors of cyclo-

oxygenase abolish the production of prostaglandins

in vascular tissues, any endothelium-dependent

hyperpolarization observed in the presence of one

of these inhibitors is unlikely to involve prostacy-

clin. NO can also hyperpolarize, or repolarize, vas-

cular smooth muscle cells by activating, in either a

c-GMP dependent or –independent pathways

through potassium channels such as K-ATP. NO

interacts with other ionic channels of the smooth

muscle, including chloride and cationic channels

and also influences the membrane potential of the

smooth muscle cells indirectly in an autocrine fash-

ion (Félétou and Vanhoutte 2006). Members of a

class of arachidonic acid derivatives, the

epoxyeicosatrienoic acid, hydrogen peroxide, C-

type natriuretic peptide, have been suggested to

function as an EDHF in some vascular beds.

These molecules are accepted as non-NO–non-

PGI2– EDHFs. EDHF is proposed to be a substance

and/or electrical signal that is generated or

synthesized in and released from the endothelium.

Its function is to hyperpolarize vascular smooth

muscle cells, causing these cells to relax. EDHFs

are able to activate ion channels, and initiate

smooth muscle hyperpolarization and relaxation

(Luksha et al. 2009). Calcium-activated K+

channels are opened by EDHFs in vascular smooth

muscle cells. The effects of EDHF’s are highest on

the small arteries, and are very significant for the

regulation of organ blood flow, peripheral vascular

resistance and blood pressure, particularly when

production of NO is depressed (Michel and

Vanhoutte 2010; Luksha et al. 2009; Félétou and

Vanhoutte 2006; Khazaei et al. 2008).

Endothelins Endothelins (ETs) are potent vaso-

constrictor molecules having a key role in vascu

lar homeostasis (Fig. 4). Although there are three

Fig. 4 Endothelin (ET); receptors (ETA and ETB),

mechanisms and effects. PLC Phospholipase C,

PIP Phosphatidyl inositol diphosphate, IP3 Inositol

triphosphate, DAG Diacylglycerol, MAPK Mitogen

activated kinase, AAArachidonic acid, PGG2 Prostaglan-

din G2, PGI2 Prostaglandin I2
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types of ET, vascular ECs produce only ET-1

which has prominent roles (Wang and Zhao

2010). ET-1 is a 21 amino acid peptide that is

synthesized from a 39 amino acid precursor

named pre-pro endothelin. Active endothelin

molecule is generated by the actions of an

endothelin converting enzyme (ECE) found on

the endothelial cell membranes. There are two

basic types of ET-1 receptors: ETA and ETB.

Both of these receptors are coupled to a G-pro

tein and to the formation of IP3 (Barton 2011;

Kedzierski and Yanagisawa 2001). In blood

vessels, the ETA receptor is dominant under nor-

mal conditions. ET-1 produces vasoconstriction

through activation of L-type Ca+2 channels by

binding to ET-A receptors on vascular smooth

muscle cells. In addition to the presence of both

ETA and ETB receptors on the smooth muscle,

ETB receptors are also found on the endothelium,

and under the control of vascular tone, consider-

able cross-talk between ET, NO and prostacyclin

occur (Vanhoutte et al. 2009). When ET-1 binds

to endothelial ETB receptors, the formation of

NO is stimulated but in the absence of smooth

muscle endothelin receptor stimulation, NO

causes vasodilation. The other effects of ETs

include cell growth, embryonic development,

renal functions, neurophysiological functions

(such as pain signaling), cardiovascular homeo-

stasis, cancer cell growth, endocrine function,

inflammation, pulmonary functions (such as

bronchoconstriction) and reproductive system

functions (Khazaei et al. 2008). ET-1 production

and release are stimulated by AT-II, antidiuretic

hormone (ADH), thrombin, cytokines, reactive

oxygen species, and shearing forces acting on

the vascular endothelium. The ET-1 release is

inhibited by prostacyclin, atrial natriuretic pep

tide and NO (Davenport et al. 2016).

Angiotensin I and II Angiotensin II (AT-II)

cause structural changes and vasoconstriction in

the arterial wall by affecting many cellular and

intracellular events in smooth muscle. Two types

of AT-II receptors on ECs are determined. AT-II

type-1 receptor is particularly involved in the

contraction of vascular smooth muscle cells.

AT-II-type-1 receptor blockers increase the

release of NO and prostaglandins whereas AT

II- type-2 receptors provide the activation of the

endothelial relaxation (Masuyer et al. 2014;

Jiang et al. 2014).

Thromboxane Thromboxane (TX) A2 is a

member of the eicosanoid lipid family. TXA2 is

generated from prostaglandin H2 by thrombox

ane-A synthase. TXA2 acts by binding to the G-

protein-coupled thromboxane receptors. Throm-

boxane is a vasoconstrictor, and it facilitates

platelet aggregation (Fig. 3). Therefore, TXA2

shows interactions in contrast to prostacyclin

(Bauer et al. 2014; Korbecki et al. 2014).

Adenosine The vascular ECs releases adeno-

sine to produce vaso-relaxation through activa-

tion of purinergic (P2) receptors. Adenosine

release is related to local oxygen tension. Also,

adenosine metabolites play roles in local

vasoregulation and in the physiological control

of blood pressure (Ralevic and Dunn 2015).

2.2 Inflammatory and Immune
Response of ECs

Many stimuli associated with inflammatory and

immune vascular diseases have been reported to

induce endothelial cell apoptosis (Winn and

Harlan 2005a). Endothelial cells produce and

react to a variety of cytokines (these include

chemokines, colony-stimulating factors (CSF),

Interleukins (IL), growth factors, and interferons

(IFN) and other mediators). Therefore, ECs have

important roles in defense and inflammation.

The chemokines from ECs affect leukocytes

(neutrophils, eosinophils), T lymphocytes, natu-

ral killer cells and monocytes. Since ECs are

located at the tissue-blood interface, they present

several chemokines to circulating leukocytes.

When production of chemokines is elevated,

Tumor Necrosis Factor (TNF)-α and IL-1 for

the receptor (so called as decoy receptor) are

released into the circulation (Vanhoutte

et al. 2009). IL-1 and TNF-α are synergistically
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effective on the expression of pro-inflammatory

genes in various cells. Endothelial cells also pro-

duce granulocyte macrophage CSF (GM-CSF),

granulocyte CSF (G-CSF), macrophage CSF

(M-CSF), the stem cell factors, IL-1 and IL-6

and TNF receptors. ECs by themselves are

targets of the inflammatory response. TNF-α
and TNF-β are produced by activated

macrophages and activated T cells, respectively.

These activate ECs and neutrophil aggregation,

as well as NO synthesis. Inflammatory disease

progression depends on the balance between

pro-inflammatory and anti-inflammatory

cytokines. ECs involve the systemic anti-

inflammatory response by producing anti-

inflammatory cytokines such as an IL-1 receptor,

IL-10, IL-13, and Transforming Growth Factor

(TGF)-β. Anti-inflammatory cytokines can either

block the process initiated by pro-inflammatory

cytokines or suppress the inflammatory cascade.

While cytokines such as IL-4, IL-10, IL-13, and

TGF-β suppress the production of IL-1, TNF-α,
other pro-inflammatory cytokines block the pro-

duction of these cytokines (Mai et al. 2013).

TGF-β is also produced by macrophages,

T cells, and endothelium and generally works as

a growth inhibitor of ECs. Additionally, IL-8

stimulates proliferation and migration of ECs

and have angiogenic properties (Medzhitov

2008; Levesque et al. 1990).

ECs facilitate leukocyte movement into

tissues through adhesion molecules such as

E-selectin, P-selectin, intercellular adhesion

molecule-1 (ICAM-1) and vascular cell adhesion

molecule (VCAM). Resting ECs are considered

not to be adhesive to circulating leukocytes.

ICAM-2 is expressed on resting ECs, whereas

ICAM-1 and VCAM are minimal on resting

state and their expression can be increased

by cytokines and endotoxin activation.

Lymphocytes, platelets, and other leukocytes

can interact with ECs under basal conditions via

the L-selectin receptor. When lymphocytes are

activated, they express integrins, which interact

with ICAM and VCAM. L-selectin, as an adhe-

sion molecule, and β2 integrin are involved in the
adherence of leukocytes to ECs. Activated ECs

also secrete platelet activating factor (PAF) and

stimulate the expression of P-selectin and

E-selectin. PAF upregulates integrins on

leukocytes. Activated platelets binds to CD40

on ECs (Vanhoutte et al. 2009; Tuttolomondo

et al. 2012; Tummala et al. 1999; Szmitko

et al. 2003).

The endothelium is also capable of expressing

various growth factors including G-CSF,

M-CSF, GM-CSF, platelet-derived growth factor

(PDGF), vascular endothelial growth factor

(VEGF), and fibroblast growth factors (FGF).

CSFs and growth factors produced by the endo-

thelium are also important for hematopoiesis

which increases the number of immune cells in

the circulation during inflammation (Croft

et al. 2009).

The immune system has important roles in the

defense mechanism against infections or in

response to tissue injury. Dendritic cells (DC),

macrophages, natural killer (NK) T cells, and

Toll-like receptors (TLRs) are components of

the immune system. ECs actively participate in

both innate and adaptive immune responses

through producing cytokines and chemokines

which recruit phagocytes to the site of infection.

Endothelial permeability is also increased,

allowing for additional trafficking of immune

cells during inflammation. Although ECs at rest

do not interact with leukocytes, activated ECs

increase the expression of adhesion molecules

and chemokines and interact with immune cells

during the inflammatory process. ECs also can

serve as antigen presenting cells by expressing

both MHC I and II molecules and presenting

endothelial antigens to T cells during inflamma-

tion. Both TLRs (TLR2 and TLR4) and NLRs

are expressed in inflamed endothelium. When

inflammation is dominated by TH1 cells, ECs

express chemokine ligand 10 (CXCL10) and

E-selectin, which favors the recruitment of TH1

cells. EC surface molecules such as lymphocyte

function-associated antigen (LFA)-3 and ICAM-

1 increase the production of IL-2 and IL-4 by

T cells. ECs with activated T cells enhance IFN-γ
production via OX40 (CD134) signaling (OX40

is a member of the TNFR/TNF superfamily and

are expressed on the activated CD4 and CD8

T cells). An anti-angiogenic cytokine derived
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from ECs, vascular endothelial growth inhibitor

functions to suppress ECs proliferation in a cell

cycle-dependent manner lipopolysaccharide,

which induce ECs to produce IL-1, IL-8, and

monocyte chemotactic protein-1 (MCP-1). Like

LPS, tumor necrosis factor-α (TNF-α), and inter-
feron-γ (IFN-γ) can induce TLR2 expression via

an NF-kB-dependent pathway. ECs also express

CD14, a known receptor for LPS and IFN-α,
which is an important cytokine in regulating

innate immune responses against viruses (Mai

et al. 2013; Croft et al. 2009; Rodriguez-Iturbe

et al. 2014).

Under healthy conditions, ECs express the

lectin-like oxidized low-density lipoprotein

(oxLDL) receptor (LOX-1) at low levels. Expres-

sion of LOX-1 in ECs is elevated in response

to stimulation by oxLDL, pro-inflammatory

cytokines, and pro-atherogenic factors such as

AT-II. OxLDL also induces cell surface adhesion

molecule expression and impair NO production

in ECs by increasing superoxide generation.

LOX-1 has a role in the mediation of endothelial

phagocytosis of aged red blood cells and apopto-

tic cells. LOX-1-mediated phagocytotic activity

can be inhibited by oxLDL. Thus, LOX-1 is

important in endothelial-mediated vascular

homeostasis and coagulation prevention under

physiological conditions (Pirillo et al. 2013;

Dunn et al. 2008).

ECs can also induce suppressive immune

function in T cells. Mechanistically, after contact

with ECs, regulatory T cells upregulate the

expression of programmed death-1 receptor and

increase the production of anti-inflammatory

cytokines IL-10 and TGF-β (Tselios et al. 2014;

Pastrana et al. 2012).

Recently, it has been shown that ECs also

induce cellular signaling by endothelial

microparticles (EMPs). EMPs are small plasma

membrane-derived vesicles (0.1–1.5 μm in

diameter), are released by various cell types dur-

ing cell activation or apoptosis (a type of

programmed cell death). Microparticle formation

induced by various factors, including TNF-α,
IL-1β, thrombin, calcium ionophore, and reactive

oxygen species. Microparticles express surface

antigens from their cells of origin which allow

for the identification of their sources. Circulating

EMPs are biomarkers of inflammation and con-

tribute to the pathological state. Depending on

the nature of the stimulus, EMPs contain endo-

thelial proteins such as ICAM-1, integrin, and

cadherin. EMPs also have endothelial nuclear

materials such as microRNA, RNA, and DNA,

which can induce intracellular signaling via

the transfer of these nuclear materials and

proteins to target cells. EMPs also have

pro-coagulant and pro-adhesive properties,

which promote coagulation and vascular inflam-

mation. EMPs were also found to induce the

maturation of plasmacytoid dendritic cells.

Plasmacytoid dendritic cells matured by EMPs

secrete pro-inflammatory cytokines IL-6 and

IL-8 (Yuana et al. 2013; Bernal-Mizrachi

et al. 2003; Helbing et al. 2014a).

2.3 The Link Between Hemostasis
and Coagulation and ECs

The endothelium plays a pivotal role in the regu-

lation of the hemostatic balance, and endothelial

and smooth muscle cells express several proteins

participating in hemostasis. Hemostasis is a com-

plex event. Multiple interactions between blood

cells and the damaged vessel wall, the coagula-

tion proteins, and blood cells and the cell-cell

interactions are required in the hemostatic pro-

cess (Fig. 5). In physiological state, healthy ECs

express antiplatelet and anticoagulant molecules

that prevent platelet aggregation and fibrin for-

mation, respectively. Injury to endothelium leads

to loss of protective molecules and the appear-

ance of adhesive and pro-coagulant activities.

When coagulation proteins are activated by

their specific receptors on the vascular cell sur-

face, in turn, these cells lead to the expression of

genes involved in coagulation, angiogenesis, leu-

kocyte adhesion and regulation of the vascular

wall tone (Stenina 2003; Yau et al. 2015).

Tissue factor (TF) is the receptor for factor

VII and is a pro-coagulant. It is inhibited by

tissue factor pathway inhibitor (TFPI), which is

synthesized by ECs and is one of the most impor-

tant endothelium-derived inhibitors of the blood
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coagulation cascade. TF activates factor X,

which then combines with factor Va to convert

prothrombin to thrombin. Thrombin has

pro-coagulant activity. It binds to

thrombomodulin which is expressed on the ECs

surface. Thrombomodulin requires for the

pro-coagulant effects of thrombin as a cofactor

in normal vessels. The thrombin-

thrombomodulin complex activates protein

C. This process is forced by the endothelial pro-

tein C receptor (EPCR). Activated protein C

(APC) is an effective anticoagulant through the

inactivation of factor Va. Thrombin is also che-

motactic for polymorphonuclear leukocytes and

is a potent inducer of platelet activating factor

(PAF) expression in ECs. Thrombin is also

involved in the process of inflammation and can

up-regulate endothelial cell P-selectin expression

through von Willebrand factor (vWF). Endothe-

lium also produces and secretes vWF, mediating

platelet adhesion and shear stress-induced aggre-

gation. vWF, which is also synthesized within

megakaryocytes and the α-granules of platelets,
is a multimeric adhesion glycoprotein. vWF is

essential for platelet adhesion to collagen via the

platelet receptor glycoprotein Ib-FV-FIX at sites

of vascular injury. The vWF binds and stabilizes

factor VIII and is a cofactor for platelet binding

to exposed extracellular matrix in injured vessel

walls (Vanhoutte et al. 2009; Stenina 2003; Yau

et al. 2015; Steffel et al. 2006; Esmon 2006).

Under physiological conditions, the endothe-

lium prevents thrombosis. Endothelial protease-

activated receptors (PARs) serve as sensors for

proteases and initiate a cascade of cell signals

upon activation by thrombin, APC, FXa, the

Fig. 5 Endothelium has both anticoagulant and coagu-

lant activities (see text); PAR-1 Protease-activated

receptor-1, t-PA Tissue type plasminogen activator,

u-PA urokinase type plasminogen activator, vWF von

Willebrand factor (Şekilde Türkçe Karakterler mevcut)
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TF/FVIIa/FXa complex, high concentrations

of plasmin, and matrix metalloproteases.

Thrombin-mediated activation of PAR-1 is

responsible for the production of NO and prosta-

cyclin, which limits platelet activation, induces

the activation of Weibel-Palade bodies, releasing

VWF and t-PA, and mediates the surface expo-

sure of TF. Thus, PARs (especially PAR-2)

play an important role in the pro-coagulant

response upon stimulation, and this induces

pro-inflammatory responses (Lacave et al. 1989;

Lijnen and Collen 1997).

Platelets play a fundamental role in preventing

blood loss by forming the platelet hemostatic plug

and to serve as a platform for coagulation factors.

Platelet-endothelium interactions play an impor-

tant role in the activation and regulation of

platelets. While an intact endothelium inhibits the

adhesion of platelets, through the release of NO

and PGI2, activated ECs express a variety of

molecules and receptors that increase platelet

adhesion to the site of injury. In ECs, Weibel-

Palade bodies store, vWF, P-selectin,

angiopoietin-2, t-PA, and ET-1, which are active

participants of platelet adhesion, leukocyte recruit-

ment, inflammation modulation, fibrinolysis, and

vasoconstriction, respectively. Following vascular

insult or in the presence of vasoactive agents such

as histamine, bradykinin, and thrombin, endothe-

lial Weibel-Palade bodies fuse with the plasma

membrane and release these products into the

space wherein they perform their specific

functions (Francis et al. 2010). Normal ECs also

produce enzymes called ectonucleotidases, which

dephosphorylates ADP to AMP and then to aden-

osine and inhibit platelet aggregation, and release

matrix metalloproteases (MMPs) to cleave platelet

aggregates. TXA2 produced by activated platelets,

has prothrombotic properties, stimulating activa-

tion of new platelets as well as increasing platelet

aggregation. Platelet aggregation is achieved by

mediating expression of the glycoprotein complex

GP IIb/IIIa in the cell membrane of platelets.

Circulating fibrinogen binds to these receptors on

adjacent platelets, further strengthening the clot

(Yau et al. 2015; Steffel et al. 2006; Esmon 2006;

Perutelli et al. 1992; Lacave et al. 1989; Lijnen and

Collen 1997).

ECs synthesize and secrete plasminogen

activator (PA) to degrade the clot and plasminogen

activator inhibitor (PAI), and thus

provide anticoagulant and pro-coagulant regu-

latory mechanisms, respectively. Additionally,

MMPs are released from ECs to cleave platelet

aggregates. Fibrin degradation is trigged by some

fibrinolytic molecules, such as tissue –type PA

(t-PA) and urokinase-type PA (u-PA). t-PA is pre-

dominantly found in ECs while u-PA is expressed

in ECs, macrophages, renal epithelial cells and

some tumor cells. T-PA convert plasminogen to

plasmin. Both plasminogen and plasminogen

activators (t-PA and u-PA) bind to specific cellular

receptors; assembly of components of the fibrino-

lytic system at the endothelial cell surface results

in stimulation of fibrinolytic activity. Thus, t-PA

provides an essential method for removal of blood

clots (Salame et al. 2000; Shih and Hajjar 1993;

Barnathan et al. 1990).

2.4 Hemodynamic Factors
and Endothelial Cell

Flow rate and pressure in the blood vessels also

affect the smooth muscle tone. The increase in

flow velocity (shear stress), via ion channels (cal-

cium, potassium and sodium) stimulates eNOS

activity and the synthesis of NO from ECs. The

increase in pressure reduces both the stress and

release of endothelin from NO; vascular shear

stress can also influence the coagulant potential

of ECs. Arterial shear stress can induce the tran-

scription factors. Likewise, reduced venous shear

stress can induce hypoxia and stimulate the release

of P-selectin and vonWillebrand factor from ECs.

The nature of the shear stress also has a significant

influence on the type of thrombi that forms. Arte-

rial clots form under high shear stress after athero-

sclerotic plaque rupture and are rich in platelets

(called as white clot). In contrast, venous thrombi

develop under low shear stress and are rich in fibrin

and red blood cells (called as red clot). It has been

indicated that plasma viscosity is a major determi-

nant of capillary blood flow, and alteration in

plasma viscosity contributes to impaired blood

flow and to increased cardiovascular risk
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(Reneman et al. 2006; Ballermann et al. 1998; Li

et al. 2005b; Ercan et al. 2003).

2.5 Angiogenesis

Since ECs are an important component of blood

vessels, they can be triggered to induce angiogene-

sis upon stimulation (Francis et al. 2010). VEGF is

an angiogenic factor produced byECs,with specific

receptors on the endothelium.The formation of new

blood vessels from pre-existing endothelium is

mediated by VEGF. VEGF also contributes to the

inflammatory response through stimulation of the

release of adhesion molecules, MMPs and NO, via

the transcription factor activator protein-1 (AP-1)

(Kim and Byzova 2014; Jaipersad et al. 2014).

The coagulation system plays amajor role in the

development of angiogenesis. Activated protein C

stimulates angiogenesis in brain endothelium, and

cross-linked fibrin serves as a scaffold for ECs to

synthesize new blood vessels. Platelets contain a

rich source of vasoactive agents and chemokines,

such as serotonin, TA2, PAF and pro-angiogenic

growth factors, such as vascular VEGF. VEGF can

stimulate/upregulate eNOS and has physiological

role for the normal endothelial control of vasomo-

tor tone (Jaipersad et al. 2014).

An anti-angiogenic cytokine derived from

ECs, vascular endothelial growth inhibitor

functions to suppress EC proliferation in a cell

cycle-dependent manner. These compounds

stimulate ECs proliferation and promote the

growth of new blood vessels. The expression of

TF has been shown to induce tumor angiogenesis

through TF-FVIIa-dependent PAR-2 activation

which induces the expression of VEGF, IL-8,

and MMP-7. It has been suggested that TF iso-

form may play a prominent role in promoting the

angiogenesis (Mai et al. 2013; Yau et al. 2015).

Laminar shear stress is also a potent

antiapoptotic stimulus in ECs. Some postulated

mechanisms of protection include up-regulation

of NOS, as well (Ercan et al. 2014).

3 Endothelial Dysfunction

Healthy endothelium has some athero-protective

role including promotion of vasodilation, antioxi-

dant and anti-inflammatory effects, inhibition of

both leukocyte adhesion andmigration and smooth

muscle cell proliferation and migration. Healthy

endothelium has anticoagulant and profibrinolytic

effects, as well as the inhibitory effects on platelet

aggregation and adhesion. Impaired endothelium-

dependent vasodilation is also associated with the

state of endothelial activation which is

characterized by elevated pro-inflammatory and

pro-coagulatory events (Fig. 6). The major factors

for endothelial dysfunction are a reduction of the

NO bioavailability, impairment in the response of

vascular smooth muscle to the vasodilators, the

elevated sensitivity of ECs against

Fig. 6 Oxidative stress

induced endothelial

dysfunction
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vasoconstrictors, increased production of the vaso-

constrictor substances, or elevated shear stress

(Fig. 7). Traditional and nontraditional risk factors

for cardiovascular events, diabetesmellitus, athero-

sclerosis and hypertension are associated with

enhanced ROS or increased oxidative stress.

Increased oxidative stress is considered as a major

mechanism involved in the pathogenesis of endo-

thelial dysfunction. Disturbance ofNOmetabolism

(elevated degradation of NO, inactivation of NO,

or presence of NO inhibitors; Fig. 8) may be due to

the elevation in oxidative stress (González

et al. 2014; Bonetti et al. 2003).

3.1 NO and Endothelial Dysfunction:
The Link with Oxidative Stress

Oxidative stress has been implicated in the patho-

physiology of many cardiovascular conditions,

including hypertension. ROS significantly

increase the influence of stimulants such as inflam-

mation, radiation, high partial oxygen pressure,

advanced age, obesity, and chemical substances.

Oxidative stress that increases on a cellular level

results in oxidative damage by altering the struc-

ture of molecules such as deoxyribonucleic acid,

amino acid, protein, lipid, and carbohydrate

(Fig. 9). A particularly important radical for

Fig. 7 A balance between endothelium‐derived relaxing

factors (EDRFs) and endothelium‐derived contracting

factors (EDCFs)

Fig. 8 Nitric oxide (NO) bioavailability

Fig. 9 Oxidative stress has

been implicated in the

pathophysiology of many

cardiovascular conditions,

including hypertension.

ROS significantly increase

the influence of stimulants

such as inflammation,

insulin resistance,

dyslipidemia, advanced age

and obesity which are

related to decreased nitric

oxide bioavailability
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cardiovascular biology is superoxide, which is

formed by the one-electron reduction of oxygen.

Superoxide can serve as both an oxidant and

as a reductant and is a progenitor for other

ROS. Other radicals include the hydroxyl

radical, lipid peroxyl radical, and alkoxyl radicals.

Other molecules, including peroxynitrite,

hypochlorous acid, and hydrogen peroxide are

not radicals but have strong oxidant properties

and are, therefore, included as ROS. Another a

group of molecules is the reactive nitrogen species

(RNS) including NO, the nitrogen dioxide radical,

and the nitro sodium cation. The main sources for

oxidative excess in the vasculature are adenine

dinucleotide phosphate (NADPH) oxidase

(NOX), xanthine oxidase, the mitochondrial and

uncoupled NOS (Zhao et al. 2014; Bonetti

et al. 2003; Ferroni et al. 2006).

NOX catalyzes the reduction of molecular

oxygen by NADPH as an electron donor, thus

generating superoxide. Superoxide anion is a

major determinant of NO synthesis and availabil-

ity, and can act as a vasoconstrictor. Superoxide

combines with NO, which is synthesized by

eNOS, to form peroxynitrite, in turn,

peroxynitrite oxidizes and destabilizes eNOS to

produce more superoxide. Superoxide also leads

to BH4 oxidation, which is a cofactor for NO

synthesis. Vascular superoxide is derived primar-

ily from NOX when stimulated by hormones

such as AT-II and ET-1. Xanthine oxidase is

also an important source for oxygen free radical

present in the vascular endothelium. It involves

purine metabolism. During this process oxygen is

reduced to superoxide (González et al. 2014).

eNOS is an important source of superoxide

and peroxynitrite. In addition AT-II, acting

through the AT1 receptor stimulates NOX caus-

ing the accumulation of superoxide, hydrogen

peroxide, and peroxynitrite. Peroxynitrite is

generated from NO in the increased oxidative

stress conditions. It plays proatherogenic roles

by leading to oxidation of LDL and degradation

of the eNOS cofactor. ROS upregulate VCAM-1,

ICAM-1 and MCP-1. Oxidative excess is also

linked to a pro-inflammatory state of the vessel

wall. Inflammation decreases NO bioavailability.

On the other hand, under pathological conditions,

EDHF can compensate for the loss of NO in

arteries. The effects of EDHF are greatest at the

level of small arteries. The changes in the EDHF

action are of critical importance for the regula-

tion of organ blood flow, peripheral vascular

resistance, and blood pressure (Luksha

et al. 2009; Ceriello 2008).

3.2 Asymmetric Dimethylarginine
and Endothelial Dysfunction

Asymmetric dimethylarginine (ADMA) is

endogenous competitive inhibitor of eNOS. It is

created in protein methylation, a common mech-

anism of post-translational protein modification,

which is catalyzed by N-methyltransferases.

ADMA is eliminated by excretion through the

kidneys or metabolism to citrulline by the

enzyme dimethylarginine dimethylamino-

hydrolase (DDAH). ADMA is one of the

molecules associated with oxidative stress.

Oxidative stress increases the plasma ADMA

levels by increasing the activity of enzymes that

take part in the production of ADMA and by

decreasing the activity of enzymes that take

part in metabolizing ADMA. The increased

ADMA levels decrease the release of NO by

inhibiting NOS. As NO decreases, hemodynamic

changes and endothelial dysfunction occurs.

Overexpression of DDAH also decreases

ADMA levels and increase eNOS activity. Pro-

tein arginine methyltransferases, which produce

methylated arginines, were shown to be

upregulated by shear stress, and this upregulation

was associated with enhanced ADMA generation

(Endemann and Schiffrin 2004; Papageorgiou

et al. 2015; Siervo et al. 2011).

3.3 LDL Oxidation and Endothelial
Dysfunction

Oxidation plays a role in the pathogenesis of

atherosclerosis. The oxidation of LDL triggers

the uptake of the uptake of oxLDL by

macrophages and the formation of foam cell.

Also, oxidation processes may result in oxidized
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lipids with pro-inflammatory effect (Fig. 10).

The other lipids which present in the blood vessel

wall lead to inflammation and atherosclerosis

(Stancel et al. 2016; Ouweneel and Van Eck

2016).

3.4 Homocysteinemia
and Endothelial Dysfunction

Homocysteine (Hcy) is a sulfhydryl-containing

amino acid. It is synthesized from the demethyl-

ation of methionine. The presentation of either

methyl tetrahydrofolate or betaine, Hcy may be

converted into methionine by methylation reac-

tion or may be metabolized to cysteine by the

sulfuration reaction. It has been shown that

hyperhomocysteinemia is a major and indepen-

dent risk factor for cardiovascular disease. Hcy

cause arteriosclerosis by damaging the endothe-

lium either directly or by altering oxidative sta-

tus. In presence of hyperhomocysteinemia, Hcy

autoxidation occurs, which may stimulate the

production of hydroxyl radicals, as known as

oxidative stress initiators. Also, Hcy mediates

LDL-autoxidation and changes the redox thiol

status in mitochondrial gene expression. Homo-

cysteine and/or adenosine exposure of ECs

cause apoptosis (McCully 2015; Pushpakumar

et al. 2014).

3.5 Coagulation and Inflammation
Pathways and Endothelial
Dysfunction

Endothelial dysfunction is responsible for

inflammation and blood coagulation. During

endothelial dysfunction, ECs become activated

and contribute to the pathogenesis of thrombosis.

Hypoxic conditions often lead to endothelial dys-

function and promote the release of VWF from

ECs. Inflammation can be accompanied by

thrombosis. Proinflammatory cytokines, such as

TNF-α and IL-1, upregulate the production of TF

and VWF, while attenuating the expression of

thrombomodulin, NO and prostacyclin. Patients

with systemic inflammation show an impaired

Fig. 10 oxLDL activates macrophages and generation of

foam cells. Foam cells trigger the both production and

secretion of growth factors and cytokines which stimulate

cells proliferation and matrix degradation. MCP-1
Monocytechemotactic factor-1
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protein C system due to impaired protein C syn-

thesis and impaired protein C activation. While

protein C is synthesized by hepatocytes, ECs can

regulate protein C activation through the expres-

sion of thrombomodulin. As such,

thrombomodulin levels are significantly down-

regulated by the presence of pro-inflammatory

cytokines, such as TNF-α and IL-1, resulting in

diminished protein C activation. These events

result in a shift from anti-thrombotic to

pro-thrombotic conditions (Yau et al. 2015;

Goldenberg and Kuebler 2015; Kleinegris

et al. 2012).

3.6 Shear Stress and Endothelial
Dysfunction

Normally high shear stress is beneficial as it

promotes adaptive dilatation or structural

remodeling of the artery wall through

endothelium-mediated mechanisms In addition,

growth status of ECs can be regulated by shear

stress. It has been shown that shear stress

suppresses the EC apoptosis, and can be

attenuated by the inhibition of NO production.

Anti-apoptotic effect of shear stress is mediated

by the up-regulation of eNOS. Although the

inter-normal endothelium does not allow the pas-

sage of macromolecules such as oxLDL, shear

stress, by a variety of mechano-sensors effects,

activate intracellular signaling pathways, thus

modulating gene expression and cellular

functions such as proliferation, apoptosis, migra-

tion, permeability, and alignment

(Li et al. 2005a). It has been demonstrated that

the rheological impairment of dyslipidemic

patients was related with endothelial dysfunction

and this was a possible cause of both micro and

macrovascular complications. Plasma viscosity,

ADMA and oxLDL values were significantly

higher in subjects with dyslipidemia. Plasma

NO concentration was decreased in dyslipidemic

subjects compared to the normo-lipidemic

subjects (Ercan et al. 2014). Additionally, plasma

viscosity, an early atherosclerotic risk factor,

might be helpful in the assessment of cardiovas-

cular risk in obese subjects along with classical

cardiovascular risk factors such as plasma cho-

lesterol and atherogenic index (Konukoglu

et al. 2009).

3.7 Insulin Resistance
and Endothelial Dysfunction

Endothelial dysfunction may also favor insulin

resistance. It has been reported that the insulin

resistance syndrome can be involved as the

diverse consequences of endothelial dysfunction

in different vascular beds. Insulin resistance is

frequently associated with other abnormalities

that can affect endothelial function, such as

hyperglycemia, hypertension, dyslipidemia, and

altered coagulation/fibrinolysis. Insulin resis-

tance leads to endothelial dysfunction and may

contribute to obesity (Fig. 11). Obesity leads to

insulin resistance and endothelial dysfunction,

mainly through fat-derived metabolic products,

hormones, and adipocytokines. Obesity, insulin

resistance, and endothelial dysfunction closely

coexist in type 2 diabetes. The mechanisms are

numerous and complex. Non-pharmacological

and pharmacological interventions targeting obe-

sity and/or insulin resistance demonstrate an

amelioration of endothelial dysfunction and

low-grade inflammation (Muniyappa and Sowers

2013; Rao et al. 2015; Prieto et al. 2014).

4 The Links Between Endothelial
Dysfunction and Sustained
Hypertension

Endothelial dysfunction was initially identified

as impaired vasodilation to specific stimulus of

acetylcholine or bradykinin. Endothelium dys-

function leads to functional changes in the micro-

vasculature with a predominant and deleterious

constrictive tone. Endothelial dysfunction, as a

risk factor involves several pathological

conditions. Hypertension is also an important

risk factor for atherosclerosis and endothelial

dysfunction. In hypertension, sustained elevation

of systemic pressure in the microvasculature

leads to premature aging and increased turnover
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of ECs. The endothelium has an impaired ability

to release EDRFs, resulting in vasoconstriction

(Fig. 12). Hypertension has been linked to defi-

cient levels of NO and increased vascular pro-

duction of ROS. There are some structural

changes in the vascular wall in hypertension.

Hypertension results in structural alterations in

microcirculatory beds such as remodeling and

rarefaction. It is remodeling that is responsible

for the majority of the chronic elevation in sys-

temic vascular resistance seen in hypertension

(Kiowski 1999; McIntyre et al. 1999; Jacobsen

et al. 2011)

Reduction in NO synthesis leads to arterial

vasoconstriction and hypertension. Chronic

administration of NOS inhibitors causes

sustained hypertension. NO plays a role in

facilitating sodium excretion so that systemic

inhibition of NOS promotes salt and water reten-

tion (Melikian et al. 2009). Together these

findings suggest that a reduction in

NO-mediated dilatation will increase arterial

Fig. 11 Insulin resistance

and endothelial

dysfunction. IL Interleukin,

TNF Tumor necrosis

factor, CRP C-reactive

protein, PAI-I Plasminogen

activator inhibitor –I

Fig. 12 Impaired response

of endothelium to

vasoconstriction in

hypertension
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resistance and enhance the susceptibility of the

cardiovascular system to pressor stimuli. The

role of the endothelium and NO in systemic

hypertension is very controversial. Although an

impaired release of relaxing factors may partly

be associated with the pathogenesis of hyperten-

sion (Michel and Vanhoutte 2010; Lüscher
et al. 1989), it now appears that endothelium-

dependent relaxation is heterogeneously affected

in this condition. In some vascular beds of hyper-

tensive rats such as the aorta, mesenteric, carotid

and cerebral vessels, endothelium-dependent

relaxation is impaired (Calver et al. 1993;

Luscher and Vanhoutte 1986; Dohi et al. 1990).

In contrast, in coronary and renal arteries of

spontaneously hypertensive rats, endothelial

function does not seem to be affected by high

blood pressure (Luscher 1991; Tschudi

et al. 1991).

Despite the fact that mechanisms underlying

hypertension are not yet fully elucidated, the

evidence shows that oxidative stress plays a cen-

tral role in its pathophysiology. In general, oxi-

dative stress is defined as excess formation

and/or insufficient removal of highly reactive

molecules such as ROS and reactive nitrogen

species (RNS). ROS promote vasoconstriction

and vascular remodeling, increasing systemic

vascular resistance, a common finding in most

cases of human hypertension. ROS promote

vasoconstriction and vascular hypertrophy.

NOX is up-regulated by humoral and mechanical

signals in hypertension. In hypertension, both

endothelial xanthine oxidase and ROS are

increased, which is associated with increased

arteriolar tone. Xanthine oxidase may play a

role in end-organ damage in hypertension

(Gimenez et al. 2016; Santilli et al. 2015;

Montezano et al. 2015a; Virdis et al. 2011).

Hypertension is associated with lipid peroxi-

dation due to an impaired oxidant/antioxidant

status (Armas-Padilla et al. 2007). Increased

lipid peroxidation and decreased antioxidants

with aging indicate that per oxidative damage

further increases with higher blood pressure

and the aging process. It has been shown

that, there was a significant relationship

between acetylcholine-dependent vasodilation

and plasma levels of selectins, MCP-1

and thiobarbituric acid-reactive substances

(TBARS; as a marker of lipid peroxidation)

(Lee et al. 2012; Ahmad et al. 2013; Rodrigo

et al. 2013). Previously reported study was to

evaluate the influence of aging on the levels of

TBARS, lipid hydroperoxide (LOOH), and

8-iso-prostaglandin F2α (8-iso-PGF2α) in

elderly hypertensives (Yavuzer et al. 2016a).

The results of this study demonstrated that

serum TBARS, LOOH and 8-iso-PGF2α levels

were significantly high in the elderly hyperten-

sive patients. The relationship between miRNA,

NO and eNOS with subclinical atherosclerosis in

patients with hypertension has been evaluated

(Cengiz et al. 2015). Decreased levels of NO

and eNOS and increased miRNA expression

were found in this study. This report suggests

that miRNAmight be involved in the early stages

of atherosclerotic process in hypertensive

patients. Population-based observational studies

have reported an inverse relationship between

various plasma antioxidants and blood pressure.

Decreased antioxidant activity (SOD, catalase)

and reduced levels of ROS scavengers

(vitamin E, glutathione) might contribute to oxi-

dative stress in human hypertension (Rodrigo

et al. 2007; Loukogeorgakis et al. 2010). Plasma

vitamin C levels are inversely related to blood

pressure in normotensive and hypertensive

cohorts (Block et al. 2008). Amelioration of

impaired endothelial function and protection

against vascular damage by reducing oxidative

stress through exercise, healthy diet, and smok-

ing cessation, but not through antioxidant

supplementation, should provide additional ther-

apeutic benefit in the management of patients

with hypertension. Until more is known about

the molecular mechanisms, whereby ROS cause

vascular damage and hypertension in humans,

therapies targeting oxidative stress should focus

on promoting vascular health through lifestyle

and healthy behavioral modifications, such as

exercise, nutrition, and smoking cessation

(Michalsen and Li 2013).

On the other hand, oxidative stress and endo-

thelial dysfunction are known to be associated

with inflammation and can contribute to
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hypertension; however, whether inflammation is

a cause or effect of hypertension is not clear.

Inflammation is a protective response to injury

or infection. The acute phase protein, C-reactive

protein (CRP), is considered as inflammatory

marker showing the strongest association with

hypertension. It has been demonstrated that

hypertensive patients commonly have higher

plasma CRP levels. Hypertensive patients have

been reported to have higher plasma

concentrations of pro-inflammatory cytokines.

Inflammation has been shown to down regulate

NOS activity. Chronic inflammation can also

trigger oxidative stress, which has been

associated with hypertension (Crowley 2014;

Yasunari et al. 2002).

There is also evidence for involvement of

immune cells in human hypertension. Hyperten-

sive patients with nephrosclerosis have higher

renal infiltration of CD4+ and CD8+ T cells

than normotensives (Youn et al. 2013).

Circulating levels of CXC chemokine receptor

type 3 (CXCR3), which is well-known tissue-

homing chemokine for T cells, have been

reported to be elevated in hypertensive patients

(Youn et al. 2013). On the other hand, HT

induces vascular wall injury and remodeling.

The immune system is a sensitive sensor of tissue

injury and is involved in the repair (Winn and

Harlan 2005b). Hypertensive factors such as AT

II, salt, or aldosterone directly activate the innate

immune system (De Ciuceis et al. 2014; De

Miguel et al. 2015). This process also leads com-

plement activation and toll-like receptors (TLR)

as well as ROS production. Autoimmunity can

also be directed against vascular wall antigen.

Due to the autoantibodies against AT receptor

develop in some hypertensives, it is considered

that innate immunity can be a secondary cause of

hypertension and adaptive immunity can cause or

aggravate hypertension. Therefore immunity

may be a potential therapeutic target in hyperten-

sion in the future (Wenzel et al. 2016; Anders

et al. 2015; Idris-Khodja et al. 2014).

Hypertensive individuals are also at increased

risk for type 2 diabetes. They are often over-

weight, insulin resistant, and have endothelial

dysfunction. Interestingly, it has been reported

that even non-obese hypertensive individuals

have abnormalities in endothelial function and

findings that suggest that hypertension might

impair endothelial function independently from

the effects of weight (Ferri et al. 1998). Insulin

has both pro- and anti-atherogenic actions, and

endothelin-1-dependent vasoconstrictor actions

on the vasculature. Endothelin is secreted by

ECs, causes vasoconstriction and elevates blood

pressure. Endothelin receptor antagonists reduce

blood pressure and peripheral vascular resistance

in both normotensive controls and patients with

mild to moderate essential hypertension,

supporting the interpretation that endothelin

plays a role in the pathogenesis of hypertension

(Lin et al. 2015; Kobayashi et al. 2008). Leptin is

a hormone which is secreted by adipocytes and

related with obesity. Leptin regulates energy bal-

ance and has also sympathetic, vascular and renal

actions that can influence blood pressure

(Vaněčková et al. 2014). Recent evidence

suggests that hyperleptinemia may induce the

systemic oxidative stress and decrease the

amount of bioactive NO levels possibly due to

its degradation by reactive oxygen species. This

may be one of the most important mechanisms in

the generation of hypertension in obesity

(Bełtowski 2012). It has been reported that that

plasma leptin and TBARS levels were increased

in obesity, and obese hypertensives have signifi-

cantly higher plasma leptin levels, TBARS

levels and lower NO levels than obese

normotensives (Konukoglu et al. 2006). There-

fore, hyperleptinemia may be an important con-

tributor to the generation of hypertension in

obesity.

Hypertension may be associated with

impaired fibrinolysis. Fibrinolytic markers such

as PAI-1, tPA, and tPA/PAI-1 complex are inde-

pendently associated with the development of

hypertension (Tabak et al. 2009). In a previous

study, it has been suggested that, plasma Hcy,

which have thrombotic effects, does not have

predictive values for indication of cardiovascular

disease. However, in the presence of other risk

factors (e.g. hyperlipidemia, hypertension, obe-

sity, and/or hyperinsulinemia), Hcy may have a

permissive role on the endothelium damage even
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in the normohomocysteinemic range. The effects

of Hcy seemed to be related with free radical

generating systems in hypertensives (Konukoglu

et al. 2003).

Microparticles (MPs) consist of the EMPs,

leukocyte microparticles (LMs) and platelet

microparticles (PMPs). MPs are assayed by

flow cytometry. Recent data indicate that altered,

activated ECs release EMPs into circulation.

MPs are furthermore involved in the progression

of impaired endothelial function as well as in

angiogenesis (Helbing et al. 2014b). There are

only few study to show the relationship between

MPs and arterial hypertension (Preston

et al. 2003; Marques et al. 2013). It has been

found that both EMPs and PMPs were signifi-

cantly increased in hypertensives and that EMPs

were correlated with the level of blood pressures.

EMPs can be found in several conditions which

are associated with arterial hypertension, such as

preeclampsia (Marques et al. 2013). It has been

found that, EMPs reduce NO in patients with

myocardial infarction [135] (Burada EMPler

MI’lı hastalarda NO seviyelerini azaltır demek

mi istedik?). At the present time, it is considered

that circulating MPs might be novel therapeutic

targets in microparticle mediated diseases

(Helbing et al. 2014b).

5 Antihypertensive Therapy
and Endothelial Dysfunction

Current therapies for human hypertension include

AT-II type 1 receptor blockers (ARB), Angiotensin-

converting enzyme inhibitors (ACEIs), diuretics,

calcium channel antagonists, and β-blockers. Treat-
ment with commonly used antihypertensive drugs

reduce the risk of total major cardiovascular events,

and more importantly, it appears that the higher the

reduction in blood pressure, the larger the reduction

in cardiovascular risk (James et al. 2014). It has been

well documented that endothelium dysfunction can

be improved by the use of a statin drug and aspirin,

Mediterranean diet, aerobic exercise andweight loss

(Montezano et al. 2015b).

Hypertension management guidelines catego-

rize ACEIs and ARB interchangeably as first-line

treatments in uncomplicated hypertension

(Hirata et al. 2010). These medications have dif-

ferent mechanisms of action and quite different

evidence bases (Sindone et al. 2016). The AT-IR

leads to vasoconstriction, cell growth, and cell

proliferation; the AT-IIR has the opposite effect.

The AT-IR is antinatriuretic; the AT-IIR is natri-

uretic. The AT-IR stimulation results in free

radicals; AT-II R stimulation produces NO
which can neutralize free radicals. The AT-IR

induces plasminogen activator inhibitor-1 (PAI-

1) and other growth family pathways; the AT-II

R does not. The ARB binds to and blocks selec-

tively at the AT-IR, promoting stimulation of the

receptor by AT-II (Chappell 2016; Matavelli and

Siragy 2015). ACEIs prevent the breakdown of

bradykinin, a mediator that stimulates the endo-

thelium to generate NO. ACEIs increase NO

bioavailability by decreasing the synthesis of

AT-II and by enhancing serum levels of

NO-releasing bradykinin via inhibition of its

degradation. Moreover, ACEIs may also

enhance the activity of endothelium-derived

hyperpolarizing factor under certain conditions

(Mendoza-Torres et al. 2015; Su 2015). On the

other hand, it has been reported that treated

hypertensive patients with ACEIs had lower

plasma sPLA and oxLDL levels and higher

Paraoxonase-1 activities than hypertensive

patients without therapy (Rao et al. 2015).

Therefore, ACEI treatment may also help

reduce inflammation and oxidative stress in

hypertensives. Short and long-term ACEI admin-

istration may be lead an improvement in both

coronary and peripheral endothelial function in

patients with CAD and/or its risk factors, but the

magnitude of this effect may vary depending on

the compound used, the presence of risk factors,

and genetic variables (Ferroni et al. 2006; Mullen

et al. 1998). Additionally, in contrast to ACEIs,

controversial results have been reported regard-

ing the effect of AT receptor antagonists on

endothelial function (Chappell 2016; Prasad

et al. 2001; Li et al. 2014). Recently published

data results have been shown that ARBs improve

peripheral endothelial function, however, the

effect couldn’t be maintained for a long time

(Prasad et al. 2000).
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Some β-blockers have endothelial protective

effects. It can improve the endothelium-

dependent vasodilator responses by increasing

NO release and reducing prothrombotic blood

levels of fibrinogen, homocysteine and plasmin-

ogen activator inhibitor-1 (e.g. nebivolol, as a β1-
antagonist) (Tzemos et al. 2001), or by its anti-

oxidant capacity (e.g.carvedilol, a non-selective

β1- and β2 antagonist with α-antagonist property)
in patients with essential hypertension (Zepeda

et al. 2012). It has been also suggested that the

combination of a beta blocker with an ACE

inhibitor have more beneficial effect on endothe-

lial function than monotherapy in hypertensive

patients with obesity (Vyssoulis et al. 2004).

Therefore this combination can be used for the

treatment of endothelial dysfunction associated

with hypertension, as well as diabetes or

atherosclerosis.

Dihydropyridine calcium channel blockers

protect against ROS-induced endothelial cell

death They have an endothelial protective effect

against oxLDL induced ROS, antioxidant activ-

ity related to reduction in lipid peroxidation

and associated ROS generation (Kelly

et al. 2012) or an anti-inflammatory effect

as indicated by decreased CRP and IL-6 levels

as well as leukocyte activation (Napoli

et al. 1999). Combination of calcium channel

blockers (e.g. amlodipine) with a renin inhibitor

improves endothelial dysfunction in hyperten-

sive patients linked to its NO-releasing action

and anti-inflammatory effect (Yasu et al. 2013;

Cel{k et al. 2015).

Angiotensin-(1-7) is a metabolite of AT-I

under the action of various enzymes. It can also

be generated from AT-II (He et al. 2014). In ECs,

AT-(1-7) activates eNOS and inhibits AT

II-induced NAD (P) H oxidase activation (Trask

and Ferrario 2007). Chronic treatment with

AT-(1-7) improves renal endothelial dysfunction

by increasing NO release (Arora et al. 2013) and

eNOS expression (Costa et al. 2010). Otherwise,

AT-(1-7) restores NO/cGMP by production and

migration, decreases NOX activity, and enhances

survival and proliferation of endothelial progeni-

tor cells isolated from the blood of diabetics

(Jarajapu et al. 2013).

ETB receptor on both ECs and vascular

smooth muscle cells mediates vasodilatation

and constriction, respectively. Although it has

been demonstrated that the long term treatment

with mixed ETA-receptor and ETB-receptor

antagonists (as endothelin receptor antagonist,

ERA, bosentan) decreases blood pressure in

the patients with mild-to-moderate essential

hypertension, suggesting that endothelin may

be used in such patients (Krum et al. 1998),

development of endothelin drug class for the

indication of systemic hypertension has been

discontinued because of toxicity (teratogenicity,

testicular atrophy, and hepatotoxicity) (Spence

et al. 1999; Thaete et al. 2001). Nowadays,

ERAs were only used for the treatment of

pulmonary arterial hypertension (Chaumais

et al. 2015).

It has been indicated that aggressive treatment

of dyslipidemia and hypertension was very

important by decreasing the development of the

atherosclerosis (Hsueh and Quiñones 2003).

The thiazolidinediones which are peroxisome

proliferator-activated receptor–γ agonists

improve glucose and lipid metabolism. These

drugs have recently been shown to improve

endothelial function in the early stages of insulin

resistance (Salomone and Drago 2012).

As a result of this, it is currently difficult to

precisely define the possible links between endo-

thelial dysfunction and hypertension or its effects

on target organs such as the heart, brain or

kidneys. Despite the difficulty of distinguishing

the possible direct effects of antihypertensive

drugs on endothelial function from indirect pro-

tection secondary to the decreased blood pres-

sure, the effects of various antihypertensive

drugs on endothelial dysfunction have been

tested (Mancia et al. 2013).

6 The Links Between Endothelial
Dysfunction and White Coat
Hypertension

White coat hypertension (WCH) is a term used

for people not receiving antihypertensive medi-

cation who have a persistently high office blood
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pressure (� 140/90 mmHg) together with a nor-

mal; ambulatory blood pressure (<135/

85 mmHg) or home blood pressure (Soma

et al. 1996). Subjects with WCH are

characterized by elevated arterial pressure in the

physician’s office, but “normal” pressure at other

times. Many studies reported that white coat

effect can be seen mostly in women, children

and elderly. In order not to cause possible risks

of inaccurate treatment in these patients, ambu-

latory blood pressure measurements should be

done regularly and treatment decision should be

given accordingly.

The prognosis in the patients with WCH

remains uncertain. Several studies indicate a

good prognosis of this condition by

demonstrating a low-degree of end organ damage

(Pickering et al. 1988; White et al. 1989). Other

authors report WCH exhibits end-organ damage

(Cardillo et al. 1993; Hoegholm et al. 1994) and

metabolic abnormalities such as hyperlipidemia,

impaired insulin sensitivity, elevated blood glu-

cose, and increased serum insulin levels

(Bjorklund et al. 2002; Julius et al. 1990;

Weber et al. 1994). Sustained hypertension

causes atherosclerotic changes and it is one of

the main risk factors of coronary artery disease. It

is not clear, if WCH also causes atherosclerosis

as it is associated with other target organ changes

similar to those associated with sustained hyper-

tension. Clinical surveys on endothelial dysfunc-

tion in WCH are controversial (Hlubocka

et al. 2002; Vaindirlis et al. 2000a; Gomez-

Cerezo et al. 2002). In meta-analyses, the

patients with WCH were not significantly differ-

ent from true normotensive individuals when

adjusted for age, gender and other covariates

(Fagard and Cornelissen 2007; Pierdomenico

and Cuccurullo 2011; Franklin et al. 2012). On

the other hand, other meta-analyses state that

common carotid intima-media thickness is

greater in WCH patients than in true normoten-

sive individuals and is not different from

sustained hypertensive patients (Cuspidi et al.

2015a). In few meta-analyses indicate that

WCH is not an entirely benign condition

(Briasoulis et al. 2016; Cuspidi et al. 2015b;

Stergiou et al. 2014). WCH might not be

considered as an innocent trait. It seems to be

an important clinical situation requiring a close

follow-up.

Various studies also observed the presence of

endothelial dysfunction and abnormal angiogen-

esis with increased values of ET-1, homocysteine

and vascular VEGF accompanying with a

decrease in NO in WCH (Tabak et al. 2009;

Uzun et al. 2004; Karter et al. 2004; Curgunlu

et al. 2005a; Curgunlu et al. 2005b; Caner

et al. 2006; Marchi-Alves and Carnio 2009;

Lengyel et al. 2012; Yavuzer et al. 2015). The

relationship of oxidative stress and NO is well

known. Increased NO levels in WCH patients

may be the result of enhanced oxidative stress.

It indicates the increased oxidative stress which

was probably the leading cause of endothelial

dysfunction. The elevated oxidative status is a

strong risk factor for coronary artery disease.

Procalcitonin (PCT) levels in WCH patients are

significantly and consistently higher than

normotensives (Yavuzer et al. 2016b). Systemic

inflammation moderately occurs in the WCH.

PCT monitoring may be a useful biomarker in

inflammation related to atherosclerosis and early

stage hypertension.

Even though several studies described WCH

as a benign entity and showed no difference in

cardiovascular events and deaths between WCH

and normotensive patients, other studies have

indicated similar or at least close rates of death

or cardiovascular events in patients with WCH

and clinical hypertensive patients (Verdecchia

et al. 1996; Strandherg and Salomaa 2000). The

early detection of these patients by ambulatory

blood pressure monitorization might prevent

future mortality and morbidity. To sum up,

white coat effect is not an innocent phenomenon

like normal blood pressure nor as hazardous as

clinical hypertension. WCH may thus be a tran-

sition state between normotension and hyperten-

sion. It may be concluded that vascular changes

in WCH were not structural but functional. Fur-

ther studies are needed to assess the increased

cardiovascular risk in WCH conferred by endo-

thelial dysfunction.
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Conclusion Endothelial dysfunction is a

common mechanism involved in many cardio-

vascular diseases, and plays a critical role in the

development of diseases or contributes to the

development and progression of organ damages.

Multiple mechanisms such as inflammation,

increased ROS and RNS, cellular apoptosis,

increased vasoconstrictor production, decreased

vasodilator production and vascular remodeling

are involved in endothelial dysfunction. In endo-

thelial dysfunction, NO bioavailability seems to

play a central role in the development and prog-

ress of hypertension, as well as diabetes or ath-

erosclerosis. It appears that a drug with

endothelium-protective property may yield ther-

apeutic benefits. Endothelial dysfunction is more

prevalent in WCH than in true normotensive

individuals, but it is either equal or better in

WCH as compared to sustained hypertension.

Therefore, the evaluation of endothelium-

improving action may be helpful for the hyperten-

sion related cardiovascular events.
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Moreno Anaya P, Garcı́a Raya P, Vázquez-Muñoz E,
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González J, Valls N, Brito R, Rodrigo R (2014) Essential

hypertension and oxidative stress: new insights. World

J Cardiol 6:353–366

Gunnett C, Lund D, McDowell A, Faraci F, Heistad D

(2005) Mechanisms of inducible nitric oxide

synthaseemediated vascular dysfunction. Arterioscler

Thromb Vasc Biol 25:1617–1622

He Y, Si D, Yang C, Ni L, Li B, Ding M, Yang P (2014)

The effects of amlodipine and S(-)-amlodipine on

vascular endothelial function in patients with hyper-

tension. Am J Hypertens 27:27–31

Helbing T, Olivier C, Bode C, Moser M, Diehl P (2014)

Role of microparticles in endothelial dysfunction and

arterial hypertension. World J Cardiol 6:1135–1139

Hirata Y, Nagata D, Suzuki E, Nishimatsu H, Suzuki J,

Nagai R (2010) Diagnosis and treatment of endothelial

dysfunction in cardiovascular disease. Int Heart J

51:1–6

Hlubocka Z, Umnevora V, Heller S et al (2002)

Circulating intercellular cell adhesion molecule-1,

endothelin-1and von willebrand factor-markers of

endothelial dysfunction in uncomplicated essensial

hypertension: the effect of treatment with ACE

inhibitors. J Hum Hypertens 16:557–562

Hoegholm A, Bang LE, Kristensen KS, Nielsen JW,

Holm J (1994) Microalbuminuria in 411 untreated

individuals with established hypertension, white coat

hypertension and normotension. Hypertension

24:101–105
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Cerebellar Adrenomedullinergic System.
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Abstract

Adrenomedullin (AM) is a multifunctional peptide which exerts numer-

ous biological activities through the activation of AM1 (CRLR +

RAMP2) and AM2 (CRLR + RAMP3) receptors. AM immunoreactivity,

AM binding sites and CRLR, RAMP1, RAMP2 and RAMP3 are

expressed in rat cerebellar vermis. AM binding sites are discretely and

differentially distributed in the rat cerebellar cortex with higher levels

detected in SHR when compared with WKY rats. In addition, there is an

up-regulation of cerebellar CGRP1 (CRLR + RAMP1) and AM2

(CRLR + RAMP3) receptors and a down-regulation of AM1 (CRLR +

RAMP2) receptor during hypertension associated with a decreased AM

expression. These changes may constitute a mechanism which contributes

to the development of hypertension, and supports the notion that cerebel-

lar AM is involved in the regulation of blood pressure. Cerebellar AM

activates ERK, increases cAMP, cGMP and nitric oxide, and decreases

antioxidant enzyme activity. These effects are mediated through AM1

receptor since they are blunted by AM(22-52). AM-stimulated cAMP

production is mediated through AM2 and CGRP receptors. In vivo admin-

istration of AM into the cerebellar vermis caused a profound, specific and

dose-dependent hypotensive effect in SHR, but not in normotensive WKY

rats. This effect was mediated through AM1 receptor since it was

abolished by AM(22-52). In addition, AM injected into the cerebellar

vermis reduced vasopressor response to footshock stress. These findings

demonstrate dysregulation of cerebellar AM system during hypertension,

and suggest that cerebellar AM plays an important role in the regulation of

blood pressure. Likewise, they constitute a novel mechanism of blood

pressure control which has not been described so far.
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1 Introduction

Adrenomedullin (AM) is a multifunctional pep-

tide with 52-(human (h)) or 50-(rat (r)) amino

acid residues (Fig. 1), which is a member of the

calcitonin/calcitonin gene-related peptide

(CGRP) superfamily [4, 5]. It was first isolated

from human pheochromocytoma extracts by

Kitamura et al. [51], whom found that AM was

able to elevate 3’,5’ cyclic adenosine

monophosphate (cAMP) production in human

platelets and to exert a potent and long-lasting

hypotensive effect in rats. Adrenomedullin is

synthesized as part of a larger precursor mole-

cule, termed preproadrenomedullin. In both rat

and human this precursor consists of 185 amino

acids [51, 82], while the porcine precursor has

188 residues [52]. Preproadrenomedullin

contains a 21-amino acid N-terminal signal pep-

tide that immediately precedes a 20-amino acid

amidated peptide, designated proadrenomedullin

N-terminal 20 peptide or PAMP [51].

AM immunoreactivity, AM mRNA and the

peptide itself are found in the circulation and in

lung, spleen, kidney, heart, adrenal gland and

brain. AM has also been found to be secreted

from endothelial and vascular smooth muscle

cells [5, 42, 44, 104, 105]. AM is involved in

the regulation of blood pressure and body fluid

balance. In effect, systemic AM administration

elicits potent, dose-dependent vasodilatatory

effects, reduces blood pressure, increases urine

output and urinary sodium excretion. On the

other hand, AM is an antioxidant substance,

since AM attenuates reactive oxygen species

(ROS) production mediated by the stimulation

of nicotinamide adenine dinucleotide

phosphate-oxidase (NAD(P)H oxidase) [49, 50,

76, 92, 112, 113]. Additionally, AM may directly

inhibit NAD(P)H oxidase activity eliciting pro-

tective effects [76]. Thus, it is clear that AM is

capable to reduce free radicals and ROS produc-

tion mediated by NAD(P)H oxidase stimulation,

through inhibition of enzyme activity [76].

AM exerts multiples biological activities

through the activation of two specific receptors,

the AM type 1 (AM1) and type 2 (AM2)

receptors, formed from the obligate

co-expression of a class-B, G protein coupled

receptor (GPCR), the calcitonin receptor-like

receptor (CRLR) and receptor activity-

modifying proteins (RAMPs) 2 or 3, respectively

[4, 61, 74]. The calcitonin gene-related peptide

1 (CGRP1) receptor is formed of a complex

between CRLR and RAMP1 [61]. Thus, the

CRLR/RAMP1 heterodimer defines the CGRP1

receptor and the association between RAMP2 or

RAMP3/CRLR forms a functional AM1 and

AM2 receptor, respectively [54] (Fig. 2). AM1

receptors are highly selective for AM over CGRP

and other peptides, while AM2 receptor binds

both AM and AM2 (intermedin) with high

affinities [43]. AM also has appreciable affinity

for the CGRP1 receptor [36]. Thus, RAMPs

regulates the ligand selectivity of CRLR

[5]. CGRP1 receptor is effectively antagonized

by CGRP(8-37); meanwhile AM1 receptor is

more effectively blocked by a selective AM

receptor antagonist, h-AM(22-52) or r-AM

(20-50) than by CGRP(8-37). Unlike the phar-

macological features of the AM1 receptor, AM2

receptor differs among species. In h-AM2

receptors, AM is more effectively blocked by a

selective AM-receptor antagonist, but in r-AM2,

the CGRP1 receptor antagonist are more potent

than AM-blockers [54].

AM receptors and binding sites for AM are

found in several body regions [21]. The CRLR

mRNA and peptide are predominantly expressed

in the lung, blood vessels, liver, midgut, rectum,

urethra, adrenal cortex, uterus, coronary artery

endothelial and smooth muscle cells [37, 54,
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tural features are necessaries for its biological activity
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Fig. 2 Adrenomedullin type 1 (AM1) and type2 (AM2)

receptors, formed from the obligate co-expression of the

calcitonin receptor-like receptor (CRLR) and receptor

activity-modifying proteins (RAMPs) 2 or 3, respectively.

Thus, CRLR/RAMP2 heterodimer (red and purple) or

CRLR/RAMP3 (blue and purple) preferentially bind

AM. While the calcitonin gene-related peptide

1 (CGRP1) receptor is formed of a complex between

CRLR and RAMP1 (green and purple) and preferentially

bind CGRP [61]
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72]. The distribution of RAMP1 expression have

been reported in fat, thymus, spleen, uterus, pan-

creas and bladder; while RAMP2 and RAMP3 is

expressed in the lung, kidney, heart, liver, spleen,

uterus, ovary and placenta [21, 36, 54, 61, 67].

2 Adrenomedullin Receptor
Subtypes in the Central
Nervous System

AM and its receptors are locally produced and

expressed in the central nervous system (CNS)

and are particularly localized to the autonomic

nuclei, including nucleus tractus solitarii (NTS),

lateral parabrachial nucleus and rostral ventrolat-

eral medulla, cerebral cortex, pituitary gland,

thalamus, hypothalamus, brainstem, medulla

oblongata, midbrain, amygdala and cerebellum

[5, 42, 47, 58, 73, 86, 88, 107]. RAMP1 mRNA is

found in the hippocampus, nucleus accumbens,

caudate–putamen, cerebral cortex and cerebel-

lum; RAMP2 mRNA is expressed in numerous

brain areas, including autonomic nuclei such as

the paraventricular nucleus, supraoptic nucleus,

arcuate and ventromedial nuclei, as well as in the

NTS, area postrema and dorsal motor nucleus of

the vagus, hippocampus, olfactory bulb, choroid

plexus and cerebellum; and RAMP3 mRNA is

expressed in the cerebral cortex, thalamus and

cerebellum [95, 100]. These findings suggest the

existence of a central adrenomedullinergic sys-

tem of physiological relevance.

Several studies support that hypertension may

influence AM and its receptor component expres-

sion both in the periphery and in the CNS. In fact,

AM concentration is increased in the plasma and

tissues during hypertension [36, 74]. In addition,

the expression pattern of RAMPs isoforms in a

given cell may change in physiological and

pathological conditions determining the

responsiveness to AM and CGRP [5]. Hyperten-

sion induced by restraint stress reduced prepro-

AM mRNA level in the hypothalamic

paraventricular nucleus, supraoptic nucleus,

NTS, dorsal motor nucleus of the vagus, area

postrema and subfornical organ [88]. It has

been reported changes in brain mRNA RAMP2

expression in response to blood pressure

manipulations. In effect, decreased blood pres-

sure induced by nitroprusside infusion elicited

an increase in RAMP2 mRNA expression in

the NTS, while increased blood pressure

induced by phenylephrine infusion elicited a

decrease in RAMP-2 mRNA expression in the

paraventricular nucleus and NTS. This data pro-

vide anatomical and physiological evidence for a

homeostatic role for AM in the brain and suggest

that central AM may participate in the regulation

of sympathetic activity [95]. Effectively, it has

been shown that chronic stress induced by immo-

bilization for seven consecutive days produced

an enhanced expression of AM in the cerebrospi-

nal fluid-contacting nucleus [106] and chronic

footshock and noise stress for fifteen consecutive

days produced an up-regulation of prepro-AM

and RAMP3 expression in hypothalamus and

pituitary gland [56]. Also, chronic stress caused

an increase in CRLR expression in medulla

oblongata and decrease in the midbrain and

hypothalamus. While RAMP2 expression was

increased in medulla oblongata and hypothala-

mus, suggesting that increased hypothalamic

prepro-AM, RAMP2 and RAMP3 may be a

protection mechanism for resetting hypertension

induced by chronic stress and suggests that

AM may be related to the development of the

stress-induced hypertension [56].

3 Adrenomedullinergic System
in Cerebellum Vermis

The emphasis for a role of the systemic

circulating AM in the regulation of fluid and

electrolyte balance, arterial pressure and the

pathophysiology of cardiovascular disease

have recently shift, and now is focused on the

local tissue AM. Studies have demonstrated the

importance of a tissue AM system. As essential

requirement for a tissue AM system is that all of

the components necessary for the biosynthesis

of the active peptide reside within the tissue.

This requires a demonstration that peptides

mRNAs, its receptor components and biosyn-

thetic enzymes are in detectable quantities, and
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that the peptide synthesis actually occurs

locally. Although some of the components

may be taken up into the tissue from the circu-

lation, even in the presence of a local system,

the de novo tissue generation of AM and its

interaction with AM receptors on the same

(autocrine) or adjacent (paracrine) cells defines

the local system. In addition, it should be

demonstrated that the biologically active product

is regulated within the tissue independently of the

systemic circulation, and the reduction or elimina-

tion of the action of the product results in a physi-

ological response [9]. In regard to brain and

specifically in the cerebellum, there is sufficient

evidence indicating the existence of a local func-

tional cerebellar adrenomedullinergic system.

In this respect, it has been demonstrated the

presence of AM, AM receptors and their receptor

components in cerebellum vermis [24, 30,

75]. AM immunoreactivity, AM binding sites

and CRLR, RAMP1, RAMP2 and RAMP3

expression are detected in rat cerebellum

[10, 86, 94, 102]. In fact, it has been

demonstrated by light and electron microscopy

AM-like immunoreactivity in cerebellar Purkinje

cells and mossy terminal nerve fibers as well as

neurons of the cerebellar nuclei [66, 86, 87]. In

addition, the presence of RAMP1 and RAMP2

mRNA in Purkinje cells and RAMP3 mRNA in

cerebellar granular cells has been shown

[100]. Likewise, CRLR and RAMP1 were

detected on the surface of the Purkinje cell bod-

ies and in their processes [19, 65]. This evidence

indicates that AM could participate in cerebellar

functions as an autocrine/paracrine factor.

Moreover, the evidence suggests that the

expression and function of adrenomedullinergic

system components could be altered during

growth. In fact, RAMP1, RAMP3 and CRLR

expression in rat cerebellar vermis increased

with age, without changes for AM and RAMP2

expression [24, 30]. Similar findings have been

shown for CGRP1 receptor (CRLR/RAMP1)

expressed in cerebellar cortical neuron and

glial, which suffer of marked changes during

cerebellum development. Indeed, autoradio-

graphic and immunofluorescence studies

followed by con-focal analysis in rat cerebellum

demonstrated a lower CGRP1 receptor density in

Purkinje cells and molecular cells during devel-

opment and their increase during maturity,

suggesting that CGRP1 and its receptor may

promote a coordinated development of cerebellar

glial cells, an effect driven mainly by the CGRP

released by climbing fibers [64].

Likewise, AM activates several signaling

pathways and regulates ROS metabolism cen-

trally [91, 101, 103]. In cerebellum AM activates

extracellular signal-regulated kinases (ERK),

increases cAMP production probably through

the activation of protein kinase A (PKA);

increases cyclic guanosine monophosphate

(cGMP) production and nitric oxide

(NO) accumulation. These effects are mediated

through the activation of AM1 receptor, since

AM specific receptor blocker, AM(22-52),

blunted AM action, meanwhile AM-induced

increase of cAMP production is mediated

through stimulation of AM2 and CGRP receptors

[26–30] (Fig. 3). In this sense, Endo and Launey

[20] found that NO-cGMP-protein kinase G

(PKG) pathway plays an important role in the

activation of ERK1/2 in Purkinje cells of rat

cerebellum. This high levels in the cerebellar

NO/cGMP [63], the enzyme guanylil cyclase

(GC) [68], cGMP [22] and cGMP-dependent

protein kinase in cerebellar Purkinje cells [57]

suggest that the NO/cGMP signaling pathway

could act as a neurotransmitter in the cerebellum.

Futhermore, nitric oxide synthase (NOS) and

soluble GC are colocalized and activated in vari-

ous regions of the cerebellum [16]. In contrast to

cAMP, which is homogeneously distributed in

different brain areas, cGMP is 10 to 50 times

more concentrated in the cerebellum than in

other brain areas. cGMP is believed to exert its

effects through cGMP-dependent protein kinase

(cGPK), the activity and expression is specifi-

cally detected in the cerebellum, mainly

concentrated in the Purkinje cells [57].

AM has been described as an endogenous

antioxidant substance as it is cytoprotective

against organ damage [69, 92]. In fact, AM regu-

late cerebellar metabolism of ROS, since AM

decreased thiobarbituric acid reactive substances

(TBARS) production, and catalase (CAT),
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glutathione peroxidase (GPx) and superoxide

dismutase (SOD) basal activity in cerebellar ver-

mis of male Sprague Dawley rats [23, 31] as it

was also reported in other organs such as kidney

and liver [14, 114]. This decrease in enzyme

activity in cerebellar vermis suggests that AM

is capable of reducing ROS production, because

the reduction of antioxidant enzymes activity

was accompanied by a decrease in lipid peroxi-

dation. Likewise, this effect is mediated by PKA,

since pretreatment with PKI-(6-22) amide, a

PKA inhibitor, was able to reverse the inhibitory

effect of AM on the basal activity of antioxidant

enzymes (Fig. 3), as has been reported by other

studies in several tissues [92, 112]. Moreover,

AM(22-50) and CGRP(8-37) blunted

AM-induced decrease of antioxidant enzymes

activity indicating that this effect is mediated

through stimulation of both AM and CGRP1,

receptors. These data support the role of AM in

the regulation of cerebellar antioxidant enzyme

activity and suggests the existence of a functional

local cerebellar adrenomedullinergic system of

physiological relevance.

4 Cerebellar
Adrenomedullinergic System
During Hypertension

There is evidence that cerebellum participates in

blood pressure regulation and of changes of AM

and its receptor components expression in

AC

cAMP
ATP

cAMP
ATP

AC

Decreased  an�oxidant
enzyme ac�vity (CAT, 

SOD, GPX) and
reac�ve oxygen species

produc�on

PKA

GC

cGMP

GTP

GC

cGMP
GTP

L-ArgNO

NOS

ERKERKp
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Legend:

soluble 
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Fig. 3 Adrenomedullin receptor signaling pathways
in rat cerebellar vermis. AM reduces SOD, CAT and

GPx enzyme activity mediated by PKA, via activation of

CGRP and AM receptor subtypes. Meanwhile, AM

increases ERK activity, NO and cGMP production via

activation of AM1 receptor; and increases cAMP produc-

tion through CGRP1 and AM receptor subtypes

(AC adenylil cyclase, AM adrenomedullin, ATP

adenosine triphosphate, CAT catalase, cAMP cyclic aden-

osine monophosphate, cGMP cyclic guanosine

monophosphate, ERK extracellular signal-regulated

kinases, GC guanylil cyclase, GPx glutathione peroxi-

dase, Gs soluble protein G, GTP guanosine triphosphate,

NO nitric oxide, NOS nitric oxide synthase, p-ERK
phospho-extracellular signal-regulated kinases, PKA pro-

tein kinase A, SOD superoxide dismutase)
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several regions of CNS during hypertension. In

support for that, in the pioneer work of Pastorello

et al. [75] who reported the distribution and

levels of AM receptor binding sites in the brain

of 16-week-old normotensive Wistar Kyoto

(WKY) and spontaneously hypertensive (SHR)

rats, using 125I-hAM(13-52) as radioligand. As

previously reported by Juaneda et al. [48], it was

demonstrated that AM receptors are discretely

and differentially distributed in the rat cerebel-

lum cortex. However, higher levels of AM bind-

ing sites were detected in the granular cell layer

of the cerebellum of SHR when compared with

WKY rats [75] (Fig. 4). The increase in cerebel-

lar AM receptors during hypertension could be

interpreted as an up-regulation mechanism of

cerebellar binding sites to compensate the

increase in blood pressure in SHR rats; or they

could represent a primary alteration which would

result in a secondary alteration in the autonomic

regulatory mechanisms in cerebellum with the

consequent increase in blood pressure.

Figueira and Israel [30] showed the notion of

a dysregulation of AM cerebellar system during

hypertension in 16-week-old WKY and SHR rats

in the cerebellar vermis. Quantification of AM,

CRLR, RAMP1, RAMP2 and RAMP3 expres-

sion using western blot analysis, demonstrated an

up-regulation of cerebellar vermis CGRP1

(CRLR + RAMP1) and AM2 (CRLR +

RAMP3) receptors and a down-regulation of

AM1 (CRLR + RAMP2) receptor during hyper-

tension associated with a decreased AM expres-

sion (Fig. 5). The reduction in AM expression in

vermis of SHR rats could be responsible for the

up-regulation of AM2 receptors and binding sites

observed by autoradiography [24, 30].

It is known that CRLR/RAMP2 complex

constitutes the pathway for AM biological activ-

ity, and it is believed that altered expression of

RAMPs is associated with alterations of AM

response [36]. Therefore, RAMP2 is mainly

expressed in the basal state while expression

levels of RAMP3 remain relatively low [36]. In

pathological conditions like hypertension, there

are phenotype changes of RAMPs expression,

from a high response (high expression of

RAMP2) to a low response to AM (high expres-

sion of RAMP3) [30, 36]. Therefore, the

decreased expression of RAMP2 and AM suggest

that these changes may constitute a mechanism

which contributes to the development of hyper-

tension, and supports the notion that this peptide

is involved in the regulation of blood pressure in

cerebellum. Furthermore, up-regulation of

CRLR, RAMP1 and RAMP3 expression would

Fig. 4 Autoradiographic localization of 125h-AM
(13-52) binding in coronal sections of rat cerebellum.
Sections of WKY (Panel A) and SHR (Panel B) rat

cerebellum. Quantification of 125h-AM(13-52) binding

(Panel C). T Total binding, NS Non-specific binding

(Modified and reprinted with permission from Pastorello

et al. [75])
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promote the interaction of AM with CGRP1 and

AM2 receptors, rather than AM1 receptors,

thereby favoring the compensatory mechanism

to increased blood pressure. Alternatively, these

changes could be the initial disturbance that

would result in dysregulation of the mechanisms

controlling blood pressure, since these changes

are present from the early stages of life

(8 weeks) of hypertensive rats [30]. In fact,

lowering blood pressure with an oral antihyper-

tensive treatment during eleven days, reversed

AM and its receptor components expression to

those levels found in normotensive rats [33],

suggesting that hypertension induces adaptive

changes to compensate a rise of blood pressure

(Fig. 6). Meanwhile, the antihypertensive treat-

ment, to restore AM and RAMP2 expression

would increase AM1 receptor expression and
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Fig. 5 Effect of hypertension on adrenomedullin and
its receptor components in cerebellar vermis. AM

expression and of its receptor components CRLR,

RAMP1, RAMP2 and RAMP3 are altered in SHR rats

when compared with WKY rats. In SHR rats AM and

RAMP2 expression are reduced while CRLR, RAMP1

and RAMP3 expression are increased. Cerebellar vermis

expression of AM (Panel A), RAMP2 (Panel B), RAMP1

(Panel C), RAMP3 (Panel D) and CRLR (Panel E) in

8 and 16 week-old WKY and SHR rats. Results are

expressed as mean � S.E.M. AM, RAMP1, RAMP2,

RAMP3 and CRLR expression was normalized with that

of β-actin (N ¼ 10). *p < 0.0001 vs. WKY 8 week old.

#p < 0.0001 vs. WKY 16 week old (Modified and

reprinted with permission from Figueira and Israel [30])
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would promote AM responsiveness via AM1

receptor. Therefore, reversion with peripheral

administration of an antihypertensive may repre-

sent a strategy to compensate the primary abnor-

mality in the control of blood pressure and opens

the possibility of a novel mechanism in antihy-

pertensive therapy suggesting that cerebellum

may play a role in the regulation of arterial

blood pressure.

5 Role of Brain Adrenomedullin
in Blood Pressure Control

AM is a peptide which exerts important roles in

the regulation of cardiovascular function. At

peripheral level, AM administration reduces

blood pressure due to a decrease in peripheral

vascular resistance [5, 38, 40]. It has been

Fig. 6 Effect of lowering blood pressure on AM and
its receptor components expression in cerebellar ver-
mis of WKY and SHR rats. AM expression and of its

receptor components CRLR, RAMP1, RAMP2 and

RAMP3 are altered in SHR rats when compared with

WKY rats. In SHR rats, AM and RAMP2 expression are

reduced while CRLR, RAMP1 and RAMP3 expression

are increased. Oral antihypertensive treatment with

valsartan during eleven days, reversed AM and its

receptor components expression to those levels found in

normotensive rats and reestablished the AM

responsiveness (AM adrenomedullin, SHR spontane-

ously hypertensive rats, WKY Wistar Kyoto rats)

Cerebellar Adrenomedullinergic System. Role in Cardiovascular Regulation 549



demonstrated that AM exerts its vasodilator

action by an endothelium-dependent and inde-

pendent mechanism. In this regard, most studies

have indicated that AM induces endothelium-

independent vasodilation by activating CGRP

receptors with subsequent activation of cAMP

production in vascular smooth muscle cells.

Also, AM can activate potassium channels in

smooth muscle cells causing hyperpolarization

[81]. Additionally, AM through their specific

receptors on endothelial cells induces

endothelium-dependent vasodilation [39], since

AM activates endothelial NOS (eNOS) by at

least two mechanisms. First, AM increases intra-

cellular calcium levels, which stimulates eNOS

activity [91], and secondly, AM activates

phosphatidylinositide 3-kinase/Akt (PIK3/Akt)

pathway, which phosphorylates eNOS and

increases the enzyme activity even at low cal-

cium concentrations [70]. In fact, Hayakawa

et al. [39] found that AM relaxed rat aorta,

pre-contracted with phenylephrine, in a dose-

dependent manner, observing that endothelium

denudation attenuated vasodilator response,

suggesting that NO-cGMP signaling pathway is

involved in the mechanism of AM-induced

vasorelaxation in aorta. Furthermore, AM is

capable of inhibiting the production of

vasoconstrictors such as endothelin-1 [5].

AM effects at the CNS cannot be predicted

based on the effects induced by this peptide

peripherally [38]. Indeed, AM exerts several

effects in the CNS. Central AM administration

results in various neuroendocrine responses such

as the inhibition of arginine vasopressin secretion

induced by hypovolemic and osmotic stimuli,

and an increase of oxytocin secretion by

activating hypothalamic oxytocin-producing

cells [85, 111]; likewise intracerebroventricular

(icv) administration of AM elevated plasma

adrenocorticotropic hormone (ACTH) levels

[89]. In addition, central administration of AM

inhibits water drinking and salt appetite [99] and

increases urinary water, sodium and potassium

excretion, in a dose-dependent manner in con-

scious hydrated rats [17, 45]. Central administra-

tion of AM increases atrial natriuretic peptide

release [12, 98]. Furthermore, microinjection of

AM into the area postrema and the rostral ven-

trolateral medulla causes a hypertensive effect;

while in the paraventricular nucleus of the hypo-

thalamus produces hypotension [1, 46, 108]. This

evidence indicates that central AM may play an

important role in body fluid homeostasis and

central regulation of the cardiovascular system.

In this regard, administration of AM into the

area postrema [1, 110] or icv caused an increase

in blood pressure in a dose-dependent manner

[45, 83, 84], an effect mediated through CGRP

receptor [80, 96]. While, Samson [84] suggested

that the central AM pressor action is mediated

through specific AM receptors, since administra-

tion of AM in the lateral and fourth ventricles

elevates blood pressure in conscious rats, and this

effect was not blocked by the antagonist of

CGRP receptor. Furthermore, Xu and Krukoff

[107] showed that AM administration into the

rostral ventrolateral medulla increased blood

pressure and heart rate in dose-dependent man-

ner, through AM specific receptors and mediated

by glutamate involving N-methyl-D-aspartate

(NMDA) and non-NMDA receptors; additionally

NO synthetized from neuronal NOS (nNOS)

contributes with the vasopressor effect induced

by AM through a signaling pathway associated

with soluble GC. This data indicate that AM in

the rostral ventrolateral medulla causes a hyper-

tensive effect potentiating glutamatergic and

nitrergic neurotransmission, since both

glutamatergic and nitrergic inhibition blunted

AM induced effects in the rostral ventrolateral

medulla [107].

On the other hand, AM administration in the

paraventricular nucleus has been shown to cause a

decrease in blood pressure [93] which is mediated

by NO and gamma-aminobutyric acid (GABA),

since blockade of GABAA receptor and inhibition

of NO production attenuated the decrease in blood

pressure induced by AM. These results suggest

that AM in the paraventricular nucleus activates

cells producing NO, increasing GABAergic neu-

rotransmission and lowering blood pressure

[107]. Furthermore, it has been shown that icv
administration of AM stimulates NO production

in the hypothalamus and activates neurons which

produce NO in the paraventricular nucleus
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[89]. Likewise, microinjection of sodium

nitroprusside, a NO donor, in the paraventricular

nucleus lowers blood pressure and heart rate

[116], suggesting that NO in this nucleus is one

of the candidates mediating the hypertensive

effect of AM. In addition, GABA exerts a tonic

inhibitory effect on sympathetic nervous system

in paraventricular nucleus [13, 59]; in fact, the

selective antagonist of GABAA receptor,

bicuculline, blocked AM-induced hyperpolariza-

tion of paraventricular nucleus magnocellular

neurons, suggesting that GABA can contribute

to AM hypotensive effect within the

paraventricular nucleus [34].

Currently there are few reports on the possible

effect on blood pressure exerted by AM adminis-

tration into cerebellum, however the anatomical

evidence and our in vitro results [23–31] point to
a functional role in the regulation of blood

pressure.

6 The Cerebellum
as a Cardiovascular Regulator

The physiological mechanisms involved in AM

actions in cerebellum are elusive and not yet

clarified and could be multiple and complex.

Moreover, there is little information about the

role of the cerebellum in cardiovascular

regulation.

There is anatomical evidence of a possible

role for cerebellum in the regulation of cardio-

vascular function obtained from animal models

and humans which show that vestibular cerebel-

lar system and their cerebellar connections con-

tribute to cardiovascular control during

movement and posture alteration [15]. Various

brain regions involved in cardiovascular control

receive nerve signals from the cerebellum specif-

ically from the fastigial nucleus and posterior

cerebellar cortex [6–8, 18]. Furthermore,

anatomical evidence supports the role of fastigial

nucleus in cardiovascular function. Indeed, it has

been identified various cardiovascular modules,

such as fastigial nucleus, anterior vermis, poste-

rior vermis, uvula (lobe IX), nodulus (lobe X);

because stimulation of these structures involves

changes in blood pressure, respiratory rate and

vascular resistance [71]. In effect, after

integrating the current research in the role of

cardiovascular regulation of the cerebellum,

Nisimaru [71] proposed the existence of five

cardiovascular modules in the cerebellum dedi-

cated to cardiovascular control. The first, a dis-

crete rostral portion of the fastigial nucleus and

the overlying medial portion of the anterior ver-

mis (lobules I, II and III), this module controls

the baroreflex. The second is formed by the ante-

rior vermis which constitutes a microcomplex

with parabrachial nucleus. The third is formed

by caudal fastigial nucleus and posterior portion

of vermis (lobes VII and VIII), controlling the

vestibule sympathetic reflex. The fourth is

integrated by the medial portion of the uvula

with the NTS and parabrachial nucleus. The

fifth module includes the lateral edge of the

nodulus, and the uvula together with parabrachial

nucleus and vestibular nuclei, which constitutes a

cardiovascular microcomplex that controls the

magnitude and/or timing of sympathetic nerve

responses and stability of the mean arterial

blood pressure during changes of head position

and body posture. The lateral nodulus-uvula

appears to be an integrative cardiovascular con-

trol center involving both the baroreflex and the

vestibule-sympathetic reflex (Fig. 7) [71].

The major functions of these multiple

microcomplexes are considered to be adaptative

controls of the vestibule-sympathetic reflex and

the baroreflex. This system combines feedback

and feedforward control systems. The

feedforward pathway from vestibular labyrinth

to the vestibular nucleus (VN) and the feedback

pathway from baroreceptors to the NTS and

parabrachial nucleus converge on the common

controller part in the rostral ventrolateral

medulla. This combined control system

maintains the mean arterial blood pressure

against head movements and any perturbation

of blood pressure under adaptative control by

the five cardiovascular microcomplexes [71].

The functional evidence suggests that cerebel-

lum may play a role in the regulation of arterial

blood pressure. In fact, it has been shown that

stimulation of several regions of the cerebellum
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produces changes in arterial blood pressure and

heart rate [71, 78, 97]. It has been reported in

anesthetized rabbits that electric stimulation of

anterior vermis, the medial cortical regions of

lobules I, II and III, posterior vermis (lobules

VII and VII) and uvula (lobule IX) induces

bradycardia, blood pressure fall and transient

inhibition of sympathetic renal activity (Fig. 7)

[3, 7, 71, 79], and in cats evoked a depressor

response [77]. Also, Rocha et al. [79] found that

stimulation of the posterior vermis caused a car-

diovascular response characterized by hypoten-

sion and bradycardia. These findings provide

clear evidence of the role of cerebellar vermis

in regulating blood pressure.

It is well established that the posterior vermis

projects to the caudal region of fastigial nucleus,

and anterior vermis projects to the rostral portion

of the fastigial nucleus [7]. In this regard,

evidence show that electrical stimulation of the

rostral region of fastigial nucleus in

anaesthetized cats and rabbits caused a pressor

response [8]; and this effect was abolished with

alpha-adrenergic blocker or with sympathec-

tomy, indicating that this action is mediated by

sympathetic nervous system activity [71].

Several studies in different animal species

have shown that electrical stimulation of fastigial

nucleus produces a pronounced pressor response,

which may be due to the connections of this

nucleus with other important and recognized car-

diovascular modules; since it has been

established that neurons in the rostral portion of

the fastigial nucleus project to the NTS,

parabrachial nucleus, in a way that through

these projections the rostral portion of the

fastigial nucleus can participate in the cardiovas-

cular control and the baroreceptor reflex [7, 8,

Fig. 7 Cerebellar cardiovascular modules.
PBN Parabraquial nucleus, NTS Nucleus of tratus

solitarii, VN Vestibular nucleus [71]. Studies in different

animal species have shown that electrical stimulation of

fastigial nucleus produces a pronounced pressor response,

which may be due to connections of this nuclei with other

important and recognized cardiovascular modules [7, 8,

71]. Meanwhile, electric stimulation of anterior vermis,

the medial cortical regions of lobules I, II and III, poste-

rior vermis (lobules VII and VII) and uvula (lobule IX)

induces bradycardia, blood pressure fall and transient

inhibition of sympathetic renal activity [3, 7, 71, 79]
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71]. Other cerebellar areas such interpositus and

lateral nuclei fail to induce significant changes in

blood pressure and heart rate [71].

7 Cerebellar Adrenomedullin
in Cardiovascular Regulation

As there is an anatomical substrate, AM

receptors and signaling pathways responding to

AM in the cerebellum [23–27], it is plausible to

expect that AM administered in vivo into the

cerebellum may cause actions in cardiovascular

regulation. Our results point to this possibility

since we demonstrated that microinjection of

AM into the cerebellar vermis of hypertensive

rats causes a powerful and significant hypoten-

sive response, which is specific and dose-

dependent (0.02–200 pmol/5 μL) [30]. In effect,

in SHR rats, administration of AM (200 pmol/

5 μL) into cerebellar vermis produced a marked

and significant hypotensive action when com-

pared with vehicle (reduction of �20 to

�40 mmHg). This hypotensive effect is

manifested only during hypertension since in

WKY rats, administration of vehicle or AM

(200 pmol/5 μL) into cerebellar vermis increased

mean arterial pressure (MAP) in similar magni-

tude. The specificity of the hypotensive action of

AM administered into the cerebellar vermis of

SHR rats is based on the fact that microinjection

of the peptide outside the vermis did not cause

the hypotensive effects, and in situ administra-

tion of a pressor peptide such as angiotensin II

(ANG II) or vehicle into cerebellar vermis

increased MAP in similar magnitude in both

WKY and SHR rats. AM’s actions in the cere-

bellar vermis in SHR rats are mediated through

AM1 receptor, as AM receptor specific antago-

nist, AM(22-52) (200 pmol/5 μL), co-injected
with AM (200 pmol/5 μL) blunted AM’s hypo-

tensive effect, while CGRP(8-37) (200 pmol/

5 μL) had no effect on AM actions (Fig. 8)

[30]. These results provide the first functional

evidence in vivo of a role for AM in the cerebel-

lar vermis in the control of blood pressure.

The cause of the differences in the AM action

among normotensive and hypertensive rats may

be variable and has been described for other

brain structures, since the intravenous infusion

of AM reduces blood pressure in both
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Fig. 8 Effect of AM injected into the cerebellar ver-
mis on systolic arterial pressure (SAP). Effect of AM
(22-52) (Panel A) and CGRP(8-37) (Panel B) on the time

course of the changes in SAP induced by microinjection

of AM. SHR rats were microinjected into the vermis with

vehicle (5 μL), AM (200 pmol/5 μL), AM(22-52)

(200 pmol/5 μL), AM + AM(22-52), CGRP(8-37)

(200 pmol/5 μL) and AM + CGRP(8-37). Results are

expressed as mean � S.E.M. (N ¼ 8). *p < 0.05 vs.
its own control
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normotensive and hypertensive rats in a dose

dependent manner; however the fall in blood

pressure was higher in hypertensive rats com-

pared to the normotensive [41]. Similarly, it

was reported that rostral ventrolateral medulla

neurons of SHR rats are more sensitive and

have an increased response to ANG II with

respect to WKY rats [11]. Therefore, the hypo-

tensive effect induced by the intracerebellar

administration of AM in SHR could be due to

an increase in sensitivity and response in SHR

compared with WKY rats. Alternatively, this

differential response may be the manifestation

of the cerebellar dysregulation of signaling

pathways, or AM and AM1 receptor expression

which are reduced during hypertension [25, 30].

The possible mechanism of the hypotensive

action of AM when injected into the cerebellar

vermis of SHR rats has not been established so

far, but could be associated with the regulation of

sympathetic efflux and seems to require a

stimulated system. If so, AM administration

into the cerebellar vermis should counteract the

pressor response produced by acute stress. In this

regard, Figueira and Israel [32] demonstrated

that microinjection of AM into the cerebellar

vermis was able to decrease the pressor response

induced by footshocks in WKY and SHR rats

(Fig. 9), an experimental model of stress which

increases sympathetic – adrenal system activity,

catecholamine release to circulation, heart rate

and blood pressure [55, 60].

AM inhibitory effect on sympathoadrenal

response observed in this work is difficult to

explain currently, but we might speculate that

the cerebellum through its neuroanatomical

connections from the fastigial nucleus and

mediated through the NO/cGMP signaling path-

way could represent a powerful counteregulator

for the excitatory effects of brain nuclei involved

in blood pressure regulation during stress. It is

known that fastigial nucleus plays an important

role in regulating the autonomic nervous system,

since this nucleus projects to brainstem

structures such as rostral ventrolateral medulla,

which in turn receives innervations from the

hypothalamic paraventricular and supraoptic

nucleus [71]. In addition, NO producing neurons

are located in autonomic nuclei such as hypotha-

lamic paraventricular and supraoptic nucleus,

nucleus tractus solitarii, ventrolateral and

intermediolateral column of the spinal cord

[53]. In paraventricular nucleus, NO inhibits

sympathetic activity through the stimulation of
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Fig. 9 Effect of in situ administration of AM into
cerebellar vermis of WKY and SHR rats subjected to
footshocks. Shown is the time course of the changes in

SAP induced by footshocks. WKY (Panel A) and SHR

(Panel B) rats were microinjected into the vermis with

vehicle (5 μL) or AM (0.2 or 200 pmol/5 μL). Results are
expressed as mean � S.E.M. (N ¼ 8). *p < 0.05

vs. vehicle
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GABAergic interneurons [2, 115]. Meanwhile,

in the nucleus tractus solitarii and ventrolateral

medulla, NO has both sympatho-excitatory as

sympatho-inhibitory effects suggesting that in

brainstem NO regulates the sympathetic efflux

through a balance of the outputs of these auto-

nomic centers [53]. Furthermore, intracerebral

administration of AM stimulates NO production

in the hypothalamus and activates NO producing

neurons in the paraventricular nucleus

[98]. Stimulation of sympathetic outflow by

AM icv administration together with inhibition

of sympathetic outflow induced by NO in the

paraventricular nucleus, suggests that

AM-induced stimulation of the nitrergic system

in the hypothalamus, could be part of a feedback

mechanism, which acts to restore the homeo-

static balance [90]. In support of this, it has

been reported that icv administration of low

doses of AM causes inhibition of renal sympa-

thetic activity [62]. In addition, Fujita et al. [35]

found that endogenous AM in the brain inhibits

sympathetic activation through its antioxidant

action. Meanwhile, Xu and Krukoff [109]

indicated that in the rostral ventrolateral medulla

AM exerts an inhibitory effect on baroreflex

activity through an AM specific receptor mecha-

nism in which activation of PKA is involved.

Altogether, this data points for a role of sympa-

thetic system in cerebellar AM-mediated regula-

tion of blood pressure and opens a new avenue for

the involvement of cerebellar AM during stress.

8 Conclusions and Perspectives

During hypertension exists a dysregulation of

cerebellar vermis AM, its receptor components

and AM signaling pathways. Reduction of

peripheral blood pressure after oral administra-

tion of valsartan is able to reverse changes in

cerebellar expression of AM and its receptor

components of hypertensive rats; indicating that

these alterations represent the primary abnormal-

ity leading to hypertension; therefore reversion

with peripheral administration of an antihyper-

tensive drug, may represent a strategy to com-

pensate the primary abnormality in the control of

blood pressure and opens the possibility of a

novel strategy in antihypertensive therapy. In

addition, under hypertensive conditions AM

administered into cerebellar vermis exerts a pro-

found, dose-dependent hypotensive effect. These

actions are mediated through AM1 receptor since

there were blocked by AM(22-52), but not by

CGRP(8-37). In addition, cerebellar AM is able

to antagonize the pressor response induced by

footshocks, suggesting that cerebellar AM may

be involved in stress control. Our data

demonstrates the existence of a cerebellar

adrenomedullinergic system of physiological rel-

evance during stress and hypertension. Likewise,

they constitute a novel mechanism of blood pres-

sure control which has not been described so far.

Abbreviations List

ACTH Adrenocorticotropic hormone

AM Adrenomedullin

AM1 receptor AM type 1 receptor

AM2 receptor AM type 2 receptor

ANG II Angiotensin II

ATP Adenosine triphosphate

cAMP 3’,5’ cyclic adenosine

monophosphate

CAT Catalase

cGMP Cyclic guanosine

monophosphate

cGPK cGMP-dependent protein
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CGRP Calcitonin gene-related peptide
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eNOS Endothelial nitric oxide

synthase

ERK Extracellular signal-regulated

kinases
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GPCR G protein coupled receptor

GPx Glutathione peroxidase

Gs Soluble protein G

GTP Guanosine triphosphate
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h Human

icv Intracerebroventricular

MAP Mean arterial pressure

NAD(P)H

oxidase

Nicotinamide adenine

dinucleotide phosphate-oxidase

NMDA N-methyl-D-aspartate

nNOS neuronal nitric oxide synthase

NO Nitric oxide

NOS Nitric oxide synthase

NTS Nucleus tractus solitarii

p-ERK phospho- extracellular signal-

regulated kinases

PIK3/Akt Phosphatidylinositide

3-kinases/Akt

PKA Protein kinase A

PKG Protein kinase G

r Rat

RAMPs Receptor activity-modifying

proteins

ROS Reactive oxygen species

SAP Systolic arterial pressure

SHR Spontaneously hypertensive rat

SOD Superoxide dismutase

TBARS Thiobarbituric acid reactive

substances

VN Vestibular nucleus

WKY Wistar Kyoto rat
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Abstract

Hypertension is a silent killer worldwide, caused by both genetic and

environmental factors. Until now, genetic and genomic association studies

of hypertension are reporting different degree of association on hyperten-

sion. Hence, it is essential to gather all the available information on the

reported genetic loci and to determine if any biomarker(s) is/are signifi-

cantly associated with hypertension. Current review concluded the poten-

tial biomarkers for hypertension, with regards to electrolyte and fluid

transports, as well as sodium/potassium ions homeostasis, which are

supported by the results of case-controls and meta-analyses.
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PLCE1 Phospholipase C epsilon 1

FLJ32810-

TMEM133

rho-type guanosine triphos-

phate activating protein-

transmembrane gene 133

GNAS-EDN3 Guanine nucleotide-binding

protein alpha stimulating

activity polypeptide 1-

endothelin 3

MTHFR-NPPB Methylenetetrahydrofolate

reductase-natriuretic peptide

B

CACNB2 Calcium channel voltage

dependent beta 2 subunit

C10orf107 Chromosome 10 open

reading frame 107

CYP1A1-

ULK3

Cytochrome P450 family 1

subfamily A polypeptide-unc

51 like kinase 3

ANP Natriuretic peptides en-

compass atrial natriuretic

peptide

BNP Brain-natriuretic peptide

CNP C-type natriuretic peptide

INVEST-

GENES

International Verapamil SR-

Trandolapril Study Genetic

Substudy
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1 Introduction

Hypertension or high blood pressure (BP), the

“silent killer”, is the most common disorder

worldwide. It is a condition in which abnormal

high BP is found in the arteries. There are two

types of hypertension, namely, essential and sec-

ondary hypertension. Essential hypertension that

deals with unknown cause of this disorder

accounts for 95 % of hypertension cases. Mean-

while, secondary hypertension often associated

with endocrine diseases, cancer, renal diseases,

pregnancy, drug induced and others. Untreated

and uncontrolled hypertension can lead to several

complications, including coronary artery disease,

cerebrovascular disease, renal disease and

peripheral arterial disease.

In general, the diagnosis of hypertension is

based on the measurement of systolic blood pres-

sure (SBP) and diastolic blood pressure (DBP).

Multiple BP measurements obtained from sepa-

rate occasions over a period of time is taken into

account when diagnosing hypertension. The BP

measurement can be done at the outpatient clinic

or in a nonclinical setting (Shimamoto et al.

2014). Methods and criterion used to diagnose

hypertension and BP measurement are shown in

Table 1. Whereas, detailed classification of

hypertension based on DBP and SBP were

summarized in Fig. 1. According to American

Heart Association, 32.6 % of United State adults

(�20 years of age) are diagnosed with high BP

from the year of 2009 to 2012. Among the

diagnosed individuals, 54.1 % still able to con-

trol their BP, 76.5 % on anti-hypertensive

medicine, 82.7 % aware of their hypertension

condition, however 17.3 % of them did not seek

for medical care (Mozaffarian et al. 2016).

Moreover, it is clear that hypertension may

arise from a complex interplay between environ-

mental and genetic factors. Due to different

genetic profiles, male and African-Americans

tend to have higher risk of hypertension as com-

pared to female and in other ethnicities

(Mozaffarian et al. 2016). Hence, it is pertinent

to determine which candidate genes are

mediating the susceptibility risk of hypertension,

especially in regards to (i) renin-angiotensin-

aldosterone system; (ii) vasomotor system; (iii)

lipid metabolism; (iv) sodium regulating system;

and (v) sympathetic nervous system.

2 Candidate Genes
in Hypertension

2.1 Renin-Angiotensin-Aldosterone
System

Renin-angiotensin-aldosterone system (RAS)

pathway involves several genes such as renin
(REN), angiotensinogen (AGT), angiotensin-

converting enzyme (ACE), angiotensin II type

1 receptor (AGTR1), angiotensin II type 2 recep-
tor (AGTR2) and aldosterone synthase

(CYP11B2), which regulating the homeostasis

of arterial pressure, tissue perfusion and extracel-

lular volume (Atlas 2007; Cat et al. 2013).

Within the RAS, juxtaglomerular cells release

REN in response to the reduction of circulated

Table 1 Blood pressure

measurement modified

from JSH guideline (2014)
Type Method

Criterion for hypertension

measurement (mm Hg)

Clinical Auscultation �140/90

Automatic

sphygmomanometer

Nonclinical Home blood pressure

measurement

�135/85

Ambulatory blood pressure

monitoring

�130/80 for 24 h

�135/85 for daytime

�120/70 for nighttime

Recent Advances in the Genetics of Hypertension 563



blood volume, renal perfusion pressure and

sodium chloride concentration in the tubular

fluid. REN cleaves the circulating AGT to form

biologically inert decapeptide Ang I (angiotensin

I), further converted to Ang II (angiotensin II) by

ACE. Ang II is mediated by AGTR1 and AGTR2

to produce aldosterone. As a feedback inhibition,

both Ang II and aldosterone restore renal perfu-

sion, regulate sodium and fluid reabsorption, and

inhibit subsequent release of REN, in order to

restore circulating homeostasis and mediate BP

(Atlas 2007; Cat et al. 2013). As shown in

Table 2, it has been hypothesized that single

nucleotide polymorphisms (SNPs) of REN, AGT,

AGTR1, AGTR2, ACE and CYP11B2 genes can

dysregulate RAS and thus influence the patho-

physiology of hypertension (Atlas 2007; Cat

et al. 2013). SNPs of REN rs12750854, ACE

rs4646994, AGT rs699, rs4762 and rs5050 are

associated with DBP (Sethi et al. 2003; Fang

et al. 2010; Penesova et al. 2006; Vangjeli et al.

2010; Fayyad and Aziz 2015).

In fact, aortic stiffness and left ventricular

mass are the predictors for hypertension progres-

sion (Kim et al. 2014). Of which, elderly with

aortic stiffness and carrying AGTR1 rs5186 and

rs275653 polymorphisms may prone to hyperten-

sion (Lajemi et al. 2001; Lacolley et al. 2009).

AGTR2 rs5194, rs12710567 and rs1403543

polymorphisms may cause hypertension by

mediating left ventricular mass (Alfakih et al.

2004; Carstens et al. 2010; Huber et al. 2010).

The accumulated plasma ACE disturbs homeo-

stasis control of endothelial function by

mediating aortic stiffness (Ljungberg et al.

2011). Moreover, high BP can become severe if

an individual is carrying CYP11B2 rs1799998

polymorphism (Matsubara et al. 2004). This

SNP increases the aldosterone-to-renin ratio,

while reducing the aldosterone production

(Matsubara et al. 2004). Low levels of aldoste-

rone induces extra sodium and fluid accumula-

tion, in turn dysregulates BP and causes

Normal-range BP

Hypertension Guidelines

JNC 7

Normal BP 
SBP <120 mmHg 
DBP <80 mmHg

Prehypertension 
SBP 120 -139 mmHg
DBP 80-90 mmHg

Stage I hypertension 
SBP 140 -159 mmHg
DBP 90-99 mmHg

Stage II hypertension
SBP ≥160 mmHg
DBP ≥100 mmHg

Shimamoto et al (2014)

Hypertension

Optimal BP 
SBP <120 mmHg 
DBP <80 mmHg

Normal BP 
SBP 120 -139 mmHg
DBP 80-84 mmHg

High-normal BP
SBP 130 -139 mmHg
DBP 85-89 mmHg

Grade I hypertension 
SBP 140 -159 mmHg
DBP 90-99 mmHg

Grade II hypertension 
SBP 160 -179 mmHg
DBP 100-109 mmHg

Grade III hypertension 
SBP ≥180 mmHg
DBP ≥110 mmHg

Isolated systolic 
hypertension 
SBP ≥140 mmHg
DBP <90 mmHg

Burned-out type 
A decreased in DBP

De novo type
An elevated SBP

Fig. 1 Hypertension guidelines in JNC 7 and JSH 2014 (Chobanian 2003)
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hypertension (Harrison-Bernard 2009; Mishra

et al. 2012).

2.2 Vasomotor System

Vasomotor system consists of endothelin and

endothelial nitric oxide that maintain vasocon-

striction and vasodilation activities respectively

(Table 2). Endothelin converting enzyme 1

(ECE-1) and endothelin converting enzyme
2 (ECE-2) are expressed in vascular endothelium

and neuronal tissues, respectively. Among their

isoforms, ECE-1b serves as the main player for

BP regulation (Valdenaire et al. 1999). ECE1b

rs213045 and rs213046 polymorphisms may

increase ECE gene and protein expressions

(Annapareddy et al. 2016), that subsequently

promote ECE bind to vasoconstrictive receptors

such as G-protein couple receptors, endothelin

receptor A (EDNRA) and endothelin receptor B

(EDNRB), to exert its vasoconstrictive effect

(Ling et al. 2013). The receptor polymorphisms

of EDNRA rs5335 and rs5343 alter EDNRA gene

expression and endothelin binding (Rahman

et al. 2008) as well as increase DBP and SBP in

response to different salt sensitivity i.e. either salt

depletion or repletion. On the other hand, a

decrease in BP is observed among salt-sensitive

individuals who carry EDRNB rs5351 polymor-

phism (Caprioli et al. 2008). Nonetheless,

endothelin 1 (EDN1) rs5370 and endothelin

2 (EDN2) rs5800 polymorphisms increase the

production of endothelin, enhance the calcium

sensitivity on arteries, and subsequently mediate

the progression of hypertension (Iglarz et al.

2002; Panoulas et al. 2008; Dhawan et al.

2014). The endothelial nitric oxide synthase

(eNOS) produces nitric oxide and vasodilates

the blood vessels to lower BP levels.

Dysregulated eNOS may reduce about 50 % of

the nitric oxide levels at the basal blood flow, and

subsequently restrict endothelial diastolic func-

tion (F€orstermann and Münzel 2006). This

dysregulation is mainly related to eNOS

rs1799983 and variable tandem repeat 4a/4b

polymorphisms, which also associated with

hypertension risk (Tang et al. 2008a; Patkar

et al. 2009; Yan-yan 2011).

2.3 Lipid Metabolism

Genetic polymorphisms of apolipoprotein B
(ApoB), apolipoprotein C (ApoC), apolipopro-

tein E (ApoE) and lipoprotein lipase (LPL)

genes within the lipid metabolism pathways

have been associated with the variations in BP

and the propensity of hypertension (Table 2).

ApoB and ApoE are the major constituents for

chylomicrons that catabolize triglyceride-rich

lipoprotein particles. ApoB rs693 and ApoE

E4E4 polymorphisms may impair the clearance

of chylomicrons and VLDL remnants, which

lead to the higher levels of triglycerides and

cholesterol (Tang et al. 2008b; Das et al. 2009;

Wei et al. 2015a, 2015b). This phenomenon

promotes intimal-medial carotid artery

thickening and susceptibility risk to hypertension

(Paternoster et al. 2008; Rossi et al. 2001). Mean-

while, ApoC3 is a VLDL protein that inhibits

LPL activity while destroying triglyceride-rich

remnants catabolism. In particular, ApoC3

rs5128 and rs4225 as well as LPL rs320 and

rs328 polymorphisms induce high levels of

triglycerides, high BP and thus increase the sus-

ceptibility risk of hypertension (Salah et al. 2009;

Muñoz-Barrios et al. 2012; Ghattas et al. 2013).

2.4 Sodium Regulating System

BP is influenced by the efficiency of sodium

reabsorption. Increase in sodium channel activity

promotes sodium reabsorption and sodium reten-

tion, thereby elevating BP (Sun et al. 2011).

Gene polymorphisms encoded for renal ion

channels and sodium reabsorption transporters

were summarized in Table 2.

Being the pertinent component in sodium

reabsorption, epithelial sodium channel (ENaC)

is involved in the first step of active sodium

reabsorption in urinary bladder and renal

collecting duct, which maintains the water and

electrolyte homeostasis. ENaC consists of α-, β-
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and γ-subunits that encodes sodium channel non
voltage gated 1 alpha subunit (SCNN1A), sodium

channel non voltage gated 1 beta subunit
(SCNN1B) and sodium channel non voltage

gated 1 gamma subunit (SCNN1G) genes,

respectively (Sun et al. 2011). It has been

reported that SCNN1A rs4149623 may decrease

SCNN1A gene expression and subsequently

reduce sodium reabsorption efficiency in the kid-

ney (Iwai et al. 2002). SCNN1A rs4149623 may

prevent individuals from the risk of hyperten-

sion, however, this SNP is a risk marker for

hypertension among Japanese population (Iwai

et al. 2002). SCNN1B rs1799979 alters β-ENaC
protein structure and causes protein kinase C

phosphorylation, which inhibits sodium channel

activity and thus increases sodium retention and

elevates BP (Yang et al. 2014). SCNN1G rs5718

reduces pulse pressure and SBP, in which

dropping of pulse pressure (8 mmHg) and SBP

(11 mmHg) have been observed among hyper-

tensive patients (Iwai et al. 2001). Sodium reab-

sorption efficiency may also be regulated by

thiazide sensitive Na+ Cl� cotransporter (TSC)
2736G > A and 1420C > T polymorphisms.

These SNPs up-regulate TSC gene expression

and promote sodium reabsorption in thick

ascending limb and distal convoluted tubule,

which induce BP before and during the early

phase of hypertension development (Manning

et al. 2002; Keszei et al. 2007).

The absorbed sodium ions are transported

across cell membrane to maintain electrolytes

homeostasis (Sun et al. 2011). Several lines

of evidence suggested that rs2901029,

rs3766031, rs12079745, rs1138486, rs3766032

and rs2982468 polymorphisms in both ATPase,

Na+/K+ transporting, alpha 2 polypeptide

(ATP1A2) and ATPase, Ca++ transporting,
plasma membrane 1 (ATP1B1) genes are

deviating the electrochemical gradients of

sodium and potassium ions across plasma mem-

brane, and lead to higher BP (Chang et al. 2007;

Xiao et al. 2009; Faruque et al. 2011). In addi-

tion, alpha-adducin (ADD) gene polymorphisms,

such as ADD1 rs4961, ADD2 rs4984 and ADD3

rs3731566 may dysregulate TSC and enhance

constitutive tubular sodium reabsorption, which

lead to higher salt-sensitivity (Tikhonoff et al.

2003; Zafarmand et al. 2008; Seidlerová et al.

2009; Dimke et al., 2011). Increased salt sensi-

tivity is also associated with neural precursor

cell expressed developmentally down-regulated

4-like E3 ubiquitin protein ligase (NEDD4L)
rs4149601 polymorphism through ENaC regu-

lation. All in all, dysregulation of genes

associated with sodium regulating system are

contributed to the susceptibility risk of hyperten-

sion (Russo et al. 2005; Fava et al. 2006; Luo

et al. 2009).

2.5 Sympathetic Nervous System

Sympathetic nervous system (SNS) is controlled

by α- and β-adrenergic receptors that actively

interact with G-proteins (Table 2). Among the

available adrenergic receptors, the associations

between β1-adrenergic receptor (ADRB1) and

β2-adrenergic receptor (ADRB2) with hyper-

tension risk are discussed. Both subunits that

control BP by mediating cardiac output and

peripheral resistance are believed to play a

major role in hypertension (Soualmia 2012).

ADRB1 belong to G-coupled receptor superfam-

ily that located at the intracellular cytoplasmic

tail. ADRB1 rs1801253 polymorphism decreases

it’s receptor activity, affects the binding of

ADRB1 on G-proteins, and is associated with

lower mean values of SBP and DBP as well

as the risk of hypertension (Johnson et al.

2011b). The ADRB2 regulates the vasodilation

of smooth muscle cells via activation of cyclic

adenosine monophosphate (cAMP) signalling

pathway (Snyder et al. 2008). The risk of hyper-

tension is multiplied among ADRB2 rs1042713

carriers in an elderly population (Soudani et al.

2014).

In addition, the health status of vasculature

also mediated by insulin-like growth factor

1 (IGF-1), a strong promoter for the growth of

cardiomyocyte. Genetic polymorphisms of IGF-

1 receptor (IGF-1R) have been associated with

atherosclerosis, hypertension, angiogenesis, and

diabetes (Higashi et al. 2012). Specifically, IGF-

1R rs8034564 polymorphism contributes to
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abnormal left ventricular hypertrophy geometry

changes that deteriorates the hypertension pro-

gression (Horio et al. 2010).

3 GWAS and Hypertension

Thus far, 26 candidate genes have been

discussed, yet none of the single SNPs can pro-

trude their significant role in affecting the risk of

hypertension, which possibly due to the low

modest effect of these SNPs. This phenomenon

urges a drastic shift to genome-wide association

studies (GWAS) that allow an unbiased investi-

gation of genetic causes of hypertension, and

providing a more convincing result as compared

to the candidate genes approach. GWAS uses a

dense panel of SNPs to determine the association

between multiple genetic biomarkers and com-

plex disorders such as hypertension and diabetes,

have received a great attention since 2006.

GWAS idea is based on ‘common disease com-

mon variant’ hypothesis, which emphasizes that

common disease is related to small effect size of

genetic variations with an allelic frequency

higher than 5 % in the population (Gibson

2012). The GWAS with different degree of

associations on hypertension were summarized

in Table 3.

The Wellcome Trust Case Control Consor-

tium, WTCCC (Burton et al. 2007) was

pioneering GWAS-hypertension project.

WTCCC investigated 2000 cases each for seven

common diseases and 3000 shared controls

(Table 3). Seven common diseases were hyper-

tension, coronary artery disease, rheumatoid

arthritis, bipolar disorder, Crohn’s disease, type

1 and type 2 diabetes. Two thousand hyperten-

sion cases were recruited from British Genetics

of Hypertension (BRIGHT) study. Among the

3000 shared controls, 1500 of them were

recruited from the 1958 British Birth Cohort

and the rests of the samples were the blood

donors who participated in GWAS-hypertension

project. Twenty-one SNPs with p values lower

than 5 � 10�8 were discovered across the entire

genome. Of which, nine SNPs for Crohn’s dis-

ease, five for type 1 diabetes, three for type

2 diabetes, two for rheumatoid arthritis, and one

for both coronary artery disease and bipolar

disorder.

Even though the strongest polymorphism has

been identified for hypertension, rs2820037

gained statistical significance at 7.7 � 10�7; yet,

it failed to achieve genome-wide significance

threshold of 5 � 10�8 (Burton et al. 2007). This

SNP is located on chromosome 1q43 and is

mapped to the nearest ryanodine receptor

2 (RYR2) gene. RYR2 is abundantly found in

cardiac muscle and modulates calcium ion flow

rate from sarcoplasmic reticulum. RYR2 is also

exerting a direct effect on cardiac depolarisation

and myocardial contractile dysfunction (Galati

et al. 2016). It has been reported that genetic

variation of RYR2 increases the risk of malignant

ventricular arrhythmias, but the severity of

arrhythmias can be further deteriorated among

hypertensive individuals (Galati et al. 2016).

Hence, rs2820037 polymorphism causes

arrhythmias, which is secondary to hypertension.

Moreover, no direct relationship between the

genetic variations within RYR2 and hypertension

was observed so far. The possible explanation is

that this SNP was unable to achieve the genome-

wide significance threshold of 5 � 10�8 in

WTCCC (Burton et al. 2007).

In addition, rs146888326 polymorphism that

has been identified to be associated with the

severity of hypertension, was not associated

with hypertension in WTCCC (Burton et al.

2007). Supposedly, rs1468326 polymorphism

that situated at 3 kb upstream of WNK lysine

deficient protein kinase 1 (WNK1) gene promoter

region can modify WNK1 expression, regulate

sodium homeostasis, increase BP and hyperten-

sion risk (Newhouse et al. 2005). The

non-significant association observed between

rs1468326 polymorphism and hypertension in

GWAS could be due to the poorly tagged of

this SNP on the Affymetrix chips. Also, other

nearby SNPs may exhibit larger effect size than

rs1468326 (Burton et al. 2007). Nonetheless,

misclassification bias is the main concern of

WTCCC as this study was not purposely

designed for hypertension. Misclassification

bias may dilute the detecting power of the
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phenotypes, especially if the hypertensive con-

trol samples may be misclassified as cases

(Burton et al. 2007). This is an extremely serious

problem in GWAS where each SNP carried

relatively small effect sizes, and in fact,

misclassifying as low as 5 % of controls as

cases can reduce the power of study by 10 %

(Burton et al. 2007).

Table 3 GWAS of hypertension

Key finding highlighted in GWAS

Study (cohort) Ethnicity

Sample

size

Number

of SNP

covered rs number P value

Mapped

gene

Summary of the

translated protein/

enzyme for the

mapped gene

Burton et al.

(2007)

Caucasians 5000 469,557 rs2820037 7.7 � 10�7 RYR2 Calcium channel that

modulates flow rate of

calcium ion from

sarcoplasmic

reticulum and supplies

calcium ion for

cardiac muscle.

Kato et al.

(2008)

Asians 940 80,795 rs3755351 1.7 � 10�5 ADD2 Membrane-

cytoskeleton-

associated protein that

predominantly

expressed in the brain

to enhance the

assembly of spectrin-

actin network. It binds

to calmodulin in

regulating BP.

Adeyemo et

al. (2009)

(HUFS)

African

American

1017 808,465 rs9791170 5.1 � 10�7 P4HA2 Prolyl 4-hydroxylase

for collagen synthesis.

Org et al.

(2009)

Caucasians 1644 395,912 rs11646213 5.3 � 10�8 CDH13 Calcium-dependent

cell adhesion protein

that protects vascular

endothelial cells from

apoptosis.

(KORA S3)

Wang et al.

(2009)

Caucasians 542 79,447 rs6749447 1.6 � 10�7 STK39 Serine threonine

kinase that acts as an

intermediate for

cellular stress

response pathway and

phosphorylates

cation-chloride-

coupled co-

transporters.

Padmanabhan

et al. (2010)

Caucasians 3320 551,629 rs13333226 3.6 � 10�11 UMOD Constitutive inhibitor

of calcium

crystallization in renal

fluids that protects

against urinary tract

infection.

Johnson et al.

(2011)

Caucasians 86,588 49,452 rs2004776 6.7 � 10�14 AGT Pre-angiotensinogen

degrades by renin in

decreasing the BP

level.

33,638 55,692 rs11105354 1.1 � 10�10 ATP2B1 As described before.
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Subsequent GWAS suggested that

rs13333226 polymorphism decreases the risk of

hypertension (Padmanabhan et al. 2010).

Rs13333226 polymorphism that located at 1617

base pairs upstream to the transcription start site,

is mapped to 50 end of uromodulin (UMOD)
gene. UMOD encodes for uromodulin, the most

abundant extracellular glycosylphosphatidy-

linositol anchored glycoprotein expressed in the

ascending limb of Henley (Padmanabhan et al.

2010). Rs13333226 polymorphism is involved in

sodium homeostasis, by decreasing urinary

uromodulin excretion and promoting sodium

reabsorption at proximal tubular (Padmanabhan

et al. 2010). Since excessive sodium reabsorption

and its accumulation has resulted in water reten-

tion and high BP, it is suggested that

dysregulation of sodium homeostasis may causes

hypertension via WNK-sodium chloride

cotransporter pathway (Fujita 2014).

The first GWAS-hypertension study among

African American has been reported by Adeyemo

et al. (2009). Despite from the 30 SNPs discov-

ered, only five SNPs attained genome-wide signif-

icance threshold of 5 � 10�8 and were associated

with SBP. These five SNPs were respectively

mapped to post-meiotic segregation increased 1
(PMS1), intergenic AL365265.23, solute carrier

family 24 member 4 (SLC24A4), tyrosine

3-monooxygenase/tryptophan 5-monooxygenase
activation protein, zeta polypeptide (YWHAZ)

and importin 7 (IPO7) genes. Unfortunately,

none of them were associated with hypertension.

The strongest marker for hypertension,

rs9791170 was failed to attain genome-wide sig-

nificance threshold of 5 � 10�8 among West

Africans (Adeyemo et al. 2009). Rs9791170

polymorphism which located at 6 kb upstream

of prolyl 4-hydroxylase, alpha polypeptide II
(P4HA2), is believed to exert distal anti-stress

effects among hypertensive individuals. P4HA2

catalyzes the post-translational formation of

4-hydroxyproline, while the latter is an indicator

for de novo proline synthesis. Even though pro-

line has been reported to modulate anti-oxidation

activity in human fibroblasts and immortalized

cell lines (Kuo et al. 2016), there is no direct

relationship between 4-hydroxyproline and

hypertension. Hence, this could be a possible

reason for the non-significant association

between rs9791170 polymorphism and hyperten-

sion. Moreover, in the subsequent replication

studies by Fox et al. (2011), Jin et al. (2011)

and Kidambi et al. (2012), none of these SNPs

achieved genome-wide significance threshold of

5 � 10�8 (Table 3).

4 GWAS Meta-Analysis
and Hypertension

Currently, several meta-analysis of GWAS have

been performed to identify the genetic variations

of hypertension with very small effect sizes.

Meta-analysis allows the synthesized results

from all eligible studies to attain higher level of

conclusion, by refining significance p value and

estimating the effect size (Bush and Moore 2012;

Au et al. 2015). Normally, GWAS-BP studies

tend to report a huge number of participants

which is believed to provide sufficient statistical

power to decrease BP variations from various

next generation sequencing platforms and BP

measurement techniques. However, we only

focused on hypertensive subjects than combining

the results with BP, diastolic and systolic

phenotypes. This is to avoid false positive

findings because continuous traits such as BP

always exhibit greater statistical power as com-

pared to dichotomous traits i.e. hypertension,

which the latter is unlikely to report a genome-

wide significance p value of 5 � 10�8 (Ehret

2010). As shown in Table 4, meta-analysis of

GWAS resulted in eight SNPs (rs17367504,

rs11191548, rs12946454, rs16998073,

rs1530440, rs653178, rs1378942 and

rs16948048), which were significantly associated

with hypertension (Newton-Cheh et al. 2009).

Among these SNPs, only rs17367504,

rs16998073 and rs1378942 polymorphisms

achieved genome-wide significance threshold of

5 � 10�8 (Newton-Cheh et al. 2009).

Similarly, Cohorts for Heart and Aging

Research in Genome Epidemiology (CHARGE)

suggested that 20, 13 and 10 SNPs discovered by

GWAS were associated with DBP, SBP and

Recent Advances in the Genetics of Hypertension 571
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hypertension, respectively (p < 4 � 10�7)

(Levy et al. 2009). A subsequent joint meta-

analysis between CHARGE and Global Blood

Pressure Genetics (Global BPgen) consortia

concluded that only single SNP of rs2681472

attained genome-wide significance for hyperten-

sion (p < 5 � 10�8) (Levy et al. 2009). This

SNP is mapped to plasma membrane ATP2B1.

ATP2B1 is an ion-transport ATPase that pre-

dominately expressed in the vascular endothe-

lium. ATP2B1 functions as a pertinent

modulator for intracellular calcium homeostasis

that is involved in the vascular smooth muscles

dilations and contractions (Brini and Carafoli

2011). Three Japanese teams i.e. Tabara et al.

(2010), Takeuchi et al. (2010) and Miyaki et al.

(2012) have extended the ATP2B1 SNPs analysis

on 14,105, 1526 and 735 Japanese subjects,

respectively. Tabara et al. (2010) concluded that

ATP2B1 rs11105378 polymorphism exhibits

stronger association towards hypertension

followed by ATP2B1 rs2681472 polymorphism.

Although Takeuchi et al. (2010) reported that

rs2681472 polymorphism was significantly

associated with hypertension, this SNP failed to

attain genome wide significance threshold

(p ¼ 0.002). However, subsequent meta-

analyses by Xi et al. (2012) and Xi et al. (2014)

confirmed a significant association between

rs2681472 polymorphism and hypertension. In

the subsequent replication study, Miyaki et al.

(2012) confirmed that another SNP

(rs17249754) significantly increased the risk

towards hypertension by two-folds. And their

result also found to be consistent with Interna-

tional Consortium for Blood Pressure (ICBP)

GWAS (2011). ICBP GWAS has identified

11 indexed SNPs that associated with hyperten-

sion risk at genome wide threshold of 5 � 10�8.

The indexed SNPs were rs1173771, rs1799945,

rs805303, rs932764, rs633185, rs6015450,

rs17367504, rs1813353, rs4590817, rs17249754

and rs1378942. These SNPs were mapped to

natriuretic peptide receptor 3-chromosome

5 open reading frame 23 (NPR3-C5orf23),
human hemochromatosis protein (HFE), HLA-B

associated transcript 2-HLA-B associated tran-

script 5 (BAT2-BAT5), phospholipase C epsilon

1 (PLCE1), rho-type guanosine triphosphate
activating protein-transmembrane gene 133

(FLJ32810-TMEM133), guanine nucleotide-
binding protein alpha stimulating activity poly-

peptide 1-endothelin 3 (GNAS-EDN3),

methylenetetrahydrofolate reductase-natriuretic
peptide B (MTHFR-NPPB), calcium channel

voltage dependent beta 2 subunit (CACNB2),

chromosome 10 open reading frame 107
(C10orf107), cytochrome P450 family 1 subfam-

ily A polypeptide-unc 51 like kinase 3 (CYP1A1-

ULK3) and ATP2B1, respectively (Table 4). Of

which, several genes of interest will be discussed

in the subsequent paragraphs.

Natriuretic peptides encompass atrial natri-

uretic peptide (ANP), brain-natriuretic peptide

(BNP) and C-type natriuretic peptide (CNP),

which are associated with hypertension risk.

CNP mediates intracellular electrolyte volume

via RAS and sodium homeostasis, is removed

by NPR3 via sequential internalization and deg-

radation processes (Pereira et al. 2013). The rate

of CNP removal is decreased in the presence of

NPR3 rs1173771 polymorphism, that has been

revealed as the protective factor in Algerian

patients with hypertension (Lardjam-Hetraf

et al. 2015) as well as associated with orthostatic

hypotension (Fedorowski et al. 2012). Mean-

while, the production of ANP and BNP are

stimulated by mechanical stretching on atrial

wall, and further enhanced in the presence of

rs17367504 polymorphism (Song et al. 2015).

The rs17367504 polymorphism that mapped to

MTHFR-NPPB locus has been associated with

24 h DBP and SBP (Tomaszewski et al. 2010),

and increased risk of orthostatic hypertension by

1.13-folds (95 % CI 1.02–1.24, p ¼ 0.02)

(Fedorowski et al. 2012).

Furthermore, a link between ANP, BNP, innate

immune response and rs805303 polymorphism

has been proposed to be associated with the risk

of hypertension (Hong et al. 2013). Likewise, the

excessive consumption of deoxycorticosterone

acetate and salt as well as the progressive iron

overloading may cause hepatic antioxidant-

oxidant imbalance that subsequently lead to oxi-

dative stress (Kremastinos and Farmakis 2011;

Trott and Harrison 2014). In fact, HFE

576 L.K. Wei et al.



rs1799945 polymorphism is one of the culprit for

the intracellular iron accumulation and oxidative

stress event (Ludwiczek et al. 2007; Kremastinos

and Farmakis 2011). The oxidative stress event is

deteriorated with the accumulation of inositol

1,4,5-triphosphate and particularly in the presence

of PLCE1 rs932764 polymorphism (Zhang and

Huang 2012). Additionally, this polymorphism

promotes the hydrolysis of phosphatidylinositol-

4,5-bisphosphate to diacylglycerol and inositol

1,4,5-triphosphate (Zhang and Huang 2012).

Mass production of vascular inositol 1,4,5-

triphosphate stimulates the release of calcium

ions and leads to vascular resistance towards

blood flow and thus contributes to hypertension

risk (Abou-Saleh et al. 2013).

Released calcium ions are modulated by cal-

cium channels, during the transportation of cal-

cium ions into cells (Nie et al. 2010). Calcium

channel families encompass α1, α2, β, δ and γ
subunits. For instance, CACNB2 that encodes an

β2-regulatory subunit is targeting on α1 cell sur-

face expression in the regulation of calcium

channels activities (Nie et al. 2010). During

anti-hypertensive treatment, calcium channel

blockers (antihypertensive drugs) bound on α1
subunits to block calcium ion from flowing

through the channel, by which CACNB2 genetic

polymorphisms may exert different antihyperten-

sive effects (Nie et al. 2010). INternational

VErapamil SR-Trandolapril STudy GENEtic

Substudy (INVEST-GENES) suggested that

hypertensive individuals with CACNB2
rs2357928 GG genotype may predict a better

response to β-blocker compared, as compared

with calcium channel blocker (Nie et al. 2010).

Moreover, among ICBP GWAS identified

SNPs, it has been confirmed that zinc finger pro-

tein 831 (ZNF831) rs6015450 was significantly

increased the risk of hypertension by 1.29-folds

(95 % confident interval (CI) 1.09–1.53,

p ¼ 0.003), even though this SNP did not

attained genome wide association threshold of

5 � 10�8 (Juhola et al. 2012). It is hypothesized

that rs6015450 would be more precise if it is

mapped to 50 end upstream of ZNF831 gene, as

Juhola et al. (2012) also agreed that rs6015450 is

mapped to ZNF831 instead of GNAS-EDN3.

5 Conclusion

In overall, we concluded that candidate gene

polymorphisms involved in renin-angiotensin-

aldosterone system, vasomotor system, lipid

metabolism, sodium regulating system; and sym-

pathetic nervous system may play a role in the

development of hypertension. Furthermore,

SNPs discovered in GWAS that mapped on

ATP2B1, NPR3 and PLCE1 genes may influence

the susceptibility risk of hypertension. Therefore,

it is pertinent to highlight that SNPs in the genes

related to dysregulation of calcium/sodium

homeostasis and calcium/sodium transport as

well as activation of immune response and oxi-

dative stress are associated with the pathophysi-

ological process of hypertension.
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Stavropoulos-Kalinoglou A, Toms TE et al (2008)

Polymorphisms of the endothelin-1 gene associate

with hypertension in patients with rheumatoid arthri-

tis. Endothelium 15(4):203–212
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The Role of DNA Methylation
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Abstract

DNA methylation is the covalent modification of DNA that affects its

function, without altering DNA sequences. Three important roles of DNA

methylation include intrauterine programming, acquired predisposition,

and transgenerational inheritance. A wide variety of factors can affect

DNA methylation. Intrauterine programming involves drastic changes in

DNA methylation patterns during cellular development and differentia-

tion, which have a long-lasting effect on the predisposition of offspring.

Influences from the mother, including maternal nutritional status, modify

intrauterine epigenetic programming. In contrast to the rapid and drastic

changes in utero, postnatal factors in daily life can also continue to slowly

and dynamically change DNA methylation patterns in both somatic and

germ cells. Epigenetic changes occurring in germ cell DNA exert a

transgenerational impact on the phenotype of future generations, thus

providing a means for ancestral transmission of environmental

experiences. Despite adaptive ability, mismatch effect of

transgenerational inheritance could be potentially harmful to health if

environment has changed, and the acquired acclimatization is no longer

beneficial. Increasing evidence from both human and animal studies

indicates that DNA methylation exerts a causal impact on the develop-

ment of hypertension. Therefore, an adverse outcome of maternal malnu-

trition could be the development of hypertension in offspring, whereby

nutritional factors or disease conditions could induce phenotypes suscep-

tible to hypertension through alteration of DNA methylation patterns.

These factors are likely to alter DNA methylation patterns in all tissues

including germ cells, and despite no direct evidence of an association
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between transgenerational epigenetic inheritance and hypertension, it is

likely to play a role.
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1 Introduction

Hypertension is a chronic disease condition, of

which approximately 90 % of cases are classified

as essential hypertension without a definitive

cause. Multifactorial mechanisms are involved

in the development of hypertension. Dynamic

interaction between genetic and environmental

factors is thought to cause an increase in blood

pressure (Beilin 1990). The underlying pathoge-

netic basis of hypertension development is of

crucial importance for the development of pre-

ventive and therapeutic strategies. Family history

of essential hypertension is a well-known major

risk factor for hypertension development and,

implies possible underlying genetic mechanisms

for blood pressure regulation.

While several studies have successfully

identified hypertension susceptibility genes

(Adeyemo et al. 2009; Levy et al. 2009;

Newton-Cheh et al. 2009; Hong et al. 2010;

Padmanabhan et al. 2010; International Consor-

tium for Blood Pressure Genome-Wide Associa-

tion et al. 2011; Kato et al. 2011, 2015; Wain

et al. 2011; Franceschini et al. 2013; Ganesh

et al. 2013), such studies have clearly shown

that gene polymorphism only partially

contributes to the pathogenesis of hypertension.

More surprisingly, whole-genome sequencing

has revealed that many people carry disease-

causing genetic mutations without disease

symptoms (MacArthur and Tyler-Smith 2010;

MacArthur et al. 2012; Dewey et al. 2014). This

indicates that unidentified heritable factors,

rather than genetic factors, play a role in the

expression of the disease state. These

observations can be explained by epigenetic

mechanisms that, despite their heritability, are

potentially modifiable through environmental

factors. Epigenetics refers to phenomena that

are involved in regulating gene expression with-

out changing the DNA sequence. Epigenetic

modifications include DNA methylation, histone

modification, and non-coding RNA (ncRNA).

There is a growing body of evidence showing

the role of several epigenetic mechanisms in a

wide variety of human diseases (Marchal and

Miotto 2015; Bohacek and Mansuy 2015; Szyf

2015).

It has been hypothesized that once

established, DNA methylation patterns are stably

maintained. However, a growing body of evi-

dence has revealed that DNA methylation

patterns dynamically responded to various envi-

ronmental stimuli. Environmental factors

influencing DNA methylation patterns include

chemicals (Arai et al. 2011), infection (Nakajima

et al. 2009; Maekita et al. 2006; Li et al. 2004),

smoking (Oka et al. 2009; Zhang et al. 2014),

exercise (Ronn et al. 2013; Denham et al. 2015),

learning (Miller and Sweatt 2007; Miller

et al. 2010) and climate (Bind et al. 2014).

Other conditions, diseased and non-diseased

induce changes in DNA methylation patterns in

adult human tissues (Wang et al. 2014a; Nilsson

et al. 2015; Liu et al. 2015; Ronn et al. 2015).

Although epigenetic alterations in blood DNA

do not clearly explain the pathogenesis of

hypertension, there are a number of studies

showing an association between DNA methyla-

tion in blood and hypertension. Global DNA

methylation is low in blood DNA from hyperten-

sive patients and its level depends on the progres-

sion of hypertension (Smolarek et al. 2010).

Candidate gene approaches have successfully

identified differentially methylated sites in
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blood DNA (Friso et al. 2008; Zhang et al. 2013;

Pizzolo et al. 2015). Hypertension-related

changes of DNA methylation in the blood have

been found in a genome-wide approach (Kato

et al. 2015; Wang et al. 2013). The combination

of both genetic and epigenetic factors will exert a

profoundly important impact on the hypertensive

phenotype.

This chapter focuses on the current evidence,

in mammals, that environment and disease-

associated factors can influence blood pressure

in association with epigenetic modifications,

especially DNA methylation. We discuss the

nature of the underlying DNA methylation,

including how and when DNA methylation can

be induced, as well as the molecular mechanisms

of DNA methylation induction and maintenance.

In addition, we refer limitations in the current

understanding of DNA methylation as causal

factors for the development of hypertension,

and discuss future perspectives for the use of

epigenetic knowledge in preventative and thera-

peutic medicine.

2 DNA Methylation Maintenance

DNAmethylation occurs at cytosine residues and

is a major epigenetic modification. TET family

proteins catalyze the conversion of

methylcytosine (5mC) to hydroxymethyl-

cytosine (5hmC). In addition, TET proteins can

generate 5-formylcytosine (5fC) from 5hmC,

followed by conversion of 5fC to

5-carboxylcytosine (5caC) through oxidation.

5fC and 5caC are specifically recognized and

excised by thymine-DNA glycosylase (TDG).

Oxidation of 5mC by TET proteins, followed

by TDG-mediated base excision repair

(TDG/BER) constitutes a pathway for active

DNA demethylation (Fig. 1a).

Subsequent induction of methyl group modi-

fication by DNA methyltransferases 1, 3A and

3B (DNMT1, DNMT3A and DNMT3B)

maintains DNA methylation patterns. DNMT3A

and DNMT3B induce de novo DNA methylation

whereas DNMT1 primarily methylates the oppo-

site strand of 5mC, maintaining DNA

Fig. 1 (a) Dynamic cycle of DNA demethylation and

remethylation (DNMT DNA methyltransferase, SAM
S-adenosyl methionine, 5mC methylcytosine, 5hmC
hydroxymethylcytosine, 5fC 5-formylcytosine, 5caC

carboxylcytosine, TET ten-eleven translocation enzyme,

TDG thymine-DNA glycosylase, TDG/BER
TDG-mediated base excision repair) (b) DNA methyla-

tion by DNMTs
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methylation patterns (Fig. 1b). This model of

DNA demethylation and remethylation is the

most widely accepted, although several other

mechanisms of active DNA demethylation and

remethylation have been proposed (Chen

et al. 2013; Wang et al. 2014b; Thillainadesan

et al. 2012a).

3 DNA Methylation and Gene
Transcription

DNA methylation at gene promoter sequences is

generally associated with transcriptional silenc-

ing or decreased gene expression. DNA methyl-

ation physically disturbs the locus by preventing

transcriptional proteins binding to the promoter,

and by interacting with proteins known as

methyl-CpG-binding domain proteins (MBDs).

MBD proteins attract additional proteins to the

locus, including histone deacetylases and other

chromatin remodeling proteins. This forms com-

pact, inactive chromatin, termed

heterochromatin.

DNA methylation has been shown to play a

role in the transcriptional activity of a number of

genes involved in blood pressure regulation. The

renin-angiotensin-aldosterone system (RAAS)

plays a major role in efficient fluid retention,

and as such is involved in maintaining blood

pressure, and in the pathogenesis of essential

hypertension. Components of RAAS including

human AGT (Wang et al. 2014a), human ACE

(Riviere et al. 2011), rat Agtr1b (Bogdarina

et al. 2007) and human CYP11B2 (Demura

et al. 2010) have been shown to be negatively

regulated by DNA methylation. Similarly, when

CpG island sequences of the human AGTR1 pro-

moter were cloned into a reporter plasmid its

transcriptional activity was dependent upon

DNA methylation (unpublished observation).

DNA methylation has been demonstrated to

decrease the transcriptional activity of

HSD11B2 whose loss of function mutation

causes the syndrome of apparent mineralocorti-

coid excess and hypertension (Alikhani-Koopaei

et al. 2004). In spontaneous hypertensive rats,

increased expression with low promoter DNA

methylation is observed in Slc12a2 that

maintains ionic balance, thereby regulating

blood pressure (Lee et al. 2010).

4 DNA Methylation Dynamics
During Intrauterine
Programming

After fertilization, the erasure of epigenetic

factors (called genomic initialization) progresses

until embryo implantation (preimplantation pro-

gramming). The initialized cells attain the totipo-

tent ability to change into any cell type. In

humans, DNA methylation patterns are largely

erased in the paternal genome, except in pater-

nally imprinted regions and transposable

elements. In contrast, the maternal genome meth-

ylation patterns are almost entirely maintained

and demethylation occurs to a much lesser extent

(Okae et al. 2014). Global DNA demethylation

of the mouse maternal genome, however, takes

place by passive dilution through DNA replica-

tion during initialization (passive DNA demeth-

ylation) (Lee et al. 2014).

DNA remethylation on both paternal and

maternal genome occurs during human embry-

onic development, with global DNA methylation

level reaching at almost 80 % in the early post-

implantation embryos (Guo et al. 2014, 2015).

Cell lineage-specific DNA methylation patterns

are established through the course of differentia-

tion. Primordial germ cells (PGCs), which can

give rise to sperm and oocytes, show a drastic

decrease in global DNA methylation to less than

10 % at approximately 10–11 weeks of gestation

(Guo et al. 2015). In human somatic tissues a

tissue-specific signature exists at 9 weeks gesta-

tion, however, further gain or loss of DNA meth-

ylation occurs in a substantial number of genomic

regions during the first and second trimester, and

the DNA methylation patterns in fetal somatic

tissues become comparable to those of the

corresponding adult tissues. De novo DNA

methylation is associated with cessation of

developmental processes, while DNA demethyl-

ation is observed, thereby activating tissue-

specific functions (Slieker et al. 2015). DNA
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sequence-specific-transcription factors regulate

both active DNA demethylation and de novo

DNA methylation during embryonic (Feldmann

et al. 2013; Lienert et al. 2011) and fetal (Slieker

et al. 2015) development. In contrast to DNA

methylation patterns during adulthood, which

remain relatively stable, DNA methylation

dynamics during intrauterine life are much more

dramatic.

Although DNA methylation is extensively

erased in human preimplantation embryos and

PGCs, the erasure is incomplete (Tang

et al. 2015). In addition to changes in DNA

methylation related to development and differen-

tiation, DNA can also become hypermethylated

or hypomethylated by maternal factors at various

genomic loci in human fetal cells during intra-

uterine life (Drake et al. 2015; Chhabra

et al. 2014; Chang et al. 2011; Chen

et al. 2014). If changes in DNA methylation

patterns occurring by maternal factors are not

erased or diluted during intrauterine life, they

tend to postnatally persist in somatic and germ

cells. Maintained methylation patterns in somatic

cells affect phenotype associated with DNA

methylation patterns. In other words, the factor

influences postnatal constitution. The epigenetic

changes in germ cells are maintained and carried

forward to the offspring, even in the absence of

the initial trigger in a phenomenon known as

transgenerational inheritance. The regions that

evade global DNA demethylation in the preim-

plantation embryos and PGCs would potentially

represent hotspots of transgenerational epige-

netic inheritance (Tang et al. 2015).

5 Postnatal DNA Methylation
Dynamics

Various environmental and health factors can

induce changes in DNA methylation in both

somatic and germ cells throughout postnatal

life. Cytosines of CpG dinucleotides are either

methylated or unmethylated at the cellular level.

DNA methylation patterns in regulatory regions,

including promoters and cis-acting elements,

exert a profound impact on transcriptional

activity. The number of cells with an

unmethylated promoter determines the expres-

sion level of the corresponding gene in a given

tissue. It therefore follows that tissue DNA meth-

ylation patterns are of physiological importance

to constitution. Dynamic changes in DNA meth-

ylation patterns influence two crucial aspects of

constitution (acquired predisposition) and

non-Mendelian inheritance (transgenerational

epigenetic inheritance) (Fig. 2).

It is important to understand the signals that

influence the dynamics of DNA methylation

patterns. In vitro and in vivo studies have shown

that active and gradual DNA demethylation

(Miller and Sweatt 2007; Miller et al. 2010;

Wang et al. 2014a, b; Thomassin et al. 2001;

Demura et al. 2015) (Fig. 3a) or de novo methyl-

ation (Wang et al. 2014b; Ishikawa et al. 2015;

Thillainadesan et al. 2012b; Wajapeyee

et al. 2013; Serra et al. 2014) (Fig. 3b) following

long-term stimulation or suppression occurs

around a transcription factor-binding site

(TFBS) and a transcription start site (TSS),

respectively. Stimulatory signals switch the

gene expression phenotype from an inactive to

an active state within a tissue, whereas suppres-

sive signals switch the gene expression pheno-

type from an active to an inactive state (Fig. 4).

Therefore, although changes in DNA methyla-

tion patterns almost always causes changes in

transcriptional activity, they are a consequence

rather than a cause.

There are examples of what happens to DNA

methylation patterns when transcriptional signals

(activation or repression) are removed. In vitro

studies using cultured hepatocytes showed that

glucocorticoid-induced DNA demethylation at a

distal enhancer element of the rat Tat gene is

maintained for at least 3 months following glu-

cocorticoid withdrawal (sustained type of active

DNA demethylation) (Thomassin et al. 2001).

Conversely, DNA demethylation within the

promoters of both AGT (Wang et al. 2014a) and

CYP11B2 (Demura et al. 2010) upon stimulation

is reversed when the stimuli (interleukin 6 for

AGT, potassium for CYP11B2) are removed

(reversed type of active DNA demethylation)

(Demura et al. 2015).
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Miller et al. have elegantly offered valuable

insight into the dynamics of DNA methylation

patterns and memory formation. Fear condition-

ing transiently induces low DNA methylation at

the Reln locus (that promotes memory), and high

DNA methylation at the Ppp1cc locus (that

suppresses memory) in the hippocampus where

short memory is formed. These hippocampal

changes are reversed 1 day following fear-

conditioning removal (Miller and Sweatt 2007).

By contrast, fear conditioning induces high DNA

methylation, and associated decreased gene

expression, in the memory suppressor Ppp3ca

in the dorsomedial prefrontal cortex where

remote memory is stored. This cortical change

lasts at least 1 month following fear-conditioning

removal (Miller et al. 2010). These examples

demonstrate that some factor can evoke gene-

targeted and bidirectional changes when and

where needed, upregulating some genes with

active DNA demethylation, and downregulating

others with de novo DNA methylation.

Dynamic changes in DNA methylation

patterns are typically divided into 4 types*

reversed DNA demethylation (Miller and Sweatt

2007; Wang et al. 2014a; Demura et al. 2015)

(Fig. 5a), sustained DNA demethylation

(Thomassin et al. 2001) (Fig. 5b), reversed

DNA methylation (Miller and Sweatt 2007)

(Fig. 5c) and sustained DNA methylation

patterns (Miller et al. 2010) (Fig. 5d). Sustained

patterns of DNA demethylation (Fig. 5b) and

methylation (Fig. 5d) are more likely to exert

an impact on phenotype through epigenetic phe-

nomena including acquired predisposition,

transgenerational epigenetic inheritance and

intrauterine programming.

6 Molecular Mechanisms
Underlying DNA Methylation
Dynamics

Two independent research groups have described

that transcriptional activation by estrogen

induces cyclical DNA demethylation and

remethylation of the promoters and first exons

of several estrogen-responsive genes (Metivier

et al. 2008; Kangaspeska et al. 2008). During

estrogen stimulation, the TDG/BER system

Acquired predisposition
to hypertension

Factors from the mother

Postzygotic predisposition
to hypertension

(Intrauterine programming)

Factors in daily life

Germ cells

Changes in
DNA methylation patterns

Somatic cellsEmbryonic 
and fetal cells

Inherited predisposition to hypertension?
(Transgenerational epigenetic inheritance?)

OrganismOffspring

Zygote

Fig. 2 Proposed model: “DNA methylation changes susceptibility to hypertension”
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demethylates DNA by replacing a methylated

cytosine with an unmethylated cytosine. The

DNA is then remethylated by DNMTs. The peri-

odic time interval of DNA demethylation and

remethylation is approximately 20–40 min.

However, long-term stimulation or suppression

result in gradual DNA demethylation (Fig. 3a) or

de novo methylation (Fig. 3b) around a TFBS

and a TSS over days or years. The degree of

changes in DNA methylation depends on dis-

tance from a TFBS or a TSS (Fig. 3). Therefore,

the tendency to maintain DNA methylation

patterns appear to be due to the competition

between TDG/BER system and DNMT enzymes.

Additional factors are required to induce gradual

changes in DNA methylation patterns in the face

of this competition.

A balance between DNA methylation and

demethylation activities in the nucleus has a

role in the gradual changes in DNA methylation

patterns. More importantly, protein complexes

responsible for DNA methylation and demethyl-

ation activities need to be locally recruited and

formed. Recent evidence shows that ncRNAs

play a key role in regulating DNA methylation

patterns in a locus-specific fashion. Antisense

long ncRNA upregulates TCF21 gene expression

with low DNA methylation of the promoter. The

long ncRNA sequence is complementary to that

of the TCF21 promoter, and interacts with both

the TCF21 promoter and GADD45A that recruits

TET and TDG for base excision and repair (Arab

et al. 2014). Another example is that of the

DNMT1-interacting long ncRNAs. These

Fig. 3 Schematic representation of dynamic changes in

DNA methylation patterns by either stimulation (a) or

suppression(b) (TSS transcription start site, pTFBS

positive transcription factor-binding site, nTFBS negative
transcription factor-binding site)
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ncRNAs arise from corresponding gene-specific

loci and act as a shield, halting DNMT1 and thus

preventing DNA methylation at their site of tran-

scription (Di Ruscio et al. 2013).

DNMT1 maintains DNA methylation patterns

by methylating the opposite DNA strand of

de novo hemi-methylated CpG dinucleotides

(Fig. 1b). Once double-stranded DNA methyla-

tion has been achieved, double-stranded demeth-

ylation would be resistant to erasure (James

et al. 2003). Blocking gene-specific DNA meth-

ylation by DNMT1-interacting long ncRNAs

may be required to establish and maintain low

DNA methylation after stimulation removal

(sustained DNA demethylation, Fig. 5b). Con-

versely, genomic loci lacking expression of

DNMT1-interacting long ncRNAs may maintain

high DNAmethylation after suppression removal

(sustained DNA methylation, Fig. 5d). The pres-

ence or absence of DNMT1-interacting long

ncRNAs expression may explain four types of

gene-specific changes in DNA methylation

patterns upon stimulation or suppression.

7 Intrauterine Programming
and Hypertension

A maternal diet low in protein increases the sus-

ceptibility of offspring to hypertension. The

Dutch famine cohort shows that children from

mothers with insufficient protein intake, in rela-

tion to carbohydrate intake, during the third tri-

mester of pregnancy had higher blood pressure in

adulthood (Roseboom et al. 1999, 2001a). In

addition, the famine is associated with glucose

Fig. 3 (continued)
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intolerance, obesity, and elevated serum choles-

terol in later life (Roseboom et al. 2001b).

Reduced representation bisulfite sequencing

(RRBS) analysis, that covers only 5–10 % of all

genomic CpG dinucleotides, was used to identify

the Dutch famine-associated changes in DNA

methylation in genes that could be responsible

for the adverse metabolic profile (Heijmans

et al. 2008; Tobi et al. 2014). More comprehen-

sive analyses, such as whole genome bisulfite

sequencing (WGBS) (that covers >70 % of

human genomic CpG dinucleotides), is likely to

identify changes in the methylation of genes

involved in the development of hypertension.

Maternal low protein diets in rat (Kwong

et al. 2000) and mouse (Watkins et al. 2008)

programs offspring to develop hypertension. In

rats, offspring of mothers fed a low protein diet

develop hypertension with decreased DNAmeth-

ylation and subsequent increased expression of

the type 1b angiotensin II receptor gene (Agtr1b)

in the adrenal gland (Bogdarina et al. 2007).

These changes, involved in developing hyperten-

sion, are seen very early in life and last until at

least 12 weeks of age, suggestive of a sustained

type of DNA demethylation. In contrast,

angiotensinogen in the liver shows increased

expression at 1 week of age, and is normalized

by 12 weeks. Despite lacking data on DNAmeth-

ylation, it is predicted that Agt will show a

returned type of DNA demethylation. Similar

findings of increased Agtr1 expression have

been reported in sheep following a maternal

undernutrition diet (Whorwood et al. 2001).

When maternal glucocorticoid synthesis is

pharmacologically blocked during the first two

weeks of pregnancy, the maternal low protein

diet-associated hypertension in the offspring is

ameliorated. This is associated with a concomi-

tant normalization of gene expression and DNA

methylation of Agtr1b in the rat adrenal gland

(Bogdarina et al. 2010), suggesting that the

Fig. 4 Gene expression phenotype conversion
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Fig. 5 Schematic representation of dynamic changes in

DNA methylation patterns upon some signal and its ces-

sation. (a) Reversed DNA demethylation. (b) Sustained
DNA demethylation. (c) Reversed DNA methylation. (d)

Sustained DNA methylation (TSS transcription start site,

pTFBS positive transcription factor-binding site, nTFBS
negative transcription factor-binding site)
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maternal hypothalamic-pituitary-adrenal axis

plays a central role in the development of hyper-

tension associated with prenatal exposure to a

maternal low protein diet.

8 Acquired Predisposition
and Hypertension

Tissue DNA methylation patterns are of physio-

logical importance to constitution. One human

study evaluated the association between DNA

methylation and acquired predisposition for

hypertension (Wang et al. 2014a). Visceral adi-

pose tissue (VAT) surrounding cortisol-

producing adenoma (Cushing’s syndrome, CS),

aldosterone-producing adenoma (APA), and

non-functioning adenoma (NFA) were exam-

ined. Both cortisol and aldosterone were found

to have the ability to stimulate VAT AGT tran-

scription, with accompanying AGT promoter

DNA demethylation. Cortisol and aldosterone

exert differential effects through binding and

activation of a subfamily of NR3C glucocorti-

coid receptors (GRs) (NR3C1) and mineralocor-

ticoid receptors (MRs) (NR3C2), respectively.

The sites of DNA demethylation at the AGT

locus appear to be associated with GR or MR

binding sites (Wang et al. 2014a; Demura

et al. 2015). This study demonstrates that disease

conditions such as CS and APA cause acquired

predisposition to susceptibility to hypertension

through DNA demethylation of VAT AGT.

Surgical removal of the tumor does not always

restore blood pressure to normal levels in CS and

APA, suggesting that the DNA methylation

patterns induced by excess circulating cortisol

and aldosterone are not fully reversed. A

genome-wide analysis of DNA methylation is

necessary to elucidate whether changes in DNA

methylation patterns are reversed or sustained in

a locus-specific fashion following surgical treat-

ment for CS and APA. Such analysis is likely to

have a large impact on our understanding of the

role of DNA methylation in hypertension.

High DNA methylation around a TSS is

associated with the absence of RNA polymer-

ase II. Conversely, low DNA methylation

around a TSS is associated with the presence

of either active (high transcription levels) or

stalled (low transcription levels) RNA poly-

merase II (Takeshima et al. 2009). The combi-

nation of high promoter DNA methylation and

intermediate DNA methylation around the TSS

of VAT AGT in NFA reflects suppression of

VAT AGT transcription (Wang et al. 2014a;

Demura et al. 2015). Excessive salt in contem-

porary diets reduces circulating RAAS levels

(Oliver et al. 1975). Collectively, although

VAT would be a major site of AGT production,

high promoter DNA methylation of VAT AGT
in NFA is considered to be adaptive response

against an overabundance of salt in contempo-

rary society.

Salt is a well-recognized risk factor for the

development of hypertension. In rats, high-salt

Fig. 5 (continued)
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diets suppresses the level of circulating RAAS,

yet VAT Agt expression is increased and

accompanied by low Agt promoter methylation

(Wang et al. 2014a; Demura et al. 2015). Using

RRBS analysis, exposure to a high-salt diet for

just 7 days induces significant changes in DNA

methylation and hydroxymethylation patterns in

the renal outer medulla (Liu et al. 2014).

As described, concrete, although limited,

examples are available that demonstrate that dis-

ease conditions and dietary factors can induce an

acquired predisposition to hypertension. Further

insights into the relationship between DNA

methylation and hypertension will be gleaned

from additional studies in this area.

9 Transgenerational Epigenetic
Inheritance and Hypertension

Whilst several animal studies have illustrated

transgenerational inheritance, there is currently

no direct and definitive evidence showing

transgenerational epigenetic inheritance in hyper-

tension. In addition to their target organs, environ-

mental factors and disease conditions can cause

changes in DNAmethylation patterns in all tissues

including germ cells. Changes in germ cells are

less apparent than those that occur in target tissues

(Dias and Ressler 2014). From an evolutionary

perspective, this system would provide the ability

to adapt to environmental circumstances and aid

in preservation of the species.

In rats, fetal alcohol exposure increases DNA

methylation at the Pomc promoter in sperm and

these changes persists across at least three

generations (Govorko et al. 2012). In rats, fetal

alcohol exposure increases DNA methylation at

the Pomc promoter in sperm and these changes

persists across at least three generations (Anway

et al. 2005). In mice, odor fear conditioning

induces targeted changes in gene expression and

DNA methylation in sperm as well as the olfac-

tory nerve, which persists across at least two

generations. More importantly, in this study

in vitro fertilization using sperm from an odor-

conditioned mouse reproduced the same changes

in behavior, gene expression, and DNA

methylation (Dias and Ressler 2014), indicating

that sperm contains a certain signal to mediate

transgenerational inheritance and DNA methyla-

tion patterns are a likely candidate for the

mediator.

Postnatal experiences also alter the DNA

methylation patterns of several genes in sperm.

In mice, postnatal traumatic stress induces gene-

targeted and bidirectional changes in sperm as

well as the brain, thereby upregulating some

genes with low DNA methylation and

downregulating others with high DNA methyla-

tion (Franklin et al. 2010). Similar changes in

DNA methylation patterns are observed in the

sperm of both parent and offspring, and in the

relevant somatic tissues of the offspring, which is

strongly indicative of transgenerational

inheritance.

Although data supporting transgenerational

inheritance of epigenetic changes, including

DNA methylation, is lacking there are a number

of supportive examples are in humans. Firstly,

the offspring of prenatally undernourished

fathers during the Dutch-famine become obese

(Veenendaal et al. 2013). Nutrition intake of

grandparents appears to influence the mortality

of grandchildren (Kaati et al. 2002; Pembrey

et al. 2006; Bygren et al. 2014), suggesting

transgenerational responses in humans. Another

study analyzed four generations of a family

showed that the allelic asymmetry of DNA meth-

ylation observed in somatic cells was also pres-

ent in germ cells (Tang et al. 2016). Additionally,

exercise induces changes in the DNA methyla-

tion patterns of many genes in human sperm

(Denham et al. 2015). Despite indirect, these

observations indicate that transgenerational epi-

genetic inheritance, in association with DNA

methylation, occurs in humans. Taken together,

transgenerational epigenetic inheritance related

to hypertension is likely to exist in humans.

The molecular mechanism by which

transgenerational inheritance takes place remains

largely unknown. De novo DNAmethylation and

DNA demethylation are targeted to particular

regulatory elements in both somatic and germ

cells. Extracellular vesicles containing proteins

and ncRNAs can mediate intercellular
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communication between somatic and germ cells

(Cossetti et al. 2014; Devanapally et al. 2015).

Therefore, DNA-binding transcription factors

and ncRNAs emerge as a strong candidate

contributing directly to transgenerational

inheritance.

10 Conclusion and Emerging
Concept

DNA methylation patterns have been thought to

be stably maintained. However, life experiences,

environmental factors, and disease conditions

can dynamically alter DNA methylation patterns.

More importantly, it is becoming increasingly

clear that these various factors can change DNA

methylation patterns in germ cells as well as in

somatic tissues, leading to heritable changes in

traits and behaviors.

Previous studies have revealed that genetic

factors have a limited capacity for coping with

the question of the development and inheritance

of hypertension. Epigenetic mechanisms have

led to an enormous paradigm shift in our under-

standing of phenotypes and heritability. Environ-

mental changes during intrauterine and early

postnatal life can lead to changes in DNA meth-

ylation patterns with altered gene expression.

Such changes could result in increased suscepti-

bility to hypertension in adulthood. In addition,

although gradual, changes in DNA methylation

patterns in adulthood may also affect a suscepti-

bility to hypertension.

DNA methylation patterns vary from tissue to

tissue, and even within tissues, thus conferring

on DNA a particular cellular identity. Mean-

while, it is undeniably true that experiences,

environmental factors, and disease conditions

make their own epigenetic mark on DNA.

Mapping changes in the patterns of DNA

demethylation and de novo DNA methylation in

response to various factors will open new

avenues for diagnostics, health promotion, and

disease prevention.
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Abstract

Hypertension is a common but complex human disease, which can lead to

a heart attack, stroke, kidney disease or other complications. Since the

pathogenesis of hypertension is heterogeneous and multifactorial, it is

crucial to establish a comprehensive metabolomic approach to elucidate

the molecular mechanism of hypertension. Although there have been

limited metabolomic, lipidomic and pharmacometabolomic studies

investigating this disease to date, metabolomic studies on hypertension

have provided greater insights into the identification of disease-specific

biomarkers, predicting treatment outcome and monitor drug safety and

efficacy. Therefore, we discuss recent updates on the applications of

metabolomics technology in human hypertension with a focus on meta-

bolic biomarker discovery.

Keywords
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1 Introduction

Hypertension is a symptomless disease which

can lead to serious complications, including met-

abolic syndrome, blurred vision, memory loss,

kidney failure, stroke and damage to the heart

and coronary arteries (Messerli et al. 2007).
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Hypertension can be classified into primary

(essential or idiopathic), secondary (non essen-

tial), and to a lesser extent, isolated systolic

hypertension, malignant hypertension, white

coat hypertension, and resistant hypertension.

Around 90–95 % of hypertensive patients are

primary hypertension, as a result of interaction

between genetic and lifestyle factors; whereas

the remaining 5–10 % are categorized as second-

ary hypertension, due to renal diseases, endo-

crine disorders, or side effect of medications

(Poulter et al. 2015).

Diagnosis of hypertension is based on sphyg-

momanometer to measure the pressures exerted

during the heart beats (systolic) and resting

between beats (diastolic). Normal blood pressure

reading is under 120/80 mm Hg (systolic over

diastolic), while 140/90 mm Hg and above are

considered high blood pressure. Hypertension

can be managed with several anti-hypertensive

drugs, such as beta-blockers (e.g. atenolol), thia-

zide diuretics (e.g. hydrochlorothiazide), angio-

tensin converting enzyme inhibitors

(e.g. captopril), calcium channel blockers

(e.g. amlodipine) and alpha-1 antagonist

(e.g. terazosin) (Chobanian et al. 2003). Other

treatments may include lipid-lowering drugs

(e.g. statins and fibrates) that can prevent

dyslipidemia, diabetes mellitus, cardiovascular

and cerebrovascular diseases in hypertensive

patients (Jacobson and Zimmerman 2006).

Since pathogenesis and pathophysiology of

hypertension may changes during the course of

hypertension, it is important to establish a new

‘omics’ approach for early prediction and eluci-

date the molecular mechanism of hypertension

(Thongboonkerd 2005; Nikolic et al. 2014). Con-

sequently, this would be beneficial for the pre-

vention and management of hypertension as well

as promote the development of new therapeutic

strategies and improved diagnostic methods to

meet future demands.

2 Metabolomics, Lipidomics
and Pharmacometabolomics

‘Omics’ approaches, including genomics (DNA),

transcriptomics (RNA), proteomics (proteins),

and metabolomics (metabolites), play a pivotal

role in our understanding of human biology and

diseases such as hypertension (Fig. 1).

Metabolomics is one of the ‘omics’ approaches

that study the global metabolic profile in

biological samples (e.g. cells, tissues and body

fluids), by using analytical techniques with the

combination of cheminformatics, bioinformatics

and statistics analyses (Madsen et al. 2010).

Fig. 1 Omics’ approaches
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Lipidomics is a subfield of metabolomics,

which focuses on the identification and quanti-

tation of the complete set of lipids on a meta-

bolic basis and further associated with diseases

or treatments. Pharmacometabolomics is an

emerging field that positively contributes to

personalized medicine, involves the identifica-

tion of metabolic patterns that can predict the

response of drug treatment in human diseases.

Pharmacometabolomics also helps to investi-

gate the effects of drugs on metabolism

and identify the metabolic pathways that

correspond to drug-response phenotype and

metabolic adverse effects (Kaddurah-Daouk

et al. 2014).

Human metabolome consisted of approxi-

mately 4229 endogenous metabolites in serum

sample (Psychogios et al. 2011). Metabolites

represent the intermediate and end products of

metabolic reactions and cellular processes, and

may have diverse functions in different

organisms. Metabolites usually have low molec-

ular weight of less than 1500 Dalton, and

biological molecules including carbohydrates,

fatty acids, and amino acids can be considered

as metabolites. Metabolites also vary depending

on their polarity, solubility and volatility. For

instance, amino acids are hydrophilic polar

metabolites, while lipids are hydrophobic

non-polar metabolites.

3 Targeted and Untargeted
Metabolomics

An appropriate experimental design is required to

ensure that the metabolomic data is able to answer

the questions of interest (Fig. 2). Two distinct

metabolomic strategies, namely targeted and

untargeted approaches have been applied to the

analysis of metabolites. Targeted metabolomic

approach is on the basis of hypothesis-driven

manner and also used for biomarkers validation

(Griffiths et al. 2010; Wei et al. 2010). Targeted

metabolomics is the measurement of a select

group of metabolites, typically focusing on one

Fig. 2 Metabolomics workflow
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or more related pathways of interest (Dudley

et al. 2010). It is normally performed using

mass spectrometry (MS) based approach. By tak-

ing this approach, a novel association between

metabolites and diseases may be revealed and

enables a more comprehensive understanding

on metabolic functions and pathways (Roberts

et al. 2012).

In contrast to targeted metabolomics,

untargeted approaches allow the unbiased detec-

tion of full set of metabolites in the biological

samples. This approach offers the opportunity for

the discovery of novel metabolites and metabolic

pathways without prior knowledge of the

identified metabolites (Patti et al. 2012). There-

fore, untargeted metabolomics is classified as

discovery-phase or hypothesis-generating

research. Untargeted metabolomics can be

performed by nuclear magnetic resonance

(NMR) and MS approaches, in order to measure

and quantify as many metabolites as possible

(Alonso et al. 2015). However, the challenging

part of this approach is build upon the complex-

ity and pleiotropic nature of metabolomic data as

well as the protocol and time required to analyze

the massive data sets (Patti et al. 2012; Roberts

et al. 2012).

4 Sample Preparation

The initial step in a metabolic profiling is the

extraction of metabolites from biological

samples. Metabolite extraction varies profoundly

depending on study objectives, sample availabil-

ity (cell, tissue or body fluid) and analytical plat-

form to be used. During sample acquisition,

several factors have been identified to interfere

with metabolomic outcomes. For instance, gen-

der, age, diurnal variations, diet, exercise and

drug consumption may influence the metabolic

profile of an individual (Yin et al. 2015). In

addition, type of blood-collection tubes (such as

lithium heparin, potassium EDTA and citrate),

duration between sample collection and

processing, transportation, storage and repeating

freeze-thaw cycles of samples may also affect the

analytical results (Yin and Xu 2014; Yin

et al. 2015).

In the consideration of complex, heteroge-

neous and dynamic nature of metabolome,

metabolite extraction can be performed in order

to separate and maximize the total number of

metabolites detected. The procedure of metabo-

lite extraction is specific to samples types and

metabolites of interest (Patti 2011). Liquid-liquid

extraction and solid phase extraction are the most

commonly used methods for metabolites extrac-

tion (Yin and Xu 2014). Metabolites should be

quenched immediately to stop metabolism for

example by perchloric acid treatment or freezing

at �80 �C or liquid nitrogen prior to extraction.

During extraction process, different solvents

such as methanol, isopropanol, chloroform, ace-

tonitrile or their combinations are used, thus

allow the separation of polar and non-polar

metabolites and also protein depletion (Bruce

et al. 2008; Sellick et al. 2011; Sapcariu

et al. 2014). Lipids are usually extracted with

chloroform-methanol-aqueous mixtures (Jung

et al. 2011). As a result, the upper aqueous solu-

ble phase is consisted of polar metabolites, while

non-polar metabolites are remained in the lower

organic phase. However, it has been suggested

that minimal sample preparation may lead to the

production of accurate, reliable, and unbiased

data (Dunn et al. 2011).

5 Analytical Instrumentation

High-throughput analytical platforms allow the

simultaneous separation and comprehensive

detection of metabolites present in biological

samples, mainly based on either NMR spectros-

copy or MS technologies. These including, but

are not limited to 1H-NMR spectroscopy, 13C-

NMR spectroscopy, 15N-NMR spectroscopy, 31

P-NMR spectroscopy, gas chromatography-MS

(GC-MS), gas chromatography-flame ionization

detection (GC-FID), capillary electrophoresis-

MS (CE-MS), direct infusion-MS (DI-MS) and

liquid chromatography-MS (LC-MS). High-

resolution magic-angle spinning NMR spectros-

copy can be used for metabolic profiling of intact
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tissues without any pretreatment of samples

(Beckonert et al. 2010).

6 Nuclear Magnetic Resonance
Based Method

NMR spectroscopy is a rapid and effective tech-

nique for untargeted metabolomics, as it can

identify and quantify a wide range of metabolites

in biological samples. This technique is a

non-destructive method and requires only mini-

mal sample preparation. 1H-NMR spectroscopy

is the one of most common used methods for

metabolomic analysis, and to a lesser extent 13

C-, 15N- and 31P-NMR (Keun and Athersuch

2011). The principle of NMR involved the

absorption of radiant energy by atomic nuclei (1

H) in the presence of a magnetic field (Lane

2012). At the same field, different atomic nuclei

within a molecule will generate different reso-

nance frequencies. These signals will provide the

chemical and structural information on the

detected molecule.

However, NMR has relatively low analytical

sensitivity that detects only high-abundance

metabolites, thus leads to a requirement for

greater initial sample volume (Bothwell and

Griffin 2011). Moreover, complex datasets may

result in peaks overlapping or similar coupling

constants in one-dimensional NMR. This can be

overcome by applying two- and three-

dimensional NMR spectroscopy methods such

as J-resolved spectroscopy, spin-echo correlated

spectroscopy, diffusion ordered spectroscopy

and ultrafast J-Resolved correlation spectroscopy

(Ludwig and Viant 2010; Dunn et al. 2011;

Larive et al. 2014). Furthermore, high-resolution

magic angle spinning (HRMAS) NMR spectros-

copy can be performed on intact tissues without

sample preparation (Bothwell and Griffin 2011;

Larive et al. 2014). During the process, sample is

spun at magic angle (54�44’) to the magnetic

field with high speed (2000–6000 Hz), in order

to reduce or remove the chemical shift anisotropy

and dipole-dipole couplings (Salek et al. 2011).

7 Mass Spectrometry Based
Method

MS coupled with liquid chromatography (LC) or

gas chromatography (GC), enables the ionization

and subsequent separation of the ions and frag-

ment ions according to their mass-to-charge

(m/z) ratio (Pitt 2009). In LC-MS, several types

of atmospheric pressure ionization methods are

used for the ionization of different categories of

metabolites. Of which, the most commonly used

electrospray ionization is used for the initial

screening of unknown metabolites (Xiao

et al. 2012). Atmospheric-pressure chemical ion-

ization and atmospheric-pressure photoioniza-

tion are suitable for the detection of non-polar

metabolites and have been widely applied in

lipidomic studies (Xiao et al. 2012). There are

different types of MS analyzers, including ion

trap, time-of-flight, orbitrap, and quadrupole

MS (Fuhrer and Zamboni 2015).

The high resolution of GC combined with the

MS detection, and more recently GC � GC-MS,

provides an excellent system for performing

global metabolic profiling, with the help of

metabolome databases in the identification of

unknown compounds (Patti et al. 2012). How-

ever for GC-MS based method, sample derivati-

zation is required prior to data acquisition. For

aqueous metabolites, the common practice is to

use a two-step derivatization processes

(methoximation followed by silylation) prior to

GC-MS analysis to reduce polarity and increase

thermal stability and volatility (Cheng

et al. 2014). The benefits of GC-MS based

strategies may include very high resolution,

good sensitivity and robustness; these are further

enhanced by a two dimensional GC � GC-MS.

The metabolites elute from the first column are

separated based on volatility and followed by

polarity in the second column (Lenz and Wilson

2007).

Compared to NMR and GC-MS, LC-MS

based method is able to detect a larger numbers

(200–500) of metabolites, and therefore has been

recommended for global metabolite profiling

(Patti et al. 2012). In many ways, LC-MS
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analysis can be performed using reversed-phase

gradient chromatography, electrospray ioniza-

tion probe and Z-spray ion source in order to

obtain the most comprehensive metabolic profile

(Cheng et al. 2014). LC-MS may reduce the

interference between analytes and background

by improving gaps (ion suppression) or peaks

(ion enhancement) signals (Lenz and Wilson

2007). However, it is suggested that identified

metabolites have to be confirmed and validated

with authentic metabolic standards.

The sensitivity of MS is determined by

metabolite’s pK, hydrophobicity and ionization

potential (Want et al. 2007). Therefore,

quenching and metabolite extraction method as

well as sample handling and storage may affect

the amount of variability in the sample results.

Another limitation of MS is the lower reproduc-

ibility as compared with NMR method. Despite

these limitations, MS platform still outperforms

NMR-based method for the detection of

low-abundance and large quantity of metabolites

(Theodoridis et al. 2011). MS possesses a greater

sensitivity than NMR spectroscopy that capable

to detect very low-abundance metabolites at

picogram level (Dunn et al. 2011). By showing

their respective pros and cons, the combination

strategy of MS with NMR spectroscopy has

proven to be effective and becomes increasingly

popular in metabolomic studies.

In addition, advancement of new technology

has been made in utilizing triple quadrupole

(QqQ) MS for the quantitatively measurement

of metabolites with higher sensitivity and speci-

ficity (Patti et al. 2012). QqQ MS consists of

precursor ion scan, neutral loss scan, product

ion scan, and selected reaction monitoring to

filter and detect the metabolites with more sensi-

tive and specific to their molecular weight and

structure (Pitt 2009). QqQ MS is coupled with

other separation techniques (LC, GC, and CE)

and multiple reaction monitoring, in order to

enhances its selectivity and sensitivity. Hence,

QqQ MS technology provides excellent depth

and breadth of metabolome coverage, and is

well-suited for targeted metabolome analysis

and quantification of metabolites.

8 Data Acquisition and Analysis

Data acquisition and analysis are conducted to

identify the particular metabolites that could

potentially serve as biomarkers for diseases.

Putative identification of metabolites is initially

carried out by matching the actual m/z values and

theoretical m/z values in various databases such

as Human Metabolome Database (http://www.

hmdb.ca/), HumanCyc (http://humancyc.org/),

LipidMaps (http://www.lipidmaps.org/),

MassBank (http://www.massbank.jp/?lang¼en)

and Metlin (https://metlin.scripps.edu/index.

php) (Johnson et al. 2014). Metabolomic data

acquisition and processing can be performed by

metabolomic softwares such as AMDIS, CODA,

HighChem MassFrontier, LECO ChromaTOF,

MathDAMP, MetAlign, MZMine,

SpectralWorks AnalyzerPro, TargetSearch,

WMSM and XCMS (Shulaev 2006; Kind and

Fiehn 2010; Patti et al. 2012).

Metabolomics data has been analyzed with a

wide range of statistical analyses, in order to

reduce the number of variables and examine the

difference between groups (Bartel et al. 2013).

These analyses can be classified into either uni-

variate analysis of t-test and ANOVA (analysis

of variance) or multivariate analysis such as the

widely used PCA (principal components analy-

sis), PLS (Partial least squares) regression, and

PLS-DA (PLS-discriminant analysis). In addi-

tion, metabolomics data have also been analysed

using MANOVA (multivariate analysis of vari-

ance), ASCA (ANOVA-simultaneous compo-

nent analysis), OPLS (orthogonal-PLS), OPLS-

DA (OPLS-discriminant analysis), SIMCA (Soft

independent modelling of class analogies), HCA

(hierarchical cluster analysis), SOMs (self-

organizing maps), SVM (Support vector

machines) and Random Forest (Sugimoto

et al. 2012; Bartel et al. 2013). Differential meta-

bolic profiles between two groups can be com-

pared using parametric Student t-tests and

Wilcoxon rank sum nonparametric tests, while

ANOVA test is applied for multiple groups

(Bartel et al. 2013). In contrast, multivariate

methods analyzed and compared between
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different metabolic features and interactions

between them (Bartel et al. 2013; Alonso

et al. 2015). These multivariate analyses can be

classified into unsupervised (PCA, ASCA, HCA

and SOMs) and supervised (PLS regression,

OPLS, SIMCA and SVM) methods (Sugimoto

et al. 2012; Bartel et al. 2013). Unsupervised

methods analyze data irrespective to the type of

study samples; whereas supervised methods cat-

egorize the study samples according to the

phenotypes prior to analysis and more appropri-

ate for constructing risk prediction models

(Alonso et al. 2015).

Bioinformatic tools have contributed to

metabolomics field by transforming the

metabolomic raw data obtained into biologically

meaningful information (Johnson et al. 2014). A

number of bioinformatic databases are currently

publicly available for metabolomic data analysis

and visualization tools, including KEGG (http://

www.genome.ad.jp/kegg/), BioCyc (http://

biocyc.org/), DOME (http://medicago.vbi.vt.

edu), MapMan (http://gabi.rzpd.de/projects/

MapMan/), MetaCyc (http://metacyc.org/),

MetNet (http://metnet.vrac.iastate.edu/) and

KaPPA-View (http://kpv.kazusa.or.jp/kappa-

view/) (Shulaev 2006; Johnson et al. 2014; Sas

et al. 2015). Other bioinformatics tools for path-

way mapping and network visualization include

Paintomics, VANTED (Visualization and Anal-

ysis of Networks containing Experimental Data),

and MetaboAnalyst. In order to build a network

of genes-metabolites pathways interaction, sev-

eral network tool such as MetScape, MBRole

(Metabolites Biological Role), MSEA (Metabo-

lite Set Enrichment Analysis), MetaMapp,

3Omics, ProMeTra and mummichog attempted

to extend this approach to metabolite biomarkers

discovery (Shulaev 2006; Johnson et al. 2014;

Sas et al. 2015).

9 Metabolomic Biomarkers

As indicated in Table 1, a number of metabolites

have been discovered in metabolomics studies

associated with incident hypertension (Holmes

et al. 2008; Liu et al. 2011; Zheng et al. 2013a, b;

Zhong et al. 2014; Nikolic et al. 2015; van

Deventer et al. 2013; Wang et al. 2015). These

metabolites may serve as biomarkers for early

diagnosis, prevention and treatment of this

disease.

Carbohydrate metabolism alterations were

found to be associated with hypertension, and

patients with essential hypertension

demonstrated impaired glucose tolerance, insulin

resistance and abnormal glucose metabolism

(Garcı́a-Puig et al. 2006). In conjunction with

the elevated level of glucose, altered levels of

other monosaccharides, disaccharides and

polysaccharides were observed in hypertensive

patients. Of which, the levels of lactate, galac-

tose, glucosamine, glycerol,

4-hydroxyphenyllactate, 2-hydroxyvaleric acid,

2-ketoglutaric acid, oxalic acid, sorbose, sucrose,

sorbitol, inosose and myo-inositol were

increased, whereas fructose, cellobiose,

methyluric acid, lactobionic acid, indole carbox-

ylic acid, tricarballylic acid formate and glucuro-

nide were decreased (Liu et al. 2011; Zhong

et al. 2014; van Deventer et al. 2013; Wang

et al. 2015). These results suggest that carbohy-

drate metabolism dysregulation may play an

important role in hypertension, through sodium

retention, renal tubular sodium reabsorption,

sympathetic nervous system and adverse effects

of anti-hypertensive drugs (Gambardella

et al. 1993; Sechi et al. 1997; Savica et al. 2010).

Several lines of evidence also indicated that

free fatty acids were significantly associated with

the development of hypertension (Fagot-

Campagna et al. 1998; Wang et al. 2008), possi-

bly by regulating vascular tone and microvascu-

lar function, inhibiting endothelium-dependent

vasodilatation and increasing blood pressure

(de Jongh et al. 2004; Spijkers et al. 2011). Fur-

thermore, increased levels of free fatty acids may

contributed to hypertension through the alter-

ation of membrane microviscosity and lipid

metabolism, by modulating ion transport, pH

regulation, intracellular Ca2+ handling and sig-

naling pathway (Zicha et al. 1999). Interestingly,

findings from metabolomic studies indicated that

the levels of very low-density lipoprotein,

low-density lipoprotein, acetone,
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Table 1 Association of metabolic changes with incident hypertension

Metabolomic markers Techniques

employed

Statistical

analysis ReferencesIncreased concentrations Decreased concentrations

Alanine Formate, hippurate and

N-methylnicotinate

1H-NMR OPLS-DA Holmes

et al. (2008)

Choline Urea, α-1 Acid glycoprotein 1H-NMR OPLS and

PLS-DA

De Meyer

et al. (2008)

D-glucose, D-galactose,

glucosamine, L-sorbose, sucrose,

D-sorbitol, inosose, myo-inositol,

heptanoic acid, 1-stearoylglycerol,

oleic acid, 1-palmitoylglycerol,

nonanoic acid, eicosanoic acid,

hexanoic acid, pipecolic acid,

L-ornithine, L-lysine,

pyroglutamic acid, L-histidine,

L-alanine, glutamine,

L-isoleucine, α-aminoadipic acid,

N-acetylglycine, L-tyrosine,

homocysteine, L-aspartic acid,

glutamic acid, L-tryptophan,

allantoin, 3-amino-2-piperidone,

urea and 2-ketoglutaric acid

D-Fructose, D-cellobiose,

lactobionic acid, glycerol

3-phosphate

GC-TOF-

MS

PCA, PLS

and OPLS

Liu

et al. (2011)

4-Hydroxyhippurate,

5α-androstan-3β,17β-diol
disulfate, androsterone sulfate and

epiandrosterone sulfate

– GC-MS and

LC-MS

PCA Zheng

et al. (2013a,

b)

Very low density lipoprotein, low

density lipoprotein, lactic acid,

acetone and acetylformic acid

Valine, alanine, glucose, inose,

p-hydroxyphenylalanine and

methylhistidine

1H-NMR PLS-DA,

OPLS-DA

and t-test

Zhong

et al. (2014)

Oxalic acid, fumaric acid,

glycerol, adenine, pyrophosphate

and uric acid

L-Valine, L-isoleucine, glycine,

L-threonine, L-methionine,

ornithine, L-asparagine,

L-glutamine, citrulline, L-lysine,

L-tyrosine, L-tryptophan, L-cystine

and capric acid

GC-MS PCA,

Mann-

Whitney-

Wilcoxon

Wang

et al. (2015)

3-OH-Sebacic acid,

2-OH-isovalerate, 4-OH-phenyl-

lactate, tricarballylic acid and

lactic acid

Hesperetin, hexenoylcarnitine,

fumaric acid, methylguanosine,

N-acetylarylamine, kynurenic acid,

phenylglyoxylate, indole

carboxylate glucuronide,

methyluric acid, dimethyluracil and

trimethyl-L-lysine

GC-MS and

LC-MS

PCA van Deventer

et al. (2013)

Talose, lyxose, glucose-1-

phosphate, methylmalonic acid,

malonic acid, shikimic acid

Threonine, nicotinoyl glycine,

phenylalanine, aspartic acid,

Gly-Pro, galactose, thymol,

noradrenaline, methyl-beta-D-

galactopyranoside,

2-methoxyestrone, alpha-

tocopherol

GC-MS t-test/

Wilcoxon

rank sum

test

Hao

et al. (2016)

1H-NMR Proton nuclear magnetic resonance

GC-TOF-MS Gas chromatography time-of-flight mass spectrometry

GC-MS Gas chromatography mass spectrometry

LC-MS Liquid chromatography mass spectrometry

OPLS Orthogonal partial least square

PLS-DA Partial least square discriminant analysis

OPLS-DA Orthogonal partial least square discriminant analysis

PCA Principal component analysis

PLS Partial least square

606 A. Au et al.



1-stearoylglycerol, 1-palmitoylglycerol, and free

fatty acids such as oleic acid, nonanoic acid,

ecosanoic acid, hexanoic acid, and heptanoic

acid were significantly higher among hyperten-

sive patients compared to normotensive controls

(Liu et al. 2011; Zhong et al. 2014).

Another metabolic pathway that is repeatedly

found to be perturbed in hypertensive patients is

amino acid metabolism. Amino acids, including

alanine, histidine, isoleucine, lysine, homocyste-

ine, ornithine, tyrosine, p-hydroxyphenylalanine,

methylhistidine, aspartic acid, glutamine,

glutamic acid and pyroglutamic acid were

observed at higher concentrations in blood

samples of patients with hypertension (Liu

et al. 2011; Zhong et al. 2014). However, isoleu-

cine, glycine, threonine, phynylalanine, methio-

nine, ornithine, asparagine, glutamine, citrulline,

lysine, tyrosine, tryptophan, cystin, hexenoyl-

carnitine and trimethyl-L-lysine were found to

have lower concentrations in other metabolomic

studies (van Deventer et al. 2013; Wang

et al. 2015). Alanine is found in dietary sources

of proteins, but is particularly concentrated in

meats. Alanine was positively associated with

high blood pressure, which in agreement with

several metabolomic studies (Holmes

et al. 2008; Liu et al. 2011; Zhong et al. 2014).

In addition, other amino acids, branched chain

amino acids and sex steroid metabolites such as

5α-androstan-3β,17β-diol sulfate, androsterone

sulfate and epiandrosterone sulfate, were inde-

pendently associated with increased risk of

hypertension (Zheng et al. 2013a, b).

Urea, the main metabolite of protein metabo-

lism, has become an independent predictor of

hypertension (De Meyer et al. 2008; Liu

et al. 2011). Likewise, uric acid and allantoin

were observed at higher levels in hypertensive

patients, in contrast to dimethyluracil and

methyluric acid (Liu et al. 2011; van Deventer

et al. 2013; Wang et al. 2015). The underlying

mechanism could be explained by the regulation

of urinary sodium (Na) homeostasis via an effect

of diuresis and natriuresis (Cirillo et al. 2002). In

hypertensive patients, urinary urea was inversely

associated with blood pressure, as the higher urea

level may reduce glomerular filtration rate and

impaired renal function (Cirillo et al. 2002; Mar-

tin et al. 2005).

Researchers also highlighted changes in

metabolites originated from gut microorganism,

indicating a possible link between gut microflora

activities with hypertension. Notably, microbial

metabolites (such as formate, hippurate,

4-hydroxyhippurate and lyxose) detectable

blood and urine in humans were found signifi-

cantly changed and can be associated with to the

development of hypertension (Hao et al. 2016;

Holmes et al. 2008; Zheng et al. 2013a, b).

Together, these finding shows a promising future

research direction for hypertension.

10 Lipidomic Biomarkers

The number of lipidomic studies related to

hypertension is limited (Graessler et al. 2009;

Hu et al. 2011; Kulkarni et al. 2013). As shown

in Table 2, the identified lipid metabolites were

ether phosphatidylcholine, ether phosphatidyl-

ethanolamine, lysophosphatidylcholine, phos-

phatidylcholine, sphingomyelin, cholesteryl

ester, triacylglycerol, monohexosylceramide,

phosphatidylinositol and diacylglycerol, which

mainly involved in lipid signaling pathway.

Dysregulation of this signaling pathway may

contribute to the pathogenesis of human diseases

such as inflammation, cancer and metabolic dis-

ease (Wymann and Schneiter 2008). For

instance, sphingomyelins consisted of

phosphocholine or phosphoethanolamine as

their phospholipid polar head group and served

as substrates for the hydrolysis of ceramides

through action of sphingomyelinases (Hannun

and Obeid 2008). Sphingomyelinases enzymes

further break down sphingomyelin to generate

ceramide and phosphocholine, which may, in

turn, accelerate the formation of diacylglycerol

from phosphocholine (Hannun and Obeid 2008).

Therefore, diacylglycerol (final product of lipid

signaling pathway), together with the second

messenger inositol-1,4,5-triphosphate, play

important roles in regulating protein kinase C

activity and calcium release (Hannun and Obeid

2008). Moreover, it has been reported that the
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accumulation of triacylglycerol lipid species may

induce lipotoxicity in hypertension

(Hu et al. 2010). Therefore, there is a strong

biological plausibility for the role of lipid signal-

ing molecules in pathophysiology of hyperten-

sion (Kulkarni et al. 2013).

11 Pharmacometabolomic
Biomarkers

Recently, the promise of pharmacometabolomics

for hypertensive patients has been delivered in

several studies (Wikoff et al. 2013; Altmaier

et al. 2014; Rotroff et al. 2015). These studies

investigated the effects of the five major classes

of anti-hypertensive drugs on human metabolism

and identified the metabolic pathways response

to drug treatment. The potential pharmacome-

tabolomic markers associated with these

outcomes were further highlighted in Table 3.

Beta blockers, or known as beta-adrenergic

blocking agents, may lower the blood pressure

by blocking the effects of epinephrine (adrena-

line) and norepinephrine (noradrenaline)

hormones on b-adrenergic receptors (Frishman

1988). Free fatty acids such as oleic acid, linoleic

acid, palmitoleic acid, palmitic acid,

3-hydroxybutanoic acid, arachidonic acid,

3-hydroxybutyrate methyl-hexadecanoic acid,

dihomolinoleate, 10-nonadecenoate, stearic

acid, myristic acid and heptadecanoic acid were

significantly decreased in patients treated with

beta-blockers. Meanwhile, elevated levels of

sugar alcohol (including threitol, arabitol, allo-

inositol) and amino acids (including

pyroglutamine, homocitrulline, salicylate,

hydroxyisovaleroyl-carnitine, 2-methylbutyroyl-

carnitine) were observed. Beta-blockers (both

propanolol and atenolol) may attenuate lipolysis

by lowering the plasma free fatty acid levels

(Deacon 1978). Lipolysis is stimulated by cate-

cholamine hormones, including adrenaline and

noradrenaline, and is regulated by the beta-

adrenergic receptors (Millet et al. 1998). There-

fore, it seems that beta-blockers may cause met-

abolic changes in fatty acid biosynthesis and

glycerolipid metabolism pathways. Moreover,

these metabolic perturbations are greatly

influenced by ethnicity (e.g. Causcasians and

African Americans) (Wikoff et al. 2013; Rotroff

et al. 2015).

Thiazide diuretic (hydrochlorothiazide) is

used to treat high blood pressure, by inhibiting

sodium reabsorption within the kidney’s distal

tubule, which leads to increased excretion of

sodium and water in urine (Duarte and Cooper-

DeHoff 2010). Decreased levels of dipeptide and

Table 2 Association of lipid metabolites with incident hypertension

Lipidomic markers

Techniques

employed

Statistical

analysis References

Ether phosphatidylcholine(36:4, 36:5, 38:4, 38:5, 34:2, 36:3, 34:1,

40:5) and ether phosphatidylethanolamine(38:5, 38:6, 40:5)

LC-ESI-MS/

MS

SOLAR

software

Graessler

et al. (2009)

Lysophosphatidylcholine(22:6), phosphatidylcholine(40:6),

sphingomyelin(16:1, 24.2), cholesteryl ester(20:4, 22:6) and

triacylglycerol(48:0, 48:1, 48:2, 48:3, 50:0, 50:1, 50:2, 50:3, 50:4,

50:5, 52:1, 52:2, 52:3, 52:4, 52:5, 52:6, 54:2, 54:3, 54:4, 54:5, 54:6,

56:5, 56:6, 56:7, 56:8, 56:9)

LC-IT-TOF-

MS

PCA, ANOVA Hu

et al. (2011)

Monohexosylceramide(22:0, 24:0, 24:1), phosphatidylcholine(34:4,

34:1, 36:2, 40:6), phosphatidylinositol(34:1, 36:2, 40:6) and

diacylglycerol(16:0/18:0, 16:0/20:3, 16:0/22:5, 16:0/22:6, 16:1/

18:1, 18:0/18:1, 18:0/24:0)

LTQ

Orbitrap

hybrid MS

PCA,

MANCOVA,

ANOVA

Kulkarni

et al. (2013)

LC-ESI-MS/MS Liquid chromatography-electrospray ionization-tandem mass spectrometry

LC-IT-TOF-MS Liquid chromatography ion trap time-of-flight mass spectrometry

LTQ Orbitrap hybrid MS LTQ Orbitrap hybrid mass spectrometry

PCA Principal component analysis

ANOVA Analysis of variance

MANCOVA Multivariate analysis of variance
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Table 3 Association of metabolic changes with anti-hypertensive drugs

Anti-

hypertensive

drugs

Pharmacometabolomic markers

Techniques

employed

Statistical

analysis ReferencesIncreased concentrations Decreased concentrations

Beta-

blockers

Alpha ketoglutaric acid,

threitol, arabitol,

dihydroabietic acid,

conduritol-beta-epoxide and

allo-inositol

Oleic acid, linoleic acid,

palmitoleic acid, palmitic

acid, 3-hydroxy-butanoic

acid, arachidonic acid,

methyl-hexadecanoic

acid, myristic acid,

threonine, stearic acid,

glycerol-alpha-phosphate

GC-TOF-

MS

Wilcoxon

signed

rank

Wikoff

et al. (2013)

Pyroglutamine,

homocitrulline, salicylate,

hydroxyisovaleroyl-

carnitine and

2-methylbutyroyl-carnitine

Serotonin,

dihomolinoleate,

3-hydroxybutyrate,

10-nonadecenoate,

margarate, and

eicosenoate

UHPLC-

MS-MS and

GC-MS

Linear

regression

test

Altmaier

et al. (2014)

6-deoxyglucitol, threitol,

uracil, talose, 1-monoolein,

hydroxycarbamate, allo-

inositol and 2,3,5-

trihydroxypyrazine

Linoleic acid, oleic acid,

palmitic acid, palmitoleic

acid, 3-hydroxy-butanoic

acid, arachidonic acid,

methyl-hexadecanoic

acid, heptadecanoic acid

and threonine

GC-TOF-

MS

Wilcoxon

signed-

rank test

Rotroff

et al. (2015)

Thiazide

diuretics

Pseudouridine, c-glycosyl-

tryptophan,

glutarylcarnitine,

homocitrulline and urate

Phenylalanyl-

phenylalanine

UHPLC-

MS-MS and

GC-MS

Linear

regression

test

Altmaier

et al. (2014)

Uric acid, ribonic acid,

1-hexadecanol, erythritol,

kynurenine, glycero-gulo-

heptose, dihydroabietic

acid, 2-ketoisocaproic acid,

aconitic acid, behenic acid,

glucose 1-phosphate and

glycine

Threonine, aminomalonic

acid, glutamine, serine,

phytol,

phosphoethanolamine and

methoxytryosine

GC-TOF-

MS

Wilcoxon

signed-

rank test

Rotroff

et al. (2015)

ACE

inhibitors

Des-Arg9-bradykinin Phenylalanyl-

phenylalanine and

aspartyl-phenylalanine

UHPLC-

MS-MS and

GC-MS

Linear

regression

test

Altmaier

et al. (2014)

Statins 1-Arachidonoyl-

glycerophosphocholine,

1-arachidonoylglycerol-

phosphoethanolamine,

isobutyrylcarnitine,

1-docosahexaenoyl-

glycerophosphocholine,

alpha-tocopherol and

uridine

7-alpha-hydroxy-3-oxo-4-

cholestenoate,

1-palmitoyl-glycero-

phosphoinositol,

lathosterol and

glycochenodeoxycholate

Fibrates 2-Hydroxyisobutyrate,

3-dehydrocarnitine,

riboflavin, pantothenate,

indolelactate, carnitine,

pipecolate and uridine

Pyroglutamine

GC-TOF-MS Gas chromatography-time-of-flight mass spectrometry

UHPLC-MS-MS Ultra-high performance liquid chromatography tandem mass spectrometry

GC-MS Gas chromatography mass spectrometry
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amino acids (such as phenylalanyl-

phenylalanine, threonine, glutamine, and serine)

have been reported in diuretics-treated patients

(Altmaier et al. 2014; Rotroff et al. 2015). Inter-

estingly, this drug may impaired the glucose and

lipid metabolism, resulted from the increased

metabolite concentrations of ribonic acid,

1-hexadecanol, erythritol, glycero-gulo-heptose,

dihydroabietic acid, 2-ketoisocaproic acid,

aconitic acid, behenic acid, glucose 1-phosphate

and glycine (Rotroff et al. 2015). Thiazide

diuretic-induced hyperglycemia has been

reported as one of the side-effects of this drug

and associated with the increased risk of type

2 diabetes mellitus (Ellison and Loffing 2009).

Thiazide diuretic-based treatments also induced

the formation of tryptophan related metabolites,

including C-glycosyltryptophan, pseudouridine

and kynurenine (Altmaier et al. 2014; Rotroff

et al. 2015). The role of tryptophan in hyperten-

sion is further supported by several in vivo and

human studies, in which oral L-tryptophan

administration successfully improve blood pres-

sure, glucose metabolism and kidney function

(Feltkamp et al. 1984; Wolf and Kuhn 1984;

Fregly et al. 1989; Yonemura et al. 2004;

Ardiansyah et al. 2011; Niewczas et al. 2014).

Furthermore, an increased of urate and uric acid

concentration are direct side-effect of thiazide

diuretics, which may affect the risk of gout

among patients with hypertension (McAdams

DeMarco et al. 2012).

Angiotensin converting enzyme (ACE)

inhibitors reduce blood pressure by blocking the

conversion of angiotensin I to angiotensin II, a

nature substance that induces vasoconstriction.

Thus, ACE inhibitors help to dilate the blood

vessels and consequently improve the blood cir-

culation in heart (Sweitzer 2003). In hyperten-

sive patients treated with ACE inhibitors, lower

levels of aspartyl-phenylalanine and phenylala-

nylphenylalanine formed during ACE inhibition

(Altmaier et al. 2014). Aspartyl-phenylalanine is

a metabolite of aspartame that inhibits ACE

activity in humans who consumed large amount

of aspartame (Grobelny and Galardy 1985). On

the other hand, the level of des-Arg9-bradykinin

was increased after taking ACE inhibitors.

Bradykinin and its active metabolite des-Arg9-

bradykinin are both the selective substrates for

ACE (Skidgel and Erd€os 1987; Cyr et al. 2001).
Bradykinin potentiation is a metabolic process

mediated by ACE inhibitors, via the inhibition

of Bradykinin receptor B2 binding and prevents

the degradation of des-Arg9-bradykinin (Tom

et al. 2002). Therefore, the anti-hypertensive

mechanisms of ACE inhibitors may act through

the activation of bradykinin-releasing pathway,

where the increase of bradykinin activity can

dilates blood vessels and further lowering blood

pressure (Sharma 2009).

Statins and fribates are both lipid-lowering

drugs that can prevent the complications of

hypertension. Several metabolic perturbations

have been observed in hypertensive patients

under these medications (Altmaier et al. 2014).

Lipid levels such as lathosterol, glycochenodeox-

ycholate, 7-alpha-hydroxy-3-oxo-4-

cholestenoate and 1-palmitoyl-glycero-

phosphoinositol were significantly reduced in

patients on statins, which further confirmed the

direct action of this drug (Altmaier et al. 2014).

For fibrates users, several intermediate

metabolites of fenofibrate

(2-hydroxyisobutyrate and 3-Dehydrocarnitine),

amino acid derivative (indolelactate, carnitine

and pipecolate) as well as vitamins and cofactors

(riboflavin, pantothenate and uridine) were

detected (Altmaier et al. 2014). Pyroglutamine

level was decreased after fibrates treatment, but

the opposite effect was observed among patients

treated with beta-blockers (Altmaier et al. 2014).

Pyroglutamine, a cyclic derivative of glutamine,

has been reported in association with heart fail-

ure incident (Zheng et al. 2013a, b). Therefore, it

is questionable whether the combination of beta-

blockers and fibrates intake could balance the

metabolic effects of these anti-hypertensive

drugs.

12 Conclusions

Metabolomics has been applied in hypertension

studies to gain new insights into pathophysiolog-

ical processes underlying hypertension, discover
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metabolite markers for early risk prediction and

monitor the efficacy and side effects of drugs

treatment. A number of studies had highlighted

perturbation in amino acids metabolism in hyper-

tensive patients, notably increased concentration

of alanine in blood and urine, as well as reduced

concentrations of threonine and phenylalanine as

risks for hypertension. In addition, the potential

role of gut microflora warrants further investiga-

tion as microbial metabolites including lyxose,

formate, hippurate and 4-hydroxyhippurate were

found significantly changed in hypertensive

patients. Taken altogether, future metabolomic,

lipidomic and pharmacometabolomic studies in

combination with other ‘omics’ technologies

may act as a powerful platform to intensively

study the molecular mechanisms of

hypertension.
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IFN-γ, 23–24
IL-6, 23

IL-17A, 23

innate immunity, 23

T-cell, 22–24

Insulin-like growth factor 1 (IGF-1), 568–569

Intercellular adhesion molecule-1 (ICAM-1), 519

Interferon-γ (IFN-γ), 23–24, 520
Interleukin-6 (IL-6), 23

Interleukin-17A (IL-17A), 23

Interleukins (IL), 518–519

Intradialytic hypertension, 336

Intra-uterine growth restriction (IUGR), 413

Intrauterine programming

angiotensinogen, 591

cell lineage-specific DNA methylation patterns, 586

DNA sequence-specific-transcription factors,

586–587

famine, 590–591

genomic initialization, 586

maternal hypothalamic-pituitary-adrenal axis, 593

maternal low protein diets, 590, 591, 593

methylation patterns, 586–587

PGCs, 586, 587

RRBS analysis, 591

INVEST trial, 122

Irbesartan Diabetic Nephropathy Trial (IDNT), 122, 296

Irbesartan in Patients With Type 2 Diabetes and

Microalbuminuria (IRMA-2) study, 298

Ischemic nephropathy, 211

Isolated systolic hypertension, 600

Italy Developing Education and awareness on

Microalbuminuria in patients with hyperteNsive

Disease (I-DEMAND) study, 292

J
J curve phenomenon, 121–123

K
Kidney Disease Improving Global Outcome (KDIGO)

clinical practice guideline, 122

Kidney Disease Outcomes Quality Initiative

(KDOQI), 348

L
Labetalol, 402

Lectin-like oxidized low-density lipoprotein

(oxLDL), 520

Left ventricular hypertrophy (LVH), 291–292, 423–424

Lesser extent hypertension, 600

Leukocyte microparticles (LMs), 531

Liddle syndrome, 183, 185

Lipid metabolism, 567

Lipidomics

biomarkers

diacylglycerol, 607
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