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  Pref ace    

 “ Hypertension And Cardiovascular Disease ” reviews the recent advances in under-
standing the pathophysiology and the fundamental diagnostic, clinical, and thera-
peutic aspects of arterial hypertension. 

 It was with great pleasure that I proceeded in the fulfi llment of this venture for 
two reasons: 

  First , I felt that despite the considerable bulk of existing literature, the need 
for such a book is great as knowledge in the fi eld has progressed rapidly over the 
past years. New large randomized controlled trials and meta-analyses have been 
published recently providing evidence for a lower blood pressure target for many 
patients. The impact of these “landmark” studies on hypertension guidelines 
remains to be seen in the near future. As a hypertension specialist, my ultimate 
goal is to apply evidence-based medicine to each patient attending the Hypertension 
Center that I have run at Evangelismos General Hospital for almost two decades 
and which has been recognized as an Excellence Center by the European Society 
of Hypertension. Evidence-based practice is not a new concept. It is the integration 
of best research evidence with clinical expertise and patient values. Personally, I 
strongly urge my attending and resident physicians to use their clinical skills and 
past experience to rapidly identify each patient's unique health state and diagnosis, 
individual risks and benefi ts of potential treatment strategies, taking into account 
their patient’s personal health status and expectations. Getting the most of each 
clinical encounter will guide them into making appropriate clinical decisions for 
their patients. 

  Second , my vision is to offer to young physicians and other scientists engaged in 
the clinical cardiovascular fi eld a book that integrates basic medical science knowl-
edge with applied clinical medicine, keeping in mind that physician-scientists are a 
vital force in transforming clinical observations into testable research hypotheses 
and translating research fi ndings into medical advances, thus having a substantial 
effect on people’s lives. Therefore, the main goal of this book is to inspire young 
physicians and urge them to become a critical resource in the future for assuring 
excellence in medical education and to teach their students that the basis of  medicine 
is science and that scientifi c rigor should apply to patient care as well as research. 
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 It is clear that this book represents a valuable tool for scientists engaged in the 
fi eld since it collates and updates knowledge in this area. Each chapter adopts a 
concise approach to its topic and can therefore be read on its own. As you will fi nd 
easily, this book focuses on the deleterious consequences that hypertension has on 
the cardiovascular system, since hypertension often coexists with heart disease, 
arrhythmia, and dyslipidemia, further increasing total cardiovascular risk. The way 
we should approach a patient with hypertension and cardiovascular disease is the 
main objective of this book. 

 For the completion of this project, I did invite contributors who are widely rec-
ognized as global leaders in the fi eld of hypertension. They have worked hard to 
expertly and concisely review their area of expertise. Each chapter merits multiple 
reads and can act as a starting point for anyone seeking an up-to-date and scientifi -
cally accurate review in the aforementioned areas. I am grateful to the authors who 
invested their time so generously in this effort. I would like to express my deepest 
and sincere gratitude for their valuable contribution to the fulfi llment of this project. 
Their outstanding work has given this book the opportunity to succeed as an educa-
tional resource for the scientifi c community and to enhance the clinical skills of 
practicing physicians. 

 My sincere thanks to my wonderful wife for her invaluable help, immense sup-
port, and infi nite patience while I worked on this book and to my beloved daughter 
for her encouragement in my research and clinical activities and for her understand-
ing. Most importantly, I thank my colleague Charalampia V. Geladari for her enthu-
siasm, creativity, commitment, and dedication to bringing this book into fruition. 
She urged me, supported me, and organized every detail in completing this ambi-
tious goal. 

 I would also like to thank Grant Weston, the Editor of Springer International 
Publishing, who worked so diligently with us toward the publication of this book. 

 Last, but not least, this book would have not been published without the deci-
sive contribution of the Professor Vasilios Papadementriou, the peer-reviewer of 
this book.  

  Athens, Greece     Emmanuel     A.     Andreadis     

Preface 
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    Chapter 1   
 Hypertension: A Growing Threat                     

     Emmanuel     A.     Andreadis     

      Abbreviations 

   ABP    Ambulatory Blood Pressure   
  ACC    American College of Cardiology   
  AF    Atrial Fibrillation   
  AHA    American Heart Association   
  AML/ATOR    Amlodipine/Atorvastatin   
  ARIC    Atherosclerosis Risk in Communities   
  ASH/ISH    American Society of Hypertension/International Society 

of Hypertension   
  BP    Blood Pressure   
  BPV    Blood Pressure Variability   
  CAD    Coronary Artery Disease   
  CDC    Center for Disease Control   
  CHD    Coronary Heart Disease   
  CHNS    China Health and Nutrition Survey   
  CVD    Cardiovascular Disease   
  DBP    Diastolic Blood Pressure   
  DM    Diabetes Mellitus   
  ESH/ESC    European Society of Hypertension/European Society of Cardiology   
  HHD    Hypertensive Heart Disease   
  HRT    Hormone Replacement Therapy   
  HTN    Hypertension   
  IHD    Ischemic Heart Disease   
  JNC8    Eighth Joint National Committee   
  LVH    Left Ventricular Hypertrophy   
  MH    Masked Hypertension   

        E.  A.   Andreadis ,  M.D., Ph.D.       
  4th Department of Internal Medicine ,  “Evangelismos” State General Hospital , 
  AHEPA Building, Room 528 Ipsilantou 45-47 ,  Athens ,  ATT   13122 ,  Greece    

  Hypertension and Cardiovascular Disease Prevention Outpatient Clinic , 
 “Evangelismos” State General Hospital ,   Athens ,  Greece   
 e-mail: andreadise@usa.net  

mailto:andreadise@usa.net


2

  MI    Myocardial Infarction   
  NHANES    National Health and Nutrition Examination Survey   
  PWV    Pulse Wave Velocity   
  RAAS    Renin Angiotensin System   
  SBP    Systolic Blood Pressure   
  SCD    Sudden Cardiac Death   
  SHR    Spontaneously Hypertensive Rats   
  TOD    Target Organ Damage   
  WCE    White Coat Effect   
  WHD    World Hypertension Day   
  WHL    World Hypertension League   
  WHO    World Health Organization   

        Hypertension Is a Growing Threat Worldwide and a Primary 
Risk Factor for Cardiovascular Disease 

 Hypertension (HTN), commonly known as high blood pressure (BP), remains a 
mounting threat in modern societies despite the implementation of new clinical 
guidelines and the broad availability of effective pharmaceutical agents. This is due 
 fi rstly  to the fact that HTN is considered the major risk factor for cardiovascular 
disease (CVD),  secondly  to the continued increase of the HTN prevalence and 
 thirdly  to the inadequate BP control regardless of the remarkable advances in anti-
hypertensive drug therapy [ 1 ]. In addition, it has been observed that HTN is associ-
ated with a constellation of other risk factors, such as hypercholesterolemia and 
diabetes mellitus (DM). Fundamentally, the assessment and accurate stratifi cation 
of global risk in individual patients is critical for the overall CVD risk reduction, 
and is nowadays regarded as the main determinant for HTN management [ 2 ]. 
Specifi cally, it has been suggested that in order to prevent CVD complications, a 
paradigm shift away from the treatment of risk factors in isolation, towards an inte-
grated cardiovascular risk-management approach, is required [ 3 ]. According, to the 
World Health Report 2002, HTN specialists should take fi rm actions against the 
major and contributing risk factors associated with HTN and cardiovascular dis-
eases, such as diabetes, cancers and chronic respiratory diseases: tobacco, alcohol, 
physical inactivity and unhealthy diet [ 4 ]. 

 It is known that HTN, is a major modifi able risk factor for cardiovascular and 
renal diseases, and the single most important risk factor for stroke [ 5 – 7 ]. However, 
many people have high BP levels that go undetected for months or even years before 
they are diagnosed as having essential HTN [ 8 ]. Franco et al., reported that if HTN 
remains untreated it shortens life expectancy by 5 years during adulthood. This 
association is stronger than estimated previously, and affects both sexes similarly 
[ 9 ]. Survey data regarding HTN prevalence based on gender, indicate that systolic 
blood pressure (SBP) is higher among younger men than women, whereas it 

E.A. Andreadis



3

becomes higher in women beyond the age of sixty in Canada, and the age of seventy 
in the US, compared to men [ 10 ]. Menopause is considered to play a central role in 
the higher BP levels observed in middle-aged and elderly women, suggesting that 
the loss of estrogens may be a critical component of this association. However, hor-
mone replacement therapy (HRT) in most cases does not signifi cantly reduce BP in 
postmenopausal women, pointing to other co-existing unrevealed mechanisms 
involved in the higher BP levels observed in women after menopause that are yet to 
be identifi ed. On the other hand, androgens may decrease only slightly in postmeno-
pausal women, if at all, implying that male sex hormones may also be responsible 
for increases in BP levels. Several mechanisms by which androgens increase BP 
have been proposed with the renin-angiotensin-aldosterone system (RAAS) playing 
a central role in mediating HTN in spontaneously hypertensive rats (SHR) in several 
animal studies [ 11 ]. 

 Furthermore, HTN affects one billion people worldwide and the World Health 
Organization (WHO) estimates that raised BP levels kill nine million people every 
year [ 12 ] (Figs.  1.1  and  1.2 ). Interestingly, in a study by Lawes et al., 7.6 million 
premature deaths, 13.5 % of the global total, were attributed to uncontrolled high 
BP. People, living in low and middle-income economies, middle-aged individuals 
(around 45–69 years of age), and patients whose BP level was within the prehyper-
tensive range, were found to represent the most affl icted populations. Indicatively, 
in the East Asia-Pacifi c region, up to 66 % of some subtypes of CVD can be attrib-
uted to HTN, underscoring the need for a primary healthcare system that will iden-
tify high-risk individuals and the importance of implementing new and effective 

Mean systolic blood pressure (mm Hg), ages 18+, 2014 (aged standardized estimate)
Male

Mean systolic blood pressure (mm Hg)
<120.0

120.0–124.9

125.0–129.9

≥130.0

Data not available

Not applicable

  Fig. 1.1    Mean systolic blood pressure (mmHg) in males aged 18+, in 2014, across the continents 
(Reused with permission from the World Health Organization (WHO))       
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BP-lowering strategies to prevent fatal complications in these populations [ 13 – 15 ]. 
Additionally, when the total global impact of known risk factors on the overall 
 burden of the CVD is considered, 54 % of stroke and 47 % of ischemic heart disease 
(IHD) worldwide, was attributed to HTN [ 13 ] (Fig.  1.3 ). Furthermore, researchers 
cautioned that even though HTN is not an infectious disease, the risky behaviors 
associated with it, like smoking rates, patterns of alcohol consumption, and subop-
timal physical activity, are spreading fast and seem to be as effectively transmitted 
as infectious agents [ 16 ]. Interestingly, based on available data it is estimated that 
the number of deaths attributable to HTN over the next 20 years may well substan-
tially exceed the number resulting from HIV/AIDS. This has led epidemiologists to 
describe HTN using terms such as: “the new HIV epidemic” [ 16 ].

     Since HTN gives no clear warning signs or symptoms before its diagnosis is 
fully established, it is referred to as a “silent killer”, and thus, both its prevention 
and management represent one of the greatest challenges in public health care today 
[ 12 ]. CVD is undeniably the number one cause of death worldwide [ 17 ]. Data from 
a survey study suggests that HTN is responsible for an estimated 395,000 cardiovas-
cular deaths annually, making it the leading cause of death in the USA after smok-
ing [ 18 ] (Fig.  1.4 ). It is also an important risk factor for myocardial infarction (MI), 
since it is associated with the development of atherosclerosis [ 19 ,  20 ]. Links 
between HTN and MI are clearly established, as high BP poses an increased 
mechanical stress on blood vessels, thereby contributing to endothelial dysfunction, 
the progression of atherosclerosis, and plaque rupture [ 21 ]. Notably, the Framingham 
Heart Study has added much to our understanding of the epidemiology of BP and 
CVD [ 22 ]. In 1959, Kagan et al. fi rst recruited men and women from the town of 
Framingham, Massachusetts, and followed them up over a 6 year period, in order to 

Mean systolic blood pressure (mm Hg), ages 18+, 2014 (aged standardized estimate)
Female

Mean systolic blood pressure (mm Hg)
<120.0

120.0–124.9

125.0–129.9

≥ 130.0

Data not available

Not applicable

  Fig. 1.2    Mean systolic blood pressure (mmHg) in women aged 18+, in 2014, across the continents 
(Reused with permission from the World Health Organization (WHO))       
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assess the relationship between BP and the development of coronary heart disease 
(CHD). Researchers, concluded that both SBP and diastolic BP (DBP) rise 
proportionally with increasing age in both men and women [ 23 ]. It has also been 
shown that the increase in BP observed with ageing is mostly associated with struc-
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  Fig. 1.3    Disability-adjusted life years (DALYs) attributable to high blood pressure by region and 
endpoint in 2001 (Reused with permission from Lawes et al. [ 13 ])       
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  Fig. 1.4    HTN is the leading cause of death in the USA after smoking (Reused with permission 
from Danaei et al. [ 18 ])       
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tural changes in the arteries and especially with large artery stiffness [ 24 ]. 
Consequently, age-related stiffening of the arteries leads to increased pulse wave 
velocity (PWV), which is also considered as an independent predictor of cardiovas-
cular morbidity and mortality in hypertensive patients [ 25 ]. Several studies have 
demonstrated that continued rises in BP result in higher CVD risk. This highlights 
the importance of optimal BP control at early stages of disease, allowing target 
organ damage (TOD) to be prevented in a timely manner [ 26 ].

       Blood Pressure Components as Independent Predictors 
of Cardiovascular Risk 

 Until 1990, DBP was still considered as a better predictor for CHD and cerebrovas-
cular stroke than SBP, worldwide [ 27 ]. Since then, data from a prospective study 
have shown that mortality from both CHD and stroke increases progressively and 
linearly from BP levels as low as 115 mmHg systolic and 75 mmHg diastolic 
upward, and it has been observed that with increments of 20 mmHg systolic or 
10 mmHg diastolic pressure, mortality from both IHD and stroke doubles [ 28 ]. 
Moreover, Framingham Heart Study Investigators reported that even high-normal 
BP (SBP of 130–139 mmHg, DBP of 85–89 mmHg, or both) was associated with 
an increased risk of CVD as compared to lower BP levels, emphasizing the need to 
determine whether lowering high-normal BP can reduce the risk of CVD [ 29 ]. Apart 
from SBP and DBP, overwhelming evidence shows that BP variability (BPV) is a 
key factor in predicting cardiovascular outcomes. Signifi cant BP variations within a 
24-h period are associated with increased CVD risk [ 30 ]. A study conducted by 
Parati et al., showed that in diabetic patients, the incidence of CHD is signifi cantly 
greater in those with increased 24-h systolic BPV [ 30 ]. Moreover, it has been 
observed that nocturnal systolic HTN is an independent risk factor for coronary 
artery disease (CAD) in patients with diabetic nephropathy [ 31 ]. A large meta- 
analysis of prospective studies from Europe, Asia, and South America, suggested 
that this non-dipping BP pattern also predicted total mortality and cardiovascular 
events compared to the normal or extreme dipping pattern, independent of cohort 
and confounding variables and after adjustment for 24-h BP [ 32 ]. Recently, it has 
been showed that non-dipper sustained hypertensives have a twofold greater risk of 
developing atrial fi brillation (AF) than dipper ones [ 33 ]. This may be due to the fact 
that nighttime HTN may be a powerful determinant of long-standing left ventricular 
diastolic dysfunction, which subsequently increases atrial stretch. Furthermore, it 
has been observed that nighttime hemodynamics, are associated with higher sympa-
thetic and reduced vagal activity, which may trigger AF. Additionally, sympathetic 
activation is associated with the stimulation of the renin-angiotensin-aldosterone 
axis, which leads to increased left ventricular diastolic preload, both atrial and ven-
tricular fi brosis, thus exerting direct cellular electrophysiological effects [ 33 ]. 
However, further research is needed to elucidate the role held by hypertensive heart 
disease (HHD) progression in arrhythmogenesis and sudden cardiac death (SCD). 
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Furthermore, studies have demonstrated that whereas normal morning BP surge is a 
physiological phenomenon, an exaggerated morning BP surge is associated with 
increased CVD risk and mortality [ 34 ]. Left ventricular hypertrophy (LVH) and 
carotid artery atherosclerosis have also been found to be independently associated 
with increased morning BP surge [ 35 ,  36 ]. On the other hand, Verdecchia et al. sug-
gests that in untreated hypertensive subjects without overt cardiovascular disease an 
excessive BP surge does not portend an increased risk of events [ 37 ]. We anticipate 
that ongoing research regarding morning BP surge may allow determination of its 
prognostic importance with respect to other BP components, such as dipping or 
non-dipping pattern, systolic and/or diastolic HTN.  

    Hypertension Prevalence Across the Continents 

 Based on a pooled analysis of available national and regional data, Kearney et al., 
reported that HTN prevalence continues to increase, worldwide [ 38 ]. The overall 
prevalence of raised BP in adults, aged 25 and over, was around 40 % in 2008. Tu 
et al., found that the age-and sex-adjusted prevalence of HTN in Ontario, among 
adults aged 20 years and older increased by 60.0 % from 1995 to 2005, and by 20.9 % 
from 2000 to 2005 [ 39 ]. According to the 2013 WHO global brief update, 9.4 million 
deaths worldwide every year were attributed to complications of HTN. Furthermore, 
HTN is accountable for 45 % of deaths owing to heart disease, whereas it is respon-
sible for 51 % of deaths due to stroke [ 12 ,  40 ]. According to WHO the prevalence of 
high BP was highest in Africa, with a reported rate of 46 % for both sexes combined 
[ 3 ]. HTN in sub-Saharan Africa is a widespread problem, and its prevalence is higher 
in urban versus rural communities [ 41 ], owing to lifestyle changes associated with 
“civilization” such as heavier body weights (obesity), increased pulse rates as well as 
increased urinary sodium-potassium ratio [ 42 ]. Hypertensive TOD is common in 
Nigeria, where HTN awareness is rather low, and is often the reason that brings 
patients to healthcare facilities. HTN is also the major risk factor for stroke in Nigeria, 
and frequently affects younger age groups [ 43 ]. Data from NHANES (National 
Health and Nutrition Examination Survey), a representative sample of adults in the 
U.S. indicate that the prevalence has increased from fi fty million in the period from 
1988 through to 1994–65 million in the period from 1999 through to 2004, an 
increase from 24.4 to 28.9 % [ 44 ]. Interestingly, it has been showed that 28 % of 
Americans with HTN are unaware that they have the condition, 39 % are receiving no 
therapy, and 65 % have insuffi cient BP control [ 14 ]. The CARMELA Study, a cross-
sectional, epidemiologic study assessing cardiovascular risk factors in seven Latin 
American cities, concluded that HTN prevalence ranged from 9 % in Quito to 29 % 
in Buenos Aires, and that the majority of the population had other co-existing cardio-
vascular risk factors, with only 9.19 % of the participants having HTN as a lone car-
diovascular risk factor. Scientists suggested that public health programs are needed 
in order to target prevention, early diagnosis and guide HTN management in order to 
decrease global CVD risk in Latin American populations [ 45 ]. 
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 It has been observed that the prevalence of HTN is higher among blacks than 
whites or Mexican Americans in both men and women, and increases with age, 
becoming more predominant among black women [ 46 ] (Fig.  1.5 ). The higher preva-
lence of HTN reported in blacks has been recognized as the most signifi cant factor 
for the higher incidence of cardiovascular disease and mortality observed in this 
population [ 47 ]. Moreover, HTN prevalence is higher in blacks living in the USA 
rather than those living in Africa, a fact that highlights the importance of environ-
mental and behavioural characteristics in this association [ 48 ]. Genetic traits, a 
higher sensitivity to alcohol, as well as a higher renal sodium retention by blacks, 
have been proposed as the mechanisms for the higher HTN prevalence observed in 
black Americans versus white Americans [ 49 ]. The consequences of aging and the 
increased prevalence of HTN have been shown in the Framingham Heart Study 
population in which 90 % of persons who had normal BP at 55 or 65 years of age 
became hypertensive over the subsequent 20 years. If this residual lifetime risk 
remains unattenuated, it becomes more than clear that the societal burden of HTN 
will increase further. This underscores the need for a preventive healthcare system 
oriented toward primary care [ 50 ]. Similarly in the Atherosclerosis Risk In 
Communities (ARIC) study, which followed up more than 15,000 patients between 
45 and 64 years of age for 9 years, the average 5-year age-adjusted increase in sys-
tolic BP ranged from 4 to 7 mmHg [ 51 ]. Although it has been clearly demonstrated 
that HTN and atherosclerosis are two distinct disease entities, HTN predisposes to 
and accelerates atherosclerosis due to the synergistic effect observed between high 
BP levels and other atherogenic stimuli, both of which induce increased oxidative 
stress on the arterial wall [ 52 ]. It is thus clear that combined antihypertensive and 
lipid-lowering therapy could further decrease cardiovascular event occurrence and 

† Significant linear trend. 1Significantly different from non-Hispanic white. 2Significantly different from non-Hispanic black.
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  Fig. 1.5    Age-specifi c and age-adjusted prevalence of hypertension among US adults aged 18 and 
over, during 2011–2012 (Reused with permission from the National Center for Health Statistics 
(NCHS) and the Centers for Disease Control and Prevention (CDC))       
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SCD [ 53 ]. In addition, the development of single-pill formulations, such as the sin-
gle pill amlodipine with atorvastatin (AML/ATOR), is expected to improve patient 
adherence to treatment and lower costs of therapy [ 54 ,  55 ].

   Several factors contributing to the increased prevalence across the USA have 
been recognized. It has been previously reported that HTN prevalence grows sig-
nifi cantly with increasing age. Specifi cally, pooled data indicate that around 81 % of 
hypertensive individuals in the USA are older than 45 years of age and obesity, 
increased body weight, is a crucial factor. The rapid and striking growth of the fast- 
food industry has meant an increase in consumption of calories, saturated fat, and 
salt, as well as a reduced intake of fruits, vegetables and complex carbohydrates. 
High sodium and low potassium intake also contributes to the increased HTN preva-
lence in the USA. It should be noted that the ratio of dietary sodium to potassium 
correlates better with BP than the level of either cation alone. Finally, other con-
tributors to the increased prevalence of HTN during lifetime are the excessive alco-
hol intake, low socioeconomic status, sleep apnea, the use of certain illegal drugs, 
or the use of over-the-counter medications [ 6 ]. 

 The prevalence of HTN in different European countries appears to be 30–45 % of 
the general population, increasing sharply as the population becomes older [ 56 ]. 
The impact of aging and the accompanying increased prevalence of HTN on stroke 
mortality in Europe has been analysed using the WHO statistics. Western European 
countries exhibit a downward trend, in contrast to eastern European countries, 
which show an increase in death rates from stroke [ 57 ]. A review of sample surveys 
conducted in Europe, indicates that HTN prevalence was highest in Germany 
(55 %), followed by Finland (49 %), Spain (47 %), England (42 %), Sweden (38 %), 
and Italy (38 %), whereas on average only 8 % of European hypertensive individuals 
had their condition controlled compared with 23 % of adults in Canada and the 
United States [ 58 ]. HYPERTENSHELL, a cross-sectional study conducted in 98 
Health Centers across Greece, indicated that the level of patient awareness, optimal 
HTN management and control, is comparable to the best rates of control of HTN 
given for the problem, with great potentials for further improvements regarding 
HTN control in the country [ 59 ]. At present, with the ongoing global economic 
crisis and the Depression in Greece, stress perception and HTN prevalence are 
expected to escalate rapidly. Just how this will affect control rates and patient com-
pliance remains to be seen in years to come. 

 The prevalence of HTN in China from 2002 to 2012 has increased considerably 
in both men and women with higher prevalence in north China, as shown in a sys-
tematic review and meta-analysis of trends and regional differences [ 60 ]. In contrast 
to African countries, its prevalence in China is higher among younger and rural resi-
dents than among urban populations, and patterns are anticipated to rise even further 
in the future, given the poor status of HTN awareness, treatment, and control. Public 
health care programs for further improving patient awareness and BP control are 
still urgently required in this Asian “sleeping giant” [ 61 ]. 

 The rise in average life expectancy along with the growing urbanization has led 
to substantial increases in obesity in all economic regions of the world [ 62 ]. Foulds 
et al. [ 63 ], confi rmed the well-established relationship between HTN and obesity 
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but found ethnic differences among white, aboriginal, East Asian, and South Asian 
ethnic background. The higher proportion of HTN and obesity with accompanying 
high levels of CVD and diabetes were found in aboriginal people as compared to 
European populations [ 63 ]. Available evidence suggests that obesity in hyperten-
sives is associated with an increased risk of renal insuffi ciency, glucose intolerance 
and DM. A mix of these three factors may be a potent and dangerous combination 
and could lead to fatal cardiovascular events [ 64 ].  

    Hypertension Awareness Is Critical for Optimal Blood 
Pressure Control and Target Organ Damage Prevention 

 Despite the therapeutic advances in HTN and the acceptance of benefi ts in lowering 
BP the number of people with low control of HTN has continued to rise, constitut-
ing a major health problem and a growing threat for the communities. Moreover, the 
increase in obesity and the failure to follow healthy lifestyles, intensifi es the need 
for implementing healthy lifestyles. Discussing the factors responsible for the low 
control of HTN, Chobanian et al. [ 6 ], note: “The failure to adopt healthy lifestyles 
has been a critical factor in this increase and must be addressed urgently. To make 
the necessary changes on a broad basis will be diffi cult, but the benefi ts will be well 
worth the effort”. The outcome of achieving optimal BP remains disappointing even 
in randomized controlled trials where patient motivation and physician expertise are 
ensured [ 65 ]. HTN control varies considerably between countries and regions and 
also by age, sex, ethnicity, socioeconomic status, and education and is especially 
low in some economically developing countries. The NHANES 1999–2004 data-
base control of BP in the United State was 29 % in 1990–2000 and 37 % in 2003–
2004 [ 66 ]. In Canada BP control has been achieved only in 16 %. Older hypertensives, 
those with diabetes type 2 and those with a previous MI had higher rates of treat-
ment and control [ 67 ]. In European countries although some improvement in the 
control rate has subsequently been found in the percentage of the population to 
attain target BP goals of <140/90 mmHg, it represents a small fraction of the hyper-
tensive population [ 68 ]. In the adult English population, control has been achieved 
in 21.5 % of hypertensive men and 22.8 % of women. An overall control rate of 12 % 
has been demonstrated in Poland. Furthermore, data from national surveys on HTN 
treatment and control in Europe have shown the control rate to be 21 % for Sweden, 
28 % for Italy, 30 % for Germany and 20.7 % for Turkey [ 69 ,  70 ]. In a large cross- 
sectional study conducted across 98 Health Centres throughout Greece, involving 
11,540 eligible participants and comprising the 0.1 % of the Greek population, the 
prevalence of HTN was 31.1 % in the overall population and 65.4 % among those 
older than 65 years of age. In particular, 51.2 % were under treatment and the race 
of BP control was 32.8 % (men 33.3 %, women 32.3 %) [ 59 ]. In the “EPIC” study, 
another large study of 27,000 patients from several Greek regions, it emerged that 
the prevalence of HTN was 40 % and the HTN control rate was as low as 15.2 % 
[ 71 ]. Low rates of control have been reported in China Health and Nutrition Survey 
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(CHNS) in which despite some improvement in the control rate among Chinese 
adults, the rate from 1991 to 2011 was found to reach 30.1 % [ 72 ]. 

 Current population studies are based on clinic BP measurements. If we only use 
the clinic BP levels, people with masked hypertension (MH) will be regarded as 
normotensives and those with the white coat effect (WCE) as hypertensives. 
Pickering realized that when ambulatory blood pressure (ABP) measurements were 
used, the age-related increase in BP was much smaller than it was indicated by the 
clinic BP [ 73 ]. Specifi cally, the clinic BP should be higher than ambulatory BP in 
older adults and this is inclined to happen after the age of 40. On the other hand, in 
younger individuals, the clinic BP readings tend to underestimate true ABP values 
leading to the phenomenon of MH. Thus, there is a growing need for people in the 
prehypertensive range or with MH to be identifi ed who are at highest risk of dam-
age. Such patients could stand to benefi t most from early treatment as indicated by 
meta-analyses of prospective studies reporting the incidence of CVD to be about 
two times higher than those with normal or optimal BP and similar to the incidence 
of sustained HTN [ 74 ]. 

 It should be made clear that patient knowledge and awareness of HTN are impor-
tant factors in achieving optimal BP control. Having recognized that more than half 
of the hypertensive population globally is unaware of their condition, the World 
Hypertension League (WHL), an umbrella organization of 85 national HTN societ-
ies and leagues, initiated an international awareness campaign on HTN in 2005 and 
established May 17 of each year as World Hypertension Day (WHD). The League 
supported by an increasing number of national societies conveys the message to the 
public through several media, such as the Internet and television. The enthusiasm 
and motivation that every country-member exhibits in this global effort guarantees 
the success of this program; there is growing confi dence that the message will even-
tually reach all affl icted populations [ 75 ]. Moreover, apart from increased patient 
awareness, several studies have indicated that the educational programs improve 
patient compliance with antihypertensive therapy, and also control detrimental life-
style habits of hypertensive patients. 

 Summarizing proper patient knowledge about HTN early diagnosis, and adher-
ence to treatment along with the new clinical guidelines and innovative therapies, 
such as polypill formulations, are expected to control the growing threat of this 
devastating condition worldwide (Fig.  1.6 ).

       Defi nitions of Hypertension 

 Clinical practice requires some strict criteria for the defi nition of HTN in order to 
determine the need for diagnosis and treatment. More than 35 years ago, Evan and 
Rose [ 76 ] offered an operational defi nition of HTN; “HTN should be defi ned in 
terms of BP level above which investigation and treatment do more good than 
harm”. When scientifi c societies use numerical defi nitions of HTN, they rely on the 
fact that physicians feel more secure when dealing with precise criteria, even if 
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these criteria are arbitrary, as Pickering pointed out [ 77 ]. Nevertheless, as medical 
practice requires that some criteria be used to determine the need for treatment, defi -
nitions need to be fl exible, taken into consideration the benefi ts and risks and costs 
of action or inaction. 

 The European Society of Hypertension/European Society of Cardiology (ESH/
ESC) guidelines released in 2013 continue to classify BP <140/90 mmHg into opti-
mal, normal and high normal, recognizing the increased awareness for patients with 
BP above optimal levels [ 74 ]. This classifi cation remains unchanged from the 2003 
and 2007 ESH/ESC guidelines. The American Society of Hypertension/International 
Society of Hypertension (ASH/ISH) clinical practice guidelines tend to use 
140/90 mmHg for all adults, up to 80 years of age [ 78 ]. The term “prehypertension” 
has been used when systolic or/and diastolic BP is between 120 and 139 mmHg or/
and 80 and 89 mmHg, respectively. Furthermore, there is a discrepancy between 
ASH/ISH hypertension guidelines and Eighth Joint National Committee (JNC 8) 
[ 79 ]. They both use similar levels for diagnosing HTN but different defi nition of the 
elderly. Specifi cally, JNC 8 guidelines defi ne as elderly those who are 60 years or 
older whereas ASH/ISH those who are 80 years or older. 

 In a recent evaluation of the cost-effectiveness of HTN therapy in U.S. adults 
according to the 2014 JNC 8 guidelines, Moran noted that the implementation of 
these guidelines would not only prevent about 56,000 cardiovascular events and 
13,000 deaths annually, but would also result in cost savings [ 80 ]. To amplify the 
clinical signifi cance of the recent guidelines the American Heart Association 
(AHA), American College of Cardiology (ACC) and the Center of Disease Control 
and Prevention (CDC) recommend a dividing line of 139/89 mmHg between nor-
mal and high BP goal. Their goal is to help reduce the U.S. death rate from CVD 
and stroke by 20 % in 2020 [ 81 ]. Evidence on the control of HTN seems to play a 
relatively small role in the decreased mortality from coronary disease in U.S. but a 
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  Fig. 1.6    Age-adjusted awareness, treatment, and control of hypertension among US adults with 
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remarkable role in the decreased mortality from CVD. Nevertheless, the benefi ts of 
lowering BP reduce the risk of CVD and death as a whole offsetting the side effects 
from therapy, the required changes in lifestyle and the increase in fi nancial cost. As 
health care providers should by nature be optimistic, health workers, the academic 
research community, civil society, the private sector and families and individuals all 
have a role to play. Only their strenuous effort can connect the testing technology 
and treatments available to prevent and control HTN and thereby delay or prevent 
life-threatening complications.  

    Future Perspectives 

 HTN has been a major health problem worldwide regardless of the remarkable 
advances in drug therapy. Furthermore, despite the increased awareness and treat-
ment of BP the outcomes of achieving BP control remain unacceptably low. The 
discrepancy between improved therapy and more uncontrolled disease guided 
Chobanian to describe this phenomenon as a “hypertension paradox” [ 82 ]. However, 
we are confi dent that with proper patient knowledge about HTN, early diagnosis 
using available innovative BP measuring techniques, and adherence to treatment 
along with the implementation of new clinical guidelines and novel therapies, we 
will be able to restrict the escalating cardiovascular risk generated by this “silent 
killer”.     
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    Chapter 2   
 Techniques for Measuring Blood Pressure 
in the Offi ce Setting                     

     Martin     G.     Myers       and     Janusz     Kaczorowski    

         Techniques for Measuring Blood Pressure in the Offi ce Setting 

 This section will describe the current techniques and devices for the measurement 
of blood pressure (BP) in the offi ce setting. The primary focus will be on electronic, 
oscillometric sphygmomanometers which are becoming the standard for BP mea-
surement in clinical practice. The reasons for the decline in the use of the mercury 
sphygmomanometer and the evidence supporting its replacement by electronic 
devices will be discussed. This section will conclude with a review of the current 
status of offi ce BP measurement in clinical practice and its future in relationship to 
home BP and 24-h ambulatory BP monitoring (ABPM).  

    Manual Blood Pressure Measurement 

 During the past century, the measurement of BP has been synonymous with the 
mercury sphygmomanometer. This device had the apparent advantages of having 
simple mechanical components and being accurate when properly used. Virtually 
all landmark epidemiologic and treatment studies to establish BP cut-off points for 
diagnosis and treatment targets used the mercury sphygmomanometer which 
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established its predominant position for use in clinical practice. Developed in 1896 
by Riva-Rocci, it has remained virtually unchanged except for auscultation being 
added by Sergei Korotkoff in 1905. The main alternative has been the aneroid 
sphygmomanometer which is smaller and more portable than the mercury recorder. 
However, the mechanical components used to record BP are not as stable and aner-
oid devices have a tendency to lose accuracy with repeated use. Consequently, peri-
odic re-calibration is recommended, but this is often not performed in clinical 
practice. Thus, the mercury sphygmomanometer has continued to be the most com-
mon device for routine use in the offi ce. 

 Detailed guidelines were developed over several decades by organizations 
such as the American Heart Association with recommendations generally focused 
on how health professionals ought to use the manual sphygmomanometer and 
how patient-related factors that could infl uence the accuracy of the readings 
should be reduced. The guidelines stimulated research into various aspects of the 
measurement process which could affect the accuracy of the BP readings. For 
example, the belief that conversation during a BP recording relaxed patients and 
lowered their BP was not supported by research which showed that talking to the 
patient actually increased BP [ 1 ]. Although manual BP readings using the mer-
cury sphygmomanometer were relatively accurate and reproducible in research 
studies in which BP was measured in accordance with the guidelines, observa-
tional and experimental studies from ‘real-life’ clinical settings reported that 
proper technique for recording BP was often not followed [ 2 ]. Besides conversa-
tion, factors such as not allowing the patient to rest before readings, rapid cuff 
defl ation, digit preference (rounding off readings to zero values) and recording 
only single readings reduced accuracy and introduced a ‘white coat effect’ with 
the offi ce BP being often substantially higher and poorly correlated with the 
awake ambulatory BP [ 3 ]. 

 Despite the apparent limitations of manual BP in routine clinical practice, the 
guidelines continued to recommend its use with greater emphasis being placed on 
educating health professionals on the proper technique for BP measurement [ 4 ]. 
However, the success of these efforts was limited and attempts to maintain the use 
of the mercury sphygmomanometer were further thwarted by concerns about the 
environmental hazards of mercury. Regulations were enacted in the European 
Community [ 5 ] to eliminate mercury from the workplace, including healthcare set-
tings, and the mercury sphygmomanometer also began disappearing from hospitals 
and physicians’ offi ces in North America. 

 As a consequence, manual BP measurement in the offi ce was often left with 
the aneroid device despite its uncertain accuracy. Non-mercury sphygmomanom-
eters are now also available for manual BP measurement in the offi ce or hospital 
but, to date, none has achieved widespread use. Examples include the Accoson 
Greenlight 300, Heine Gama G7, Nissei DM-3000, Rossamax Mandaus and 
Welch-Allyn Maxi Stabil 3. At the moment, mercury and aneroid sphygmoma-
nometers are still frequently used in the offi ce setting, especially outside of 
Europe.  
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    Electronic Sphygmomanometers 

 Numerous clinical outcome studies using electronic 24-h ABPM and, to a lesser 
extent, home BP monitoring have reported that BP readings recorded outside of the 
offi ce are signifi cantly better predictors of future cardiovascular risk in relation to 
BP status [ 6 ,  7 ]. These studies led to ABPM being recommended as the preferred 
method for diagnosing and managing hypertension with home BP as an alternative 
when ABPM was not feasible [ 8 – 10 ]. Some recommendations even questioned the 
usefulness of manually recording BP in the offi ce setting altogether [ 9 ]. These 
developments have contributed to greater use of electronic sphygmomanometers in 
an attempt to overcome some of the shortcomings of manual offi ce BP. 

 Whereas manual sphygmomanometers measure BP by recording the Korotkoff 
sounds in the anti-cubital fossa, most electronic devices now use the oscillometric 
method for recording BP. This method involves a sensor placed over the brachial or 
radial artery to detect changes in oscillations of the vessel wall as the BP cuff is 
defl ated. Mathematically derived algorithms translate these oscillometric changes 
into values for systolic and diastolic BP. Some devices also record the oscillations 
during infl ation of the cuff which allows for a more rapid determination of the BP. 

 The accuracy of the various electronic sphygmomanometers has been evaluated 
independent of the manufacturer using recognized procedures such as the 
International [ 11 ], British Hypertension Society [ 12 ] and Association for the 
Advancement of Medical Instrumentation protocols [ 13 ]. There has been some con-
cern about the accuracy of electronic sphygmomanometers in patients with atrial 
fi brillation. A systematic review [ 14 ] of the literature did not reveal any specifi c 
problems in recording BP in the presence of atrial fi brillation when using oscillo-
metric devices, although a greater variability of readings in the presence of irregular 
cardiac rhythms was recognized for all types of sphygmomanometers, including 
manual devices. Any loss of accuracy in the presence of atrial fi brillation can be 
minimized by averaging multiple manual or electronic BP readings.  

    Semi-automated Electronic Devices 

 Semi-automated electronic sphygmomanometers were initially developed for self- 
measurement of BP by patients in the home. These devices require activation usu-
ally by pressing a button in order to obtain a BP reading. Early recorders detected 
the Korotkoff sounds to measure BP but these were subsequently replaced by oscil-
lometric devices. More recent features of oscillometric home BP recorders include 
taking multiple readings after initial device activation, electronic memory for stor-
age of readings, capacity to transmit readings remotely via Bluetooth and mobile 
phone or Wi-Fi (BP telemonitoring) and devices which detect oscillations in the 
radial artery at the wrist. 
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 In addition to their intended use, some home BP recorders have been adapted for 
professional use in the offi ce or research setting. For example, the Omron HEM-705 
home BP recorder was used to take BP in the ASCOT study [ 15 ] and a similar 
device is currently being used in some physicians’ offi ces in Europe. From a practi-
cal perspective, standard home BP devices are generally not suitable for the offi ce 
use in that they have not been designed for the frequent use and demands of a busy 
clinical practice. Also, semi-automated electronic sphygmomanometers adapted for 
professional use generally require the presence of medical personnel to activate the 
device for each reading.  

    Automated Offi ce Blood Pressure (AOBP) 

 Fully automated, electronic sphygmomanometers have now been developed for pro-
fessional use in the offi ce [ 3 ]. These devices record multiple BP readings without 
any involvement of the patient or medical staff while the patient rests in a quiet 
place such as in an examining room or alone in a section of the waiting room. 
Examples include the BpTRU [ 16 ], Omron HEM-907 [ 17 ] and Microlife Watch BP 
Offi ce [ 18 ]. These sphygmomanometers are capable of automatically taking 3–5 
readings at pre-set intervals with only one minute of rest required before the fi rst 
reading is taken. The net result is a mean offi ce BP which is similar to the awake 
ambulatory BP and home BP [ 19 ,  20 ]. Initial studies on AOBP required the patient 
to be resting alone in a quiet examining room. However, more recent studies have 
reported that AOBP can also be recorded in a quiet place in a community pharmacy 
[ 21 ] or in the waiting room of the doctor’s offi ce [ 22 ,  23 ], although, when feasible, 
an unused examining room is still to be preferred. 

 AOBP has important advantages over manual BP as recorded in routine clinical 
practice. Whereas manual BP in primary care settings is on average 15/7 mmHg 
higher than the mean awake ambulatory BP, AOBP virtually eliminates this white 
coat effect [ 3 ]. AOBP is also more accurate in that its readings are more closely cor-
related than routine manual offi ce BP with the awake ambulatory BP [ 20 ] and 
AOBP is not affected by digit preference which occurs in about one half of manual 
BP measurements [ 24 ]. AOBP does not require the presence of a health professional 
in order to record multiple readings since measurements are taken automatically 
once the device has been activated. A purported disadvantage of AOBP is that this 
technique takes four to six minutes to record three to fi ve readings, the precise time 
depending on which recorder and which settings are used. However, the time to 
obtain the AOBP is no different from manual BP when one takes into consideration 
the fi ve minutes of rest recommended before the fi rst of two or more manual BP 
readings are recorded. It is true that when a single manual offi ce BP is recorded 
without any antecedent rest, less time will be required, but the accuracy of the 
reading will be compromised.  
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    Alternatives to AOBP 

 As noted above, home BP recorders are not suffi ciently robust for professional use 
in the offi ce. However, many patients have a home BP recorder which could be used 
for self-measurement in the offi ce without a health professional being present. This 
technique has been examined in four studies [ 19 ,  25 – 27 ] in which patients used 
semi- automated oscillometric sphygmomanometers which required activation of 
the device to take multiple readings while they were resting alone in a quiet examin-
ing room. The results were somewhat surprising in that the mean BP in each instance 
was still about 5 mmHg higher than either the awake ambulatory BP, home BP or 
AOBP. Having a patient involved in the BP measurement process seems to increase 
the BP reading. This suggests that AOBP recorders ought to be fully automated. 

 Twenty-four hour ABPM is now recognized as the preferred method for diagnos-
ing hypertension. However, ABPM is expensive and not always available or feasi-
ble, especially in lower income countries. In such instances, AOBP can be combined 
with home BP for the detection and diagnosis of hypertension as well as to follow 
patients after treatment is initiated.  

    AOBP and Target Organ Damage 

 In a study [ 28 ] involving 147 hypertensive patients attending the offi ces of primary 
care physicians in the community, ambulatory BP but not routine manual offi ce BP 
correlated with left ventricular mass, an intermediate measure of target organ dam-
age. In contrast, Andreadis et al. [ 29 ] reported that both AOBP and the awake 
ambulatory BP recorded in hypertensive patients attending a university hospital 
clinic correlated (r = 0.27) signifi cantly with left ventricular mass whereas a clinic 
reading showed a poor correlation (r = 0.12). Other studies have shown that AOBP 
exhibits a signifi cantly stronger correlation than manual BP with the intima-media 
thickness of the carotid artery in normotensive volunteers [ 30 ]. Also, AOBP and 
ambulatory BP both correlated signifi cantly with microalbuminuria in hypertensive 
patients [ 31 ]. 

 The cut-point at which AOBP is associated with an increase in cardiovascular 
events has been examined in 3,627 community-dwelling subjects aged over 65 
years [ 32 ]. An AOBP reading was recorded at baseline and subjects were followed 
for a mean of 4.9 years for the development of myocardial infarction, congestive 
heart failure and stroke. A signifi cant increase in cardiovascular events was seen at 
an AOBP of 135–144 mmHg systolic and 80–89 mmHg diastolic (Fig.  2.1 ). These 
results are consistent with AOBP having a cut-point of 135/85 mmHg for defi ning 
hypertension, the same cut-point previously derived using data from studies 
comparing AOBP with the awake ambulatory BP and home BP (20.21).
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       AOBP and the Guidelines 

 The use of electronic devices for recording home BP and 24-h ambulatory BP was 
fi rst recommended in the 1999 guidelines of the Canadian Hypertension Society 
[ 33 ]. Although electronic sphygmomanometers such as the Roche Arteriosonde 
1216 were used to record clinic BP 40 years ago, only recently has this type of 
device been recommended for routine clinical practice [ 34 ]. The 2014 ASH/ISH 
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  Fig. 2.1    Panels ( a ,  b ). Adjusted hazard ratios with 95 % confi dence intervals according to cate-
gory of systolic and diastolic blood pressure. A cut-point of 135/85 mmHg is based on analysis 
from a separate Cox regression models that used different categories for SBP [ 32 ]       
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guidelines [ 35 ] expressed a preference for electronic sphygmomanometers over 
manual devices for offi ce BP measurement. Other organizations have gone further 
to include AOBP in their recommendations. The 2013 ESH/ESC guidelines [ 36 ] 
stated that there was no longer any role for the mercury sphygmomanometer in 
offi ce BP measurement. Semi-automated manual or electronic devices were recom-
mended instead. The guidelines then made a specifi c recommendation to use AOBP, 
if feasible, because of its improved reproducibility and closer approximation to the 
daytime ambulatory BP and home BP. In 2015, the Canadian Hypertension Education 
Program [ 37 ] recommended that manual BP should not be used to diagnose hyper-
tension. Instead, electronic devices should be used with the AOBP being preferred.  

    The Future of Offi ce BP Measurement 

 During the past decade, there have been dramatic changes in how hypertension is 
diagnosed. After an extensive evaluation of the evidence, the 2011 NICE guidelines 
[ 9 ] virtually excluded offi ce BP from making a diagnosis of hypertension, prefer-
ring ABPM and home BP. This recommendation was based upon the overwhelming 
evidence that offi ce BP is a relatively poor technique for evaluating future cardio-
vascular risk in comparison to ABPM and home BP. Recent guidelines generally 
agree that ABPM and home BP are preferable but offi ce BP is still considered useful 
to screen for hypertension and in the management of patients once a diagnosis has 
been made. Of interest, the only study [ 38 ] which has demonstrated that screening 
for hypertension in the community can lead to a reduction in future cardiovascular 
events used AOBP readings. 

 Electronic sphygmomanometers improve the accuracy of offi ce BP readings by 
reducing human involvement in the measurement process to a minimum. AOBP 
goes even further, by virtually eliminating human error [ 39 ] and bias in BP mea-
surement while reducing the anxiety experienced by some patients when readings 
are recorded in the presence of a health professional. AOBP also automatically 
records multiple readings whereas a nurse or physician using a semi-automated 
electronic device often only takes a single reading. 

 Devices which record AOBP in both arms are now available [ 40 ]. If one arm has 
a systolic BP 10 mmHg or higher than the other arm, the higher arm should be used 
for recording AOBP during future offi ce visits. Some devices for AOBP are now 
able to detect the presence of atrial fi brillation with reasonably good accuracy [ 41 ]. 
This feature is useful for diagnosing atrial fi brillation which is common in the 
elderly, the same population having an increased prevalence of hypertension. It can 
also be useful in the management of atrial fi brillation, either to estimate the fre-
quency of paroxysmal episodes or to assess the response to anti-arrhythmic 
therapy. 

 The correlation between ABPM, home BP and AOBP is signifi cantly stronger 
than for manual BP in clinical practice. Even semi-automated electronic devices 
record signifi cantly higher BP readings under research conditions in the offi ce 
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 setting. The present evidence strongly suggests that AOBP is a better technique for 
evaluating an individual’s BP status compared to manual BP. All that is required is 
the use of a fully automated electronic sphygmomanometer to record multiple BP 
readings with the patient resting quietly alone. Since it is almost as easy to record 
AOBP as it is to measure BP using a semi-automated electronic sphygmomanome-
ter, there would seem to be little reason why AOBP should not be the technique of 
choice for recording BP in the offi ce setting.     
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    Chapter 3   
 Home Blood Pressure Measurements                     

     Nadia     Boubouchairopoulou      and     George     S.     Stergiou     

          Introduction 

 Despite the fact that conventional measurement of blood pressure (BP) in the offi ce 
(OBP) is regarded as the gold standard for both the diagnosis and long-term man-
agement of hypertension, it is recognized that it may lead to incorrect clinical deci-
sions. The white-coat and the masked hypertension phenomenon are very common 
with OBP measurements and associated with intermediate cardiovascular risk that 
lies between that of normotension and hypertension [ 1 ,  2 ]. Furthermore, the small 
number of BP readings, the unusual setting, and the observer bias further weaken 
the reliability of OBP in the diagnosis and management of hypertension [ 3 ]. 

 In the last decades, self-monitoring of BP by patients at home (HBPM) and 24-h 
ambulatory BP monitoring (ABPM) have both gained ground compared to OBPM 
for hypertension management, aiming to overcome the abovementioned draw-
backs. Both these BP measurement methods present several similarities, as they 
provide multiple measurements taken in the individual’s usual environment. 
However, they also important differences, as HBPM is performed only at home and 
in the sitting posture, whereas ABPM is performed in ambulatory conditions, at 
work, at home and during sleep [ 4 ,  5 ]. Therefore, it is still debated whether their 
role in the clinical management of hypertension is interchangeable or complemen-
tary [ 4 ,  6 ,  7 ]. 

 Unlike ABPM, the clinical value of which is strongly supported by evidence 
from short-term and longitudinal trials, HBPM has been less well investigated. 
Recently, evidence has accumulated from studies investigating the diagnostic value 
of HBPM and its association with target organ damage and cardiovascular risk, 
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aiming to support the utility of this method as an indispensable tool for the initial 
 evaluation of elevated BP, for treatment initiation and adjustment, as well as for 
long-term follow-up of treated hypertensives [ 1 ].  

    Clinical Value of HBPM 

    Diagnostic Value 

 Several studies during the last decade have demonstrated the effi ciency of HBPM in 
diagnosing hypertensive patients and identifying the white-coat and masked hyper-
tension phenomena which remain undetected with OBP measurements, by investi-
gating the sensitivity and specifi city of HBPM and considering ABPM as reference 
method [ 1 ]. 

 HBPM appeared to be more effi cient in identifying normotensive individuals but 
less accurate in detecting truly hypertensives, as it was associated with high speci-
fi city and negative predictive value (>80 %) but relatively lower sensitivity and posi-
tive predictive value (60–70 %) [ 1 ,  8 ]. Nevertheless, these results should be 
interpreted with caution as ABPM was used as reference method in most of the 
studies. Thus, these conclusions are based on the assumption that ABPM is per-
fectly reproducible and reliable, which certainly is not the case. Moreover, the diag-
nostic disagreement between the two methods in several cases was minimal and 
clinically irrelevant, and mostly present in subjects whose BP levels were very close 
to the diagnostic thresholds [ 1 ,  9 ]. 

 As mentioned above, the usefulness of HBPM is manifested through the identi-
fi cation of white-coat and masked hypertension phenomena, which remain undiag-
nosed and inadequately treated when considering exclusively OBP measurements 
[ 4 ,  10 – 12 ]. White-coat hypertension is defi ned by normal HBPM (<135/85 mmHg) 
but elevated OBP values (≥140/90 mmHg systolic/diastolic BP, or both), thus not 
truly refl ecting the “true” BP of an individual [ 1 ]. These individuals should not be 
considered as normotensives, as they present an intermediate cardiovascular risk 
between normotensives and hypertensives and are more likely to develop sustained 
hypertension within the next years [ 13 ]. On the other hand, masked hypertensives 
have elevated HBPM (≥135/85 mmHg) but normal OBP levels (<140/90 mmHg), 
and are associated with preclinical target organ damage and cardiovascular risk 
similar to sustained hypertensives. Masked hypertension is often present in treated 
patients refl ecting the peak effect of morning antihypertensive drug treatment on 
OBP measurements and trough or plateau effect using morning and evening HBPM 
respectively. When the diagnosis of these phenomena is confi rmed by repeat OBP 
and HBPM or ABPM measurements, the administration of antihypertensive ther-
apy should be considered, especially in subjects with high total cardiovascular risk 
[ 1 ,  12 ]. 

 The diagnostic accuracy of HBPM, its good reproducibility, its ability to provide 
a large number of measurements, its wide availability and the minimum effort 
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required for its application, should lead to its wide implementation as primary diag-
nostic method for hypertension diagnosis and identifi cation of white-coat and 
masked hypertension [ 5 ].  

    Treatment Titration 

 The long-term use of HBPM by patients treated for hypertension is recommended by 
recent guidelines as it enhances their compliance to therapy, and prevents them from 
adhering to therapy only before an offi ce visit, a phenomenon known as “white-coat 
adherence” which is associated with increased cardiovascular risk [ 4 ,  10 ]. Poor com-
pliance is indeed the most common cause of resistant hypertension despite the fact 
that patients are administered intensive antihypertensive treatment [ 14 ]. HBPM not 
only prevents normotensive individuals from receiving unnecessary medication, but 
also enables physicians to closely monitor BP of treated hypertensive patients. With 
HBPM treated hypertensive patients might receive less intensive therapy with equal 
protection from target organ damage [ 1 ,  8 ,  15 ]. However, there is incomplete evi-
dence on the possible effects on target organ damage progression with antihyperten-
sive treatment because the studies with long-term therapy and HBPM or ABPM are 
very few and in cases with contradictory results [ 16 ,  17 ]. 

 HBPM has the unique advantage to enables patients to take multiple measure-
ments not only through a period of time of weeks, but also months and even years 
and at minimal cost. Thus, it is undeniably more suitable for long-term follow-up of 
normotensives at high risk and of treated hypertensives compared to ABPM or 
OBPM [ 3 ,  18 ].  

    Prediction of Preclinical Organ Damage 

 The association of HBPM with several indices of preclinical damage, including 
echocardiographic left ventricular mass and index (LVM and LVMI), urinary albu-
min excretion rate, glomerular fi ltration rate, carotid intima-media thickness and 
pulse wave velocity, has been investigated. In these studies HBPM has been proven 
to be superior to OBP [ 1 ,  4 ,  15 ,  18 ], while when considering the strength of the 
association with several indices, the results were comparable with those obtained by 
ABPM and superior to these by OBP [ 1 ,  18 ]. 

 Two meta-analyses have concluded that HBPM is a stronger predictor of LVMI, 
urinary albumin excretion rate and even silent cerebrovascular disease compared to 
OBP, with the strongest evidence reported for LVMI and fewer studies with weaker 
associations for other indices [ 19 ,  20 ]. Systolic BP assessed by both HBPM and 
ABPM is more closely correlated with LVMI than OBP, demonstrating the advan-
tage of the two out-of-offi ce BP measurement methods, and preliminary evidence 
suggests that HBPM might be superior even to ABPM [ 12 ].  
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    Prognostic Value 

 The ultimate criterion to identify a useful method for the assessment of a cardiovas-
cular risk factor in clinical practice is its actual ability to predict future cardiovascu-
lar events. Two meta-analyses have investigated the evidence sourced from outcome 
trials assessing the prognostic ability of HBPM compared to OBP measurements 
[ 21 ,  22 ]. Both were based on data from 8 prospective studies and 17,688 patients 
followed for 3.2–10.9 years, which resulted in the availability of information based 
on almost 100,000 person/years of follow-up and showed HPBM to be superior to 
OBP measurements, with this difference being beyond chance for systolic 
BP. Moreover in the meta-analysis by Ward et al., even when HBPM was adjusted 
for OBP, it still retained its prognostic ability, whereas OBP lost its signifi cance after 
adjustment for HBPM [ 22 ]. Thus, the availability of reliable HBPM is likely to 
make OBP measurements obsolete in terms of cardiovascular events prediction [ 23 ].  

    Nocturnal HBPM 

 ABPM is considered as the gold standard in assessing nocturnal BP which has been 
shown to predict cardiovascular events in all populations and appears to be the 
aspect of the 24 h BP profi le that has the strongest prognostic ability. Whether the 
nocturnal BP dip during sleep or the morning BP surge upon the morning rise con-
tributes more in the cardiovascular risk prediction it is still debatable [ 24 ]. 

 New technological advancement of HBPM devices offer the option to evaluate 
nocturnal BP on repeated days by patients at home [ 24 ]. These innovative HBPM 
devices are usually programmed to take 3 automated hourly BP readings at sleep for 
3 consecutive nights, providing thereby a similar number of nocturnal BP readings 
as the usual 24-h ABPM. Studies have shown that daytime and nighttime BP 
assessed by these novel HBPM devices has similar levels as those obtained by con-
ventional 24-h ABPM and there is satisfactory agreement between the two methods 
in identifying non-dippers [ 25 ]. Taking also into account that these measurements 
can be repeated for longer periods than these of ABPM, HBPM can be regarded as 
an appealing alternative [ 24 ,  26 ,  27 ].   

    Advantages and Limitations (Table  3.1 ) 

       Advantages 

 HBPM is widely available in general practice, with a relatively low-cost (in fact 
patients usually decide to cover themselves the cost of the devices) and is well 
accepted by patients for long-term use [ 1 ], highlighting its potential use as primary 
method of BP monitoring for both physicians and patients [ 10 ,  15 ,  28 ]. 
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 Indeed, from the physicians’ point of view HBPM can be considered as superior 
to OBP and similar to ABPM in terms of reproducibility, which is mainly attributed 
to the large number of readings obtained [ 28 ]. Moreover, as aforementioned, the 
evaluation of BP in the patients’ usual environment enables the accurate diagnosis 
of hypertension through the identifi cation of the white coat and the masked hyper-
tension phenomena, which both affect almost one third of treated and untreated 
subjects attending hypertension clinics [ 28 ]. Particularly in treated patients, HBPM 
has been proved to enhance their compliance by involving them in their monitoring, 
thereby leading to improved hypertension control rates [ 4 ,  29 ]. 

 In line with the above, recent studies have shown HBPM to be highly cost- 
effective, through the need of fewer clinic visits, more adequate treatment adjust-
ment and avoidance of unnecessary treatment in white coat hypertensives [ 4 ,  12 , 
 30 ]. However, its cost-effectiveness has not been thoroughly investigated and more 
studies should be performed [ 3 ].  

    Limitations 

 Despite its many advantages, HBPM inevitably presents some limitations which 
occasionally restrict its use. Self HBPM may induce anxiety which leads to BP 
increase and also to excessive monitoring, while sometimes the conditions under 
which the measurements are taken are not representative (stress, pain, etc.) and 
providing false evidence and overestimating BP levels [ 3 ,  28 ]. This can induce some 
patients to perform self-modifi cation of their drug treatment without medical con-
sultation on the basis of casual home BP measurement (high or low) [ 3 ,  4 ]. 

   Table 3.1    Advantages and limitations of home blood pressure monitoring   

 Advantages  Limitations 

 Need of minimal training (with automated 
devices) 
 Large sample of blood pressure readings 
 Absence of placebo effect 
 Absence of observer error and bias 
(automated devices with memory or PC link) 
 Good reproducibility 
 Detection of white-coat and masked 
hypertension phenomena 
 Association with preclinical organ damage 
 Prediction of cardiovascular events 
 Wide availability 
 Good acceptance by users 
 Improvement of patients’ compliance with 
drug therapy 
 Improvement of hypertension control rates 
 Cost-effectiveness 

 Devices often not properly validated 
 Misreporting (over- or under-) of readings by 
patients 
 Need of user training (minimal with automated 
devices) and medical supervision 
 May induce anxiety in some patients 
 Some patients may self-modify their drug 
treatment on the basis of casual BP readings 
 Measurements do not refl ect usual daily 
activities 
 Inability to monitor nocturnal BP (possible 
with some novel home monitors) Questionable 
accuracy of oscillometric devices in the 
presence of arrhythmias 
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 Patients’ usual misreporting of their self-taken BP readings still remains the 
“Achilles’ heel” of HBPM, leading in over- or under treatment, especially in high 
risk hypertensives or those with high BP variability [ 4 ,  12 ,  31 ]. There is evidence 
that less than 70 % of HBPM readings reported by patients to the doctor are usually 
identical to those recorded by the device. Electronic HBPM devices with automated 
memory or PC link and home-telemonitoring can all prevent misreporting and 
ensure an unbiased and reliable HBPM evaluation. 

 It should be mentioned that even if HBPM is performed under ideal circum-
stances, it only provides BP readings at home and in the sitting posture, whereas 
ABPM provides BP data in dynamic conditions, at work, at home, and also during 
sleep [ 5 ]. Nevertheless, even ABPM is not truly ambulatory, since patients have to 
stay still during each measurement.   

    Clinical Application (Table  3.2 ) 

    The current European and American guidelines recommend HBPM to be used in 
the long-term follow-up of almost all subjects with treated hypertension and also in 
untreated subjects for the initial evaluation of elevated BP [ 32 ,  33 ]. However, HBPM 
should be always applied after adequate training and under close medical 
supervision. 

    Devices 

 HBPM can be performed using auscultatory aneroid devices, or electronic arm, 
wrist or fi nger devices. Regular calibration of devices and training of patients are 
important prerequisites for the use of auscultatory method. Considering the fact that 
for the wide application of HBPM the aforementioned prerequisites are not feasible 

   Table 3.2    Practical recommendations for optimal application of home blood pressure monitoring   

 Device  Automated upper-arm device validated according an established protocol. 
 Cuff  Bladder size according to individual arm circumference. 
 Conditions  Relaxed, after 5 min sitting rest. 
 Monitoring 
schedule 

 7-days monitoring before each offi ce visit with duplicate morning (before drug 
intake) and evening measurements. Not fewer than 3 days (12 readings). 

 Evaluation  Calculation of average BP of all readings after discarding the fi rst day. Casual 
readings have little clinical relevance. 

 Diagnostic 
thresholds 

 Normal home BP: <130/80 mmHg; Hypertension: ≥135/85 mmHg; Intermediate 
levels are considered borderline. 

 Long-term 
follow up 

 1–2 duplicate measurements per week. Too frequent monitoring and self-
modifi cation of treatment on the basis of casual measurements to be avoided. 
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but rather unrealistic, automated electronic devices, especially these using an oscil-
lometric algorithm and having an arm cuff are currently recommended for 
HBPM. Auscultatory devices might be preferred only in case of arrhythmias, or 
pre-eclampsia, yet these indications are also debatable. Some wrist devices have 
passed the internationally accepted validation protocols, however they are regarded 
as less accurate than upper arm devices, mainly because of anatomical differentia-
tions of the wrist, and of diffi culty in following the correct wrist position (at heart 
level and relaxed) [ 4 ,  8 ,  12 ]. On the other hand, fi nger devices are not accurate and 
have been withdrawn from the market [ 4 ,  8 ,  12 ]. 

 The accuracy of electronic BP monitors should be tested against conventional 
mercury sphygmomanometry according to established validation protocols. The US 
Association for the Advancement of Medical Instrumentation (AAMI) in 1987 [ 34 ] 
and the British Hypertension Society in 1990 [ 35 ] have developed the fi rst protocols 
for devices’ validation, and both have been later revised. In 2002 the European 
Society of Hypertension International Protocol has been developed, requiring con-
siderably smaller sample size and therefore being widely accepted and applied 
worldwide [ 36 ]. However, many of the electronic devices for HBPM available on 
the market have not been subjected to independent validation or have failed [ 12 ]. 
Updated lists of devices which have passed at least one of the aforementioned vali-
dation protocols are available at the British Hypertension Society website (  www.
bhsoc.org    ) and the Medaval website for the evaluation of BP monitors (  www.meda-
val.org    ). The fact that a device has passed a validation protocol does not guarantee 
that it will provide accurate readings to each individual [ 12 ]. Indeed, in some cases, 
even a BP monitor that has achieved passing grades may present a measurement 
error of more than 5 or 10 mmHg compared to mercury sphygmomanometer for 
reasons which remain rather unclear and might be related to the individual’s arterial 
wall properties. 

 The use of a cuff with infl atable bladder of appropriate size for the arm of each 
individual is of equal importance as the accuracy of the HBPM device [ 8 ]. The 
length of the infl atable bladder should cover 80–100 % of the arm circumference 
and the width should be about half of the length. Cuffs which are too small for the 
arm size tend to overestimate BP (common in obese subjects), whereas cuffs which 
are too large (in children or lean women) tend to underestimate BP. It is recom-
mended that subjects with arm circumference larger than 32 cm should use a cuff 
larger than the standard size, while those with arm circumference smaller than 
24 cm a smaller cuff than the standard [ 4 ].  

    Methodology 

 The European Society of Hypertension [ 37 ] and the American Heart Association [ 5 ] 
guidelines for HBPM recommend that patients should perform a standard HBPM 
schedule for the initial evaluation of BP levels (untreated subjects) and before each 
visit to the physician (for treated hypertensives). The recommended HBPM 
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schedule includes duplicate measurements (with one minute interval) in the morn-
ing (before drug intake if treated), and the evening for 7 routine work days (and not 
less than 3 days), with weekends preferably excluded as the corresponding BP val-
ues are usually lower than in workdays [ 3 ,  12 ]. However, for the long-term follow-
up of treated hypertensives, HBPM once or twice per week seems to be appropriate 
to ensure maintenance of adequate BP control [ 4 ,  12 ]. In all cases, individuals 
should ensure that they are in sitting posture with supported back and arm and 
uncrossed legs, and that BP measurements are taken after 5 min rest. Moreover, the 
cuff must be placed on the nondominant arm, at the heart’s level and the centre of 
the bladder should be placed over the brachial artery. Talking during the measure-
ment and coffee or smoking for at least 30 min before the measurement should be 
discouraged [ 4 ]. 

 All HBPM readings should be recorded in a form, or better automatically saved 
on the device memory or PC [ 4 ]. A total of 24 HBPM readings (7 days) should be 
routinely obtained for clinical decision making and 12 readings seems to be the 
minimum acceptable sample. The fi rst day HBPM readings should be better dis-
carded particularly when less that the full 7-day schedule has been obtained, as they 
are typically higher and more variable than the next days [ 4 ].  

    Interpretation 

 The HBPM interpretation is based on assessing the average BP of 7 days (minimum 
3), whereas casual BP readings little clinical value. As mentioned above, the aver-
age home BP of all readings is calculated after discarding those of the fi rst day [ 4 ]. 

 According to the European and American guidelines, the hypertension threshold 
for average home BP is 135/85 mmHg, which is the same as for awake ABPM [ 3 , 
 4 ,  8 ]. Levels exceeding this threshold are considered elevated. Home BP levels 
ranging between 130 and 135 mmHg for systolic and 80–85 mmHg diastolic BP are 
regarded as borderline (pre-hypertension range), and those <130/80 mmHg as nor-
mal [ 3 ,  12 ]. Comparison between the morning and evening home BP values are 
particularly useful in treated hypertensives for the evaluation of the duration of anti-
hypertensive drug action and the 24 h BP control [ 12 ].      
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    Chapter 4   
 24-hour Ambulatory Blood Pressure 
Measurements                     

     Geoffrey     A.     Head     

          Introduction 

 Ambulatory Blood Pressure Monitoring (ABPM) is now recognised as the gold stan-
dard method for measuring a patient’s BP. The process involves wearing a portable BP 
monitor which infl ates an upper arm cuff to determine BP at regular intervals over a 
complete 24 h period. The value of this measurement is that it provides an estimate of 
the diurnal changes in BP while the patient undergoes their normal daily activities and 
importantly measurements are made during sleep. Measurement of BP in the physi-
cian’s offi ce provide only a small sample of measurement of the patient’s BP and can 
be subject to higher readings due to the presence of the physician which is known as a 
“white coat effect”. Alternatively in some cases BP can be lower than normal in the 
doctor’s offi ce particularly in subjects where normal activities are stressful resulting in 
hypertension. Such patients are known as “masked” hypertensives. Thus ABPM pro-
vides a much more reliable estimate of the patient’s true BP and avoids much of the 
misdiagnosis that can occur in subjects with either “whitecoat hypertension” or 
“masked hypertension” [ 33 ]. Nevertheless clinic BP assessments by the physician will 
continue to remain as an important screening tool.  

    The Value of Ambulatory BP Monitoring 

 ABPM provides the most accurate information for the diagnosis of hypertension 
and the provision of optimal care such as determining the effectiveness of antihy-
pertensive therapy. The evidence supporting the use of ABPM has reached a point 
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where expert groups such as the National Institute for Health and Clinical Excellence 
in the United Kingdom advocate that every suspected case of hypertension be vali-
dated with ambulatory monitoring if tolerated. The latter caveat refl ects that not all 
patients are comfortable wearing a device over 24 h. Nevertheless there is a consid-
erable international movement to increase the use of ABPM for the diagnosis and 
management of hypertension [ 16 ]. 

 The strongest argument for the use of ABPM over other techniques for the mea-
surement of BP has come from the increasing recognition of its superior prognostic 
value in terms of predicting future cardiovascular events. This may arise in part 
from the large number of BP measurements that are made within the 24 h period 
which would be expected to increase the likelihood of estimating the patient’s 
BP. Perhaps more importantly is that the measurements are made during a person’s 
normal daily activities and during sleep where the BP is expected to fall. There are 
a very large number of prospective studies that have compared the prognostic value 
of different measurements of BP with the clear consensus that ABPM is a superior 
predictor of cardiovascular outcomes than clinic BP assessments [ 3 ,  4 ,  6 ,  7 ,  10 – 12 , 
 14 ,  15 ,  21 ,  22 ,  29 ,  32 ,  34 ,  36 ,  37 ]. The outcomes include, myocardial infarction, 
stroke as well as secondary indices of end organ damage such as left ventricular 
hypertrophy, microalbuminuria and carotid artery wall thickness. A more recent 
study compared the prognostic value of ABPM, home BP measurement and Clinic 
BP in predicting cardiovascular mortality, myocardial infarction, stroke, heart fail-
ure hospitalization and coronary intervention with a 16 year follow up period. Using 
a sophisticated multivariate adjusted Cox model only systolic and diastolic ambula-
tory BP was a predictor which suggests that ABPM is prognostically superior to 
offi ce and home measurements [ 30 ]. These studies support the view that end organ 
damage is a surrogate for the long term level of BP of the individual patient which 
ABPM may be better at estimating than other techniques.  

    When Should ABPM Be Used? 

 The principal use of ABPM is to confi rm the diagnosis of hypertension, masked 
hypertension or suspected white coat hypertension. ABPM is particularly useful for 
determining suspected nocturnal hypertension or a lack of the normal night-time 
reduction in BP. Patients whose reduction in BP is less than 10 % during sleep have 
been termed “non-dippers” and are at considerably more cardiovascular risk. 
Importantly ABPM can also be used to determine the effectiveness or not of antihy-
pertensive treatment. Indeed ABPM is essential for defi ning patients with resistant 
hypertension which has been defi ned as BP remaining above a defi ned target of 
140/90 mmHg despite at least three different classes of antihypertensive agent 
including a diuretic. 

 ABPM is appropriate and accurate for a wide range of age groups and conditions 
including children, adolescents, elderly and obese subjects. ABPM can be useful in 
detecting hypertension, particularly white coat hypertension early in pregnancy 
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which is important as it can avoid inappropriate pharmacological treatment of preg-
nant women. However, ABPM should not be used in an individual pregnant woman 
to assess the risk of pre-eclampsia or progression from gestation hypertension to 
pre-eclampsia [ 5 ]. 

 ABPM is not necessary and indeed contraindicated if it will delay antihyperten-
sive treatment in patients with high cardiovascular risk such as those with grade 3 
hypertension (BP ≥ 180/110 mmHg) [ 20 ]. For such patients antihypertensive ther-
apy should be commenced as soon as practical. For most patients ABPM is appro-
priate being safe and not usually associated with complications. The newer ABPM 
devices are light, quiet and comfortable to wear but some patients report that infl a-
tion of the cuff can cause some transient discomfort, particularly in people with 
hypertension due to the pressure required to reach systolic pressure or when multi-
ple repetitions of the reading are triggered due to errors in measurement. To mini-
mise this issue, some devices adjust the infl ation maximum pressure according to 
what is required and will reinfl ate if the maximum has not been reached. ABPM 
may not be accurate when there is irregular heart rate due to arrhythmias [ 20 ].  

    How Is ABPM Performed? 

 ABPM should be performed by an appropriately trained person who is familiar with 
instructing the patient and fi tting the device correctly. The battery operated monitor 
which includes a pressure pump is worn on a belt connected to a cuff on the upper 
arm and uses an oscillometric technique to detect systolic, diastolic and mean BP as 
well as heart rate [ 27 ]. Only validated devices should be used that have been 
approved by one of the authorities such as the European society of hypertension 
(ESH-IP:2010, [ 31 ]) or the Association for the Advancement of Medical 
Instrumentation (AAMI/ANSI/ISO, ISO 81060–2:2013). ABP monitors measure 
the arm cuff pressure oscillations during defl ation and defi nes the maximal ampli-
tude of the oscillation as the mean arterial BP and then uses an algorithm on the 
ascending and descending slope of the oscillation amplitude to calculate systolic 
and diastolic BP [ 1 ]. The algorithms are a closely guarded commercial secret and 
cannot be independently validated but it is recognised that ABPM devices differ 
slightly from the manual method using Korotkoff sounds. 

 One of the most important aspects for accurate assessment of ambulatory BP is 
to use the correct cuff size for the particular patient. This is particularly important if 
the patient has a very large or conical shaped upper arm as the use of a smaller cuff 
will over read quite considerably. Furthermore it is important to use only the cuffs 
supplied by the manufacturer with each device. Measure BP in both arms and if the 
difference in systolic is less than 10 mmHg, use the non-dominant arm. If the differ-
ence in systolic BP is greater than 10 mmHg, use the arm with the higher pressure. 

 ABPM devices are usually programmed to take readings at set intervals of 
15–30 min during the day and every 30–60 min at night, in order to avoid interfering 
with activity or sleep. It is important to fully inform the patients usually with a 
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written set of instructions including phone numbers in case of emergency as well is 
a verbal description of what to expect, what to do and what not to do. They need to 
be clear that the device will automatically infl ate periodically over the 24 h period 
and that when the cuff starts to infl ate the patient should stop moving, talking and 
keep the arm still and relaxed while breathing normally. The day chosen to perform 
the ABPM should be as close to the normal activities as possible rather than a rest 
day or holiday. Obviously patients need to be informed to avoid vigorous activities 
that may interfere with the accurate assessment of BP and it is highly desirable to 
keep a diary of events during the 24 h period particularly those related to sleep, 
activities, medication and any symptoms that may be related to postural BP such as 
dizziness. In some cases ABPM during the night time period may interfere with 
normal sleep and give higher values or suggest a lack of nocturnal dipping. If this is 
the case the monitoring should be repeated provided the patient is willing. 

 When the recording period is complete the patient should return to the clinic and 
return the device where it is connected to a computer for analysis. The computer 
calculates the average 24 h, day time, night time as well as sleep and awake (if 
recorded) average systolic and diastolic BP and heart rate.  

    Interpreting ABPM Recordings 

 Most ABPM analysis software will display a graph of individual data points over 
the recording period and give the averages for 24 h, daytime and night time (Figs.  4.1  
and  4.2 ). Measurements obtained from ABPM must be interpreted carefully with 
reference to diary information and timing of medicines. Recordings are considered 

Cuff

ABP
device 

Connecting
tube

  Fig. 4.1    Example of an ambulatory blood pressure monitor ( upper left ), multiple cuff sizes ( lower 
left ) and the device when fi tted to a patient ( right ) (Reproduced with permission from [ 19 ])       
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to be valid when there is a minimum of 20 daytime measurements and at least seven 
measurements at night [ 33 ]. Reference and threshold values of systolic BP/diastolic 
BP for hypertension categories are shown in Table  4.1  [ 17 ,  18 ] with the threshold 
equivalent for grade 1 or moderate hypertension of clinic 140/90 mmHg being 
135/85 mmHg (daytime value). The night time threshold for hypertension is 
137/76 mmHg and normal BP is considered as 120/80 mmHg in the day and 
105/65 mmHg at night. ABPM values above these normal values but below the 
hypertension threshold are classed as ‘high-normal’ (Table  4.1 ). Treatment targets 
based on ABPM are generally lower than for clinic BP readings but the two values 

Ambulatory blood pressure report  
Patient Name: Mr J. Bond ID: 007
Scan Start Date 29/08/2011 Clinic SBP/DBP 140/90
Scan Start Time 12:08 Total Readings 56
Scan End Date 30/08/2011 Successful Readings 52
Scan End Time 13:37 Percent successful 93

Time 1200  1500  1800  2100  0000  0300  0600  0900  1200
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AwakeAsleep

Summary
Min Mean Max STD BP Load (<20%)

Systolic 125 151 183 13.4 94%
Diastolic 71 90 115 11.9 67%
Heart Rate 54 70 94 9.5
Day Summary 6:00 to 22:00

Min Mean Max STD BP Load
Systolic 125 152 176 12.2 91%
Diastolic 73 91 111 10.9 68%
Heart Rate 54 71 90 8.7
Night Summary 22:00 to 6:00

Min Mean Max STD BP Load
Systolic 129 146 183 14.7 100 %
Diastolic 71 86 115 135 70%
Heart Rate 57 69 94 11.1
% Night SBP Dip (>10%) 3.9% % Night DBP Dip (>10%) 5.5 %
Awake Summary 7:00 to 1:30

Min Mean Max STD BP Load
Systolic 132 155 183 11 93%
Diastolic 75 92 115 11 68%
Heart Rate 55 73 94 9
Asleep Summary 1:30 to 7:00

Min Mean Max STD BP Load
Systolic 125 134 143 5 100 %
Diastolic 71 76 85 5 55 %
Heart Rate 54 60 67 5
% Night SBP Dip (>10%) 14 % % Night DBP Dip (>10%) 28 %
Interpretation: Patient ABP Day, Night Awake, Asleep BP, BPload values are all above 
hypertension grade 1 threshold (shown in red).  While night summary suggests “non 
dipping” (<10%) this is due the very late sleep onset. The nocturnal dipping based on awake 
and asleep values are satisfactory (>10%). 
Conclusion : Confirmed grade 1 hypertension. Commence or increase antihypertensive 
therapy. Assess cardiovascular risk to determine correct target blood pressure.

Asleep 
DBP 
dipping 
normal  

SBP: Grade 2 
hypertension
> 151 mmHg 

Clinic BP 
suggests 
hypertension  

OK if 
>85 %  

DBP: Grade 1 
hypertension
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normal  
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dipping 
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Night 
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abnormal  
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hypertension 
threshold  

  Fig. 4.2    An example of an ABPM report (Reproduced with permission from [ 19 ])       
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converge when BP is lower and the difference is greater when BP is very high. 
Night-time (sleeping) average systolic and diastolic BP should both be at least 10 % 
lower than daytime (awake) average [ 27 ]. The example shown in Fig.  4.2  highlights 
the different conclusions that can be reached about nocturnal dipping when consid-
ering fi xed clock times or sleep times. Based on clock times, the subject would be 
considered a non-dipper (5.5 %) while by sleep times the patient dipped (28 %) 
adequately. An often quoted measure called BP load which is the percentage time 
during which BP readings exceed hypertension threshold over 24 h should be less 
than 20 %. The example in Fig.  4.2  shows the patient has a BP load value of 98 % 
for systolic and 67 % for diastolic.

     “White Coat Hypertension” or isolated offi ce hypertension as it is otherwise 
known, is defi ned as untreated individuals with 24-h ambulatory BP less than 
130/80 mmHg, awake ambulatory BP less than 135/85 mmHg but elevated clinic 
measurements above the hypertension threshold [ 33 ]. These patients are generally 
at low cardiovascular risk but are at greater risk of developing true hypertension and 
require continued assessment of absolute cardiovascular risk and continued moni-
toring with clinic and home BP measurements. The diagnosis should be confi rmed 
by repeating the ambulatory assessment or using home BP monitoring. ABPM 
should be repeated every 1–2 years depending on the patient’s individual total car-
diovascular risk. 

 “Masked uncontrolled hypertension” is a condition found in approximately 
15 % of patients where clinic measurements of BP are below hypertension thresh-
old but ABPM assessments are above threshold [ 33 ]. Suspicion of masked hyper-
tension can arise from the presence of unexplained left ventricular hypertrophy. 
Masked uncontrolled hypertension can be caused by a lack of nocturnal BP reduc-
tion or even nocturnal hypertension possibly associated with sleep apnoea. 

 One of the important issues is whether ABPM can be used to manage antihyper-
tensive therapy. Surprisingly there have been relatively few studies directly 
comparing the outcome with treatment of patients randomly assigned to either stan-
dard clinical decision-making or using ABPM thresholds. One of the few studies 
showed that using ABPM instead of clinic BP lead to less intensive drug treatment 

    Table 4.1    Classifi cation of hypertension thresholds and treatment targets in adults   

 Classifi cation  Clinic BP 

 ABP predicted from clinic BP (mmHg) 

 24-h  Night  Day 

 Grade 3 hypertension  180/110  163/101  157/93  168/105 
 Grade 2 hypertension  160/100  148/93  139/84  152/96 
 Grade 1 hypertension  140/90  133/84  121/76  136/87 
 Uncomplicated hypertension  140/90  133/84  121/76  136/87 
 High cardiovascular risk  130/80  125/76  112/67  128/78 
 Hypertension and proteinuria  125/75  121/71  107/63  124/74 
 Normal  120/80  115/75  105/65  120/80 

  Adapted from Head et al. [ 17 ,  18 ,  20 ]  
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with the preservation of BP control and reduction in left ventricular hypertrophy 
[ 35 ]. 

 A standard ABPM device will not give any relevant information as to the occur-
rence of cardiac arrhythmias and may be less accurate in determining BP where 
there is an irregular cardiac rhythm such as in atrial fi brillation. However, there are 
newer devices that have an embedded algorithm to detect arrhythmias during the 
infl ation and defl ation of the cuff [ 24 ]. Nevertheless, the standard ABPM devices 
remain appropriate under these conditions [ 33 ]. ABPM is not designed to detect 
postural hypotension as the measurements occur at a fi xed interval and devices do 
not contain inclinometers which would be required to record a patient’s position. 
However, ABPM can be used to assess whether there is high variability of BP 
which is often associated with orthostatic hypotension [ 9 ].  

    Novel ABPM Related Indices 

 There has been considerable interest in other measures that can be derived from 
ABPM apart from the standard measurements described above. Short-term BP vari-
ability has been a major interest as it is thought to refl ect contributions from the 
autonomic nervous system. There are a host of indices related to standard deviation 
which have been suggested as independent risk factors over and above the absolute 
level of BP. New indices which refl ect short term BP variability more precisely our 
“Average Real Variability” [ 28 ] and “Time Rate of variation” [ 38 ]. Both of these 
refl ect the reading to reading changes in BP with the latter adjusted for the length of 
time between measurements. 

 An index which is determined from the relationship between systolic and dia-
stolic BP over the 24 h has been called the ambulatory arterial stiffness index 
(AASI). This index which is correlated with vascular compliance is a predictor of 
cardiovascular mortality [ 2 ,  8 ] and associated with subclinical target organ damage 
in hypertensive subjects [ 13 ]. 

 With the realisation that most cardiovascular events occur in the morning period, 
there has been great interest in determining the contribution of the morning surge in 
BP to these events and also targeting therapy to be most effective during this period. 
The morning BP surge defi ned by the difference between the minimum BP during 
the night and 2 h post waking has been associated with greater risk independently of 
ambulatory BP or nocturnal BP [ 23 ]. A mathematical construct combining the rate 
and amplitude of the morning surge in BP known as the morning BP Power is ele-
vated in true and white coat hypertensive patients compared to normotensive sub-
jects [ 17 ,  18 ] and is associated with the reactivity of the sympathetic nervous system 
[ 25 ]. Importantly this measure has been shown to be an independent risk factor for 
cardiovascular events and stroke [ 26 ].     

  Acknowledgements   The current article was in part adapted from [ 19 ] with permission.  
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    Chapter 5   
 Central Blood Pressure Measurement                     

     Dimitrios     A.     Vrachatis      ,     Theodore     G.     Papaioannou      , 
and     Athanasios     D.     Protogerou    

          Introduction 

 Peripheral (p) arterial blood pressure (BP) has monopolized clinical interest in arterial 
hypertension for more than a century. Although it is quite inaccurately measured with 
the available non-invasive methods, when compared to the intra-arterial pBP, it has 
been rightfully established as vital part of routine clinical examination. Upon recogni-
tion of the BP amplifi cation phenomenon, researchers have also shed light on central 
BP (cBP) and its magnitude beyond pBP. In brief, BP amplifi cation may be described 
as a rise of systolic BP (SBP) (and pulse pressure; PP) throughout the arterial tree, as 
moving apart from the aortic valve [ 1 ]. On the contrary, mean arterial pressure (MAP) 
and diastolic BP (DBP) remain almost unchanged (i.e. brachial SBP may be greater by 
~20 mmHg than cSBP, while DBP and MAP only differ by ~1–2 mmHg from center 
to periphery) [ 1 ]. From an energy point of view, this phenomenon should be regarded 
as a distortion, rather than amplifi cation phenomenon of the central pressure wave-
form as it travels towards the peripheral arteries. This observation was initially based 
on invasive data, which however are still limited to very small and disease specifi c 
populations. Therefore more invasive data are needed to quantify the actual amplifi ca-
tion phenomenon between different arterial sites, especially in healthy subjects. 
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 This phenomenon is largely considered to be generated by (i) pressure wave 
refl ections (amplitude and timing/travel distance before merging with the for-
ward travelling pressure waves), (ii) heart rate, (iii) stiffness and diameter gradi-
ent, and thus it is greatly depending on age, gender and height [ 2 ]. Although its 
complex pathophysiology has not been fully elucidated, numerous invasive [ 3 ] and 
 non-invasive studies [ 4 ] have illustrated that blood pressure lowering drugs do have 
different effects on aortic SBP compared to brachial (b) SBP and that cBP might 
have a better predictive ability when compared to brBP for future CV events and 
all-cause mortality in several, but not all, populations [ 5 ]. 

 While the potential superiority of central blood pressure versus brachial blood 
pressure in the management of arterial hypertension is under intensive investiga-
tion [ 6 ], in parallel various of methods for direct or indirect estimation of cBP 
have been developed, mainly for research purposes. It should be noted that, tradi-
tionally, both aortic and carotid BP are referred as cBP. However, carotid BP is 
mainly used as a surrogate of aortic BP, assuming that BP amplifi cation is negli-
gible between these two points of interest. This assumption is, though, vaguely 
proven and supported by invasive data in the literature, whereas data on other 
central haemodynamics -like pressure wave refl ections- provide only indirect 
information [ 7 ]. 

 Following we will deal with the available methods for measurement of cBP 
(summarized in Table  5.1 ) and attempt to describe clearly the potential advantages 
as well as their limitations. However, it must be stated that no consensus has been 
reached so far for multiple issues that affect the methodology of cBP measurement. 
It must be also underlined that direct measurement of cBP may only be conducted 
invasively, while non-invasive approaches provide an indirect estimation of the 
actual central pressures. Of note, this is also true for the methods used during the 
previous decades to non-invasively “measure” the bBP with automated oscillomet-
ric devices. These devices measure mean arterial bBP and then derive systolic and 
diastolic BP with the application of proprietary algorithms. For these reason, and 
although we acknowledge the essential difference between measurement and esti-
mation in the text, we use the term “measurement” instead of “estimation” for both 
the bBP and cBP.

       Invasive Central Pressure Measurement 

 Invasive is considered the “gold-standard” method to accurately measure cBP. It 
may be conducted either with (a) fl uid-fi lled catheter-manometer system or (b) with 
special pressure wire systems. From a historical viewpoint, Hales R.S. is appraised 
as a pioneer in cBP assessment since, in 1733, he was the fi rst to cannulate a horse’s 
carotid artery using a long glass tube and subsequently observe the pumping equi-
librium of blood into the tube [ 8 ]. Undoubtedly, the interventional nature of direct 
cBP measurement – accompanied by the potential complications – constitutes its 
major disadvantage. 

D.A. Vrachatis et al.



51

   Ta
bl

e 
5.

1  
  A

dv
an

ta
ge

s 
an

d 
di

sa
dv

an
ta

ge
s 

of
 m

et
ho

ds
 a

nd
 te

ch
ni

qu
es

 f
or

 n
on

-i
nv

as
iv

e 
ce

nt
ra

l b
lo

od
 p

re
ss

ur
e 

as
se

ss
m

en
t   

 M
et

ho
d 

 W
av

ef
or

m
 

ac
qu

is
iti

on
 

 C
al

ib
ra

tio
n 

pr
es

su
re

 d
er

iv
ed

 
at

 th
e 

 C
al

ib
ra

tio
n 

pr
es

su
re

s 
 C

al
ib

ra
tio

n 
vs

. 
w

av
ef

or
m

 a
cq

ui
si

tio
n 

 A
dv

an
ta

ge
s 

 D
is

ad
va

nt
ag

es
 

 To
no

m
et

ry
 

 C
om

m
on

 
ca

ro
tid

 a
re

ry
 

 B
ra

ch
ia

l a
rt

er
y 

 D
B

P/
M

A
P 

 A
sy

nc
hr

on
ou

s 
 Pr

ox
im

ity
 to

 a
or

ta
 

 SB
P 

is
 n

ot
 u

se
d 

fo
r 

ca
lib

ra
tio

n,
 p

ot
en

tia
lly

 
m

in
im

iz
in

g 
th

e 
br

ac
hi

al
 c

uf
f 

m
ea

su
re

m
en

t e
rr

or
 

 A
or

tic
 to

 c
ar

ot
id

 
am

pl
ifi 

ca
tio

n 
m

ay
 n

ot
 b

e 
ne

gl
ig

ib
le

 a   
 A

ss
um

pt
io

n 
th

at
 M

A
P/

D
B

P 
ar

e 
co

ns
ta

nt
 in

 th
e 

ar
te

ri
al

 tr
ee

 
 O

pe
ra

to
r 

de
pe

nd
en

t 
 R

ad
ia

l a
rt

er
y 

 B
ra

ch
ia

l a
rt

er
y 

 SB
P/

D
B

P 
or

 
M

A
P/

D
B

P 
 A

sy
nc

hr
on

ou
s 

 E
as

ie
r 

th
an

 c
ar

ot
id

 to
no

m
et

ry
 

 M
ay

 b
e 

le
ss

 o
pe

ra
to

r 
in

de
pe

nd
en

t i
f 

sp
ec

ia
l 

eq
ui

pm
en

t i
s 

us
ed

 
 M

ay
 b

e 
us

ed
 f

or
 a

m
bu

la
to

ry
 

B
P 

m
on

ito
ri

ng
 

 B
ra

ch
ia

l t
o 

ra
di

al
 

am
pl

ifi 
ca

tio
n 

m
ay

 n
ot

 b
e 

ne
gl

ig
ib

le
 

 U
ltr

as
ou

nd
 

 C
om

m
on

 
ca

ro
tid

 a
re

ry
 

 B
ra

ch
ia

l a
rt

er
y 

 D
B

P/
M

A
P 

 A
sy

nc
hr

on
ou

s 
 Pr

ox
im

ity
 to

 a
or

ta
 

 A
or

tic
 to

 c
ar

ot
id

 
am

pl
ifi 

ca
tio

n 
m

ay
 n

ot
 b

e 
ne

gl
ig

ib
le

a  
 A

ss
um

pt
io

n 
th

at
 M

A
P/

D
B

P 
ar

e 
co

ns
ta

nt
 in

 th
e 

ar
te

ri
al

 tr
ee

 
 O

pe
ra

to
r 

de
pe

nd
en

t 
 O

sc
ill

om
et

ry
 

 B
ra

ch
ia

l a
rt

er
y 

 B
ra

ch
ia

l a
rt

er
y 

 SB
P/

D
B

P 
or

 
M

A
P/

D
B

P 
 Sy

nc
hr

on
ou

s 
 O

pe
ra

to
r 

in
de

pe
nd

en
t 

 W
av

ef
or

m
 a

nd
 B

P 
ac

qu
is

iti
on

 in
 th

e 
sa

m
e 

ar
te

ry
 

 M
ay

 b
e 

us
ed

 f
or

 a
m

bu
la

to
ry

 
B

P 
m

on
ito

ri
ng

 

 W
av

ef
or

m
 d

is
pa

ri
ty

 
de

pe
nd

in
g 

on
 c

uf
f 

in
fl a

tio
n 

pr
es

su
re

 

   D
B

P
  d

ia
st

ol
ic

 b
lo

od
 p

re
ss

ur
e,

  M
A

P
  m

ea
n 

ar
te

ri
al

 p
re

ss
ur

e,
  S

B
P

  s
ys

to
lic

 b
lo

od
 p

re
ss

ur
e 

  a  W
he

n 
ca

ro
tid

 S
B

P 
co

ns
id

er
ed

 a
s 

su
rr

og
at

e 
of

 a
or

tic
 S

B
P  

5 Central Blood Pressure Measurement



52

    Fluid Filled Catheters 

 This approach requires catheterization of a peripheral artery and advancement of a 
catheter that incorporates an infusion system into the point of interest (i.e. above the 
aortic valve). The catheter (usually fi lled with normal saline) is connected to an 
external pressure transducer (hydraulic coupling) that provides a dynamic monitor-
ing of arterial pressure waveform and calculates its’ levels. Calibration (zeroing) of 
the system is achieved through exposure to atmospheric air. Zeroing process is 
affected by patient positioning (hydrostatic level) and proper removal of air bubbles 
from the catheter and its’ connectors. More, it is recommended that it should be 
conducted immediately prior to its use. A limitation of such systems is that they 
provide over-fi ltered pressure signals and present a relatively low frequency 
response. Their greatest advantage is their considerable low cost compared to high 
fi delity pressure wires or micro-tipped catheters that will be discussed in the next 
paragraph.  

    Pressure Wires 

 Utilization of high-fi delity catheter micro-tip pressure transducers is considered to 
be the actual “gold-standard” against which the accuracy of all other approaches is 
assessed. They provide high-fi delity pressure waveforms and are characterized by 
a higher frequency response (depending on their analog/digital converter) than 
fl uid- fi lled systems; therefore they are more suitable for pulse wave analysis and 
the derivation of more complex haemodynamic indices, such as augmentation 
index. We should emphasize the clear discrimination between “true” pressure 
wires that incorporate a pressure catheter tip and those that require initial calibra-
tion with a fl uid- fi lled system. Currently evidence on the direct comparison 
between the two systems is not available and the magnitude of the potential error 
introduced by the fl uid- fi lled system is not known. Major limitation of pressure 
wires is their high cost.   

    Non-invasive Central Pressure Estimation 

    The Main Method and the Related Techniques 

 The currently prevailing method to non-invasively measure cBP requires the follow-
ing three steps: (1) acquisition of a physiologically relevant to the peripheral BP 
waveform signal e.g. either direct pressure wave, distention wave or other; (2) BP 
calibration of the peripheral waveform; (3) transformation of the peripheral BP to 
aortic BP waveform. 

D.A. Vrachatis et al.
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    Techniques for the Acquisition of the Peripheral Waveform 

   Applanation Tonometry 

 Applanation tonometry utilizes Newton’s third law of motion (“for every action, 
there is an equal and opposite reaction”) in order to estimate arteries’ internal pres-
sure. Special (mechanical or electrical) transducers (tonometers), comprising of 
single-element or multi-array sensors, are employed in order to compress a superfi -
cial artery against a (relatively) solid surface. This set-up allows the tonometer to 
sense forces or displacement of the compressed vessel. 

 In order to achieve optimal recording both positioning and pressure of the tonom-
eter shall be steady, as “noise” may easily be introduced in the recorded signal. The 
following features have been proposed to characterize an acceptable waveform 
recording: (i) Highest possible pulse amplitude, (ii) Sharp upstroke of the recorded 
pulse from the minimum diastolic value, (iii) Sharp infl ection (incisura) indicative 
of aortic valve closure, (iv) Near exponential decline in diastolic pressures, espe-
cially at end-diastole, (v) Lowest possible length variation of the diastolic part of the 
sequential recorded pressure waves. 

  Radial artery  tonometry, has been introduced in the early 90s for pBP waveform 
recording [ 9 ]. This approach tackles the aforementioned practical prerequisites, as 
the artery may be applanated against a hard bony surface. Moreover, the patient may 
easily be instructed to keep his/her forearm steady, while housings in which the 
tonometer is mounted and placed over the wrist have been developed. In such sys-
tems, the force applied by the tonometer may be electronically controlled. Still, we 
underline that there is missing standardization regarding patient positioning (sitting 
or supine) during examination, a fact that is often overlooked [ 10 ].  

   Oscillometry 

 Oscillometry in the brachial artery is utilized the last few years to measure cBP. The 
physiological signals in this approach are collected by a infl atable cuff (at different 
BP levels from diastolic to suprasystolic depending on the device used, which is 
positioned around the upper arm at the level of brachial artery, the same way as 
conventionally done for brachial BP measurement [ 11 ]. This method is operator- 
independent, provides simultaneously brachial and aortic BP readings and it may 
also be utilized for ambulatory patient monitoring [ 12 ]. It represents the most prom-
ising method so far for measuring cBP, facilitating the application of cBP assess-
ment in the large population studies and clinical trials.   

    Peripheral (Pressure) Waveform Calibration 

 Pressure waveforms derived from the aforementioned techniques are not already 
calibrated in mmHg, so such a process is required in order to extract cBP. For this 
purpose, BP – as measured conventially by standard validated oscillometric devices 
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or the mercury sphygmomanometer – at the level of brachial artery is utilized. MAP 
& DBP or alternatively SBP & DBP are used for calibration purposes. However, the 
physiologic signal (pressure or other) waveform acquisition is not always measured 
at the same level as brachial BP. Although the aforementioned oscillometric tech-
nique provides the brachial waveform, on the contrary tonometry is usually con-
ducted at the radial artery. Therefore, a series of assumptions, that may introduce 
systematic errors, are required: (i) in general the DBP and MAP are considered 
similar throughout the arterial tree, however very small errors, potentially below 
0.5 mmHg might be introduced; (ii) brachial to radial SBP amplifi cation is consid-
ered to be negligible, however non-invasive data suggest that the brachial to radial 
amplifi cation may reach 5 mmHg [ 13 ]. Actually, recent data underline the role of 
waveform calibration on the predictive role of the estimated central pressures on 
clinical events [ 14 ] as well as regarding the association with organ damage [ 15 ]. In 
these studies [ 14 ,  15 ] calibration with MAP and DBP provided better results than 
calibration with SBP and DBP; however these fi ndings cannot be generalized and 
may be device and setting dependent.  

    Transformation of the Peripheral BP Waveform to Aortic BP 
(or Waveform) 

 Transformation of the peripherally acquired waveform to its aortic “ancestor” has 
been a point of debate as different approaches have been utilized in order to over-
come the inherent limitations of the acquisition techniques. These approaches involve 
mainly transfer functions of the peripheral waveform [ 8 ]. In brief, transfer functions 
are derived by combination of advanced mathematical techniques (e.g. time or fre-
quency domain analysis). Different transfer functions have been developed by differ-
ent research groups and vary accordingly in the commercially available devices [ 9 , 
 16 – 18 ]. The detailed presentation of all these models is beyond the scope of this 
chapter, however it must be noted that the fi nal error of each algorithm ranges from 
a few to several (1–2 to 10–20) mmHg but depends mainly on the method of calibra-
tion (MAP & DBP versus SBP & DBP) rather than the mathematical models per se.   

    Alternative Method Based on Direct Carotid Waveforms 
Acquisition and Related Techniques 

 Because the carotid artery is anatomically close to the aorta, the carotid waveforms 
have been considered as surrogates of the actual aortic waveforms. The carotid 
waveforms are not calibrated in mmHg, so such a process is required. Given the fact 
that MAP and DBP are considered to be constant throughout the arterial tree the 
carotid waveform can be calibrated by the brachial derived MAP and DBP – as 
measured conventially by standard validated oscillometric devices or the mercury 
sphygmomanometer – in order to get carotid (central) SBP. 

D.A. Vrachatis et al.
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    Direct Acquisition of the Carotid (Central) Pressure Waveform 
by Applanation Tonometry at the Carotid Artery 

 Whilst applanation tonometry is mainly utilized at the level of the radial artery (see 
previous section for technical details), application of this approach in the carotid 
artery is also feasible. However as already discussed, to the best of our knowledge, 
data regarding head-to-head evaluation of carotid (by tonometry) vs. aortic BP are 
scarce [ 7 ]. Nevertheless, the limited, non-randomized, available studies suggest that 
the clinical performance of carotid BP to associate with organ damage or to predict 
the incidence of mortality is rather comparable to that of aortic BP [ 19 ,  20 ]. 

 Moreover, the left or right common carotid tonometry has been “accused” of a 
range of methodological drawbacks [ 8 ]. First, there is absence of a solid anatomic 
surface in the cervical region against which the carotid artery may be compressed. 
Second, it is strenuous for the patient to keep his/her neck totally motionless during 
the examination; this also applies for the operator who manually handles the tonom-
eter. Potential activation of baroreceptors, displacement of carotid plaques, relative 
hypo-perfusion are also included in the potential – although hardly seen or proven – 
disadvantages of this approach.  

    Direct Acquisition of the Carotid (Central) Distention Waveform 
by Ultrasound at the Carotid Artery 

 Alternatively to the applanation technique, acquisition of an arterial wall distension 
waveform utilizing ultrasounds (echo-tracking) is technically feasible, though 
highly operator-dependent. This approach may be theoretically applied in any 
superfi cial artery, but available data regarding cBP practically refer to the carotid 
artery only [ 21 ] and scarcely to the femoral artery [ 20 ]. In brief, a high-precision 
echo-tracking device coupled with a Doppler system is used- the transducer of 
which is placed (manually or by a stereotaxic arm) perpendicular to the longitudinal 
axis of the carotid artery. Subsequently, the corresponding signals from the anterior 
and posterior artery walls is recorded and analyzed. Main limitation of this approach 
is that it is based on the assumption that intra-arterial blood pressure variation is 
analogous to arterial distension. Indeed, this may be only partially confi rmed as the 
pressure/diameter relationship is not linear [ 22 ]. In fact the arterial wall does not 
behave as a pure elastic material thus introducing an hysteris loop that could mis-
lead cBP waveform estimation.    

    Further Non-invasive Approaches 

 Derivation of the central BP through peripheral waveform utilizing the, linear, cor-
relation between the two pressures has also been proposed [ 23 ,  24 ]. However, BP 
amplifi cation may vary under a series of circumstances (e.g. age, heart rate, 
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vasoactive substances). This could introducing systematic errors as the relationship 
between central and peripheral BP may not always be linear. Such an approach is 
useful for large epidemiological studies but not for clinical use. 

 The fi nal approach refers to “graphical” estimation of central BP based upon 
inspection of the peripheral waveform [ 25 ]. In particular, it has been shown that 
in patients in whom the second systolic peak of the radial artery pressure wave 
can be detected, this peak is linearly associated with the maximal aortic systolic 
pressure [ 26 ].  

    Perspective – Conclusions 

 Central haemodynamics have been a rapidly evolving fi eld of clinical research in 
arterial hypertension. Although consensus has yet to be achieved regarding the opti-
mal method and technique for non-invasive measurement of cBP, undoubtedly sig-
nifi cant progress has been accomplished during the last decades. A recently 
developed method, which is based on brachial cuff oscillometry and the use of 
mathematical transformations to derive the aortic BP, seems at the moment the most 
promising and suitable way in order to massively apply cBP measurement in clini-
cal research, and potentially in future clinical practice. The potential superiority of 
cBP compared to pBP in the clinical management of arterial hypertension will be 
essentially tested (proven or negated) only when devices able to measure non- 
invasively and accurately cBP, pBP and BP amplifi cation, will become available. To 
this end, the so far neglected, but huge, inaccuracies in pBP assessment are equally 
important and should be addressed together with the innovation in central 
haemodynamics.     
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    Chapter 6   
 The Progression of Hypertensive Heart 
Disease to Left Ventricular Hypertrophy 
and Heart Failure                     

     Styliani     A.     Geronikolou     and     Dennis     Cokkinos   

         Epidemiology of Hypertension 

 Although statistics of cardiovascular disease (CVD) change over time, hypertension 
(HTN) remains a leading cause of cardiac morbidity and mortality. Many recent 
reviews stress its etiologic correlation with heart failure (HF). Thus, Roger [ 67 ] 
describing the HF epidemic stresses that 4.9 million Americans carry this diagnosis 
with survival estimates of 50 % at 5 years. She mentions that the attributable risk of 
hypertension varies between 10 and 13 % in various studies [ 67 ]. 

 According to the date of Olmsted County, hypertension is responsible for the 
largest proportion of new HF (HF) population cases; actually the incidence attribut-
able risk of this increased from 15 % in 1979–1984 to 29 % in 1979–2002 [ 22 ]. 

 Khatibzadeh [ 43 ] found that, worldwide, HTN as a risk factor for HF varied 
widely from 7 to 65 % [ 43 ]. For Greece they report a prevalence of 55 %. Cheng [ 9 ] 
reported that HTN was the most prevalent risk factor for incident CVD over the 
years (population attributable 0.25 between 1987 to 1989 and 0.29 between 1996 to 
1998 [ 9 ]. 

 In the elderly, HTN is the most prevalent HF risk factor. Butler found a continu-
ous positive association between systolic blood pressure and HF risk [ 8 ]. 

 De Goma [ 11 ] re-emphasized the importance of both 24-h ambulatory and 
standard offi ce-based blood pressure as risk factors for cardiovascular mortal-
ity with Hazard Ratios (HR) for various increases of systolic blood pressure up to 
1.4 [ 11 ].  
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    Hypertension and Cardiac Hypertrophy 

 Hypertension is strongly linked to left ventricular hypertrophy (LVH). In many 
studies it is recognized that LVH itself is associated with increased mortality, inde-
pendently of age, gender and the levels of blood pressure itself [ 13 ,  28 ]. 

 LVH itself is a risk factor, with a mortality rate at 16 %, as compared to 2 % in its 
absence according to Devereux [ 13 ]. He stresses that this increase of adverse events 
of LVH is dependent on age, gender, the levels of blood pressure, lipid levels, smok-
ing and even the angiographically determined presence of coronary artery disease 
(CAD). Mortality increases as the concentric pattern of remodeling (REM) is asso-
ciated to an increase in LV mass. Moreover, in patients whose LVH increased during 
the study, subsequent events increased substantially [ 16 ]. Many of the aforemen-
tioned studies are older. However, in 2011, Katholi and Couri stress that LVH is a 
strong factor for atrial fi brillation, congestive HF and sudden death in women [ 42 ]. 

 It should not be forgotten that even electrocardiographically (ECG)-diagnosed 
LVH which obviously can be applied in much larger populations, is associated with 
a three-fold increased risk for CHD, and a 1.4–2.9 increased risk for HF. Interestingly, 
in various studies by echocardiography (Echo), the increase in HF risk was roughly 
similar: 1.6–3.7 [ 8 ,  22 ] 

 Great discussion still exists whether the simpler technique, electrocardiography 
is adequate in comparison to (Echo) for population and epidemiologic purposes. An 
older study had showed that it failed to detect LVH in 50 % of cases [ 15 ]. There is a 
general consensus that ECG has good specifi city but low sensitivity. Moreover, 
many of the more sensitive techniques, such as the Cornell index are sometimes 
diffi cult to calculate. In consequence, a clinician interested in the welfare and the 
future of his patients would advice Echo to be performed in every newly diagnosed 
case of HTN. The examination should include cardiac structure, including concen-
tric and eccentric REM, LVH by standard criteria, left atrial dilatation, contractility 
(fractional, shortening is simple and more accurate than calculating ejection frac-
tion), and diastolic function. During the examination the carotids and ascending and 
abdominal aorta should also be examined. Here, it must be stressed that a variety of 
defi nitions of LVH exist. Ducimetiere and Richard [ 21 ] correlated cardiac insuffi -
ciency and LVH in general population, in two cities: Goeteborg and Framingham. 
In clinical HF cases, they found arterial HTN in 24 % and 37 % respectively [ 21 ]. 

 Many of the above studies have been performed by Echo. However, in the MESA 
study MRI was employed. With this technique CVD events were correlated to LV 
mass. Interestingly, as regards the emergence of HF events, a strong correlation was 
seen with LV mass and volume, but not with their ratio, when it was adjusted for risk 
factors such as age, gender, race, smoking, HDL, BP, diabetes and anti-hypertensive 
and hypolipidemic therapy [ 5 ]. The same authors concluded that association 
between LVH with heart and coronary heart disease can be mediated through con-
centric LV, REM, whereas HF is more closely associated to LV mass. Probably, the 
most widely accepted is that of Devereux who found that hypertensives with LVH 
had a LVMI (left ventricular mass index 140 ± 15 g/m 2 , while normals had 9 ± 26  g/m 2  
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and hypertensives without LVH 97 ± 15 g/m 2  [ 17 ]. Ang [ 2 ] angiographically defi ned 
LVH cutoff as g/m 2  > 105 in men and > 95 in women [ 2 ]. 

 It must also be re-iterated that while very strong correlations exist between LVH 
and cardiovascular morbidity-mortality, the favorable effects of LVH regression 
have not been studied to a similar extent [ 17 ]. This will be further discussed.  

    Clinical Correlations 

 Clinical correlations of LVH with simple clinical factors should be given. Thus, 
according to Devereux [ 17 ] who cites various studies, 60 % of the variability of LV 
mass can be attributed to systolic BP, body height and mass, male gender and dia-
betes mellitus. Interestingly, Ang repeated that 75 % of patients with stable angina 
have LVH, even in the presence of normal ambulatory blood pressure (45 %) [ 2 ]. 
Chronic uremia is commonly associated with LVH [ 53 ,  56 ].  

    Tissue Cardiac Correlates 

 A very large number of studies have addressed the histological, anosohistochemical 
and molecular changes underlying LVH. van Berlo gave a very detailed review, 2 
years ago [ 79 ]. These authors stress that LVH is the result of myocyte growth in a 
cross sectional area (myocyte hypertrophy). They re-iterate the different types of 
LVH, i.e. eccentric or dilative growth response in which the chamber effectively 
dilates with wall thinning through a predominate lengthening of individual 
myocytes. 

 In an old but very pertinent study, Grossman [ 34 ] hypothesize that increased 
systolic tension development results in fi ber thickening to normalize wall stress, 
while diastolic tension results into cardiac lengthening, which improves ventricular 
mechanical effi ciency but does not normalize diastolic wall stress. The importance 
of the latter mechanism will be addressed further on [ 34 ]. 

 van Berlo describe how the hypertrophic response of the myocardium is initiated 
by many diverse signal transduction pathways. They also stress that the transition 
from pure hypertrophy to HF is accompanied by an eccentric growth, with chamber 
dilation wall thinning and predominant myocyte lengthening [ 79 ]. There exists a 
very intense discussion as to what differentiates between “physiological” or “com-
pensatory” LVH to the “pathological” or maladaptive state. Here, it should be 
stressed that two nature-proved paradigms are pregnancy and regular exercise. The 
hypertrophy of the Burmese python, during a large meal, has necessarily been stud-
ied very sparsely. Most authors give a simple statement that functional assessment 
of cardiac growth; normal or even hyperkinetic function is essential to defi ne the 
“compensated” state, although intrinsic cardiomyocyte function may already be 
depressed [ 19 ] 
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 Tardiff again stresses that cardiac HF can be adaptive or maladaptive. 
Cardiovascular function is a simple differentiating factor, stressing that early 
β-adrenergic receptor (β-ARs) dysfunction drives the pathogenic hypertensive phe-
notype [ 72 ]. 

 Dorn [ 20 ] also stress the relevant cellular features of LVH. They emphasize that 
myocyte H is accompanied by increased sarcomerogenesis and increased expres-
sion of ANP and BNP. The role of hyperplasia is not adequately known, even with 
more recent studies of a possible contribution of cell regeneration and hyperplasia 
[ 20 ] 

 Hunter and Chien [ 39 ] additionally point out that in physiological hearts the 
CMCs grow evenly in length and width, while they become wider during pressure 
and longer during volume overload respectively. According to the authors, this 
abnormal morphological evaluation can disrupt sarcomere alignment and cardiac 
dysfunction [ 39 ]. So far, contractile dysfunction has been mainly discussed. 
However, echocardiography has made an entity of diastolic dysfunction widely 
known. In fact, in most individuals over 65 years, “diastolic dysfunction” is diag-
nosed. Vogel [ 82 ] studied the natural history of pre-clinical diastolic dysfunction in 
388 individuals of mean age 67 ± 12 years (75 % females over 3 years) in Olmsted 
County, Minessota. At this time interval 11.6 % developed symptomatic HF, 14.5 % 
atrial fi brillation and 10 % died [ 82 ].  

    Molecular Markers 

 Inevitably, we come to the molecular cardiac markers. One aspect which is derived 
from rat and mice studies is the expression of the “hypertrophic” gene program 
which mostly co-exists with the “fetal” gene program. This is mostly characterized 
by a shift from the fast “α” isoform of the myosin heavy chain to the slow “β” iso-
form- representative of the fetal myocardium. MCs overexpressing αMHC demon-
strate faster contraction but are more sensitive to hypoxia. Importantly, adult mice 
or rats have an approximately 90 % αMHC expression while in the rabbit they are 
about equally expressed. In the human ventricles, αMHC is represented in only 
3-10 %; atria express αMHC much more abundantly. Many noxious processes cause 
a shift from αMHC to βMHC, i.e. diabetes, HF, hypothyroidism [ 33 ]. Actually, 
genetic over-expression of SERCA 2α in mice prevents the transition from hyper-
trophy to early HF [ 40 ], while a characteristic of the heart with HF is a decrease in 
SERCA-Z. However, at which stage from “compensated” to “decompensated” LVH 
this occurs is diffi cult to assess [ 3 ]. With this opportunity it should be stressed that 
the question of cut-off of molecular changes of “physiological” or “pathological” H 
is very diffi cult to outline. A former review by Swynghedauw [ 70 ] is still very per-
tinent as to which genes are re-expressed or blunted during REM. Thus, β-MHC, the 
less effi cient A3, Na + , K + , ATPase subunit, atrial natriuretic peptide, myocyte length-
ening gene are re-expressed while calcium ATPase of SERCA2, the adrenergic 
receptor β1, the muscarinic receptors M2 and myoglobin are blunted [ 70 ]. 
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 Here, a very intriguing fi nding by Pandya [ 62 ] should be mentioned. They re- 
iterate that the re-expression of the fetally expressed β-myosin heavy chain (β-MHC) 
is a principal marker of pathological LVH. However, they argue that it is a marker 
of fi brosis rather than cellular hypertrophy [ 62 ].

  Another preferential feature of “H” or “F” phenotype is the shift from fatty acid to glucose 
oxidation. However, it is not widely appreciated that this shift is not completely compensa-
tory; thus, energy deprivation or impairment occurs, with a decrease in tissue high energy 
phosphate levels, expressed by a decrease of ATP, P(r) and the P(r)/ATP and ATP/ADP ratio 
[ 60 ]. Van Bilsen [ 80 ] outlines the suggested causative role of genomic alterations in the 
chain of events from hypertrophy to HF (Fig.  6.1 ): Reductions in PGC1α and Nrf1/2 (left 
side of Fig.  6.1 ) impair mitochondrial replication and the gene expression constituting 
respiratory chain complexes, whereas, the PPARs expression/activity (right side of Fig.  6.1 ) 
reduce leads to diminished expression of fatty acid oxidation (FAO) genes. Consequently, a 
preferred therapeutic approach would stimulate glucose oxidation rather than to normalize 
substrate metabolism by stimulating fatty acid utilization [ 80 ].

     Izumiya [ 41 ] showed that the vascular endothelial growth factor (VEGF) is 
essential for maintaining capillaries density; disruption of this compensatory reac-
tion by VEGF blockade promotes the transition from compensatory H to HF [ 41 ]. 
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  Fig. 6.1    Causative factors chain of events from HPT to HF hypothesis (Reproduced by van Bilsen 
[ 80 ]. Licence No 3727530217090)       
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 Another factor-very recently described- attenuating this transition is Canopy 2. 
This is pro-angiogenic and is induced by hypoxia and the HIF-1α (hypoxia- inducible 
factor) [ 35 ]. 

 ROS production is a main aspect of H and REM. Takimoto and Kass [ 71 ] point 
out that free oxygen radicals produce: hypertrophy apoptosis, MMP activation, 
fi brosis, contractile dysfunction and ultimately pathologic REM [ 71 ]. The polyphe-
nolic compound quercetin (QCN) included in antioxidative diets prevents 
maladaptive myocardial remodeling as suggested in an experiment on hyperlipid-
emic mice [ 77 ]. 

 Fanelli and Zatz [ 23 ] point out that oxidative stress induces HTN through activa-
tion of the RAAS [ 23 ]. Not only does Angio-II induce oxidative stress, but these 
two entities interact to promote exaggerated H. Also, they both activate NFKb –a 
key infl ammatory agent. Discussion still exists whether Angiotensin –II is a direct 
mediator of LVH. This brings into focus the question, whether drugs produce LVH 
regression through blood pressure reduction. Animal studies have given signifi cant 
insights. Thus, Mazzolai [ 52 ] found marked right and left ventricular H in trans-
genic mice overexpressing Angio-II in the heart [ 52 ]. Mellor [ 55 ] have shown that 
“ageig-related cardiomyocyte functional decline is gender and angiotensin II depen-
dent” [ 55 ]. 

 Once contractile insuffi ciency with a reduction of cardiac output occurs, another 
vicious cycle sets in: that of enhanced neuro-hormonal response, mainly repre-
sented by:

    (a)    Enhanced release of adrenergic amines. This causes down- regulation and de- 
sensitization of cardiac adrenergic receptors.   

   (b)    Enhanced release of angiotensin and aldosterone : this causes peripheral vaso-
constriction which together with retention of salt and water causes increases in 
pre- and after load. The end results of “α” and “β” are in contractility deteriora-
tion and hemodynamic overload.    

  This last occurrence sets in motion a hitherto little recognized mechanism, mechanorecep-
tor activation, which elicits growth stimuli. Mechanotransduction activation can lead to 
apoptosis and increase of extracellular matrix leading to fi brosis [ 38 ]. Here it should be 
stated that many cells can sense mechanical forces. Though mechanotransduction, the 
mechanical signal is converted into a biochemichal or biophysical signal. A family of pro-
teins –the polycystins- physically interact with most of the mechanosensing proteins regu-
lating this phenomenon [ 66 ]. 

 Mann [ 49 ] describes how stretch induces signal transduction in the heart is effected by 
two parallel mechanisms: Directly through activation of integrins, stretch –activated ion 
channels, the Na + /H  +  exchanger (NHE) heterotrimetric G proteins of the Gq and Gi class, 
and possibly angiotensin II, cytokines of the IL-β family, IGF-1 and possibly endothelin-1 
[ 49 ]. 

 Here, a little discussed factor should be described, infl ammation through innate immu-
nity activation. Pressure overload by itself sets into motion a cascade of pro-infl ammatory 
factors, i.e. nuclear factor kB activation, interleukin 1β, up-regulation and eventually toll- 
like receptor-2, which by itself mediates adaptive hypertrophy [ 36 ]. Additionally, the toll- 
interacting protein (Tollip) diminishes pressure overload hypertrophy in mice [ 47 ]. 
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       Signaling Effectors 

 Van Berlo et al. [ 79 ] and Frey and Olson [ 27 ] describe how the above mentioned 
factors mediate H in a molecular basis [ 27 ,  79 ]. The former reviewers outline how 
β-adrenergic receptors (β-ARs) act through hypertrophic kinases: the β-ARs acti-
vate adenyl cyclase and induce CAMP elevation. CAMP increases activate PKA 
which regulates cardiac contractility by phosphorylating Ca ++  handling and contrac-
tile proteins. Importantly, prolonged β-ARs activation ultimately leads to their 
desensitization, with loss to catecholamine contractile response. This sets into 
motion a vicious cycle of further sympathetic neuro-hormonal activation. PKCa 
protects the myocardium by increasing the sarcoplasmic reticulum Ca ++  levels and 
Ca ++  cycling effi ciency. Also, PKCa inhibition can blunt the hypertrophic control by 
the following mechanisms [ 6 ]:

•    By augmenting contractile function, the need for enhanced neuroendocrine level 
is diminished.  

•   Ca ++ /calmodulin –dependent kinase II (CaMK II) signaling is a regulator of car-
diac demand. HF according to Anderson [ 1 ]. As suggested by the name, CaMK 
II isozymes are activated by Ca ++ /calmodulin. This kinase is also activated by 
ROS. CaMK II also regulates intracellular Ca ++  handling. As will be described in 
the therapy section, an inhibitor of CaMK II would decrease cardiac H and 
REM. Phosphodisterase -5 inhibition with sildenafi l has an antihypertrophic 
effect, independent of blood pressure reduction [ 58 ]. Sildenafi l, has mild inotro-
pic effects, which, in the case of PKCa inhibition interrupts the vicious neurohor-
monal catecholamine cycle [ 84 ]    

  The MAPK signaling cascade  consists of three main branches, which are all 
potentiated in pathological H. Of these, JNKs and p38 kinases serve as transducers 
of stress or injury responses. ERK1/2 activation produces concentric cardiac H, 
which however, does not progress to HF nor produces cell death [ 7 ]. 

 In the mouse heart chronic transverse aortic constriction increases p38 MAP 
activities, together with an increase in apoptosis [ 83 ]. 

 Another anti-hypertrophic agent is NO [ 64 ]. The endothelial NO synthase 
enhancer (eNOS) diminishes REM after an experimental infarction [ 26 ]. 

  Histone deacetylases  ( HDACs ) act in diverse ways: IIα HDACs suppress car-
diac hypertrophy according to Zhang [ 85 ]. However, inhibition of class I HDACs 
reduces pressure overload hypertrophy [ 31 ]. Proto-oncogenes participate in normal 
cell proliferation and in cell transformation. After cardiac myocytes terminal dif-
ferentiation, they cannot further divide except in the fetal period. Komuro [ 46 ] 
examined eight oncogenes in rat hearts in order to determine the role of cellular 
oncogenes in the growth of the heart. Pressure overload increased the levels of 
cellular c-fos, c-myc, and c-Ha-ras in stage specifi c manner. Although oncogenes 
were reported experiment suggests that oncogenes may be expressed in cardiomyo-
cytes [ 46 ]. 
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 Major players in cardiac structure and function are  micro - RNAs . Very recently, 
Feng [ 24 ] signaled microRNA profi les in the development of cardiac hypertrophy 
[ 24 ]. They found that with transverse aortic constriction producing LVH, many 
microRNAs were up- and down-regulated. In the former group, they placed miR- 
331, 339b, 3557p, 221, 34c, while in the latter miR-194-451, 352, 98. 

 In the fl ow chart of Fig.  6.2 , Topkara and Mann [ 74 ] outline the role of the sug-
gested miRNAs in LV remodeling: more specifi cally, they regulate the gene expres-
sion, leading to “HF phenotype”. Their role, though, is not causative but synergistic. 
Thus, miRNAs hold promise as biomarkers in disease progression as well as future 
therapeutic targets in HF management [ 74 ,  75 ].

       Forms of Hypertrophy in Humans 

 Signifi cant efforts have been dedicated in differentiating physiologic versus patho-
logical hypertrophy in the human. Katholi and Couri point out that in the athlete, 
mostly representing physiologic LVH cardiac function, both systolic and diastolic is 
normal, while LV wall thickness is not greater than 12 mm, an increased wall thick-
ness between 13 and 15 mm represents a grey area. Cardiovascular magnetic reso-
nance imaging can be very helpful [ 65 ]. 

 Pathological hypertrophy which subsequently leads to HF is characterized by a 
decrease in the utilization of fatty acids and the increase of glucose oxidation. 
However, this results into an energy depletion, resulting into a diminution of high 
energy phosphates. Thus, initially ATP levels are maintained while the energy 
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reserve compound phosphocreatine is diminished; consequently, the PCr/ATP ratio 
is the fi rst to be decreased [ 45 ,  59 ]. 

 The patterns of LV remodeling based on EDV, Wall Mass, and RWT are reviewed 
by Gaash [ 30 ] and represented in Fig.  6.3 . This LV remodeling pattern is deter-
mined by the type of overload: a systolic pressure overload is caused by concentric 
geometry/hypertrophy, whereas, a volume overload leads to eccentric geometry/
hyper-trophy. The differential effects of pressure and volume overload biological 
mechanisms underlying such LV remodeling are prominent research targets [ 30 ].

       The Impact of LVH and Its Regression 

 As already mentioned, LVH has a very adverse prognosis. Apart from the already 
measured techniques of assessing, the ECG and ECHO and to a much narrower 
scale CMR, plasma biomarkers have been used to determine prognosis [ 12 ]. Thus, 
Zile [ 86 ] found that the following markers predicted LVH [ 86 ]: MMP-7, MMP-9, 
TIMP-1, PiiiNP and NT-proBNP predicted LVH with an area under the curve (AVC) 
of 0.8, while MMP-2, TIMP-4, PiiiNP and the decreased MMP-8 predicted the 
presence of diastolic HF with an AUC of 0.79. The panel performed better than a 
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single, N-proBNP alone and better than clinical co-variates alone. Many studies 
suggest that LVH regression is benefi cial. 

 An important paper by the LIFE study showed that electrocardiographic LVH 
regression by the Cornell product and Sokolow-Lyon criteria was associated with a 
reduction of 14–17 % of cardiovascular death, non fatal myocardial infarction or 
stroke [ 61 ]. 

 In a similar sub-study of the LIFE study, Devereux included 941 patients with 
initially ECG-diagnosed LVH followed for 4.8 years for cardiovascular events. 
They found that a lower-in- treatment LV mass index was associated with reduction 
of the composite events, HR 0.78, specifi cally cardiovascular mortality 0.62, stroke 
(HR 0.76), myocardial infarction (HR 0.85), and all cause mortality 0.72, indepen-
dently of systolic blood pressure and assigned treatment [ 18 ]. 

 The results of another group are interesting Verdecchia studied 880 initially 
untreated patients, followed for a median of 3.5 years. They found that the risk of 
celebrovascular events was 2.8 times higher in patients with no regression of devel-
opment of new LVH [ 81 ]. 

 Shillaci [ 68 ], reviewing many of the already reported studies, stress another 
point- that LVH regression induced by antihypertensive treatment decreases all 
major events such as stroke, myocardial infarctions, sudden cardiac death, cardio-
vascular death in general, atrial fi brillation, HF and importantly new-onset diabetes 
mellitus [ 61 ,  68 ]. 

 Nadour and Biedeman review the importance of LVH regression. They stress 
that in most studies a poor correlation of blood pressure reduction and LV mass 
regression is found [ 57 ]. They believe that in most studies a poor correlation of 
blood pressure reduction and LV mass exists, and that a reduction of 15 % should be 
aimed at, in order to achieve the best improvement in prognosis.. 

 How well can LVH regression be achieved? Interestingly, antihypertensive drugs 
have different effects on LVH regression. Dahlof [ 10 ] undertook an analysis of 109 
treatment studies comprising 2357 patients. They found only modest results: 11.9 % 
reduction of LV mass in parallel to a reduction of mean arterial pressure of 14.9 %. 
They found that angiotensin converting enzyme inhibitor reduced LV mass by 15 %, 
β-blockers by 8 %, calcium antagonists by 8.5 %, and diuretics by 11.3 %. 
Interestingly, diuretics predominantly reduced cavity diameter, while the other 
drugs affected wall thickness [ 10 ] The results of the study of Dahlof showed that 
angiotensin converting enzyme inhibitors as compared to placebo achieved a 15 % 
LV mass regression against 8–11.3 % of all other drug families [ 10 ,  69 ]. 

 Devereux in 2000 reviewed more recent clinical studies [ 13 ]. Valsartan was 
found to have a twice as large reduction of LV mass than atenolol at 8 months [ 73 ]. 

 In a more recent study, Fereira [ 25 ] reviewed 694 manuscripts examining the 
relationship between anti-hypertensive drugs and cardiac hypertrophy regression. 
They mentioned that ACE inhibitor and Angiotensin receptor blockers achieved a 
13 % LV mass regression, while beta-blockers and diuretics a 5–8 % reduction. 
They also noted that most studies showed that LVH regression is associated with a 
decrease in cardiovascular morbidity and mortality [ 25 ]. Some important more 
recent studies should be mentioned. In the 4E trial, E plerenone  was as effective as 
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 Enalarpil  over 9 months, while combination of the two was superior [ 63 ]. According 
to Galzerano [ 32 ]  Telmisartan  reduced LV mass more than  Carvedilol  (11 % vs 9 %) 
[ 32 ]. Finally, in a more recent meta-analysis of 80 trials LV mass decreased by 13 % 
with ARBs, 10 % with ACEIs, 11 % with calcium antagonists, 8 % with diuretics 
and 6 % with beta-blockers [ 44 ,  51 ]. Mayet [ 51 ] found that regression of LVH after 
blood pressure decrease with  Ramipril  with addition of  Felodipine  and  Bendrofl uazide  
at 6 months improved midwall shortening to normal levels. 

 In the PRESERVE trial  Enalarpil  and  Nifedipine  had similar effects on LVH 
regression at 1 year [ 14 ]. In the LIFE study McKinsey and Kass address additional 
novel drug targets for LVH [ 54 ]. Their proposals are based on the already described 
mechanisms which induce pathological LVH. Thus, drug families discussed are the 
following:

•    Rho kinase inhibition. Fasudil is such a drug.  
•   Statins have pleiotropic actions but clinical evidence is still scant although in 

patients treated for diastolic HF they showed a survival benefi t [ 29 ].  
•   Rapamycin which is am mTOR inhibitor  
•   Anti-Akt therapy  
•   Antioxidant agents  
•   PDE5 inhibition  
•   Calcineurin inhibition  
•   Inhibition of Transient Receptor Potential (TRPC) channels which are mechano-

sensitive [ 50 ]  
•   Calmodulin dependent protein kinase inhibition  
•   Protein kinase C inhibition  
•   HDACs inhibition [ 76 ]    

 Hou and Kang [ 37 ] propose some more targets to effect regression of pathologi-
cal cardiac hypertrophy [ 37 ]:

•    Promotion of cardiovascular angiogenesis (stimulation of VEGFR-1).  
•   Activation of PKG-1 pathway, which inhibits hypertrophic growth  
•   Activation of the HIF-1 transcriptional activity. HIF-1 is critical for maturation 

of newly formed vessels.    

 In their aforementioned review Frey and Olsen [ 27 ] propose some additional 
targets:

•    GP130/STAT 3 signaling (Gp130 is a receptor for several cytokines, which pro-
mote LVH) [ 78 ].  

•   Lipid metabolism modulation    

 Thus, they propose that peroxisome proliferator-activated receptor- agonists 
(PPARγ) namely pioglitazone can blunt pressure overload LVH in mice [ 4 ]. 

 MMP/TNF inhibition

•    CHAMP (cardiac helicase activated by MEF2 protein) activation [ 48 ]  
•   Na + /H +  exchanger inhibition, specifi cally cariporide.     
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    Conclusions 

 From the above data one can make the following conclusions: 
 HTN is a major cause of HF. HF is the consequence of LVH. Hypertrophy 

induced by increased blood pressure is maladaptive and pathological. Thus, the co- 
existence of LVH in HTN is an adverse prognostic sign. Many and diverse signaling 
pathways are involved in the process towards LVH. A distinction is made between 
signaling pathways leading to physiological or pathological hypertrophy. Therapy 
by various drugs cause regression of H in different degrees. This regression is 
accompanied by better prognosis but is modest up to 11–12 %. Thus, additional and 
novel agents towards this goal are being continually introduced and tested.     
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    Chapter 7   
 Systemic Hemodynamics in Hypertension                     

     Paolo     Palatini     

          Introduction 

 Several lines of research have documented an association between increased sym-
pathetic nervous system activity and hypertension in the young. A widespread auto-
nomic nervous system abnormality, clinically manifested as a hyperkinetic 
circulation characterized by elevations in heart rate, cardiac output, and plasma nor-
epinephrine levels has been repeatedly demonstrated in the early phases of hyper-
tension [ 1 – 6 ]. The co-distribution of blood pressure and cardiac index was 
investigated in two large Michigan populations using the mixture analysis method 
[ 7 ]. Distinct subgroups of individuals with elevated blood pressure and cardiac 
index were identifi ed in both populations, with a prevalence of 17–24 %. Among the 
subjects in Tecumseh, Michigan, with borderline hypertension (mean age 32 years), 
37 % showed a hyperdynamic circulation and other signs of sympathetic overactiv-
ity [ 4 ]. Sympathetic overactivity may be detected many years before the blood pres-
sure increases to hypertensive levels suggesting that sympathetic activation is a 
primary event and not a mere consequence of some other aberration [ 4 ]. Plasma 
norepinephrine and epinephrine levels, as well as norepinephrine turnover and 
platelet norepinephrine content, are elevated in hypertensive subjects [ 8 ,  9 ]. 
Excessive sympathetic activity in hypertensives has been demonstrated also using 
spectral analysis of heart rate variability. About 30 % of the young subjects from the 
Tecumseh Offspring Study had sympathetic predominance at spectral analysis of 
heart rate variability [ 10 ]. In a sample of young adults with stage 1 hypertension 
from the HARVEST Study, over one third of subjects had sympathetic 
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predominance and reduced heart rate variability [ 11 ]. During a 6-year follow-up, 
subjects with sympathetic predominance developed sustained hypertension requir-
ing antihypertensive treatment three times more frequently than subjects with nor-
mal autonomic tone. In addition, at the end of follow-up subjects with sympathetic 
predominance showed an increase in total cholesterol and body weight and an 
impairment of large artery compliance. According to some investigators, even nor-
motensive individuals with a positive family history of hypertension may have an 
increased ratio of sympathetic to parasympathetic activity at the cardiac level [ 12 ]. 
An abnormal autonomic cardiac regulation has been found to be present also in 
subjects with white-coat hypertension [ 13 ,  14 ]. Fagard et al. found a low-frequency 
to high-frequency ratio of 1.11 in a group of white-coat hypertensives that was sig-
nifi cantly higher than in a group of normotensive subjects of control (0.81) [ 14 ]. 
The impact of enhanced sympathetic activity in hypertension has been confi rmed by 
studies performed with microneurographic assessment of sympathetic nerve traffi c 
to skeletal muscle. A marked increase in muscle sympathetic nervous activity was 
found in subjects with both borderline and established hypertension [ 8 ,  15 ]. In addi-
tion, a number of prospective studies have shown that increased cardiovascular 
reactivity to stressful stimuli is predictive of future hypertension and that it may 
contribute to the development of cardiovascular disease [ 16 ,  17 ]. Japanese investi-
gators [ 18 ] have shown that increases in baseline plasma norepinephrine are predic-
tive of future blood pressure elevation in normotensive or borderline hypertensive 
subjects. Julius et al. demonstrated that both sympathetic and parasympathetic 
blockade were needed to normalize cardiac output in borderline hypertension and 
that enhanced sympathetic activity was associated with decreased parasympathetic 
cardiac activity [ 2 ]. The above fi ndings strongly suggest that the stimuli for the 
altered hemodynamic state in the early stage of hypertension emanate from the 
medulla oblongata, where sympathetic and parasympathetic activities are integrated 
in a reciprocal fashion. In conclusion, the data from the literature indicate that sym-
pathetic predominance starts early in life and is present in a sizable portion of the 
hypertensive population. Exaggerated sympathetic activity in hypertension has det-
rimental effects on target organs and may favor the development of cardiovascular 
complications. In fact, in addition to its effect on blood pressure, alteration of auto-
nomic nervous system activity may lead to an increase in other cardiovascular risk 
factors, producing tachycardia, lipid abnormalities, insulin resistance and obesity 
[ 19 ] (Fig.  7.1 ).

       Systemic Hemodynamics in Hypertension 

 The sympathetic predominance present in the early stage of hypertension has 
important infl uences on systemic hemodynamics. Studies in hypertensive subjects 
have demonstrated elevated resting cardiac output with normal total peripheral 
resistance in young, mildly hypertensive individuals [ 1 ,  4 ,  7 – 9 ]. However, this 
hemodynamic picture tends to change with aging. Low levels of cardiac output 
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and high peripheral resistance have been reported in older and more severely 
hypertensive individuals [ 20 – 22 ]. When overt left ventricular hypertrophy devel-
ops in the course of hypertension, left ventricular ejection fraction starts to 
decline and coronary fl ow reserve is signifi cantly depressed [ 21 ]. This, together 
with the prevalent evidence of resting and stress-induced ischemia, indicates that 
myocardial ischemia unrelated to coronary atherosclerosis can occur in patients 
with severe hypertension and left ventricular hypertrophy. Data from available 
longitudinal studies [ 4 ,  20 ,  23 ] suggest that progression from mild to moderate to 
severe hypertension is paralleled by evolution of the hemodynamic profi le. From 
the increased cardiac index with normal peripheral resistance state present in the 
early stage the hemodynamic picture progressively changes to a normal or even 
reduced cardiac index with increased resistance state (Fig.  7.1 ). Pioneer studies 
by S Julius and P Lund-Johansen have shown that sympathetic overactivity is 
associated with high cardiac output and rapid heart rate early in the course of 
hypertension, but later cardiac output decreases and vascular resistance increases 
due to a downregulation of adrenoreceptors [ 4 ,  20 ,  23 ]. However, at variance 
with the above data some authors using echocardiographic measurement, did not 
fi nd an evolution of cardiac output and peripheral resistance with aging [ 24 ]. The 
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  Fig. 7.1    The sketch illustrates the mechanisms through which increased sympathetic tone and 
reduced vagal activity lead to changes in hemodynamic and metabolic variables in hypertension. 
Beta-receptor down-regulation is a key factor in the process that leads to the hemodynamic transi-
tion from a high cardiac output-normal peripheral resistance to a normal cardiac output-high 
peripheral resistance state and favors the development of obesity and metabolic abnormalities       
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hemodynamic transition from a phase of high cardiac output to a high-resistance 
phase of hypertension has been actually documented by Lund-Johansen in his 
unique long-term longitudinal hemodynamic study [ 20 ]. The mechanism of this 
hemodynamic transition has been explained by Julius through a series of patho-
genetic studies. Cardiac output returns from elevated to normal values as beta-
adrenergic receptors are downregulated and stroke volume decreases because of 
decreased left ventricular compliance [ 25 ,  26 ]. The high blood pressure induces 
vascular hypertrophy, which in turn leads to increased vascular resistance at base-
line and excessive vascular reactivity to vasoconstrictor stimuli. Paralleling the 
hemodynamic transition is a resetting of the sympathetic tone in the course of 
hypertension [ 27 ]. According to Julius, the mechanism of the change of sym-
pathetic tone from elevated in borderline hypertension to apparently normal in 
established hypertension can be explained within the conceptual framework of the 
“BP-seeking” properties of the brain [ 21 ]. In the initial phases of hypertension, the 
central nervous system seeks to maintain systemic blood pressure at a high level. 
As hypertension advances and vascular hypertrophy develops, arterioles become 
hyperresponsive to vasoconstrictor stimuli. At this point, less sympathetic drive 
is needed to maintain pressure-elevating vasoconstriction, and the central sympa-
thetic drive is downregulated. Sympathetic stimulation may directly promote the 
development of left ventricular hypertrophy and large-artery stiffness. The effect 
of sympathetic activity on the heart was shown by Julius et al. [ 28 ] in a dog model 
in which repeated episodes of increased blood pressure and norepinephrine levels 
failed to induce permanent hypertension but caused left ventricular hypertrophy. 
An association of cardiac hypertrophy with increased plasma catecholamine val-
ues has also been described in human studies [ 29 ]. This relationship was found 
only in men, which can explain why sympathetic overactivity is more deleterious 
in men than in women. As mentioned above, in the HARVEST study, hyper-
tensive participants with sympathetic predominance exhibited impaired large-
artery distensibility indices when compared with those with normal autonomic 
nervous system activity in spite of their young age [ 11 ]. These results are con-
sistent with a previous report that showed an association between enhanced sym-
pathetic activity, white-coat effect, and reduced arterial distensibility in a group 
of 50-year-old patients with hypertension [ 30 ]. The HARVEST Study extended 
those observations by showing that the detrimental effect of sympathetic activity 
on large-vessel distensibility also occurs in early life [ 11 ]. Longitudinal studies 
have demonstrated that plasma norepinephrine concentrations predict both future 
blood pressure elevation and weight gain in lean normotensives [ 18 ,  31 ], indicat-
ing that sympathetic overactivity may be the linchpin connecting future blood 
pressure elevation and increase in body weight. Japanese investigators followed a 
cohort of healthy individuals for up to 10 years and found that those whose blood 
pressure and body weight increased with time initially had elevated heart rate and 
plasma norepinephrine values [ 18 ]. In our laboratory, we have shown decreased 
beta-adrenergic responsiveness to infusion of beta agonists in hypertension and 
have speculated that this downregulation may play a role in weight gain during 
the long term [ 26 ,  31 ].  
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    Structural and Functional Cardiac Changes in Hypertension 

 Although reduced cardiac output and dysfunction of left ventricular chamber occur 
commonly in hypertension, it is not clear at what stage of the disease these changes 
develop. It is known that left ventricular structure and function at rest are normal or 
even supernormal in the early stage of hypertension [ 32 ,  33 ]. However, initial 
abnormalities of left ventricular function can be detected during strenuous exercise 
[ 34 ,  35 ]. Exercise hemodynamics during traditional ergometric tests do not gener-
ally differ between young normotensive and stage 1 hypertensive subjects. However, 
a lower effi ciency of the left ventricle in young hypertensive subjects without car-
diac abnormalities has been found during long lasting exercise [ 36 ]. In our labora-
tory we compared intraarterial blood pressure changes during a long-distance run 
with those during traditional bicycle ergometry in a group of normotensive and a 
group of hypertensive joggers by means of ambulatory intra-arterial monitoring 
[ 37 ]. In both groups the traditional ergometric test to exhaustion caused parallel 
changes in systolic and diastolic blood pressure. A different blood pressure pattern 
was observed during long distance track running. In all individuals a sharp rise in 
systolic blood pressure reaching maximum values 2–4 min after the start was 
recorded followed by a progressive decline throughout the run and an increase only 
during a fi nal sprint. A poor relationship was observed between the blood pressure 
values at peak exercise and baseline levels as the normotensives showed a signifi -
cantly higher blood pressure response than the hypertensives. These results showed 
that the blood pressure increase with strenuous effort is reduced in hypertensive 
individuals, probably because of latent impairment of cardiac performance. 

 To investigate whether the abnormal blood pressure trend observed in hyperten-
sive subjects during prolonged exercise is actually due to impaired left ventricular 
function, in a later experiment we measured left ventricular function by means of 
M-mode echocardiography during prolonged in-door exercise (1 h) performed in 
the semi-recumbent position in 13 physically trained, young, mild hypertensives 
and 12 trained normotensives with similar working capacity [ 36 ]. Blood pressure 
changes during the fi rst 20 min of exercise were similar in the two groups, but there-
after the between-group blood pressure difference tended to decline progressively in 
keeping with the results previously obtained during long-distance running, and after 
1 h the difference between the two groups was no longer signifi cant. Two parame-
ters of left ventricular systolic performance, systolic blood pressure/end-systolic 
volume (ESV) and end-systolic stress/ESV at rest were greater in the hypertensives 
(P < 0.0001 and P = 0.034), while left ventricular diastoling fi lling was impaired 
(p = 0.05). Left ventricular ejection fraction (P = 0.018), systolic blood pressure/
ESV (P < 0.0001) and stress/ESV (P = 0.027) remained greater in the hypertensives 
than the normotensives throughout the test documenting the existence of an 
increased ejective performance in the former. Indexes of ejective performance in the 
hypertensives were greater also when normalized for left ventricular wall thickness. 
Stroke volume increased to a lower extent in the hypertensives, even though the 
between-group difference was not statistically signifi cant. These data indicate that 
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left ventricular ejective performance is increased in the early stage of hypertension 
not only at rest but also during vigorous exercise. However, in spite of increased 
pump function the hypertensive subjects were unable to increase their blood pres-
sure to the same extent as the normotensives during strenuous exercise. This sug-
gests that left ventricular contractility may be impaired in the early stage of 
hypertension. Indeed, whether the myocardium preserves a normal contractile per-
formance in arterial hypertension has been a matter of dispute. In agreement with 
our previous results, some investigators [ 32 ,  38 – 40 ] who used endocardial indexes 
to measure left ventricular systolic function found increased ejective systolic perfor-
mance in subjects with hypertension. However, it should be born in mind that left 
ventricular contractility may be overestimated by the measurement of fractional 
shortening at the endocardium [ 41 ]. Using midwall fractional shortening to evaluate 
left ventricular performance, some investigators demonstrated that in hypertensive 
subjects left ventricular contractility was actually depressed [ 42 ,  43 ] (Fig.  7.2 ). This 
suggests that supranormal left ventricular performance found by earlier studies in 
hypertensive subjects [ 38 – 40 ] was an artefact due to estimation of left ventricular 
muscle shortening from the motion of the endocardial surface. Data by Palmon 
et al. [ 44 ] obtained in subjects with left ventricular concentric remodelling demon-
strated that circumferential myocardial shortening is uniformly reduced across the 
left ventricular wall and that ejective performance may be normal in the presence of 
depressed myocardial contractility. At variance with those results, some authors 
found enhanced left ventricular systolic function in young subjects with mild hyper-
tension when it was assessed either at the endocardium or the midwall [ 45 ].

   Several studies have shown that in mild to moderate hypertensive patients left 
ventricular chamber performance is usually preserved at rest, but may be abnormal 
when evaluated during exercise [ 46 – 48 ]. Thus, in a further experiment using the 
same ergometric protocol as described above we measured left ventricular fractional 
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shortening both at the endocardium and at the midwall during long-lasting exercise 
in a group of young hypertensive subjects and a group of normotensive controls 
[ 49 ]. In agreement with our previous results [ 36 ] we found increased indexes of left 
ventricular ejective performance in the hypertensives during exercise. Indeed, the 
hypertensives increased their stroke volume and cardiac output adequately during 
bicycle ergometry through an increase in left ventricular ejective performance. A 
new fi nding of this study was that in the hypertensive subjects the endocardial frac-
tional shortening, predicted on the basis of the shortening/stress relationship in the 
normotensive controls, overestimated midwall fractional shortening throughout rest 
(P = 0.04) and exercise (P = 0.004). In addition, among the hypertensive subjects we 
could identify two different subgroups, one with left ventricular geometry similar to 
that of the normotensive controls and one with increased relative wall thickness. 
Thickening of the left ventricular wall allowed the subjects of the latter group to 
increase their ejective performance adequately during highly demanding effort. 
However, left ventricular concentric remodelling is the key factor in the process that 
leads to impaired left ventricular contractility. De Simone et al. [ 43 ] using midwall 
fractional shortening/meridional end-systolic stress relation in a population of 474 
hypertensive subjects identifi ed a subgroup of patients with abnormal left ventricu-
lar myocardial function who had concentric left ventricular hypertrophy. In a popu-
lation of 635 mild hypertensives we found that relative wall thickness was the 
strongest predictor of the difference between left ventricular performance measured 
at midwall and at the endocardium and that subjects with left ventricular remodel-
ling had a depressed left ventricular contractility [ 50 ]. Thus, even though left ven-
tricular wall hypertrophy appears as a valid compensatory mechanism to increase 
pump function both at rest and during exercise, it is likely that in the long run this 
mechanism leads to left ventricular contractile dysfunction. 

 This issue was further explored within the frame of the HARVEST study in 
young to middle age subjects with stage 1 hypertension [ 51 ]. In 722 participants we 
evaluated whether and how frequently left ventricular systolic performance was 
depressed by examining the relation between impairment in left ventricular perfor-
mance measured at the endocardium (ejective function) and myocardial function 
assessed at the midwall (contractile function). This analysis confi rmed that myocar-
dial contractility may often be depressed in young patients with borderline to mild 
hypertension. In fact, 8.9 % of our subjects had an abnormal midwall fractional 
shortening-stress relation. Left ventricular ejective performance was abnormal less 
often because the endocardial fractional shortening-stress relation was depressed in 
5.7 % of the subjects. The group of patients with decreased left ventricular contrac-
tility exhibited cardiac structural and hemodynamic features associated with 
increased cardiovascular risk, including increased ventricular septum, posterior 
wall, and relative wall thicknesses, impaired diastolic fi lling, and reduced stroke 
volume and cardiac output. However, among the subjects with depressed left ven-
tricular contractility, 55 % had lower than normal ejective performance, whereas the 
other 45 % had an ejective function still within the normal range. The latter group 
had greater wall thickness than the former and a clearer tendency to left ventricular 
concentric remodelling. Patients with increased relative wall thickness are known to 
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have abnormal systolic pump performance, characterized by low stroke volume and 
low cardiac output [ 52 ]. To prevent an excessive decrease in stroke volume, these 
subjects have to empty their ventricles more completely at end-systole to compen-
sate for the lower diastolic volume. In our group with depressed contractility and 
normal ejective performance this could be achieved thanks to an augmented sympa-
thetic activity, as documented by a 50 % increase in the level of urinary norepineph-
rine. Signs of increased sympathetic activity have been reported also by Lehman 
and Keul [ 53 ] in subjects with established hypertension and initial left ventricular 
dysfunction and by Yasuda et al. [ 54 ] in hypertensive subjects with left ventricular 
hypertrophy, which contributed to maintaining left ventricular systolic function 
within the normal range. However, sympathetic overactivity also favors the left ven-
tricular hypertrophic process, starting a vicious cycle with deleterious effects on the 
left ventricular chamber structure and function which in the long run may lead to 
left ventricular failure. Indeed, in a 7-year follow-up of the HARVEST participants 
we found that the discrepancy between the ejective and contractile left ventricular 
performance was a signifi cant predictor of worsening of the hypertensive condition 
[ 55 ]. This series of studies allowed us to conclude that increased left ventricular 
ejective performance on a background of depressed left ventricular contractility can 
temporarily preserve cardiac output but leads to an unfavorable structural left ven-
tricular pattern with ominous consequences for the left ventricle. Detection of 
depressed left ventricular contractility at echocardiography irrespective of whether 
left ventricular endocardial performance is normal should prompt early antihyper-
tensive treatment in stage 1 hypertension. Attention should be focused especially on 
subjects with autonomic nervous system abnormalities, clinically manifested as a 
hyperkinetic circulation characterized by elevations in heart rate, blood pressure, 
catecholamine levels and cardiac output, a condition that has been repeatedly dem-
onstrated in hypertension of the young [ 56 ,  57 ]. Physical training, through its favor-
able modulation of the autonomic nervous system activity should be particularly 
benefi cial in this clinical setting [ 58 ,  59 ].  

    Pathogenetic Mechanisms 

 The above data stress the importance of the increase in left ventricular wall thick-
ness and of left ventricular concentric remodelling in the process that leads to left 
ventricular systolic dysfunction in hypertension. Several determinants of left ven-
tricular mass have been identifi ed, including growth factors such as catecholamines, 
insulin, the renin-angiotensin-aldosterone system, sodium intake etc [ 10 ,  29 ,  60 ]. 
However, studies within populations have variously demonstrated positive, absent 
or even negative associations between left ventricular mass and these putative fac-
tors [ 10 ,  29 ,  60 ]. A relationship between sympathetic stimulation and cardiac hyper-
trophy has been shown in several experimental studies [ 10 ]. The growth of cultured 
embryonal cardiac cells is stimulated by norepinephrine through an alpha-effect 
[ 61 ,  62 ]. As mentioned above, in animal models, repeated pressor episodes coupled 
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to norepinephrine increase determined left ventricular hypertrophy without causing 
chronic hypertension [ 28 ]. Theoretically, the interrelationship between sympathetic 
activity and the renin-angiotensin system can reinforce the tendency to develop left 
ventricular hypertrophy as both norepinephrine and angiotensin are known to have 
trophic properties [ 62 ]. A direct association between markers of sympathetic activ-
ity and left ventricular hypertrophy has been demonstrated in some studies .  A study 
in 111 adolescents and young adults from the Tecumseh Offspring Study can help 
clarify this controversial point [ 10 ] (Fig.  7.3 ). Among these subjects we could iden-
tify two different groups according to the low frequency and the high frequency 
components of heart rate variability, which are well known markers of the auto-
nomic tone balance. Thirty-eight subjects showed signs of sympathetic overactivity, 
and had higher heart rate, blood pressure, waist/hip ratio, and cholesterol than the 
rest of the group. In the subjects with sympathetic overactivity, insulin emerged as 
the strongest univariate correlate of interventricular septum and posterior wall 
thicknesses, and of left ventricular mass. Cholesterol and triglycerides were other 
correlates of echocardiographic variables. On the contrary, the marginal univariate 
relationship with diastolic blood pressure did not remain signifi cant in multivariate 
analysis. In the subjects with normal sympathetic activity, blood pressure was 
strongly correlated with left ventricular wall thicknesses and mass both in univariate 
and multivariate analyses while insulin and lipids were not. The interactive effect of 
sympathetic activity and insulin on echocardiographic data was confi rmed when the 
multivariate analyses were performed in all subjects taken together. In this analysis, 
markers of sympathetic activity alone did not show an independent association with 
left ventricular size and structure. However, when the interaction term between 
sympathetic activity and insulin was incorporated in the model this term was a 
potent explanatory variable of echocardiographic data. These results show that 
higher insulin against a background of increased sympathetic activity is a major 
determinant of the left ventricular wall growth and remodelling during adolescence. 
In contrast, in subjects with normal autonomic tone and no metabolic abnormalities 
the main determinant of left ventricular wall thickness and mass is the hemody-
namic load while insulin has only a negligible effect. In summary, these data 
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  Fig. 7.3    Factors promoting left ventricular hypertrophy in hypertension. In patients with sympa-
thetic predominance obesity and insulin resistance play a major role whereas in subjects with 
normal autonomic nervous system tone the hemodynamic load is the main determinant of the left 
ventricular wall growth. LV indicates left ventricular       
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indicate that in subjects with an elevated sympathetic tone insulin and the degree of 
overweight contribute to left ventricular structure whereas in subjects with normal 
sympathetic tone the hemodynamic factors are major contributors (Fig.  7.3 ). A 
practical consequence of these fi ndings is that metabolic disturbances in hyperten-
sion can increase the overall cardiovascular risk also by favoring the development 
of left ventricular hypertrophy.

       Effect of Regular Exercise Training on Cardiac Structure 
in Hypertension 

 Regular endurance exercise causes a reduction of the sympathetic tone and an 
increase of vagal activity with benefi cial effects on heart rate, blood pressure and 
other components of the metabolic syndrome [ 63 ,  64 ] (Fig.  7.4 ). In addition, aero-
bic fi tness has been found to be associated with reduction in cardiovascular respon-
siveness to psychophysiological stressors [ 65 ]. A reduction of blood pressure 
reactivity to stressors has been described in physically active individuals [ 66 ], which 
may be involved with the blood pressure lowering effect of regular exercise. In a 
homogeneous cohort of young to middle age subjects screened for stage 1 hyperten-
sion, we demonstrated that subjects who performed regular physical activity had a 
smaller blood pressure and heart rate reaction to public speaking and a lower risk of 
developing hypertension than sedentary subjects [ 67 ]. The reason why regular aero-
bic exercise decreases reactivity to stressors is unclear. Similarities between central 
and peripheral cardiovascular responses to exercise and psychosocial stressors have 
lead to the theory of ‘cross-stressor adaptation’. According to this view, adaptations 
to repeated bouts of exercise can lead also to adaptations to daily life stressors [ 59 ]. 
Though not all studies have been positive, regular physical activity can result in 
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  Fig. 7.4    Effects of regular physical activity in hypertension. Through modulation of sympathetic 
and vagal activity physical training improves the hemodynamic and metabolic profi le of the hyper-
tensive patient with favorable consequences on cardiac and vascular structure and function       
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decreased cardiac-sympathetic drive, in part by enhancing baroreceptor sensitivity 
[ 68 ]. A study of untreated hypertensive patients demonstrated that even a short 
period of moderate intensity aerobic exercise training signifi cantly reduced muscle 
sympathetic discharge in subjects with increased central sympathetic activation and 
increased arterial barorefl ex regulation [ 69 ]. Central autonomic adaptations in 
response to exercise would thus be responsible for the reduced blood pressure 
responsiveness to psychological stress and might also represent a mechanistic path-
way for the decreased tendency to develop hypertension in physically active sub-
jects [ 17 ]. Insulin resistance in hypertension is frequently associated with activation 
of the sympathetic nervous system [ 70 ] and improved insulin sensitivity has been 
observed after exercise training [ 71 ]. Elevated sympathetic activity has been associ-
ated with increases in arterial wall thickening and left ventricular mass [ 72 ]. Thus, 
to retard or even prevent hypertensive complications, atherosclerosis and cardiovas-
cular morbidity, in young hypertensive subjects with signs of sympathetic predomi-
nance and/or increased reactivity to stressors a program of physical activity may be 
benefi cial. The favorable effects of regular physical activity on the heart have been 
demonstrated by several studies [ 73 ,  74 ]. In the HARVEST study [ 75 ], during a 
median follow-up of 8.3 years, 10.3 % of the sedentary subjects and only 1.7 % of 
the active subjects developed left ventricular hypertrophy (P < 0.001). In a logistic 
regression, after controlling for sex, age, family history for hypertension, hyperten-
sion duration, body mass, blood pressure, baseline left ventricular mass, lifestyle 
factors, and follow-up length, the odds ratio of left ventricular hypertrophy for the 
active subjects was 0.24 (95 % CI, 0.07–0.85). Exercise-related benefi cial effects in 
the same cohort have been found also for arterial elasticity [ 76 ] and carotid intima- 
media thickness [ 77 ].

       Isolated Systolic Hypertension of the Young 

 Isolated systolic hypertension is the dominant form of hypertension after the sixth 
decade of life [ 78 – 80 ]. In the elderly, high pulse pressure is related to progression 
of large artery atherosclerosis and the consequent loss of distensibility [ 80 ]. The 
mechanisms underlying elevated pulse pressure in younger age groups are not well 
known and the clinical signifi cance of isolated systolic hypertension in young and 
middle-age subjects is still controversial. Traditionally, systolic hypertension in the 
young has been considered as the result of increased cardiac output and hyperki-
netic circulation [ 81 ,  82 ]. However, in the Enigma study [ 83 ], systolic hypertension 
appeared to result from both increased cardiac output and large artery stiffness, sug-
gesting that systolic hypertension in young individuals may not be innocuous. 
According to some studies [ 84 ], young people with systolic hypertension have ini-
tial target organ damage but according to others [ 81 ,  82 ] systolic hypertension of the 
young is the mere consequence of exaggerated pulse pressure amplifi cation from 
the aorta to the brachial artery and has been considered as spurious hypertension. In 
an analysis of the HARVEST study, we observed that in subjects with systolic 
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hypertension at enrollment, the risk of developing hypertension needing treatment 
during 6 years of follow-up was intermediate between the normotensive and the 
systolic-diastolic hypertensive participants [ 85 ]. The study was made in 1141 par-
ticipants aged 18–45 years and 101 nonhypertensive subjects of control. At base-
line, 13.8 % of the subjects had isolated systolic hypertension, 24.8 % had isolated 
diastolic hypertension, and 61.4 % had systolic-diastolic hypertension. The risk of 
developing hypertension needing treatment was higher in all hypertensive groups 
than in the nonhypertensive subjects (Fig.  7.5 ). However, within the hypertensive 
participants the risk was higher among the systolic-diastolic hypertensives (odds 
ratio 5.2, 95 % CI 2.9–9.2), and the diastolic hypertensives (odds ratio 2.6, 95 % CI 
1.5–4.5) than the systolic hypertensives (odds ratio 2.2, 95 % CI 1.2–4.5). Similar 
results were obtained when the defi nition of hypertension was based on ambulatory 
blood pressure (Fig.  7.5 ). The odds ratios were 5.1 (95 % CI 3.1–8.2), 5.6 (95 % CI 
3.2–9.8), and 3.3 (95 % CI 1.7–6.3), respectively. In a later study, using central 
blood pressure measurement we could identify two distinct systolic hypertension 
subgroups with different arterial elasticity characteristics. Subjects with isolated 
systolic hypertension and high central blood pressure had reduced large artery com-
pliance, as assessed from arterial pulse waveform analysis, in comparison with sys-
tolic hypertension subjects with low central systolic blood pressure attesting to 
increased large artery stiffness [ 86 ]. In addition, patients with high central blood 
pressure exhibited impaired small artery compliance and increased total peripheral 
resistance a condition which favors central pressure augmentation [ 87 ]. In stiffer 
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  Fig. 7.5    Odds ratios and 95 % confi dence intervals for development of hypertension needing treat-
ment and frequency of incident clinic and ambulatory hypertension during 6 years of follow-up in 
1,141 participants from the HARVEST study. At baseline, 13.8 % of the subjects had isolated 
systolic hypertension, 24.8 % had isolated diastolic hypertension, and 61.4 % had systolic-diastolic 
hypertension. The risk of developing hypertension needing treatment was increased in all hyper-
tensive groups but was higher among the systolic-diastolic or the diastolic hypertensives than 
among the systolic hypertensives. The risk in 101 nonhypertensive subjects of control was used as 
a reference (Adapted from Ref. [ 85 ])       
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arteries the refl ected wave merges with the incident wave in systole and augments 
aortic systolic blood pressure thereby reducing systolic blood pressure amplifi ca-
tion. This may explain why our subjects with high central systolic blood pressure 
had an increased likelihood of developing more severe hypertension during the 
follow-up. Trained individuals may have a high pulse pressure with normal diastolic 
blood pressure due to high stroke volume and cardiac output. Indeed, isolated sys-
tolic hypertension has been found to be more common in physically trained indi-
viduals than in sedentary subjects [ 88 ]. Thus, spurious systolic hypertension is 
common in young sports persons and this is thought to be the consequence of the 
progressive decrease in arterial diameter from the heart to the arm and the corre-
sponding increase in arterial impedance [ 81 ,  82 ]. This is why central systolic pres-
sure has been found to be much lower than brachial systolic pressure in these 
subjects. Central blood pressure is a more important determinant of target organ 
damage such as vascular hypertrophy or left ventricular hypertrophy than is brachial 
blood pressure [ 89 ]. In addition, central systolic blood pressure has been found to 
be an independent predictor of cardiovascular morbidity and mortality [ 90 ]. Thus, 
peripheral systolic hypertension in physically active people may be an innocent 
clinical condition and assessment of central systolic blood pressure can distinguish 
between truly hypertensive subjects and subjects with spurious hypertension. The 
HARVEST study has shown that mean blood pressure was a signifi cant precursor of 
sustained hypertension in the young age whereas pulse pressure had even a negative 
association with this outcome [ 85 ]. In contrast, systolic hypertension in the elderly 
results from increased elastic artery stiffness, which increases pulse-wave velocity 
and wave refl ection amplitude [ 87 ]. Therefore, high pulse pressure is considered as 
an ominous haemodynamic parameter in the old age as it proved to be a strong pre-
cursor of cardiovascular disease [ 78 ,  79 ].

       High Resting Heart Rate in Hypertension 

 A relationship between sinus tachycardia and adverse cardiovascular outcome was 
shown for the fi rst time by Levy et al. [ 91 ], who found that cardiovascular mortality 
was higher among subjects with high resting heart rate at baseline evaluation than 
among those with normal heart rate. Starting from the eighties a large number of 
studies have confi rmed this association showing that fast heart rate is a strong pre-
dictor of cardiovascular events and mortality [ 92 ,  93 ]. The correlation with sudden 
death was a particularly close one [ 93 ]. In the Framingham Study, as well as in other 
studies the relationship between heart rate and cardiovascular mortality was stron-
ger among males than among females and was maintained even after excluding 
individuals who died in the fi rst 2 years after baseline evaluation [ 92 ]. In the last 15 
years, numerous new studies that used refi ned statistical analyses confi rmed the 
fi ndings of the above cited pioneering studies. In the Copenhagen Male study, 
Jensen and colleagues [ 94 ] assessed whether a raised resting heart rate was a robust 
predictor of cardiovascular mortality independent of infl ammation. In that study, 
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after adjusting for both C-reactive protein and fi brinogen, as well as other conven-
tional risk factors, a 10 bpm increase in heart rate was still associated with increased 
risk of cardiovascular mortality. An association between heart rate and death from 
cardiovascular disease was also found in a large Norwegian cohort of 180,353 men 
and 199,490 women aged 40–45 years without cardiovascular history or diabetes 
[ 95 ]. Recent results from the MESA (Multi-Ethnic Study of Atherosclerosis) study 
[ 96 ] showed that elevated resting heart rate was also associated with increased risk 
for incident heart failure. The relationship between heart rate and adverse outcome 
persists into old age as shown by the Jerusalem Longitudinal Cohort study, a pro-
spective longitudinal study of a representative cohort born in 1920–21 [ 97 ]. This 
study showed that heart rate declines in the old, and that a greater decline is associ-
ated with greater longevity. 

 The relationship between high heart rate and cardiovascular outcomes might be 
explained by tachycardia merely refl ecting poor physical fi tness. To establish 
whether elevated resting heart rate is an independent risk factor for mortality or a 
mere marker of physical fi tness both variables were included in the FINRISK Study 
[ 98 ] a large cohort of 10,519 men and 11,334 women. After adjusting also for age, 
gender, total cholesterol, blood pressure, body mass index, and high-density lipo-
protein cholesterol, each 15 bpm increase in heart rate was associated with an 
adjusted hazard ratio of 1.24 (95 % CI, 1.11–1.40) in men. A similar association was 
observed among the women (HR 1.32, 95 % CI, 1.08–1.60). In keeping with the 
FINRISK study, results obtained within the frame of the Cooper Clinic Study [ 99 ] 
showed a protective role of low resting heart rate on all-cause and cardiovascular 
disease mortality in 53,322 subjects. Patients with high heart rate were at greater 
risk for cardiovascular and all-cause mortality compared with those with bradycar-
dia irrespective of degree of physical fi tness. Among the unfi t individuals, those 
with tachycardia had the greatest risk of cardiovascular and all cause mortality 
whereas those with bradycardia had a similar risk as the fi t individuals with high 
heart rate. This study clearly demonstrated that heart rate and cardiorespiratory fi t-
ness independently contribute to the risk of mortality. The vast majority of epide-
miologic studies in general populations have found a linear relationship between 
heart rate and major outcomes. In a recent analysis of the Framingham Heart Study, 
the authors examined the association of baseline heart rate with both fatal and non-
fatal outcomes fi tting restricted cubic splines with 3 knots at 25th, 50th, and 75th 
percentiles [ 100 ]. Baseline heart rate was associated with incident cardiovascular 
disease (hazard ratio 1.15 per 1 SD increase in heart rate; 95 % CI, 1.07–1.24) in a 
linear fashion starting from very low heart rate levels. The association was particu-
larly strong with heart failure (HR 1.32, 95 % CI 1.18–1.48). 

 A number of studies performed in hypertensive populations have shown that the 
heart rate-mortality association is particularly strong in hypertension. A positive 
association with adverse outcome has been found in 6 cohort studies and 6 clinical 
trials [ 19 ]. The fi rst study to analyze the relation between heart rate and mortality in 
patients with hypertension was the Framingham Study [ 101 ]. In this cohort of 
patients followed for 36 years, the relative risk of cardiovascular death adjusted for 
age and blood pressure was 1.68 among men and 1.70 among women for an increase 
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in heart rate of 40 bpm. The odds ratios for sudden death were 1.93 and 1.37, respec-
tively. To exclude the possibility that the excess mortality observed among persons 
with tachycardia were due to a chronic underlying disease, serial analyses were 
carried out excluding the events that occurred during the fi rst 6 years after baseline 
assessment. These analyses confi rmed the predictive value of heart rate for mortal-
ity, making it unlikely that this association was due to an underlying chronic dis-
ease. A study by Benetos et al. analyzed the relation between mortality and 
tachycardia in a cohort of 12,123 men and 7263 women from a French population 
between the ages of 40 and 69 [ 102 ]. Among the men, all-cause and cardiovascular 
mortality steadily increased with higher heart rates in both normotensive and hyper-
tensive individuals whereas these relationships were weaker among the women. In 
the Glasgow Blood Pressure Clinic Study [ 103 ] hypertensive patients with a heart 
rate persistently >80 bpm had an increased risk of all-cause and cardiovascular mor-
tality. The highest risk of all-cause mortality was found for a fi nal heart rate of 
81–90 bpm, and the lowest risk for a fi nal heart rate of 61–70 bpm. In the hyperten-
sive patients of the Cooper Clinic study [ 99 ], people with high resting heart rate 
(≥80 bpm) were found to be at greater risk for cardiovascular and all-cause mortal-
ity compared with those with hypertension and lower heart rate (<60 bpm). An asso-
ciation between heart rate and mortality was found also in people with 
pre-hypertension from the ARIC study [ 104 ]. 

 Similar results were obtained in the patients enrolled in the 6 clinical trials. In the 
Systolic Hypertension in Europe (Syst-Eur) trial, elderly patients with heart rate 
>79 bpm had a 1.89 greater risk of all-cause mortality and a 1.60 greater risk of 
cardiovascular mortality than subjects with heart rate below that level [ 105 ]. In the 
LIFE study a 10 bpm increament in heart rate was associated with a 25 % increased 
risk of cardiovascular mortality and a 27 % greater risk of all-cause death [ 106 ]. 
Persistence or development of a heart rate ≥84 bpm was associated with an 89 % 
greater risk of cardiovascular death and a 97 % increased risk of all-cause mortality 
with a signifi cant interaction between baseline and follow-up heart rate. In the 
INternational VErapamil-SR/trandolapril STudy (INVEST) study [ 107 ], a 5-bpm 
increment in resting heart rate was associated with a 6 % excess risk in the primary 
composite outcome (all-cause death, non-fatal myocardial infarction, or non-fatal 
stroke). Of particular interest are the results obtained in the VALUE study [ 108 ]. 
Also in this study, both baseline and in-trial heart rates were powerful predictors of 
the composite cardiovascular outcome after adjustment for other risk factors 
(Fig.  7.6 ). The VALUE study also showed that the risk of cardiovascular events 
remained elevated in the patients who had a blood pressure well controlled by treat-
ment if their heart rate was elevated. The lowest risk was found in the group of 
patients with well controlled blood pressure and low heart rate. Thus, the main mes-
sage of this study is that the risk of hypertensive patients can be lowered only mar-
ginally by antihypertensive treatment if their heart rate remains elevated. In an 
analysis of the ONTARGET and TRANSCEND studies which included mainly 
patients with hypertension, the risk of cardiovascular mortality increased by 
41–58 % among the patients with a heart rate >70 bpm and by 77 % in those with 
heart rate >78 bpm [ 109 ].
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   Recent research has shown that the relationship between heart rate and CV events 
in hypertension is particularly strong for ambulatory heart rate recorded over the 24 
h. Within the frame of the ABP-International study, we investigated the association 
of heart rate measured with intermittent ambulatory recording with cardiovascular 
outcomes in 7600 hypertensive patients from Italy, U.S.A., Japan, and Australia 
[ 110 ]. All were untreated at baseline examination and were followed for 5 years. In 
a multivariable Cox model, night-time heart rate emerged as the strongest predictor 
of fatal combined with nonfatal events with a hazard ratio of 1.13 (95 % CI, 1.04–
1.22) for a 10-bpm increment of the night-time heart rate. This relationship remained 
signifi cant when subjects taking beta-blockers during the follow-up or subjects who 
had an event within 5 years after enrolment were excluded from analysis. 

 The prognostic signifi cance of heart rate has also been evaluated in resistant 
hypertension, in which a U-shaped relationship between heart rate and cardiovascu-
lar outcome was found, particularly for heart rate measured with ambulatory moni-
toring [ 111 ]. 

 In conclusion, the data from the literature consistently demonstrated that heart 
rate is a potent risk factor for mortality and/or cardiovascular disease in hyperten-
sion. In all of the studies in which patients who died within the initial years of fol-
low- up were excluded from analysis the association between elevated heart rate and 
risk of cardiovascular events or mortality remained signifi cant excluding the possi-
bility of reverse causality [ 112 ].  

    Conclusions 

 Hypertension is a self-accelerating condition and if left untreated the blood pressure 
increases progressively. In the young age the acceleration is usually slow but at a 
certain point during the lifetime the increase of blood pressure becomes 
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exponential. This process occurs because of restructuring of the arterioles whose 
wall when exposed to excessive pressure thickens because of smooth muscle hyper-
trophy and arteriolar remodelling. Reduction in arteriolar lumen causes an increase 
of vascular resistance and the blood pressure increases to maintain adequate capil-
lary blood fl ow. At some time point in the acceleration curve target organ damage 
starts to develop leading with time to cardiovascular, cerebral and renal damage. At 
that “point of no return” antihypertensive treatment can still reduce the occurrence 
of morbid events but the underlying cardiac and arterial abnormalities cannot be 
reverted. It follows that detection of early target organ damage is crucial for prevent-
ing later cardiovascular complications. With modern antihypertensive treatment 
only a strict minority of hypertensive patients develop left ventricular hypertrophy 
and the related hemodynamic and left ventricular functional changes. However, 
subtle abnormalities of cardiac function can occur early in the course of the disease 
and detecting those alterations would allow the clinician to start antihypertensive 
treatment on due time. For example, in the Tecumseh study, the blood pressure 
amplifi cation in the prehypertension group happened between 21 and 31 years of 
age [ 4 ]. Thus our attention should be focused especially on young subjects with 
prehypertension or stage 1 hypertension. Our echocardiographic studies have shown 
that the discrepancy between the ejective and contractile left ventricular perfor-
mance is related to the concentric remodelling of the left ventricle and that it is a 
signifi cant predictor of worsening of the hypertensive condition [ 49 – 51 ]. Left ven-
tricular ejective performance on a background of depressed left ventricular contrac-
tility can temporarily preserve cardiac output but leads to an unfavorable structural 
left ventricular pattern with ominous consequences for the left ventricle. Detection 
of depressed left ventricular contractility at echocardiography irrespective of 
whether left ventricular endocardial performance is normal should thus prompt 
early antihypertensive treatment in stage 1 hypertension. Attention should be 
focused especially on subjects with autonomic nervous system abnormalities, clini-
cally manifested as a hyperkinetic circulation characterized by elevations in heart 
rate, blood pressure, cardiac output, and catecholamine levels a condition that has 
been repeatedly demonstrated in hypertension of the young [ 56 ,  57 ]. Physical train-
ing, through its favorable modulation of the autonomic nervous system activity 
should be particularly benefi cial in this clinical setting [ 63 ,  66 – 69 ] and may defer 
the necessity for antihypertensive drug treatment.     
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  β-catenin    Beta catenin   
  BP    Blood pressure   
  Ca 2+     Calcium ions   
  CaMKII    Calcium/calmodulin kinase II   
  CaN    Calcineurin A   
  CCB    Calcium channel blocker   
  CCS    Cardiac conduction system   
  CK1    Casein kinase-1   
  CM    Cardiomyocyte   
  Cx    Connexin   
  DCM    Dilated cardiomyopathy   
  DKO    Double knockout   
  Dvl    Dishevelled   
  EC    Excitation-contraction   
  ECM    Extracellular cell matrix   
  GJ    Gap junction   
  GSK    Glycogen synthase kinase   
  HCM    Hypertrophic cardiomyopathy   
  HF    Heart failure   
  HHD    Hypertensive heart disease   
  HTN    Hypertension   
  ICM    Ischemic cardiomyopathy   
  ID    Intercalated disc   
  IDC    Idiopathic dilated cardiomyopathy   
  K v     Voltage-gated calcium channel   
  LA    Left atrium   
  LRP    Lipoprotein receptor-related protein   
  LTCC    Long-type calcium channel   
  LV    Left ventricle   
  LVH    Left ventricular hypertrophy   
  LVM    Left ventricular mass   
  MI    Myocardial infarction   
  MCT    Monocrotaline   
  MMP    Matrix metaloproteinase   
  Na+    Sodium   
  N-Cad CKO    N-cadherin knockout mice   
  NCX    Na + -Ca 2+  exchanger pump   
  PG    Plakoglobin   
  PKP2    Plakophilin-2   
  RA    Right atrium   
  RAAS    Renin angiotensin aldosterone system   
  RV    Right ventricle   
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  RyR    Ryanodine receptor   
  SCD    Sudden cardiac death   
  SERCA    Sarco-endoplasmic reticulum ATP-ase   
  SHR    Spontaneously hypertensive rats   
  SR    Sarcoplasmic reticulum   
  TCF/LEF    T-cell factor/lymphoid enhancer factor   
  TGF-β1    Transforming growth factor   
  TIMP    Tissue inhibitor of metalloproteinase   
  +TIP    Microtubule plus-end-tracking protein   
  T-tubule    Transverse tubule   
  VF    Ventricular fi brillation   
  VT    Ventricular tachycardia   
  WT    Wild type      

    Hypertension Is a Major Contributor to the Onset 
of Cardiovascular Disease 

 Hypertension (HTN) is the leading cause of cardiovascular disease and the single 
most important risk factor for cerebrovascular stroke [ 1 ,  2 ]. Adequate control of 
high blood pressure (BP) is critical to the prevention of HTN. However, despite the 
introduction of antihypertensive medications and the implementation of new thera-
pies in recent years, HTN remains a major worldwide public health concern, with 
26.4 % of the world’s adult population having been diagnosed with HTN by the year 
2000 [ 3 ]. More troubling still is the fact that the prevalence of HTN is only expected 
to rise, to approximately 1.56 billion, by the year 2025, particularly in rapidly devel-
oping countries with limited early routine screening protocols [ 4 ,  5 ]. Moreover, 
most hypertensives that are not diagnosed early present with substantial complica-
tions by the time they receive their fi rst treatment [ 6 ], adding to a growing interna-
tional clinical and economic burden associated with the disease. Therefore, 
additional educational and medical resources will be needed to prevent and treat 
HTN and its associated complications [ 7 ,  8 ]. 

 In particular, cardiac arrhythmias are the most common comorbidity that infl u-
ences hypertensive patients [ 9 – 11 ]. Groundbreaking research highlighting the 
underlying mechanisms linking HTN to arrhythmias, including left ventricular 
hypertrophy (LVH), myocardial ischemia, impaired left ventricular function and 
left atrial enlargement, has been in the spotlight in recent years [ 12 ]. The structural 
and functional alterations that take place in hypertensive heart disease and the 
pathophysiological disturbances in the composition of the intercalated disc (ID) 
leading to cardiomyopathies and arrhythmias will be of notable interest in our 
 discussion here.  
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   Cardiac Function 

 The heart is a vital, multi-chambered organ that pumps blood through the circula-
tory system to maintain proper oxygenation of the body’s tissues. The human heart 
is made up of four chambers, the left atria (LA), left ventricle (LV), right atria 
(RA), and right ventricle (RV), and through electrical signals, each pumps (con-
tracts) or relaxes (dilates) to allow blood to pass through. Briefl y, de-oxygenated 
blood returning from the body through the inferior and superior vena cava enters 
the heart through the RA and is then pumped to the RV. Subsequently, blood from 
the RV is propelled into the lungs through the pulmonary arteries, where it is 
enriched with oxygen [ 13 ]. Pulmonary veins return oxygenated blood to the LA, 
which contracts and fi lls the LV, the main pumping chamber of the heart, where it 
can be ejected through the aorta into the major circulatory network of the body and 
the process can begin again [ 13 ]. The contraction of the ventricles is referred to as 
systole, whereas diastole is the term used to describe the relaxation, or dilation, of 
the heart muscle [ 14 ]. 

 Cardiomyocytes (CMs), the muscle cells responsible for generating the con-
tractile force in the heart are critical regulators of cardiac function. CMs are con-
nected and joined to each other by intercalated discs (IDs), which allow rapid 
transmission of electrical impulses that enable the heart to function in syncytium 
[ 15 ] (Fig.  8.1 ). Specifi cally, IDs permit sodium, potassium and calcium ions to 
easily diffuse from cell to cell, allowing for depolarization and repolarization of 
the myocardium in a process termed excitation-contraction (EC) coupling, trig-
gering myocyte contraction [ 16 ,  17 ]. EC coupling is initiated by the entry of 
sodium ions (Na+) across the sarcolemma through the activation or opening of 
voltage-dependent Na+ channels. As the muscle impulse spreads from the sarco-
lemma to the transverse tubule (T-tubule), calcium ions (Ca 2+ ) are released into 
the sarcoplasm. In addition, cardiomyocyte depolarization causes Ca 2+  ions to 
enter into the sarcoplasm of the heart muscle cells via voltage-sensitive Long 
(L)-type Ca 2+  channels (LTCC), triggering the release of Ca 2+  from the sarcoplas-
mic reticulum (SR) via ryanodine receptors (RyR), raising the Ca 2+  concentration 
into the cardiomyocyte sarcoplasm [ 18 ]. Ca 2+  ions then bind to the protein tropo-
nin C on the actin fi lament, allowing myofi bril shortening and actin-myosin 
“cross-bridge” formation, a process which regulates the normal, rhythmic con-
traction of cardiac muscle cells [ 19 ,  20 ]. However, the rapid removal of free Ca 2+  
from the sarcoplasm is also critical, since it is not only necessary for the relax-
ation of the myocardium, but also for the overall health of the CM itself. Relaxation 
is achieved by removing the Ca 2+  from the cytosol, either by re-sequestering it in 
the SR via the sarco-endoplasmic reticulum ATP-ase (SERCA), or extruding it 
into the extracellular space through the Na + -Ca 2+  exchanger (NCX) or Ca 2+  ATPase 
pump [ 15 ] (Fig.  8.2 ).    
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Cardiac muscle fibers

Nucleus

Intercalated disc

Cardiomyocytes

  Fig. 8.1    Illustration of a cardiomyocyte. Cardiomyocytes (CMs) are specialized heart muscle 
cells that together form cardiac muscle fi bers that are critical regulators of the contractile motion 
of the heart. They are often branched and contain only one nucleus. The intercalated discs (IDs) are 
highly specialized structures at the termini of adjacent CMs. These disks allow for muscle impulses 
to spread across the cells, and thereby allow for synchronization of the cardiac muscle 
contractions       

   Intercalated Discs Are Comprised of Multiple Junctional 
Complexes 

 Mechanical and electrical coupling of the CMs play a critical role in the mainte-
nance of the physical and functional integrity of the heart. IDs are electron dense, 
highly organized structures that join the ends of adjacent CMs to support synchro-
nized contraction of the heart muscle [ 15 ]. Therefore, during cardiac contractions, 
the ID both transmits and coordinates essential signaling events needed for mechan-
ical strength and electrical and chemical communication across the membranes of 
neighboring cells [ 21 ,  22 ]. In this regard, scientists have recently identifi ed multiple 
junctional complexes that comprise the ID, including adherens junctions (AJs), des-
mosomes, and gap junctions (GJs), which together enable the heart to function in 
this syncytium [ 23 ] (Table  8.1 ).     
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 AJs and desmosomes provide mechanical coupling of CMs, ensuring intercel-
lular communication that allows proper cardiac function. Specifi cally, AJs hold car-
diac muscle cells tightly together as the heart expands and contracts, facilitating the 
transmission of contractile force from one cell to the next. Therefore, they are cru-
cial in maintaining mechanical strength uniformly across the heart [ 24 ]. AJs are 
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  Fig. 8.2    Excitation-contraction coupling in cardiac muscle. The initial event in the cardiac cycle 
is membrane depolarization, which occurs with ion entry through connexon channels from a 
neighboring cardiomyocyte ( right ) followed by opening of voltage-gated Na +  channels and Na +  
entry ( top ). The resultant rapid depolarization of the membrane inactivates Na +  channels and opens 
both K +  channels and Ca 2+  channels. Entry of Ca 2+  into the cell triggers the release of Ca 2+  from the 
sarcoplasmic reticulum through the ryanodine receptor. Ca 2+  then binds to the troponin complex 
and activates the contractile apparatus ( bottom ). Cellular relaxation occurs on removal of Ca 2+  
from the sarcoplasm by the Ca 2+ -uptake pumps of the sarcoplasmic reticulum, activated when 
phospholamban becomes phosphorylated and dissociated from the sarco/endoplasmic reticulum 
calcium ATPase (SERCA) complex ( center ) and by Na + /Ca 2+  exchange with the extracellular fl uid 
( left ). Intracellular Na +  homeostasis is achieved by the Na + /K +  pump ( left )       

  Table 8.1    Junctional 
complexes located at the 
intercalated disc  

 1. Adherens Junction (AJ) 
 2. Desmosome 
 3. Gap Junction (GJ) 
 4. Area composita 
 5. Transitional junction 
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made up of N-cadherin and the sarcoplasmic binding proteins catenin and actinin. 
N-cadherin is a membrane-associated glycoprotein that links actin microfi laments 
at the sarcoplasmic end of one CM with cadherins on the extracellular end of a 
neighboring cell [ 25 ] (Fig.  8.3 ).  

 Desmosomes are comprised of cell adhesion proteins and linking proteins that 
attach the cell surface adhesion proteins to intracellular cytoskeletal fi laments, 
allowing for mechanical integration of cells within heart muscle and resistance of 
mechanical stress [ 26 ]. Desmoglein and desmocollin are desmosomal proteins that 
interact with linker proteins, plakoglobin (PG) and desmoplakin, and are a subfam-
ily of the cadherin superfamily that mediate Ca 2+ -dependent cell-cell adhesion [ 27 ] 
(Fig.  8.4 ).  

 GJs, constructed from connexins (Cx), constitute the primary structure of the ID 
required for intercellular current fl ow, enabling coordinated action potential propa-
gation and contraction of the heart [ 28 ]. Specifi cally, GJs form channels between 
adjacent cells. The core proteins in these channels are Cxs, of which 20 members 
have been identifi ed in humans [ 29 ]. Six Cxs form one connexon, and each trans-
verses the plasma membrane of one CM to dock with a connexon of a neighboring 
cell, creating an extracellular gap [ 29 ,  30 ] (Fig.  8.5 ). Cx43 is the major GJ protein 
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  Fig. 8.3    Adherens junctions. Adherens Junctions (AJs) are responsible for mechanically coupling 
cardiomyocytes (CMs) in the heart. They are made up of N-Cadherin and its cytoplasmic binding 
proteins, α-catenin and β-catenin. N-Cadherin is a membrane-associated glycoprotein that links 
the actin microfi laments at the cytoplasmic end with cadherins from the extracellular end of an 
adjacent CM       
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in working human ventricular CMs [ 30 ], with much less Cx45 and Cx40 expressed 
here [ 31 ]. For the most part, Cx45 is strictly localized to the atrioventricular node 
and adjoining His bundles, and Cx40 is expressed mainly in the atria and the fast 
connecting tissue of the His-Purkinje system [ 31 ].  

 Recently, an additional junctional complex was identifi ed. This new junction 
contains molecular components of both desmosomes (plakophilin-2, desmoplakin, 
desmoglein-2, desmocollin-2) and AJs (N- cadherin, β-catenin) and is localized to 
the lateralized regions of the CMs [ 32 ]. As this highly specialized area is largely 
devoid of GJs, it was termed “hybrid adherens junction” or “area composita.” [ 32 ] 
(Fig.  8.6 ). Furthermore, it has been suggested that alpha T-catenin (αT-catenin) 
might mediate the molecular crosstalk between the different junctional complexes 
of the area composita, due to its unique interaction with the desmosomal protein 
plakophilin-2 (PKP2) [ 33 ]. Alpha (α) − catenins also play a key role in the mainte-
nance of the tissue morphogenesis; they interact with cadherin-binding partners, 
β-catenin and γ-catenin, as well as with the actin cytoskeleton [ 34 ,  35 ]. In addition, 
it was recently demonstrated that siRNA-mediated reduction of PKP2 in CMs, but 
not of some other major plaque components such as desmoplakin, results in pro-
gressive disintegration (and loss) of area composita junctional structures, leading 
destabilization of the ID [ 36 ].  

 Even more recently, in 2006, another unrecognized functional subcellular domain 
at the ID was identifi ed [ 21 ]. This new junctional complex is localized to the 
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  Fig. 8.4    Desmosomes. Desmosomes are intercellular junctions of cardiac muscle that resist 
mechanical stress and hold adjacent cardiac muscle fi bers together. They are made up of several 
desmosomal proteins. Desmocolin 2 and desmoglein 2 are a subfamily of the cadherin superfamily 
and interact with linker proteins, such as plakoglobin (PG), desmin, plakophilin 2, and 
desmoplakin       
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 interfi brillary region of the CM, between the myofi brillar thin fi laments, and is 
found to be rich in spectrin, a membrane-bound protein that binds to fi lamentous 
actin (α-actinin, titin, and ZASP) and produces a robust force-resistant network 
between cells [ 21 ]. This new junction is now known as the “transitional junction” of 
the ID [ 21 ,  37 ].  

   Structural Abnormalities in Components of the Intercalated 
Disc May Play a Role in Cardiac Disease Propagation 
and Arrhythmogenesis 

 Growing evidence suggests that anchoring cell-cell junctional components in car-
diomyocytes play a key role in the cardiac conduction system (CCS). Moreover, 
conduction system-related arrhythmias can be found in humans and mouse models 
of cardiomyopathies harboring defects and/or mutations in key anchoring cell-cell 
junction proteins [ 22 ]. Interestingly, ID remodeling was recently found to play an 
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essential role in ventricular arrhythmogenesis directly, at least in UM-X7.1 
 cardiomyopathic hamsters, where animals exhibited left ventricular hypertrophy 
between 10 and 15 weeks of age, had moderate compensated left ventricular con-
tractile dysfunction by 20 weeks, and developed serious decompensated heart fail-
ure (HF) at ages beyond 24 weeks [ 38 ]. Specifi cally, at 10–15 weeks of age, these 
cardiomyopathic hamsters had a remarkable reduction in β-catenin expression in 
both cellular and nuclear fractions, but not in IDs [ 38 ]. Intriguingly, the decrease of 
total cellular β-catenin preceded Cx43 GJ remodeling, suggesting IDs play an 
essential role in the pathogenesis of ventricular arrhythmias and HF. Treatment of 
these mice with olmesartan, an angiotensin II receptor blocker of ID remodeling, 
attenuated the decrease in cellular and nuclear β-catenin expression and decreased 
the incidence of ventricular tachycardia (VT) and ventricular fi brillation (VF), 
improving the survival rate of UM-X7.1 hamsters [ 38 ]. This is not attributed to the 
attenuation of fi brosis, however; rather, decreased incidence of disease was due to 
the modulation of qualitative (eg. phosphorylation) and/or quantitative Cx43 expres-
sion [ 38 ]. Thus, angiotensin receptor blockers (ARBs) and/or angiotensin convert-
ing enzyme inhibitors (ACEIs) might be a useful therapy for treatment of 
arrhythmias, through their ability to modulate remodeling of IDs [ 38 ]. 

 Interestingly, cardiac-specifi c deletion of N-Cadherin also leads to a signifi cant 
decrease in the GJ proteins Cx43 and Cx40, resulting in a decreased ventricular con-
duction velocity [ 39 ]. As such, perturbation of the N-cadherin/β-catenin complex in 
the heart destabilizes GJs located at the ID, leading to the electrical uncoupling of 
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ventricular myocytes and to the subsequent development of conduction abnormali-
ties, arrhythmogenesis, and sudden cardiac death (SCD) in mice [ 39 ]. To investigate 
whether electrical uncoupling promotes regional ion channel remodeling in 
N-cadherin conditional knock-out (N-cad CKO) mouse hearts, cardiac excitability 
and voltage-gated potassium channel (Kv), as well as inwardly rectifying K +  channel 
remodeling were measured [ 40 ]. These hearts showed slower electrical conduction 
and signifi cant remodeling of the major outward potassium currents [ 40 ]. Specifi cally, 
decreased Kv1.5/Kcne2 expression was observed, which correlated with disruption 
of the actin cytoskeleton and with reduced cortactin levels at the sarcolemma, sug-
gesting a mechanism that tied all these proteins together in promoting electrical het-
erogeneity and arrhythmogenesis [ 40 ]. 

 Multiple clinical and genetic studies have revealed a close relationship between 
ID protein mutations and the development of cardiomyopathies. Arrhythmic right 
ventricular cardiomyopathy (ARVC), a rare autosomal recessive condition also 
called Naxos disease, is characterized by ventricular arrhythmias(predominantly 
found in the right ventricle) and with SCD [ 41 ]. While mutations in PKP2 appear to 
be the most common in ARVC, additional desmosomal protein mutations are found 
in patients with this disorder [ 42 ]. Indeed, mutations in the gene encoding PG, also 
known as junction PG or gamma (γ)-catenin, have also been reported [ 43 ]. Notably, 
PG was the fi rst component of the desmosome to be implicated in the pathogenesis 
of Naxos disease [ 43 ], and cardiac-specifi c loss of PG leads to arrhythmogenic car-
diomyopathy and activation of β-catenin/Wnt signaling in the heart [ 43 ]. 

 It has been postulated that myocardial canonical Wnt signaling is an important 
regulator of atrioventricular canal maturation and electric programming [ 44 ]. 
Specifi cally, in the absence of Wnt-signals, β-catenin is targeted for ubiquitination 
and proteasomal degradation through the β-TrCP pathway, a consequence of its 
phosphorylation by casein kinase 1 (CK1) and the APC/Axin/GSK-3β-complex 
[ 45 ] (Fig.  8.7 ). In the presence of Wnt ligand, however, the co-receptor lipoprotein 
receptor-related protein (LRP) is brought in complex with Wnt-bound Frizzled, 
leading to activation of Dishevelled (Dvl) by sequential phosphorylation, poly-
ubiquitination, and polymerization, and displacement of glycogen synthase kinase 
3β (GSK-3β) from the axin/adenomatous polyposis coli (APC) complex through 
an unclear mechanism that may involve substrate trapping and/or endosome 
sequestration [ 45 ]. Stabilized β-catenin is then translocated to the nucleus via 
Rac1, where it binds to T-cell factor (TCF)/lymphoid enhancer factor (LEF), 
 displacing co-repressors and recruiting additional co-activators to Wnt target genes 
[ 44 – 46 ] (Fig.  8.8 ).   

 PG also has the capacity to modulate Wnt-β-catenin signaling; it competes with 
β-catenin for binding to transcriptional co-activators TCF/LEF [ 47 ,  48 ]. Upon loss 
of PG gene expression, β-catenin is translocated to the nucleus where it can interact 
with TCF/LEF transcription factors and activate target genes [ 49 ]. Conversely, 
increased association between Cx43 and β-catenin is observed at the ID in 
PG-defi cient hearts, and despite GJ remodeling, the PG CKO mice do not exhibit 
increased rates of ventricular arrhythmias or SCD [ 49 ]. Presumably, β-catenin 
enhances the function of the remaining GJs, thereby protecting PG CKO mice from 
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SCD. As previously mentioned, both PG and β-catenin constitute N-Cadherin bind-
ing proteins, which link the latter to the actin cytoskeleton and form a “cell adhesion 
zipper” [ 50 ]. To determine whether β-catenin compensates for PG loss in the heart 
and protects the heart from developing arrhythmias, double knockout mice (DKO) 
lacking both PG and beta-catenin were generated [ 51 ]. While loss of either β-catenin 
[ 52 ] or PG [ 49 ] alone in the adult mouse hearts was found to be insuffi cient to 
induce conduction abnormalities, deletion of both sarcoplasmic linker proteins 
caused disassembly of the cardiac ID and generation of lethal arrhythmias [ 51 ]. 

 Along with alterations in AJs and desmosomes, remodeling of GJs are also 
implicated in arrhythmogenic cardiomyopathies [ 53 ]. Several laboratory tech-
niques, such as immunofl uorescence, immunoblotting, as well as electron micros-
copy, confi rm the presence of markedly decreased Cx43, the major ventricular GJ 
protein, at the ID of CMs in patients with ARVC [ 53 ]. Since spatial heterogeneity in 
Cx expression is implicated in arrhythmogenesis, the degree of heterogeneity in 
Cx43 expression and disturbances in electric propagation were analyzed. 
Heterogeneous ablation of Cx43, where tissue strands are composed of <50 % wild-
type (WT) Cx43 expressing cells, led to a marked decrease in propagation velocity 
and marked dissociation of excitation at the cellular level [ 53 ]. However, the small 
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residual electrical conductance in WT Cx43-expressing myocytes was enough to 
induce excitation of the Cx43 deleted cells [ 53 ], suggesting that spatially heteroge-
neous downregulation of Cx43 expression did not affect overall contractility [ 54 ]. 
Taken together, these data suggest that, while alterations in GJs and Cxs are found 
in many pro-arrhythmic forms of heart disease, the mechanism(s) by which these 
alterations occur remain poorly understood and have yet to be determined [ 55 ,  56 ]. 

 It is known that Cx43 interacts with microtubules by binding directly to tubulin 
[ 57 ]. Indeed, Cx-based hemi-channels are directly targeted to cell-cell borders 
through a pathway that is dependent on microtubules, AJ proteins (N-cadherin and 
β-catenin), microtubule plus-end-tracking protein (+TIP) EB1, and protein p150-
Glued-, its interacting protein [ 58 ]. In addition, upon the presence of oxidative 
stress or ischemia-reperfusion injury, EB1-mediated connexon forward traffi cking 
becomes limited, due to EB1 displacement, and leads to limited microtubule inter-
action with AJs at the ID and to reduced GJ delivery and coupling to the cell surface 
[ 59 ]. Moreover, a point mutation in EB1 conferring decreased affi nity for tubulin 
also reproduced the effects of EB1 displacement and diminished connexon delivery 
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at cell-cell junctions [ 59 ], highlighting the role of EB1 displacement in reducing 
cell-cell coupling. Thus, protection of the microtubule-based forward delivery of 
connexons may be useful in improving CM electrical coupling in order to reduce 
ischemia-related cardiac arrhythmias [ 59 ]. 

 Finally, alterations in αT-catenin, which serves as a molecular integrator 
between AJs and desmosomes in the area composita, can also lead to hybrid adher-
ing junction disorganization, dilated cardiomyopathy and ventricular arrhythmia 
following acute ischemia [ 60 ]. Specifi cally, deletion of αT-catenin in mouse hearts 
leads to a reduction of PKP2 expression at the area composita, as well as to 
decreased Cx43 localization at the ID of adjacent CMs and its proper localization 
with N-cadherin [ 60 ]. 

 In summary, AJ and GJ remodeling play crucial roles in the maintenance of the 
structural and functional integrity of the myocardium. Therefore, perturbations and/
or mutations in the genes encoding junctional proteins may be integral in promoting 
arrhythmias and SCD through their fostering of mechanical and electrical uncou-
pling between the adjacent CMs in the heart [ 22 ].  

   Structural Alterations in Hypertensive Heart Disease Results 
in Intercalated Disc Remodeling and Promotion of Fatal 
Arrhythmias 

 Hypertensive heart disease (HHD) is a constellation of functional and structural 
abnormalities that progress gradually to manifest as arrhythmias and symptomatic 
HF [ 61 ,  62 ]. In hypertensive patients, left ventricular mass (LVM) can increase 
either from wall thickening or chamber dilation; wall thickening occurs more com-
monly in response to pressure overload, and chamber dilation occurs more com-
monly in response to volume overload, leading to concentric and eccentric 
hypertrophy, respectively [ 63 ] (Fig.  8.9 ). Several studies indicate that the anatomi-
cal changes in the heart that occur as a consequence of HTN are responsible for the 
increased incidence of ventricular and supraventricular arrhythmias. Patients with 
HHD exhibit signifi cant LVH, increased myocardial mass, as well as proliferation 
of fi brous tissue and decreased intercellular coupling, generating arrhythmogenesis 
[ 64 ]. About 96 % of hypertensive patients suffer from arrhythmias, which is 10 
times higher than the incidence observed in normotensives. Indeed, LVH, impaired 
left ventricular function with enlarged end-diastolic and systolic volumes, as well as 
late potentials, can be used to predict the incidence of complex arrhythmias, and 
pharmacological regression of LVH decreases its incidence [ 65 ]. Moreover, there is 
a signifi cant correlation between HTN and arrhythmias, likely because LVH, sys-
tolic and diastolic dysfunction, and increased left atrial size all contribute to mal-
adaptive GJ remodeling. Therefore, it is imperative to control high BP levels through 
pharmacological regression of LVH in order to improve cardiovascular morbidity 
and mortality [ 66 ].  
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 With increasing prevalence of HTN globally, HHD will soon be the most com-
mon cause of HF worldwide. In addition, even if patients with HHD present with 
LVH, they maintain a normal-sized left ventricular chamber and have preserved 
systolic function with an ejection fraction greater than 50 % [ 67 ]. This is in contrast 
to other causes of HF, such as ischemic heart disease associated with prior  myocardial 
infarction(s) (MI), and idiopathic dilated cardiomyopathy (IDC), where an enlarged, 
dilated left ventricular chamber and/or right ventricular enlargement are frequently 
observed [ 67 ,  68 ]. The main pathological feature of a failing heart is cardiomyocyte 
hypertrophy and apoptosis along with tissue fi brosis and scarring. However, the 
fi brotic state is highly prevalent in HHD compared to other causes of HF, since it is 
found throughout the heart, including the anterior, posterior, and lateral walls of the 
left ventricle (LV), the interventricular septum, and even the right ventricle (RV). 
Fibrosis disrupts the coordination of myocardial excitation-contraction coupling in 
both systole and diastole by altering the composition of the major components of 
the cardiac extracellular matrix (ECM) (type I and type III fi brillar collagens) [ 69 ]. 
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 Along with ECM structural changes, myocardial apoptosis and changes in cal-
cium handling associated with impaired relaxation are also observed in HHD. 
Importantly, there are also substantial changes in the peripheral vasculature (espe-
cially resistance vessels) that impair cardiac function [ 70 ]. Initially, it would be 
reasonable to think of LVH as a compensatory mechanism to allow the heart to 
withstand the hemodynamic strain associated with increased arterial pressure. 
However, the continued presence of LVH leads to cardiac dysfunction manifested as 
a reduction of coronary fl ow reserve, tissue ischemia, development of arrhythmias, 
heart failure, and sudden death [ 71 ]. Transition from compensated LVH to HF is 
associated with ECM degradation. Since the ECM network ensures tissue strength 
and allows cell-cell contact between neighboring cells, changes in the collagen net-
work present in HHD impair both systolic and diastolic function [ 71 ]. 

 Interestingly, the transition of cardiac fi broblasts to myofi broblasts is an early 
event that takes place in HHD [ 72 ,  73 ]. Recently, fi brotic state in HHD was shown 
to be marked by changes in the balance between matrix metalloproteinases (MMPs) 
and their inhibitors, which alter the composition of the ECM and impair cardio-
myocyte function [ 74 ]. Specifi cally, myofi broblasts produce a different ECM than 
fi broblasts and modify the balance of MMPs and their inhibitors (tissue inhibitors 
of metalloproteinases [TIMPs]) to promote fi brosis [ 74 ]. Altered ECM composi-
tion modifi es the signals that cardiac myocytes receive from their scaffolding envi-
ronment, resulting in changes in gene expression associated with hypertrophy and 
contractile dysfunction. Finally, smooth muscle cells, monocytes, and fi broblasts 
are recruited by the activated renin-angiotensin-aldosterone system (RAAS) and 
increased levels of activated transforming growth factor (TGF)-β1 to stimulate a 
genetic program of wound repair and ECM deposition, leading to perivascular 
fi brosis and amplifi cation of the profi brotic state [ 74 ]. Consequently, therapies tar-
geting the expression, synthesis, or activation of the enzymes responsible for ECM 
homeostasis might represent novel opportunities to modify the natural progression 
of HHD. 

 The changes in cardiac tissue architecture observed in HHD such as LVH, car-
diac fi ber disarray, increased cardiomyocyte size and fi brosis, constitute what is 
known as passive ventricular remodeling, which also includes molecular remodel-
ing of GJs [ 75 ]. As the heart is a rather heterogeneous organ, all alterations also 
appear heterogeneously. Thus, GJs composed of Cx43 proteins, found primarily in 
cardiac ventricles, are particularly affected, as are the Na+ channels that modify 
cardiac depolarization [ 76 ]. The result of these changes is abnormal electrical and 
mechanical coupling throughout the heart in terms of irregularity and heterogene-
ity [ 76 ]. HHD progresses and deteriorates HF symptoms, and the heart becomes 
predisposed to reentry arrhythmias that can prove to be fatal [ 77 – 79 ]. In both ani-
mal and human studies, LVH was found to be associated with accentuated conduc-
tion delay and altered repolarization during myocardial ischemia, accompanied 
also by increased vulnerability to arrhythmias and sudden death [ 31 ,  80 ]. Moreover, 
the increased cell size observed in hypertrophic cardiomyopathy (HCM) seems to 
be the predominant factor that affects conduction velocity of the electrical impulse 
[ 31 ]. Importantly, in a rat model with monocrotaline (MCT)-induced right 
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 ventricular failure, the LV exhibited electrophysiologic remodeling with longer 
action potentials (at 90 % repolarization), prolonged effective refractory period, 
and slowing of the longitudinal conduction velocity [ 81 ]. As mentioned, the main 
feature of HHD is the interstitial (in between the individual cells) and diffused 
fi brosis, which apart from the phenotypical switch from fi broblasts to myofi bro-
blasts, can also be caused by mutations, changes in gene expression, as well as 
aging [ 82 ]. The increased interstitial collagen reduces compliance and leads to 
irregular electrical coupling, predisposing the patient to arrhythmias and HF [ 72 , 
 83 ]. Even though diffuse and patch fi brosis have been shown to be comparable, the 
short collagen strands associated with the former only marginally affect conduc-
tion curves, and is thus thought to be less arrhythmogenic [ 84 ]. 

 Increased interstitial fi brosis has been reported in patients with HCM, as well as 
in mice suffering from hypertrophy induced by chronic pressure-overload [ 85 – 87 ]. 
Moreover, myocardial disarray is one of the hallmarks of HCM [ 88 ]. Passive ven-
tricular remodeling has been described in all forms of heart disease; HCM, DCM, 
Ischemic Cardiomyopathy (ICM), and Arrhythmogenic Cardiomyopathy (ACM), 
where a reduction in ventricular Cx43, localized at the ID has been found [ 89 ,  90 ]. 
Interestingly, an increase in Cx43 expression together with lateralization is observed 
at the initial stages of HCM, whereas the same protein is found decreased and het-
erogeneously distributed in later stages [ 91 ]. Other studies describe altered Cx43 
gene expression without lateralization, and vice versa [ 92 ,  93 ]. Similarly, animal 
models confi rmed some of the observed changes in human heart [ 38 ,  94 ,  95 ]. 

 Ca2+ calmodulin kinase II (CaMKII) expression is also increased in HF. Altered 
Na+ channel gating is linked to and may promote VTs in HF. Calmodulin regulates 
Na+ channel gating, in part perhaps via phosphorylation by CaMKII, which is asso-
ciated with a delayed inactivation of the current [ 96 ,  97 ]. This can lead to pro-
longed repolarization, increased action potential duration and propensity to 
arrhythmias [ 97 ]. Furthermore, it has been shown that in mice with cardiac hyper-
trophy mediated by calcineurin-A (CaN), reduced Nav1.5 protein expression could 
be found at the ID [ 98 ]. To our knowledge, chronic RAAS inhibition, by eplere-
none (an aldosterone antagonist) and losartan (an ARB), limit aging-related inter-
stitial fi brosis, resulting in lower arrhythmogenicity of treated mice. This directly 
correlates with reduced amounts of patchy fi brosis, the abundance of which induces 
arrhythmias [ 99 ]. 

 In addition, spontaneously hypertensive rats (SHR) or hypertension induced 
12-week-old Wistar rats also have abnormal electrical coupling at the GJs that pre-
cedes the development of fatal arrhythmias [ 100 ]. Permanent changes in GJ distri-
bution (remodeling of GJs) usually results from chronic pathophysiological stimuli 
such as HTN, diabetes mellitus and ischemia, whereas temporary alterations are 
usually driven by acute pathophysiological conditions, such as hypokalemia and 
ischemia/reperfusion injury [ 100 ]. Electrical uncoupling can thus lead to malignant 
arrhythmias through a reentry mechanism. There is no doubt that alterations in GJs 
can be implicated in the development of fatal arrhythmias and as such, might be 
promising targets to prevent or attenuate the incidence of lethal events in patients 
with HHD and hypertrophy [ 100 ].  
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   Treatment Options for Hypertensives with Cardiac Disease 

 Both atrial and ventricular arrhythmias are a common comorbidity in hyperten-
sive patients, and LVH, myocardial ischemia, left atrial enlargement and impaired 
left ventricular function are considered to be some of the main mechanisms 
involved in this association. However, ventricular arrhythmias are more common 
and, when occur, can be lethal (Fig.  8.10 ). Clinicians have thus suggested a vari-
ety of treatment options based on the type of arrhythmia that the hypertensive 
patient exhibits [ 101 ]. Importantly, a strong association between atrial fi brillation 
(AF), the most common type of arrhythmia, and HTN has been found. Therefore, 
prevention of AF in patients with HTN is highly dependent on strict BP control in 
order to reduce the risk of developing hypertensive cardiomyopathy. LVH and 
atrial enlargement can be reversed by the use of antihypertensive medications, 
particularly ACE inhibitors and ARBs, which may directly reduce the recurrence 
of AF [ 102 ,  103 ].  

 Sudden death in HTN is attributed to increased incidence of ventricular arrhyth-
mias [ 104 ]. Beta-blockers (BBs) and amiodarone (class III antiarrhythmic) are 
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considered to be the drugs of choice in ventricular arrhythmia. In addition, cal-
cium channel blockers (CCBs) and ACEI s  have been shown to be effective in the 
management of ventricular arrhythmias due to their action against LVH [ 105 , 
 106 ]. Spironolactone may also be prescribed in hypertensive patients with ven-
tricular arrhythmias fi rst line therapy, because of its ability to reverse hypokale-
mia and secondly, due to its antifi brotic action in the ventricular myocardium 
[ 107 ]. Ultimately, in severe ventricular arrhythmias refractory to antihyperten-
sive  medications, an automatic implantable cardioverter defi brillator should be 
considered [ 101 ]. 

 Finally, several non-invasive electrocardiographic parameters have been defi ned 
and widely investigated to identify the hypertensive patient at risk for the develop-
ment of arrhythmias. A relationship between p wave duration and p wave dispersion 
and supraventricular arrhythmias has been suggested, and p-wave dispersion may 
now serve as a new marker for the prediction of AF [ 12 ]. In contrast, QT interval 
dispersion, QT interval dynamicity, late potentials, heart rate variability, T wave 
morphology analysis (T wave duration/angle), and T wave alternans, have been 
associated with the occurrence of ventricular arrhythmias [ 12 ]. The development of 
LVH in hypertensive patients appears to be the main link between HTN and the 
development of ventricular arrhythmias, and in addition to the degree of hypertro-
phy, may be more important than its presence in arrhythmogenesis in hypertensive 
patients [ 108 ,  109 ]. The use of antiarrhythmic medications is unclear in the setting 
of HTN, due to side effect profi les and anti-arrhythmic properties which may worsen 
patient life expectancies. Indeed, use of appropriate antihypertensive drugs offers 
optimal control of high BP and, at the same time, proves effective in controlling 
arrhythmias. Decreased atrial and ventricular ectopy may play a critical role in this 
association, conferring concurrently less side effects compared to antiarrhythmic 
 therapy [ 109 ].  

   Summary 

 Taken together, it is clear that further research is needed to unravel the relation-
ships between the various ID structural alterations, the remodeling of the heart, 
and the onset of arrhythmias. It is now clear, however, that progression of HHD to 
LVH and HF increases the propensity of arrhythmias due to maladaptive ID 
remodeling and increased fi brosis, causing impairment of the electrical impulses 
needed for normal cardiomyocyte function. This pathological process may be 
reversed by use of antihypertensive therapy and strict control of BP levels. 
However, further research is needed to highlight important concepts regarding the 
signaling cascades involved and to bring to light more promising and novel thera-
peutic molecular targets.     
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    Chapter 9   
 Prevention and Treatment of Atrial 
Fibrillation in Patients with Hypertension                     

     Sverre     E.     Kjeldsen      ,     Tonje     A.     Aksnes      ,     Serap     E.     Erdine      , 
and     Athanasios     J.     Manolis     

          Introduction 

 Hypertension is the most common cardiovascular disorder affecting up to 50 % of 
the adult population [ 1 ] with a prevalence rising steeply after the age of 50. Atrial 
fi brillation (AF) is the most common cardiac arrhythmia with a prevalence of 1–2 %, 
estimated to at least double in the next 50 years as the population ages [ 2 ]. We aimed 
to describe in more detail the pathophysiological rationale for the coexistence of 
hypertension and AF and review the effect of various drugs for antihypertensive 
treatment.  

    Epidemiology 

 There are many risk factors for AF, some modifi able and some not (Fig.  9.1 ). 
Hypertension increases the risk of AF by about twofold [ 3 ], but due to the high 
prevalence of hypertension in the population, hypertension accounts for more cases 
of AF than any other risk factor. Hypertension and AF increase the risk of cardiovas-
cular disease, and hypertension commonly coexists with many conditions 
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associated with AF, namely in 60–80 % of patients with stroke, chronic kidney dis-
ease, diabetes, coronary artery disease, heart failure, and metabolic syndrome [ 4 ] 
(Fig.  9.2 ). Long-standing hypertension leads to left ventricular hypertrophy, struc-
tural changes and enlargement of the left atrium, heterogeneity of atrial conduction, 
and fi brosis [ 5 ], all of which may contribute to the development of AF [ 6 – 9 ] and 
these conditions accelerate if hypertension is poorly controlled.

    Hypertension was reported in up to 90 % of patients with AF who participated in 
major clinical trials [ 10 ]. Further, progression of renal dysfunction is a powerful 
predictor of new-onset AF in hypertensive patients, independently of left ventricular 
hypertrophy and left atrial dilatation [ 11 ]. 

Non-modifiable risk factors
• Age
• Gender (male)
• Emotional stress

Modifiable risk factors
• Obesity
• Smoking
• Alcohol abuse

Disease factors
(Hypertension, heart failure, valvular
disease, coronary heart disease,
diabetes mellitus, thyrotoxicosis,
pulmonary disease, infection etc.)   

  Fig. 9.1    Risk factors for atrial fi brillation       

CVD

BT

AF

  Fig. 9.2    Hypertension 
( BT ) and atrial fi brillation 
( AF ) are both risk factors 
for cardiovascular disease 
( CVD )       
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 In the early stages the presence of multiple risk factors like hypertension, diabe-
tes and obesity predispose patients to AF [ 12 ,  13 ]. However, the development of 
subclinical and clinical organ damage not only predisposes patients to AF, but the 
presence of AF may in turn increase the risk of cardiovascular disease. In a sub- 
analysis from the Action in Diabetes and Vascular Disease (ADVANCE) study, in 
which 75 % were taking antihypertensive treatment with 4.3 years of follow-up, 
patients with diabetes and AF were at 61 % increased risk for all-cause mortality 
and had similarly higher risks for cardiovascular death, stroke and heart failure 
compared to patients who did not have AF [ 14 ]. 

 AF is the most common arrhythmia in patients with heart failure and it worsens 
prognosis in NYHA classes III-IV patients [ 15 ], and all-cause mortality [ 16 ] and 
in-hospital mortality are increased in patients with new-onset AF compared with no 
AF or those with prior documented AF [ 17 ]. AF accounts for approximately one 
third of hospitalizations for heart rhythm disturbances [ 18 ], which have increased in 
recent years by two to three times [ 19 ]. In the Valsartan Antihypertensive Long-term 
Use Evaluation (VALUE) Trial of high-risk hypertensive people incident heart fail-
ure was a component of the primary endpoint and most of the patients who devel-
oped heart failure also had incident AF [ 20 ].  

    Pathophysiology 

 In the presence of left ventricular hypertrophy, left ventricular compliance is reduced, 
left ventricular stiffness and fi lling pressure increase, coronary fl ow reserve is 
decreased, wall stress is increased and there is activation of the sympathetic nervous 
system and of the renin-angiotensin-aldosterone system (Fig.  9.3 ). In the atria, prolif-
eration and differentiation of fi broblasts into myofi broblasts and enhanced connective 
tissue deposition and fi brosis are the hallmarks of this process. Structural remodeling 
results in electrical dissociation between muscle bundles and in local conduction het-
erogeneities facilitating the initiation and perpetuation of AF. This electro-anatomical 
substrate permits multiple small re-entrant circuits that can stabilize the arrhythmia. 
Over time tissue remodeling promotes and maintains AF by changing the fundamen-
tal properties of the atria. Atrial remodeling consists of three components:

     1.    Electrical remodeling: where at rapid atrial rates, such as those observed during 
fi brillation paroxysms, intracellular changes in calcium handling lead to a reduc-
tion in the action potential duration. Even in the case of prolonged AF, electrical 
remodeling reverses quickly and completely once sinus rhythm is restored.   

   2.    Contractile remodeling: occurs rapidly. The abnormal calcium handling at the 
high rates of contraction seen in AF may be responsible for loss of contractility. 
The contractile remodeling induced by AF may be responsible for its most dev-
astating consequence, which is stroke. Impaired atrial contraction leading to sta-
sis of blood, primarily in the left atrial appendage, is thought to be the major 
contributor to the development of blood clots, thus promoting thromboembolic 
events.   
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   3.    Structural tissue remodeling: occurs after periods of weeks or months and in this 
case we have macro- and microscopic changes in the myocardium, which con-
tribute to contractile dysfunction and decreased cardiac output [ 21 ].    

  The levels of systolic blood pressure and duration of hypertension are predictive 
of adverse left atrial remodeling [ 22 ], while a wide pulse pressure [ 23 ,  24 ] and 
increase in left atrial volume [ 25 ] are associated with increased incidence of 
AF. Both obesity and hypertension were independent predictors of left atrial enlarge-
ment, but the co-existence of hypertension with obesity was associated with higher 
left atrial enlargement [ 26 ]. hs-CRP and P-wave dispersion in hypertensive patients 
are interrelated and associated with AF, suggesting an active role of infl ammation in 
the atrial electrophysiological remodeling predisposing to AF [ 27 ].  

    Consequences of Atrial Fibrillation 

 Compared to people with normal sinus rhythm, those with AF have a 50–90 % 
higher risk of overall mortality [ 28 ]. AF is responsible for 15–20 % of all ischemic 
strokes [ 29 ], increases the risk of stroke four- to fi vefold [ 30 ], and is an independent 
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  Fig. 9.3    Mechanisms by which ACE-inhibitors and ARBs may prevent atrial fi brillation       
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risk factor for ischemic stroke severity and recurrence [ 31 ]. Other consequences of 
AF include worsening of cognitive function, increased risk of hospitalization and 
cost, and impaired quality of life. In the Losartan Intervention For Endpoint 
Reduction in Hypertension Study (LIFE) patients with new-onset AF had approxi-
mately twofold increased risk of cardiovascular events, about threefold higher risk 
of fatal and non-fatal stroke, and fi vefold increased rate of hospitalization for heart 
failure [ 9 ]. In the VALUE trial patients with new-onset AF had equally poor cardio-
vascular prognosis at the end of the follow-up period as those with AF at baseline 
[ 32 ], and new-onset AF was present in many patients who were hospitalized for 
heart failure whether they had concomitant diabetes or not [ 20 ]. In the Antihypertensive 
and Lipid-Lowering treatment to prevent Heart Attack Trial (ALLHAT), baseline 
AF or atrial fl utter also increased cardiac morbidity and mortality [ 33 ]. 

 Prior stroke or transient ischemic attack, increasing age, history of hypertension, 
diabetes mellitus, structural heart disease and obesity are independent risk factors 
for stroke [ 34 ]. The risks of stroke are doubled (10.4 %) in patients with AF associ-
ated with hypertension or diabetes or prior stroke compared to those without these 
comorbidities (4.3 %). In patients with AF and history of hypertension there was a 
threefold increase in the annual incidence of stroke compared to those without a 
history of hypertension [ 35 ]. And in at least 33 % of AF patients, the arrhythmia can 
be asymptomatic [ 36 ]. Holter registration and trans-telephonic monitoring studies 
have demonstrated that asymptomatic episodes of paroxysmal AF are 10–12 times 
more frequent than symptomatic episodes [ 37 ,  38 ], but the consequences are the 
same. Patients with history of hypertension but no history of AF who received a 
pacemaker or ICD, had over 36 % device-detected atrial arrhythmia. Patients who 
had one episode within the fi rst 3 months had more than doubled the risk of stroke 
or systemic embolism [ 39 ]. Patients with paroxysmal AF have impaired quality of 
life similar to patients with heart failure, myocardial infarction and patients that 
have undergone angioplasty [ 40 – 42 ]. AF is independently associated with all forms 
of dementia and with an increased risk for Alzheimer’s disease [ 43 ].  

    Diagnostic Approach and Risk Stratifi cation for Atrial 
Fibrillation 

 Among general practitioners and nurse practitioners from 49 practices in central UK, 
the majority of primary care providers were not able to reliably diagnose the pres-
ence or absence of AF on ECG; 20 % of cases of AF were missed and the probability 
that a diagnosis of AF was correct only in 41 % [ 44 ]. A silent AF may be discovered 
from an AF-related complication as fi rst manifestation or may be diagnosed by an 
opportunistic ECG [ 45 ] (Fig.  9.4 ). Hypertension increases the risk for AF in men and 
women by 1.5- and 1.4-fold, respectively, and is the most common underlying risk 
factor for the development of AF [ 3 ]. By multivariate analyses age, sex, body mass 
index, systolic blood pressure, treatment of hypertension, PR interval, and heart fail-
ure accounted for up to 64 % of the risk of new AF within 10 years [ 46 ].
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       Risk Stratifi cation and Prevention of Thromboembolism 
from Atrial Fibrillation 

 Due to its simplicity and ease of use, the CHADS 2  and CHA 2 DS 2 -VASc score have 
become the most commonly used predictive rule in clinical practice [ 47 ]. The 
CHADS 2  (Congestive heart failure, Hypertension, Age, Diabetes, Stroke) index 
assigns 1 point each for a history of heart failure, hypertension, age >75 years, and 
diabetes, and 2 points for a history of stroke or transient ischemic attack. Based on 

  Fig. 9.4    Twelve lead ECG taken at 50 mm/s showing atrial fi brillation in a middle-aged patient 
with hypertension and left ventricular hypertrophy according to Cornell Product criteria       
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their score, patients can be classifi ed as having low risk (score 0), moderate risk 
(score 1), or moderate/high risk (score 2 or greater) for stroke. For patients with 
CHADS 2  score ≥2 anticoagulation with new oral anticoagulants (NOAC) or warfa-
rin with an international normalized ratio (INR) of 2.0–3.0 (target 2.5) is recom-
mended unless contraindicated. A refi ned version known as the CHA 2 DS 2 -VASc 
score [ 48 ] has been validated in several independent cohorts. The CHA 2 DS 2 -VASc 
score outperformed the CHADS 2  score in identifying ‘truly low risk’ individuals 
who do not need antithrombotic therapy, whilst those with ≥1 stroke risk factors 
should be considered for oral anticoagulation therapy, whether this is undertaken 
with well-controlled warfarin or one of NOACs that do not require INR 
monitoring.  

    Atrial Fibrillation and Antihypertensive Treatment 

 Rate and rhythm control plus ablation in patients with AF are discussed elsewhere 
[ 45 ]. 

 Antihypertensive drugs reduce the risk for AF mainly by lowering high blood 
pressure (Fig.  9.5 ). However, some antihypertensive drugs may also reduce the risk 
for AF through other mechanisms and are recommended by the most recent guide-
lines (Fig.  9.6 ).

        RAS-Blockers (ACEIs and ARBs) 

 In early meta-analysis of randomised, controlled clinical trials [ 50 ,  51 ], it appeared 
that renin-angiotensin system (RAS) blockers signifi cantly reduced the relative risk 
of new-onset AF by 28 % (15–40 %), but this benefi t was limited to patients with 
systolic left ventricular dysfunction or left ventricular hypertrophy. In another meta- 
analysis [ 52 ], the use of an angiotensin-converting enzyme inhibitor (ACEI) or an 
angiotensin receptor blocker (ARB) was associated with an average 49 % (35–72 %) 
relative reduction in new-onset AF, a 53 % (24–92 %) lower failure rate of electrical 
cardioversion of AF, and a 61 % (20–75 %) lower rate of recurrence of AF after 
electrical cardioversion. A more recent meta-analysis [ 53 ] of the effects of RAS-
blockade for the prevention of AF comprised 23 randomised studies with a total of 
87,048 patients, including 6 hypertension trials, 2 post-myocardial infarction trials, 
3 heart failure trials (primary prevention), 8 studies after cardioversion and 4 on 
medical prevention of paroxysmal AF (secondary prevention). RAS- blockade 
reduced the odds ratio for AF by 32 %, with similar effects of ACEIs and ARBs. In 
primary prevention RAS-blockade was most effective in patients with left ventricu-
lar hypertrophy and/or heart failure. In secondary prevention, RAS- blockade 
reduced the odds for AF recurrence after cardio-version by 45 % and on medical 
therapy by 63 %. However, no effect was found in those with the most refractory AF. 
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 However, most of the trials included in these meta-analyses were not designed to 
investigate AF. A pre-specifi ed analysis of the VALUE trial was conducted to 
 compare the effects of the ARB valsartan with the calcium channel blocker amlo-
dipine on new-onset AF in >13,000 patients with hypertension at high cardiovascu-
lar risk [ 32 ]. Over the course of follow-up, the use of valsartan (vs. amlodipine) was 
associated with a 16 % reduction (p < 0.0455) in the incidence of at least 1 docu-
mented occurrence of new-onset AF and reduced the incidence of persistent AF by 
32 % (p < 0.0046). Similar fi ndings showing the benefi t of ARBs in reducing the 
incidence of new-onset AF were also documented in pre-specifi ed analysis of data 
from the LIFE study, in which the incidence of new-onset AF was compared 
between patients treated with losartan vs. the beta-blocker, atenolol [ 9 ]. In the 
ALLHAT study 42,418 participants were randomized to 4 antihypertensive 
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  Fig. 9.5    Antihypertensive treatment may reduce the risk of developing atrial fi brillation in 
hypertensives       

ACE inhibitors and angiotensin
receptor blockers (and
beta-blockers and
mineralocorticoid receptor
antagonists if heart
failure coexists) should be
considered as antihypertensive
agents in patients at risk of new
or recurrent atrial fibrillation.

lla -C

  Fig. 9.6    The 2013 ESH/ESC Hypertension Guidelines [ 49 ] state IIa indication for inhibitors of 
the renin-angiotensin-aldosterone system (ACE-inhibitors, ARBs, aldosterone antagonists and 
beta-blockers) in people with high risk of developing atrial fi brillation       
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treatment arms comparing the ability of an ACEI (lisinopril), a dihydropyridine 
calcium channel blocker (amlodipine), an alpha-adrenoreceptor blocker (doxazo-
sin) relative to a thiazide-like diuretic (chlorthalidone) [ 33 ]. New-onset AF or atrial 
fl utter occurred in 641 participants (2.0 %) and, excluding doxazosin (due to the 
early termination of doxazosin-arm in the year 2000 and shorter follow-up time in 
these patients; mean 3.2 years vs. mean 4.9 years), did not differ by antihypertensive 
treatment group. The 2007 ESH/ESC hypertension guidelines [ 54 ] summarized evi-
dence from  post hoc  analyses of heart failure and hypertension trials showing a 
lower evidence of new-onset AF in patients receiving an ARB (in one trial an ACE 
inhibitor). While warning against the possible bias of  post hoc  analyses, nonetheless 
the guidelines suggested ARBs and ACE inhibitors as preferred drugs in hyperten-
sive patients at risk of developing AF. A plausible explanation for this was the asso-
ciation between atrial enlargement and LVH, the favourable effects of blockers of 
the RAS on both cardiac alterations, and the relationship between LVH regression 
and reduction in new-onset AF [ 55 ,  56 ] (Fig.  9.3 ). 

 However, data accumulated since then do not consistently support in all of them 
this recommendation. Since then, new studies such as ONTARGET, TRANSCEND, 
PRoFESS and I-PRESERVE were published. In ONTARGET [ 57 ] new AF was just 
slightly less frequent with the ARB (telmisartan) than with the ACE inhibitor 
(ramipril) treatment, indicating no difference between these two types of RAS- 
blockade. The placebo comparisons in the TRANSCEND [ 58 ] and the PRoFESS 
[ 59 ] trials, could not confi rm a protective effect of ARBs against onset of AF, though 
the absolute numbers were low and the detection power of the analysis may have 
been insuffi cient. The HOPE study included patients with high cardiovascular risk 
without heart failure and left ventricular systolic dysfunction and randomized the 
patients to treatment with an ACE inhibitor (ramipril) or placebo [ 60 ]. No statisti-
cally signifi cant difference in the proportion of patients who developed AF was 
found between the ACE inhibitor and placebo. In TRANSCEND [ 58 ], patients 
intolerant to ACE inhibitors with cardiovascular disease or diabetes with end-organ 
damage, were randomized to treatment with an ARB (telmisartan) or placebo, and 
no signifi cant effect on new-onset AF was found: 182 (6.4 %) patients treated with 
the ARB compared with 180 (6.3 %) patients treated with placebo, developed new 
AF. However, there are some limitations for the above trials. HOPE and 
TRANSCEND are not “pure” hypertension trials, although they included a large 
numbers of hypertensives (≈50 % in HOPE, ≈76 % in TRANSCEND), and were 
well treated for their blood pressure which may explain why these trials failed to 
detect a benefi cial effect of RAS-blockade. Several relatively small prospective ran-
domized controlled trials have demonstrated that therapy with ACE inhibitors or 
ARBs conferred an additional benefi t on risk of recurrent AF after cardioversion 
when co-administered with antiarrhythmic drug therapy, usually amiodarone, com-
pared with an antiarrhythmic drug alone [ 61 ,  62 ]. Meta-analyses driven by these 
studies have reported a signifi cant 45–50 % reduction in RR of recurrent AF [ 63 , 
 64 ]. Conversely, a double-blind, placebo-controlled study – Candesartan in the 
Prevention of Relapsing AF (CAPRAF) – failed to demonstrate any benefi t of 
therapy with candesartan for preservation of sinus rhythm after cardioversion in 
patients who did not receive antiarrhythmic drug therapy [ 65 ]. The largest secondary 
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prevention study, Gruppo Italiano per lo Studio della Sopravvivenza nell’Insuffi cienza 
cardiaca AF (GISSI-AF), in 1442 patients with cardiovascular risk factors (mainly 
hypertension, 85 %) and paroxysmal or recently cardioverted persistent AF, demon-
strated no effect of valsartan added on top of optimal medical therapy (including 
antiarrhythmic drugs and ACE inhibitors) on the primary endpoint of time to fi rst 
AF recurrence or the number of patients with more than one AF recurrence (26.9 % 
vs. 27.9 %) compared with placebo at 1-year follow-up [ 66 ]. The differences in 
outcomes showing greater benefi t in primary prevention may relate to the fact that 
inhibitors of the RAS prevent, but do not reverse the development of the structural 
and electrical remodelling that provides the substrate for AF [ 66 ]. There are differ-
ent mechanisms explaining the benefi cial effects of RAS blockers in hypertensive 
patients with AF (Fig.  9.3 ). Blockade of the RAS may prevent left atrial dilatation, 
atrial fi brosis, dysfunction and slowing of conduction velocity, with some studies 
also indicating direct anti-arrhythmic properties. Favourable effects of RAS- 
blockers on cardiac alterations like atrial enlargement and left ventricular hypertro-
phy may also explain the reduction in new-onset AF [ 55 ,  56 ].  

    Beta-Blockers 

 Beta-blockers are effective in AF rate-control during AF and possibly in maintaining 
sinus rhythm, especially in heart failure and in cardiac postoperative settings [ 67 ,  68 ]. 
In a systematic review including almost 12,000 patients with systolic heart failure 
(about 90 % received RAS-blockade) and therefore at high risk of AF, the incidence 
of new-onset AF was signifi cantly lower in the patients treated with beta- blockers 
compared with those assigned to placebo with a relative risk reduction of 27 % [ 68 ]. 
A history of AF and systolic heart failure may be a specifi c indication for using beta-
blockers. Treatment with sotalol, a non-selective beta-blocker with class III anti-
arrhythmic activity, is effective in maintaining sinus rhythm after cardioversion, but 
has pro-arrhythmic effects and is not recommended as antihypertensive treatment. In 
hypertension trials like the LIFE study, the ARB-based therapy (losartan) was supe-
rior to beta-blocker (atenolol) in reducing the risk of new and recurrent AF. 

 However, it is also diffi cult to draw conclusions from the results of trials compar-
ing two or more active antihypertensive treatment regimens, due to uncertainty as to 
whether the observed effects may represent a detrimental effect of one regimen or a 
benefi cial effect of the other. In the United Kingdom-based General Practice 
Research Database, with approximately 5 million patient records, it was found that 
ACE inhibitors, ARBs and beta-blockers were more effective than calcium channel 
blockers in reducing the risk of AF [ 69 ]. Possible mechanisms of action of beta- 
blockers to this effect may be prevention of adverse remodelling and ischemia, 
reduced sympathetic drive or counteraction of the beta-adrenergic shortening of 
action potential which otherwise could contribute to perpetuation of AF [ 67 ,  68 ]. 
However, recurrence rate of AF is known to be high, even under beta-blocker 
prophylaxis.  
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    Calcium Channel Blockers 

 Calcium channel blockers (CCBs) are a heterogeneous group of drugs with antihy-
pertensive properties. Non-dihydropyridines like diltiazem and verapamil are used 
to slow the ventricular response in AF, and verapamil has also been investigated for 
its effectiveness in maintaining sinus rhythm after cardioversion. Calcium lowering 
drugs could hypothetically attenuate the calcium-overload in tachycardia-induced 
electrical remodelling of the atria [ 70 ]. Additional treatment with verapamil signifi -
cantly reduced the recurrence of AF within 3 months compared with propafenone 
alone [ 71 ]. However, other studies have shown more disappointing results [ 72 ,  73 ]. 
In the VALUE Trial the ARB valsartan was more effective than the CCB amlodipine 
in preventing new-onset AF [ 32 ]. 

 In a retrospective study using a national integrated medical and pharmacy claims 
database in the US, almost 5500 patients treated for hypertension with an ACE 
inhibitor were compared to an equal number of matched patients treated with a 
CCB. At about 4 years of follow-up the incidence of new AF was signifi cantly lower 
in the ACE inhibitor-treated patients [ 73 ]. In a nested case–control analysis from the 
United Kingdom-based General Practice Research Database, similar results were 
found [ 69 ]. 4661 patients with AF and 18641 matched controls from a hypertension 
population were compared and it was found that treatments with ACE inhibitors, 
ARBs or beta-blockers were associated with a lower risk for AF than treatment with 
CCBs. However, in such observational studies, bias in treatment cannot be excluded 
and blood pressure control and changes cannot be evaluated.  

    Diuretics 

 Diuretics are often included in antihypertensive treatment regimens, but the effect 
on new-onset AF has to our knowledge not been thoroughly investigated. Caution to 
electrolyte balance changes during chronic anti-hypertensive therapy with K+ wast-
ing diuretics such as thiazides, chlorthalidone and indapamide, is recommended.  

    Mineralocorticoid Receptor Antagonists (MRAs) or 
Aldosterone Antagonists 

 Patients with primary hyperaldosteronism have a 12-fold higher risk of developing 
AF than their matched counterparts with essential hypertension. Increased aldoste-
rone levels have been reported in patients with AF. Pre-treatment with spironolac-
tone in a dog AF model reduced the amount of atrial fi brosis and inducibility of 
AF. Treatment with spironolactone and eplerenone [ 74 ] may prevent AF in patients 
with heart failure though large studies have not been done in people with 
hypertension.  
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    Conclusions and Antithrombotic Treatment 

 Patients with hypertension suffer from an increased risk of AF, and hypertension is 
the most common disorder in AF trials. Awareness of the increased risk of AF in 
hypertensive patients may require closer follow-up as AF has a signifi cant effect on 
cardiovascular outcome. AF is usually a progressive disease that often worsens over 
time (“AF begets AF”) and this worsening is driven by electrical, contractile and 
structural changes in the atria, known as atrial remodelling. AF leads to reduced 
cardiac function, and increased risk of thromboembolism. Prevention and new treat-
ment regimens of AF are needed, considering the increasing elderly population, the 
high percentage of uncontrolled hypertension, the risk of stroke and the worsening 
of other co-morbidities in the presence of AF. Management of AF includes antihy-
pertensive, antiarrhythmic and antithrombotic drugs. Prevention of AF with antihy-
pertensive drugs such as ACE inhibitors, ARBs, and beta-blockers has been shown 
to be more effective than other classes mainly in post myocardial infarction and 
heart failure trials and in other high risk hypertensive patients including those with 
left ventricular hypertrophy by ECG. Antithrombotic treatment is very effective in 
the prevention of stroke and new oral antithrombotics that do not require INR moni-
toring seem to be particularly promising drugs according to recently published trials 
and guidelines.     
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    Chapter 10   
 Echocardiographic Assessment 
of Hypertensive Patients                     

     Ioannis     Felekos      ,     Costas     Tsioufi s     , and     Petros     Nihoyannopoulos    

         Introduction 

 Echocardiography is the reference method for evaluating the structural and func-
tional adaptations in the remodelling of the heart due to systemic hypertension. It 
provides valuable information regarding left ventricular geometry, systolic, and dia-
stolic function, as well as left atrial and ascending aorta dimensions and function.  

    Two Dimensional Echo Anatomic Assessment 

 The standard echocardiographic evaluation involves measurements of cardiac cham-
bers, including the interventricular septum, posterior wall thickness, left atrial size, 
end-systolic and end-diastolic diameters. From these measurements, left ventricular 
mass can be derived according to available formulas indexing for body surface area 
but for the most cases calculation of LVM is currently performed using the American 
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Society of Echocardiography formula: LV mass = [1.04(STd + PWTd + LVIDd) 3  – 
LVIDd 3 ] + 0.6 g. It is well established that one of the major characteristics and prog-
nostic determinants of long-standing systemic hypertension is left ventricular 
hypertrophy (LVH), which can be accurately assessed by two- dimensional echocar-
diography (Fig.  10.1 ). Indexation of LVM for height, in which height to the allome-
tric power of 1.7 or 2.7 has been used, can be considered in overweight and obese 
patients in order to scale LVM to body size and avoid under- diagnosis of LVH. It has 
recently been shown that the optimal method is to scale allometrically by body height 
to the exponent 1.7 (g/m1.7) and that different cut- offs for men and women should 
be used. Scaling LVM by height exponent 2.7 could overestimate LVH in small sub-
jects and underestimate in tall subjects. The most used scaling for evaluating LVH in 
hypertension is to divide LVM by BSA, so that the effects on LVM of body size and 
obesity are largely eliminated. Despite largely derived from control study popula-
tions with the obvious possibility for bias, these parameters recommended by the 
American Society of Echocardiography and the European Association of 
Echocardiography are used in the majority of laboratories for echocardiography [ 1 ].

   Apart from the linear dimensions of the septum and posterior wall, relative wall 
thickness can be easily calculated, which will aid in the echocardiographic dis-
tinction between eccentric and concentric hypertrophy. The determination of LV 
geometry according to LV mass index and relative wall thickness (≥0.43 or <0.43) 
provides further prognostic data. More specifi cally, there is a graded continu-
ous incremental effect of left ventricle geometrical adaptations on cardiovascular 
risk, ranging from normal LV pattern, to LV concentric remodelling, LV eccen-
tric hypertrophy, and fi nally, LV concentric hypertrophy [ 2 ]. Concentric LVH is 
the strongest predictor of increased risk. Echocardiography is more sensitive than 

  Fig. 10.1    Parasternal long-axis view in a hypertensive patient (end-diastolic frame), illustrating 
increased wall thickness       
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electrocardiography in diagnosing LVH and is useful to refi ne cardiovascular and 
renal risk. The prevalence of LVH increases with the duration and the severity of 
systemic  hypertension and ranges from <10 % in subjects with stage 1 hyperten-
sion to 90 % among those with stage 3. Risk increases proportionally, even in the 
conventionally normal range of LV mass index, according to gender-specifi c criteria 
Although the relation between LVM and CV risk is continuous, thresholds of 95 g/
m 2  for women and 115 g/m 2  for men are widely used for estimates of clear-cut LVH. 

 More interestingly the dipping status of the hypertensive patients has a direct 
effect on LV structural remodelling. According to a recent large metanalysis, left 
ventricular (LV) mass index, as well as relative wall thickness was signifi cantly 
higher in non-dipping than in dipping hypertensives [ 3 ]. While among different 
antihypertensive drugs the effi cacy on LVH regression varies, renal sympathetic 
denervation, a new approach for patients with resistant hypertension, reduces LVH, 
exhibits a favourable impact on LA volume and improves cardiac function in 
patients with resistant hypertension [ 4 ]. 

 Left atrium (LA) dilatation is an early and common fi nding in hypertensive heart 
disease: in the LIFE study [ 5 ], 56 % of female and 38 % of males had increased LA 
size. The left atrium enlarges asymmetrically and not only in the anteroposterior 
diameter. Therefore, a plain measurement of 2D atrial linear dimension underesti-
mates its true size. Current chamber quantifi cation guidelines recommend the calcu-
lation of LA volumes, as this represent more accurately the actual dimensions 
(Fig.  10.2 ). LA volume measurements are simple and reproducible. LA volume 
index (an echocardiographic measurement of LA volume indexed or the body sur-
face area—normal values: 34 ml/m 2  the upper limit) was found closely associated 
with advanced age, high systolic BP, increased LV mass index, and BNP levels [ 6 ]. 
Determination of left atrial dilatation can provide additional information and is a 
prerequisite for the diagnosis of diastolic dysfunction. Left atrial size has been 
shown to be an independent predictor of death, heart failure, atrial fi brillation and 
ischaemic stroke. LA volume is a more robust marker of CV events than LA area or 
diameter, while, in subjects with AF, the predictive value of LA size for CV events 
was poor, irrespective of the method of LA size quantization. Left atrial mechanics 
seem to be in close relation to alteration in LV geometry. It was recently demon-
strated that LV geometric patterns signifi cantly infl uence LA phasic function. 
Concentric and dilated LVH patterns have the most prominent negative effect on LA 
enlargement assessed by both 2D and 3D echocardiography [ 7 ].

       Systolic and Diastolic Function Evaluation 

 Long standing and poorly-controlled hypertension eventually leads to left ventricu-
lar remodelling and dilatation with concomitant systolic function impairment, even 
in the absence of coronary artery disease. End-stage hypertensive heart-disease has 
an echocardiographic appearance similar to end-stage dilated cardiomyopathy, due 
to chronic afterload elevation. 
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 Even prior to the establishment of LVH and depressed systolic function, hyper-
tension mediates diastolic dysfunction (Table  10.1 ) which is associated with 
 concentric remodelling, leading to impaired relaxation and increased stiffening of 
the left ventricle. This in turn results in a clinical situation of diastolic heart failure 
with preserved ejection fraction. Diastolic function can be assessed by Doppler 
measurement of the E/A ratio of transmitral blood fl ow. Additional measurements 
include deceleration time of E wave and isovolumic relaxation time [ 8 ]. The fi rst 
abnormality encountered on the hypertensive patient is abnormal relaxation, mani-
festing as low E/A ratio, prolonged isovolumic relaxation time and E deceleration 
slope. Disease progression results in further diastolic function deterioration and fi ll-
ing pressure elevation. The second type of diastolic function also referred as pseudo- 
normalization illustrates normal E/A ratio. However, Valsalva manoeuvres and 
pulmonary vein fl ow patterns may uncover diastolic dysfunction in the setting of 
pseudo-normalized transmitral patterns. One major disadvantage of this approach is 
that all these measurements are load-dependent and they should be interpreted in the 
context of loading conditions.

  Fig. 10.2    Assessment of LA volumes by 2D echocardiography       
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   The Doppler transmitral infl ow pattern can quantify fi lling abnormalities and 
predict subsequent heart failure and all-cause mortality, but is not suffi cient to 
 stratify completely the hypertensive clinical status and prognosis. According to 
recent echocardiographic recommendations it should therefore be combined with 
pulsed tissue Doppler of the mitral annulus. 

 Additionally, TDI derived parameters seem to be less dependent on loading con-
ditions as they refl ect only the amount of blood passing through the LV infl ow tract. 
This method accurately describes left ventricle systolic and diastolic function, with 
reproducible measurements of the systolic (S wave) and diastolic waves (e’ and a’) 
from the diaphragmatic, lateral, anterior, and inferior wall proximally to mitral annu-
lus. Reduction of the Tissue Doppler derived early diastolic velocity (e’) is typical of 
hypertensive heart disease and often the septal e’ is reduced more than the lateral e’. 
Diagnosis and grading of diastolic dysfunction is based on e’ (average of septal and 
lateral mitral annulus) and additional measurements including the ratio between 
transmitral E and e’ (E/e’ ratio) and left atrial size. This grading is an important pre-
dictor of all-cause mortality in a large epidemiologic study. The values of e’ velocity 
and of E/e’ ratio are highly dependent on age and somewhat less on gender. The E/e’ 
ratio is able to detect an increase of LV fi lling pressures. The prognostic value of e’ 
velocity is recognized in the hypertensive setting and E/e’ ratio (upper cut-off 
value ≥ 13) is associated with increased cardiac risk independent of LVM and rela-
tive wall thickness in hypertensive patients [ 9 ]. In a recent study involving 80 multi-
ethnic hypertensive children, TDI imaging was able to detect premature diastolic 
dysfunction. According to the investigators, hypertensive children had lower e’ and 
a’ velocities of anterior and posterior walls and higher lateral wall E/e’ ratio, in com-
parison to controls. The authors concluded that decreased regional TDI velocities 
were seen with preserved left ventricular systolic function even when other measures 

    Table 10.1    Cut-off values for parameters used in the assessment of LV remodeling and diastolic 
function in patients with hypertension   

 Parameter  Abnormal if 

 LV mass index (g/m 2 )  >95 (women) 
 >115 (men) 

 Relative wall thickness (RWT)  ≥0.42 
 Diastolic function: 
 Mitral valve infl ow  E < A or E> > A 

 E DT  > 200 ms or <140 ms 
 Septal e’ velocity (cm/s)  <8 
 Lateral e’ (cm/s)  <10 
 LA volume index (mL/m 2 )  ≥34 
 Pulmonic veins  S < <D 

 A velocity >0.35 m/s 
 adur- Adur > 0.20 s 

 LV Filling pressures: 
 E/e’ (averaged) ratio  ≥13 

  Based on Lang et al. and Nagueh et al.  
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of diastolic dysfunction remained unchanged in untreated hypertensive children. 
Hypertension and serum insulin levels had strong  associations with preclinical dia-
stolic alterations in children [ 10 ]. Normal ranges and cut- off values for hypertensive 
heart disease for key echocardiographic parameters are summarized in Table  10.1 .  

    Differential Diagnosis from Other Causes of LVH 

 Apart from hypertensive heart disease, there are other causes of left ventricular 
hypertrophy. Prompt and accurate diagnosis is crucial in order to offer the patient 
optimal therapeutic management. 

 Hypertrophic cardiomyopathy is a major cause of LVH. Still, the pattern and the 
magnitude of LVH aid in differentiation from hypertensive LVH. HCM illustrates 
an asymmetric pattern, affecting mainly the IVS, the lateral wall and less commonly 
LV apex. Moreover, the RV wall can be also involved. However, the posterior wall 
is usually unaffected by the disease. In addition the size of the hypertrophied seg-
ments most commonly exceeds 15 mm. 

 Another differential diagnosis that can be made by studying the patterns of 
hypertrophy along with diastolic function is that of athletic heart. The athlete’s heart 
exhibits mild LV dilatation, with normal diastolic function indices, as opposed to 
the diastolic dysfunction caused by hypertension. These changes refl ect adaptive 
mechanisms of the athletic heart to augment LV fi lling in order to enhance cardiac 
output. Table  10.2  illustrates the major differences among entities that cause 
increased wall thickness.

       Echocardiographic Evaluation of the Aorta 

 Evaluation of the aorta is a routine part of the standard echocardiographic examina-
tion, especially in patients with hypertension. Elevated blood pressure poses an 
increased shear stress in the aortic wall, causing vessel dilatation. Therefore a 

   Table 10.2    Echocardiographic differentiation of increased wall thickness   

 Parameter  Hypertension  HCM  Athlete’s heart 

 Hypertrophy  Concentric  Asymmetric  Normal wall 
thickness 

 LV systolic function  Normal  Normal  Normal 
 Chamber dilatation  Biatrial dilatation, 

especially if AF is present 
 None  LV dilatation 

 LV diastolic function  Abnormal  Abnormal  Normal 
 RV hypertrophy  Absent  May be present  Absent 
 Pulmonary hypertension  Mild  Mild  None 
 LV end-diastolic pressure  Elevated  Elevated  Normal 
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comprehensive assessment of the aorta is crucial. The commonly and erroneously 
used term “aortic root” consists of various anatomic components including the 
annulus, Valsalva sinuses, sinotubular junction and ascending aorta (Fig.  10.3 ), 
which should be meticulously measured and reported in the echocardiographic 
assessment of the hypertensive patient. Using different acoustic windows the proxi-
mal ascending aorta is visualized [ 11 ]. The suprasternal view is of paramount 
importance for evaluation of the thoracic aorta. This view primarily depicts the aor-
tic arch and its spatial relationship with the three major supra-aortic vessels (innom-
inate, left carotid and left subclavian arteries), as well as variable lengths of the 
descending and, to a lesser degree, the ascending aorta. Although this view may be 
obstructed, particularly in patients with emphysema or short wide necks, it should 
be systematically sought when aortic disease is evaluated. Still, the clinician should 
bear in mind that transthoracic echo cannot depict the entire thoracic descending 
aorta in not well visualized by TTE. Moreover, suboptimal image quality can cause 
diagnostic dilemmas to the inexperienced operator. TOE on the other hand uses high 
frequency transducers, improving image resolution and providing more accurate 
anatomic data. This is extremely important in cases where acute aortic syndromes 

PA

Descending aorta:
20-30mm

Aortic annulus:
20-31mm

Sinuses of Valsalva:
29-45mm

Sinotubular junction:
22-36mm

Tubular ascending aorta:
22-36mm

Aortic arch:
22-36mm

  Fig. 10.3    The thoracic aorta can be divided into three segments: the ascending aorta that extends 
from the aortic annulus to the innominate artery and is typically measured at the level of the aortic 
annulus, the sinuses of Valsalva, the sinotubular junction and the proximal ascending aorta; the 
aortic arch that extends from the innominate artery to the ligamentum arteriosum; and the descend-
ing aorta that extends from the ligamentum arteriosum to the level of the diaphragm.  PA  right 
pulmonary artery       
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are suspected. In this instance, transoesophageal echo can provide a fast and secure 
the diagnosis [ 12 ].

   Apart from the assessment of chronic loading effects of hypertension on the 
aortic wall, congenital abnormalities of the aorta that are related to hypertension can 
be excluded. Coarctation of the aorta can be diagnosed from the suprasternal view, 
although imaging of the coarctation site is diffi cult from transthoracic or supraster-
nal notch windows in adults. From the suprasternal notch approach, the descending 
thoracic aorta has a tapering appearance, even in normal individuals, because of the 
oblique tomographic view of the descending aorta obtained as the descending aorta 
leaves the image plane. This could erroneously lea to the diagnosis of coarctation 
even in a normal individual. Doppler interrogation can reveal an increased velocity 
across the coarctation and, if the obstruction is severe, persistent ante grade fl ow 
into diastole (“diastolic run-off”). If the velocity proximal to the coarctation is ele-
vated, proximal velocity should be included in the Bernoulli equation for pressure 
gradient estimation.  

    Functional Assessment of Coronary Circulation 
and Micro- circulation in Hypertensive Patients 

 As a major risk factor for the development of coronary artery disease (CAD), the 
screening of the hypertensive for inducible ischemia is of paramount importance 
(Fig.  10.4 ). Traditionally this has been performed by means of treadmill stress 
test. However, this method suffers from inherent limitations involving its low 
sensitivity rates in women and in patients with single-vessel CAD. In addition 
electrocardiographic abnormalities such as LVH, strain and LBBB, which can 
frequently be recorded in hypertensives, make result interpretation challenging at 
times. In this context, imaging techniques offer an alternative option, with higher 
sensitivity and specifi city Stress echocardiography is a well-established tech-
nique for the diagnosis and prognosis of patients suspected for CAD. It is based 
on the interpretation of inducible wall motion abnormalities/and or perfusion 
defects. Various stressors can be used; both exercise and pharmacological agents 
(dobutamine, dipyridamole and adenosine). All stress echo modalities exhibit 
similar sensitivity and specifi city rates. In terms of diagnostic performance, it has 
been found that stress echocardiography has similar accuracy in hypertensive 
patients with and without left ventricular hypertrophy. Furthermore, stress echo 
has been used as a risk stratifi cation tool in various study population, including 
patients with hypertension. The effi cacy of dipyridamole stress echocardiography 
in risk stratifi cation of hypertensive patients with chest pain, on the basis of pres-
ence/absence of the induced new wall motion abnormalities was previously illus-
trated. In particular, a negative echocardiographic result was found to be associated 
with only 3 % and 4 % event rates over 3 years of follow-up in a large multicentre 
study [ 13 ].
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   Apart from CAD and macrovascular complications, hypertension can also affect 
the microcirculation. Evidence of endothelial dysfunction in human hypertension is 
well established. Experimental studies have shown that the endothelial cells exposed 
to a chronic elevation in arterial blood pressure age prematurely, their turnover is 
accelerated, and they are replaced by regenerated endothelial cells. However, the 
regenerated endothelium seems to be functionally impaired [ 14 ]. In clinical practice 
coronary fl ow reserve assessment by means of Doppler and the implementation of 
contrast agents serve as valuable adjuncts in the study of microcirculation. 

 The introduction of Doppler velocity measurements has allowed the functional 
assessment of coronary arteries and TTE has been introduced in the detection of 
coronary fl ow velocity and coronary fl ow velocity reserve (CFR) [ 15 ]. CFR can be 
quantifi ed using fl ow velocity-derived methods. This in turn can be achieved by 
inducing maximal hyperaemia with the use of pharmacological agents such as ade-
nosine and dipyridamole. The rationale for CFR application is that it can be affected 
by epicardial stenosis and microcirculation. In the absence of epicardial artery ste-
nosis, CFR depicts the reactivity of the microcirculation. To level out the effect of 
microcirculation on CFR measurements in stenosed vessels the relative fl ow reserve 
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  Fig. 10.4    Proposed algorithm for CAD diagnostic approach in hypertensives       
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has been developed. It is calculated by comparing the fl ow velocity reserve distal to 
the stenosis in the target vessel with the velocity reserve to a non-stenosed reference 
vessel [ 15 ]. 

 Notably, abnormal CFR often accompanies hypertension even in the absence of 
left ventricular hypertrophy [ 16 ]. The observed reduction in CFR in hypertension is 
attributed to remodelling of the coronary small arteries and arterioles as well as to 
interstitial fi brosis [ 16 ]. This pathological alteration has been suggested to cause 
angina-like chest pain in non-coronary artery disease patients with or without 
hypertension [ 17 ,  18 ] and is regarded as a microvascular disturbance. End organ 
damage in the form of left ventricular hypertrophy has a strong contribution to the 
attenuation of CFR [ 19 ]. Carotid intima-media thickness (IMT) has been shown to 
correlate with traditional risk factors for atherosclerosis and the presence and sever-
ity of coronary artery disease, as well as with left ventricular mass in patients with 
hypertension [ 20 ,  21 ]. Interestingly, carotid atherosclerosis, measured by IMT, not 
only refl ects coronary morphological changes (coronary IMT measured by intravas-
cular ultrasound) [ 22 ] but also coronary functional changes (reduced CFR) [ 23 ]. 
Using the more sensitive method of Optical Coherence Tomography (OCT) in 
untreated hypertensive patients, it was again confi rmed that reduced CFR was not 
related to increased coronary IMT in the absence of echocardiographically evident 
left ventricular hypertrophy. Moreover, no signifi cant difference was found between 
patients with low and normal CFR with respect to OCT-measured IMT and IT with 
the values of the latter being in agreement with past reports [ 24 ,  25 ]. Therefore, 
adverse functional microcirculatory changes occur independently from and possi-
bly precede vascular remodelling in hypertension. 

 In addition, both coronary circulation and microcirculation can be assessed by 
contrast agents. Contrast agents are microbubbles which primarily act as intravas-
cular markers. The ischemic cascade illustrates that perfusion defects occur prior to 
systolic thickening abnormalities and ECG alterations. Moreover, perfusion defects 
appear in lower doses than those needed to provoke pathologic wall-motion 
response. As a result, perfusion assessment is a precise approach for CAD diagno-
sis. It was previously demonstrated that patients with malignant hypertension had 
abnormal perfusion during MCE as compared to healthy subjects, suggesting 
microvascular injury [ 14 ]. Myocardial blood fl ow impairment has been shown as 
prognostic indicator in hypertensive patients, without overt CAD. Last but not 
least, clinical studies based on real life echo protocols, demonstrated excellent 
safety profi les, thus rendering contrast agents an indispensable tool in clinical 
practice.  

    Novel Imaging Techniques 

 Echocardiography over the last decade has been marked by revolutionary changes, 
involving novel imaging techniques such as three-dimensional echo and speckle 
tracking echocardiography. 
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 An early use and probably the most common clinical application of 3DE is the 
measurement of cardiac chamber dimensions and volumes. A fi rmly established 
advantage of 3D imaging over cross-sectional slices of the heart is the improvement 
in the accuracy of the evaluation of left ventricular volumes and ejection fraction by 
eliminating the need for geometric modeling, which is inaccurate in the presence of 
aneurysms, asymmetrical ventricles, or wall motion abnormalities. Three- 
dimensional echocardiography can depict the whole extent of the left ventricle, 
allowing accurate offl ine assessment of left ventricular mass and volumes with the 
implementation of dedicated software that all vendors have developed. The results 
have been validated against cardiac magnetic resonance imaging (MRI) which is 
regarded as the standard of reference for the assessment of left ventricle volumes 
and ejection fraction (EF) [ 26 ]. Conversely, 3DE offers more accurate measure-
ments of the left atrium as compared to MRI (Fig.  10.5 ) [ 18 ]. Recent advances on 
3DE have focused on specifi c software for each particular chamber resulting in 
more accurate evaluation of shape and function.

   Speckle tracking implementing rotational and longitudinal deformation parame-
ters, has offered valuable insights into the pathophysiologic processes of various 
disease stares, including hypertension. Moreover, deformation imaging can diag-
nose early cardiac dysfunction, even before the conventional assessment of diastolic 
indices and ejection fraction show sign of impairment. One should bear in mind that 
systolic function assessment by means of EF, is a rather simplistic approach as only 
refers to the radial component of deformation, and does not account for the complex 
three-dimensional heart deformation throughout systole. It was previously shown 
that in hypertensive patients longitudinal systolic dysfunction may be present in 
hypertensive patients with diastolic dysfunction, especially when septal Ea, 5.9 cm/s 
[ 27 ]. In general, longitudinal LV mechanics, which are predominantly governed by 

  Fig. 10.5    Assessment of LA volumes using RT3DE. The fi gure captures an end-systolic frame, 
from which left atrial maximum volume is derived       
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the sub endocardial layer, are the most vulnerable and most sensitive to the presence 
of myocardial disease. If unaffected, midmyocardial and epicardial function may 
result in normal or nearly normal circumferential and twist mechanics with rela-
tively preserved LV pump function and EF. However, compromised early diastolic 
longitudinal mechanics and reduced and/or delayed LV untwisting may elevate LV 
fi lling pressures and result in diastolic dysfunction. In hypertensives abnormal relax-
ation appears to have a particular distribution over the myocardial walls. Basal parts 
are generally more heavily affected, particularly the septal and inferior walls. The 
lateral wall and apical regions are more resistant to diastolic abnormalities. This pat-
tern assists in differentiation of diastolic changes attributed to age. Furthermore, 
speckle tracking can assess the effi cacy of various treatments in myocardial mechan-
ics. Additionally, strain assessment can distinguish between hypertrophic cardiomy-
opathy, hypertensive heart disease and athlete’s heart. This differentiation is possible 
because regional deformation may be reduced in hypertrophic cardiomyopathy, 
whereas it may be unchanged or hyper contractile in athletes’ hearts. A recent study 
has demonstrated that in hypertensives, peak systolic strain is reduced even when 
conventional indices of systolic function such as EF and FS remain unaffected. 
These changes seem to be more prominent during physical stress. Longitudinal 
strain has been correlated to pulse-wave velocity measurements. The results of a 
recent study suggest that PWV may be independently associated with LV GLS, sup-
porting the evidence of a close interaction between arterial stiffness and LV function. 
Increased arterial stiffness may result in impaired LV longitudinal function [ 28 ].  

    Current Practice Guidelines 

 In clinical practice, echocardiography should be considered in hypertensive patients 
in different clinical contexts and with different purposes: in hypertensive patients at 
moderate total CV risk, it may refi ne the risk evaluation by detecting LVH unde-
tected by ECG; in hypertensive patients with ECG evidence of LVH it may more 
precisely assess the hypertrophy quantitatively and defi ne its geometry and risk; in 
hypertensive patients with cardiac symptoms, it may help to diagnose underlying 
disease. It is obvious that echocardiography, including assessment of ascending 
aorta and vascular screening, may be of signifi cant diagnostic value in most patients 
with hypertension and should ideally be recommended in all hypertensive patients 
at the initial evaluation. However, a wider or more restricted use will depend on 
availability and cost [ 29 ].     
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    Chapter 11   
 Biomarkers of Oxidative Stress in Human 
Hypertension                     

     Sofi a     Tsiropoulou     ,     Maria     Dulak-Lis     ,     Augusto     C.     Montezano     , 
and     Rhian     M.     Touyz     

          Introduction 

 Hypertension is a common chronic condition and a leading cause of morbidity and 
mortality worldwide [ 1 ]. Pathophysiological mechanisms contributing to high 
blood pressure are complex involving many systems including genetics, the sympa-
thetic nervous system, activation of the renin-angiotensin-aldosterone system, adap-
tive and innate immunity and infl ammation [ 2 ,  3 ]. Common to these processes is 
oxidative stress, defi ned as an increase in the bioavailability of reactive oxygen 
species (ROS), which causes activation and dysregulation of redox-sensitive signal-
ing pathways leading to cellular damage and impaired function [ 4 ,  5 ]. 

 Increased ROS levels have been described in many organs in experimental and 
human hypertension including the heart, kidneys, vasculature and brain [ 6 – 8 ]. In 
addition, ROS are detected in the circulation, and levels of plasma, erythrocyte and 
lymphocyte ROS are elevated in hypertension [ 9 ,  10 ]. Similarly too, urine ROS 
levels are increased in hypertension [ 11 ]. Mechanisms underlying oxidative stress 
in hypertension include increased ROS generation through pro-oxidant enzymes, 
such as NADPH oxidase, mitochondrial oxidases, xanthine oxidase and uncoupled 
nitric oxide synthase (NOS), as well as reduced degradation due to decreased activ-
ity of antioxidant systems, such as superoxide dismutase (SOD), catalase, peroxi-
dases and Nrf-2-regulated antioxidants [ 12 – 14 ]. 

 Oxidative stress plays an important role in the pathophysiology of hypertension 
through its damaging actions at the cellular and DNA levels. Cardiac, vascular and 
renal injury and infl ammation in experimental hypertension are redox-sensitive pro-
cesses, because treatment with NADPH oxidase inhibitors, ROS scavengers and 
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anti-oxidant vitamins normalize blood pressure and are cardiovascular- and renal- 
protective [ 15 ,  16 ]. At the molecular level increased ROS stimulate signaling path-
ways such as mitogen-activated protein kinases (MAPK), protein tyrosine 
phosphatases (PTP), Rho kinases, ion channels and transcription factors that induce 
cell growth, fi brosis, infl ammation, de-differentiation and apoptosis [ 17 – 19 ]. In 
addition protein tyrosine phosphatases (PTP) are highly sensitive to oxidation [ 17 , 
 18 ]. Oxidised PTP leads to inactivation of PTP with consequent increased phos-
phorylation of downstream kinases, including MAPK [ 17 ,  18 ], These phenomena 
are reversible when intracellular ROS levels are tightly regulated. However, sus-
tained oxidative stress leads to irreversible DNA injury and cell death, important 
processes underlying target organ damage in hypertension. 

 While there is convincing data implicating oxidative stress in the pathophysiol-
ogy of experimental hypertension, the evidence in human hypertension is less 
robust. Epidemiological studies suggest a relationship between plasma ROS levels 
and blood pressure [ 20 ]. Small clinical studies have demonstrated increased activa-
tion of ROS-producing enzymes, elevated ROS levels and decreased antioxidant 
capacity in vascular tissue, plasma and urine in hypertensive patients [ 21 – 24 ]. 
Despite these studies supporting a role for oxidative stress in clinical hypertension, 
large antioxidant trials failed to demonstrate cardiovascular protection and reduc-
tion in risk of cardiovascular disease [ 25 ,  26 ]. Reasons for these negative results 
include: (1) complex regulation of ROS and redox signaling in the cardiovascular 
system, (2) possibility of inappropriate antioxidants used because some antioxidant 
vitamins may be pro-oxidant, e.g., vitamin E, (3) sub-optimal doses of antioxidants 
tested, (4) timing of anti-oxidant therapy administration may be too late and intro-
duced at a time when cardiovascular injury is irreversible and (5) challenges related 
to direct measurement of ROS in the clinical setting. 

 With an increased understanding of the redox biology underlying hypertension 
and advancements in the fi eld of free radicals, new approaches to assess oxidative 
status in (patho) physiological conditions have been developed [ 27 ,  28 ]. While many 
of these approaches are still used in the experimental setting, there is a growing trend 
to exploit these in the clinic. In particular oxidative stress biomarkers are increas-
ingly been measured as an indirect assessment of redox status in patients. To appre-
ciate exactly what circulating biomarkers refl ect, it is necessary to introduce the 
concept of oxidative stress and to briefl y discuss redox signaling. Here we provide 
an overview of the biology of reactive oxygen species in the cardiovascular system, 
focusing particularly on human hypertension. We also highlight methods to assess 
redox status and discuss some biomarkers of oxidative stress in the clinical setting.  

    Oxidative Stress, ROS Generation and Redox Signaling 
in the Cardiovascular System: A Brief Overview 

 The notion of ‘oxidative stress’ was originally defi ned as an imbalance between 
pro- oxidants and anti-oxidants, with consequent increased ROS bioavailability 
leading to tissue damage [ 29 ]. More recently it has become clear that ROS also play 
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an important physiological role in cellular signaling and cell function. In the vascu-
lar system, ROS infl uence vascular contraction/dilation and are critically involved 
in regulating endothelial function [ 30 ]. Accordingly, ROS are now considered as 
molecules or second messengers that infl uence redox signaling, defi ned as the spe-
cifi c oxidation-reduction modifi cation of signaling molecules by a reactive species 
[ 31 ,  32 ]. Major ROS important in the cardiovascular and renal systems are superox-
ide anion (O 2  − ), hydrogen peroxide (H 2 O 2 ) and nitric oxide (NO) [ 31 ,  32 ]. 

 In the kidney and vasculature ROS are produced mainly by non-phagocytic nico-
tinamide adenine dinucleotide phosphate (NADPH) oxidases (Nox) [ 33 ,  34 ]. In 
human hypertension the Noxs appear to be particularly important in vascular and 
renal dysfunction (Fig.  11.1 ).

      Nox Family of Oxidases 

 Seven Nox isoforms have been identifi ed (Nox1-5, Duox1, Duox2) of which Nox 
1,2,4 and 5 are present in the human kidney and vessels [ 35 ]. The prototype Nox, is 
Nox2, also called gp91phox, and was originally identifi ed in phagocytic cells as an 
important generator of ROS in host defense responses [ 36 ]. The main function of 
Nox enzymes is the production of ROS. Nox catalyze the reduction of O 2  by NADPH 
as electron donor thereby generating O 2 -. Nox themselves are regulated by binding to 
various NADPH oxidase subunits, including p22phox, p47phox (isoform, NOXO1), 
p67phox (isoform, NOXA1) and p40phox. Whereas Nox1, Nox2 and Nox4 require 
p22phox as a membrane stabilizing subunit, Nox5, which is Ca 2+ -sensitive, is unique 
in that it does not require any NADPH oxidase subunits for its activation [ 37 ,  38 ]. 
Vascular Nox activity is increased in hypertension and is highly sensitive to pro-
hypertensive factors such as Ang II, ET-1 and aldosterone. In vascular cells from 
small arteries of hypertensive patients, expression of Nox 1,2,4 and 5 is upregulated 
with increased generation of ROS [ 6 ,  39 – 41 ]. These processes are associated with 
oxidative stress and altered redox signaling through MAP kinases and phosphatases 
leading to endothelial dysfunction and vascular remodeling [ 17 – 19 ,  42 ]. In vascular 
injury associated with diabetes, Nox1 is upregulated and in renal pathologies, activity 
and expression of Nox4, also known as renox, are increased [ 43 ,  44 ].  

    Antioxidant Enzymes 

 Antioxidant enzymes, which reduce ROS bioavailability include superoxide dis-
mutase (SOD), catalase, peroxidases, and glutathione and thioredoxin antioxidant 
systems [ 45 ]. SOD, of which there are three isoforms, are particularly important 
because they catalyze dismutation of O 2  −  to H 2 O 2  and localize in discrete vascular 
compartments: cytosol for SOD1, mitochondria for SOD2 and extracellular matrix 
for SOD3 [ 46 ]. Accordingly SOD infl uences vascular redox signaling in a highly 
regulated and compartmentalized manner.  
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    Nrf-2 Transcription Factor 

 The pleiotropic transcription factor nuclear factor-erythroid 2 p45-related factor 
(Nrf)2 is also important in redox balance, as it is a key player in anti-oxidant 
protein production, through its regulation of genes that contain antioxidant 
response element (ARE) [ 47 ]. Nrf-2 induces transcriptional activation of anti-
oxidant genes containing ARE, including NADPH dehydrogenase (quinone 1), 
glutathione peroxidases, heme oxygenase-1, thioredoxin reductase, glutathione-
S-transferase, and SOD [ 48 ]. Nrf2 is constitutively controlled by ROS and by 
repressor protein Keap1 (Kelch-like ECH-associated protein 1) and induces 
upregulation of antioxidant defense mechanisms in states of cellular stress as a 
protective response [ 47 ,  48 ]. Nrf-2 activity appears to be downregulated in 
patients with cardiovascular disease and we demonstrated that pro-hypertensive 
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  Fig. 11.1    Schematic demonstrating major Nox mechanisms responsible for ROS production in 
vascular cells in hypertension. Human vascular smooth muscle cells possess multiple Nox iso-
forms, including Nox1, 2,4 and 5. The expression and activity of these isoforms may be variable in 
physiological and pathological conditions. Activation of Noxs by pro-hypertensive factors, such as 
Ang II and ET-1, induces increased generation of ROS, which stimulate transcription factors and 
redox-sensitive signaling pathways that infl uence vascular function and structure in hypertension       
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factors, like Ang II, reduce Nrf-2 activity [ 49 ,  50 ]. Moreover in experimental 
hypertension, expression and activity of vascular Nrf-2 are attenuated, thereby 
contributing to reduced antioxidant capacity and increased oxidative stress. 
Treatment of hypertensive rats with a Nrf-2 inducer decreased blood pressure 
[ 51 ]. Cardiovascular and renal protective effects of Nrf-2 activators have also 
been demonstrated in human studies. For example, early studies in patients with 
diabetic nephropathy who were treated with the Nrf-2 activator bardoxolone 
methyl, showed signifi cant improvement in renal function [ 52 ]. However later 
studies failed to demonstrate such protective actions [ 53 ]. 

     Importance of Redox Signaling in Hypertension 

 To appreciate how ROS regulate signaling and cardiovascular function, it is 
important to know how ROS infl uence protein activity and cell function. It is 
also important to understand how ROS modify proteins, because the products of 
many of these processes are now being used as biomarkers of redox status. 
Briefl y, proteins that contain cysteine or methionine residues are highly sensi-
tive to oxidative modifi cations, which lead to changes in structure, activity and 
function of target proteins [ 54 ]. Reversible modifi cations of cysteine residues 
include S-nitrosylation/S-nitrosation, S-sulfenylation, disulfi de bonds and 
S-glutathionylation [ 55 ]. These redox-induced changes target ion transporters, 
receptors, kinases, phosphatases, transcription factors, structural proteins and 
matrix metalloproteases (MMP), important in regulating cardiac, endothelial 
and vascular smooth muscle cell function [ 56 ]. Redox signaling is also impor-
tant in the kidney. Oxidative stress may lead to irreversible oxidation of proteins 
leading to cell death. ROS-induced modifi cation of proteins is increasingly been 
used as biomarker of oxidative stress.  

    Clinical Signifi cance of Biomarkers of Oxidative Stress 

 By defi nition, a biomarker has the following characteristics: it is objectively mea-
sured and evaluated as an indicator of normal biological processes, pathogenic 
processes or pharmacologic responses to a therapeutic intervention [ 57 ]. In cardio-
vascular medicine, biomarkers are currently used to identify high-risk individuals 
and to predict cardiovascular risk. While there is extensive research in the fi eld of 
biomarkers of cardiovascular risk, including markers of angiogenesis, fi brosis, 
infl ammation, necrosis and oxidative stress, there is still some debate as to whether 
these novel circulating biomarkers are superior in predicting risk compared with 
traditional risk factors of age, sex, body mass index etc. However growing evidence 
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indicates that risk evaluation may be improved if traditional factors are combined 
with circulating biomarkers. With respect to oxidative stress biomarkers, it is cur-
rently too premature to consider these as useful markers of cardiovascular risk in 
the clinical setting. New robust assays to measure oxidative status in the clinic 
together with large clinical studies to prove that biomarkers of oxidative stress truly 
and accurately refl ect redox status are urgently needed. Nevertheless, the many 
biomarkers of oxidative stress discussed in this chapter are very useful in providing 
insights into mechanisms and pathophysiology of disease processes associated 
with redox imbalance in experimental and human hypertension.  

    Biomarkers of Oxidative Stress in Human Hypertension 

 ROS are unstable and have a very short half-life and as such accurately measuring 
O 2  •−  and H 2 O 2  is very challenging, particularly in the clinic. To address this, meth-
ods have been developed to measure stable markers of ROS that refl ect oxidative 
status [ 27 ,  58 ]. The most common biomarkers of oxidative stress that are currently 
used to evaluate the redox state in human samples are (1) oxidation products of 
lipids, (2) oxidative modifi cation of proteins, and (3) oxidative modifi cation of 
DNA/RNA [ 59 ,  60 ] (Table  11.1 ).

      Oxidation Products of Lipids 

 Polyunsaturated fatty acids (PUFAs), including phospholipids, glycolipids and 
cholesterol are important targets of lipid peroxidation. Increased ROS levels 
trigger the process of lipid peroxidation during which lipid peroxyl radicals act 
as chain- carrying radicals and lipid hydroperoxides are generated as the main 
end products [ 61 ,  62 ]. Lipid hydroperoxides are further processed into different 
reactive aldehydes that infl uence signaling and cell function. Major reactive 
aldehydes include trans-4-hydroxy-2-nonenal (4-HNE) and malondialdehyde 
(MDA). ROS-induced oxidation of arachidonic acid gives rise to isoprostanes 
[ 63 – 65 ]. 

   Malondialdehyde (MDA) 

 MDA can be detected by thiobarbituric acid (TBA) using a colorimetric method 
based on the reaction between MDA and TBA that gives a pink colour [ 66 ]. The 
products that are measured are called TBA reactive species (TBARS). The TBARS 
assay is amongst the most widely employed to evaluate lipid peroxidation in human 
plasma and urine samples. Plasma TBARS levels are increased in patients with 
hypertension, atherosclerosis, diabetes, heart failure, stroke and aging [ 67 ,  68 ]. 
Cigarette smokers also have elevated levels of TBARS [ 69 ].  
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   4-hydroxynonenal (4-HNE) 

 4-HNE is produced by lipid peroxidation in cells and is considered as one of the 
most specifi c and sensitive measures of lipid auto-oxidation. Various methods have 
been developed to measure 4-HNE including HPLC and immune-based methods. 
Higher circulating 4-HNE levels correlate with more severe diastolic dysfunction in 
experimental models of hypertension [ 70 ]. 4-HNE has also been associated with 
stroke, ischaemia-reperfusion injury and cardiac hypertrophy. Increasing experi-
mental evidence indicates that 4-HNE may have a dual role in that it may be a 
marker of systemic oxidative stress and also contribute directly to the pathogenesis 
of cardiovascular disease [ 71 ,  72 ]. Despite experimental evidence linking 4-HNE 

  Table 11.1    Biomarkers of oxidative stress  

  Lipid peroxidation  
 Malondialdehyde (TBARS) 
 F2-isoprostanes 
 4-hydroxynonenal (4-HNE) 
 OxLDL 
  Protein oxidation  
 Carbonyls 
 Sulfur oxidation 
  DNA oxidation  
 7,8-dihydro-8-oxo-2’-deoxyguanosine (8oxodG) 
  RNA oxidation  
 7,8-dihydro-8-oxo-guanosine (8oxoGuo) 
  Pro-oxidant enzymes  
 Xanthine oxidase 
 Mitochondrial oxidases 
 Myeloperoxidases 
 NADPH oxidases (Nox) 
  Antioxidant enzymes  
 Superoxide dismutase 
 Catalase 
 Glutathione peroxidase 
 GSH/GSSG ratio 
  Non-enzymatic antioxidants  
 Total antioxidant capacity 
 Vitamin C 
 Vitamin A 
 Urate 
 Bilirubin 
 Thiols 
 Flavonoids 
 Carotenoids 
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and cardiovascular disease, there is a paucity of information in humans. A few stud-
ies in dialyzed patients demonstrated that MDA and 4-HNE thiols correlated with 
severity of cardiovascular disease [ 73 ,  74 ].  

   Isoprostanes 

 Oxidation of arichidonic acid forms a family of stereoisomers termed H-isoprostanes. 
Rearrangement of these H2-isoprostanes form stable F2-isoprostanes and highly 
reactive isoketals [ 75 ]. F2-isoprostanes are stable end products of lipid peroxidation 
and can be measured in all human tissues and biological fl uids, including urine, 
plasma and cerebrospinal fl uid [ 76 ]. Because of their stability and sensitivity to 
changes in redox state, F2-isoprostanes are considered the most reliable markers for 
tracking oxidative stress in vivo. 

 Formation of isoprostanes is independent of the COX enzymes that catalyse pro-
duction of prostaglandins. A metabolite of F2-isoprostanes, 8-iso-prostaglandin 
F2α (8-iso-PGF2α) has vasoconstrictor, mitogenic and pro-thrombotic actions and 
as such is biologically active independently of its biomarker status [ 77 ,  78 ]. Levels 
of F2-isoprostanes in plasma and urine correlate with circulating ROS levels in 
experimental and human hypertension [ 79 ]. In healthy individuals with risk factors, 
such as obesity, hyperlipidaemia and hyperhomocysteinaemia, plasma concentra-
tions of F2-isoprostanes are elevated, suggesting that indices of lipid peroxidation 
may be clinically relevant biomarkers of cardiovascular risk [ 80 ]. In support of this, 
a prospective study including 1,002 anticoagulated patients with atrial fi brillation 
studied over 2 years demonstrated that 8-iso-PGF2α and sNOX2-dp (a marker of 
Nox2 levels) correlated with cardiovascular events [ 81 ]. Using various modelling 
paradigms it was shown that 8-iso-PGF2α predicted cardiovascular events and 
death. Accordingly it was suggested that F2-IsoP may complement traditional risk 
factors in prediction of cardiovascular events.   

    Oxidative Modifi cation of Proteins 

 DNA and proteins are highly susceptible to modifi cations by changes in the redox 
state. Protein oxidation, which can be reversible or irreversible, leads to changes in the 
biological function of the target protein [ 82 ] (Table  11.2 ). Assessment of the extent of 
such a general type of oxidation serves as a marker of increased oxidative stress.

     Irreversible Oxidative Modifi cation of Proteins- Carbonylation 

 The most common type of irreversible modifi cation is the formation of carbonyl 
groups, which are generated when there is oxidative cleavage of protein backbones. 
Amino acids prone to carbonylation include proline, arginine, threonine, lysine, 
histidine and cysteine [ 83 ]. Protein carbonyls (having aldehyde and ketone 
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moieties) are detected after derivatization and the products are measured spectro-
photometrically, by HPLC or by immune-based approaches. Elevated protein car-
bonyl levels have been reported in a number of conditions, including aging, obesity, 
diabetes, cancer and cardiovascular diseases [ 84 ,  85 ]. Protein carbonylation is an 
irreversible process and as such increased levels of protein carbonyls refl ect 
increased irreversible oxidation.  

   Reversible Oxidation of Proteins 

   Cysteine Thiol Oxidation 

 The main thiol compound in the body is cysteine, which is highly susceptible to 
oxidation. Biologically occurring thiols include low molecular weight thiols, such 
as cysteine and glutathione (GSH), and protein thiols [ 86 ]. Cysteine thiol oxidation, 
which is reversible or irreversible, results in structural and functional changes of 
proteins and as such may have signifi cant impact on cell signaling and function 
[ 87 ]. The most commonly used approach to measure thiol cysteine oxidation 
involves alkylation of free thiols with subsequent reduction of the reversibly oxi-
dized thiols and labeling with a probe [ 82 ,  88 ]. Increase in the signal is indicative of 
elevated reversible oxidation. This approach can assess either global or specifi c 
types of reversible thiol modifi cations, depending on the selectivity of the reductant 
being used. A more direct approach in assessing cysteine thiol oxidation under non- 
reducing conditions is an antibody-based strategy [ 89 ]. 

 Protein cysteine residues can exist in various oxidation states, including 
S-glutathionylation, S-sulfenylation and S-nitrosylation. These modifi cations are 
increasingly recognized as important specifi c signaling events in cardiovascular physi-
ology and disease [ 90 ]. The signifi cance of protein S-glutathiolation and S-sulfenylation 
in cardiovascular disease has been suggested in various experimental models [ 91 – 93 ]. 
In addition, mitochondrial-selective S-nitrosylation has been shown to protect against 
heart failure and cardiac injury in a mouse model of infarction [ 91 ,  93 ].  

   Table 11.2    Some common protein oxidative modifi cations detected in cells of the cardiovascular 
and renal systems   

 Type of oxidation  Reversible/Irreversible  Target amino acid 

  Carbonylation   Irreversible  Arg, Cys, His, Lys, Pro. 
  Sulfur Oxidation   Reversible/irreversible  Cys/Met 
 S-glutathionylation      
 S-nitrosylation 
 Disulfi de linkage 
 Sulfenic/sulfi nic acid 

 Reversible  Cys 

 Sulfonic acid  Irreversible  Cys 
 Methionine sulfoxide  Reversible  Met 
  Tyrosine oxidation   Reversible  Tyr 
  Lipid peroxidation adducts   Reversible  Lys, His, Cys 
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   Methionine Oxidation 

 Similar to cysteine, methionine is a sulfur-containing amino acid, which is also 
highly sensitive to oxidative modifi cation [ 94 ]. Sulfur in methionine can be revers-
ibly oxidized to a sulfoxide. Emerging evidence suggests that methionine oxidation 
can directly infl uence protein function and may be associated with cardiovascular 
disease [ 95 ]. Increased plasma levels of methionine sulfoxide have been reported in 
infl ammatory processes and diabetes. A recent study demonstrated that methionine 
sulfoxide reductase A acts as a negative modulator of vascular smooth muscle cell 
proliferation and neointimal hyperplasia after vascular injury through regulation of 
MAP kinases [ 95 ]. Whether methionine oxidation is altered in hypertension is 
unclear.    

    Oxidative Modifi cation of DNA and RNA 

 Oxidation of DNA and RNA by ROS, are also biomarkers of redox status. Oxidative 
changes of DNA can lead to mutations due to mispair of bases and levels are 
increased in cancer [ 96 ]. RNA oxidation is a relatively new biomarker of oxidative 
stress and has been associated with increased risk of diabetes. Oxidised nucleotides 
are excreted into urine and refl ect cumulative total body oxidative stress [ 97 ]. 
Hence, as urinary biomarkers, oxidized nucleotides are refl ective of systemic oxida-
tive stress rather than localized tissue-specifi c increased levels of ROS. Urinary 
assays to measure 7,8-dihydro-8-oxo-2’-deoxyguanosine (8oxodG) (DNA oxida-
tion) and 7,8-dihydro-8-oxo-guanosine (8oxoGuo) (RNA oxidation) are now com-
mercially available as ELISA kits.   

    Biomarkers of ROS-Generating Enzymes 

    Myeloperoxidase and Xanthine Oxidase 

 Some ROS-generating enzymes, such as myeloperoxidase and xanthine oxidase, 
have been detected in the circulation [ 98 ]. Elevated circulating levels of xanthine 
oxidase and myeloperoxidase, possibly due to increased release from damaged cells 
have been described in hypertension [ 99 ,  100 ]. Myeloperoxidase catalyzes the reac-
tion between H 2 O 2  and chloride ions producing HOCl, important oxidants in innate 
immunity and vascular infl ammation associated with atherosclerosis, hypertension 
and ischemia-reperfusion injury [ 100 ]. 

 Xanthine oxidase, which itself is redox-sensitive, is responsible for purine catab-
olism. It catalyses the oxidation of hypoxanthine to xanthine, and xanthine to uric 
acid. Plasma levels of xanthine oxidase are normally very low in humans, but are 
elevated in pathological condition when injured cells release xanthine oxidase into 
the circulation. Uric acid gives rise to free radicals by interacting with O 2  

.- , NO and 
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ONOO −  [ 101 ]. Increased plasma levels of uric acid may thus refl ect underlying 
oxidation and as such may be a useful biomarker of oxidative stress. This may be 
particularly relevant in hypertension, where hyperuricemia is an independent risk 
factor for cardiovascular disease and is predictive of mortality if associated with 
diabetes and hypertension [ 102 ]. To further support a relationship between hyper-
uricemia and hypertension, increasing evidence indicates that allopurinol, a xan-
thine oxidase inhibitor reduces blood pressure in hypertensive adolescents and 
adults and protects against hypertension-associated target organ damage and stroke 
[ 103 ,  104 ].  

    NADPH Oxidase (Nox) in Circulating Cells 

 Of the many ROS-generating enzymes in biological systems, the Nox isoforms 
appear to be amongst the most important in the cardiovascular and renal systems. 
Nox2 (gp91phox-NADPH oxidase) is characteristically expressed in circulating 
phagocytic cells and its expression and activity are increased in experimental and 
human hypertension, and as such may be a marker of global oxidative stress [ 81 , 
 105 ,  106 ]. Increased expression of NADPH oxidase subunits p47phox and p67phox 
as well as other Nox isoforms (Nox4, 5) has also been demonstrated in hypertensive 
patients [ 107 ,  108 ].   

    Plasma/Urine Anti-oxidants and Total Antioxidant Capacity 

 Because of the highly reactive nature of ROS, the human body must have systems 
that tightly regulate ROS to maintain redox homeostasis. This is achieved through 
complex enzymatic and non-enzymatic anti-oxidant systems. The major enzymatic 
systems include SOD, catalase, peroxidases and oxireductases, such as thioredoxin, 
peroxiredoxins and glutathione, which function to keep thiols in the reduced state 
[ 109 ]. Non-enzymatic systems include small molecules and anti-oxidant vitamins. 
Most of these antioxidants can be measured in plasma, urine and circulating cells. 
Reduced plasma and urine levels of various antioxidants have been demonstrated in 
experimental and human hypertension, which may refl ect underlying systemic oxi-
dative stress [ 110 ]. 

 In addition to measuring plasma concentrations of individual enzymatic antioxi-
dants as biomarkers of the oxidative state, it is now possible to assess total antioxi-
dant capacity, which is a measure of the combined antioxidant effect of the 
non-enzymatic defenses in biological fl uids and does not take into account the enzy-
matic anti-oxidant systems [ 111 ]. The assay measures low molecular weight water- 
soluble and lipid soluble antioxidants and includes urate, bilirubin, vitamin C, 
thiols, fl avonoids, carotenoids and vitamin E [ 111 ]. Experimental and clinical stud-
ies have shown, for the most part, low levels of total antioxidant capacity in various 
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cardiovascular diseases including hypertension [ 112 – 114 ]. Total antioxidant capac-
ity assays have also been used extensively in human studies evaluating effects of 
dietary antioxidants [ 115 ].  

    Oxidative Stress Biomarkers and Human Hypertension 

 Clinical studies in patients with essential hypertension demonstrated that blood 
pressure correlates positively with markers of oxidative stress (e.g. TBARS and 
isoprostane levels) and negatively with anti-oxidant capacity, indicating an associa-
tion between increased ROS bioavailability, vascular dysfunction and hypertension 
[ 116 ,  117 ] (Fig.  11.2 ). Endothelial dysfunction, a hallmark of hypertension, is asso-
ciated with increased vascular ROS production, oxidative stress and vascular infl am-
mation [ 116 – 118 ]. This is supported by an inverse association between 
acetylcholine-dependent vasodilation and plasma levels of soluble adhesion mole-
cules (e-selectin, p-selectin), cytokines (interleukins, monocyte chemotactic protein 
type 1), metalloproteinases type 1 (TIMP-1) and TBARS and positive associations 
with serum levels of antioxidants [ 119 ]. We showed that ROS production in vascu-
lar smooth muscle cells from resistance arteries of patients with essential hyperten-
sion have higher levels of ROS, increased activation and expression of Noxs and 
enhanced redox-dependent signaling, versus cells from normotensive healthy sub-
jects [ 39 ,  40 ].

   Increased plasma levels of reactive carbonyl species (RCS) has been demon-
strated in hypertensive patients, and blood pressure was found to be signifi cantly 
correlated with plasma RCS levels [ 120 ]. In untreated mild hypertensive patients 
the lipid peroxidation (TBARS levels) and stable end products of nitric oxide are 
increased [ 121 ]. To further support an association between oxidative stress and car-
diovascular risk, anti-oxLDL antibody levels were increased after antihypertensive 
therapy in primary prevention of hypertension, suggesting that the results are in 
agreement with the concept that the susceptibility to oxidation is increased by 
hypertension and that anti-oxLDL antibodies may be protective and also have 
potential as a biomarker of oxidative stress [ 122 ]. 

 Population-based observational studies showed an inverse relationship 
between plasma antioxidant levels and blood pressure. Decreased antioxidant 
activity (SOD, catalase) and reduced concentrations of ROS scavengers (vita-
min E, glutathione) may contribute to oxidative stress in human hypertension 
[ 123 ,  124 ]. Plasma vitamin C levels are inversely related to blood pressure in 
normotensive and hypertensive cohorts. Causes of reduced cellular antioxidants 
in hypertension are unclear but may relate, in part, to genetic factors. 
Polymorphisms of Noxs and the NADPH oxidase subunits have been identifi ed 
in hypertensive patients [ 125 ,  126 ]. 
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   Conclusions 
 Physiologically, ROS play an important role in regulating cardiovascular func-
tion through tightly controlled redox-sensitive signaling pathways. Uncontrolled 
production/degradation of ROS results in oxidative stress, which induces cardio-
vascular injury with associated increase in blood pressure. Convincing evidence 
from experimental and animal studies indicate a causative role for ROS and 
ROS- generating Noxs in the pathogenesis of hypertension. However in humans 
it is still unclear whether oxidative stress is a prime cause of hypertension, 
although biomarkers of oxidative stress correlate positively with blood pressure 
in essential hypertension. Although numerous redox biomarkers including mark-
ers of lipid peroxidation, oxidation of proteins and DNA, thiol modifi cations and 
antioxidant status, have been identifi ed in hypertension and cardiovascular dis-
ease, these still need to be validated clinically in large cohorts. Moreover, these 
biomarkers, which are an indirect index of oxidative status need to be correlated 
directly with oxidative changes and disease pathogenesis. Considering the 
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  Fig. 11.2    Diagram demonstrating molecular and cellular redox-sensitive processes that can be 
tracked as biomarkers of oxidative stress. Major biomarkers that can be measured in human sam-
ples include markers of lipid peroxidation, markers of protein, DNA and RNA oxidation, as well 
as indices of pro-oxidant and anti-oxidant enzymes.  4-HNE  4-hydroxynonenal,  MDA  malondial-
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complexity of hypertension and cardiovascular disease, it is likely that there will 
not be one oxidative biomarker, but rather an array or platform of various mark-
ers that will defi ne the redox-oxidative phenotype in health and disease. Finally, 
although many of the described biomarkers of oxidative stress have provided 
important mechanistic insights into disease processes, well controlled studies 
with currently available biomarkers still need to be validated in large clinical 
cohorts and compared with current clinical standards to establish their utility in 
clinical diagnostics.       
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    Chapter 12   
 The Role of Diet in the Prevention 
of Cardiovascular Disease                     

     Mónica     Domenech      and     Antonio     Coca    

      Hypertension (HT) remains the main risk factor for developing coronary artery dis-
ease, congestive heart failure, stroke and kidney disease [ 1 ]. Its prevalence contin-
ues to increase exponentially due to better detection and an increase in associated 
factors such as obesity, physical inactivity and diabetes mellitus. Data from the 
National Health and Nutritional Examination Survey (NHANES) between 2007 and 
2010 show that HT affects 33 % (77.9 million) of people aged ≥ 20 years in the 
United States [ 2 ] and the prevalence is estimated to increase to 37.3 % by 2030 [ 3 ]. 
This trend is spreading, even in countries that traditionally have a lower cardiovas-
cular risk, such as Spain, where, in a cohort of 11,957 persons aged ≥ 18 years, 33 % 
(3983 persons) had a BP ≥ 140/90 mmHg, but > 40 % were unaware of this [ 4 ]. 
These data alert us to the magnitude of the problem and the need for increased 
efforts to improve the diagnosis, treatment and, especially, the prevention of hyper-
tensive disease. 

 By 1970, Keys et al. were already highlighting the infl uence of lifestyles on the 
development and/or prevention of cardiovascular disease (CVD), with particular 
emphasis on the important role of diet. This was the basis for the Seven Countries 
Study [ 5 ], an ecological study of 12,770 participants aged 40–59 years from Finland, 
Greece, Italy, Japan, Netherlands, Norway, the United States and Yugoslavia, who 
were followed for 5 years. The study found signifi cant differences between cohorts, 
with a higher incidence of CVD in Finland, the USA and the Netherlands compared 
with the Southern European countries and Japan. The differences were not accounted 
for by other traditional risk factors, such as smoking, obesity or physical activity. 
However, when dietary aspects were analysed, the authors found a signifi cant asso-
ciation between the consumption of mono- and polyunsaturated fats and a lower 
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incidence of CVD, suggesting that Southern European dietary patterns, with a low 
intake of saturated fat and a high intake of fruits and vegetables, was a key factor in 
lower cardiovascular mortality [ 6 ]. The results of this study are the pillar that sup-
ports today’s growing evidence of the benefi ts associated with the so-called 
“Mediterranean Diet” (MD). 

 The north–south gradient with respect to CVD has been confi rmed in several 
epidemiological studies, as evidenced by data from the MONICA Project (multina-
tional monitoring of trends and determinants in cardiovascular disease) [ 7 ], which 
showed that Catalonia, the South of France and Italy had a lower incidence of mor-
tality due to coronary heart disease (CHD) (in both men and women) than Northern 
European countries and the United States. Subsequently, numerous studies have 
shown the benefi ts of adherence to a “healthy diet” in reducing CVD. The results of 
the CARDIA study (Coronary Artery Risk Development in Young Adults) by Liu 
et al. [ 8 ] which was conducted in 3154 participants aged 18–30 years, underline the 
importance of maintaining a healthy lifestyle over a 20-year follow-up. In this study, 
adherence to a “healthy diet” increased the maintenance of a low cardiovascular risk 
profi le (28.3 % for a healthy diet vs. 22.4 % for an unhealthy diet;  P <0.01)  on 
reaching adulthood, thus reducing, the likelihood of future CVD (Fig.  12.1 ).

   Furthermore, the results of a systematic review by Mente et al. [ 9 ] on the effect 
of different dietary patterns on CHD, including prospective cohort studies and fewer 
randomized clinical trials (the latter only exploring effects of the Mediterranean 
diet) support the benefi cial link between healthy dietary factors characterized by a 
high intake of vegetables, fruits, legumes, whole grains, fi sh and other seafood 
(healthy diet), a higher consumption of monounsaturated fatty acids (MUFA) and 
polyunsaturated fatty acids (PUFA) than saturated fatty acids, and reductions in 
CHD. More recently, a meta-analysis by Martinez-Gonzalez et al. [ 10 ] reinforced 
the benefi cial effect of the MD, showing that a two-point increase in adherence to 
the MD (0–9 score) was associated with a signifi cant reduction in cardiovascular 
events (pooled risk ratio: 0.87; 95 % CI: 0.85–0.90) with no evidence of heterogene-
ity between studies. 

 The strongest evidence for the benefi ts of the MD comes from the multicentre, 
randomized PREDIMED study in 4,774 patients at high cardiovascular risk. Patients 
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were assigned to one of three arms of a dietary intervention: MD supplemented with 
extra-virgin olive oil (VOO), MD supplemented with nuts, or a control low fat diet. 
The study was halted prematurely at 4.8 years of follow up in accordance with data 
obtained in an interim analysis. The PREDIMED [ 11 ] study is the fi rst randomized 
trial in primary prevention of CVD to show that the MD supplemented with VOO 
or nuts signifi cantly reduced the incidence of major cardiovascular events, with a 
HR of 0.70 (95 % CI, 0.54–0.92) and 0.72 (95 % CI, 0.54–0.96), respectively. 

 Better understanding of the contribution of risk factors to the disease burden has 
motivated several comparative studies in the past few decades. Although these risk 
factor-specifi c or cause-specifi c analyses are useful for policy, a more comprehen-
sive global assessment of the disease burden attributable to risk factors could 
strengthen the rationale for actions to reduce the disease burden and promote health. 
The latest review by Lim et al. [ 12 ] estimated global attributable mortality and dis-
ability adjusted life-years in 1990 and 2010 for each of the 67 risk factors and 
 clusters of risk factors. In 2010, the three leading risk factors for the global disease 
burden were high blood pressure (7.0 %; 95 % CI 6.2–7.7), smoking, including sec-
ond-hand smoke (6.3 %; 95 % CI 5.5–7.0), and dietary risk factors and physical 
inactivity (10.0 %; 95 % CI 9.2–10.8), with the most prominent dietary risks being 
diets low in fruit or high in sodium (Fig.  12.2 ).

   Despite worldwide clinical and therapeutic efforts to improve BP control, it 
remains low and persists as a leading risk factor associated with cardiovascular 
mortality. The strong evidence on the effect of diet on CV disease has motivated the 
inclusion of specifi c dietary recommendations in all cardiovascular prevention 
guidelines, making diet and lifestyle a cornerstone in the reduction and prevention 

  Fig. 12.2    Burden of disease attributable to 20 leading risk factors in 2010, expressed as a percent-
age of global disability-adjusted life-years       
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of CVD [ 13 ]. Lifestyle changes that have shown benefi ts in reducing BP values 
include reduction of body weight, low sodium intake, high potassium intake, reduc-
tion of excessive alcohol intake, and the DASH diet (Dietary Approaches to Stop 
Hypertension) [ 14 ,  15 ], which initially, potentiated increased consumption of fruits, 
vegetables and fatty dairy products, with a relatively low intake of total and satu-
rated fat [ 16 ], although restrictions in sodium intake were later added in order to 
achieve greater reductions in BP values [ 17 ]. 

 A total of 412 participants were randomly assigned to eat either a control diet 
(typical or usual diet in the United States) or the DASH diet. Within the assigned 
diet, participants ate foods with high, intermediate, and low levels of sodium for 30 
consecutive days each, in random order. The three sodium levels were defi ned as 
high (a target of 150 mmol per day with an energy intake of 2,100 kcal, refl ecting 
typical consumption in the USA), intermediate (a target of 100 mmol per day, refl ect-
ing the upper limit of current USA recommendations), and low (a target of 50 mmol 
per day, refl ecting a level that might produce an additional lowering of blood pres-
sure). Progressively-lower levels of sodium intake produced a greater BP response. 
In the control diet, a reduction in sodium intake of about 40 mmol per day from the 
intermediate sodium level lowered BP more than a similar reduction in sodium 
intake from the high level (P = 0.03 for systolic BP, P = 0.045 for diastolic BP). The 
DASH diet, as compared with the control diet, resulted in signifi cantly- lower sys-
tolic BP (SBP) at every sodium level and in signifi cantly-lower diastolic BP (DBP) 
at high and intermediate sodium levels (Fig.  12.3 ), with a larger effect on both SBP 
and DBP at high sodium levels than at low ones (P < 0.001 for the interaction).

   Subsequently, the Optimal Macronutrient Intake Trial to Prevent Heart Disease 
(OmniHeart) evaluated the effect of a dietary intervention based on modifi cations of 
the DASH diet aimed at maximizing the hypotensive effect on BP in individuals 
with prehypertension or established hypertension. The results showed that, com-
pared with a diet rich in carbohydrates, increased consumption of vegetable protein 
signifi cantly reduced SBP by 1.4 mmHg (p = 0.002), with a reduction of 3.5 mmHg 
(p = 0.006) in subjects with hypertension, while a diet rich in unsaturated fat, with 
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an increase in monounsaturated fatty acids (MUFA), was associated with a reduc-
tion in SBP of 1.3 mmHg (p = 0.005) in the overall cohort and 2.9 mmHg (p = 0.02) 
in hypertensives compared with the diet rich in carbohydrates [ 18 ]. 

 In recent decades, the vasculoprotective potential of diet and nutrients has been 
increasingly recognized, with more solid evidence on the benefi ts of the MD emerg-
ing in recent years, although there is little data on its effect on BP reduction. Since 
the 1990s, evidence on the benefi ts of the MD in the prevention of CVD and the 
reduction of BP and cholesterol levels and/or diabetes has become stronger, although 
the level of evidence remains very heterogeneous. The MD is characterized by a diet 
rich in fruits, vegetables and cereals, with a high intake of mono- and polyunsatu-
rated fats, and with olive oil being the main source of fat. Likewise, the MD encour-
ages moderate fi sh and poultry consumption and a low consumption of dairy 
products, red meat, prepared meats and sweets and pastries. The MD also promotes 
moderate consumption of wine, preferably red, during meals [ 19 ]. 

 Since the pioneering study by Keys et al. [ 5 ], data have been collected from more 
than 12 cross-sectional studies included in the ATTICA registry, which enrolled 
nearly 3,000 participants aged 18–89 years from the Greek region of Attica between 
2001 and 2002. Overall, the studies showed that adherence to the MD is associated 
with a reduction in the incidence of diabetes, obesity, and CVD, and an improve-
ment in the lipid profi le and BP values. The data from two large cohort studies 
provide similar results: the Greek European Prospective Investigation into Cancer 
and Nutrition cohort (EPIC) and the Seguimiento Universidad de Navarra (SUN) 
study. The EPIC study now encompasses nearly half a million persons from 10 
European countries and is the largest population-based cohort study focused on the 
benefi cial effects of the MD on cardiovascular health. Substudies in Greece, Italy 
and Spain have found an inverse relationship between adherence to the MD and BP 
values, the BMI, the incidence of type-2 diabetes [ 20 ] and the tendency to obesity. 
More recent data from the Greek-EPIC cohort of 23,601 participants free of CVD 
showed that increasing adherence to the MD (determined by an increase of 2 points 
in the MD score) was inversely associated with the incidence of stroke (HR 0.85; 
95 % CI 0.74–0.96), an association that was even stronger for women and for isch-
emic stroke vs. haemorrhagic stroke [ 21 ]. 

 The SUN study of more than 15,000 Spanish university students without cardio-
vascular risk factors showed that adherence to the MD conditioned a lower inci-
dence of metabolic syndrome (MetS) and type-2 diabetes, and a reduction in BP 
values [ 22 ]. Similar results were observed in the randomized, parallel Medi- 
RIVAGE study [ 23 ] which compared the effects of the MD in 180 patients with 
MetS compared with a control diet (carbohydrates 50–60 %, proteins 15–20 %, total 
fat <30 %). After 2 years follow up, patients assigned to the MD had a signifi cant 
reduction in the prevalence of MetS and associated cardiovascular risk factors. Data 
from the fi rst randomized study in secondary prevention, the Lyon Diet Heart Study 
[ 24 ], confi rmed the benefi ts of the MD in reducing cardiovascular risk. 

 The cardioprotective role of the MD was confi rmed in the meta-analysis by Sofi  
et al. [ 25 ]. Although evidence on the effects of the MD on BP has been scarce, 
probably because BP was usually a secondary outcome in nutritional studies, the 
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 preliminary results of the PREDIMED study [ 26 ] and the fi nal results in the entire 
cohort [ 11 ] showed that adherence to the traditional MD signifi cantly reduced the 
risk of cardiovascular disease. The risk reduction was highly signifi cant for stroke, 
whose association with BP values is well established. Preliminary data from the 
PREDIMED study after the fi rst 3 months of follow-up showed that, compared with 
the low-fat diet, the MD supplemented with VOO or nuts reduced offi ce SBP by 
5.9 mmHg (95 % CI: −8.7 to −3.1 mmHg) and 7.1 mmHg (95 % CI: −10.0 to 
−4.1 mmHg), respectively, and offi ce DBP by 0.38 (95 % CI: −0.55 to−0.22) and 
0.26 mmHg (95 % CI: −0.42 to −0.10), respectively [ 26 ]. However, in later results 
encompassing the whole PREDIMED cohort, the changes in offi ce BP in 7,158 
participants (mean age 67 years) were lower, although a trend to BP reduction was 
observed throughout the follow up [ 27 ]. The percentage of participants achieving 
good BP control increased signifi cantly during the follow up in the three interven-
tion groups, without between-group differences (31.9 % at baseline versus 41.3 % at 
study end; p <0.001). However, compared with patients assigned to the control diet, 
signifi cantly-reduced DBP was observed in participants assigned to the MD supple-
mented with VOO (1.53 mmHg, 95 % CI: −2.01 to −1.04) and the MD supple-
mented with nuts (0.65 mmHg, 95 % CI: −1.15 to −0.15). No signifi cant 
between-group differences in SBP were observed [ 27 ]. As the authors mention, a 
longer follow up, poor data with respect to changes in antihypertensive treatment 
during the study and a trend to greater adherence to the MD in the control group in 
the last years of follow-up may partly explain the differences in the results of long- 
term offi ce BP. The other limitation was the technique for measuring offi ce BP itself. 

 Prior studies of the effects of the MD on BP have relied on clinic (offi ce) BP 
measurements, which are limited by poor reproducibility, the white-coat effect and 
observer and patient variability. Twenty-four hour ambulatory BP monitoring 
(ABPM) is considered the gold standard for the assessment of the effects of inter-
ventions on BP, as repeated measurements more accurately refl ect usual BP than 
isolated offi ce measurements. 

 The latest evidence of the benefi cial effect of the MD on BP comes from the 
recent substudy of the PREDIMED study by Domenech et al. [ 28 ], which included 
235 subjects (56.5 % female; mean age, 66.5 years) at high cardiovascular risk 
(85.4 % with hypertension). The results showed that the MD supplemented with 
either VOO or nuts directly resulted in signifi cant reductions in 24-h ABPM com-
pared with a control diet in individuals at high risk of CVD (85 % under hyperten-
sive treatment), without considering the confounding effects of weight loss or 
changes in physical activity, sodium intake or alcohol consumption. The net differ-
ences between the MD supplemented with VOO and nuts and the control diet were 
−4.0 for mean systolic BP, −4.3 mmHg for mean diastolic ABPM, and −1.9 mmHg 
for both MD after adjustment for between-diet imbalances in baseline BP and for 
trial changes in antihypertensive medication (Fig.  12.4 ).

   The impact of such BP changes, even if their magnitude seems small, could be 
remarkable at the population level. It has been estimated that a reduction of 3 mmHg 
in offi ce systolic BP would reduce stroke mortality by 8 % and coronary heart dis-
ease mortality by 5 % [ 29 ]. 
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 The known limitations of offi ce BP measurement versus 24-h ABPM, with 
repeated measurements during usual living conditions, apply to the results of the 
total PREDIMED sample. The advantages of 24-h ABPM are well-known [ 13 ], 
especially for non-pharmacologic interventions with expected smaller individual 
BP effects. Table  12.1  shows the control rates of hypertension, defi ned by standard 
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  Fig. 12.4    Adjusted changes in ambulatory systolic ( a ) and diastolic ( b ) 24-h BP after 1 year of 
dietary intervention       

   Table 12.1    Degree of hypertension control by offi ce and 24-h ambulatory blood pressure 
measurements   

 Variable 
 MedDiet + 
EVOO  P a  

 MedDiet 
+ Nuts  P a  

 Control 
diet  P a   P b  

 Offi ce BP control c  
   Baseline  34.6  38.6  30.3 
   1 year  42.3  0.238  41.0  0.815  38.2  0.238  <0.001 
 24 h-ABP control d  
   Baseline  51.3  63.9  72.4 
   1 year  62.8  0.049  69.9  0.302  61.8  0.115  0.008 
 Daytime ABP control e  
   Baseline  61.5  63.9  69.7 
   1 year  67.9  0.302  75.9  0.031  67.5  0.424  0.025 
 Nighttime ABP control f  
   Baseline  54.2  57.1  69.7 
   1 year  60.3  0.607  61.4  0.210  52.6  0.015  0.014 

  Values are percentages 
  a P value for comparisons between baseline and 1 year by McNemar test 
  b P value for comparisons between groups by Pearson’s chi square test for categorical variables 
  c Offi ce BP control defi ned by systolic BP ≤ 140 mm Hg and/or diastolic BP ≤ 90 mm Hg 
  d 24h-ABP control defi ned by systolic BP ≤ 130 or diastolic BP ≤ 80 mmHg 
  e Daytime ABP control defi ned by systolic BP ≤ 135 or diastolic BP ≤ 85 mm Hg 

  f Nighttime ABP control defi ned by systolic BP ≤ 120 or diastolic BP ≤ 70 mm Hg  
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cutoffs, which were dissimilar between the three intervention groups in the 
PREDIMED substudy according to both offi ce BP and 24-h ABPM measurements. 
In all groups, offi ce BP control was similar at baseline and after the intervention. 
However, 24-h and daytime ABPM control improved variably from baseline in the 
MD groups, whereas nighttime ABPM control worsened in the control group. BP 
control was always better with ABPM monitoring compared with offi ce BP, with 
the differences ranging between 16 % and 42, which can be equated with white-coat 
hypertension in the offi ce setting.

   The proportion of participants with good BP control at both baseline and after 1 
year of the intervention was similar in PREDIMED substudy and in the full 
PREDIIMED cohort [ 26 ], further supporting the differential added value of the 
ABPM results. The reduction in ABPM associated with the MD in different sub-
groups defi ned by sex, age, and cardiovascular risk factors were comparable with 
those of the whole group for SBP except for diabetic participants, in whom greater 
reductions with the MD versus the control diet were observed compared with par-
ticipants without diabetes mellitus (P for interaction, 0.031), reinforcing the global 
effect of adding dietary interventions in high risk populations (Fig.  12.5 ).

   In conclusion, there is robust evidence that increasing adherence to the MD is 
associated with lower BP. Taking into account the lack of BP control rates despite 
pharmacological treatment, these results could have public health implications 
because the MD, a vegetable and high-unsaturated fat based dietary pattern, seems 
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to be a useful adjunct to established dietary and pharmacological approaches to 
improving hypertension control while incurring little or no expense for the health 
system.    
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    Chapter 13   
 The Role of Exercise and Physical Activity in 
the Prevention of Hypertensive Heart Disease                     

     Peter     Kokkinos      ,     Puneet     Narayan     ,     Andreas     Pittaras     , and     Charles     Faselis    

          Introduction 

 Hypertensive heart disease is a constellation of structural and functional cardiac abnor-
malities caused by the direct and/or indirect effects of uncontrolled and prolonged 
elevations of arterial pressure [ 1 ,  2 ]. Such abnormalities include left ventricular hyper-
trophy (LVH), systolic and diastolic dysfunction, coronary artery disease (CAD), and 
their complications that manifest clinically as angina or myocardial infarction, cardiac 
arrhythmias (especially atrial fi brillation), and congestive heart failure (CHF). 
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 Concentric LVH, characterized by increased cardiac wall thickness, reduced left 
ventricular chamber size with normal left ventricular ejection fraction is the classic 
example of hypertensive heart disease [ 1 ] (Fig.  13.1 ). Chronically elevated blood 
pressure contributes signifi cantly to the development of LVH [ 2 ,  3 ] and reductions 
in blood pressure with most antihypertensive agents are associated with LVH regres-
sion [ 4 – 8 ].

   It is well-accepted that the presence of LVH caused by hypertension-induced 
increase in afterload is a strong and independent risk factor of future cardiac events 
and all-cause mortality. The risk of cardiovascular morbid events, including sudden 
cardiac death, increases three-fold in patients with LVH [ 9 – 11 ]. Conversely, regres-
sion of LVH is associated with a signifi cant reduction in cardiovascular events and 
death [ 4 – 8 ,  12 ]. 

 Increased physical activity or structured exercise programs have been shown to 
signifi cantly lower blood pressure in individuals with mild to moderate hypertension. 

Abnormal increase in posterior and septal
wall thickness

+
Decrease in left ventricular cavity Size 

• Cardiac output is maintained
• Diastolic dysfunction

Heart failure

Hypertensive Left Ventricular Hypertrophy
(LVH)   

• Left ventricular cavity increases
• Cardiac wall thickness is reduced 
• Systolic dysfunction
• Cardiac output decreases

  Fig. 13.1    Model of LVH 
development and 
exercise-induced 
regression       
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Some evidence also supports that the exercise-induced lowering of blood pressure 
leads to LVH regression. This chapter will address the effects of increased physical 
activity or structured exercise on blood pressure and hypertensive heart disease.  

    Physical Activity, Exercise and Hypertension 

 Hypertension, defi ned as systolic blood pressure ≥140 mmHg and/or diastolic 
blood pressure ≥90 mmHg, is a major and the most common risk factor for mortal-
ity and development of cardiovascular disease (CVD) [ 13 ,  14 ]. Approximately 1 
billion people worldwide have hypertension [ 15 ] with an estimated 60 % increase in 
prevalence by the year 2025 [ 16 ]. 

 The anti-hypertensive effects of increased cardiorespiratory fi tness achieved 
either by structured exercise programs or a physically active lifestyle in general 
have been consistently documented by a number of well-controlled studies. Their 
fi ndings are summarized by several reviews and meta-analyses [ 17 – 26 ]. In general, 
these studies support that structured aerobic exercise training programs of moderate 
intensity or increased physical activity of adequate volume and intensity result in an 
independent reduction of approximately 4–10 mmHg in systolic blood pressure and 
3–8 mmHg in diastolic blood pressure in patients with Stage 1 hypertension. The 
magnitude of the reduction is likely related to the level of initial blood pressure 
[ 22 – 24 ] whereas the infl uences of age, gender or the independent contribution of 
each of the exercise components (intensity, duration and frequency) are not clear 
[ 20 ,  23 ,  24 ]. It is likely that an exercise volume threshold must be achieved before 
any favorable exercise-induced blood pressure changes are realized. This threshold 
is the result of the interaction between exercise duration, intensity, frequency and 
the length of exercise training. Moreover, this threshold is likely to be infl uenced by 
age, gender, genetic factors and the initial fi tness status of the individual. 

 Limited information exists on the effects of exercise in individuals with stage 2 
hypertension or in those with resistant hypertension, defi ned as blood pressure that 
remains above goal in spite of the concurrent use of 3 antihypertensive agents of 
different classes, one of which is a diuretic [ 27 ]. We reported that moderate- intensity 
aerobic exercise was well-tolerated by male veterans with stage 2 hypertension and 
leads to signifi cant reductions in blood pressure just after 16 weeks of exercise 
training. At 32 weeks, blood pressure reduction was more pronounced even after a 
33 % reduction in antihypertensive medication in the exercise group, while blood 
pressure in the no-exercise group increased substantially [ 28 ]. Similarly, in patients 
with resistant hypertension moderate-intensity exercise was effective in signifi -
cantly lowering 24-h ambulatory blood pressure [ 29 ]. The reduction was similar to 
that reported by previous studies in individuals with mild to moderate hypertension 
[ 17 ,  19 ,  21 ,  24 ,  30 ,  31 ]. 

 Information available on the effects of resistance or strength training on resting 
blood pressure is limited and confl icting and suggests that resistance training is less 
effi cacious than aerobic exercise in lowering resting blood pressure [ 17 ,  21 ,  30 – 33 ]. 

13 Exercise, Physical Activity and Hypertensive Heart Disease Prevention



184

The reasons for lack of blood pressure reductions resulting from resistance training 
are not clearly defi ned. Resistance exercise studies do not consistently support 
improvements in systemic vascular resistance, endothelium-dependent vasodilata-
tion, and arterial compliance, mechanisms suspected to mediate the hypotensive 
effects of aerobic exercise [ 30 ]. The conclusions of a recent meta-analysis [ 32 ] and 
a review [ 33 ] suggest an average systolic blood pressure reduction as a result of 
resistance training of approximately 2–3 mmHg. Thus, it is recommended that 
resistance training may serve as an adjunct to an aerobic exercise program for blood 
pressure reduction and implemented as part of a complete exercise program [ 19 ,  24 , 
 34 ,  35 ]. 

 Exercise intervention studies that recorded blood pressure over a 24-h period 
(ambulatory blood pressure) are relatively few. In general, the exercise-induced 
24-h blood pressure reductions appear less dramatic (mean 3.0 and 3.2 mmHg 
reduction for systolic and diastolic blood pressure, respectively) than for blood 
pressure assessed by auscultation [ 19 ,  36 ].  

    Antihypertensive Mechanisms of Exercise 

 The underlying mechanisms responsible for the reduction in blood pressure elicited 
by exercise training remain elusive and controversial. Current opinion is that the 
effects of exercise training must be multifactorial and the collective effects of these 
actions result in the reduction of total peripheral resistance, cardiac output or both 
(Fig.  13.2 ). It is generally agreed that the changes in blood pressure are independent 
of changes in body weight, body composition and dietary infl uences. In addition, 
diet and exercise-induced reductions in blood pressure do not appear to be additive 
[ 37 ]. However, it is likely that a combination of diet and exercise overall will lead 
to greater health benefi ts for the hypertensive individual than either one alone.

   Reductions in cardiac output, sympathetic nerve activity and afterload (systemic 
vascular resistance) have been reported [ 38 – 40 ]. A meta-analysis involving 72 tri-
als, comprising a total of 3,936 participants, reported reductions in systemic vascu-
lar resistance, plasma norepinephrine, and plasma renin activity as the main reasons 
for the decrease in blood pressure following exercise [ 18 ]. A reduction in systemic 
vascular resistance (SVR) is also suggested by arterial pressure changes observed in 
a group of hypertensive patients. Both systolic and diastolic blood pressures were 
reduced signifi cantly at absolute submaximal workloads following 16 weeks of 
aerobic exercise [ 41 ]. Consequently, mean arterial pressure was reduced by 
17–20 mmHg. More impressive were the signifi cant reductions in peak exercise 
systolic (219 ± 24 mmHg vs 199 ± 34 mmHg), diastolic blood pressure 
(108 ± 10 mmHg vs 98 ± 13 mmHg) and mean arterial pressure (145 mmHg vs 
131 mmHg) achieved after exercise training, despite a higher workload and similar 
maximal heart rate (153 ± 15 vs 153 ± 11 bpm) [ 41 ] (Fig.  13.3 ). Even if we assume 
that cardiac output at peak exercise did not increase despite the higher workload, the 
substantially lower mean arterial pressure is likely the outcome of a substantial 
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reduction in SVR. The exercise-induced reduction in SVR is substantiated further 
by fi ndings that the impaired endothelial function observed in hypertensive patients 
[ 42 ,  43 ] and older individuals with normal blood pressure is improved after just 12 
weeks of moderate intensity exercise [ 44 ,  45 ].

       Exercise and Cardiac Hypertrophy 

 Concentric LVH is considered an independent predictor of CV events and mortality 
[ 9 – 11 ]. Although various neurohormones, growth factors and cytokines have been 
identifi ed as contributors in the development of concentric LVH [ 46 ,  47 ], the gen-
eral consensus is that the mechanical stress from chronically elevated blood pres-
sure in hypertensive states contributes signifi cantly to the progressive increase in 
left ventricular mass (LVM) and consequent LVH [ 8 ]. Reductions in blood pressure 
with most antihypertensive agents are associated with LVH regression and 
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  Fig. 13.2    Model of hypertensive LVH development and exercise-induced regression       
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favorable CV prognosis [ 4 – 8 ,  12 ]. The degree of LVH regression is directly related 
to the degree of blood pressure reduction suggesting that at least in part, cardiac 
hypertrophy is mediated by pressure overload [ 4 – 8 ]. 

 Thus, it is reasonable to assume that exercise-related reduction in blood pressure 
will lead to LV mass regression as a consequence of lower afterload. Support for 
this concept is provided by several interventional studies [ 28 ,  48 – 51 ]. Sixteen weeks 
of aerobic training in individuals with Stage 2 hypertension [ 28 ], resulted in a sig-
nifi cant reduction in blood pressure, cardiac wall thickness, LVM and LVM index. 
The degree of LVH regression was similar in magnitude to that observed with most 
antihypertensive medications [ 52 ]. Similar fi ndings were noted in a cohort of over-
weight hypertensive women (n = 45) and men (n = 37) undergoing 6 months of exer-
cise training or behavioral modifi cation for weight loss. Participants in both exercise 
and weight loss interventions exhibited signifi cant reductions in blood pressure and 
cardiac wall thickness compared to the control group [ 48 ]. Signifi cant reductions in 
cardiac wall thickness and LVM index with no signifi cant changes in chamber size 
were also reported in 16 hypertensive individuals after 24 weeks of aerobic exercise 
training [ 50 ]. Similar fi ndings were also observed in middle aged individuals with 
hypertension (n = 11) who engaged in exercise and no changes in the control group 
[ 49 ]. Finally, in the Hypertension and Ambulatory Recording Venetia Study 
(HARVEST) [ 51 ], blood pressure decreased during a median follow up of 8.3 years 
in physically active individuals (n = 173) and increased slightly in the sedentary 
group (n = 281). In addition, physically active individuals were less likely to develop 
LVH compared to their sedentary counterparts. 
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 It is noteworthy that LVH regression related to the exercise-induced reduction in 
blood pressure occurs relatively quickly, within weeks. This is not surprising since 
several studies have shown that blood pressure is lowered even after one bout of 
exercise and remains below baseline for approximately 12–24 h [ 26 ]. Thus, engag-
ing in aerobic activity every other day (as is customary) favorably infl uences blood 
pressure, afterload and cardiac function. Consequently, the stimulus for cardiac 
hypertrophy is mitigated or removed and LV mass regression is initiated. 

 In contrast to the aforementioned studies, no structural or functional cardiac 
changes were noted after 24 weeks of aerobic exercise and resistance training in 51 
overweight and obese individuals with an untreated baseline systolic blood pressure 
of 130–150 mmHg or diastolic blood pressure of 85–99 mmHg [ 52 ]. Similarly, no 
exercise-related changes in left ventricular mass were observed in 23 obese individu-
als with a mean baseline blood pressure of 131/84 mmHg, despite signifi cant reduc-
tions in blood pressure [ 53 ]. However, the fi ndings of these two studies should be 
interpreted with caution. In one study [ 52 ], it is not clear as to how many of the 
participants were truly hypertensive, since the baseline blood pressure range was 
130–150 mmHg for systolic blood pressure or 85–99 mmHg for diastolic blood 
pressure. The exercise intervention was also a mixture of both aerobic and resistance 
training. Moreover, based on baseline LVM index normal values (63.6 g/m 2 ), cardiac 
remodeling was absent. Thus, exercise or any other intervention cannot “fi x” what is 
not broken. In the other study [ 53 ], a closer scrutiny of the fi ndings revealed that the 
LVM index decreased by approximately 8 % (baseline of 153–141 g/m 2  after exer-
cise) in the exercise group, and increased by approximately 10 % (baseline of 141–
155 g/m 2  after exercise) in the control group. Cardiac wall thickness also decreased 
after exercise, although statistical signifi cance was not achieved, perhaps due to rela-
tively small number of patients studied (n = 7). Collectively, evidence regarding the 
effects of aerobic exercises on cardiac remodeling supports that LVH regression is 
likely to occur, if the proper exercise modality is used, in populations with LVH.  

    Exercise Blood Pressure and LVH 

 A noteworthy observation is that the degree of LVH regression is disproportional to 
the degree of exercise-induced reduction in blood pressure. For example, in our 
study, resting blood pressure was lowered by 7/5 mmHg, refl ecting a 12.3 % reduc-
tion in LV mass. Although the degree of LVH regression is comparable to what has 
been reported by most pharmacotherapies [ 54 ], the reduction in blood pressure was 
substantially greater (approximately 30/17 mmHg) with pharmacotherapies [ 55 ]. 
This suggests that exercise-induced LVH regression may be modulated not only by 
a lower resting blood pressure, but other factors. In this regard, we noted in our 
hypertensive patients that both systolic and diastolic exercise blood pressure at sub-
maximal and peak workloads was signifi cantly lower following 16 weeks of aerobic 
exercise training [ 28 ,  41 ]. Specifi cally, the exercise systolic blood pressures at sub-
maximal workloads of approximately 3 and 5 METs and peak exercise were 
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27 mmHg, 32 mmHg and 20 mmHg, respectively (average 26 mmHg), lower after 
16 weeks of exercise [ 41 ]. Consequently, the average rate-pressure product (RPP) at 
the same workloads was also 4,641 units lower. This is clinically signifi cant because 
the metabolic demands of most daily chores fall within 3–5 METs [ 56 ]. Based on 
this, it is rational to assume that the daily hemodynamic load and metabolic demands 
of the myocardium of these subjects would be substantially lower after 16 weeks of 
exercise. Moreover, we can assume that the 24-h reduced hemodynamic load may 
have played a far greater role in the regression of LVH than the resting blood pres-
sure. This assumption is further supported by the strong association noted between 
the blood pressure response at the submaximal workload of approximately 4–5 
METs and LVH in 790 middle aged, individuals with prehypertension [ 57 ,  58 ] who 
underwent echocardiographic studies, 24 h ambulatory blood pressure monitoring, 
and a standard exercise stress test (Bruce protocol). Specifi cally, moderate and high-
fi t individuals had signifi cantly lower LVM index, lower daytime blood pressure 
and lower exercise systolic blood pressure at the workload of approximately 4–5 
METs compared to the low-fi t individuals. Those who achieved systolic blood pres-
sure ≥150 mmHg at the exercise intensity of 4–5 METs had a signifi cantly higher 
LVM index and lower exercise capacity compared to those with a systolic blood 
pressure below this level. Furthermore, the risk of having LVH increased 4-fold for 
every 10 mmHg rise in systolic blood pressure beyond the threshold of 150 mmHg 
at approximately 5 METs. It is important to emphasize that the resting blood pres-
sure in these two groups (i.e., exercise systolic blood pressure <150 mmHg and 
≥150 mmHg) was similar. 

 The clinical signifi cance of the blood pressure response to submaximal work-
loads of approximately 4–5 METs is that it refl ects daytime blood pressure during 
most daily activities. This is supported by the similarity between systolic blood 
pressure of individuals with prehypertension (n = 650) at the workload of 4–5 METs 
(148 ± 12 mmHg) and daytime ambulatory systolic blood pressure (144 ± 11 mmHg) 
[ 58 ]. Thus, the association between systolic blood pressure during physical exertion 
and LVM [ 57 ,  58 ] suggests that the daily exposure to relatively high systolic blood 
pressure (≥150 mmHg) provides the impetus for an increase in LVM even among 
those with prehypertension. 

 Others also reported similar fi ndings among 49 individuals with hypertension at 
the exercise workload of approximately 7 METs. Systolic blood pressure at this 
workload was directly and independently associated with cardiac wall thickness and 
LVM index. This association was stronger than the association noted with offi ce 
blood pressure and 24 h ambulatory systolic blood pressure [ 59 ].  

    Exercise Blood Pressure and Physical Fitness 

 A noteworthy fi nding of the above studies [ 57 ,  58 ] was that the peak exercise 
capacity of individuals with a systolic blood pressure response ≥ 150 mmHg at the 
workload of approximately 4–5 METs was signifi cantly lower when compared to 
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those with an exercise blood pressure <150 mmHg (i.e., 7.7 ± 1.6 METs vs 9.0 ± 1.1 
METs, respectively). This fi nding suggests that the blood pressure response to 
exercise may be modulated by the physical fi tness level of the individual. An 
inverse association was also observed between exercise capacity, the blood pres-
sure response to exercise, and LVM [ 57 ,  58 ]. Furthermore, the systolic blood pres-
sure of physically fi t individuals at an exercise intensity of approximately 4–5 
METs was signifi cantly higher for the Low-Fit (155 ± 14 mmHg) compared to 
Moderate-Fit (146 ± 10 mmHg) and High-Fit (144 ± 10 mmHg) individuals. 
Similarly, Low-Fit individuals had signifi cantly higher LVM index (48 ± 12 g/m 2.7 ) 
compared to Moderate-Fit (41 ± 10 g/m 2.7 ) and High-Fit (41 ± 9 g/m 2.7 ) (Fig.  13.4 ) 
In addition, for every 1-MET increase in the workload achieved, there was a 42 % 
reduction in the risk for LVH [ 57 ]. Finally, in a randomized controlled study, 16 
weeks of aerobic training resulted in signifi cantly lower blood pressure at the exer-
cise intensity of approximately 3 and 5 METs [ 41 ] and a signifi cant regression in 
LVM [ 28 ].

   Collectively, the aforementioned fi ndings suggest the following: (1) the systolic 
blood pressure response at the workloads of approximately 4–5 METs refl ects the 
blood pressure during daily activities; (2) a systolic blood pressure ≥150 mmHg at 
this workload is associated with an increased risk for LVH; and (3) daily, intermit-
tent exposure to a systolic blood pressure ≥150 mmHg provides the impetus for 
increases in LVM and progression to LVH; and (4) increased physical fi tness status 
achieved by regularly performed exercises of moderate intensity modulates the 
blood pressure response, leading to a lower blood pressure at absolute submaximal 
and peak workloads. This is likely the outcome of favorable changes in SVR and 
afterload resulting from improved endothelial function. Consequently, relatively fi t 
individuals are not likely to achieve systolic blood pressure ≥150 mmHg necessary 
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to stimulate cardiac remodeling during normal daily activities and therefore, an 
increase in LVM is not likely to occur. For those with existing LVH, regularly per-
formed aerobic exercise of moderate intensity improves fi tness, lowers blood pres-
sure at absolute workloads and the daily hemodynamic load, as is refl ected by lower 
blood pressure. Consequently, the daily exposure to a substantially lower hemody-
namic load removes the impetus for cardiac remodeling and eventually leads to 
LVM regression.  

    Exercise-Induced LVH 

 It is well-accepted that rigorous exercise as that endured by athletes promotes car-
diac enlargement. The type of enlargement is specifi c to the type of activity or exer-
cise performed (Fig.  13.5 ). The two traditional types of exercise training are: aerobic 
or endurance and anaerobic. Aerobic or endurance exercises include activities of 
relatively low-to-moderate intensity and long-duration that depend primarily on the 
aerobic energy-generating process. The classic examples of such activities include 
long distance running or swimming. Anaerobic exercises or activities are character-
ized by short-duration, high-intensity activities that derive most of the energy 
demands via the anaerobic pathways (glycolysis). The classic example of such 
activities is resistance or strength training.
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   The acute cardiovascular responses and chronic adaptations to these two types of 
activities differ considerably. Acute cardiovascular responses during aerobic exer-
cises include a substantial increase in heart rate, stroke volume, cardiac output, 
systolic blood pressure, oxygen consumption and a marked decrease in peripheral 
vascular resistance with no signifi cant changes in diastolic blood pressure. 
Cardiovascular responses to resistance training include a mild increase in cardiac 
output and oxygen consumption, but a substantial increase in heart rate, systolic and 
diastolic blood pressure and peripheral vascular resistance. Prolonged exposure to 
aerobic or resistance training results in cardiac adaptations specifi c to the type of 
training. Purely aerobic training leads to cardiac remodeling characterized by 
increases in left and right ventricular chamber dimensions and left atrial cavity size 
and normal systolic and diastolic function. Left ventricular wall thickness that 
exceeds normal upper limits of 13–15 mm is also evident in most athletes [ 60 ]. 
Anaerobic training alone results in a mild increase in wall thickness, often dispro-
portionate compared to cavity size, but within the accepted normal range and no 
changes in left ventricular chamber size. Of note, some misunderstanding persists 
as to whether strength or resistance training alone results in concentric LVH [ 61 ]. 
Resistance exercises are associated with increased wall thicknesses, often dispro-
portionate relative to cavity size. However, absolute values uncorrected for body 
surface area usually remain within the accepted normal range of ≤12 mm. It is also 
important to mention that most sports or daily activities are comprised of both aero-
bic and anaerobic types of activities. Consequently, structural and functional car-
diac adaptations refl ect the combined demands of the particular sport or activity. 
This is most evident in elite athletes participating in sports such as cycling, rowing 
and swimming that incorporate both aerobic and resistance components. These ath-
letes have the most extreme increase in both LV wall thickness and cavity size [ 61 ]. 
It is important to emphasize that an increase in either alone (wall thickness or LV 
diastolic dimension) will not be physiologically desirable. LV dilatation without 
comparable increase in wall thickness will lead to an inappropriate increase in wall 
tension that is detrimental to the heart [ 62 ]. 

 In general, chronic cardiac adaptations resulting from vigorous, chronic exer-
cise as seen in athletes are considered normal physiologic responses to the hemo-
dynamic demand of the particular sport or physical activity. They are not associated 
with diastolic dysfunction, arrhythmias or adverse prognosis, manifestation 
observed in hypertension-induced LVH [ 1 ,  2 ] and regress quickly when training is 
discontinued [ 62 ]. Less known are the long-term effects of rigorous exercise such 
as that demanded by competitive sports (basketball, soccer, etc.) and even non- 
competitive activities (long distance running, cycling, weight training, etc.) on 
cardiac structure and function in individuals with hypertension-induced 
LVH. However, from the available information, we can deduce that high-intensity 
activities are likely to impose an excessive demand on the cardiovascular system 
and perpetuate further maladaptations. Therefore, such activities should be 
avoided. Instead, the recommendations of the American College of Sports 
Medicine and the American Heart Association of low-to-moderate intensity aero-
bic exercise (brisk walk) of approximately 30 min per day, most if not all days of 
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the week should be encouraged by health care providers [ 34 ,  63 ]. Such exercise is 
safe for almost all ages and populations with co-morbidities [ 28 ], has been shown 
to have a favorable effect on the traditional and novel cardiovascular risk factors 
[ 64 ], including LVH regression [ 28 ]. 

 Collectively, the emerging concept is that a hemodynamic load threshold exists 
beyond which the cardiac muscle, as any muscle, will make the necessary adaptations 
to accommodate the increased demand. This hemodynamic load threshold is refl ected 
by the systolic blood pressure of approximately ≥150 mmHg, as suggested by our 
fi ndings [ 41 ,  57 ]. The level of physical activity that will elicit such response is rela-
tive to the individual’s peak exercise capacity. For example, according to our fi nding, 
the systolic blood pressure ≥150 mmHg necessary to trigger cardiac remodeling was 
achieved by relatively low-fi t individuals at the workload of 4–5 METs. This level of 
physical activity typically represents approximately 60 % of the peak exercise capac-
ity of sedentary or relatively low-fi t individuals (estimated peak exercise capacity 6–7 
METs). If we assume that a 60 % of the peak workload is necessary to elicit a systolic 
blood pressure response ≥150 mmHg, this workload for a relatively fi t individuals 
(estimated peak exercise capacity 12 METs) is 7.2 METs and for athletes (estimated 
peak exercise capacity 20 METs), 12 METs. Thus, for relatively fi t individuals and 
athletes the workload of daily activities (4–5 METs) is not likely to elicit a systolic 
blood pressure response ≥150 mmHg necessary to elicit cardiac remodeling 
(Figs.  13.5  and  13.6 ) .  However, such blood pressure threshold is reached and well 
exceeded during the highly demanding exercise training endured by athletes and 
therefore, cardiac remodeling to accommodate the imposed demand is triggered.
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       Exercise, LVH and Related Cardiovascular Events 

 Exercise training studies addressing the effi cacy of exercise in lowering the risk of 
mortality in individuals with hypertensive LVH have not been conducted. However, 
evidence from epidemiologic studies supports that physical activity and increased 
fi tness status provide protection against cardiovascular events in patients with 
hypertensive LVH. In The Northern Manhattan Stroke Study [ 65 ] the risk of stroke 
in sedentary individuals with elevated LVM was 3.5 times greater when compared 
to sedentary individuals with normal LVM. Individuals with elevated LVM (pres-
ence of LVH), engaging in light intensity activities such as walking, had a similar 
risk of ischemic stroke to those with normal LVM. This is an important observation, 
since it suggests that the risk of stroke associated with increased LVM may be 
potentially attenuated by nonpharmacologic means such as moderate levels of phys-
ical activity. 

 It has been long known that LVH provokes tachyarrhythmias, including atrial 
fi brillation (AF). Individuals with evidence of LVH have a higher prevalence and 
greater complexity of ventricular premature beats and more serious arrhythmias 
compared with normotensive patients without LVH [ 66 – 68 ]. The frequency and 
complexity of premature ventricular complexes (PVCs), is related to the severity of 
LVH as well as chamber volume and indices of left ventricular contractility [ 69 ,  70 ]. 
LVM and age are the only independent predictors of developing AF. For every one 
standard deviation increase in LVM the risk of AF was increased 1.20 times [ 71 ]. 
Thus, left atrial remodeling resulting from prolonged elevation in blood pressure 
maybe the pathophysiological link between hypertension and AF [ 72 ,  73 ]. 

 Several studies also suggest that atrial fi brillation is more common among cur-
rently or previously trained athletes than in their sedentary counterparts [ 74 – 80 ]. 
The association appears to be directly related to intensity, and hours or number of 
days per week engaged vigorous physical activity [ 77 – 81 ]. Potential mechanisms 
suggested for the higher risk of AF secondary to vigorous physical activity in ath-
letes are speculative and include disruption in the balance between sympathetic and 
parasympathetic activity, an increase in left atrial size leading to atrial fi brosis, myo-
cardial injury, and infl ammation [ 76 ,  79 ,  82 – 85 ]. 

 In contrast, moderate exercise had either no adverse effect on AF [ 86 ] or lowered 
the risk of AF [ 87 ]. The risk was inversely associated with fi tness assessed by an 
exercise stress test in 6,390 middle-aged and older male veterans. For every 1-MET 
increase in exercise capacity, the AF risk was 21 % lower (hazard ratio, 0.79, 95 % 
CI, 0.76–0.82, p < 0.001). When the cohort was stratifi ed according to peak METs 
achieved, AF risk was 23 % lower for the Low-Fit; 46 % for Moderate- Fit and 64 % 
for High-Fit individuals compared to the Least-Fit [ 87 ]. 

 Considerable evidence supports that concentric LVH is a common precursor of 
heart failure [ 88 ]. There is no direct evidence that increased fi tness will attenuate the 
rate of progression form concentric LVH to heart failure. However, prospective epi-
demiologic evidence supports an association between low fi tness with a higher 
prevalence of concentric remodeling and diastolic dysfunction. This suggests that 
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the exercise-related favorable and long-term effects on cardiac remodeling and dia-
stolic function may attenuate the rate of progression to heart failure [ 89 ]. At least 
20 min of cycling or walking per day was associated with the largest reduction in 
HF risk [ 90 ]. However, an increase in heart failure was noted in those engaging in 
low and very high volume of exercise, a U-shape association.  

    Clinical Implications and Conclusions 

 The fi ndings presented in this chapter support that regularly performed aerobic 
exercise of moderate intensity, adequate duration and volume that leads to improved 
fi tness status can be implemented to lower blood pressure in hypertensive patients 
and modulate the associated hypertensive heart disease. Specifi cally, aerobic exer-
cise training can prevent the development of concentric cardiac remodeling and 
lower LVM in those with LVH [ 28 ,  48 – 52 ]. In at least one study, exercise has been 
shown to lower the risk of stroke even in the presence of LVH and cardiac arrhyth-
mias [ 65 ]. It is noteworthy that the aforementioned health benefi ts are achievable at 
a fi tness level represented by an exercise capacity >5 METs. This has a signifi cant 
clinical and public health impact because this level of fi tness is achievable by a 
brisk walk of 20–40 min, most days of the week, an activity level attainable by 
most, including middle-aged and older individuals. Since walking requires virtually 
no instructions, has a relatively low cost, carries a low risk of injury, and can be 
easily implemented in large populations, it represents the ideal form of exercise for 
hypertensive individuals at any age. The effects of exercise have a favorable effect 
on a cardiovascular risk factors are additive to pharmacologic therapies and inde-
pendent of body weight reduction and dietary factors [ 17 ,  25 ,  64 ,  91 ]. Thus, 
increased physical activity of moderate intensity should be an important component 
of any antihypertensive regimen and should be promoted by all health care 
providers.     
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    Chapter 14   
 Hypertension and Atherosclerosis: 
Pathophysiology, Mechanisms and Benefi ts 
of BP Control                     

     Misbah     Zaheer     ,     Paola     Chrysostomou    , and     Vasilios     Papademetriou     

         Introduction 

 Hypertension is a leading identifi able and reversible risk factor for myocardial 
infarction, heart failure, atrial fi brillation, aortic dissection, peripheral arterial dis-
ease, stroke and kidney failure [ 1 ,  2 ]. .  Hypertension is ranked fi rst worldwide in an 
analysis of all risk factors for global disease burden in 2010 [ 2 ]. By the year 2025, 
hypertension is expected to increase in prevalence worldwide by 60 % and will 
affect 1.56 billion people [ 3 ]. Developing nations will experience an increase in the 
prevalence of hypertension by 80 % (from 639 million to 1.15 billion affl icted per-
sons). As emerging countries have improved sanitation and other basic public health 
measures, cardiovascular (CV) disease has or soon will become the most common 
cause of death, and hypertension will be its most common reversible risk factor, as 
it already is in the United States. 

 Hypertension contributes to atherosclerosis at different levels: To the develop-
ment of endothelial dysfunction, fatty streaks, early atherosclerotic plaque, plaque 
progression and plaque rapture. In this chapter we’ll explore the pathophysiology, 
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the pathways by which hypertension contributes and accelerates atherosclerosis and 
fi nal evidence that treatment and control of hypertension leads to reduced cardio-
vascular events.  

    HTN and Cardiovascular Risk 

 Hypertension is the most important modifi able risk factor for stroke [ 1 ]. Current 
estimates are that 77 % of those who have a fi rst stroke have had a blood pressure 
(BP) above 140/90 mmHg. High BP is the leading antecedent condition for either 
the systolic or diastolic type of heart failure and the most common reason for acute 
care hospitalization among Medicare benefi ciaries (approximately 1.023 million in 
2010); approximately 74 % of people experiencing an initial hospitalization for 
heart failure either had or have BP of 140/90 mmHg or higher [ 1 ]. 

 The risks attributable to elevated BP levels are documented in numerous epide-
miologic studies, beginning in 1948 with the Framingham Heart Study and extend-
ing to the present [ 4 ,  5 ]. Meta-analyses of pooled data confi rm the robust, continuous 
relationship between BP level and cerebrovascular disease and coronary heart dis-
ease in both Western and Eastern populations [ 6 ]. In addition, BP is linked directly 
in epidemiologic studies to incident left ventricular hypertrophy (LVH), heart fail-
ure, peripheral vascular disease, carotid atherosclerosis, end-stage kidney disease, 
and “subclinical CV disease.” Out –of-offi ce blood pressure measurements have 
also been shown to correlate with chronic kidney disease [ 7 ,  8 ]. The highest risk is 
at levels above the auto regulatory range of the kidney (i.e., a systolic BP > 180 mmHg). 
CV risk factors tend to cluster; thus hypertensive individuals are much more likely 
than normotensive people to have type 2 diabetes mellitus or dyslipidemia, espe-
cially elevated triglyceride levels and low high-density lipoprotein cholesterol 
levels.  

    Pathophysiology of HTN Leading to Atherosclerosis 

    Arterial Stiffness 

 In primary hypertension, the column of blood in the arterial tree between aortic 
valve and capillaries moves at abnormally high pressure throughout cardiac cycle of 
contraction and relaxation. However, cardiac output is usually normal or close to 
normal. Thus, the main determinant of the sustained elevated blood pressure is an 
increase in peripheral arterial resistance. Under normal circumstances, peripheral 
resistance is determined predominantly by precapillary vessels with a luminal diam-
eter of approximately 100–300 μm [ 7 ,  8 ]. In human hypertension and in experimen-
tal animal models of hypertension, structural changes in these resistance vessels are 
commonly observed. Small artery remodeling is initiated by vasoconstriction, 
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which normalizes wall stress and averts a trophic response. Normal smooth muscle 
cells rearrange themselves around a smaller lumen diameter, a process termed 
inward eutropic remodeling. The media-to-lumen ratio increases but the media 
cross sectional area remains unchanged. By decreasing lumen diameter in the 
peripheral circulation, inward eutropic remodeling increases systemic vascular 
resistance, the hemodynamic hall mark of diastolic hypertension. 

 In contrast large artery remodeling is characterized by the expression of hyper-
trophic changes, triggering increases in medial thickness as well as the media-to- 
lumen ratio. Such hypertrophic remodeling involves not only an increase in the size 
of vascular smooth muscle cells but also an accumulation of extracellular matrix 
proteins such as collagen and fi bronectin, because of activation of TGF-β. The 
resultant large artery stiffness is the hemodynamic hall mark of isolated systolic 
hypertension. Increased Carotid pulse wave velocity hall mark of arterial stiffness 
PWV is associated with increased mortality and CV events [ 9 ], as well as with a 
variety of subclinical CV injury markers, such as coronary calcifi cation, cerebral 
white matter lesions, ankle-brachial index, and albuminuria. The relationship with 
cardiac complications is easily grasped: increased impedance to left ventricular 
ejection results in LVH, diastolic dysfunction, and sub-endocardial myocardial 
ischemia 

 Anti-hypertensive therapy may not provide optimal cardiovascular protection 
and less vascular remodeling is prevented or reversed by normalizing hemodynamic 
load, restoring normal endothelial dysfunction and eliminating underlying neurohu-
moral activation [ 10 ].  

    Endothelial Dysfunction 

 The endothelial lining of blood vessels is critical to vascular health and constitutes 
a major defense against hypertension. Cyclic laminar sheer stress that accompanies 
hypertension, particularly with widened pulse pressure in isolated systolic hyper-
tension leads to endothelial dysfunction. 

 Several elements are responsible for endothelial dysfunction in hypertension. 
Normotensive offspring of patients with hypertension have impaired endothelium 
dependent vasodilation despite normal endothelium-independent responses, thus 
suggesting a genetic component to the development of endothelial dysfunction. 
Besides direct pressure-induced injury in the setting of chronically elevated BP, a 
mechanism of major importance is increased oxidative stress. Reactive oxygen spe-
cies are generated from enhanced activity of several enzyme systems, reduced nico-
tinamide adenine dinucleotide phosphate-oxidase (NADPH-oxidase), xanthine 
oxidase, and cyclo-oxygenase in particular, and decreased activity of the detoxify-
ing enzyme superoxide dismutase (Fig.  14.1 ) [ 11 – 13 ]. Excess availability of super-
oxide anions leads to their binding to NO, leading to decreased NO bioavailability, 
in addition to generating the oxidant, proinfl ammatory peroxynitrite. It is the 
decreased NO bioavailability that links oxidative stress to endothelial dysfunction 
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and hypertension [ 13 ]. Angiotensin II is a major enhancer of NADPH-oxidase 
activity and plays a central role in the generation of oxidative stress in hypertension, 
although several other factors are also involved, including cyclic vascular stretch, 
ET-1, uric acid, systemic infl ammation, norepinephrine, free fatty acids, and tobacco 
smoking [ 14 ]. ET-1 is the endothelial cell product that counteracts NO to maintain 
balance between vasodilation and vasoconstriction. ET-1 expression is increased by 
shear stress, catecholamines, angiotensin II, hypoxia, and several proinfl ammatory 
cytokines such as tumor necrosis factor-α, interleukins 1 and 2, and transforming 
growth factor-β [ 15 ]. ET-1 is a potent vasoconstrictor through stimulation of ET-A 
receptors in vascular smooth muscle. In hypertension, increased ET-1 levels are not 
consistently found. However, there is a trend of increased sensitivity to the vasocon-
strictor effects of ET-1. ET-1 therefore is considered a relevant mediator of BP ele-
vation, as ET-A and ET-B receptor antagonists attenuate or abolish hypertension in 
several experimental models of hypertension (angiotensin II–mediated models, 
deoxycorticosterone acetate–salt hypertension, and Dahl salt-sensitive rats) and are 
effective in lowering BP in humans [ 12 ]. Endothelial cells also secrete a variety of 
other vasoregulatory substances. These include the vasodilating prostaglandin pros-
tacyclin and several vasodilating endothelium- derived hyperpolarizing factors, the 
identity of which remains uncertain. There are also endothelium-derived contract-
ing factors besides ET-1, such as locally generated angiotensin II and vasoconstrict-
ing prostanoids such as thromboxane A2 and prostaglandin A2. The balance of 
these factors, along with NO and ET-1, determine the fi nal impact of the endothe-
lium on vascular tone.

  Fig. 14.1    Mechanism by which hypertension contributes to endothelial dysfunction [ 13 ]       
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   In cross-sectional analyses, the lower the degree of forearm fl ow-mediated vaso-
dilation, the greater the prevalence of hypertension [ 14 ,  16 ]. Prospective cohort 
studies have used fl ow-mediated vasodilation as a measure of endothelial dysfunc-
tion (regardless of specifi c mechanism) to evaluate its relationship with hyperten-
sion and test whether endothelial dysfunction is cause or consequence of 
hypertension, or both [ 17 ]. These studies have shown confl icting results, but the 
larger of them was unable to demonstrate an association between endothelial dys-
function and incident hypertension among 3500 patients followed for 4.8 years [ 17 ], 
so as it stands, the evidence is stronger for endothelial dysfunction as a consequence, 
not a cause, of hypertension [ 16 ].   

    Renin Angiotensin System 

 Activation of renin- angiotensin- aldosterone system (RAAS) is one of the most 
important mechanisms contributing to endothelial cell dysfunction, vascular remod-
eling, and hypertension. Activation of RAAS occurs by afferent arteriolar narrow-
ing in kidneys [ 11 ]. This abnormality is characterized by a spectrum of histologic 
changes including focal spasm of otherwise normal afferent arterioles, endothelial 
edema, vascular smooth muscle hypertrophy and widening of internal elastic lamina 
with deposition of material that stains with periodic acid Schiff stain, and degenera-
tive changes and hyalinization with focal luminal narrowing. In addition juxtaglo-
merular cells are hyperplastic, which signifi es increased renin biosynthesis. 
However, it should be emphasized that these renal vascular changes are focal with 
relatively few obsolescent glomeruli being present, which supports the clinical 
observation that signifi cant nephron loss and overt renal insuffi ciency are not major 
contributing factors in pathogenesis of uncomplicated primary hypertension. 

 The RAAS has wide-ranging effects on BP regulation. Figure 47.8 summarizes 
the most relevant elements of the RAAS and its role in the pathogenesis of hyperten-
sion and its complications. The different elements of the RAAS have key roles in 
mediating sodium retention, pressure natriuresis, salt sensitivity, vasoconstriction, 
endothelium dysfunction, and vascular injury. Taken together, the RAAS has an 
important role in the pathogenesis of hypertension. Renin and pro-renin are synthe-
sized and stored in the juxtaglomerular cell apparatus and released in response to 
decreased renal afferent perfusion pressure, decreased sodium delivery to the mac-
ula densa, activation of renal nerves (via β1-adrenergic receptor stimulation), and a 
variety of metabolic products, including prostaglandin E2 and several others. Renin’s 
main function is to cleave angiotensinogen into angiotensin I. Pro-renin, previously 
viewed as an inactive substrate for renin production, is now known to also stimulate 
the (pro)renin receptor (PRR). This receptor leads to more effi cient cleavage of 
angiotensinogen and activates downstream intracellular signaling through the mito-
gen-activated protein (MAP) kinases extracellular signal–regulated kinases 1 and 2 
(ERK1/2) pathways that have been associated with profi brotic effects in some, but 
not all, experimental models [ 18 ,  19 ] At this point, it is  uncertain that the PRR is 

14 Hypertension and Atherosclerosis



206

involved in the genesis or complications of hypertension in a manner that is indepen-
dent of the effects of angiotensin II. Angiotensin II, formed by the cleavage of angio-
tensin I by the ACE, is at the center of the pathogenetic role of the RAAS in 
hypertension. Primarily through its actions mediated by the angiotensin II type 1 
receptor (AT1R), angiotensin II is a potent vasoconstrictor of vascular smooth mus-
cle, causing systemic vasoconstriction as well as increased renovascular resistance 
and decreased medullary fl ow, which is a mediator of salt sensitivity. It produces 
increased sodium reabsorption in the proximal tubule by increasing the activity of 
NHE3, the sodium-bicarbonate exchanger, and Na+−K+−ATPase and by inducing 
aldosterone synthesis and release from the adrenal zona glomerulosa. In addition, it 
is associated with endothelial cell dysfunction and produces extensive profi brotic 
and proinfl ammatory changes, largely mediated by increased oxidative stress, result-
ing in renal, cardiac, and vascular injury, thus giving angiotensin II a tight link to 
target-organ injury in hypertension [ 22 ]. Conversely, stimulation of the angiotensin 
II type 2 receptor (AT2R) is associated with opposite effects, resulting in vasodila-
tion, natriuresis, and antiproliferative effects. The relative importance of the renal 
and vascular effects of angiotensin II was evaluated in classical crosstransplantation 
studies using both wild-type mice and mice lacking the AT1R [ 23 ,  24 ]. By cross 
transplanting the kidneys of wild-type mice into AT1R knockout mice and vice 
versa, investigators were able to generate animals that were selective renal AT1R 
knockouts or selective systemic (nonrenal) AT1R knockouts (Fig.  14.2 ). In physio-
logic conditions, renal, systemic, and total knockout animals had lower BP than 
wild-type animals, indicating a role of both renal and extrarenal AT1R in BP regula-
tion [ 24 ]. The systemic AT1R absence was associated with approximately 50 % 
lower aldosterone levels, but the lower BP observed in this group was independent 
of this lower aldosterone production, as BP remained low despite aldosterone infu-
sions to supraphysiologic levels following adrenalectomy in the systemic knockout 
animals. In addition, the BP reduction in kidney knockout animals occurred despite 
normal aldosterone excretion, again confi rming the independence of renal angioten-
sin II effects from aldosterone. In the hypertensive environment, it is the presence of 
renal AT1R that mediates both hypertension and organ injury [ 24 ] When animals 
were infused with angiotensin II for 4 weeks, animals lacking renal AT1R did not 
develop sustained hypertension, whereas wild-type and systemic knockout mice had 
a signifi cant increase in BP. Additionally, only animals with elevated BP developed 
cardiac hypertrophy and fi brosis. This indicates that cardiac injury is largely depen-
dent on hypertension and not on the presence of AT1R in the heart, as the (hyperten-
sive) systemic knockout animals developed signifi cant cardiac abnormalities despite 
the absence of AT1R in the heart. [ 22 ] In summary, these experiments indicate that 
both systemic and renal actions of angiotensin II are relevant to physiologic BP 
regulation, but in hypertension, the detrimental effects of angiotensin II are medi-
ated via its renal effects. Aldosterone, the adrenocortical hormone synthesized in the 
zona glomerulosa, plays a critical role in hypertension through its well-known 
effects on sodium reabsorption that are largely mediated by genomic effects through 
the mineralocorticoid receptor leading to increased expression of ENaC. An exten-
sive body of literature has identifi ed other genomic and nongenomic effects of aldo-
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sterone with relevance to hypertension. Extensive nonepithelial effects include 
vascular smooth muscle cell proliferation, vascular extracellular matrix deposition, 
vascular remodeling and fi brosis, and increased oxidative stress leading to endothe-
lial dysfunction and vasoconstriction [ 21 ,  23 ]. Several other elements of the RAAS 
have been identifi ed as having potentially important roles in hypertension. The 

  Fig. 14.2    AT 1  receptor-induced oxidative stress and atherosclerosis. AT 1  receptor activation leads 
to the release of reactive oxygen species in various vascular cells. Oxidative stress is in turn 
involved in monocyte attraction and activation. This involves increased production of monocyte 
chemoattractant protein-1 ( MCP-1 ). In endothelial cells, adhesion molecules that are essential for 
the adhesion of monocytes, such as intercellular adhesion molecule-1 ( ICAM-1 ) and the vascular 
adhesion molecule-1 ( VCAM-1 ), are induced by angiotensin II via superoxide anions. In vascular 
smooth muscle cells ( VSMCs ), numerous biological processes are induced by reactive oxygen spe-
cies. AT1 receptor activation increases expression of the oxLDL receptor LOX-1 resulting in an 
increased oxLDL uptake. Expression of plasminogen activator inhibitor-1 ( PAI-1 ) is increased via 
AT1 receptor activation predisposing to a procoagulant state. The efects of angiotensin II on tissue 
plasminogen activator ( tPA ) are controversial       
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Renovascular importance of ACE2 and angiotensin-(1–7) to BP regulation and 
angiotensin II–associated target-organ injury has become apparent. ACE2 is 
expressed largely in heart, kidney, and endothelium; it has partial homology to ACE 
and is unaffected directly by ACEIs [ 25 ]. It has a variety of substrates, but its most 
important action is the conversion of angiotensin II to angiotensin-(1–7). 
Angiotensin-(1–7) is formed primarily though the hydrolysis of angiotensin II by 
ACE2, and its actions are opposite to those of angiotensin II, including vasodilatory 
and anti- proliferative properties that are mediated by the Mas receptor, a G protein–
coupled receptor that, upon activation, forms complexes with the AT1R, thus antag-
onizing the effects of angiotensin II. The vasodilatory effects are mediated by 
increased cyclic guanosine monophosphate, decreased norepinephrine release, and 
amplifi cation of bradykinin effects. Studies have identifi ed ACE2 and angioten-
sin-(1–7) as protective factors in the development of atherosclerosis and cardiac and 
renal injury [ 25 ,  26 ], and administration of recombinant ACE2 or its activator, xan-
thenone, has resulted in improved endothelial function, decreased BP, and improved 
renal, cardiac, and perivascular fi brosis in hypertensive animals [ 27 – 29 ].

       Sympathetic Nervous System 

 The sympathetic nervous system (SNS) is activated consistently in patients with 
hypertension compared with normotensive individuals, particularly in the obese 
(Fig. 47.10). Many patients with hypertension are in a state of autonomic imbalance 
that encompasses increased sympathetic and decreased parasympathetic activity 
[ 30 ,  31 ]. SNS hyperactivity is relevant to both the generation and maintenance of 
hypertension and is observed in human hypertension from very early stages. Among 
patients with hypertension, increasing severity of hypertension is associated with 
increasing levels of sympathetic activity measured by microneurography [ 32 ,  33 ]. 
In human hypertension, plasma catecholamine levels, microneurographic record-
ings, and systemic catecholamine spillover studies have shown consistent elevation 
of these markers in obesity, the metabolic syndrome, and hypertension complicated 
by heart failure or kidney disease [ 31 ]. In addition, SNS hyperactivity is observed in 
most hypertensive subgroups, though it appears more pronounced in men than in 
women, and in younger than in older patients. 

 Several experimental models have outlined the importance of the SNS in gener-
ating hypertension. Different models of obesity-related hypertension indicate that 
the SNS is activated early in the development of increased adiposity [ 32 ], and the 
key factor in the maintenance of sustained hypertension is increased renal sympa-
thetic nerve activity and its attendant sodium avidity [ 32 ]. Enhanced SNS activity 
results in α1-receptor–mediated endothelial dysfunction, vasoconstriction, vascular 
smooth muscle proliferation, and arterial stiffness, all of which contribute to the 
development of hypertension. Finally, evidence indicates that sympathetic 
 overactivity results in salt sensitivity due to a reduction in the activity of WNK4. 
This results in increased sodium avidity through the thiazide-sensitive NCC [ 34 ]. 
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 Increased SNS activity is associated with vascular smooth muscle proliferation, 
LVH, large artery stiffness, myocardial ischemia, and arrhythmogenesis. There is 
also a mechanistic role for the SNS in the complications of hypertension. In support 
of this concept, there are several cohort studies reporting an association between 
physiologic or biochemical markers of SNS activation and adverse outcomes in 
heart failure, stroke, and end-stage kidney disease [ 31 ,  35 ]. However, there are no 
such studies among patients with hypertension, and the indirect evaluation of the 
impact of treatment-induced heart rate reduction in hypertension has yielded “para-
doxical” results. 

 In a meta-analysis of hypertension trials, heart rate reduction during treatment 
with β-blockers was associated with increased risk for death and CV events in 
patients with hypertension [ 36 ]. In contrast, in a very large (n = 10,000) patient out-
come trial, a post hoc analysis of heart rate at baseline demonstrated that those with 
a resting heart rate above 80 beats per minute even with a BP below 140/90 mmHg 
had a higher mortality rate [ 37 ]. Therefore, while apparent that SNS activation is 
deleterious to patients with CV disease, and presumably with hypertension, a cause 
for the over-activity should be sought and an attempt made to affect that 
mechanism.  

    Pathogenesis of Hypertensive Heart disease 

 Hypertension is a major risk factor not only for CAD but also for left ventricular 
hypertrophy (LVH) and heart failure. In hypertensive patients, LVH powerfully and 
independently predicts morbidity and mortality, predisposing them to heart failure, 
ventricular tachyarrhythmia, ischemic stroke, atrial fi brillation, and embolic stroke. 
Major advances have increased our understanding of the molecular signal transduc-
tion pathways underlying pressure overload cardiomyocyte hypertrophy [ 38 ]. 
Moreover, the structural abnormalities in the hypertensive heart extend beyond 
myocyte hypertrophy; they also include medial hypertrophy of the intra myocardial 
coronary arteries and collagen deposition, leading to cardiac fi brosis [ 39 ]. These 
changes result from pressure overload and the neurohormonal activation that con-
tributes to hypertension. In animal models, A II, aldosterone, norepinephrine, and 
prorenin accelerate pressure overload cardiomyocyte hypertrophy and promote car-
diac fi brosis, the hallmarks of pathologic LVH (in contrast with the physiologic 
hypertrophy of exercise training, which involves less fi brosis). 

 Impaired Coronary Vasodilator Reserve The hypertrophied hypertensive heart 
has normal resting coronary blood fl ow, but vasodilator reserve becomes impaired 
when myocyte mass outstrips the blood supply. Even in the absence of atheroscle-
rosis, the hypertensive heart has blunted or absent coronary vasodilator reserve, 
leading to sub endocardial ischemia under conditions of increased myocardial oxy-
gen demand. The combination of sub endocardial ischemia and cardiac fi brosis 
impairs diastolic relaxation, leading to exertional dyspnea and heart failure with 
preserved systolic function. 
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 Before the advent of effective drug therapy for hypertension in the late 1950s, 
heart failure caused most deaths from hypertension. Better management has sub-
stantially reduced hypertension-related deaths from heart failure and signifi cantly 
delayed its onset, but hypertension remains the most common cause of heart failure 
with preserved systolic function. In addition, hypertension indirectly leads to sys-
tolic heart failure as a major risk factor for MI. Whether mild or moderate hyperten-
sion without MI leads to systolic heart failure is unclear [ 39 ].  

    Treatment 

 Despite major progress in identifying the risks associated with elevated BP and 
demonstration that reducing BP to within a certain range reduces risk for death from 
CV disease and stroke as well as kidney disease progression, control rates are poor 
in the world. There are over 125 different medications encompassing eight different 
antihypertensive drug classes to help lower BP, as well as more than 20 single-pill 
combination agents for BP control. In spite of this, BP control remains suboptimal 
in many parts of the world [ 39 – 41 ]. BP control rates (to <140/90 mmHg) have 
improved substantially in the United States since 1974 (Fig. 47.6) and have stabi-
lized at just over 50 % in the last three biennial NHANES reports [ 1 ]. Successful 
national efforts to increase hypertension treatment and control rates have been asso-
ciated with signifi cant reductions in CV hospitalizations or death in both Canada33 
and the United Kingdom [ 42 ]. The prevalence of uncontrolled hypertension is 
greater for undiagnosed, untreated, or older individuals and for systolic (rather than 
diastolic) BP. 

 Meta-analyses of all commonly used antihypertensive drug classes demonstrate 
that, regardless of the agent used, reduction in BP corresponds to reduction in CV 
events if BP reduction is achieved [ 44 ,  45 ]. This reduction in CV risk, however, is 
predominantly seen in people with stage 2 hypertension with much less outcome 
data to support risk reduction in stage 1 hypertension. Events that drive the risk 
reduction are derived predominantly from reduced incidence of stroke, myocardial 
infarction, and heart failure. In all trials to date it is the group with the best overall 
BP control that has the best outcomes [ 46 ]. 

 In large-scale randomized trials, it has been shown that reduction of BP by 
5–6 mmHg diastolic or 10–12 mmHg systolic resulted in more than 50 % relative 
risk reduction in the incidence of heart failure, a 30–40 % relative risk reduction in 
stroke, and a 20–25 % relative risk reduction in myocardial infarction [ 46 ] 

 These relative risk reductions correspond to the following absolute benefi ts: anti-
hypertensive therapy for 4–5 years prevents a coronary event in 0.7 % of patients 
and a cerebrovascular event in 1.3 % of patients for a total absolute benefi t of 
approximately 2 % [ 47 ]. Thus, 100 patients must be treated for 4–5 years to prevent 
a complication in two patients. It is presumed that these statistics underestimate the 
true benefi t of treating stage 1 hypertension since these data were derived from trials 
of relatively short duration (5–7 years); this may be insuffi cient to determine the 
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effi cacy of antihypertensive therapy on longer-term diseases such as atherosclerosis 
and heart failure. Equal if not greater relative risk reductions have been demon-
strated with antihypertensive treatment of older hypertensive patients (over age 65 
years), most of whom have isolated systolic hypertension. Because advanced age is 
associated with higher overall cardiovascular risk, even modest and relatively short- 
term reductions in blood pressure may provide absolute benefi ts that are greater 
than that observed in younger patients. 

 The benefi ts of antihypertensive therapy are less clear and more controversial in 
patients who have mild hypertension and no preexisting cardiovascular disease, and 
in elderly patients who are frail. 

 The benefi t of blood pressure (BP) reduction in patients at increased risk of a 
cardiovascular event has been investigated in a number of major clinical trials of 
differing designs. Some of these trials compared one BP goal with a lower BP goal, 
while others compared an angiotensin converting enzyme (ACE) inhibitor or angio-
tensin receptor blocker (ARB) with placebo. Until recently evidence existed that 
reduction of systolic BP to around 140 mmHg systolic benefi tted high risk patients 
bute the evidence was weak among elderly patients, diabetics and patients with 
CVD. Because of that, recent national guidelines accepted systolic BP up to 
150 mmHg in patients >60 years of age. 

 However recent data from two large trials (SPRINT and ACCORD) may change 
guidelines [ 48 ,  49 ]. These two studies compared BP goals to test the hypothesis that 
lower attained systolic BPs (as low as less than 120 mmHg) improve patient out-
comes in patients with cardiovascular disease or those at high risk. These trials 
provide support for the concept that the BP goal in patients with CVD or at high risk 
(this defi nition includes age >75 with no other cardiovascular risk factors) should be 
lower than that for the general population. 

 SPRINT randomly assigned 9361 patients aged 50 years or older with a systolic 
BP of 130–180 mmHg, and an increased risk of an adverse cardiovascular outcome 
(but without diabetes), to a systolic BP target of <120 mmHg (intensive treatment 
group) or <140 mmHg (standard treatment group). Increased cardiovascular risk 
was defi ned as: age greater than or equal to 75 years; clinically evident cardiovascu-
lar disease (i.e., previously documented coronary, peripheral arterial, or cerebrovas-
cular disease [except for stroke]); subclinical cardiovascular disease (i.e., an elevated 
coronary artery calcifi cation score by computerized tomography scan, left ventricu-
lar hypertrophy, or an ankle-brachial index <0.9); an estimated glomerular fi ltration 
rate of 20–59 mL/min/1.73 m 2 ; or a 10-year Framingham Risk Score greater than or 
equal to 15 %. 

 The primary composite outcome included myocardial infarction (MI), other 
acute coronary syndromes, stroke, heart failure, hospitalization, or death from car-
diovascular causes. The mean BP at baseline was approximately 138/78 mmHg in 
patients treated with 2 antihypertensive agents. 

 The trial was stopped early for benefi t after median follow-up of 3.26 years. The 
mean number of BP medications was 2.8 and 1.8 in the intensive and standard 
groups, respectively. At 1 year, the mean systolic BP was 121.4 and 136.2 mmHg in 
the intensive and standard treatment groups, respectively. There was a lower rate of 
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the primary outcome in the intensive treatment group (1.65 versus 2.19 % per year; 
hazard ratio [HR] 0.75; 95 % CI 0.64–0.89). The primary outcome occurred in 562 
patients. All-cause mortality was also signifi cantly lower in the intensive treatment 
group (HR 0.73; 95 % CI 0.60–0.90). Rates of serious adverse events of hypoten-
sion, syncope, electrolyte abnormalities, and acute kidney injury were higher in the 
intensive treatment group presumably because of higher diuretic use. Patients with 
established cardiovascular disease accounted for approximately 20 % of enrollees 
and outcomes were similar in this subgroup relative to the entire population. 

 In The ACCORD BP trial 4733 patients were randomly assigned with type 2 
diabetes who had cardiovascular disease or at least two additional risk factors for 
cardiovascular disease to systolic BP targets of either less than 120 mmHg or less 
than 140 mmHg. Patients were followed for mean of 4.7 years. The mean attained 
systolic pressures were 119 and 134 mmHg, respectively, compared to 
139/76 mmHg at baseline. There was no signifi cant difference in the annual rate of 
the primary composite outcome of nonfatal MI, nonfatal stroke, or death from car-
diovascular causes between the intensive versus standard therapy groups (1.87 ver-
sus 2.09 %, hazard ratio [HR] 0.88, 95 % CI 0.73–1.06). There was no difference in 
the annual all-cause mortality rate between intensive and standard therapy groups 
(1.28 versus 1.19 %) or in the rate of death from cardiovascular causes between 
groups (0.52 versus 0.49 %). Intensive therapy was associated with signifi cant 
reductions in the annual rates of total stroke and nonfatal stroke (0.32 versus 
0.53 %, HR 0.59, 95 % CI 0.39–0.89 for total stroke and 0.3 versus 0.47 %, HR 
0.63, 95 % CI 0.41–0.96 for nonfatal stroke). Serious adverse events attributable to 
antihypertensive drugs (eg, hypotension, syncope, bradycardia or arrhythmia, 
hyperkalemia, angioedema, and renal failure) occurred signifi cantly more fre-
quently in the intensive versus standard therapy group (3.3 versus 1.3 %). Intensive 
therapy was also associated with a signifi cantly higher rate of an increase in serum 
creatinine of more than 1.5 mg/dL (133 micromol/L in men or more than 1.3 mg/
dL [115 micromol/L] in women). 

 Placebo-controlled trials such as HOPE, EUROPA, PEACE, CAMELOT, 
TRANSCEND, and NAVIGATOR [ 50 – 55 ] evaluated the hypothesis that ACE 
inhibitors or ARBs might have a direct and clinically-signifi cant cardiovascular 
benefi t in patients with a mean baseline BP between (approximately) 130/75 and 
140/90 mmHg. In addition, CAMELOT and ACTION compared long-acting dihy-
dropyridine calcium channel blockers to placebo. However, these trials were not 
designed to determine the optimal BP. Any benefi t seen might be due to another 
mechanism than BP lowering. In the aggregate, these trials suggest a benefi t from 
the agents used in patients with a baseline BP between (approximately) 130/75 and 
140/90 mmHg. As the decrease in BP was modest in these studies (average of 
3–5 mmHg systolic), they do not provide evidence that BP lowering below 
130 mmHg is of benefi t. In addition, as the mean age in these trials was about 60 
years, they do not provide evidence on how to manage older patients (>70 years) 
with diastolic BP levels below 65 or 70 mmHg. 

 A 2009 meta-analysis focused on seven trials that limited therapy to either an 
ACE inhibitor or an ARB to placebo in patients with ischemic heart disease and 
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preserved left ventricular systolic function [ 56 ]. Six trials of ACE inhibitor therapy 
(including HOPE, EUROPA, CAMELOT, and PEACE) signifi cantly reduced both 
total mortality (RR 0.87, 95 % CI 0.81–0.94) and nonfatal MI (RR 0.83, 95 % CI 
0.73–0.94). A limitation to this meta-analysis is that it does not distinguish between 
angiotensin inhibition and lower attained BPs as the mechanism of benefi t. 

 This limitation was overcome in a 2011 meta-analysis that included 25 placebo- 
controlled trials with more than 63,000 patients in which active treatment consisted 
of all major classes of antihypertensive drugs, including ACE inhibitors, ARBs, beta 
blockers, calcium channel blockers, diuretics, or combination therapy [ 57 ]. Drug 
therapy signifi cantly lowered the risks of all-cause mortality and MI to the same 
degree as in the earlier meta-analysis (pooled relative risks 0.87, 95 % CI 0.80–0.95 
and 0.80, 95 % CI 0.69–0.93, respectively), suggesting that there was no specifi c 
benefi t from therapy with angiotensin inhibitors compared with other antihyperten-
sive drugs. The absolute risk reductions in all-cause mortality and MI were 14 and 
13 per 1000 persons treated.  

    Threshold for Low Blood Pressure 

 There is a blood pressure (BP) threshold for all patients below which tissue perfu-
sion is reduced to vital organs. As long as the BP is lowered gradually, this threshold 
does not appear to occur at current BP goals [ 49 ]. 

 For patients with coronary heart disease without heart failure, it is possible that a 
lower limit exists for desirable diastolic pressure because much of coronary fi lling 
occurs during diastole. Observations from the Framingham study and a post-hoc 
analysis from the INVEST trial suggested an increase in risk for patients with car-
diovascular disease at a diastolic pressure below 70 to 75 mmHg [ 58 ,  59 ]. However 
in the ACCORD study diastolic BP was reduced to 62 mmHg in high risk diabetics 
with no evidence of J shape curve. 

 Other analyses from placebo-controlled trials of hypertension found a similar 
J-shaped curve for diastolic and systolic pressures in both treated and untreated 
groups and for both cardiovascular and non-cardiovascular mortality [ 60 ,  61 ]. These 
fi ndings indicate that the worse outcomes at lower pressures are independent of 
antihypertensive therapy as long as the BP is lowered slowly. Although there must 
be a level of diastolic BP and perhaps systolic, that organ hypo perfusion occurs and 
CV mortality and cardiovascular events increase, but evidence suggest that it must 
be well below current targets. 

 In summary, presented evidence strongly suggest that hypertension is a major 
contributor to endothelial dysfunction, atherosclerosis and cardiovascular events. 
Treatment and gradual control of hypertension to levels below 120 mmHg systolic 
and below 65 mmHg diastolic continues to reduce cardiovascular events and 
improve survival. Implementation of wide scale programs to treat and control 
hypertension to these low levels it will improve longevity and reduce CV outcomes 
around the world     
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    Chapter 15   
 Selecting Optimum Antihypertensive Therapy                     

     Vasilios     Papademetriou       and     Michael     Doumas    

          Introduction 

 The selection of optimum antihypertensive therapy for a particular patient repre-
sents a challenge, which the treating physician managing patients with arterial 
hypertension confronts every day. The choice involves not only the initial selection 
of antihypertensive drugs, but also the right dual, triple, or multiple combination 
therapy for the particular patient, since antihypertensive drugs as monotherapy are 
effi cacious in the minority of cases (30–40 %) and blood pressure response is unpre-
dictable. Therefore, the choice affects all hypertensive patients and is neither simple 
nor careless. 

 Undoubtedly, essential hypertension is not due to one cause and certainly there 
is no therapy that fi ts all. Arterial hypertension is a multi-factorial disease with sev-
eral mechanisms implicated in blood pressure elevation. Each class of antihyperten-
sive drugs targets one or more mechanisms but leaves unaffected or even has an 
adverse impact on the other mechanisms. Therefore, the selection of optimum ther-
apy requires the identifi cation of the specifi c mechanism(s) contributing to blood 
pressure elevation in each individual. 

 The aim of this chapter is to present the therapeutic strategies for the manage-
ment of arterial hypertension (stepped-care, sequential monotherapy, individualized, 
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renin-based, hemodynamic), and critically discuss each approach highlighting its 
advantages and disadvantages. Moreover, several practical recommendations are 
provided on the build-up of optimum antihypertensive therapy in individual 
patients.  

    Therapeutic Strategies for the Management of Arterial 
Hypertension 

 The main therapeutic strategies for the management of arterial hypertension are 
depicted in Table  15.1 . There are three main therapeutic approaches: (a) the stepped- 
care approach, (b) the sequential monotherapy approach, and (c) the individualized, 
patient-centered approach.

   Last but not least, special emphasis needs to be placed in two particular 
approaches: (a) the renin approach, and (b) the hemodynamic approach. Although 
both approaches could be considered as part of the individualized approach, they 
merit discussion separately, since each one represents a complete particular concept 
with its own advantages and disadvantages, strengths and weaknesses. 

    The Stepped-Care Approach 

 The traditional stepped-care approach dominated the hypertension fi eld at the 
beginning of antihypertensive drug therapy. According to this approach, when the 
fi rst antihypertensive drug (titrated to maximum dose) fails to achieve blood pres-
sure control, then a second drug is added and titrated to maximum dose, and so on, 
until successful blood pressure control occurs. 

 The effi cacy of the stepped care approach in blood pressure reduction and the 
subsequent benefi ts in cardiovascular morbidity and mortality have been demon-
strated very early in the antihypertensive era, with the fi rst large clinical studies, 
such as the VA trials, the USPHS trial, the Australian trial, and the Oslo trial [ 1 – 5 ]. 
Moreover, the superiority of the stepped care approach over usual care has been 
confi rmed in the HDFP trial [ 6 ]. 

 The stepped care approach was designed as a simple algorithm that was found 
very effective, resulting in signifi cant blood pressure reduction (mean 10/5 mmHg; 
maximum 20/10 mmHg, in patients with mild to moderate hypertension) [ 7 ]. The 

  Table 15.1    Therapeutic 
strategies for the management 
of arterial hypertension  

 Stepped-care approach 
 Sequential monotherapy 
 Individualized approach 
 Renin-based approach 
 Hemodynamic approach 
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stepped care approach was embraced by the Joint National Committee which issued 
the US guidelines for the management of arterial hypertension in 1977, 1980, 1984, 
and 1988 [ 8 – 10 ]. 

 As every approach, the stepped care approach has its own advantages and disad-
vantages. It is easy to understand and thus can be widely implemented, it highlights 
the selection of drugs from different classes to attain synergistic actions, and it 
includes a gradual dose titration to identify the maximum tolerated dose of a drug. 
On the other hand, the stepped care approach ignores the different pathogenetic 
mechanisms contributing in blood pressure elevation in different patients, the hemo-
dynamic and hormonal variability in hypertension, i.e., the heterogeneity in hyper-
tension pathogenesis. Moreover, the stepped care approach does not take into 
account several factors, such as target organ damage, cardiovascular disease, cardio-
vascular risk factors, other comorbidities, concomitant medication, drug adverse 
effects, and adverse metabolic actions of antihypertensive drugs. 

 The stepped care approach was not the result of rigorous and extensive scientifi c 
clinical testing, but rather an expert opinion aiming to provide a standard manage-
ment plan, appropriate for implementation in large populations in everyday clinical 
practice. Nevertheless it was simple enough, easy to follow and help in the wide 
spread of blood pressure treatment and control in the US and around the world.  

    Sequential Monotherapy 

 As the years passed by, however, it was realized that: (a) the various antihyperten-
sive drug classes result in blood pressure control (<140/90 mmHg) in a limited 
percentage of hypertensive patients (30–40 %), and (b) not all patients respond the 
same way to each antihypertensive drug category, i.e., an individual patient may 
respond to one class of drugs, be totally unresponsive to another class, and experi-
ence a partial response to a third class. Therefore, the concept of sequential mono-
therapy has emerged, a classic interpretation of the ‘trial and error’ method. 
According to this approach, antihypertensive drug classes are consecutively tested 
in all hypertensive patients in order to discover effective drugs and uncover inef-
fective drugs for the individual patient. The rationale beneath this concept is solid 
and attractive, since antihypertensive therapy is life-long and it is therefore of 
utmost importance and clinically meaningful to detect the effi cacy of each drug 
class for the individual patient. Like every concept however, sequential mono-
therapy has its own disadvantages. The main disadvantage is that the time required 
to test the effi cacy of each class is long and at times unacceptable. In particular, 
drugs have to be administered for several weeks, at least 4–6 weeks and even lon-
ger for diuretics, to evaluate appropriately the full effect of each drug category. In 
addition a wash-out period of 3–4 weeks has to follow each drug-testing period to 
avoid the carry-over effect. Thus, it was soon realized that a very long period of 
1–1.5 years is required to test the effi cacy of the four main antihypertensive drug 
classes (diuretics, beta blockers, calcium antagonists, ACE-inhibitors), and an 

15 Selecting Optimum Antihypertensive Therapy



220

even longer period required if dose escalation or second line drugs (alpha blockers, 
centrally acting, direct vasodilators, mineralocorticoid receptor antagonists) are 
being tested as well. 

 The time consuming sequential monotherapy approach carries signifi cant conse-
quences. First, the patients get tired, may consider themselves ‘testing objects’, and 
thus exhibit poor adherence rates and high discontinuation rates. Then, the cost of 
medical visits (direct and indirect) both for the patient and the insurance system is 
high, and there is no guarantee (reassurance) that the response pattern to each drug 
will be maintained the same over the time. Moreover, this approach raises safety 
fl ags for several patient populations, especially high-risk patients with either estab-
lished cardiovascular disease or a cluster of cardiovascular risk factors. In addition, 
available data suggests that the earlier the blood pressure control the better. For 
example, in the VALUE trial, it was found that cardiovascular event rates were 
lower in patients achieving early blood pressure control (during the fi rst 6 months of 
the study) compared to patients with initially uncontrolled blood pressure, irrespec-
tive of the administered antihypertensive drug [ 11 ]. It is obvious that sequential 
monotherapy does not offer rapid, prompt and early blood pressure control. Finally, 
the effi cacy of sequential monotherapy is questionable in more advanced stages of 
hypertension, since it is highly unlikely that blood pressure will be controlled with 
monotherapy in patients with severe hypertension, and rather unlikely in patients 
with moderate hypertension.  

    The Personalized Approach 

 It is therefore of no surprise that recent therapeutic strategies have moved towards 
individualized therapy for the reduction of elevated blood pressure in hypertensive 
patients. Indeed, individualized therapy represents the key element of the last 
European guidelines for the management of arterial hypertension [ 12 – 15 ]. 
According to this approach, the selection of an antihypertensive drug for each indi-
vidual is based on: (a) several individual’s baseline demographic characteristics 
(age, gender, race, and body mass index) and the heart rate, (b) the presence and the 
type of target organ damage, (c) the presence and the type of established cardiovas-
cular disease, and (d) the presence and the type of other comorbidities. 

 In addition, the selection of optimum antihypertensive therapy is infl uenced by 
the specifi c characteristics of each antihypertensive drug and concomitant medica-
tions (pharmacokinetics, pharmacodynamics, adverse events, metabolic effects). 
Finally, the selection of optimum therapy has to take into account several other very 
signifi cant factors, such as individual’s prior experience with antihypertensive drugs 
(effi cacy and safety), the quality of life with special emphasis on sexual function, 
adherence to antihypertensive therapy and discontinuation rates, the blood pressure 
pattern (isolated systolic hypertension, non-dippers), lifestyle factors (salt intake, 
exercise), and the cost (direct and indirect), especially in these times of fi nancial 
constraints worldwide and recession in many parts of the world. 
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 Another very important aspect is to evaluate whether the profi le of the selected 
drug match the needs and the preferences of the specifi c individual. For example, a 
diuretic might not be the best choice for a young and highly active executive in a 
multi-national company; a beta blocker might not be the best choice for someone 
who is involved in intense physical activities [ 16 ]. 

 Of major importance, the individualization of antihypertensive therapy has to 
fulfi ll several requirements: (a) to be effective, (b) to be safe and well tolerated, (c) 
to reduce the risk for cardiovascular morbidity and mortality, (d) to improve or at 
least attenuate target organ damage, and (e) to exert benefi cial or at least neutral 
effects on traditional cardiovascular risk factors and/or other comorbidities. 

 A detailed analysis of the factors infl uencing the choice of antihypertensive ther-
apy according to the individualized approach will be presented later in this chapter, 
after the presentation of the renin-based and the hemodynamic approach.  

    The Renin-Based Approach 

 Renin was identifi ed at the very end of the nineteenth century by Tigerstedt, a 
Scandinavian physiologist, who extracted from rabbit kidneys a substance with 
pressor properties [ 17 ]. Its role however in blood pressure control was not estab-
lished until more than three decades later, when Goldblatt performed his landmark 
experiments in one-clip and two-clip hypertension, and proposed the theory that 
renal ischemia (through clamping of renal artery) results in the production of a 
strong pressor molecule from the kidneys (renin), which is capable of producing 
blood pressure elevation [ 18 ]. It took almost two more decades to describe the 
renin-angiotensin system (RAS) [ 19 ] and realize the role of this system as a servo- 
control with crucial role in blood pressure, water, sodium, and potassium regulation 
[ 20 – 24 ]. In parallel, Jerome Conn has identifi ed primary hyperaldosteronism and 
described its main characteristics [ 25 ,  26 ], long before aldosterone and renin could 
be actually measured, since the fi rst clinical assays appeared in 1964 (10 years after 
Conn’s fi rst description). 

 The role the RAS was thus established in secondary hypertension (renovascular 
hypertension, primary hyperaldosteronism); however, its role in essential hyperten-
sion remained controversial. It is the life-time, persistent work of the late John 
Laragh, which highlighted the importance of renin in essential hypertension, and 
even proposed the renin-based management of hypertensive patients (Table  15.2 ). 
The renin approach is based in two simple assumptions: (a) hypertensive patients 
can be divided according to renin status in high and low renin groups, and (b) anti-
hypertensive drugs are mainly effective in ore or the other category.

   Plasma renin activity (PRA) is broadly distributed in hypertensive patients. 
About one third of hypertensive patients have low PRA levels, suggesting a func-
tional renal response to elevated blood pressure and sodium overload. The remain-
ing two thirds of hypertensive patients have inappropriately elevated renin for the 
blood pressure and sodium status, indicating a relative over-activation of the RAS 
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both in patients with high PRA values (about 15 % of patients) or normal PRA 
values (about 50 % of patients) [ 27 – 29 ]. To sum up, one out of three hypertensive 
patients have low renin hypertension which is salt-mediated, while the other two out 
of three patients have inappropriately high renin levels (either normal or high in 
absolute values), and blood pressure elevation is due to RAS over-activation. 

 The second assumption regards the effi cacy of antihypertensive drugs in these 
two patient subgroups. Hypertensive patients with high and normal PRA values 
tend to respond to drugs affecting the RAS, such as beta blockers and centrally act-
ing drugs (directly affecting renin secretion), ACE-inhibitors, angiotensin receptor 
blockers, and direct renin inhibitors. In contrast, hypertensive patients with low 
PRA levels tend to respond to natriuretic drugs and subsequent volume depletion 
(diuretics, alpha blockers, calcium antagonists). 

 The effi cacy of the renin approach has been tested and verifi ed mainly by the 
Laragh group in New York. The selective effi cacy of antihypertensive drugs accord-
ing to baseline renin levels, with beta blockers being preferentially effective in nor-
mal and high renin patients, and diuretics being preferentially effective in low renin 
patients, have been shown in numerous studies during the 1970s [ 30 – 42 ]. An even 
more important set of data comes from two studies suggesting that diuretics in fact 
raise blood pressure in patients with elevated renin levels, and vice versa, beta 
blockers may raise blood pressure in patients with low renin levels [ 43 ,  44 ]. 

 Another signifi cant characteristic of the renin approach is that it can be applied 
not only to naïve (previously untreated) patients, but also to patients with uncon-
trolled blood pressure while on therapy with antihypertensive drugs. In the original 
small clinical study of 73 patients with uncontrolled blood pressure despite admin-
istration of at least one antihypertensive drug, it was found that a renin-based thera-
peutic strategy resulted in a signifi cant blood pressure reduction, an additional 
reduction in the number of antihypertensive medications used by study participants, 
and even cost benefi ts [ 45 ]. 

 More recently, the renin-based approach was compared with clinical hypertension 
specialist care in another small clinical study of 84 patients with treatment resistant 
hypertension [ 46 ]. It was found that blood pressure reduction was similar with both 
approaches, while the renin-based approach was superior to specialist care regarding 
the removal of antihypertensive drugs and dose reductions of some antihypertensive 
agents, in addition to a non-signifi cant trend towards better blood pressure control. 
Therefore, the renin-based therapeutic strategy seems to be as effective as specialist 
care, and therefore represents an attractive alternative for primary care practice. 

  Table 15.2    The renin-based 
approach  

  Low renin levels    High & normal renin levels  
 PRA < 0.65 ngAI/ml/h  PRA > 0.65 ngAI/ml/h 
 Volume overload  RAS overactivation 
  More effective drugs    More effective drugs  
 Thiazides  ACE-inhibitors 
 Calcium antagonists  Angiotensin receptor blockers 
 Spironolactone  Beta blockers 
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 This year, the PATHWAY-2 trial provided also some evidence supporting the 
renin-based strategy. In this placebo-controlled, randomized, cross-over study, spi-
ronolactone was compared to alpha- and beta-blockers in a large number of patients 
with resistant hypertension [ 47 ]. It was found that the blood pressure response was 
strongly affected by baseline renin levels, with spironolactone being very effective 
and superior to comparator drugs in patients with low and normal renin levels, while 
beta blockers were more effective in patients with high renin levels, achieving the 
effi cacy of spironolactone. 

 The renin approach has not been widely applied in the management of arterial 
hypertension for several reasons [ 48 ,  49 ]. PRA determination requires a well- 
equipped and specialized laboratory, is time consuming and not practical in every-
day clinical practice. Moreover, the results may be inaccurate, present interpretation 
diffi culties, and most importantly have reproducibility problems. [ 50 – 52 ] Indeed, 
one out of four patients classifi ed in one renin group (high, normal, or low) is actu-
ally re-classifi ed in another group on repeat testing [ 48 ]. In addition, PRA values 
have to be adjusted for age, gender, race, and several other parameters, in order to 
ensure the accuracy of each laboratory [ 48 ,  50 ,  51 ]. Moreover, PRA presents great 
variations according to sodium intake, potassium levels, posture and its duration, 
and timing of the sampling during the day. Of equal importance, renin concentra-
tions are highly affected by antihypertensive drugs, which either reduce signifi -
cantly renin levels (beta blockers, centrally acting drugs) or result in signifi cant 
elevation of renin levels (diuretics). Of note, other drugs might also affect renin 
determination, such as non-steroidal anti-infl ammatory drugs and fl udrocortisone, 
while the effects of commonly used psychotropic drugs (such as anxiolytics and 
antidepressants) on renin levels have not been adequately clarifi ed, despite the fact 
that such drugs may inhibit sympathetic activity and subsequently renin levels. 
Another very signifi cant and clinically meaningful limitation of the renin approach 
regards the poor correlation (about 50 %) between renin categorization and subse-
quent blood pressure response to indicated drugs [ 51 ,  53 ].  

    The Hemodynamic Approach 

 Blood pressure equals the product of cardiac output (CO) and systemic vascular 
resistance (SVR). Aging is accompanied by signifi cant hemodynamic changes in 
hypertensive patients. At the early stages of hypertension in young patients, the CO 
is increased due to sympathetic overactivity and the subsequent tachycardia (CO is 
the product of heart rate and stroke volume), while SVR is inappropriately high 
(relatively increased) [ 54 – 57 ]. Later on, when hypertension is established, the CO 
is usually slightly reduced by 10–15 %, whereas SVR is slightly increased by 
15–20 % [ 54 ,  58 ,  59 ]. At the late stages of hypertension in the elderly, the CO is 
further decreased up to 25 %, while SVR is further increased up to 25–30 % [ 54 ,  58 , 
 59 ]. Therefore, SVR is elevated in hypertensive patients and this represents the pri-
mary hemodynamic abnormality. 
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 From the hemodynamic point of view, it seems rational to reduce blood pressure 
through the reduction of SVR, while maintaining the CO unaffected, in order to 
ensure adequate renal blood fl ow and the perfusion of vital organs. Ideally, these 
alterations should not be accompanied by compensatory changes, such as water and 
salt retention, refl ex tachycardia, and vasoconstriction. 

 The hemodynamic effects of antihypertensive drugs (Table  15.3 ) can be divided 
in fi ve groups according to their effects in SVR, CO, organ perfusion and arterial 
compliance [ 60 – 72 ]. RAS inhibitors (ACE-inhibitors, ARBs, and direct renin inhib-
itors), calcium antagonists, and vasodilatory beta blockers reduce SVR, while pre-
serving CO and improving organ perfusion and arterial compliance. Alpha blockers 
and centrally acting agents reduce SVR and preserve CO and perfusion, while their 
effects on arterial compliance are not yet adequately clarifi ed. Direct vasodilators 
and beta blockers with intrinsic sympathomimetic activity reduce SVR, preserve 
CO and organ perfusion, while worsening arterial compliance. Diuretics and gangli-
onic blocking agents reduce SVR, CO, and organ perfusion, whereas arterial com-
pliance is worsened. Finally, traditional beta blockers (without intrinsic 
sympathomimetic activity or vasodilatory properties) increase SVR and reduce CO, 
organ perfusion, and worsen arterial compliance.

  Table 15.3    Hemodynamic 
effects of antihypertensive 
drugs  

 Group A 
  SVR reduction ,  CO unaffected ,  organ perfusion & arterial 
compliance improved  
   RAS inhibitors (ACE-inhibitors, angiotensin receptor blockers) 
   Calcium antagonists 
   Vasodilatory beta blockers 
 Group B 
  SVR reduction ,  CO & organ perfusion unaffected ,  arterial 
compliance unclarifi ed  
   Alpha blockers 
   Centrally acting agents 
 Group C 
  SVR reduction ,  CO & organ perfusion unaffected ,  arterial 
compliance worsened  
   Vasodilators (Hydralazine, minoxidil) 
   Beta blockers with intrinsic sympathomimetic activity 
 Group D 
  SVR & CO & organ perfusion reduction ,  arterial compliance 
worsened  
   Diuretics 
   Ganglionic blocking agents 
 Group E 
  SVR increased ,  CO & organ perfusion reduction ,  arterial 
compliance worsened  
   Traditional beta blockers 
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   Some points regarding the hemodynamic effects of antihypertensive drugs 
need to be highlighted. First, the most favorable hemodynamic profi le is 
expressed by RAS inhibitors and calcium antagonists. In contrast, diuretics and 
especially beta blockers seem to exhibit the most detrimental hemodynamic pro-
fi le. Second, the hemodynamic effects of diuretics are time-dependent. During 
the fi rst weeks, diuretic use is accompanied by sodium and water excretion and 
subsequent shrinkage of intravascular volume, a slight reduction of CO (by 
approximately 5 %) and renal perfusion with subsequent decrease of renal blood 
fl ow and glomerular fi ltration rate, and a slight increase of heart rate [ 62 – 65 ,  67 , 
 73 ]. However, after some weeks of treatment (usually 8 up to 12 weeks), SVR is 
reduced, the CO tends to return in pre-treatment values, and the intravascular 
volume is slightly expanded (reduced by 5 % compared to pre-treatment values) 
[ 62 – 64 ,  66 ]. 

 The determination of the hemodynamic status of a hypertensive patient provides 
valuable information, which in turn might guide the selection of antihypertensive 
therapy, based on the above-mentioned hemodynamic effects of antihypertensive 
drugs. However, the hemodynamic evaluation is invasive, carries some risks, and it 
is not applicable in everyday clinical practice, limiting its use only in experimental 
studies. Recent technologic advances however permitted for the development of 
devices that provide signifi cant information about the hemodynamic status of 
patients, by using the thoracic bio-impedance [ 74 ]. Therefore, the hemodynamic 
profi le of an individual patient can be evaluated using a non-invasive, accurate, 
cheap, and reproducible method, which can be widely applied in everyday clinical 
practice [ 75 – 79 ]. 

 The non-invasive hemodynamic approach was introduced by the Mayo Clinic 
group (Sandra Taler and Stephen Textor) and adopted by Carlos Ferrario and others. 
Up to now, three small, single-center clinical studies have been performed using this 
approach. In the fi rst study, 104 patients with resistant hypertension were random-
ized to hemodynamic-guided therapy or specialist care [ 80 ]. It was found that the 
hemodynamic approach was associated with lower blood pressure values and higher 
control rates compared to specialist care. Intensifi cation of diuretic therapy and 
greater reductions in SVR seem to mediate the superiority of the hemodynamic 
approach over specialist care in this pilot study [ 80 ]. The second study included 164 
patients with uncontrolled blood pressure while on three antihypertensive drugs 
[ 81 ]. Once again, the hemodynamic approach was associated with lower blood pres-
sure values, better control rates (77 % vs 57 %; p < 0.01), and lower SVR. The third 
study randomly assigned 128 patients with uncontrolled blood pressure (either 
untreated or taking up to two antihypertensive drugs) to hemodynamic-guided ther-
apy or standard empiric care [ 82 ]. Similarly to the other studies, blood pressure 
values were lower with the hemodynamic approach both by offi ce and ambulatory 
blood pressure measurements. A recent meta-analysis revealed a benefi t for the 
hemodynamic approach with combined odds ratio of 2.4, and 67 % control rates in 
randomized studies, while a similar blood pressure control rate (68 %) was observed 
in single-arm studies [ 83 ].  
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    The Individualized Approach 

 Attempts have been made to identify genes or SNPs that predict blood pressure 
response and/or outcomes, but the yield was rather poor. In the GenHat for example, 
more than 42,000 patients were genotyped and SNPs were identifi ed that predicted 
better BP response to ACE inhibitors, diuretics and beta blockers. Certain genotypes 
also predicted better outcomes with certain drug therapies [ 84 ]. When the results 
however were corrected for cofounders the association was minimized. Thus gene 
guided treatment of hypertension still remains problematic. 

 Demographic factors, such as age, gender, race, and adiposity may provide use-
ful information, which will help the orientation about the mechanisms involved in 
the pathogenesis of elevated blood pressure and subsequently help in the prediction 
of blood pressure response to a given therapy. It needs to be emphasized however 
that their contribution is soft and not very helpful in individual patients. Before 
treatment initiation (monotherapy or combination therapy) the cardiovascular status 
should be carefully assessed. In conjunction with blood pressure control, cardiovas-
cular risk reduction necessitates the management of other cardiovascular risk fac-
tors as well. 

 The European guidelines for the management of arterial hypertension place sig-
nifi cant emphasis on individualized (Table  15.4 ) antihypertensive therapy [ 12 – 15 ]. 
A lot of patients fail to achieve blood pressure goals due to inadequate blood pres-
sure response to certain drugs, due to known variability in response with all cur-
rently available antihypertensive drugs. Therefore, a personalized approach to 
antihypertensive therapy seems particularly prudent for the astute physician.

        Age 

 The pathophysiology of hypertension is highly age-dependent. In brief, younger 
patients tend to present hyperdynamic circulation, characterized by increased CO 
(increased heart rate and stroke volume), sympathetic and RAS over-activation, 
while SVR is usually normal. With increasing age, SVR tends to increase, whereas 
CO tends to return towards normal [ 85 – 87 ]. On the other hand, older hypertensive 
patients have elevated arterial stiffness, increased SVR, lower CO [ 88 ], and plasma 
renin levels tend to decrease with advancing age [ 53 ,  87 ,  89 – 91 ]. Whether these 
pathophysiological changes can predict blood pressure response to antihypertensive 
drugs remains a matter of debate. 

 Data support a favorable effect of diuretics and calcium antagonists in older 
hypertensive patients and a favorable effect of beta blockers and ACE-inhibitors in 
younger patients with hypertension. Indeed, diuretics seem to be particularly effec-
tive in older patients [ 37 ,  92 ,  93 ]. Similar effects have been reported for calcium 
antagonists as well [ 90 ,  91 ]. On the other hand, several studies indicate that beta 
blockers are very effective in younger patients [ 90 ,  91 ,  93 – 95 ], while older 
hypertensive patients show a poor blood pressure response to beta blockers, and 
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only 20 % of them achieve blood pressure goals [ 96 ]. In fact, the age-dependent 
effi cacy of beta blockers seems gradual and remarkable: in one study diastolic blood 
pressure control was achieved in 80 % of younger patients (<40 years), 50 % in 
middle- aged patients (40–60 years), and only 20 % in older patients (>60 years) 
[ 94 ]. Finally, ACE-inhibitors seem also to be more effective in younger patients [ 90 , 
 95 ,  97 ]. Further credence to the above-mentioned fi ndings of small clinical studies 
comes from a post-hoc analysis of the MRC trial reporting that diuretics were more 
effective than beta blockers in older patients (>45 years) [ 93 ]. 

 The fi ndings of these older studies, performed in the 1970s and 1980s were veri-
fi ed in more recent studies performed by the Cambridge study group in UK. A 
double- blind, randomized, cross-over study of 56 young hypertensive patients eval-
uated the response rates to monotherapy with the four main categories of 
 antihypertensive drugs (ACE-inhibitors, beta blockers, calcium antagonists, and 
diuretics) [ 98 ]. A marked variability in blood pressure response to the tested drugs 
was observed. However, signifi cant correlations were reported in the blood pressure 
response between the ACE-inhibitors and beta blockers in one hand, and between 
the calcium antagonists and diuretics in the other hand. Another study of 34 young 
hypertensive patients of identical design with the previous study evaluated the 
effects of the fi ve main categories (ACE-inhibitors, beta blockers, calcium 

   Table 15.4    Factors infl uencing the choice of antihypertensive therapy according to the 
individualized approach   

 1. Demographic 
     Age ,  race ,  gender ,  adiposity  
  2. Heart rate 
  3. Blood pressure pattern 
     Isolated systolic hypertension ,  non - dipping  
  4. Target organ damage 
     Left ventricular hypertrophy ,  arterial stiffness ,  albuminuria ,  carotid IMT  
  5. Comorbidities 
     Diabetes mellitus ,  metabolic syndrome ,  stroke ,  coronary artery disease ,  heart failure ,  atrial 

fi brillation ,  peripheral artery disease ,  chronic kidney disease  
  6. Concomitant medications 
     Drug interactions  
  7. Antihypertensive drug characteristics 
     Indications ,  contra - indications ,  adverse events ,  metabolic effects  
  8. Adherence to therapy 
  9. Lifestyle 
     Exercise ,  sodium intake  
 10. Quality of life 
     Especially sexual function  
 11. Cost 
     Direct and indirect  
 12. Patient’s preference 
 13. Genetics, genomics 
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antagonists, diuretics, and alpha blockers) compared to placebo [ 99 ]. This study 
replicated the results of the previous study. In addition, it was found that the major-
ity of participating patients (two thirds of participants) responded best to a drug 
inhibiting the RAS (ACE-inhibitor or beta blocker). 

 More recently, the Identifi cation of the Determinants of the Effi cacy of Arterial 
blood pressure Lowering drugs (IDEAL) trial evaluated the effect of age and gender 
on blood pressure response to a diuretic (indapamide) and an ACE-inhibitor (perin-
dopril). This randomized, double-blind, placebo-controlled, cross-over study 
included 112 untreated, middle aged hypertensive patients [ 100 ]. It was found that 
age and gender were important determinants of blood pressure response to these 
two drugs since: (a) the systolic blood pressure response to indapamide increased by 
3 mmHg every 10 years of age gradient in women, and (b) the systolic blood pres-
sure response to perindopril decreased by 2 mmHg every 10 years of age gradient in 
both sexes [ 100 ]. 

 The group of Morris Brown in Cambridge has proposed a modifi ed version of the 
renin concept [ 101 ], which was adopted by the British guidelines for the manage-
ment of arterial hypertension [ 102 ]. Based on the differences in PRA levels accord-
ing to age and race, the British version uses age and race as surrogates for renin, in 
order to overcome existing diffi culties with renin determination. The basic assump-
tion is that renin levels are more likely to be elevated in patients younger than 
55 years of age, while renin levels are more likely to be low in older patients and 
patients of black race. Therefore, similar to the renin approach, antihypertensive 
drugs inhibiting the RAS are preferred in younger patients, while diuretics and cal-
cium antagonists are preferred in older patients and blacks. The AB/CD algorithm 
(from the initials of ACE-inhibitors or ARBs, beta blockers, calcium antagonists, 
and diuretics) was recently modifi ed to the A/CD algorithm, and the beta blockers 
are no longer considered as fi rst line agents [ 102 ]. This modifi cation was based on 
the results of the LIFE and the ASCOT studies that used atenolol as the comparator. 
Several meta-analyses suggest that beta blockers (primarily atenolol) are less effec-
tive than the other fi rst line agents in cardiovascular protection [ 103 – 106 ]. 

 This approach has strength in its simplicity. It’s very easy to remember this algo-
rithm and thus more likely to implement it in everyday clinical practice. This is very 
important if one takes into account that the vast majority of hypertensive patients 
are treated by primary care physicians and not by hypertension specialists. Therefore, 
a simple algorithm is of utmost importance. On the other hand, the British approach 
has disadvantages; it does not take into account any patient characteristic apart from 
age and race. Therefore, target organ damage and other comorbidities are left 
 unaccounted by the British algorithm, a simple but mechanistic approach, in con-
trast to the European guidelines that promote a more sophisticated individualized 
approach. 

 Another signifi cant concern is raised about the age categorization. Although 
renin levels are usually low in the elderly, it is not unusual to fi nd high renin levels 
in older hypertensive patients. Diuretics have been found to be preferentially effec-
tive in elderly patients with low PRA levels, while beta blockers were more effi ca-
cious in elderly hypertensives with high PRA levels [ 107 ,  108 ]. Caution should be 
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used however when diuretic therapy is administered as they can easily get dehy-
drated. Low doses are preferred [ 87 ]. 

 Large randomized clinical trials suggest that most antihypertensive drugs work 
in the elderly. Evidence proving the benefi cial effects of antihypertensive therapy in 
older hypertensive patients exists not only for diuretics [ 109 – 113 ] and calcium 
antagonists [ 114 – 116 ], but also for beta blockers [ 111 ,  117 ], ACE-inhibitors [ 116 ] 
and ARBs [ 118 ]. Of even greater importance, a large meta-analysis evaluating the 
effects of antihypertensive drug categories according to age revealed that there is no 
evidence supporting the concept that the various drug categories are differently 
effective in patients younger or older than 65 years of age [ 119 ]. The recently pub-
lished SPRINT study showed greater benefi t in patients >75 years with intensive BP 
control [ 120 ].  

    Race 

 The pathophysiology of hypertension presents some differences between African 
American and Caucasian patients. PRA is lower in African Americans, even after 
adjustments for sodium excretion and plasma volume, or after stimulation with 
orthostasis or diuresis [ 121 – 124 ]. In addition, plasma volume is relatively expanded 
in African American compared to Caucasian hypertensives [ 121 ,  125 ], suggesting 
an enhanced salt sensitivity in African Americans [ 121 ]. In summary, almost 50 % 
of African Americans with arterial hypertension have low PRA levels and volume- 
dependent hypertension, while low PRA levels are found in only 10–15 % hyperten-
sive patients of Caucasian origin [ 121 ,  126 – 128 ]. 

 The pathophysiology of hypertension in African Americans seems to affect 
blood pressure response to antihypertensive therapy. Beta blockers seem to be 
rather ineffective in African Americans and are consistently less effective com-
pared to Caucasian patients [ 129 – 134 ]. Several studies revealed a poor blood pres-
sure response to beta blockers compared with diuretics or other drugs in African 
Americans [ 41 ,  130 ,  133 ,  135 – 138 ]. Blood pressure response to beta blockers was 
found extremely poor in African Americans, even similar to placebo in one study 
[ 137 ] or of marginal benefi t in another study (4 % response rates in low renin 
hypertensives) [ 135 ]. In another study using renin profi ling, blood pressure control 
with beta blockers was achieved only in 2 % of African Americans who had either 
low or normal PRA values [ 139 ]. In the VA trial the mean blood pressure reduction 
was signifi cantly less with propranolol (8/9 mmHg) compared to hydrochlorothiazide 
(20/13 mmHg) in the 643 African American study participants [ 130 ]. Thus, 
diastolic blood pressure control in African Americans was achieved more 
often with diuretics (71 %) than with beta blockers (53 %), while the beta blockers 
failed to reduce blood pressure to less than 160/100 mmHg in 18 % of African 
Americans [ 130 ]. 

 An analogous lack of effi cacy in African Americans was observed with ACE- 
inhibitors, while diuretics were more effective than ACE-inhibitors in African 
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Americans, and ACE-inhibitors were more effective in Caucasians [ 140 – 142 ]. On 
the other hand, calcium antagonists seemed to be more effective than beta blockers 
with similar effi cacy to diuretics in African Americans [ 125 ,  143 – 145 ]. In summary, 
African Americans have a better blood pressure response to diuretics and calcium 
antagonists compared with RAS inhibitors and beta blockers [ 146 ].  

    Gender 

 Life expectancy is longer in females than in males; moreover, cardiovascular events 
are less frequent and occur later in life in females [ 147 ]. Several differences exist 
between genders regarding prevalence, awareness, treatment, and control of hyper-
tension, and the observed differences are age-dependent [ 148 ]. The pathophysiol-
ogy of hypertension seems to be different in females and males [ 149 ]. Estrogens 
seem to exert benefi cial effects on blood pressure and the cardiovascular system, 
including vasorelaxation, sympathetic inhibition and subsequent attenuation of the 
RAS [ 150 ]. Along with the hormonal differences, the mechanical properties of the 
arteries differ as well, since more pronounced increments at older age are observed 
in females than in males [ 151 ]. Moreover, several differences between the two gen-
ders have been reported in target organ damage, comorbidities, and cardiovascular 
risk [ 149 ]. 

 Data from small clinical studies suggested that the blood pressure response to 
antihypertensive therapy might be different in females than in males [ 152 – 154 ]. 
Furthermore, post-hoc analyses from some large trials (ALLHAT and VALUE, but 
not in others) suggested that either the blood pressure reduction with some drugs 
differed according to gender [ 155 ,  156 ] or the cardiovascular outcomes might be 
different between the two genders (Heart Attack trial, Hypertension Care Computing 
Project, Second ANBP) [ 157 – 159 ]. 

 However, there is yet no fi rm evidence that a particular drug class is better suited 
than another for treating arterial hypertension according to gender. In fact, a recent 
meta-analysis of large clinical trials with antihypertensive drugs according to gen-
der did not fi nd any signifi cant differences in blood pressure reduction and cardio-
vascular outcomes between males and females [ 160 ]. Moreover, no evidence was 
found that the different antihypertensive drug classes are more effective in one gen-
der than the other [ 160 ].  

    Adiposity 

 The pathophysiological mechanisms underlying blood pressure elevation in lean 
and obese patients have signifi cant differences [ 161 ,  162 ]. Therefore, the probabil-
ity for different optimum antihypertensive therapy according to adiposity might be 
a credible assumption. 
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 Very recently, the Blood Pressure Lowering Treatment Trialists Collaboration 
performed a meta-regression analysis to evaluate the cardiovascular effects of anti-
hypertensive drugs according to baseline adiposity categories [ 163 ]. The authors 
analyzed the data of more than 135,000 patients participating in 22 trials and divided 
participants in obese, overweight, and lean according to baseline body mass index 
values. The categorical analysis of the outcome did not show any special protection 
from cardiovascular events across the three adiposity categories. In contrast, the 
analysis of the comparisons as continuous variables revealed that ACE-inhibitors 
provided greater protection from cardiovascular events over other drugs (calcium 
antagonists and diuretics) for each 5 kg/m 2  increase in baseline body mass index 
levels. The combined fi ndings of continuous and categorical analyses led the 
Collaboration to conclude that the superiority of ACE inhibitors over other drugs in 
obese versus lean patients is probably a false-positive fi nding, and therefore the 
fi ndings of previous clinical trials might be a play of chance [ 163 ]. 

 On the other hand, a sub-analysis of the ACCOMPLISH trial revealed that the 
combination of a calcium antagonist with an ACE-inhibitor had similar outcome 
benefi ts across the baseline adiposity status (lean, overweight, and obese). In con-
trast, the combination of a diuretic with an ACE-inhibitor was associated with sig-
nifi cantly greater benefi ts in obese patients than in overweight and especially in lean 
patients, suggesting that the diuretic combination might be less effective in lean 
hypertensive patients when compared with a calcium antagonist combination [ 164 ]. 

 The fi ndings of the ACCOMPLISH study are in line with the results of the 
Systolic Hypertension in the Elderly Programme (SHEP). In a post-hoc analysis of 
the SHEP study, chlorthalidone (a thiazide-like diuretic) was less effective in car-
diovascular protection (stroke) and mortality reduction in lean elderly hypertensive 
patients, especially in women [ 165 ]. In contrast, no difference in cardiovascular 
events and mortality was observed between lean and obese patients randomized to 
placebo.  

    Left Ventricular Hypertrophy 

 Left ventricular hypertrophy is a strong and independent cardiovascular risk factor. 
Several observational studies have shown that the reversal of left ventricular hyper-
trophy is associated with signifi cant reductions in cardiovascular morbidity and 
mortality, as well as all-cause mortality [ 166 – 168 ]. Recent fi ndings from large clini-
cal trials confi rmed that: (a) regression of left ventricular hypertrophy with antihy-
pertensive therapy can occur, but it takes up to 2–3 years to reach maximum left 
ventricular mass reduction and then remains stable [ 169 ,  170 ], and (b) reversal or 
regression of left ventricular hypertrophy is associated with signifi cant cardiovascu-
lar benefi ts [ 171 ]. 

 Antihypertensive drugs seem to exert different effects on left ventricular mass, 
with RAS inhibitors and calcium antagonist having the greatest effi cacy and beta 
blockers the lowest. [ 172 – 180 ] The fi ndings of these studies should be taken with a 
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grain of salt, since some studies were not adequately blinded (operator reading 
bias), the sample size was usually small, the study duration short, and blood pres-
sure differences between comparator drugs were not always reported. However, the 
large echocardiography sub-study of the LIFE trial with 960 hypertensive patients 
with left ventricular hypertrophy was devoid of the abovementioned problems, and 
revealed a signifi cant superiority of angiotensin receptor blocker over the beta 
blocker on left ventricular hypertrophy reduction [ 170 ].  

    Arterial Stiffening 

 Large arteries stiffen with age, and arterial hypertension is a major contributor of 
enhanced stiffening along with other factors. Therefore, antihypertensive therapy 
results in improvement of arterial compliance through the reduction of blood pres-
sure  per se  [ 181 – 183 ]. Whether differences between antihypertensive drug classes 
on their effect on arterial stiffness exist remains unknown. Although some studies 
suggested superiority of RAS inhibitors over the other antihypertensive drugs in 
reducing arterial stiffness [ 184 – 186 ], other high quality studies –such as the 
EXPLOR- failed to confi rm it [ 187 ]. Of note, signifi cant within-class differences 
seem to exist for beta blockers regarding their effects on arterial stiffness; however 
the clinical signifi cance remains unclarifi ed [ 188 ].  

    Diabetes Mellitus 

 Diabetes mellitus usually coexists with hypertension. Blood pressure control is 
more diffi cult to be attained in patients with diabetes mellitus, and the vast major-
ity of diabetic patients require combination therapy to achieve target blood pres-
sure [ 189 ]. Therefore, it seems meaningless to spend time in fi nding appropriate 
monotherapy since most patients will require two or more medications. From 
existing data it seems reasonable to start with a RAAS blocker with or without a 
diuretic depending on the level of baseline BP. ACE inhibitors or ARBs are par-
ticularly indicated in the presence of macro or micro-albuminuria [ 190 ]. Despite 
concerns about using beta blockers in diabetic patients, mainly due to the impair-
ment of insulin sensitivity, beta blockers have been shown to be equally effective 
with ACE inhibitors in the UKPDS trial [ 191 ]. Overall, all antihypertensive drugs 
have a place in the treatment of patients with diabetes mellitus and can be used 
for effective BP control [ 192 ] but a RAAS blocker should be the fi rst or second 
agent. 

 . Three studies that addressed combination therapy among diabetics produced 
variable results. The ONTARGET and ALTITUDE trials, found no benefi t with the 
combinations of two RAAS inhibitors, while an increased risk of adverse events 
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was reported [ 193 ,  194 ]. In the ACCOMPLISH study, the combination of an ACE 
inhibitor with a calcium antagonist was signifi cantly superior to the combination 
with a diuretic in the whole study population, as well as in diabetics and in high-risk 
diabetic patients [ 195 ]. Therefore, the combination of two RAS inhibitors is contra- 
indicated, while the combination of a RAS inhibitor with calcium antagonists seems 
to be more benefi cial than the combination with diuretics but this is still debated. In 
the ACCORD trial combinations of RAAS blockers with diuretics did not seem to 
be inferior to other combinations.  

    Metabolic Syndrome 

 The metabolic syndrome is a disputable clinical entity, which represents a clustering 
of cardiovascular risk factors (obesity, hypertension, dyslipidemia, and glucose 
abnormalities) [ 196 – 198 ]. Patients with metabolic syndrome are at increased risk to 
develop diabetes mellitus. It appears therefore reasonable to try to avoid antihyper-
tensive agents that increase insulin resistance in such patients. Consequently, RAS 
inhibitors and calcium antagonists are preferred instead of diuretics and beta block-
ers, and especially their combination. When the latter categories are used, it seems 
prudent: (a) to prefer vasodilatory beta blockers that do not share the adverse meta-
bolic actions of traditional beta blockers, (b) to combine the diuretic with a 
potassium- sparing drug, since hypokalemia enhances glucose intolerance, and (c) 
to select low doses of these drugs, since their metabolic actions are dose-dependent 
[ 199 – 202 ].  

    Stroke 

 All antihypertensive agents are effective for primary stroke prevention, since arte-
rial hypertension is a major risk factor for cerebrovascular disease and blood pres-
sure reduction results in signifi cant benefi ts [ 203 ]. Calcium antagonists seem to be 
more protective from stroke than the other antihypertensive drug classes, as shown 
in several meta-analyses and meta-regression analyses [ 204 – 206 ]. However, this 
does not hold true for the totality of CV complication protection and treatment 
should be individualized. Until accurate predictors of future cardiovascular events 
are identifi ed, the relative superiority of one class over the other for a specifi c out-
come remains meaningless. 

 Secondary stroke prevention has not been adequately studied [ 207 ]. Signifi cant 
benefi ts with antihypertensive medication have been observed in two studies, one 
using a diuretic and the other an ACE inhibitor combined with a diuretic [ 208 ,  209 ]. 
In addition, better cerebrovascular protection with ARBs than with other antihyper-
tensive agents has been also observed [ 210 ,  211 ].  
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    Myocardial Infarction 

 Antihypertensive therapy has resulted in signifi cant reduction of cardiovascular 
morbidity and mortality. However, the benefi ts on myocardial infarction risk reduc-
tion are less impressive as compared to the benefi ts on stroke reduction, a fi nding 
observed fi rst in the VA trials and confi rmed later in several large randomized trials 
[ 1 ,  5 ,  12 ]. This disparity in risk reduction may be due to the fact that hypertension 
plays a less important role in the pathogenesis of coronary artery disease. The 
INTERHEART study for example showed that only 25 % of the risk for myocardial 
infarction could be attributed to hypertension [ 212 ]. 

 Beta blockers and RAS inhibitors have demonstrated signifi cant benefi ts in many 
studies, in patients who suffered a recent myocardial infarction [ 204 ,  213 ,  214 ]. 
Later on, agents from every antihypertensive drug class can be used and exert simi-
lar benefi ts [ 204 ]. In hypertensive patients with symptomatic coronary artery dis-
ease, beta blockers and calcium antagonists should be preferred agents at least for 
symptom relief.  

    Heart Failure 

 Arterial hypertension is the major risk factor for heart failure and antihypertensive 
therapy has resulted in pronounced reduction of heart failure development [ 12 ]. 
Calcium antagonists seem to be inferior to other antihypertensive drugs in heart 
failure prevention [ 205 ], diuretics were more effective than ACE-inhibitors in 
ALLHAT [ 155 ], and ARBs were even less effective in some studies (ONTARGET, 
TRANSCEND, PROFESS) [ 194 ,  215 ,  216 ]. As mentioned above however, the rela-
tive benefi ts of one class over the other regarding a specifi c benefi t remain without 
clinical signifi cance, since prediction of a specifi c outcome in an individual is cur-
rently impossible. 

 Beta blockers, RAS inhibitors (ACE inhibitors and ARBs), and mineralocorti-
coid receptor antagonists (spironolactone and eplerenone) have all shown signifi -
cant survival benefi ts in patients with heart failure and reduced ejection fraction. 
Therefore, these agents are recommended for the management of heart failure 
patients, independent of blood pressure level even in patients with low BP as long 
as they can be tolerated. Loop diuretics are used primarily for decongestion and 
symptom relief [ 12 ]. Calcium antagonists do not seem to have a place in the 
 management of systolic heart failure unless needed for blood pressure control. In 
patients with heart failure and preserved ejection fraction, an entity with high preva-
lence of hypertension and left ventricular hypertrophy, optimal control of hyperten-
sion is the ultimate goal. Specifi c use antihypertensive drugs failed to show added 
benefi t [ 12 ,  217 ].  
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    Atrial Fibrillation 

 Hypertension is frequently encountered in patients with atrial fi brillation, and in fact 
hypertension may contribute to the development and maintenance of atrial fi brilla-
tion. In these patients ventricular rate is usually high [ 218 ,  219 ]. Therefore, antihy-
pertensive agents reducing heart rate, such as beta blockers and non-dihydropyridine 
calcium antagonists (verapamil and diltiazem), are frequently used for rate control 
in this patient population. 

 From the clinical point of view, the prevention of incident atrial fi brillation or the 
attenuation of recurrences is of paramount importance. Several lines of evidence 
coming from post-hoc analyses of large clinical trials suggested that ARBs were 
superior to calcium antagonists and beta blockers for the prevention of incident 
atrial fi brillation [ 220 – 224 ], which however was not observed in other trials [ 215 , 
 216 ]. Studies specifi cally addressing the effect of ARBs on atrial fi brillation failed 
to show either prevention of recurrences in paroxysmal and persistent atrial fi brilla-
tion or prevention of cardiovascular events in patients with established atrial fi bril-
lation [ 225 – 229 ]. Finally, incident atrial fi brillation was prevented by beta blockers 
and mineralocorticoid receptor antagonists in patients with heart failure and reduced 
ejection fraction [ 230 ,  231 ].  

    In Summary 

 Selection of optimal antihypertensive therapy should have the following three 
generic goals in mind:

    1.    Control blood pressure with least intrusive means   
   2.    Take into consideration co-morbidities and how to optimize symptom control   
   3.    Contribute to improvement of health outcomes and life expectancy.     

 It is well known that most patients with hypertension will need more than one 
medication to achieve blood pressure control. Monotherapy is only adequate in 
20–25 % of patients with hypertension. Achieving blood pressure control is proba-
bly much more important than what drug combination has been used. Although 
current guidelines allow for acceptable BP control a systolic up to 150 mmHg, the 
recently published SPRINT study demonstrated to all of us in an undisputed way 
that lower is better and goals of systolic BP <120 mmHg provide improvement in 
morbidity and mortality. The SPRINT study was not a drug focuses study; it was 
rather a blood pressure level focused study and yet surprised us all with impressive 
improvement in health outcomes with the intensive lowering of blood pressure. 

 Focusing on co-morbidities is important and will make patients feel better and 
live longer. For example, patients with high heart rate, angina and/or atrial fi brillation 
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will benefi t from beta blockers or heart rate lowering calcium antagonists. Rate 
control will make patients feel better and probably live longer. Similarly patients 
with heart failure will benefi t from beta blockers, ACE-i/ARBs and MRAs and cer-
tainly most of them need diuretics for symptom control. 

 Since the early studies from the Veterans Administration that demonstrated 
marked improvement in health outcomes with blood pressure control, we came a 
long way in our understanding of optimal choice of antihypertensive therapy. Taking 
into consideration co-morbidities we can not only prolong life, but can pretty much 
eliminate symptoms and minimize complications of hypertension.     
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    Chapter 16   
 The J-Curve Phenomenon in Hypertension                     

     Yuan-Yuan     Kang      and     Ji-Guang     Wang     

          Introduction 

 Almost immediately after antihypertensive therapy was proven effective in prevent-
ing cardiovascular complications [ 1 ,  2 ], the J-curve discussion emerged to warn the 
risks of low or too low blood pressure either as a physiologic or pathologic state or 
consequence of antihypertensive drug treatment [ 3 ,  4 ]. In theory, there must be a 
turning point of blood pressure, below which the risk of cardiovascular events 
increases (Fig.  16.1 ), because blood pressure is essential for blood perfusion of all 
organs, such as the brain, heart and kidneys. In the research setting, there is strong 
evidence that the relationship between blood pressure and cardiovascular risk is 
direct and strong from 115/70 mmHg of systolic/diastolic blood pressure upwards 
[ 5 ]. Nonetheless, studies repeatedly demonstrated a J-curve relationship between 
blood pressure and cardiovascular risk in various populations [ 6 – 14 ]. Clinical trial-
ists attempted to address this question by randomized controlled trials [ 15 ]. Some 
believe that a three-group trial should be designed to prove or refute the J-curve 
hypothesis [ 16 ]. However, such a trial is diffi cult to conduct, because blood pressure 
separation between groups can be small and insuffi cient. Others designed trials to 
compare intensive with less intensive or the so-called standard blood pressure low-
ering, with [ 17 – 20 ] or without goals of blood pressure control [ 21 ,  22 ]. Such trials 
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do not help at all in answering the question “whether there is a J-curve”, regardless 
of the results. For instance, the recently published Systolic Blood Pressure 
Intervention Trial (SPRINT) demonstrated benefi t in the group of 120 mmHg sys-
tolic in comparison with the group of 140 mmHg [ 20 ]. However, the size of benefi t 
was only 12 %, if heart failure would be excluded from the primary endpoint [ 20 ]. 
The trial cannot entirely exclude the possibility that blood pressure levels in between, 
for instance, 130 mmHg systolic, may offer an even greater benefi t than 120 mmHg.

   Until now, the J-curve issue apparently remains unresolved [ 16 ]. It is possible 
that the issue cannot be resolved, because the optimal blood pressure may vary 
between individuals, across organs, and with many conditions. Blood pressure 
changes over time, even within every single cardiac cycle from systole to diastole 
and over arteries from the central aorta to the peripheral arteries. Experts on blood 
pressure monitoring suggest that the wise thing to do is to measure blood pressure 
accurately and comprehensively by performing blood pressure monitoring in and 
outside the clinic and on various arterial sites. These suggestions point to future 
research on blood pressure lowering treatment including the J-curve issue. 

 In this chapter, we review the literature on the J-curve phenomenon in hyperten-
sion, discuss the concept, mechanisms and evidence and put forward current con-
clusions and future research.  

    The Concept of J-Curve Phenomenon 

 Although Stewart fi rst reported higher risks of myocardial infarction in patients who 
achieved a diastolic blood pressure below 90 mmHg than those with a blood pres-
sure in the range of 100–109 mmHg more than 30 years ago [ 3 ], it was Cruickshank 

CV
risk

BP

  Fig. 16.1    Scheme of the J-curve phenomenon in the relationship between blood pressure ( BP ) and 
cardiovascular ( CV ) risk       
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who described the J-curve phenomenon on the incidence of myocardial infarction 
and on-treatment diastolic blood pressure, with the lowest incidence at diastolic 
blood pressure levels 85–90 mmHg [ 4 ]. The J-curve phenomenon was started with 
myocardial infarction for diastolic blood pressure in treated hypertension [ 3 ,  4 ], but 
expanded to total and cardiovascular mortality [ 12 ], dementia [ 23 ], stroke [ 24 ,  25 ], 
etc., to systolic blood pressure [ 12 ,  25 ] and to other patient [ 7 ,  13 ,  24 ,  25 ] or general 
populations [ 23 ]. However, it is clinically relevant only with treated hypertension or 
the use of drugs with antihypertensive action on other clinical conditions. Low 
blood pressure because of frailty, failing left ventricle (systolic pressure) or stiff-
ened arteries (diastolic pressure) may be detrimental but is not really relevant for 
cardiovascular prevention, and hence should not be confused with the J-curve issue 
in the treatment of hypertension.  

    Plausible Mechanisms of the J-Curve Phenomenon 

 One general simple mechanism for the J-curve phenomenon in treated hypertension 
could be that the treated blood pressure is too low to perfuse suffi cient amount of 
blood into critical organs, such as the heart, brain and kidneys. However, the thresh-
old below which the blood perfusion decreases differs not only between individuals 
but also between organs within an individual. Several factors may have signifi cant 
infl uence on the J-curve phenomenon. 

 First, atherosclerotic plaques may cause arterial stenosis, and decrease blood 
perfusion in vessels distal to the plaques. If the blood pressure is too low, the perfu-
sion pressure in the distal arteries would be even lower, which will cause ischemia 
in tissues. On chronic conditions, ischemia will cause structural and functional 
remodeling and dysfunction. On acute conditions, for instance, ischaemia induced 
by abrupt blood pressure drop, ischaemic events will occur in critical organs. In the 
Randomized Olmesartan and Diabetes Microalbuminuria Prevention (ROADMAP) 
trial, although blood pressure lowering with olmesartan 40 mg daily signifi cantly 
reduced the risk of microalbuminuria, it signifi cantly increased the risk of cardio-
vascular mortality [ 22 ]. This increase in the risk of fatal events was mainly observed 
in patients with coronary heart disease and lower blood pressure at baseline [ 22 ]. 
This observation strongly suggests the importance of arterial stenosis in the J-curve 
phenomenon. 

 Second, the J-curve phenomenon may also depend on the feature of regional 
circulation. Coronary circulation is different from cerebral and renal circulation in 
blood fl ow regulation. On both cerebral and renal circulation, there is autoregulation 
mainly by adjusting the size of vessel diameter, but not resistance, because the 
peripheral resistance is generally low. However, coronary circulation has high 
peripheral resistance. When blood pressure is low, coronary circulation is more sus-
ceptible for the reduced perfusion pressure, especially in the presence of plaques 
and impaired fl ow reserve (Fig.  16.2 ) [ 4 ]. Several blood pressure lowering trials 
demonstrated divergent results on coronary and cerebral prevention [ 19 ,  26 ]. In the 
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Action to Control Cardiovascular Risk in Diabetes (ACCORD) trial, intensive blood 
pressure lowering to 120 mmHg systolic, compared with 140 mmHg, signifi cantly 
reduced the risk of fatal and nonfatal stroke (−41 %), but did not infl uence the risk 
of coronary events (−6 %) [ 19 ]. Similar results were observed in the Nateglinide and 
Valsartan in Impaired Glucose Tolerance Outcomes Research (NAVIGATOR) trial 
(−21 % and −3 %, respectively) [ 26 ].
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  Fig. 16.2    Relationship between coronary fl ow and pressure at various clinical conditions 
(Reproduced with permission from Cruickshank et al. [ 4 ])       

 

Y.-Y. Kang and J.-G. Wang



253

   Third, the J-curve phenomenon may be dependent on the joint effect of systolic 
and diastolic pressure. Although we measure within a cardiac cycle, the highest 
systolic and lowest diastolic blood pressure using the current techniques, pressure 
changes from systole to diastole gradually and continuously. It is therefore not 
appropriate to discuss J curve for systolic and diastolic pressure separately. In a 
recent study, we investigated the single and joint effect of systolic and diastolic 
pressure on the risk of albuminuria [ 27 ]. We found that there was no J-curve for 
systolic blood pressure whenever diastolic pressure was 80 mmHg or higher, and 
for diastolic blood pressure whenever systolic blood pressure was 120 mmHg or 
higher (Fig.  16.3 ) [ 27 ].

   Fourth, blood pressure variability may infl uence the J-curve phenomenon. For 
the diagnosis of hypertension and evaluation of antihypertensive treatment, several 
blood pressure readings on several occasions are averaged. However, blood pressure 
changes overtime (Fig.  16.4 ). Increased blood pressure variability can be attribut-
able to the high as well as the low pressure values. The extreme low pressure values 
may induce ischaemia and ischaemic events. This phenomenon may become promi-
nent in patients with critical diseases, such as stroke. In our recently published 
Intensive Blood Pressure Reduction Trial 2 (INTERACT2), intensive blood pres-
sure lowering had modest benefi cial effect on clinical outcomes in patients with 
acute primary intracerebral haemorrhage [ 28 ]. However, blood pressure variability 
was signifi cantly associated with clinical outcomes [ 29 ], indicating an effect of not 
only high extreme values, but also low extreme values. Too low blood pressure 
might be detrimental in these critically ill patients.
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       The Evidence of the J-Curve Phenomenon 

    Evidence from Randomized Controlled Trials 

 There is very little clinical trial evidence on the J-curve phenomenon. Nevertheless, 
the Hypertension Optimal Treatment (HOT) trial compared three levels of diastolic 
blood pressures, <90, <85 and <80 mmHg, respectively [ 15 ], and the ongoing 
Systolic Hypertension Optimal Trial (SHOT) trial is investigating three levels of 
systolic blood pressures, <145, <135 and <125 mmHg, respectively [ 16 ]. 

 The HOT trial was published in 1998 [ 15 ]. Difference in blood pressure reduc-
tion between the three groups was small and around 2.2/2.0 mmHg between <90 
and <85 mmHg groups, and 1.9/2.0 mmHg between <85 and <80 mmHg groups. 
For the comparisons between the three groups, statistical signifi cance for clinical 
outcomes was achieved for myocardial infarction in diabetic subgroup of patients, 
but not in the overall study population or non-diabetic subgroup of patients or for 
other clinical outcomes, eg, stroke [ 15 ]. The HOT investigators had to perform post- 
hoc analysis to investigate the nadir level of blood pressure based on the non- 
randomized observational data. This post-hoc analysis demonstrated that the nadir 
was 138.5 mmHg systolic and 82.6 mmHg diastolic (Fig.  16.5 ) [ 15 ].

   The SHOT trial is conducted in patients with a recent history of stroke [ 16 ]. The 
SHOT investigators plan to recruit 7500 patients. The recruitment is ongoing in 
China and European countries. It is hoped that the SHOT trial provide evidence on 
whether or not there is a J-curve relationship between the level of systolic blood 
pressure and risk of stroke in the systolic blood pressure range from 125 to 
145 mmHg. 

 Several trials compared two levels of blood pressures, according to predefi ned 
target blood pressure [ 17 – 20 ] or two different treatments that led to a difference in 
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blood pressure [ 21 ,  22 ]. However, these trials did not provide any trial evidence on 
the J-curve phenomenon, regardless of the results. At least three levels of blood 
pressures are required to show a J-curve relationship.  

    Evidence from Observational Studies 

 The J-curve phenomenon was initiated from observational studies [ 3 ,  4 ]. Since then, 
numerous studies have investigated the relationship between blood pressure and 
clinical outcomes. The prospective studies collaboration included 61 prospective 
observational studies worldwide, with 12,000 stroke deaths and 34,000 coronary 
deaths during 12.7 million person years of follow-up, the investigators concluded 
that blood pressure was strongly and directly related to vascular mortality without 
any evidence of a threshold down to at least 115/75 mmHg [ 5 ]. However, if the 
fi gure depicting the relationship between blood pressure and stroke and coronary 
deaths were scrutinized, there was indeed a J-curve relationship, especially for dia-
stolic blood pressure. When diastolic pressure was in the lowest subgroup, the risk 
of stroke and coronary deaths tended to be similar as the adjacent higher blood pres-
sure subgroup and showed a shallow J-shaped relationship [ 5 ]. 

 Several studies did show strong J-curve phenomenon in elderly population [ 30 ] 
or in patients with coronary heart disease [ 14 ], diabetes mellitus [ 31 ] or chronic 
kidney disease [ 32 ]. The results of these studies were often confounded by reverse 
causality and other factors. For instance, several studies demonstrated that low 
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blood pressure was associated with dementia [ 23 ,  33 ]. It is probably because 
demented patients have malnutrition and then low pressure. Similar mechanism 
may explain the J-curve relationship between blood pressure and heart failure mor-
tality [ 34 ]. This reverse causality issue largely invalidates observational studies in 
the investigation of the J-curve issue [ 35 ,  36 ].  

    Observational Evidence from Antihypertensive Treatment Trials 

 Although this kind of analyses are still observational in nature, there are several 
advantages over observational studies. First, blood pressure level was mainly, 
though not entirely, achieved by antihypertensive treatment. Such blood pressure 
could be considered as treatment-induced and therefore is clinically relevant for the 
J-curve issue in antihypertensive therapy. Second, blood pressure was usually mea-
sured regularly and carefully. Blood pressure fl uctuates substantially over time and 
across conditions. The more measurements obtained, the closer to the true pressure 
values and more precise in blood pressure evaluation. Third, the collection of infor-
mation on clinical outcomes is accurate and complete. Patients enrolled in a trial 
were followed-up regularly. The occurrence of an event could be identifi ed timely 
and the data collection could then be done within a shorter period of occurrence. 
Fourth, antihypertensive treatment was usually homogeneous. This excludes, to 
some extent, the possibility that the difference on outcomes was actually the conse-
quence of different treatments. 

 Early trials included patients with high blood pressure at entry and high goal 
pressure during treatment. Data from these trials therefore provides very little evi-
dence on the J-curve issue in the blood pressure ranges from 120 to 140 mmHg 
systolic and from 80 to 90 mmHg diastolic. Recent studies included patients with 
mildly elevated blood pressure or even high normal blood pressure [ 9 ,  22 ,  26 ,  37 ] or 
defi ned a tight goal of blood pressure control (<130/85 mmHg in the presence of 
diabetes mellitus or renal impairment) [ 8 ,  10 ,  38 ]. The investigators from two clini-
cal trials performed analyses on the relationship between achieved blood pressure 
and clinical outcomes [ 8 – 10 ]. 

 The Telmisartan Alone and in combination with Ramipril Global Endpoint Trial 
(ONTARGET) included 25,588 patients with coronary, peripheral, or cerebrovascu-
lar disease or diabetes mellitus [ 37 ]. Patients were treated with either telmisartan or 
ramipril alone or in combination from a mean systolic/diastolic blood pressure of 
141.8/82.132 mmHg at baseline to approximately 132–135/76–78 mmHg during 
follow-up [ 37 ]. In a post-hoc analysis, patients were categorized into quartiles of 
systolic and diastolic blood pressure at baseline and within each quartile further into 
tertiles of the changes in systolic blood pressure from baseline [ 9 ]. In adjusted anal-
yses, a J-shaped relationship was noticed in the lowest quartile of systolic blood 
pressure at entry (<130 mmHg) for total and cardiovascular mortality. Patients with 
a systolic blood pressure decrease had a signifi cantly higher risk of total and cardio-
vascular morality than those with a blood pressure increase of at least 10 mmHg 

Y.-Y. Kang and J.-G. Wang



257

from baseline. In further analysis according to decile distributions of on-treatment 
systolic blood pressure, a J-curved relationship was seen for total and cardiovascu-
lar mortality and coronary events with a nadir level around 130 mmHg, but not for 
fatal and nonfatal stroke. 

 The International Verapamil-Trandolapril Study (INVEST) compared two anti-
hypertensive regimens based on verapamil or atenolol, respectively, in patients 
with coronary heart disease [ 38 ]. The goal of blood pressure control was 
140/90 mmHg or 130/85 mmHg in the absence or presence of diabetes mellitus or 
renal impairment. Post-hoc analyses were performed to compare clinical outcomes 
according to systolic blood pressure during follow-up (<130, 130–139 and 
≥140 mmHg) [ 8 ,  10 ]. In adjusted analysis in all subjects, a J-shaped relationship 
was observed for all clinical outcomes except stroke, particularly for diastolic 
blood pressure, with a nadir at 119/84 mmHg [ 8 ]. In the subgroup of patients with 
diabetes mellitus, compared with patients whose systolic blood pressure during 
follow-up was 140 mmHg or higher, patients who achieved a lower systolic blood 
pressure (<140 mmHg) had signifi cantly improved clinical outcomes. However, 
further lowering systolic blood pressure to a level below 130 mmHg did not pro-
vide additional health benefi t [ 10 ]. 

 Similar analyses were performed for many other antihypertensive treatment tri-
als [ 39 ,  40 ]. The results of these analyses were similar, indicating a nadir level of 
approximately 130 mmHg systolic and 80 mmHg diastolic. Further reducing blood 
pressure to an even lower level either had no further benefi t or increased the risks of 
clinical outcomes.   

    Conclusions and Future Perspectives 

 Although there is very little clinical trial evidence on the J-curve issue, there is 
abundant observational evidence indicating a nadir level of blood pressure below 
which blood pressure lowering might be detrimental. The currently ongoing 
SHOT trial might provide more evidence on this issue for fatal and nonfatal 
stroke, and probably also for other clinical outcomes. However, the optimal 
blood pressure might be different between individuals and across outcomes. 
Indeed, 120 mmHg of systolic pressure compared with 140 mmHg might prevent 
stroke in diabetic patients and heart failure in non-diabetic patients. However, it 
is probably too naive to attempt to fi nd a universal optimal blood pressure level 
for all patients. Nonetheless, it is probably possible to fi nd a universal benefi cial 
blood pressure level for most hypertensive patients. If we would continue defi n-
ing hypertension as a blood pressure of at least 140 mmHg systolic and 90 mmHg 
diastolic, 130/80 mmHg might be benefi cial to most patients. This hypothesis 
should be investigated in future randomized controlled trials that compares 
130 mmHg with 140 mmHg of systolic pressure with the use of modern blood 
pressure measuring techniques, such as ambulatory and home blood pressure 
monitoring.     
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    Chapter 17   
 Follow-Up of the Hypertensive Patients 
with Cardiovascular Disease                     

     Carmine     Morisco     ,     Bruno     Trimarco     , and     Giovanni     de     Simone     

      Arterial hypertension is one of the most important independent risk factor for car-
diovascular (CV) diseases [ 1 ]. Subjects with hypertension are exposed to high risk 
of coronary artery disease (CHD), stroke, peripheral artery disease, heart failure, 
kidney disease and a number of “soft” adverse manifestation of CV disease, includ-
ing transitory ischemic attack, atrial fi brillation and other supraventricular arrhyth-
mias [ 2 ,  3 ]. 

 The occurrence of CV events in hypertensive patients is directly related to the 
hemodynamic burden, due to the increased pressure overload, but also depends on 
neuro-hormonal and metabolic abnormalities that are associated with hypertension, 
favoring development and evolution of the arteriosclerotic disease [ 4 ]. The progres-
sion of arterial hypertension toward the most severe stages of CV disease, terminat-
ing with major CV events, occurs through an intermediate step, which is the time 
when target organ damage develops in a condition in which the hypertensive patient 
is clinically silent, except for high blood pressure (BP). This step can be defi ned 
“preclinical CV disease” [ 5 ] and is of strategic importance to reduce the burden of 
the clinically-overt hypertension-related CV disease (Fig.  17.1 ).

   This progression involves early alterations in CV structure and function, includ-
ing asymptomatic atherosclerosis, vascular hypertrophy and thickening, develop-
ment of left ventricular (LV) geometric changes, with or without increase in LV 
mass, and chronic kidney disease (microalbuminuria and reduced glomerular fi ltra-
tion rate). High BP promotes the acceleration of age-related CV remodeling, favor-
ing development of concentric LV remodeling or hypertrophy [ 6 ] and stiffening of 
conductance arteries [ 7 ]. 

 The structural phenotype of hypertensive heart disease includes many different 
LV geometric patterns and several vascular abnormalities, all longitudinally associ-
ated with major CV events [ 8 – 13 ]. 
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 The diagnostic and therapeutic strategies in hypertensive patients must consider 
all determinants of CV risk, such as the severity of hypertension, the presence and 
the number of the other conventional cardiovascular (CV) risk factors, target organ 
damage, as well as prevalent CV disease, the presence of metabolic syndrome, dia-
betes and/or chronic kidney disease. 

 In this chapter, we will examine the hemodynamic and circulating markers of 
CV risk, focusing on secondary prevention. More detailed suggestions will also be 
given for specifi c major CV events, with indications on the most appropriate way to 
implement good secondary prevention programs. Most indications are presumed 
from current recommendations and guidelines [ 14 – 16 ], but also empirical, albeit 
reasonable suggestions are given. 

    General Parameters to Monitor for Follow-Up 

 In contrast with the goal of primary prevention, hypertensive patients with prevalent 
CV disease are at high risk of new major CV events and do not require direct risk 
stratifi cation by the current risk-scores [ 17 ]. They require aggressive treatment, to 
achieve optimal control of both BP and associated markers of CV risk. Thus, 

  Fig. 17.1    Time course of the natural history of cardiovascular disease from exposition to CV risk 
factors to the end-points. Thickness of the  arrows  expresses the probability of evolution (From 
EACVI guidelines (These guidelines should be published by the end of 2016 and should be added 
to the references, if timing will be consistent), adapted from Ref. [ 5 ])       
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follow-up of hypertensive patients with prevalent CV disease should be articulated 
in three directions:

    1.    Optimal control of blood pressure;   
   2.    Reduction of impact of associated CV risk factors, with special emphasis on 

obesity.   
   3.    Regression (or reduction) of target organ damage.    

  These goals can be achieved by careful clinical monitoring of management effect 
(including therapy and life style modifi cations) and using both CV imaging tech-
nologies and circulating biomarkers [ 18 ,  19 ]. 

    BP Control 

 Uncontrolled arterial hypertension worsens the prognosis of prevalent CV disease 
[ 20 ]. There is little specifi c recommendation for the control of BP after a major CV 
event. The traditional indication to reduce systolic BP below 140 mmHg and dia-
stolic BP below 90 mmHg has been changed in the most recent guidelines, which 
suggest forcing BP below 130/80 mmHg in some circumstances [ 14 – 16 ,  21 ]. This 
recommendation is now reinforced by the evidence that a tight BP control to values 
below 130/80 mmHg might be a better strategy also for primary prevention [ 22 ,  23 ]. 
Although there is not yet general agreement on this strategy, following the results of 
the SPRINT trial [ 23 ], the most recent AHA/ACC/ASH Scientifi c Statement [ 24 ], 
report that reducing “< 130/80 mm Hg may be appropriate, especially in patients 
with a history of a previous myocardial infarction or stroke, or at high risk for devel-
oping either”. As suggested, most of these results extracted from clinical trials need 
also “external validation” [ 25 ], by observational reports on large-scale registries in 
real-world contexts, to defi nitively force these new optimal limits to get into clinical 
practice [ 26 ]. 

 Given the importance of BP control in the context of secondary prevention, pro-
cedures additional to the offi ce BP recording are particularly needed. The most 
practical way to achieve this goal is the home-measurement of BP, possibly per-
formed early in the morning, to capture the BP morning surge [ 27 ], using automated 
and validated arm-devices, which are less prone to method errors than the usual 
aneroid sphygmomanometers [ 28 ,  29 ]. Although the meaning of morning surge 
might change in relation to age and biological conditions [ 30 ], when there is signifi -
cant discrepancy between home and offi ce BP measurement, 24 h ambulatory blood 
pressure monitoring might be required [ 31 ]. Development of innovative technolo-
gies allows the remote control of BP, throughout electronic communication (SMS, 
e-mail, or direct automated telecommunication). New technologies can allow a bet-
ter management of hypertension especially in high-risk patients. If physician’s 
counseling and patient’s reporting are effective, BP measurement in the outpatient 
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clinic becomes much less important than in the past, and should be programmed 
based on the major CV clinical condition.  

    Reduction of Impact of Associated CV Risk Factors 

 Arterial hypertension is most often combined with other CV risk factors. More than 
80 % of hypertensive patients present with additional comorbidities, including glu-
cose intolerance, hyperinsulinemia, lipid disorders (reduced HDL-cholesterol and 
increased LDL-cholesterol and triglycerides), obesity and metabolic syndrome 
[ 32 – 35 ], which are associated with increased CV morbidity and mortality. More 
than 50 % of hypertensive patients present at least two of these comorbidities and, 
generally, one of those is obesity [ 35 ]. Obesity is an important risk factor also for 
incident hypertension, especially in women [ 36 ,  37 ]. When combined with arterial 
hypertension, obesity exponentially increases the chance of harmful LV modifi ca-
tions: the probability of LVH sharply raises when hypertension is associated with 
obesity [ 38 ,  39 ], and is independently related to central fat distribution (Fig.  17.2 ).

   In the presence of obesity, control of BP is particularly diffi cult [ 40 ,  41 ], and, 
even worse, regression of LV hypertrophy (LVH) is obtained with more diffi culty, 
even when BP is controlled [ 42 ,  43 ]. Obesity also tracks insulin resistance, high risk 
of diabetes and infl ammatory status, all factors that substantially worsen prognosis 
of patients with prevalent CV disease. 

 Obesity is, therefore, a critical condition to manage especially when CV risk is 
already very high, as in patients with prevalent CV disease. Appropriate counseling 
and diet should be integral part of management of arterial hypertension and physical 
exercise programs should be implemented, whenever possible. Attention should 
also be paid to type of therapy, as suggested in observational studies [ 41 ], as dis-
cussed in the next sections.  

    Regression (or Reduction) of Target Organ Damage 

 There are three “windows” through which the status of target organ can be moni-
tored during follow-up: kidney, left ventricle and conduit arteries [ 5 ]. 

    Microalbuminuria 

 Microalbuminuria assessment, either as albumin excretion in a 24-h urine collection 
or albumin-to-creatinine ratio in a random spot urine collection [ 44 ], was intro-
duced as a predictor of impaired renal function among diabetic patients, but is also 
a potent marker of hypertensive target organ damage, associated with increased CV 
morbidity and mortality [ 45 – 47 ]. Prevalence of microalbuminuria in non-diabetic 
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patients with hypertension is in general 8–15 %, but this prevalence varies in the 
literature, according to both differences in the methods used to detect it and the 
heterogeneity of the patients included in the different studies [ 45 ]. Similar to ECG, 
detection of microalbuminuria is cheap and widely available, and should be part of 
the fi rst-line tools for the stratifi cation of CV risk in patients with essential hyper-
tension [ 45 ]. Given its sensitivity to BP, assessment of microalbuminuria might be 
particularly helpful in the context of high-risk patients, to monitor the effects of 
anti-hypertensive therapy on target organ. In addition microalbuminuria is also 
associated with a number of other markers of increased CV risk, including endothe-
lial dysfunction, insulin resistance, vascular infl ammation, hypercoagulability, and 
mechanical stress [ 48 ,  49 ], though not necessarily these associations fully explain 
the increased rate of microalbuminuria-associated CV event. It is reasonable to infer 

a b

c d

  Fig. 17.2    Systolic blood pressure (BP, Panel  a ), adipose mass (Panel  b ), left ventricular (LV) 
diastolic diameter (Panel  c ) and prevalence of LVH (Panel  d ) in normal weight (n = 114), over-
weight (n = 113) and obese adolescents (n = 223). Note that prevalence of LVH follows the excess 
of adipose mass, more than BP or LV chamber dimension (Adapted from Ref. [ 38 ])       
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that microalbuminuria is expression of different degrees of CV damage. Given the 
cheap cost of evaluation of the albumin-to-creatinine ratio in a random spot urine 
sample [ 44 ], assessment of microalbuminuria can be scheduled frequently in high- 
risk patients.  

    LV Mass 

 LV mass is the most potent predictor of adverse outcome in arterial hypertension, an 
evidence especially due to conventional 2D echocardiography, and more recently 
confi rmed with more accurate technologies [ 8 ,  9 ]. Assessment of LVH and other 
markers of target organ damage signifi cantly improves risk stratifi cation produced 
by conventional risk factors [ 10 ,  11 ], even in the context of secondary prevention 
[ 50 ]. Assessment of LV mass is profi tably associated with evaluation of LV geom-
etry by computation of relative wall thickness (or LV mass/volume ratio) and LV 
end-diastolic volume [ 8 ,  9 ]. 

 Despite the intrinsic limits of 2D echocardiography, LV mass can be measured 
and monitored in the single patient, pending a critical evaluation of the test-retest 
changes [ 51 ]. 

 Together with information on LV geometry, echocardiographic follow-up also 
provides data on left atrial volume (or dimension), LV systolic and diastolic func-
tion, all parameters variably associated with adverse prognosis, though not neces-
sarily independent of the magnitude of estimated LV mass [ 52 ]. However, in specifi c 
context of secondary prevention, these additional parameters might have substantial 
importance as will be detailed in the next sections.  

    Carotid Intima-Media Thickness (CIMT) 

 Carotid intima-media thickness (CIMT) is another critical marker of target organ 
damage. Increased CIMT and, to a greater extend, evidence of carotid plaque are 
associated with increased risk of CV events, independently of risk factors [ 53 ,  54 ]. 
Similar to LVH, carotid plaque signifi cantly improves risk stratifi cation produced 
by conventional risk factors [ 11 ,  54 ]. Whether evaluation of carotid artery adds to 
models of risk, including assessment of LV geometry is unclear. However, not nec-
essarily patients with high LV mass have increased carotid intima-media thickness 
(and vice-versa), and there is evidence that CV risk increases with increasing num-
ber of target organ damages. Accordingly, multi-organ evaluation is recommended 
to improve risk stratifi cation. 

 With appropriate imaging technique, the plaque progression or regression can be 
documented [ 55 ,  56 ], and follow-up scheduled according to the clinical needs. 
However, because treatment-induced changes in left ventricular mass and carotid 
artery wall thickness are slow, guidelines suggest to perform these examinations not 
before than 1 year intervals [ 21 ].    
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    Specifi c Strategies for Secondary Prevention 

 In this section, we will examine the major manifestations of CV disease occurring 
during the natural history of arterial hypertension: myocardial infarction (coronary 
heart disease), heart failure and stroke, which require specifi c attention during 
follow-up. 

    Hypertension and Coronary Heart Disease (CHD) 

 Follow-up of patients with CHD is more diffi cult in the presence of hypertension. 
The fi nal goal of a correct follow-up is prevention of new CHD episodes. To achieve 
this goal, management of hypertension and associated conditions (obesity, dyslipid-
emia, glucose intolerance) should be suffi ciently aggressive to obtain adequate risk 
factors control. 

 In patients with previous myocardial infarction or unstable angina, new episodes 
of ischemia might be silent, with impact on outcome [ 57 ], though an extensive 
evaluation in patients without symptomatic modifi cations of their clinical status is 
not recommended [ 58 ]. Controls with more sensitive techniques beyond the routine 
resting ECG may be scheduled, whenever the clinical conditions suggest that some 
change could have occurred, including symptoms that might be considered as 
equivalent to angina, such as shortness of breath, dizziness, palpitations, or even 
tiredness in unusual contexts. 

 In the context of arterial hypertension, discrimination of silent ischemia by sim-
ple exercise-ECG might be even more diffi cult, due to high possibility of false posi-
tive results due to the coexistence of LVH [ 58 ,  59 ]. 

 However, in the presence of arterial hypertension and LVH, a negative exercise- 
ECG has a very high negative predictive value. Therefore, a negative maximal 
exercise- ECG can exclude with substantial margin of confi dence the presence of 
residual ischemia and perform as the fi rst step in a more extensive diagnostic proto-
col, whenever possible for the conditions of the patients. 

 When doubts remain, due to ambiguous or positive exercise ECG, in the absence 
of angina, CV imaging techniques are extremely useful and important. If the clinical 
conditions suggest a screening more extensive than with ECG and exercise ECG, 
exercise or pharmacological stress echocardiography may be indicated, especially 
in elderly women in whom the possibility of false positive is higher even indepen-
dently of the presence of LVH [ 58 ,  60 ]. Stress-echocardiography exhibit substan-
tially higher specifi city than exercise ECG in hypertensive patients with LVH for the 
identifi cation of coronary epicardial lesions [ 59 ,  61 ], though coronary microvascu-
lar disease might be better identifi ed by radionuclide single photon emission com-
puted tomography (SPECT) [ 62 ,  63 ]. Coronary microvascular lesions might be also 
identifi ed by performing high-dose dipyridamole challenge and recording of 
Doppler-signal of the left anterior descending artery for evaluation of coronary 
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blood fl ow reserve [ 64 ,  65 ], in the absence of epicardial lesions. However, this tech-
nique is not widely available and requires highly skilled echocardiography 
laboratories.

   In general, the limitation of the stress-echocardiography procedures is the high 
operator dependency, though the new technologies of strain imaging (Speckle 
Tracking Echocardiography) are likely to attenuate the inter-observer variability. 
Thus, the choice of imaging method depends on indications, type of available facil-
ity, and the experience of the laboratories. 

 Sometimes, when the indication for a new coronary angiography is borderline 
[ 66 ], 64-layer-computed tomography (CT) of the coronary arteries has specifi city and 
sensitivity ≈ 90 % in the diagnosis of coronary artery atheroma in all coronary seg-
ments, except for the circumfl ex coronary artery and the distal segments of the ves-
sels. The positive and negative predictive value are very high, 91–93 % and 96–100 %, 
respectively. This method also allows visualization of the vessel wall and the pres-
ence of calcifi cations. However, the emission of ionizing radiation and the high cost 
limit its use as a screening method, and indication needs to be very strict [ 67 ].  

    Hypertension and Heart Failure (HF) 

 In hypertensive patients, the defi nition of HF needs particular attention. Most 
patients are chronically in stage B HF, but many of them may be classifi ed in stage 
C or even D, independently of their clinical symptoms [ 68 ]. According to the AHA/
ACC classifi cation [ 68 ], all hypertensive patients with LVH are at least in class C 
and may be classifi ed as “chronic HF”, or LV dysfunction. LV dysfunction may be, 
therefore, assimilated to a condition of compensated HF. Decompensation can occur 
in the presence of reduced (HFrEF) or preserved ejection fraction (HFpEF). In 
either condition, the common characteristic is the elevation of LV fi lling pressure 
and end-diastolic wall stress, needed to sustain stroke volume. 

 Hypertension is the most prevalent major risk factor among individuals who 
move from asymptomatic LV dysfunction to decompensated HF [ 69 ]. Such a high 
incidence occurs because of both the direct hemodynamic burden imposed by 
hypertension and the evolution of hypertension toward HF, which can follow two 
different pathways, either through CHD or directly without the intermediate step of 
CHD (Fig.  17.3 ). Prevention of episodes of decompensated HF requires optimal 
management of CV risk factors, including optimal BP control [ 68 ], and a clear 
focus on the objectives to achieve, also in relation to the phenotypical presentation 
of HF, as shown in Fig.  17.3 .

   Figure  17.3  also provides a pathophysiologic explanation of why does the coex-
istence of hypertension and CHD increase risk of HF. Neuro-hormonal activation 
and promotion of early ventricular remodeling are at the basis of mechanisms of 
evolution from hypertension to HF. The relation between hypertension and HFrEF 
is usually mediated by CHD. More interesting is the evidence that hypertension 
plays a key direct role in the incidence of HFpEF. The prevalence of HFpEF is rap-
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idly rising [ 70 ], paralleling the decline of HFrEF, substantially related to the increase 
of the procedures of rescue revascularization after acute myocardial infarction [ 71 ]. 
HFpEF exhibit morbidity, mortality, hospitalizations and healthcare costs at least 
comparable to, and perhaps greater than HFrEF [ 72 ]. Unfortunately, while preven-
tion of decompensation is effective in the presence of HFrEF, the results on HFpEF 
are still doubtful [ 73 ,  74 ]. 

 HFpEF occurs in elderly, predominantly female hypertensive patients, with 
small-chamber hypertrophied hearts and a high prevalence of type 2 diabetes mel-
litus, and atrial fi brillation. The association between essential hypertension and LV 
dysfunction has been described in observational studies since 1950. Although the 
pathophysiologic abnormalities present in HFpEF include many specifi c features, 
Table  17.1  shows that the diagnosis of HFpEF might be diffi cult. Even more than 
with HFrEF, HFpEF requires clinical criteria, but echocardiography is of great 
importance for the ability to detect all abnormalities characteristic of this syndrome 
and focus attention on specifi c morphologic and/or functional alterations that might 
require careful monitoring. In the absence of specifi c indication to prevent decom-
pensation, effective hypertension control remains the hallmark of the management 
of every presentation of HF, which has received supportive evidence over the past 
decades [ 73 ,  75 – 77 ]. 

  Fig. 17.3    Pathway of the progression of hypertension toward heart failure (HF). The  black arrows  
indicate the two main pathways; the  dark grey arrows  indicate mechanisms; the  light gray arrows  
indicate the strategies of management in relation to vital myocardium       
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 Thus, echocardiographic monitoring of specifi c hemodynamic and functional 
abnormalities might be particularly useful in HFpEF, because no specifi c therapy is 
available to prevent decompensation [ 68 ]. Characteristics of hemodynamic loading 
conditions, LV geometry and fi lling pressure may force to a more aggressive man-
agement with specifi c classes of medications [ 8 ]. For instance, evidence of a rising 
LV fi lling pressure, even in the absence of dyspnea might suggest use of small doses 
of loop-diuretics and/or mineralocorticoid receptor antagonists, to prevent clinically 
overt decompensation. Timing of the echocardiographic follow-up needs to be 
established based on the clinical conditions of the single patients and requires expe-
rience and ability to produce pathophysiologic inference to guide management. 

 Patients with early-stage HFpEF can have symptoms of exertional intolerance in 
the absence of increased LV fi lling pressure in resting conditions. These patients 
might still develop sharp elevations of LV fi lling pressure during exercise. In these 
patients, the diagnosis of HFpEF can be favored by hemodynamic evaluation during 
stress-echocardiography, allowing checking the characteristics reported in Table 17.2. 

 Another potentially useful strategy that might be used for the follow-up of hyperten-
sive patients with stage B HF is monitoring circulating markers. Circulating brain natri-
uretic peptide (BNP) or N-terminal fragment (NT) of the BNP prohormone 
(NT-proBNP) are related to increased wall stress due to either volume or pressure over-
load and are emerging as clinically useful biomarkers to monitor compensation of stage 
B HF [ 78 ], a strategy that might be economically convenient to better identify the tim-
ing for echocardiographic controls [ 79 ]. Interestingly, though NT-proBNP natriuretic 
peptides are useful in both phenotypic presentations of HF, HFrEF and HFpEF [ 80 – 82 ], 
their circulating values can be normal for diastolic dysfunction characterized by abnor-
mal LV relaxation and/or mild-to moderate degrees of increased LV fi lling pressure. 
Thus more than to the absolute value, attention should be paid to the changes over time.  

    Hypertension and Stroke 

 Hypertension is a common problem in secondary prevention of stroke, being 
involved in nearly 70 % of all stroke cases [ 83 ]. The hypertension-related stroke is 

   Table 17.1    Pathophysiology of HFpEF and measurable abnormalities   

 Pathophysiology  Measurable abnormality 

 Diastolic dysfunction  ↑LV fi lling pressure 
 Abnormal vascular-ventricular coupling  ↑Effective arterial elastance 
 LV systolic dysfunction  ↓Midwall shortening 

 ↓Longitudinal strain 
 Chronotropic incompetence  ↓Exercise cardiac output 
 Impaired vasodilator reserve  ↓Coronary blood fl ow reserve 
 Reduced left atrial function  ↓Left atrial systolic force 
 Volume overload  ↑Stroke volume 
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today mostly ischemic and results from artery-to-artery embolization or emboliza-
tion from heart [ 84 ]. Risk of recurrent stroke decreases when BP is optimally con-
trolled at least to the conventional level (<140/90 mmHg) [ 85 ]. Although doubts 
persist about the advantage of aggressive BP control for secondary prevention of 
stroke [ 86 ], there is increasing evidence that forcing BP beyond the conventional 
limits might be convenient [ 87 ]. It is reasonable to tailor therapy taking into account 
the general conditions and risk profi le of patients. 

 The other important condition substantially related to risk of recurrent stroke is 
atrial fi brillation (AF). AF is the most common sustained arrhythmia not only in the 
context of arterial hypertension. Its prevalence and incidence increase in patients with 
arterial hypertension [ 88 ]. Although the relative risk of AF is relatively modest (<2), 
the very high prevalence of arterial hypertension produces a very high population- 
attributable risk of AF [ 89 ], recalling for a substantial health system burden. 

 In a recent epidemiologic study [ 90 ], the hazard of AF in a registry of hyperten-
sive patients increases with increasing LV mass, left atrial dimensions and carotid 
intima-media thickness, independently of sex and age and accounting for preceding 
CV events that could have infl uenced the incidence of AF (Fig.  17.4 ). Thus, also for 
the secondary prevention of stroke, non-invasive CV imaging can provide important 
information to modulate the strength of therapy and management.

   One important pitfall in the evaluation of risk of stroke associated with AF is the 
impossibility to capture clinically silent episode of AF that might have high impact 

  Fig. 17.4    Hazard of incident AF in a registry of 7062 hypertensive patients. The model takes into 
account the possibility that CV events could precede the occurrence of AF (competing risk event 
analysis).  BP  blood pressure,  CCB  Ca-channel blockers,  Dur  duration,  Hyp  hypertension,  IMT  
intimal medial thickness,  LA  left atrial,  LV  left ventricular (From Ref. [ 90 ])       
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on the risk of stroke. This possibility might be especially relevant in patients with 
arterial hypertension and LV hypertrophy, who exhibit a negligible left atrial contri-
bution to LV fi lling, due to increased chamber stiffness (restrictive or pseudo- normal 
fi lling pattern). Because LV fi lling occurs effi ciently during early relaxation, in these 
patients, the abrupt fall of atrial contribution does not reduces stroke volume to a 
level that can cause symptoms, as it might happen when LV fi lling pattern is charac-
terized by abnormal LV relaxation, requiring a substantial atrial contribution to fi ll-
ing. Thus, in patients with intermittent symptoms attributable to episodes of AF or a 
high-risk profi le (elderly males with LVH, left atrial dilatation and/or high carotid 
intima-media thickness, as shown in Fig.  17.4 ), the use of Holter monitoring, event 
recorders or implantable loop recorders may be worth to identify silent episodes.   

    Therapy 

 Therapy and management in hypertensive patients with prevalent CV disease should 
be primarily addressed to control effectively BP, as well as any other major risk fac-
tor. Thus, any class of antihypertensive medication should be used to decrease BP at 
least to <140/90 mmHg. Some class of medications might be more indicated than 
others are. 

 In addition to be the most effective in reducing LV mass [ 91 ], medications inhib-
iting the renin-angiotensin system, namely ACE-inhibitors, are particularly recom-
mended also for stroke prevention [ 84 ,  92 ]. Mineralocorticoid receptor inhibitors 
can be conveniently used to achieve control of BP and to optimize therapy also in 
Class II NYHA HF [ 77 ]. 

 For patients in sinus rhythm, anti-platelet therapy should be continued for sec-
ondary prevention of CHD, or even reinforced, for stroke prevention. Anti- 
coagulation is indicated for patients in AF and in those with CHA2DS2-VASc 
score ≥ 2. Although the CHA2DS2-Vasc was initially conceived for patients with 
AF, it has been shown to be useful also in patients in sinus rhythm [ 93 ].     
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        Introduction 

 Hypertension (HTN) is the most common chronic disease of the cardiovascular 
system [ 1 ]. The defi nition of normal, prehypertensive, and hypertensive blood pres-
sure are as follows: (1) Normal < 120/80 mmHg, (2) Prehypertensive 120–139/80–
89 mmHg, (3) Hypertensive > 140/90 mmHg, although the guidelines have recently 
changed based on the most latest epidemiologic data [ 2 – 7 ]. Currently, HTN affects 
70 million Americans, and over one billion people worldwide. It is estimated that 
there will be an affected 1.5 billion people worldwide by the year 2025. A report 
from the national health and nutrition examination survey (NHAES), reported that 
in 2005–2006 an estimated 37 % of the United States population were prehyperten-
sive [ 8 ,  9 ]. HTN is more common in blacks (40 %) compared to whites (25 %) and 
is the most common readily identifi able and reversible risk factor for myocardial 
infarction (MI), stroke, heart failure (HF) (both systolic and diastolic), atrial fi bril-
lation (AF), ventricular arrhythmias, sudden cardiac death (SCD), kidney disease 
[ 10 ], peripheral vascular disease, renal artery stenosis [ 11 ], obstructive sleep apnea 
(OSA) [ 12 ], erectile dysfunction and many others as shown in Fig.  18.1 . Indeed, 
HTN is the leading risk factor for global mortality and accounts for 13 % of all 
worldwide death in 2004, and far exceeds the cause of death by tobacco use (9 %), 
diabetes (6 %), physical inactivity (6 %), and obesity (5 %) [ 13 ,  14 ]. On the other 
hand, it is estimated that 36.2 % (13 million) people in the United States have undi-
agnosed HTN, i.e. they are not aware of their high blood pressure or are not taking 
their medication [ 15 ].

   HTN has many diverse and complex etiologies and multiple pathways, which 
leads to diseases such as cardiac, central nervous system, baroreceptor, hormonal 

OSA

AF
SCD

Systolic HF

Arterial
stiffness

Inflammation 
fibrosis

Endothelial 
dysfunction

LVH

Diastolic HF

Erectile 
dysfunction

Stroke

Chronic kidney
disease

Peripheral  
vascular disease

Myocardial ischemia 
and infarction

Electrolyte 
homeostasis

Renal artery stenosis

HTN

  Fig. 18.1    Relationship of HTN to different pathologies.  Abbreviations :  AF  atrial fi brillation,  HF  heart 
failure,  LVH  left ventricular hypertrophy,  OSA  obstructive sleep apnea,  SCD  sudden cardiac death       
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(renin angiotensin aldosterone pathway), vascular, renovascular, endothelial dys-
function, etc. These mechanisms will all lead to cardiovascular remodeling and 
fi brosis at the target organ. In the presenting scheme, HTN may be divided as 
preclinical, clinical manifestations of systolic and diastolic HTN, hypertensive 
state and hypertensive emergencies. Age wise, HTN may be present in children, 
adolescents, and the elderly, where etiologies and management signifi cantly 
differs. 

 HTN increases the risk of stroke by 50 % [ 16 ,  17 ], AF by 40–50 % [ 18 ], and SCD 
signifi cantly [ 19 ]. 

 Genetic and environmental factors are important and are often underappreciated 
risk factors to HTN and its subsequent complications such as left ventricular hyper-
trophy (LVH), AF, stroke, HF, and SCD [ 20 ]. The pathophysiology of HTN is 
beyond the scope of this review; therefore, this review will focus on HTN, LVH, 
arrhythmias and SCD.  

    Hypertensive Heart Disease 

 Defi nition: Hypertensive heart disease is a result of long-standing HTN and is char-
acterized by anatomical and functional changes in the myocardial structure and 
function in the absence of other primary cardiovascular abnormalities [ 21 ]. 
Hypertensive heart disease includes cardiovascular sequelae of HTN such as: LVH, 
left atrial enlargement, and functional mitral regurgitation that together make 
 diastolic dysfunction. 

 LVH and diastolic dysfunction are common fi ndings in patients with essential 
HTN, even in children and adolescents [ 22 ]. 

 The clinical spectrum of hypertensive heart disease ranges from preclinical 
changes such as grade I diastolic dysfunction (impaired left ventricular (LV) relax-
ation) to manifest concentric LVH to eventually LV dilatation and congestive heart 
failure (CHF). LVH is not only a target organ response to increased afterload, but is 
also the most potent cardiovascular risk factor. 

 Thus, cardiovascular effects of HTN are summarized below;

•    Cardiac hypertrophy  
•   Diastolic dysfunction [ 22 ]  
•   Systolic dysfunction  
•   Coronary atherosclerosis  
•   Microvascular dysfunction  
•   Atrial and ventricular arrhythmias  
•   Peripheral vascular disease  
•   Cerebrovascular disease  
•   Kidney disease    

 Figures  18.2  [ 23 ] and  18.3  describe pathways linking myocardial remodeling 
with clinical manifestations in hypertensive heart disease.
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        Left Ventricular Hypertrophy 

 As stated by sir William Osler in 1892, “The course of any case of cardiac hypertro-
phy may be divided into three stages: The period of development which varies with 
the nature of the primary lesion… The period of full compensation in which the 
heart’s vigor meets the requirements of the circulation… The period of broken com-
pensation which…takes place slowly and results from degeneration and weakening 
of the heart muscle” [ 24 ,  25 ]. 

 Defi nition: As said earlier, LVH is an adaptive to chronic afterload pressure, 
which results in pathological changes in structure and functional changes in the 
cardiovascular system. LVH is thus a powerful, independent predictor of cardiovas-
cular adverse vents; however, it is reversible when its cause is corrected. As the 
result of increased workload, whether due to pressure overload or volume overload, 
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heart disease.  Abbreviation :  LV  left ventricular (From Diez and Frohlich [ 23 ])       

 

M. Shenasa



283

there is an increase in cardiac myocyte size (myocyte hypertrophy) without any 
increase in the myocardial cell numbers. During the process of LVH there is also an 
increase in fi broblasts and interstitial collagen accumulation, leading to fi brosis 
which leads to diastolic dysfunction and the progression of HF [ 25 – 27 ]. This pro-
cess results in remodeling of the myocardium, which also causes cellular electro-
physiological abnormalities and arrhythmogenesis. In addition, microvascular 
changes and subendocardial ischemia contribute independently to 
arrhythmogenesis.  

    Geometric Patterns of LVH 

 LVH depends on LV geometry under normal and abnormal conditions and plays an 
important role in the pathogenesis of different forms of LVH. The LV geometry 
adaptation and response to HTN is heterogeneous and is affected by multiple factors 
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including genetic predisposition [ 28 ]. Abnormal LV geometry predicts progression 
of LVH in HF [ 29 ]. 

 Differential diagnosis of hypertensive LVH from other forms of LVH is impor-
tant and outlined here: (Fig.  18.4 )

     1.    Physiological LVH   
   2.    Pathological LVH   
   3.    Concentric LVH   
   4.    Eccentric LVH    

  The most important differential includes:

    1.    LVH in hypertensive heart disease   
   2.    LVH in hypertrophic cardiomyopathy (HCM), especially in early phases of the 

disease   
   3.    LVH in athletes   
   4.    Other myocardial infi ltrative diseases such as cardiac amyloidosis, glycogen 

storage diseases, Fabry disease, etc. Several clinical, family history, genetic 
background and imaging techniques are useful in the differential diagnosis of 
different types of LVH.     

 In a broad etiology, LVH may be categorized as pressure and volume overload. 

    Pressure Overload 

 Causes concentric LVH and includes HTN, aortic stenosis, static exercise, and infi l-
trative myocardial disease (Fig.  18.5 ) [ 30 ,  31 ].

       Volume Overload 

 Causes eccentric LVH and includes mitral and aortic insuffi ciency, anemia, dynamic 
exercise, HF, and obesity (Fig.  18.5 ) [ 30 ,  31 ]. 

 Assessment of LV geometric pattern is crucial before and after the management 
of HTN in these patients [ 32 ]. 

 Among the consequences of long-term HTN, three major adverse effects include 
stroke, LVH, and SCD.   
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  Fig. 18.4    Differential 
diagnosis of LVH. This 
fi gure illustrates the three 
important differential 
diagnosis of LVH. As it 
shows, there is some 
overlap between the three 
conditions, where other 
imaging technologies will 
be useful.  Abbreviations : 
 HCM  hypertrophic 
cardiomyopathy,  LVH  left 
ventricular hypertrophy       

• Eccentric LVH
 − Volume overload
 − Dynamic exercise
 − May be physiological 
  adaption
 − Obesity
 − Relative increase in 
  myocytes

• Concentric LVH
 - Pressure overload
 - Static exercise
 - Pathophysiological
 - Hypertension
 - Relative increase in 
  connective tissue and 
  fibrosis

↑Wall thickness
←→ / ↓Relative 
wall thickness
↑Epicardial size
↑Endocardial size

↑Wall thickness
↑Relative wall 
thickness
↑Epicardial size
↓Endocardial size

Normal LV remodelling

  Fig. 18.5    LV geometry, HTN, and LVH (Adapted and modifi ed from Kahan and Bergfeldt [ 30 ] 
and Marvao et al. [ 31 ]. With permission)       
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    Hypertension and LVH 

 LVH is common sequelae of HTN (pressure overload) and is a compensatory mecha-
nism; however, as LVH progresses in concentric geometry, eventually it progresses to 
LV dilatation and cardiac failure. More than 1/3 of patients who have HTN have 
 electrocardiographic evidence of LVH. As LVH progresses, the risk of AF, ventricular 
arrhythmias, and SCD increases. New onset AF in patients with HTN and LVH signifi -
cantly increases the risk of SCD and stroke independent of other risk factors. The disar-
rayed ventricular fi ber structure in hypertensive patients with LVH predisposes to 
ventricular arrhythmias and SCD. Furthermore, AF, due to irregular R-R intervals, sig-
nifi cantly predisposes the occurrence of malignant arrhythmias and SCD. In particular, 
the presence of irregular heart rate is an important trigger for malignant ventricular 
tachyarrhythmias. Short-long-short RR intervals during AF increases the likelihood of 
promoting ventricular arrhythmias and is a very dangerous combination. In addition, 
antiarrhythmic and antihypertensive therapy for AF rhythm control plays a signifi cant 
risk factor for proarrhythmias and SCD. These issues are often underrecognized. 
Patients with HTN develop microvascular dysfunction and ischemia, which also pro-
motes malignant arrhythmias and SCD. These patients also have normal epicardial 
coronary arteries; however, there is evidence of subendocardial ischemia, and they may 
often present with chest pain. Both clinical and experimental studies have demon-
strated that induction ischemia in LVH increases the risk of ventricular tachyarrhyth-
mias and SCD. See section Role of Myocardial Ischemia in Arrhythmogenesis in LVH.  

    Preclinical Hypertension and LVH 

 Even preclinical HTN and its consequences increases the risk of LVH, CHF, myo-
cardial ischemia (decrease in microvascular circulation), arrhythmias, stroke, and 
SCD. Furthermore, HTN is often latent and is diagnosed randomly during physical 
examination or by patients themselves. 

 The natural history of HTN progresses from isolated high blood pressure to 
hypertensive heart disease that induces LVH. As compensatory hemodynamic 
mechanisms of HTN exhaust itself, subsequently, progress toward chamber enlarge-
ment and HF. Drivers of HTN and LVH include:

•    Angiotensin II [ 33 ]  
•   Norepinephrine  
•   Epinephrine  
•   Increase peripheral and cardiac sympathetic drive [ 34 ]  
•   Endothelin  
•   Natriuretic peptides  
•   Adrenomedullin  
•   Leptin  
•   Other unknown factors     
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    Diagnostic Modalities for the Diagnosis of LVH 

  Electrocardiogram (ECG) Criteria for the Diagnosis of LVH     The two most 
commonly used criteria are as follows [ 35 – 39 ]: 

     1.    The Sokolow-Lyon voltage criteria: S wave in lead V1 + R wave in lead V5 or 
V6 greater than or equal to 3.50 mV or R wave in lead V5 or V6 greater than 
2.60 mV   

   2.    The Cornell voltage criteria: For women, R wave in lead aVL + S wave in lead 
V3 greater than 2.00 mV. For men, R wave in lead aVL + S wave in lead V3 
greater than 2.80 mV [ 39 ]     

 The diagnostic yield of ECG is only 2.4 % with specifi city and sensitivity of 
25–60 % [ 39 ].  

  ECG Changes in HTN     Includes signs of LV chamber hypertrophy as above and 
ST-T wave abnormalities such as down sloping, convex ST-segment with inverted 
asymmetrical T-wave at the opposite direction of QRS axis in lead V5 or v6. Also, 
P-wave abnormalities are noticeable criteria of LVH. Aggressive HTN management 
may reverse and normalize some of these ECG changes [ 40 ]. 

 ECG Manifestation of LVH [ 36 ,  41 – 45 ]:

    1.    Increased QRS voltage.   
   2.    Increased QRS duration: This may be further complicated by the development of 

initially incomplete and fi nally complete left bundle branch block.   
   3.    Left axis deviation.   
   4.    Repolarization abnormalities.   
   5.    Left atrial abnormalities.   
   6.    QT prolongation [ 46 ,  47 ]. A further detailed analysis is shown in table 6.2 from 

ECG Handbook of Contemporary Challenges [ 40 ].    

       Echocardiographic Criteria for LVH 

 According to the data from Framingham Heart Study, LVH was defi ned as LV mass 
index ≥ 150 g/m 2  [ 43 ,  48 – 52 ]. 

 The following echocardiographic indices are usually measured for diagnosis and 
evaluation of LVH:

•    LV geometry  
•   LV wall thickness and motion  
•   LV systolic and diastolic function  
•   LV diastolic abnormalities such as Doppler transmitral fl ow  
•   LV strain patterns  
•   Stroke volume  
•   Evidence of ischemia during stress echocardiography    
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 Echocardiogram is useful to differentiate normal geometry from concentric and 
eccentric LVH, respectively. As mentioned, it is important to differentiate physio-
logical LVH (such as in athletes) from pathological LVH, hypertensive versus HCM 
[ 38 ,  40 ]. The LV mass is measured by echocardiographic measurements of LV mass 
(g) = 0.8{1.04[(IVS + LVID + PWT) 3 −LVID 3 ]} + 0.6 g. 1  LV mass is also recognized 
as a surrogate for LVH and plays an important predictor as adverse events in patients 
with HTN [ 55 – 57 ]. 

  Cardiac Computerized Tomography (CCT)     Provides high resolution and accu-
rate information of LV mass, volume and function. It can further provide additional 
information on the other related structural heart diseases. A major limitation of CCT 
is ionizing radiation exposure as well as contrast-use in patients with impaired renal 
function.  

  Cardiac Magnetic Resonance Imaging (MRI)     MRI is currently considered the 
gold standard for measurement of LV mass and volume [ 58 ]. Cardiac MRI has sev-
eral advantages including; (1) high spatial and temporal resolution, (2) multi-plane 
image acquisition. The disadvantages of CMR include (1) high cost, (2) availability, 
(3) artifact due to arrhythmias.  

  Single-Photon Emission Computed Tomography (SPECT) and Positron 
Emission Tomography (PET)     SPECT imaging is useful where coronary artery 
disease (CAD) and ischemia is suspected. In this case, SPECT can also provide 
adequate information on LV mass, volume, and function. PET imaging remains 
investigational and is not used clinically.   

    Pathophysiological Mechanisms of Developing LVH 
in Hypertension 

 The pathogenesis of clinical HTN is well described by Singh et al. [ 59 ]. Long- 
standing HTN is the most common cause of LVH. LVH is also a preclinical surro-
gate of HTN and hypertensive heart disease. HTN increases afterload pressure, 
cardiac and vascular remodeling, myocardial compensatory mechanism to increase 
afterload pressure which leads to concentric LVH. As the result of myocyte enlarge-
ment, the interstitial component that in long-term leads to fi brosis and arrhythmias 
[ 60 ]. It is important to detect and measure the magnitude of fi brosis that is induced 
by HTN to be able to assess the risk of cardiovascular events and the reversibility of 
HTN-induced myocardial and hemodynamic changes [ 61 ]. Subsequently, these 
changes reduce LV compliance, increase atrial size and volume, constitute diastolic 
dysfunction and over time lead to LV dilatation and HF. 

1   IVS = diastolic interventricular septal thickness, LVID = diastolic LV internal dimension, 
PWT = diastolic posterior LV wall thickness [ 53 ,  54 ]. 
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 On the other hand, sodium retention in patients with HTN produce volume over-
load that through a separate mechanism increases LV mass. Altered endothelial 
function promotes arterial stiffness and vascular dysfunction, including peripheral 
vascular disease. 

 It is well established that both systolic and diastolic blood pressure are closely 
related to increased myocytes (cell size) and hypertrophy resulting in increased LV 
mass. 

 Neurohormonal factors including renin-angiotensin-aldosterone system also 
play an important role. There is an increase in sympathetic nervous system and 
myocardial sensitivity to these hormonal changes. 

 Independently, HTN promotes development of both microvascular abnormalities 
that leads to a reduction in coronary vasodilator reserve as well as large epicardial CAD. 

 Electrophysiologic changes that promote arrhythmogenesis are summarized in 
Fig.  18.6  [ 62 ] and are well discussed in a recent publication titled LVH and 
Arrhythmogenesis from our group [ 38 ].

   Studies are now investigating the rule of specifi c genes that are involved in HTN- 
related LVH. These new fi ndings will hopefully identify the subjects with HTN who 
may develop LVH and its subsequent adverse consequences such as AF, ventricular 
arrhythmias, and SCD [ 63 ].  

    Hypertension, Ventricular Arrhythmias, and SCD: LVH 
and Arrhythmogenesis 

 HTN and LVH are independent risk factors for increased morbidity and mortality 
including AF, ventricular arrhythmias, CAD, CHF and SCD. Other risk factors for 
arrhythmias in hypertensive patient include age, levels of diurnal and nocturnal sys-
tolic blood pressure during 24 h, left atrial dimension and volume, LV mass, maxi-
mum duration of dispersion in P-wave and QT interval on the ECG, alcohol and 
other risk factors [ 64 ,  65 ]. 

 Large bodies of literature exist on relationship of HTN-LVH and ventricular 
arrhythmias (Table  18.1  [ 66 ]).

   Several studies on clinical and experimental effects show the prevalence of ven-
tricular arrhythmias in LVH. A recent meta-analysis reported that incidences of ven-
tricular arrhythmias was 5.5 % in patients with LVH as compared to those without 
LVH [ 67 ,  68 ]. Furthermore, data from the Oregon Sudden Unexpected Death Study 
(Oregon SUDS) confi rmed the association between LVH and SCD. LVH was identi-
fi ed as an independent risk factor for SCD [ 19 ,  67 ]. 

 Clinical markers of an arrhythmic risk in LVH and their prognostic signifi cance 
include:

•    Premature ventricular complexes (PVCs), couplets, non-sustained VT, and VT  
•   Ventricular arrhythmias on Holter monitoring  
•   QT interval prolongation and dispersion  
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•   QRS duration  
•   Myocardial ischemia (in the absence of CAD)  
•   LV dysfunction  
•   Late potentials  
•   Fractionated electrograms  
•   Programmed electrical stimulation  
•   Heart rate variability    

 Other factors that contribute to arrhythmogenesis in LVH include genetic factors 
related to gap-junction remodeling, autonomic nervous activity, and increased sym-
pathetic activation that enhances induction of ventricular tachyarrhythmias by 
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  Fig. 18.6    Pathophysiologic pathways of hypertensive heart disease and LVH that lead to arrhyth-
mias, heart failure, and coronary artery disease.  Abbreviations :  LV  left ventricle,  MVO   2   mixed 
venous oxygen saturation (Adapted from Georgiopoulou et al. [ 62 ]. With permission)       
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inducing early and delayed afterdepolarizations (EADs and DADs). Cellular sig-
naling pathways for cardiac hypertrophy and failure which are different specifi cally 
in pressure overload versus volume overload also play a signifi cant role in the gen-
esis of LVH to HF [ 69 ]. Mechanisms and electrophysiological effects of LVH 
include [ 70 ]:

•    Myocardial Fibrosis  
•   Dispersion of Refractoriness  
•   Eccentric Hypertrophy  
•   Increase of action potential duration (APD)  
•   Decreased action potential upstroke velocity  
•   QT prolongation  
•   T-wave and/or repolarization alternans  
•   Increased sympathetic activity  
•   Electrolyte abnormalities  
•   Slowing of membrane repolarization or recovery manifest as an increase in QT 

interval duration. Similar to impulse conduction velocity, the recovery times 
within the myocardium may vary as a result of hypertrophy and fi brosis.  

•   The abnormalities in impulse conduction and myocardial repolarization disper-
sion that promotes reentry mechanisms, which are facilitated by the presence of 
interstitial fi brosis.    

 As mentioned above, ventricular arrhythmias in hypertensive patients with LVH 
include; PVCs, ventricular couplets, nonsustained and sustained ventricular tachy-
cardia, ventricular fi brillation, and SCD. LVH produces cardiac (atrial and ventricu-
lar) remodeling at different levels such as;

    1.    Ion-channel remodeling [ 70 ,  71 ]   
   2.    Gap-junction remodeling   
   3.    Remodeling of the cytoskeleton, proteins, and calcium hemostasis   
   4.    Depolarization and repolarization change/dispersion of refractoriness   

   Table 18.1    Risk of ventricular arrhythmias in LVH by ECG and ECHO: result from the 
Framingham Study; age-adjusted relative odds   

 Men  Women 

 ECG LVH  Echo-LVH  ECG LVH  Echo-LVH 

 PVCs  1.8*  1.5+  1.5 ns  1.4 ns 
 Complex or Frequent  1.9*  2.7+  1.5 ns  1.8= 
 Multiform  2.0*  3.2+  1.6 ns  1.9= 
 Couplet  3.2+  3.6=  2.2 ns  2.1 ns 
 VT  1.8+  4.1*  2.0 ns 
 R/T  5.6+  8.9+  3.9 ns  3.7 ns 

  Modifi ed from Kannel and Cobb [ 66 ]. With permission 
  Abbreviations :  ECG  electrocardiogram,  Echo  echocardiogram,  LVH  left ventricular hypertrophy, 
 PVCs  premature ventricular complex,  ns  not signifi cant 

 *p < 0.05, + p < 0.01, = p < 0.001  
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   5.    Abnormal conduction   
   6.    Electromechanical contraction disturbances     

 All of these factors lead to arrhythmias and pump failure. 
 Myocardial fi brosis and remodeling are the fi nal common pathways that lead to 

ventricular tachycardia and fi brillation. The electrical changes that are posed by 
LVH include, in part, abnormalities of depolarization (QRS prolongation) and repo-
larization (QT prolongation). In addition, myocardial fi brosis also causes inhomo-
geneity of conduction and refractoriness. 

 All of these facilitate reentrant arrhythmias, such as VT and VF which leads to 
SCD. For detailed cellular and ionic mechanism of LVH-induced ventricular 
arrhythmias refer to the recent publication titled Left Ventricular Hypertrophy and 
Arrhythmogenesis by Shenasa, et al. [ 38 ]. 

 Other mechanisms include upregulation of Na +  and Ca 2+  exchange current and 
sarcoplasmic reticulum. Figure  18.7  demonstrates that LVH produced in a guinea 
pig model where transient ischemia due to left anterior descending (LAD) coronary 
artery occlusion causes ventricular tachyarrhythmias [ 38 ].

   The enhanced EADs and DADs are triggers for sustained ventricular tachyar-
rhythmia [ 72 ].  

    Role of Myocardial Ischemia in Arrhythmogenesis in LVH 

 Signifi cant evidence from experimental and clinical data demonstrate that either 
regional or global ischemia imposed on the hypertrophied myocardium creates a 
substrate for development of ventricular tachyarrhythmias. 

 Myocardial ischemia is a common fi nding in HTN with or without CAD. Silent 
ischemia is present in 90 % of cases and is correlated with the presence of 
LVH. Myocardial ischemia was found to be an independent risk factor in most of 
the studies [ 73 ,  74 ]. Potential mechanisms of the relationship between HTN and 
myocardial ischemia are summarized as following:

•    Increased coronary arteriolar resistance  
•   Impaired coronary fl ow reserve  
•   Endothelial dysfunction  
•   Epicardial coronary artery atherosclerosis  
•   Compression of coronary arterioles by muscle and fi brosis  
•   Arteriolar wall thickening  
•   Coronary artery size mismatch  
•   Increased blood viscosity    

 These changes result in increased LV end-diastolic blood pressure, peripheral 
vascular resistance, oxygen demand due to rise in wall tension, and decreased sub-
endocardial blood fl ow and coronary reserve and chronic ischemia. 
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  Fig. 18.7    ( a – c ) Optical recordings of membrane voltage obtained from a hypertrophied guinea 
pig heart. ( a ) Perfused Langendorff preparation. (1): The site of left anterior descending artery 
ligation marked by the double bar and the outline of the ischemic zone ( dotted line ). (2): Action 
potentials from 3 horizontal and 5 vertical contiguous pixels across the border between the isch-
emic zone and nonischemic zone ( highlighted ). The recordings were obtained after 5 min of isch-
emia during pacing at cycle length 400 ms. Note the development of varying degrees of shortening 
of APD in the ischemic zone (IZ) compared with the nonischemic zone (NIZ). ( b ) 10 min after left 
anterior descending artery occlusion illustrates the onset of ventricular tachyarrhythmia. (1): 
Action potential recordings from two sites 2 mm apart on each side of the border between the IZ 
and NIZ ( asterisks ). The fi rst three action potentials are paced at a cycle length of 500 ms. Note the 
development of a 60-ms conduction delay between the two sites, the marked shortening of APD of 
the IZ site, and the onset of a non-self-terminating VT. (2): Epicardial isochronal activation map of 
the last paced beat before the onset of VT shows development of an arc of conduction block (rep-
resented by crowded isochrones) at the border between the IZ and NIZ. A wave front that started 
at the site of pacing in the right ventricle circulated around the arc of block in a pattern consistent 
with circus movement reentry. ( c ) After 8 min of ischemia. Seven action potential (AP) recordings 
labeled  A  to  G  are illustrated on the right, and their position on the epicardial surface of the ven-
tricle is shown in the schematic photodiode array on the left. The fi rst 4 APs at each recording 
represent paced APs at a cycle length of 400 ms. The fi fth AP was a spontaneous premature beat 
( asterisk ) that initiated a non-self-terminating VT. Recordings  A  to  C  were from contiguous sites 
close to the basal region of the ventricle and showed APD alternans with the fi rst AP with short 
duration followed by an AP with long duration (ABAB sequence). Recordings  E  to  G  were from 
contiguous sites toward the apical region of the ventricle and showed APD alternans with the fi rst 
AP with long duration (BABA sequence). Recording  D  was obtained from a site between the two 
groups of discordant alternans, and it showed no discernible APD alternans. Because of the spa-
tially discordant alternans, the premature focal excitation failed to activate sites with prolonged 
APD (sites  A ,  B , and  C  which only showed a subthreshold potential), whereas it activated sites with 
shorter APD (sites  E ,  F , and  G ). This spatial heterogeneity of activation provided the substrate for 
reentrant excitation.  Abbreviations :  IZ  ischemic zone,  NIZ  nonischemic zone (From Shenasa et al. 
[ 38 ]. With permission)       
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 LVH inherently demonstrates inhomogeneity of conduction and repolarization. 
The addition of ischemia that shortens APD further increases this inhomogeneity 
and creates a suitable substrate for reentrant arrhythmias. Furthermore, regional 
ischemia increases the fl ow of K +  current. This increases the susceptibility to ven-
tricular tachyarrhythmias. El-Sherif, et al. recently demonstrated a guinea pig model 
of LVH with superimposed regional ischemia by LAD ligation [ 75 ]. Using optical 
mapping in these models, APD was measured in controlled LVH and LVH plus 
ischemia, which showed greater APD shortening and alterations in the LVH plus 
ischemia group. Similarly, those with a greater degree of dispersion of repolariza-
tion at the ischemic zone border created a substrate for development of ventricular 
arrhythmias (Fig.  18.7b ) [ 38 ].  

    Hypertension, LVH and Atrial Fibrillation 

 This section is well described in Chap. 9 by Sverre Erik Kjeldsen, et al. However, 
we will focus on the relationship of HTN, LVH, and AF. 

 HTN is the most common cause of AF and is present in almost 70 % of patients 
with AF. Because of this close relationship, HTN is considered a major risk factor 
for AF and an integral part of any scoring system such as CHADS 2  and CHA 2 DS 2 - 
VASc [ 76 ,  77 ]. Several epidemiologic studies have already eluded to the close rela-
tionship between HTN and AF [ 78 ,  79 ]. The Atrial Fibrillation Registry for 
Ankle-brachial Index Prevalence Assessment (ARAPACIS) (multicenter, observa-
tional, prospective longitudinal study) showed that 52 % of patients with nonvalvu-
lar AF have a high prevalence of LVH [ 80 ]. LVH is also an important predictor of 
response to medical therapy for rhythm control, where the treatment algorithm uses 
antiarrhythmic agents that can potentially cause proarrhythmias in the presence of 
LVH [ 81 ]. Other predisposing risk factors include female gender, ‘older’ age, HTN, 
and previous MI [ 82 ]. These patients are therefore at high thromboembolic risk and 
aggressive screening and management is warranted. 

 The risk of AF in patients with HTN is independent from any other risk factors 
such as HF (systolic or diastolic), diabetes, CAD, etc. [ 83 ,  84 ]. Increase in LV mass 
due to HTN is also an independent risk factor for the development of AF [ 85 ,  86 ]. 
This data is certainly underestimated, as many patients with HTN, LVH, and AF 
remain asymptomatic. Combination of HTN and AF is present in 72 % of patients 
with stroke and 82 % of patients with chronic kidney disease. Figure  18.8  shows 
prevalence of HTN in different trials of AF. LVH also plays an independent risk fac-
tor for developing AF [ 79 ]. With increasing aging population, both HTN and AF as 
well as age related comorbidities such as diabetes and HF, the incidence is rising. 
HTN increases the risk of new onset AF and progression from paroxysmal to persis-
tent AF by 1.8 fold and 1.5 fold, respectively.

   AF in patients with HTN and LVH is an independent risk factor for SCD 
(Fig.  18.9  [ 87 ]) [ 87 ,  88 ].

   Mechanisms by which HTN predisposes to development of AF is complex: 
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 As shown in Fig.  18.3 , HTN causes cardiovascular (atrial, ventricular, and vas-
cular) remodeling via multiple mechanisms that include LVH, diastolic dysfunc-
tion, electrical, mechanical, neurohormonal, and structural remodeling in the left 
atrium. HTN causes left atrial hypertrophy and amyloidosis [ 89 ]. Some of these 
changes are summarized below:
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  Fig. 18.8    Presence of hypertension in different trials of AF (Reproduced from Manolis et al. [ 83 ]. 
With permission)       

new AFib

10

8

6

4

2

0

0 12 24 36 48 60

no AFib

Month

0

8820 8545 8315 8035 7747 3201

150 240 349 466 229

No. at risk

new AFib

no AFib

S
ud

de
n 

de
at

h 
(%

)
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    1.    It is assumed that angiotensin-converting enzyme (ACE) Inhibitor and angioten-
sin receptor blockers (ARBs) prevent or at least slow the progression of atrial 
fi brosis and remodeling. The association of HTN and AF is very high and the 
prevalence of HTN in patients with AF in some reported are up to 90 %. 
Figure  18.8  [ 83 ] demonstrates the prevalence of HTN in multiple AF trials rang-
ing from 50 to 90 % [ 79 ,  83 ]. Beyond the close and direct association of HTN 
and AF, other cardiovascular comorbidities share common association with the 
two conditions including diabetes, CAD, kidney disease, which are discussed 
elsewhere in this review. (Fig.  18.1 ) Most importantly, HTN and AF are the most 
important risk factors for stroke and SCD. Theoretically, it is assumed that ACE 
inhibitors and ARBs reduced the incidence of AF in HTN patients by lowering 
the systolic blood pressure, sympathetic activity, reducing left atrial size and 
structural changes.   

   2.    HTN causes an increase in LA size and volume, leading to electrical, mechani-
cal, neurohormonal, and structural remolding of AF is well established 
(Fig.  18.3 ). In this regard, antihypertensive therapies may reduce, at least in part, 
the development and progression of AF. Needless to say, today no randomized 
controlled trials have shown that antihypertensive therapies have signifi cantly 
reduced the incidence of AF. To date, most of the studies and randomized trials 
on ACE inhibitors and ARBs with the exception of one report did not report 
reduction in incident AF. The fi nal common pathway that HTN leads to AF is 
related to infl ammation and fi brosis that creates a substrate for focal triggers and 
reentrant AF [ 90 ].   

   3.    Renin-angiotensin-aldosterone system (neurohormonal pathway) plays an 
important link to the development of AF. As it will be discussed later, HTN is 
among the few AF risk factors that can be modifi ed to reduce the risk of AF. Other 
HTN as Mitchel, et al. reported a 20 mmHg increase in pulse pressure was asso-
ciated with 24 % increase in risk of AF over a 20-year follow-up [ 91 ].    

      Hypertension and Stroke 

 It is well established that HTN is linked to an increase risk of stroke [ 92 ,  93 ]. Data 
from the Framingham longitudinal studies and those of other communities like the 
Olmsted County, Minnesota confi rmed the epidemiology and relationship of HTN 
to stroke that is beyond the scope of this review [ 94 – 96 ]. HTN alone and its conse-
quences, especially AF and LVH, account as independent risk factor for stroke and 
AF [ 97 ,  98 ]. The yearly incidence of stroke in patients with nonvalvular AF is about 
5 %, which is fi ve times higher than the match population without AF [ 99 ]. Stroke 
remains the most devastating complication of HTN and AF with signifi cant social 
and economical burden. Stroke is the third common cause of death and number one 
cause of disability [ 92 ,  100 ]. HTN and stroke are a global problem [ 101 ]. 
Pathophysiology of stroke-related (secondary) HTN is complex and is not the focus 
of this review. HTN and stroke share many common risk factors such as CAD, 
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structural heart disease (valvular heart disease), HF, HCM, myocarditis, pulmonary 
embolism, OSA, obesity, diabetes, metabolic syndrome, hyperthyroidism, and 
chronic kidney disease [ 12 ,  102 ,  103 ]. The combination of diabetes and HTN is 
considered a deadly duet that increases the risk of HF, stroke, and LVH [ 104 ]. 
Emdin C, et al. recently reported that blood pressure increased the risk of new-onset 
diabetes [ 105 ]. This conclusion was based on a meta-analysis of perspective studies 
in 4.1 million adults. This suggests a complex interplay of many factors that the two 
diseases share. 

 Briefl y, HTN causes cardiac and vascular remodeling via complex pathways 
of oxidative stress, arterial baroreceptor, dysfunction and endothelial infl amma-
tion, fi brosis, genetic, and environmental factors. Ischemic (embolic) stroke 
remains the most common form of stroke accounting for about 70 % of all cases 
of stroke. Etiology of stroke is very diverse and can be divided into two major 
categories of non-modifi able risk factors such as age, gender, race, genetic pro-
fi le, and modifi able risk factors such as HTN, diabetes [ 104 ], AF, obesity, CAD, 
dyslipidemia, smoking, HF, neurohormonal abnormalities, chronic kidney dis-
ease, contraceptive use, and many others. Aggressive blood pressure control cer-
tainly lowers the risk of stroke prevention [ 106 ]. Therefore, hypertensive therapy 
remains the most effective stroke prevention. Guidelines for the prevention of 
ischemic stroke have been well discussed elsewhere and are beyond the scope of 
this review [ 107 ]. It is also important to achieve adequate blood pressure control 
after stroke [ 108 ].  

    Hypertension, LVH, and Congestive Heart Failure 

 Besides diastolic dysfunction and HF, HTN and LVH are common cause of conges-
tive HF, i.e. HF with reduced systolic function. As said earlier, the spectrum of 
HTN- LVH begins with preclinical course followed by LVH as compensatory mech-
anism and structural remodeling to pressure overload and vascular and cardiac 
remodeling that leads to cardiac chamber dilatation and end stage HF. Other factors 
and comorbidities that enhances progression of HTN-LVH to HF includes OSA 
[ 109 ], obesity, chronic kidney disease, and others. Furthermore, these uncontrolled 
comorbidities reduce the effectiveness of interventions on AF, such as lower success 
rate and higher recurrences of AF after catheter ablation [ 110 ].  

    Regression of LVH 

 Reversal of electrocardiographic and echocardiographic changes, lowers LVH and 
subsequently the incidence of arrhythmias, i.e. atrial, VT, SCD [ 111 ]. Furthermore, 
antihypertensive treatment with ACE inhibitors have signifi cant effect both LVH 
and its electrophysiological consequences such as normalization of APD and 
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refractoriness [ 112 ] Similarly, ARBs like losartan reduces LVH and arrhythmias in 
patients with preserved LV systolic function [ 113 ]. 

 Okin, et al. and Deverueux, et al. have shown that regression of LVH by optimal 
management of antihypertensive therapy signifi cantly reduces its consequences 
[ 114 – 117 ]. 

 Similarly, the LIFE study has shown that absence of in-treatment ECG LVH is 
associated with reduced risk of SCD independently of treatment modality, blood 
pressure reduction, prevalent coronary heart disease, and other cardiovascular risk 
factors in hypertensive patients with LVH [ 118 ]. 

 Another example of LVH regression is related to severe aortic stenosis. Lindman, 
et al. reported that transcatheter aortic valve replacement has been associated with 
early regression of severe LVH [ 119 ]. 

 Blood pressure response during exercise that is often under recognized is quite 
important, as many patients may have abnormal or borderline resting blood pres-
sure; however, they demonstrate an exaggerated response to dynamic exercise that 
will signifi cantly increase the risk of stroke and has an independent prognostic value 
in the management of HTN and its complications [ 120 ]. Similarly, nocturnal blood 
pressure that is often missed during a daily offi ce visit to physicians or healthcare 
facilities is underappreciated and has a close relationship between the occurrence of 
AF, obstructive sleep apnea (OSA), and SCD [ 121 ].  

    Prognostic Signifi cance of LVH 

 LVH irrespective of its etiology and diagnostic methods poses an increased risk of 
all-cause and cardiovascular mortality in and overall increases mortality rate by 
1.5–3.5 fold per year. As said earlier, LVH is considered a silent killer but it is a 
treatable and reversible condition.  

    Future Directions 

 Basic and clinical research will focus on better identifi cation of genetic factors, risk 
profi le, and imaging modalities for early (preclinical) diagnosis of LVH and its 
arrhythmogenic consequences. Identifi cation of novel genes will hopefully lead to an 
improved understanding of etiology mechanisms and better management of HTN 
[ 122 ]. Biochemical markers and target therapies such as fi brosis and reverse remodel-
ing will provide better evidence-based paradigm shift in target therapies. Improved 
electrocardiographic and echocardiographic markers of LVH and geometry may  better 
identify patients at risk of SCD [ 123 ]. Non-invasive detection of fi brosis with cardiac 
MRI and measurement of late gadolinium enhancement has been reported to be useful 
in characterization of different forms of LVH and remodeling [ 124 ]. In the future, 
cardiac MRI will be used more often both as a screening and risk-stratifi cation 
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technique in patients at risk of cardiovascular events [ 125 ]. Tissue characterization, by 
different imaging techniques such as fi ber tracking and fi ber orientation, will help us 
understand the progression of LVH in patients with HTN (Fig.  18.10  [ 126 ]; Video 1 
[ 126 ]) [ 40 ]. Recently, novel approaches for resistant HTN regarding renal denervation 
has been reported to be effective for blood pressure control and lowers its complica-
tions such as LVH and atrial and ventricular arrhythmias; however, long-term follow-
ups are currently pending [ 127 – 131 ]. HF and renal failure are the two important 
complications of long- standing HTN. Complex mechanisms interplay between HTN, 
HF, and chronic renal failure that is well discussed in the report by Damman, et al. that 
is beyond the scope of this discussion [ 132 ]. The readers are recommended to consider 
this excellent review. Large scale, landmark trials are on their way to provide guide-
lines for blood pressure in specifi c cohorts (i.e. race, gender, genetic profi le, and geo-
graphic regions) and will provide better identifi cation for high-risk patients [ 133 ]. For 
example, the recently published SPRINT trial suggested that a more aggressive blood 
pressure control compared to lenient management resulted in lower rates of fatal and 
non-fatal cardiovascular events and death [ 134 ].

       Summary 

     1.    HTN remains the most common (non-communicable) disease.   
   2.    HTN is the most common cause of LVH. The natural history of LVH has a wide 

spectrum of preclinical to end stage HF.   

Top view

Disarray

Lateral Wall

WKY

SHR

WKY

SHR

Lateral viewSegmentation

  Fig. 18.10    Fiber tractography results from normal WKY ( top ) and diseased SHR ( bottom ) rats. 
First column: The MRI based segmented myocardia, where the hypertrophied cardiac wall of the 
SHR may be seen. Second and third columns: Two different views of the fi ber tracking results of 
the entire wall. Seen from the top, there is marked myofi ber disarray in the lateral region of the 
SHR, as opposed to the WKY. Last column: A close-up, focusing on the free wall region where 
the disarray in the SHR is more noticeable.  Abbreviations :  MRI  magnetic resonance imaging, 
 SHR  spontaneously hypertensive rat,  WKY  Wistar-Kyoto rat heart (From Giannakidis et al. [ 126 ]. 
With permission) see video 1       
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   3.    HTN is also the most common cause of AF.   
   4.    LVH is commonly associated with increased risk of AF, ventricular arrhyth-

mias, and SCD. LVH is often underrecognized and is considered a silent killer; 
however, it is a treatable and reversible condition [ 60 ].   

   5.    An important differential diagnosis of LVH is HCM and athletes heart, where 
appropriate imaging modalities are useful.   

   6.    Aggressive and appropriate control of HTN may reverse LVH and its conse-
quences, i.e. decrease the incidence of AF and ventricular arrhythmias.   

   7.    LVH is a common yet underdiagnosed condition as its diagnosis depends on 
ECGs and other imaging methods.   

   8.    HTN is a very heterogeneous disease with diverse etiologies; thus, the manage-
ment should target towards a specifi c etiology and patient profi le, i.e. age, gen-
der, ethnicity, geographical region, family, background, genetic profi le, etc.   

   9.    LVH has a very heterogeneous etiology; however, the most common cause is 
long-term HTN and valvular heart disease.   

   10.    LVH diagnosis is based on the ECG and other imaging modalities such as: 
Echocardiogram, Cardiac MRI, and Cardiac CT.   

   11.    Atrial and ventricular arrhythmias are common in moderate to severe LVH, and 
are often underdiagnosed and require specifi c management based on the 
etiologies.   

   12.    The mechanisms of atrial and ventricular arrhythmias in LVH are diverse and 
depend on specifi c causes, mostly related to dispersion of refractoriness that 
promotes reentry arrhythmias.   

   13.    The appropriate management of specifi c causes of LVH such as HTN control 
and valvular heart disease may reverse LVH and its consequences.   

   14.    HTN begets LVH and LVH begets arrhythmias (AF, VT, SCD).         
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    Chapter 19   
 Approach to Erectile Dysfunction in Patients 
with Hypertension and Coronary Artery 
Disease                     

     Chrysoula     Boutari     ,     Michael     Doumas      , and     Athanasios     J.     Manolis    

          Introductory Text 

 Undoubtedly, arterial hypertension is a major public health problem, which affects 
>25 % of the general population. Hypertensive patients are not only under major 
cardiovascular risk, but experience a lower health quality. Erectile dysfunction (ED) 
is considered to be one of the most important quality-of-life complications of hyper-
tension and coronary artery disease (CAD) [ 1 ]. Given the fact that high blood pres-
sure affects all the vessels of the body, it is not surprising that several structural and 
functional alterations in the penile vasculature are induced by hypertension [ 2 – 5 ]. 

 This chapter aims to summarize the epidemiology and pathophysiology of ED in 
patients with hypertension and CAD, to discuss the management of ED in untreated 
and treated hypertensive patients as well as in patients with CAD, to present ED as 
an early indicator of asymptomatic CAD, and fi nally to highlight the role of sexual 
counseling in CAD patients.  
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    Epidemiology of Erectile Dysfunction in Hypertension 
and in Coronary Artery Disease 

 The elements about the risk for ED when hypertension occurs come either from 
small clinical studies or large studies that include subgroups of hypertensive men. 
Specifi cally, Derby et al. [ 6 ] used a single question for self assessed ED in the 
population-based sample of Massachusetts Male Aging Study (MMAS) and they 
found that hypertensive patients aged 40–70 years had an 80 % greater risk for 
ED. Braun et al. [ 7 ] performed the Cologne Male Survey aiming to evaluate the 
epidemiology of male sexuality in Germany. The group of hypertensives aged 
30–80 years had a 58 % increased risk for ED. A similar proportion was reported by 
Martin Morales et al. [ 8 ] who estimated the prevalence for ED in Spain in a cross- 
sectional study, using the International Index of Erectile Function (IIEF) question-
naire. Marumo et al. [ 9 ] used the same questionnaire (IIEF) and found a 48 % 
prevalence of sexual dysfunction in the hypertensive men included in the study. A 
cross-national study [ 10 ] of the prevalence of ED in community-based populations 
in Brazil, Italy, Japan and Malaysia showed that among a random sample of 540 
hypertensive men aged 40–70 years the odds ratio for ED was 1.45 (95 % confi -
dence intervals 1.15–1.84). Mirone et al. [ 11 ] examined the determinants of ED in 
men who asked for a free of charge urologic or andrologic consultation. They sug-
gested a 30 % increased risk of ED in men with hypertension (odds ratio 1.30, 95 % 
confi dence intervals 1.10–1.40). Ponholzer et al. [ 12 ] used the IIEF-5, too. They 
assessed the prevalence and risk factors for ED in 2869 men aged 20–80 years in the 
area of Vienna. They examined hypertension as a risk factor for ED and estimated 
an odds ratio of 2.05 (95 % confi dence intervals 1.61–2.60). One year later, Saigal 
et al. [ 13 ] analyzed data from the 2001–2002 National Health and Nutrition 
Examination Study in order to evaluate the prevalence of ED in a population of 
3,506 men, 20 years and older. They found that ED affected almost 20 % of partici-
pants and hypertension was one of the modifi able risk factors which were indepen-
dently associated with ED (odds ratio 1.56). The Male Attitudes Regarding Sexual 
Health (MARS) study [ 14 ] was a cross-sectional, nationally representative proba-
bility survey, which included 1,955 men, ≥ 40 years old. Lauren et al. aimed to 
estimate by race/ethnicity in the United States, the prevalence of ED and the impact 
of socio-demographic, health, relationship, psychological and lifestyle variables. 
The probability for ED increased with hypertension about 60 %. Selvin et al. [ 15 ] 
carried out a cross-sectional analysis of data from adult male participants in the 
2001–2002 National Health and Nutrition Examination Survey (NHANES) and 
they aimed to assess the prevalence of ED in the US adult male population. The 
prevalence of ED among men with hypertension was 44.1 %. 

 Several studies have, over the years, demonstrated that the prevalence of sexual 
dysfunction is almost twice as frequent and of higher severity in hypertensive indi-
viduals than in the normotensive population [ 16 ]. Furthermore, it has been reported, 
by Doumas et al., that hypertensive subjects have up to a seven fold higher inci-
dence of sexual dysfunction than normotensive individuals, with a relative risk that 
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ranges from 1.3 to 6.9 [ 2 ]. Bulpitt et al. observed a prevalence of 7 % of erectile 
dysfunction among normotensive men, versus 17 % and 25 % in men with untreated 
and treated hypertension, respectively [ 17 ]. 

 In a sample of 594 men aged 30–75 years from primary health-care clinics (298 
normotensive and 296 hypertensive participants), ED was reported by 24 % of nor-
motensive subjects and 66 % of hypertensive patients [ 18 ]. Moreover, Cordero et al. 
demonstrated that the prevalence of ED increased linearly with age [ 19 ]. 

 Erectile dysfunction and coronary artery disease (CAD) share several common 
risk factors. Aging, genetic susceptibility, hypertension, dyslipidemia, obesity, met-
abolic syndrome, hypertriglyceridemia, and diabetes mellitus contribute to the 
development of both CAD and ED [ 20 – 22 ]. 

 Montorsi et al. showed that almost half of the 300 patients with CAD (49 %) had 
a history of ED [ 23 ]. Interestingly, ED symptoms appeared before CAD in 70 % of 
the patients by an average of approximately 3 years. Furthermore, Thompson et al. 
demonstrated that men with ED had 1.5 fold higher risk for cardiovascular events 
compared to them without ED [ 24 ]. 

 In addition, a recent meta-analysis [ 25 ], which included about 90,000 patients, 
proved that after a follow-up period of about 6 years, patients with sexual disorders, 
compared with individuals without, had an increased risk for cardiovascular events 
by 44 %, for myocardial infarction 62 % and for all-cause mortality 25 %. A prior 
meta-analysis of 12 prospective cohort studies, involving 36,744 participants, sug-
gested that ED increases the risk of coronary heart disease by 46 % and all-cause 
mortality by 19 % [ 26 ].  

    Pathophysiology of Erectile Dysfunction 

 There is a variety of factors that contribute to the normal erectile function. They are 
physiological, neurological, hormonal, vascular and cavernosal factors. Any abnor-
mality or malfunction of these factors may provoke sexual dysfunction. 

 Neurogenic ED is defi ned as the inability to initiate and maintain a penile erec-
tion due to neurologic dysfunction. The causes of neurogenic ED can be central or 
peripheral neuropathies or a traumatic loss of neural function. The most common 
neurological disorders include stroke, spinal cord injury, multiple sclerosis, 
Parkinson’s disease and radical pelvic surgeries [ 27 ]. 

 High blood pressure impairs blood vessels. Male erectile is a vascular phenom-
enon. So the association between hypertension and ED is strong. Particularly, 
hypertension induces structural and functional abnormalities of the penile arteries. 
Atherosclerosis is the most principal structural abnormality which causes fl ow- 
limiting stenosis [ 28 – 30 ]. 

 Montorsi et al. proposed the artery-size hypothesis. According to this and given 
the systemic nature of atherosclerosis, all vascular beds should be impaired. Penile 
arteries are smaller in diameter (1–2 mm) than coronary arteries (3–4 mm). Thus, 
larger coronary arteries better tolerate the same amount of plaque compared to the 
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smaller penile arteries. According to this hypothesis ED occurs before coronary 
artery disease becomes symptomatic [ 31 ]. Other structural abnormalities occurring 
due to hypertension are the smooth muscle hypertrophy of the wall of the cavernous 
arteries and the increase in type III collagen fi bers in the extracellular matrix [ 4 ]. 
The main functional abnormalities induced by high blood pressure are the defective 
nitric oxide-induced vasodilatory mechanism, due to decreased nitric oxide bio-
availability [ 5 ] and the activation of the renin-angiotensin system, since angiotensin 
II causes vascular hypertrophy. Furthermore, angiotensin II acts on angiotensin type 
1 receptors and causes the contraction of the corporeal smooth muscle [ 32 ]. 

 There exists an important association of ED and hormonal alterations. 
Testosterone defi ciency, hypogonadism or hyperprolactinemia have been shown to 
be associated with a higher risk of CAD and cardiac mortality [ 5 ,  33 ]. This relation 
is explained by the fact that low androgen levels might have proinfl ammatory and 
proapoptotic effects on endothelial tissue [ 34 ,  35 ]. Furthermore, androgens main-
tain the smooth muscle homeostasis, since they act on arterial tissues and vascular 
remodeling. 

 Diabetes mellitus (DM) type 2 is among the most common risk factors for ED. It 
may cause ED through a variety of alterations on psychology, endothelial cell func-
tion, central nervous system and peripheral nerve function. Except the neuronal and 
endothelial problems regarding the penis in diabetics, low testosterone is another 
factor, which exacerbates the sexual function [ 36 ]. The risk of ED is three fold 
higher among diabetic men (28 % vs 9.6 %). Moreover, ED in diabetics occurs at an 
earlier age (15 % at 30 years and 55 % at 60 years) [ 37 ]. 

 Smoking is another parameter which contributes to the onset of ED through sev-
eral mechanisms, such as hemodynamic alterations via nicotine, toxic agents which 
affect the vascular endothelium, hypercoagulability and increased platelet accumu-
lation. It may impair penile erection by the deterioration of endothelium-dependent 
smooth muscle relaxation. Moreover, abnormal penile vascular fi ndings and there-
fore ED are being signifi cantly increased as risk factors, such as smoking, accumu-
late [ 38 ]. Interestingly, Jaffe et al. [ 39 ] showed that smoking may provoke ED by 
reducing high-density lipoprotein (HDL) and enhancing fi brinogen concentrations. 
It has been shown that the prevalence of erectile dysfunction was 40–70 % higher 
among smokers, compared to nonsmokers [ 40 ]. Also, smoking increases the age- 
adjusted risk of ED. 

 In addition, chronic renal failure and uremia have been associated with a high 
prevalence of ED (20–50 %) [ 41 ]. Psychological factors, hormonal alterations and 
atheromatous disease may be responsible for this association [ 42 ]. Uremia results in 
impaired nerve and endothelial-mediated relaxation of the smooth muscle of the 
corpus cavernosum [ 43 ]. 

 Finally, specifi c antihypertensive drug categories, such as central acting drugs, 
beta-blockers and diuretics, impair the sexual function [ 16 ]. It has been demon-
strated that the number of sexual intercourses per month was signifi cantly lower 
with beta-blockers (both the fi rst generation beta-blockers, such as atenolol, and the 
newer, such as carvedilol) than with placebo [ 44 – 46 ]. On the other hand, Croog et al 
[ 47 ] demonstrated that adding propranolol or methyldopa in mono therapy with a 
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thiazide worsened the sexual symptoms, while this effect did not appear when 
patients were treated with captopril plus a diuretic. A large UK trial (MRC) divided 
hypertensives into four treatment groups: bendrofl uazide, propranolol, or a placebo 
for either of these drugs. Twice as many participants taking bendrofl uazide for treat-
ment of mild hypertension reported ED compared to those taking propranolol or 
placebo [ 48 ]. In the Treatment of Mild Hypertension Study (TOMHS), the preva-
lence of sexual dysfunction in men taking low dose of chlorthalidone for 2 years 
was higher compared to placebo (17.1 % versus 8.1 %; p = 0.025) [ 49 ]. 

 Finally, many psychotropic drugs cause sexual dysfunction. The most important 
of them are antidepressants, such as the selective serotonin repute inhibitors and 
venlafaxine, and antipsychotics, such as risperidone and olanzapine [ 50 ].  

    Management of Erectile Dysfunction in Untreated 
Hypertensives 

 The primary step in the approach of hypertensive patients with erectile dysfunction 
who are not receiving antihypertensive treatment is the exclusion of other comor-
bidities or drugs. Indeed psychiatric, neurological, urologic and endocrine diseases 
should be excluded in order to establish the vasculogenic origin of the sexual 
dysfunction. 

 The next option a physician has approaching an untreated hypertensive is the life-
style modifi cation. As it has been mentioned above, the principal abnormality that 
occurs in ED is the endothelial dysfunction and thus risk factors like obesity, decreased 
physical activity, smoking, hypertension, diabetes mellitus and dyslipidemia have 
been linked with sexual dysfunction [ 1 – 5 ]. Derby et al. showed that moderate physi-
cal activity decreases the risk of ED up to 30 % compared to sedentary lifestyle [ 51 ]. 
Moreover, Chung et al. demonstrated that obesity increases the risk of ED up to 30 % 
and on the other hand physical activity was associated with a 30 % lower risk [ 52 ]. 

 The next or parallel step when approaching a hypertensive patient with ED is to 
fi nd the proper antihypertensive treatment, when it is indicated. Accumulating data 
indicate that antihypertensive drugs affect erectile function [ 53 ]. Beta blockers (like 
propranolol) and diuretics impair sexual function [ 53 ,  54 ]. However, nebivolol, 
which is a newer representative of its class, is considered to improve erectile func-
tion through increased nitric oxide bioavailability [ 55 ,  56 ]. 

 On the other part, calcium antagonists and angiotensin converting enzyme inhibitors 
seem to have no effect on sexual function [ 57 – 59 ]. Nevertheless, angiotensin receptor 
blockers (ARBs) seem to ameliorate sexual function, since they block the vasoconstric-
tive action of angiotensin II, thus preventing termination of erection [ 44 ,  45 ]. 

 In conclusion, ARBs, nebivolol, ACE-inhibitors and calcium antagonists are 
indicated for the treatment of untreated hypertensives with ED. ARBs and nebivolol 
are defi nitely the best choice towards this direction. On the other hand, diuretics and 
beta-blockers should be avoided, if possible.  
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    Management of Erectile Dysfunction in Treated Hypertensives 

 What options do we have when encountering patients with ED who are already on 
antihypertensive treatment? In this case there is an important question: Is hyperten-
sion per se, antihypertensive medication or both, the factors causing erectile 
dysfunction?. 

 Doumas et al. demonstrated that the prevalence of sexual dysfunction in treated 
hypertensives is double than the prevalence in untreated patients (40.4 % versus 
19.8 %) [ 16 ]. These fi ndings indicate that antihypertensive therapy might be impli-
cated in sexual dysfunction. Nevertheless, hypertensive patients, who are on antihy-
pertensive medications, may have more severe hypertension, signifi cant target organ 
damage or more comorbidities than untreated patients and perhaps these factors are 
responsible for sexual dysfunction. 

 It is true that medically induced erectile dysfunction is one of the major reasons 
for poor adherence and treatment discontinuation. This fact may have harmful 
effects on patients’ cardiovascular profi le [ 60 ,  61 ] and this is why we have to come 
up successfully against sexual dysfunction in patients who are already under antihy-
pertensive therapy. 

 First of all, approaching this patient we should exclude other comorbidities, 
drugs and psychogenic factors that might contribute to sexual problems. Lifestyle 
modifi cation such as weight loss, physical activity, should be recommended by the 
physicians [ 62 ]. 

 If these steps fail to relieve erectile dysfunction, a change of antihypertensive 
drugs should be considered. Beta-blockers and diuretics should be the fi rst cate-
gories to be changed, unless they are strictly indicated for the specifi c patient, due 
to other comorbidities. Beta-blockers have been associated with poor sexual 
desire and with erectile dysfunction [ 63 – 65 ]. Older drugs, such as central acting 
agents, diuretics and beta-blockers are associated with worse sexual function than 
newer drugs, such as angiotensin receptor blockers, angiotensin converting 
enzyme (ACE) inhibitors and calcium antagonists. Some small clinical trials [ 32 , 
 66 ,  67 ] showed that not only the fi rst-generation beta-blockers, such as atenolol, 
but also the newer, like carvedilol, have a negative effect on sexual function. On 
the other hand, angiotensin receptor blockers represent the mainstay of therapy 
[ 68 ], since they not only do not exert a detrimental role on sexual function, but 
they seem to have a benefi cial role compared to placebo. The Ongoing Telmisartan 
Alone and in Combination with Ramipril Global Endpoint Trial (ONTARGET) 
and Telmisartan Randomized Assessment Study in Cardiovascular Disease 
(TRANSCEND) studies attempted to assess erectile function by using a validated 
questionnaire [ 69 ]. In the ONTARGET study, erectile function was not affected 
by the angiotensin-converting enzyme inhibitor ramipril, the angiotensin receptor 
blocker telmisartan, and their  combination. In the TRANSCEND study there were 
no different effects in sexual function with telmisartan or placebo. The Nitric 
Oxide, Erectile Dysfunction and Beta- Blocker Treatment (MR-NOED) trial found 
that nebivolol improved sexual activity and avoided erectile dysfunction in male 
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hypertensive patients on long-term beta- adrenoceptor antagonist therapy [ 70 ]. 
The infl uence of calcium channel antagonists on erectile function has not been 
assessed by any clinical trial, but they are considered to have no particular effect 
on sexual function [ 71 ]. 

 To sum up, nebivolol and angiotensin II receptor antagonists are considered to 
have a benefi cial effect on erectile function [ 72 ]. However, treating physicians 
should count in other comorbidities that may require the use of specifi c antihyper-
tensive drugs, despite of its deleterious effects on sexual function, such as beta- 
blockers in heart failure patients. Nonetheless, even if sexual dysfunction carries on 
after modifying to one of the indicated drug categories, administration of phospho-
diesterase type 5 (PDE-5) inhibitors is recommended for the treatment of sexual 
dysfunction.  

    Erectile Dysfunction as an Early Diagnostic Indicator 
of Asymptomatic Coronary Artery Disease 

 As has been mentioned above, erectile dysfunction and coronary artery disease 
share several common risk factors and they often coexist. The second Princeton 
Guidelines suggested that ED and CVD are both results of endothelial dysfunction 
and also ED should be considered as a cardiovascular risk marker [ 73 ]. 

 This role of ED as an “early diagnostic window” for asymptomatic CAD can be 
explained by the “artery size hypothesis”. Both ED and CAD arise out of endothe-
lial dysfunction and atherosclerosis. However, smaller arteries, such as penile arter-
ies, are the fi rst to be affected, prior to the larger ones, like coronary arteries, since 
the same size of plaque has a greater effect on blood fl ow through the penile arteries 
than through the coronary vessels. 

 Given the fact that an acute coronary syndrome often occurs as a result of the 
rupture of a subclinical plaque, ED may also be a warning sign of an acute coronary 
event [ 25 ]. It is interesting that ED occurs approximately 3 years before symptom-
atic CAD [ 74 ]. Several studies showed a temporal relationship between ED and 
CAD and they estimated that ED is presented about 2–5 years before a cardiovascu-
lar event. Hodges et al. [ 75 ] examined 207 patients with CVD attending cardiovas-
cular rehabilitation programs and 165 age-matched controls from general practice 
in the UK. These patients completed four questionnaires. Fifty-six percent of the 
patients with CVD had symptoms of ED at the time of the study and they started 
about 5 ± 5.3 years ago. On the contrary, of the individuals in the control group 37 % 
had ED symptoms for about 6.6 ± 6.8 years. In the COBRA (AssoCiation Between 
eRectile dysfunction and coronary Artery disease) trial [ 76 ], 93 % of patients with a 
chronic coronary syndrome had ED symptoms for about 24 (range 12–36) months 
before the onset of angina. Furthermore, the time intervals for patients with one-, 
two-, and three- vessel disease were 12 (9.5–24), 24 (16.5–36) and 33 (21–47) 
months, respectively. Conclusively, there was a signifi cant relationship between the 
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number of vessels involved and the time intervals between ED and CAD onset 
(p = 0.016). 

 The possibility of underlying coronary stenosis on a patient with vasculogenic 
ED has been estimated about 50 % and the possibility of asymptomatic CAD about 
10 % [ 23 ,  77 ]. The large Prostate Cancer Prevention Trial proved that ED at entry or 
that developed later, during follow-up, predict any cardiac event with a hazard ratio 
of 1.45 (p < 0.001, 95 % confi dence interval: 1.25–1.69). Moreover, the cardiovascu-
lar risk associated with ED was at least as great as the risk associated with smoking, 
hypercholesteloremia, and family history of myocardial infarction [ 24 ]. A meta- 
analysis, including 36,744 participants, estimated that men with ED, compared with 
the reference group, had a risk of 48 % for cardiovascular disease, 46 % for coronary 
heart disease, 35 % for stroke and 19 % for all cause mortality, after adjustment for 
traditional cardiovascular risk factors [ 26 ]. 

 Three studies, two meta-analyses and one systematic review, attempted to inves-
tigate the link between ED and the prediction of CVD [ 25 ,  26 ,  78 ,  79 ]. A population- 
based, longitudinal study included 1400 men aged 40–75 years, with no known 
CAD and with a follow-up of 10 years [ 79 ]. Men aged 40–49 years old with ED at 
baseline had a 50-fold greater cardiovascular risk than men who had normal erec-
tions (48.52 versus 0.94) and fi ve-fold in the group 50–59 years. Chew et al. dem-
onstrated that ED is not only signifi cantly associated with, but also predictive of 
subsequent atherosclerotic CV events, in particular when ED occurs at a younger 
age [ 80 ]. Furthermore, a coronary angiographic study showed that men <60 years 
old with ED presented a higher risk of CAD (2.3 times) and more severe disease 
[ 81 ]. A meta-analysis of prospective cohort studies, including 36,744 men sug-
gested that ED signifi cantly increases the risk of CVD, CAD, stroke and all cause 
mortality and the increase was independent of conventional cardiovascular risk fac-
tors. Moreover, similar fi ndings were reported by Vlachopoulos et al., who exam-
ined 14 studies in which were involved 92,757 men. Interestingly, the relative risk 
was higher at younger ages and intermediate-risk groups. 

 Since erectile dysfunction is linked with cardiovascular parameters, it could con-
stitute a trustworthy tool for detecting asymptomatic cardiovascular disease. 
Therefore, sexual function should be incorporated into CVD risk assessment for all 
men and both cardiologists and general physicians should intervene with advice for 
lifestyle modifi cation, weight loss, healthy diet and exercise.  

    Management of Erectile Dysfunction in Coronary Artery 
Disease Patients 

 Cardiovascular risk is defi ned as the risk of morbid events over a 3- to 5- year inter-
val from the onset of ED [ 23 ,  75 ]. As it has been mentioned above, ED should be 
used as a trustworthy tool to evaluate CVD risk reduction. Several studies showed 
that ED is signifi cantly associated with increased cardiovascular events. Araujo 
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et al. estimated that ED was associated with hazard ratios (HRs) of 1.43 (95 % con-
fi dence intervals 1.00–2.05) for CVD mortality and they suggested that this HR is 
equivalent to HRs of some traditional CVD risk factors (such as age, smoking, 
hypertension, diabetes, dyslipidemia) [ 82 ]. Moreover, ED is predictive of asymp-
tomatic CAD. The time interval among the onset of ED symptoms and the appear-
ance of CAD symptoms is estimated at 2–5 years [ 23 ,  29 ,  75 ]. Furthermore, ED 
appears to be of more prognostic signifi cance for CAD in younger men, aged 40–49 
[ 79 ]. Also, Chew et al. showed that atherosclerotic cardiovascular events are seven 
times more likely in men <40 years old with ED [ 79 ]. Thus, ED may be reliable and 
useful in evaluating cardiovascular risk in younger patients. Also, as it has been 
reported above, a recent meta-analysis of 36,744 men, demonstrated that the more 
severe the ED is, the greater the cardiovascular risks are [ 26 ]. 

 The Framingham Risk Score (FRS) is a powerful tool which estimates the 10 
year cardiac event risk in patients and it is suggested by the 2010 ACCF/AHA 
guideline [ 83 ] for assessment of cardiovascular risk in asymptomatic adults. 
Nevertheless, it is doubtful whether the FRS estimates risk in younger patients suit-
ably, in particular those with ED. 

 Although the Princeton III consensus recommendations for the management of 
erectile dysfunction and cardiovascular disease proposes the FRS as a method to 
assess subclinical atherosclerosis in men with ED, more CVD risk factors should be 
investigated in men with ED aged 30–60 years [ 84 ]. 

 Lifestyle modifi cation is recommended in order to improve the patients’ cardio-
vascular health. Particularly, smoking cessation seems to reduce mortality in CAD 
by 36 % [ 85 ]. Physical activity is considered to reduce the occurrence of diabetes 
mellitus II and CAD by 30–50 % in physical active versus sedentary individuals 
[ 86 – 89 ]. Also, weight loss, healthy diet and moderate alcohol consumption can 
reduce CAD mortality by 36 % [ 90 ]. 

 As regards the parameters in the context of laboratory testing, DM doubles the 
risk for CVD [ 91 ]. eGFR < 60 ml/min and ratio of urinary albumin to creatinine 
>10 mg/g are associated with increased cardiovascular mortality [ 92 ,  93 ]. 

 Testosterone measurement has become debatable in men without symptoms of 
low testosterone. Guay et al. found that 36 % of the patients in a medical endocrine- 
based center for male sexual dysfunction had hypogonadism [ 94 ]. This medical 
condition is a potential cause of ED [ 95 ,  96 ] and testosterone replacement therapy 
(TRT) is very effective [ 96 ]. 

 A meta-analysis of 19 studies showed no association between endogenous total 
testosterone (TT) level and CVD risk in middle-aged men [ 97 ]. Another  meta- analysis 
of 49 cross-sectional studies proved that lower TT levels and higher estradiol levels 
correlate with increased CVD risk [ 98 ]. On the other hand, the previous meta-anal-
ysis [ 97 ] showed that low TT levels predict increased risk for CVD in elderly men. 
It was also discussed that low TT may constitute a marker of poor health. Indeed, 
several studies demonstrated that androgen defi ciency is associated with insulin 
resistance, DM II and metabolic syndrome [ 99 – 102 ]. In this direction, a meta-anal-
ysis of fi ve randomized controlled trials showed that TRT was associated with a 
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signifi cant reduction of fasting plasma glucose, homeostatic model assessment 
index, triglycerides and waist circumference and an increase in HDL levels [ 103 ]. 

 Testosterone levels should be measured in all men diagnosed with organic ED 
[ 84 ], especially for those who had no benefi cial effects undergoing a PDE5 inhibitor 
therapy [ 83 ]. Consequently, males with TT levels <230 ng/dL seem to benefi t from 
TRT. Men with TT levels between 231 and 346 ng/dL, with symptoms like decreased 
libido or ED and without contraindications should undergo TRT for 4–6 months, 
after extensive analysis of the potential risks and complications. The TRT should be 
continued more than 6 months only if there is a clinical profi t [ 84 ]. 

 High sensitivity C reactive protein (hsCRP) is an independent predictor of coro-
nary events [ 83 ]. A meta-analysis of 54 long-term prospective studies and approxi-
mately 160,000 people without a history of vascular disease showed that high CRP 
concentration was associated with increased risk of CAD (37 %), ischemic stroke 
(27 %), vascular mortality (55 %) and nonvascular mortality (54 %). 

 Additionally, serum uric acid measurement is recommended, since high levels 
have been associated with increased cardiovascular risk [ 104 ]. Lipoprotein- 
associated phospholipase A2 levels seems to be independent predictors of CVD in 
healthy individuals after adjustment for hsCRP and traditional risk factors [ 105 ]. 
Moreover, glycated hemoglobin has been associated with risks of cardiovascular 
disease and it has been proved that the addition of glycated hemoglobin to predic-
tion models of CAD improved CAD prediction in non diabetics without previous 
history of CAD [ 106 ]. 

 Exercise stress testing is considered to be useful to evaluate CAD risk in patients 
with ED and DM II, since in patients with DM II, the rates of men with asymptom-
atic CAD and ED were seven times greater than the rates of participants with ED 
and without CAD (33.8 % versus 4.7 %) [ 107 ]. CIMT, CACS and ABI have been 
proposed by the 2010 ACCF/AHA guidelines state in the context of assessment of 
intermediate-risk patients [ 83 ]. Finally, endothelial dysfunction seems to be associ-
ated with higher cardiac death, myocardial infarction, revascularization and cardiac 
hospitalization in symptomatic outpatients during a 7 years follow-up [ 108 ]. 

 As discussed previously, ED and CVD share several risk factors, and ED is an 
independent predictor of CVD. Therefore, the assessment of sexual function should 
be included into the initial evaluation of cardiovascular risk for all men [ 109 ,  110 ]. 
A meta- analysis of ten studies proved that episodic physical and sexual activity was 
associated with a high risk of acute cardiac events among individuals with high 
levels of habitual physical activity [ 111 ]. Thus, the physicians should estimate the 
cardiovascular risk associated with sexual activity in patients. 

 The PDE5 inhibitors (such as sildenafi l, tadalafi l, vardenafi l, and avanafi l) are 
used to treat ED. Analyses of placebo-controlled and postmarketing surveillance 
data have shown no new signifi cant cardiovascular events [ 112 ,  113 ]. Additionally, 
several studies have demonstrated that PDE5 inhibitors have a possible role in the 
management of hypertension [ 114 – 116 ] and endothelial dysfunction [ 117 – 119 ] in 
patients at risk for CVD. Also, TRT should be performed for men with low or inter-
mediate TT levels. Other approaches, like exercise, weight loss [ 120 ,  121 ], and 
partner and relationship factors [ 122 – 124 ], should be incorporated, too. 
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 Furthermore, possible effects on erectile function of agents used to manage car-
diovascular risk factors should be considered. The b-blocker nebivolol is less likely 
to cause ED than other b-blockers, since it has direct vasodilating properties [ 55 , 
 125 ]. Angiotensin receptor blockers are considered to cause ED less likely than 
diuretics [ 66 ,  126 ]. Statins have been suggested to improve erectile function in men 
with and without PDE5 inhibitors [ 127 – 129 ]. 

 Closing, it is clear that a careful and comprehensive approach to cardiovascular 
risk reduction will meliorate the overall health, and especially vascular health, 
including sexual function.  

    Sexual Counseling 

 Erectile dysfunction is a condition which affects and contributes signifi cantly to the 
impaired life quality of both patients and their sexual partners. However, it is also 
under-reported, under-recognized and under-treated. Therefore, sexual counseling 
is a complex process on which the health-care professional should identify and 
manage patients with sexual dysfunction and also, determine, control and encounter 
factors limiting sexual activity [ 130 ,  131 ]. 

 Some of the most common and considerable topics which should be discussed 
are the following: is sexual activity safe for a patient with CVD and when (after an 
acute event)?, which sexual position is suggested?, is sexual activity impaired by 
other drugs and comorbidities?, are PDE5 inhibitors safe?. 

 Although the advantages of regular exercise have been proved by several studies 
and it is considered that it reduces the risk for cardiovascular morbidity and mortal-
ity [ 132 – 138 ], some studies suggest that acute rigorous exercise may provoke an 
acute cardiac event [ 139 – 141 ]. Acute cardiac events occurring during or shortly 
after sexual intercourse are the so-called sexually-induced or coital acute cardiac 
events. However, coital angina is not very frequent and it represents less than 5 % of 
angina events [ 142 ]. 

 A recent systematic review and meta-analysis assessed the effect of episodic 
physical and sexual activity on acute cardiac events. Episodic sexual activity was 
associated with an increased risk of acute myocardial infarction (relative risk = 2.70; 
95 % CI: 1.48–4.91). However, the absolute rate of acute cardiac events is limited, 
since sexual activity is infrequent and its’ effect is transient. The absolute rate of 
myocardial infarction is 2–3 per 10,000 person-years for every 1 h of additional 
sexual activity per week. Furthermore, the association between sexual activity and 
acute cardiac events depends on habitual physical activity. For every additional time 
per week an individual is involved in physical activity, the relative risk for myocar-
dial infarction is reduced by 45 % [ 111 ]. 

 Therefore, an individual who manages more than 3–5 METs during treadmill 
exercise test without developing symptoms like angina or dyspnea, ischemia at elec-
trocardiogram, hypotension or arrhythmia, may engage in sexual intercourse with-
out signifi cant risk [ 143 ]. 

19 Approach to Erectile Dysfunction in Patients with Hypertension



320

 Unfortunately, there is a lack of evidence-based recommendations about the 
appropriate time after an acute event a patient should be exposed to sexual activity. 
Certainly, advice should be disease specifi c. After an acute MI, the interval of 1 
week seems safe, provided that the patient did not have any serious complications 
(e.g., angina) during hospitalization, and mild-to-moderate physical activity does 
not trigger angina or dyspnea. 

 The intensity of sexual activity, which is a form of exercise, depends on the type 
and the duration of sexual activity. Boolean et al. demonstrated that non-coital sex-
ual activities (non-coital stimulation of husband by wife and self-stimulation by 
husband) were associated with lower energy expenditures than coital activities 
[ 144 ]. It has also been shown that sexual activity provides modest physical stress, 
comparable with stage II of the Bruce treadmill protocol for men and Stage I for 
women. Moreover, the duration of treadmill exercise predicts the duration of sexual 
activity. Particularly, an increase of 2.3 min in sexual activity duration has been 
observed per each minute of treadmill duration [ 145 ]. 

 Sexual problems are very common in patients with heart failure [ 146 ]. These 
patients often experience shortness of breath and fatigue [ 147 ]. Patients with 
advanced heart failure (classes III and IV according to New York Heart Association) 
should postpone sexual intercourse until their condition is improved. 

 When dyspnea or angina comes up with sexual activity, alternative types of 
sexual activity, convenient positioning and relaxation before and after activities 
may be very helpful. Sexual positions are considered to affect the energy expen-
diture during sexual activity. Bohlen et al., also, found that the man on top posi-
tioning requires more energy expenditure than the man on bottom positioning 
[ 144 ]. It is very helpful to recommend convenient and comfortable positions in 
patients with CVD. 

 A very signifi cant factor which impairs sexual function is the concomitant medi-
cation a patient takes. In particular, patients with cardiovascular disease use drugs 
which may affect erectile function, such as diuretics and b-blockers [ 55 ,  148 ], as it 
has been reported previously. Therefore, the physician has to take into account both 
the benefi cial and the negative effects and to replace drugs by others that have neu-
tral effect or even actuate a reverse of erectile dysfunction. 

 PDE-5 inhibitors are vasorelaxing agents that block the activity of PDE-5 
isoenzyme, which is localized throughout the smooth muscle cells of the vascu-
lature. Thus, they increase the cyclic guanosine monophosphate (cGMP), exert-
ing vasodilating properties. Given the fact that PDE-5 inhibitors are associated 
with few side effects, they can be safely administered in both hypertensive 
patients taking multiple antihypertensive regimes and patients with cardiovas-
cular risk factors or  cardiovascular disease [ 149 ,  150 ]. However, co-administra-
tion with organic nitrates is considered to be contraindicated, due to possible 
episodes of symptomatic hypotension [ 151 ]. Furthermore, precaution should be 
taken when PDE-5 inhibitors are combined with a-blockers, since there is a high 
risk of orthostatic hypotension effect. Thus, lower starting doses should be rec-
ommended in patients receiving a-blockers [ 53 ], and of course, close patient 
monitoring.     
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    Chapter 20   
 Postmenopausal Hypertension and Coronary 
Artery Disease Risk                     

     Panagiota     Pietri      and     Charalambos     Vlachopoulos     

         Introduction 

 Cardiovascular disease is the leading cause of death in women worldwide [ 1 ,  2 ]. 
Female hormones, particularly estrogens, exert a protective role on the cardiac and 
vascular function through many pathophysiological mechanisms. However, this 
benefi cial effect is abolished after menopause; loss of protection is associated with 
an increase in the incidence of hypertension [ 3 ], diabetes mellitus, dyslipidemia 
and, consequently, cardiovascular disease. Indeed, the large burden of cardiovascu-
lar disease in women is noted around the age of 50, coinciding with menopause [ 4 ]. 
However, although endogenous estrogens are cardioprotective, the results concern-
ing the potential benefi cial effect of hormone replacement therapy in postmeno-
pausal women are contradictory. 

 In this chapter, the mechanisms underlying the association of hypertension with 
menopause will be presented and the pathways that lead from this association to the 
risk of coronary artery disease will be explored. Finally, the potential role of hor-
mone replacement for the reduction of this risk will be discussed.  
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    Postmenopausal Hypertension and CAD Risk: 
Common Pathophysiological Links 

    Menopause and Endothelial Function 

 Endothelial dysfunction has a pivotal role in the pathogenesis of hypertension and 
atherosclerosis and as such, may serve as a potential mechanism through which the 
decreased levels of female hormones may promote hypertension and coronary heart 
disease. Estrogen receptors are found in myocardial cells, vascular smooth muscle 
cells (VSMCs) and endothelial cells [ 5 ,  6 ]. There is ample evidence that estrogens 
exert vasodilatory effects either indirectly, by stimulating the production of nitric 
oxide (NO), or directly, by promoting VSMCs relaxation. Indeed, 17β-estradiol (E 2 ) 
through its binding to estrogen receptor  a  (ERa), causes an acute activation of endo-
thelial NO synthase (eNOS), an effect that is inhibited by ERa antagonists [ 7 ]. 
Moreover, the inhibition of mitogen-activated protein (MAP) kinase prevents the 
activation of eNOS by E 2,  while E 2  causes ER-dependent activation of MAP kinase 
implying that the effect of E 2  on the production of NO and the consequent vasodila-
tion is modulated through the path of MAP kinase [ 7 ]. The benefi cial effect of 
estrogens on endothelial function has also been highlighted by experimental data 
showing that E 2  up-regulates mitochondrial superoxide dismutase (SOD2) in mice 
and in vitro in human aortic endothelial cells [ 8 ]. The SOD2 is an antioxidant 
enzyme with vasculoprotective effects and its defi ciency is related to an excessive 
generation of reactive oxygen species (ROS). 

 The role of female hormone loss on endothelial function is supported by an 
experimental study in rats showing that ovariectomized animals present abnormal 
endothelial responses to acetylcholine (Ach), including decreased Ach induced 
endothelium-dependent relaxation, decreased endothelium-dependent relaxation 
factor (EDRF) and increased endothelium-dependent contracting factor (EDCF) 
[ 9 ]. Moreover, ovariectomy was related to an increase in reactive oxygen species 
(ROS), a mechanism that mediated the abnormal response of endothelium to Ach, 
i.e. vasoconstriction instead of vasodilation [ 9 ]. Furthermore, in postmenopausal 
women, the endothelial vasodilator response to  β -adrenergic receptor agonist iso-
proterenol is blunted compared to young premenopausal women, implying endothe-
lial dysfunction and increased risk of hypertension given the evidence that this 
abnormal response is prevalent in hypertensive patients [ 10 ,  11 ]. This notion is rein-
forced by a prospective study in a large cohort of healthy postmenopausal women 
showing that, with each unit decrease of fl ow-mediated dilatation (FMD, a non- 
invasive index of endothelial function), there was a signifi cant increase in the rela-
tive risk of hypertension after mean follow-up of 3.6 years [ 12 ]. In addition, other 
investigators demonstrated a benefi cial effect of estrogen replacement therapy on 
endothelial function in postmenopausal hypertensive women [ 13 ]. 

 Taken all these data into consideration, it might be argued that the lack of estrogens 
at post-menopause induces a state of endothelial dysfunction which may, in part, con-
tribute to the increased prevalence of hypertension and coronary artery disease.  
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    Menopause and Renin-Angiotensin-Aldosterone System 

 The activation of the renin-angiotensin-aldosterone system (RAAS) plays a funda-
mental role in the increase of blood pressure (BP), mainly through two pathophysi-
ological mechanisms; the vasoconstrictive effect of angiotensin II (AT) (via 
stimulation of AT 1 receptors) and the aldosterone-induced sodium retention. While 
AT 1 receptors promote vasoconstriction, AT 2 receptors exert vasodilatory effects, 
thus reducing BP. 

 There is evidence that RAAS activity is positively modulated by androgens, 
while female hormones antagonize it. Indeed, data have shown that plasma renin 
activity (PRA) is 27 % higher in men than in women of normotensive population 
[ 14 ,  15 ]. Moreover, treatment with estrogen replacement therapy in postmenopausal 
women was related to lower renin levels compared to untreated postmenopausal 
women, reinforcing the potential inhibitory effects of estrogens on RAAS [ 16 ]. 
Other investigators have shown that hormone replacement therapy with estrogen/
progestogen combination resulted in a 20 % decrease of serum angiotensin convert-
ing enzyme (ACE), an effect that was more pronounced in women with higher base-
line ACE levels [ 17 ]. Further, estrogen upregulates renal AT 2 receptors, while it 
decreases the expression of AT 1 receptors, thus enhancing vasodilation and lower-
ing of BP [ 18 ,  19 ]. 

 The pressure-natriuresis relationship, which is highly modulated by RAAS, 
refers to the physiologic phenomenon of the increased excretion of sodium as a 
result of increased BP. This relationship is abnormal in hypertension with a right-
ward shift of the pressure-natriuresis relation curve. Previous experimental study 
demonstrated that, at 12 weeks of age, BP was higher in male, spontaneous, hyper-
tensive rats (SHR) compared to females, a fi nding that was related to a blunted 
pressure-natriuresis relationship in male SHR compared to females [ 20 ]. Recently, 
investigators showed that renal expression of the AT 2 receptors is four-fold greater 
in wild-type female mice than males and these receptors modulate the chronic 
pressure- natriuresis curve, which is shifted leftward in female mice, an effect that 
was lost with age [ 21 ]. Additionally, there is evidence that the female hormone, 
progesterone, induces natriuresis exerting an anti-mineralocorticoid effect by inhi-
bition of aldosterone binding to renal mineralocorticoid receptors [ 22 ]. 

 To conclude on the role of RAAS at menopausal hypertensive women, it may be 
suggested that endogenous female hormones contribute to BP regulation through 
inhibition of RAAS but this effect is abolished after menopause, thus promoting BP 
increase and augmenting cardiovascular risk. 

 Finally, salt sensitivity (the acute increase in BP after increased sodium intake) 
seems to be regulated, at least in part, by estrogens. A previous study in normoten-
sive women who were subject to surgical menopause showed that the prevalence of 
salt sensitivity was almost doubled after 4 months from the procedure, although all 
women remained normotensive [ 23 ]. Given that arterial hypertension may not occur 
until 5 or 10 years after menopause [ 24 ], authors suggested that increased salt sen-
sitivity may be a masked predisposing factor for incident hypertension and subse-
quent increased cardiovascular risk in postmenopausal women [ 25 ].  
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    Menopause and Low-Grade Infl ammation 

 Arterial hypertension and low-grade infl ammation are closely related through a 
bidirectional cause-and-effect relationship [ 26 ]. A large prospective study that 
established, for the fi rst time, a possible causal relationship between low-grade 
infl ammation and hypertension was conducted in over 20,000 normotensive females. 
These women were followed for a mean duration of 8 years and researchers demon-
strated an increased risk of developing arterial hypertension among females with 
higher levels of high sensitivity C-reactive protein (hsCRP) [ 27 ]. 

 Viscelar adiposity, which is increased in postmenopausal women [ 28 ], may con-
tribute to low-grade infl ammatory activation, which may, in turn, contribute to 
increased BP levels. Indeed, a previous study conducted in women who were fol-
lowed from the premenopausal to postmenopausal state showed a signifi cant 
increase in infl ammatory biomarkers, including serum amyloid A (SAA), monocyte- 
chemotactic protein-1 and adiponectin, a change that was associated with an 
increase in abdominal adiposity either positively (SAA) or negatively (adiponectin) 
[ 29 ]. Similar results were obtained from a cross-sectional study, which showed that 
hsCRP levels were higher in postmenopausal compared to premenopausal women, 
while menopausal status and waist circumference were independent predictors of 
high hsCRP levels [ 30 ]. Moreover, postmenopausal women have higher levels of 
interleukin-8 (IL-8), which are found increased in both the adipose tissue and 
peripheral circulation [ 31 ]. 

 Interestingly, in postmenopausal women, estradiol (E 2 ) is independently and sig-
nifi cantly associated with CRP [ 32 ]. Considering that after menopause, the larger 
proportion of estradiol is produced from the adipose tissue after aromatization from 
testosterone and given that CRP and infl ammatory cytokines are stimulators of aro-
matase [ 33 ], it might be suggested that adipose tissue regulates the relationship 
between estradiol and low-grade infl ammation after menopause. Whether estradiol 
may also serve as an infl ammatory marker in postmenopausal women, thus indicat-
ing a further increase of the risk for developing hypertension, is a hypothesis that 
warrants further investigation. 

 Data also support the stimulation of low-grade vascular infl ammation elicited by 
estrogen depletion, both in postmenopausal women and in ovariectomized animals. 
Particularly, leukocytes from healthy postmenopausal women were more adhesive 
to the arterial endothelium than those from premenopausal women, while similar 
signifi cant increases in arteriolar leukocyte adhesion and cell adhesion molecular 
expression were observed in overiectomized rats [ 34 ]. Interestingly, arterial 
 infl ammation was attenuated after chronic treatment with low-dose 17β-estradiol 
and after inhibition of renin-angiotensin system with losartan or benazepril [ 34 ]. 

 Infl ammatory biomarkers, such as CRP and fi brinogen, emerged as the only sig-
nifi cant predictors, along with the age, of subclinical carotid atherosclerosis and 
clinical events in a small cohort of postmenopausal hypertensive women [ 35 ]. Given 
the predictive role of low-grade infl ammation for future cardiovascular events in 
women [ 36 ,  37 ] (Fig.  20.1 ), it might be suggested that infl ammatory activation may 
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serve as an underlying mechanism for the increased risk of coronary artery disease 
after menopause. Whether this risk is further enhanced by the associated increased 
burden of arterial hypertension induced by subclinical infl ammation, or it is the 
vascular infl ammation  per se  the driving force for the incidence of both arterial 
hypertension and coronary artery disease, is a question that remains to be answered.

       Menopause and Insulin Resistance 

 Insulin resistance, which increases with aging, promotes an adverse metabolic pro-
fi le including a high incidence of arterial hypertension and diabetes mellitus [ 38 ]. 
As with low-grade infl ammation, insulin resistance and arterial hypertension are 
closely related in a bidirectional way. Indeed, hypertensive patients exhibit higher 
levels of insulin compared to normotensive subjects [ 39 ]. Conversely, genetically 
determined hypertensive rats have insulin resistance and hyperinsulinemia [ 40 ,  41 ] 
suggesting either a causal relationship between insulin resistance and hypertension 
or a common pathogenetic predisposition of the two entities. The endothelial dys-
function (induced by insulin resistance), the inhibitory effect of AT II on insulin 
signaling, as well as the activation of infl ammatory and prothrombotic state are 
some of the mechanisms linking insulin resistance and arterial hypertension. 
Whatever the underlying pathophysiological mechanisms are, insulin resistance and 

High

Medium

High

R
el

at
iv

e 
ris

k

6

5

4

3

2

1

0

Medium
Low

Total cholesterol Serum amyloid ALow

  Fig. 20.1    Relative risk of cardiovascular events among 28,263 healthy postmenopausal women 
according to baseline levels of total cholesterol and markers of infl ammation: hsCRP ( upper 
panel ), serum amyloid A ( lower panel ). The risk was highest among women with high total 
 cholesterol levels and high levels of infl ammatory markers. However, even among women with 
low total cholesterol levels, the risk was higher among those with high levels of hsCRP and serum 
amyloid A than among those with low levels of these markers, thus highlighting the strong 
 predictive role of infl ammatory biomarkers (Reprinted from Ridker et al. [ 37 ])       
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arterial hypertension are frequent comorbidities and both increase cardiovascular 
risk. In postmenopausal women, visceral adiposity and high insulin resistance have 
been shown to be the most detrimental combination for an unfavorable cardiometa-
bolic health characterized by high levels of systolic and diastolic BP, increased lev-
els of fasting glucose, triglycerides, infl ammatory markers and decreased levels of 
HDL cholesterol [ 42 ]. Estrogens increase hepatic insulin sensitivity by decreasing 
gluconeogenesis and glycogenolysis [ 43 ], while they increase insulin secretion [ 44 ] 
and improve insulin function. Thus, estrogen defi ciency has the opposite results by 
increasing insulin resistance [ 45 ]. Noteworthy, in middle-aged women, insulin 
resistance was associated with increased left ventricular mass and wall thickness, 
thus implying a pronouncing effect of insulin resistance to cardiac organ damage 
and the subsequent cardiovascular risk [ 46 ]. 

 Previous data have demonstrated an independent prognostic role of metabolic 
syndrome (MS) in the incidence of coronary artery disease and the 3-year risk of 
death in postmenopausal women [ 47 ]. Considering the adverse prognostic role of 
MS in hypertensive patients [ 48 ] and given its increased incident rate in postmeno-
pausal women [ 49 ], it may be argued that MS mediates, at least in part, the increased 
cardiovascular risk associated with hypertension in postmenopausal women. Indeed, 
the unfavorable effect of MS in the cardiometabolic health of hypertensive post-
menopausal women has been demonstrated by a previous study which showed that 
there are two different forms of hypertension after menopause: an isolated one and 
another which is associated with MS and is related to a more severe risk profi le and 
a less favorable response to antihypertensive treatment [ 50 ], thus predisposing to a 
higher cardiovascular risk. In an experimental study, the postmenopausal metabolic 
syndrome was characterized by enhanced AT II-induced contractile responses and 
impaired endothelial dependent vasodilatation, changes that were associated with 
increased protein expression of AT1 receptors in the aorta and the heart [ 51 ]. These 
changes were, partially, suppressed by administration of 17β estradiol (E 2 ) thus, 
reinforcing the benefi cial effect of estrogens on the prevention of cardiovascular 
dysfunction in postmenopausal metabolic syndrome [ 51 ].   

    Target Organ Damage in Postmenopausal Hypertensive 
Women: A Mediator of Increased CAD Risk? 

    Postmenopausal Hypertension and Aortic Stiffness 

 Aortic stiffening is considered a vascular organ damage and the measurement of 
pulse wave velocity (PWV), a direct, non-invasive marker of aortic stiffness, is rec-
ommended for risk stratifi cation in hypertensive patients [ 52 ]. The independent pre-
dictive value of PWV for future cardiovascular events has been highlighted by 
numerous studies in several populations, including hypertensive patients [ 53 ,  54 ]. 
Arterial stiffness is, principally, determined by age and BP [ 55 ]. Moreover, increased 
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arterial stiffness is the main mechanism for the elevation of systolic and pulse pres-
sure after middle age [ 55 ]. Noteworthy, the increase in systolic and pulse pressure 
after the age 50 is much greater in women than in men [ 56 ,  57 ]. Indeed, investiga-
tors have shown that, although aortic PWV rises similarly with aging in both gen-
ders, PWV has greater infl uence on pulse pressure in women than in men [ 58 ]. 

 Whether menopause aggravates aortic stiffness in women after 50 or it is the 
aging  per se  that has the most detrimental effect on their aortic wall function and 
structure, is an issue of debate. A previous study showed that, in women between the 
ages of 45 and 56 years, those who experienced menopause for at least 6 years, had 
the highest risk for increased PWV independently of age or other cardiovascular 
risk factors, such as hypertension, diabetes, hyperlipidemia and smoking, suggest-
ing that menopause augments the age-related increase in aortic stiffness during the 
early postmenopausal period [ 59 ]. Other investigators have shown that aortic dis-
tensibility (the inverse of aortic stiffness) is declining across time at all menopausal 
states but it is faster in the menopausal transition (defi ned as the change from pre-
menopausal to perimenopausal or to postmenopausal stage) [ 60 ]. Furthermore, 
obstructive sleep apnea, which is common in perimenopausal women, has been 
independently associated with increased BP and aortic stiffness [ 61 ]. 

 There is evidence that in postmenopausal women with angiographically con-
fi rmed CAD, increased levels of baseline pulse pressure, a crude index of arterial 
stiffness, is associated with subsequent progression of coronary atherosclerosis and, 
interestingly, no detectable effect on pulse pressure is observed after hormone 
replacement therapy [ 62 ]. The adverse prognostic role of pulse pressure in post-
menopausal women has also been highlighted by other investigators who showed 
that for each 10 mmHg increase in 24 h ambulatory pulse pressure there was a 73 % 
higher risk for cardiovascular events after 7 years of follow-up [ 63 ] (Fig.  20.2 ).

   The pathophysiological mechanisms that are implicated in the increased preva-
lence of hypertension after menopause may also contribute to the rise in aortic stiff-
ness and, actually, the latter may be the main causal factor leading to hypertension. 
Indeed, low grade-infl ammatory activation in postmenopausal hypertensive women 
[ 29 – 31 ] may enhance aortic stiffness given the evidence of an independent association 
of infl ammatory biomarkers with PWV in hypertensive patients [ 64 ,  65 ]. The role of 
infl ammation on vascular damage after menopause is reinforced by  experimental data 
showing that aspirin, as an anti-infl ammatory agent, improved the antioxidant capac-
ity, endothelial dysfunction and arterial stiffness in aged ovariectomized rats [ 66 ]. 

 Several dietary and pharmaceutical interventions are benefi cial for the reduction 
of aortic stiffness in postmenopausal women. Indeed, moderate alcohol consump-
tion is inversely associated with PWV among postmenopausal women, suggesting 
a possible cardioprotective effect [ 67 ]. Moreover, sodium restriction has shown to 
reduce 24 h systolic and pulse pressure in postmenopausal women, a benefi t that 
was related to a decrease in aortic stiffness [ 68 ]. Similar favorable effects have been 
demonstrated for aerobic exercise [ 69 ,  70 ]. Regarding the effect of antihypertensive 
drugs on aortic stiffness, all agents may lower PWV, mainly through BP reduction, 
and, to date, no superiority of one class over the other has been established, even 
among postmenopausal women [ 71 ,  72 ]. 
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 Finally, a benefi cial effect on aortic stiffness has been demonstrated after 
 hormonal therapy. A study conducted from our Department showed, for the fi rst 
time, that intravenous administration of 17β-estradiol improved the elasticity of the 
aorta in postmenopausal women with or without coronary artery disease [ 73 ]. 
Moreover, a previous study showed that hormone replacement therapy decreased 
aortic stiffness in postmenopausal women, an effect that was independent of BP 
reduction [ 74 ]. The favorable effect of hormone therapy has also been shown for 
women in the menopausal transition who exhibited better arterial distensibility 
compared to women under no therapy [ 60 ]. 

 The documented increased aortic stiffness in postmenopausal women may medi-
ate part of their increased risk for CAD given that aortic stiffness determines left 
ventricular afterload and induces hypertrophy, thus potentiating the risk for myocar-
dial ischemia [ 75 ]. Extending this knowledge, it might be speculated that dietary 
[ 76 ] and pharmaceutical interventions that lower aortic stiffness may improve car-
diovascular risk in postmenopausal women, although, so far, such a hypothesis has 
been confi rmed only for patients with end-stage renal disease [ 77 ].  

    Postmenopausal Hypertension and Left Ventricular Hypertrophy 

 Left ventricular hypertrophy (LVH) is considered a cardiac organ damage in hyper-
tension and it is associated with increased risk of cardiovascular disease, including 
CAD [ 78 ,  79 ]. The screening for echocardiographically determined LVH is 
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recommended by the ESH guidelines to improve risk stratifi cation in hypertensive 
patients [ 52 ]. The results concerning the difference in prevalence of LVH between 
the two genders are controversial. Indeed, studies have shown that LVH is higher in 
men compared to women at premenopausal age [ 80 ,  81 ], whereas the opposite has 
also been documented [ 82 ]. Irrespective of the fact that the mechanisms underlying 
this gender discrepancy are not thoroughly investigated, there is evidence that, in 
middle- aged women, insulin resistance has a more pronounced effect on LVH com-
pared to men, an effect that is largely accounted for by obesity [ 46 ]. In line with the 
above results, other investigators highlighted the strong infl uence of obesity on LVH 
in postmenopausal women with metabolic syndrome [ 83 ]. Moreover, high plasma 
levels of leptin, the hormone that is released from adipose tissue and regulates body 
weight and energy balance, are protective against LV hypertrophy in overweight 
sedentary postmenopausal women [ 84 ]. Blood pressure and other components of 
metabolic syndrome have also been elicited as independent predictors of LVH in a 
large sample of postmenopausal women [ 85 ]. Extrapolating, it might be suggested 
that menopause may aggravate LVH, apart from the increased BP  per se , also 
through the increased rate of obesity and insulin resistance that accompany post-
menopausal state [ 42 – 45 ]. Moreover, obesity may be implicated in the adverse 
prognosis of postmenopausal women with CAD given the evidence that it is among 
the nine predictors of heart failure in this group of patients [ 86 ]. 

 Experimental study in ovariectomized hypertensive rats showed that estrogen 
defi ciency is associated with increased myocardial infl ammation and fi brosis, another 
possible mechanism for diastolic dysfunction and LVH [ 87 ]. Hemodynamic changes 
that take place in menopause have also been attributed to the grater LVH observed in 
postmenopausal compared to premenopausal women. In particular, postmenopausal 
women have higher peripheral resistance, less nocturnal BP fall and higher levels of 
hematocrit compared to premenopausal women; this greater hemodynamic load is 
associated with early concentric left ventricular remodeling [ 88 ]. 

 Given the adverse prognostic role of LVH [ 78 ,  79 ] it might be suggested that its 
existence or the lack of its regression after antihypertensive treatment [ 89 ] contrib-
ute to the increased CAD risk in hypertensive postmenopausal women. A previous 
study in postmenopausal women with or at increased risk of CAD showed that 
among hypertensive women, 35 % had evidence of electrocardiographic LVH [ 90 ], 
thus implying a possible detrimental effect of LVH on the CAD risk in hypertensive 
women at menopause. 

 There are ample literature data on the role of hormone replacement therapy 
(HRT) on LVH, most of which conclude to a benefi cial effect. Use of transdermal 
17β-estradiol, on top of antihypertensive treatment, induced a greater reduction of 
LV mass, compared to controls, in postmenopausal women with mild or moderate 
arterial hypertension [ 91 ]. Furthermore, HRT led to a reduction in LV mass index, 
an effect that was not related to the reduction in serum angiotensin converting 
enzyme (ACE) activity and plasma aldosterone concentration induced by the hor-
monal therapy [ 92 ]. Other investigators demonstrated a signifi cant reduction in LV 
mass after 6 month HRT, which was associated with a decrease in serum ACE activ-
ity, but only in postmenopausal women under treatment lacking RAAS inhibitors, 
thus indicating that HRT may exert a benefi cial effect on LVH if RAAS is activated 
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[ 93 ]. Further evidence supports the favorable effect of estrogens and progesterone 
on the hemodynamic load of postmenopausal women by decreasing LV mass index, 
relative wall thickness and plasma norepinephrine levels, while increasing the 
stroke volume and cardiac index after 6-month therapy [ 94 ]. 

 Considering that LVH is an independent risk factor of cardiovascular disease [ 78 , 
 79 ] and its regression is associated with lower cardiovascular morbidity and mortal-
ity in hypertensive patients [ 95 ] it might be suggested that its reduction with HRT 
may improve CAD risk in postmenopausal women. Nevertheless, to date, such a 
hypothesis has not been confi rmed.  

    Postmenopausal Hypertension and Microalbuminuria 

 Microalbuminuria is a manifestation of subclinical organ damage and is frequent in 
arterial hypertension and diabetes mellitus. Moreover, albumin excretion is predic-
tive of incident hypertension, even when it is within upper normal limits [ 96 ]. 
Presence of microalbuminuria confers an increased risk of ischemic heart disease in 
hypertensive patients, independently of classic CV risk factors [ 97 ]. Furthermore, 
microalbuminuria has emerged as an independent predictor of cardiovascular mor-
tality, especially among hypertensive individuals [ 98 ,  99 ]. The close relationship 
between microalbuminuria and CAD is, partly, attributed to the assumption that 
albumin excretion refl ects a generalized endothelial dysfunction and hence, may be 
associated with the atherosclerotic disease [ 100 ,  101 ]. Furthermore, increased aortic 
stiffness and pulse pressure may also, pathophysiologically, link CAD and microal-
buminuria. Indeed, aortic stiffness is an independent predictor of CAD in hyperten-
sive patients [ 102 ]. Increased aortic stiffness leads to increased pulsatile stress on 
the small arteries of the kidney, thus promoting endothelial damage and fi nally lead-
ing to albumin excretion from the glomerulus [ 103 ,  104 ]. 

 Data on the prevalence and prognostic role of microalbuminuria in postmeno-
pausal women are scarce, albeit robust. In a study of over 12,000 postmenopausal 
women, urinary albumin levels were strong predictors of future myocardial infarc-
tion and cardiovascular mortality [ 105 ] (Fig.  20.3 ). In this cohort, the percentage of 
hypertension was higher among women in the highest quintile of albumin excretion; 
however, the increased cardiovascular risk associated with the higher levels of 
microalbuminuria was independent of the presence of hypertension or diabetes, fur-
ther reinforcing the role of microalbuminuria as a distinct marker of vascular dam-
age, even among postmenopausal women [ 105 ].

   Results regarding the effect of HRT on urinary albumin excretion are contra-
dictory. Experimental study in ovariectomized rats with nephrectomy showed that 
estradiol replacement was protective for the remnant kidney function by reducing 
albuminuria and diminishing glomerular injury [ 106 ]. In line with the experimen-
tal data, HRT was associated with a decrease in albumin excretion in postmeno-
pausal women after 6 years of therapy [ 107 ]. Supporting data demonstrated a 
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19 % reduction in albumin-creatinin-ratio (ACR) after a 5-year follow-up in post-
menopausal women under HRT [ 108 ]. The role of estrogens as inhibitors of the 
activated RAAS system [ 16 ] and their benefi cial effects on glomerular endothelial 
function, mainly through renal NO formation [ 109 ], have been proposed as poten-
tial mechanisms for the reduction of albuminuria induced by HRT. However, other 
investigators do not argue in favor of hormone replacement therapy for albumin 
reduction, establishing either neutral or negative results. In a small study of 
healthy postmenopausal women, daily use of 1 mg of 17β-estradiol had no signifi -
cant effect on microalbuminuria after 6 months, an effect that may be attributed to 
the short period of treatment [ 110 ]. In a case–control study conducted in 4301 
females, oral contraceptive use and HRT was associated with increased risk of 
having microalbuminuria [ 111 ]. However, this study has few limitations; fi rst, it 
was not a prospective study and second, the participants were females from the 
general population and not just  postmenopausal women. Thus, no defi nite results 
on the effect of HRT on albumin reduction can be assumed. Future studies should 
address whether the possible benefi cial effects of HRT on the regression of micro-
albuminuria in hypertensive postmenopausal women will be translated to a reduc-
tion in their CAD risk.   

    Coronary Artery Disease Risk in Postmenopausal 
Hypertensive Women 

    The Effect of Classic Risk Factors 

 The increased risk of CAD among postmenopausal women may be largely ascribed 
to arterial hypertension. Indeed, results from the Women’s Health Initiative sub- 
study, in a large cohort of postmenopausal women, showed that the combination of 
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an elevated systolic BP and resting heart rate were signifi cant predictors of calcifi ed 
CAD in postmenopausal, hysterectomized women [ 112 ]. Nevertheless, other clas-
sic risk factors that accompany hypertension after menopause may also be 
implicated. 

 Interestingly, in a previous study that compared the contribution of hypertension 
and other risk factors to the development in pre- and postmenopausal women, ele-
vated systolic and pulse pressure emerged as risk factors for CAD only in premeno-
pausal women, despite their signifi cantly lower BP levels compared to 
postmenopausal women [ 113 ]. Consistent with these observations, data have shown 
that, among postmenopausal women, signifi cant determinants of increased coro-
nary calcium score (a predictor of CAD) were age, diabetes mellitus and lack of 
exercise but not hypertension, smoking or hyperlipidemia [ 114 ]. Other investigators 
have highlighted the predictive role of lipid abnormalities in the risk of CAD among 
postmenopausal women. Indeed, lipoprotein a (Lpa) and triglycerides were indica-
tive of obstructive CAD, independently of other risk factors, including hyperten-
sion, in postmenopausal women who underwent coronary arteriography for chest 
pain [ 115 ]. Finally, a case–control study showed that smoking and early postmeno-
pausal stage (<3 years) were the most important determinants of premature CAD in 
women less than 55 years old [ 116 ]. 

 In conclusion, it might be suggested that, apart from arterial hypertension  per se , 
other classic risk factors such as age, diabetes, smoking, hyperlipidemia and obesity 
that are accumulating and may be aggravated after menopause are strong predictors 
of CAD in postmenopausal hypertensive women.  

    The Effect of Menopause 

 Whether the estrogen depletion  per se  may constitute a predictor of CAD in post-
menopausal women, independently of classic risk factors, is still not well clari-
fi ed. Data from 651 postmenopausal women followed-up for 19 years, showed no 
association between baseline estrogen levels and CAD risk [ 117 ]. Similar results 
for an absent relationship between estrogens and CAD risk were demonstrated 
from the case–control Women’s Health Study (WHS), conducted in postmeno-
pausal women [ 118 ]. In these women, higher levels of free androgen index and 
lower levels of sex hormone binding globulin (SHBG) were noted among women 
who developed cardiovascular events but, still, this was not independent of body 
mass index (BMI) or other classic risk factors [ 118 ]. Recent data from approxi-
mately 100 postmenopausal women of WHS conclude to an association between 
CAD and estradiol but this disappears after adjustment for hypertension, BMI and 
cholesterol [ 119 ]. In a small prospective study in postmenopausal women with 
known CAD or at high risk of CAD, low estrone levels were associated with 
increased total mortality after adjustment for diabetes, obesity, dyslipidemia and 
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family history; however, when age and hypertension were included in the analy-
sis, these risk factors emerged as the only signifi cant predictors of total mortality, 
while estrogens were excluded [ 120 ]. 

 Hormonal changes, other than estrogen depletion  per se , that accompany 
menopause have also been implicated to the increased CAD risk. Indeed, recent 
data in over 4,000 women from the Copenhagen City Heart Study followed up for 
≤30 years showed that, women with the lowest levels of estradiol, as well as 
women with the highest testosterone concentrations exhibited higher risk of isch-
emic heart disease compared to women with higher estrogen or lower testosterone 
levels, respectively [ 120 ]. Moreover, the adverse effect of the extreme hormonal 
concentrations on classic cardiovascular risk factors, including hypertension, was 
more robust for testosterone levels compared to estradiol levels, suggesting that 
low estradiol is directly associated to increased CAD risk, while the risk from 
high levels of testosterone is mediated through other risk factors. Interestingly, the 
results were similar for postmenopausal women, who consisted the 70 % of the 
study population and to whom the lower levels of estradiol were observed, thus 
indicating that the extreme hormonal changes after menopause may unfavorably 
alter cardiovascular health [ 121 ]. 

 Interpretation of existing evidence leads to the assumption that hormonal status 
in menopause, characterized by, either low levels of estrogens or high levels of 
androgens, are independent determinants of CAD. Future, prospective studies in 
postmenopausal hypertensive women need to elucidate the exact role of estrogen 
depletion  per se  on the incidence of CAD.   

    The Role of Hormone Replacement Therapy for Risk 
Reduction of Coronary Artery Disease 

 Despite the benefi cial effects of endogenous estrogens on cardiovascular system [ 8 , 
 9 ,  19 ,  20 ], results regarding the role of HRT on the reduction of coronary artery 
events are controversial. Study characteristics, such as the design (observational, 
case–control or randomized trials), the population (healthy postmenopausal 
women – primary prevention, or postmenopausal women with CAD – secondary 
prevention), the type of the studied hormone therapy (estrogens or estrogens plus 
progestin), the dosage or route administration, as well as the duration of treatment, 
are all features that may, at least in part, explain the different fi ndings. 

 A large, randomized trial in over 16,000 healthy postmenopausal women fol-
lowed- up for 5 years, demonstrated an increased risk of CAD with combined 
hormone therapy (conjugated equine estrogens plus medroxyprogesterone ace-
tate), mostly evident at the fi rst year of treatment [ 122 ]. Surprisingly, women 
assigned on HRT had greater reductions in total cholesterol, glucose and insulin 
levels and greater increases in triglycerides and high-density lipoprotein [ 122 ]. 
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Systolic BP was 1–2 mmHg higher in women at HRT compared to placebo at 
follow-up, but the presence of hypertension did not modify the CAD risk among 
women on HRT [ 122 ]. On the other hand, in postmenopausal women with CAD, 
a randomized, placebo-controlled study (HERS), did not fi nd signifi cant differ-
ence in the CAD events between the combined therapy (estrogens plus progestin) 
and the placebo groups after 4 years of follow-up [ 123 ]. However, post-hoc anal-
yses showed a statistically signifi cant time trend, with more CAD events in the 
hormone group at 1 year and fewer events after 3 years, speculating that this 
early increased risk may be due to prothrombotic or pro-ischemic effect of treat-
ment that is gradually outweighed by a benefi cial effect on atherosclerotic risk 
factors and particularly, the lowering of low-density lipoprotein cholesterol lev-
els [ 123 ]. 

 Opposite to the above results, a randomized study in 1,006 postmenopausal 
women, concluded to a signifi cant reduced risk of myocardial infarction and heart 
failure after 10 years of follow-up in women allocated to HRT (synthetic 17β estra-
diol ± norethisterone) early after menopause, compared to placebo [ 124 ]. In an 
attempt to explain the positive fi ndings, authors suggested that the type of estro-
gens, the younger age of the participants and the early randomization to HRT 
(shortly after menopause) might have attributed to the benefi cial effects of HRT 
and the divergence from previous studies. Regarding classic risk factors, the base-
line mean BP and glucose levels were within normal limits with a slight increase 
in total cholesterol and LDL levels, but without any difference between women on 
HRT and placebo therapy; moreover, the percentage of smokers was similar 
between the two groups. 

 Whether a favorable cardiovascular risk profi le early after menopause may serve 
as a substrate for the benefi cial effects of HRT remains an unresolved issue with 
important clinical implications, if confi rmed. By extrapolating available evidence, it 
might be suggested that a well-controlled BP in postmenopausal women may lead 
to reduced risk of CAD with HRT and vice versa, a lack of normalization of hyper-
tension after HRT may induce increased CAD risk. Future, prospective studies on 
postmenopausal hypertensive women will address the role of BP regulation in the 
reduction of the CAD risk in women under HRT.  

    Conclusions 

 The prevalence of CAD is increased among postmenopausal hypertensive women. 
Possible pathophysiological mechanisms that may link arterial hypertension and 
coronary artery disease include endothelial dysfunction, RAAS activation, low- 
grade infl ammation and insulin resistance (Fig.  20.4 ). Target organ damage may 
serve as mediator of the increased risk. Classic risk factors that accompany arterial 
hypertension after menopause are also strong predictors. Results concerning the 
effect of HRT on the risk reduction are contradictory and randomized trials in post-
menopausal hypertensive women are needed to elucidate the precise role of blood 
pressure regulation on the outcomes after HRT.
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    Chapter 21   
 “The Economic Burden of Hypertension”                     

     Amelie     F.     Constant      ,     Eleni     V.     Geladari     , and     Charalampia     V.     Geladari    

          Introduction 

 Hypertension (HTN) represents a growing health and economic burden, worldwide. 
It can strike indiscriminately at any age and affect people from all walks of life. 
More than a quarter of the world’s adult population, equaling approximately 
972 million, had HTN in 2000. Out of them, 333 million adults come from 
 economically developed countries and 639 million from economically developing 
countries [ 1 ]. This prevalence has been estimated to increase to a total of 1.56 bil-
lion adults, by 2025 [ 1 ]. HTN has become a major contributor to cerebrovascular 
stroke, heart attack, and chronic renal disease, and may be responsible for up to 
seven million deaths annually worldwide [ 2 ]. Early detection, treatment and self-
care of HTN has signifi cant benefi ts on the prevention and control of high blood 
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pressure (BP) levels, thus minimizing the increased cardiovascular risk generated 
by their deleterious consequences to the heart, brain, and kidneys [ 3 ]. 

 In recent decades, several studies aimed to contribute to a better understanding 
of the economic burden of HTN across countries, to inform and raise awareness 
about the potential impacts of preventive policies. However, their great limitation is 
their failure to assess the gaps of information regarding direct costs of care for 
hypertensive patients when fi nancial records are incomplete or absent. Even so, 
most of the studies agree that integrated programs must be established at the pri-
mary care level for control of HTN on the part of governments and public health 
policy-makers, since it has been demonstrated that in most countries this is the 
weakest level of the health system. Only this concerted effort could lead to reduced 
rates of health care costs and better HTN management [ 3 ]. 

 HTN is a quite stealthy condition because it can go undetected for years (patients 
may not have symptoms), while it still damages blood vessels and renders patients 
incapacitated if not detected early [ 4 ]. Prevention and early detection can save lives 
and reduce public health care costs [ 4 ]. Moreover, the reduced quality of life of the 
affected individuals has detrimental effects on the wellbeing of their families creat-
ing tensions, frictions and an overall anxiety for the future. Thus, there is also a social 
burden as HTN imposes a toll on communities. Some striking statistics for the US 
from CDC indicate that 1 in 2 Americans suffer from this chronic condition [ 5 ]. 
Public policy is extremely important for both the prevention and treatment of HTN. It 
can infl uence preventive health care by direct spending on prevention or by encour-
aging public sector programs on patient education and awareness on HTN [ 6 ].  

    Costs of Hypertension Across the Continents 

    The Americas 

 Analysis of pooled data from the National Health and Nutrition Examination 
Survey demonstrates that the age-adjusted prevalence of HTN among US adults 
aged 18 and over was 29.1 % in 2011–2012; while it was similar for men and 
women it increased with age [ 5 ,  7 ]. Wang et al. aimed to examine the HTN-
associated hospitalizations and costs from 1979 to 2006 [ 8 ]. Researchers con-
cluded that the proportions of hospitalizations that were associated with HTN 
(with HTN being either a primary or secondary diagnosis) increased over the 
period. In addition, they observed that in 2008 US dollars, the annual costs for 
HTN-related hospitalizations nearly tripled over the past 28 years, reaching 
approximately US$ 113 billion during 2003–2006 [ 8 ]. The much higher costs 
observed were attributed to the fact that many patients were hospitalized due to 
other conditions, including coronary artery disease or stroke, having HTN as a 
secondary diagnosis [ 8 ]. Importantly, the implementation of effective interventions 
to prevent HTN and its complications would be an important step toward reducing 
the high costs of the US healthcare system (Table  21.1 ) [ 8 ].

A.F. Constant et al.



353

   In contrast to the Wang et al. study, which indicated that the in-hospital mortality 
for patients with HTN declined, Ayala et al., reported that the death rate attributed 
to HTN in the US increased from 1980 to 1998. Specifi cally, the death rate increased 
with patient age and the Charlson Comorbidity Index (CCI) [ 9 ]. The latter measures 
the likelihood of death or serious disability in the subsequent year. In 2010, Wang 
and coworkers, showed that the average annual hospitalization costs associated with 
HTN as a secondary diagnosis among insured adults aged 18–64 were $2,734 out of 
a total of $21,094, per patient [ 10 ]. Clearly, hospitalizations with HTN as a second-
ary diagnosis are expected to increase in the future as the US population ages, since 
the elderly usually suffer from multiple chronic conditions [ 10 ]. 

 A cross-sectional analysis conducted on a US nationally representative random 
sample of 1.217.103 Medicare fee-for-service benefi ciaries aged 65 and over, who 
were enrolled in both Medicare Part A and Medicare Part B in 1999, showed that per 
capita Medicare expenditures increased with the number of types of chronic condi-
tions. They went from $211 among benefi ciaries without a chronic condition to 
$13,973 among benefi ciaries with four or more types of chronic conditions [ 11 ]. 
Another study, revealed that as much as $108.8 billion in health care spending in the 
US was attributed to HTN. The study proposed lifestyle modifi cation and medical 
intervention as important preventive measures to reduce national health care expen-
ditures [ 12 ]. In the meanwhile, Balu et al., indicated that the total incremental 
annual direct expenditures for HTN patients were estimated to be more than US$ 
54.0 billion in 2001 after adjusting for demographics and comorbidities; the mean 
incremental annual direct expenditures for an individual with HTN was found to be 
$1,131. Prescription medicines, inpatient visits, and outpatient visits constituted 
more than 90 % of the overall incremental expenditures [ 13 ]. 

 In 2004, researchers from Massachusetts tried to investigate the economic impact 
that would result from better adherence to evidence-based therapeutic guidelines for 
managing HTN in patients older than 65. The study enrolled a total of 133,624 
patients being treated for HTN. More than 2.05 million prescriptions for antihyper-
tensive medications were fi lled in 2001, with 815.316 having a more appropriate 

   Table 21.1    Suggested policies to reduce hypertension costs   

 1. Effective implementation of a primary health care system. 
   Reliable equipment for HTN diagnosis. 
   Trained and educated healthcare workforce. 
   Easier access to appropriate outpatient treatment of HTN. 
 2.  Adoption of a healthier lifestyle (i.e., low-salt diet, smoking cessation, increased physical 

activity). 
 3. Public awareness campaigns and educational programs on arterial HTN and its sequelae. 
 4.  Strict physician adherence to evidence-based HTN guidelines for treatment initiation and 

HTN management. 
 5.  Absolute CVD risk reduction (elimination of all major CVD risk factors, including 

atherosclerosis, smoking, obesity, and physical inactivity). 
 6.  Circulating biomarkers may be used for early detection of HTN, which may improve health 

care costs. 
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alternative regimen according to evidence-based recommendations. These fi ndings 
suggest that the costs to payers in 2001 would have been reduced by $11.6 million 
if physicians had followed the evidence-based guidelines for the treatment of HTN 
[ 14 ]. In a special article published recently in the  New England Journal of Medicine  
( NEJM ) it was reported that the full implementation of the new hypertension guide-
lines would result in approximately 56,000 fewer cardiovascular events and 13,000 
fewer deaths from cardiovascular causes annually, which would result in overall 
cost savings [ 15 ]. The population enrolled included previously untreated adults 
between the ages of 35 and 74 [ 16 ]. From an employer perspective, Goetzel et al., 
demonstrated that the estimated annual cost of HTN was about $150 per employee, 
whereas the annual cost of absenteeism due to HTN was $77 per employee. In addi-
tion, the HTN-associated expenditures due to presenteeism (on-the-job productivity 
losses) were estimated at $406 per employee [ 17 ,  18 ]. 

 In Canada, the hypertension-attributable costs are estimated to rise from $13.9 
billion in 2010, to $20.5 billion by the year 2020, due to demographic changes, 
increasing HTN prevalence, and increasing per-patient costs [ 19 ]. To avoid HTN 
complications and therefore reduce its associated costs, the Canadian HTN Society 
has led the development of programs for the prevention of HTN, improvement of 
HTN knowledge and awareness among Canadians, and improvement of HTN treat-
ment and control by healthcare professionals [ 20 ]. 

 Similarly, the prevalence of HTN is following an increasing trend in Latin 
America [ 21 ]. HTN often goes undetected in Brazil, where the annual direct cost of 
treating HTN is about US$ 671.6 million, based on 2005 data, representing 0.08 % 
of the GDP for that year [ 22 ]. Public awareness campaigns and educational pro-
grams on arterial HTN are desperately needed to build public understanding of 
HTN and its deleterious consequences [ 22 ]. In Mexico, in 2011, the total cost of 
HTN amounted to US$ 5,733,350,291 [ 23 ]. A revision in the planning, organiza-
tion, and allocation of resources, particularly programs for health promotion and 
prevention of HTN may be important preventive measures to reduce the catastrophic 
costs due to HTN.  

    Europe 

 On the other side of the Atlantic and based on pooled data from the European 
Healthcare Access Panel, it is expected that while the total population of the fi ve 
largest European Union member countries (Germany, the UK, France, Italy, and 
Spain) will grow only by 5.7 %. The number of people living with HTN will, how-
ever, triple increasing by 15.3 % [ 24 ]. This implies that much greater costs will be 
imposed on the European healthcare systems and societies. Studying these same 
fi ve countries, a group of researchers estimated the direct cost associated with 
hypertension to be € 51.1 billion. Germany ranked the highest with € 17.8 billion, 
followed by Spain with € 12.2, France with € 8.8, Italy with € 8.1, and England with 
€ 4.1 billion. The authors went a step further to examine the counterfactual of what 
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the economic impact on the national health systems will be if the countries were to 
increase adherence to antihypertensive therapy. Interestingly, they found that 
increasing adherence to antihypertensive therapy to 70 % would save a total of € 
323.7 million [ 25 ]. 

 An Italian Study, known as the Pandora Project, showed that the main chunk of 
HTN-associated costs in Italy came from antihypertensive drugs (42.7 % of the total 
cost). Next was hospitalization with 28.4 % (including hospitalizations for arterial 
HTN, acute myocardial infarction, coronary artery disease, heart failure, and stroke), 
followed by visits to general practitioners (15.1 %) and laboratory tests (10.6 %) 
[ 26 ]. The same study found that the annual direct medical costs associated with 
HTN were almost 40 % lower in new hypertensive incident cases than in prevalent 
cases [ 26 ]. 

 In 2014, Greek researchers conducted a cost-effectiveness analysis of HTN 
treatment versus a hypothetical no-treatment strategy focusing on clinical end-
points and retaining a 1-year time horizon [ 27 ]. The results of the analysis indi-
cated (i) that the incremental cost for a patient to achieve blood pressure control is 
€ 603.1, on average, varying according to disease severity (higher for the severely 
ill), and (ii) that the incremental cost required for a 1 mmHg reduction in systolic 
blood pressure (SBP) is €13.7, on average, also heavily infl uenced by baseline 
blood pressure [ 27 ]. Thus, the results from this study indicate that severely ill 
patients could be a priority group in terms of treatment administration [ 27 ]. Recall 
that Greece entered a severe fi nancial crisis in 2008, which largely affected all 
healthcare services and patients suffering from chronic conditions, such as HTN 
[ 28 ]. It is clear that austerity measures and reduction of public health expenditures 
by the state have led to high out- of- pocket expenditures and to unavoidable insur-
ance coverage loss for primary care services [ 28 ].  

    Asia 

 Indeed, the 2008 global economic crisis further increased the prevalence of HTN as 
well as stress perception even in countries in Asia [ 29 ]. Recently, Shin et al., investi-
gated the effect of the 2008 global economic crisis on health indicators in Korea. [ 29 ] 
Their results indicated that Gross Domestic Product (GDP) growth rates, as a macro-
economic indicator, are inversely associated with HTN prevalence with a 1-year lag, 
and inversely associated with stress perception with no year lag [ 29 ]. 

 Furthermore, in Vietnam, HTN has been one of the main contributors to the 
overall burden of disease [ 30 ,  31 ]. It is estimated that its prevalence among adults 
ranges from 20 to 30 % [ 32 ]. As such, HTN, imposes high costs to society. More 
specifi cally, since there is no ambulatory BP monitoring service available in the 
community, patients must be admitted to a hospital for diagnosis and initiation of 
treatment [ 33 ]. The required hospitalization to diagnose primary or secondary 
HTN, generates high costs compared to annual medication treatment at a commu-
nity health station for HTN and total health expenditure per capita in Vietnam [ 34 ]. 
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Indeed, the dangerous complications that occur if HTN is not detected and/or 
treated early increase the number of inpatient days making the need for the 
Vietnamese health-care sector to invest in effective interventions to control high 
BP, imperative [ 34 ]. 

 In the Philippines, the main reason for costly inpatient admissions to treat HTN 
and its sequelae, is the lack of access to outpatient antihypertensive medications 
[ 35 ]. Therefore, the Philippine Health Insurance Corporation (PhilHealth), could 
improve the quality of care of hypertensive patients by facilitating access to appro-
priate outpatient treatment of HTN [ 35 ]. In Nepal, another Asian country, the 
healthcare system is totally unprepared to deal with the increasing prevalence rates 
of HTN observed by scientists, which demands urgent implementation of new poli-
cies for effective prevention and control of HTN [ 36 ]. The country’s healthcare 
workforce should be equipped with basic essential tools such as reliable blood pres-
sure measuring devices, and trained on how to use them properly. Of equal impor-
tance in preventing, controlling and lowering HTN is the education of its population. 
The promotion of a healthier lifestyle, such as following a low-salt diet, smoking 
cessation, and physical activity, is critical for reducing HTN associated risks [ 36 ]. 
The total cost of HTN in rural south-west China was estimated to be $231.7 million, 
with the direct costs, representing the largest component of the economic cost. [ 37 ] 
Notably, the same study found that age and sex were powerful determinants of the 
cost of HTN, with the costs being higher among males compared to women [ 37 ]. 

 An interesting paradigm that no country can escape the plight of HTN is Japan, a 
country with universal health care for more than 50 years that has achieved the high-
est life expectancy in the world. Hypertension is so prevalent that affects approxi-
mately 40 million Japanese. Studying 314,622 benefi ciaries of the medical insurance 
system in Japan, aged 40–69 years without a history of cardiovascular, cerebrovascu-
lar, or end-stage renal disease, Nakamura et al. (2013) found that the economic bur-
den of HTN was the highest for younger men followed by older men. Inpatient 
medical expenditures attributable to overall hypertension was 7.2 % of the total med-
ical expenditure for the 40–54 year old men and 6.9 % for the 55–69 year old. 
Comparable numbers for Japanese women were 2.8 % and 3.8 %, respectively [ 38 ].  

    Africa 

 Cardiovascular disease (CVD) is one of the leading causes of global morbidity and 
mortality, and represents a major economic burden on health care systems [ 37 ]. The 
absolute CVD risk (estimated on the basis of the number and severity of all major 
risk factors) reduction and the blood pressure level-approach (based on a single 
cutoff point to defi ne HTN and initiate treatment) are the two suggested approaches 
to the primary prevention of CVD, internationally [ 39 – 41 ]. To examine which of the 
two approaches suggested by the international guidelines is benefi cial in terms of 
costs to the healthcare systems, researchers from Massachusetts, conducted a cost- 
effectiveness analysis of blood pressure level- and absolute risk-based HTN 
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guidelines in persons without known CVD or target organ damage (TOD) [ 42 ]. 
Whereas in South Africa a BP-level approach is followed in HTN guidelines cur-
rently, they concluded that a different strategy based on the absolute risk reduction 
of CVD is more effective at saving lives and less costly for this developing country 
[ 42 ]. The results of this study could be generalized to other developing countries 
with multiethnic populations [ 42 ]. 

 With the ever increasing migration from less developed to more developed coun-
tries we expect to observe a lot more cases of HTN. The stress of migrating and 
different cultural lifestyles can defi nitely contribute to the increased prevalence of 
HTN and other cardiovascular diseases. Health care professional should therefore 
consider the ethnic diversity and different genetics of the population so as to make 
the best diagnosis [ 43 ].   

    Summary: Future Perspectives 

 The resulting economic burden of HTN and its sequelae is enormous, and already 
threatens fragile health care systems globally. Early detection and appropriate treat-
ment of HTN are crucial for the prevention of costly CVD. In addition, the effec-
tiveness of patient education should not be diminished. An approach toward the 
development of a primary healthcare system able to deliver effective and affordable 
care to hypertensives should be adopted. Selection of cheaper, generic drugs when-
ever no clear benefi t exists over the selection of expensive ones, and strict physician 
adherence to HTN guidelines for initiation of treatment taking into account the 
absolute CVD risk, are some of the suggested strategies to overcome the economic 
hurdles generated by this devastating disease. Indeed, therapeutic inertia, partly 
because of unfamiliarity with clinical guidelines and clinical uncertainty, has been 
well documented as a contributing factor to lack of BP control, which may be a 
harbinger for increased health care spending [ 44 ]. Therefore, the adoption and use 
of standardized, evidence-based protocols is of crucial importance [ 44 ]. 

 While organizations such as the World Health Organization (WHO) have issued 
guidelines to prevent and control HTN, we want to point out that cultural and genetic 
differences among individuals in different countries demand a fi ne-tuning and 
tailor- made of guidelines. For example, blood pressure response to sodium varies 
among ethnic groups with Asians having a much higher tolerance to salt. In addi-
tion, these guidelines should be reexamined and amended every 2 years as new 
evidence-based studies and statistics about demographics become available. In this 
respect, we believe that the country-specifi c associations of HTN can play a leading 
role in education the public and the policy-makers [ 45 ]. 

 Lastly, as it has been recently suggested the use of biomarkers can be a promis-
ing approach to improving detection and management of disease progression while 
optimizing health care expenditures. Currently, the potential of biomarkers to 
improve decision making, facilitate diagnosis and reduce health care costs is under 
investigation [ 46 ].     
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  DBP    Diastolic Blood Pressure   
  DM    Diabetes Mellitus   
  ESH    European Society of Hypertension   
  GFR    Glomerular Filtration Rate   
  HBP    Home Blood Pressure   
  HTN    Hypertension   
  INVEST    International Verapamil-Trandolapril Study   
  ISH    International Society of Hypertension   
  JAMA     Journal of the American Medical Association    
  JNC 7    Seventh Joint National Committee   
  JNC 8    Eighth Joint National Committee   
  JSH    Japanese Society of Hypertension   
  LVMI    Left Ventricular Mass Index   
  MH    Masked Hypertension   
  NEJM     New England Journal of Medicine    
  NH    Nocturnal Hypertension   
  NHANES    National Health and Nutrition Examination Survey   
  NICE    National Institute of Health and Care Excellence   
  NIH    National Institute of Health   
  OBP    Offi ce Blood Pressure   
  PCNA    Preventive Cardiovascular Nurses Association   
  SBP    Systolic Blood Pressure   
  SPRINT    Systolic Blood Pressure Intervention Trial   
  TIA    Transient Ischemic Attack   
  TOD    Target Organ Damage   
  VALUE    Valsartan Antihypertensive Long-term Use Evaluation Study   
  WCE    White Coat Effect   
  WCH    White Coat Hypertension   

        The Burden of Hypertension 

 Hypertension (HTN) is the leading cause of cardiovascular morbidity and mortality, 
and the single most important risk factor for cerebrovascular stroke [ 1 ]. Affecting 
972 million people worldwide, its prevalence is estimated to increase from 26.4 % 
in 2000 to 29.2 % in 2025 [ 2 ]. Data from the National Health and Nutrition 
Examination Survey (NHANES) 2011–2012 support that the age-adjusted preva-
lence of HTN among U.S. adults aged 18 and over is 29.1 % [ 3 ]. This represents 
nearly one-third of the U.S. adult population [ 4 ]. Interestingly, high blood pressure 
(BP) is under control in only about half of these people while the rest of the popula-
tion remains undertreated, untreated or even unaware of their condition [ 4 ]. 
Undoubtedly, HTN poses a major public health problem throughout the world 
which places an increasing economic burden on health resources [ 5 ].  
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    Accurate Blood Pressure Measurements and Appropriate 
Use of Available Methods Are Essential to 
Hypertension Management 

 Early detection and accurate diagnosis of HTN are crucial steps in providing opti-
mal care to affl icted patients. It has been demonstrated that uncontrolled HTN 
among adults is associated with increased mortality [ 6 ]. However, the diagnosis and 
management of HTN depends on accurate BP measurements. Consequently, trained 
(and regularly retrained) staff in standardized measurement techniques and BP 
devices validated in accordance with a recognized protocol, such as that of the 
European Society of Hypertension (ESH), are needed in order to obtain accurate BP 
measurements in clinical practice [ 6 – 8 ]. It is essential that these devices are checked 
regularly to ensure that their calibration remains within the European standard spec-
ifi cation of ±3 mmHg [ 9 ] since calibration errors could result in one in fi ve hyper-
tensive patients not being diagnosed and, conversely, almost one third of patients 
being wrongly diagnosed with HTN [ 10 ]. Apart from obtaining a reliable BP mea-
surement and making an accurate diagnosis of HTN through the use of properly 
validated and maintained BP equipment, we could also reach a more rational deci-
sion regarding treatment initiation and titration. Long-term follow-up of hyperten-
sive patients is also based on proper evaluation of BP levels [ 10 ]. 

 It is recommended that clinicians should adhere to published recommendations 
concerning the acquisition of BP measurement. It has been proposed that arm-cuff 
devices for BP measurement are preferable to wrist-cuff or fi nger-cuff devices since 
the latter have questionable accuracy and international guidelines do not support 
their use [ 11 – 13 ]. However, the use of wrist-cuff devices should be considered in 
cases of morbid obesity where an extremely large arm circumference is encountered 
[ 13 ]. Furthermore, it has been shown that the method used for BP assessment (aus-
cultatory versus oscillometric), the patient’s posture and body position, also play a 
crucial role in obtaining accurate BP measurements and have been extensively dis-
cussed several times in the international literature [ 14 ]. 

 More than 100 years have passed since the legendary development of the sphyg-
momanometer by von Basch and the fi rst non-invasive BP measurements. 
Subsequently, Scipione Riva-Rocci became the fi rst to further develop the mercury 
sphygmomanometer in 1896, almost as we know it today, whereas it was Nikolai 
Korotkoff who fi rst observed the sounds made by the constriction of the artery in 
1905 [ 15 ]. Nowadays, the auscultatory method of BP measurement has been estab-
lished worldwide as the standard for non-invasive BP measurement since it is out of 
the question that the mercury sphygmomanometer has higher accuracy [ 16 ]. 
However, its use is gradually being limited due to environmental concerns and prac-
tical reasons [ 17 ]. Technological advances have steadily increased the popularity of 
the oscillometric method of BP measurement [ 18 ]. Automatic home monitors that 
use the oscillometric technique are being used more and more by patients and health 
care workers [ 18 ]. Nonetheless, the reliability of home monitors has been ques-
tioned [ 19 ] because a few patients cannot overcome their anxiety when measuring 
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their BP at home inducing thus higher BP levels compared to those taken by 24 h 
ambulatory blood pressure monitoring (24 h ABPM) [ 20 ]. 

 Offi ce or clinic measurement of blood pressure (OBP) remains the most com-
mon method for determining BP in everyday practice. In the majority of cases, 
conventional manual OBP readings are often inadequate for determining the status 
of an individual patient, mainly because readings are usually poorly performed and 
their variability is hard to control [ 21 ,  22 ]. In particular, casual OBP measurements 
may result in readings that are 10/5 mmHg higher, rendering the cut-off point as 
150/95, and not the research-based 140/90, for defi ning HTN in routine clinical 
practice with devices such as the mercury sphygmomanometer [ 23 ]. To improve the 
accuracy of offi ce measurements, three visits should be performed in order to diag-
nose HTN, and at least two readings should be taken at each visit [ 13 ,  23 ]. Notably, 
the European Society of Hypertension and Cardiology (ESH/ESC) guidelines 
acknowledge the importance of using oscillometric methods to evaluate the patient 
in clinical practice, rather than the mercury, aneroid or LED hybrid techniques [ 13 ]. 
Moreover, oscillometric measurements appear to be inaccurate and their value 
diminishes in cases of arrhythmias, as in atrial fi brillation (AF), whereas it has been 
paradoxically shown that manual BP measurements are still considered somewhat 
more reliable for patients with AF [ 23 ,  24 ]. OBP measurements cannot further indi-
cate the patient’s BP status and have been reported to be inaccurate and misleading, 
particularly in diagnosing white-coat hypertension (WCH) and masked hyperten-
sion (MH) [ 25 ,  26 ]. However, efforts aimed at improving the quality of routine 
manual OBP measurement have met with limited success. 

 The automated offi ce BP (AOBP) technique that entails the use of a fully auto-
mated device with the patient resting alone in the examining room improves the 
accuracy of readings and correlates closely with the awake ambulatory BP tech-
nique [ 27 – 29 ]. Furthermore, it is a better predictor of target organ damage (TOD) 
than common offi ce measurements, and seems to correlate well with 24-h ABP 
monitoring [ 30 ,  31 ]. Myers proposes using the same cut-off point of 135/85 mmHg 
for home and awake ambulatory BP, suggesting a lower BP threshold for HTN diag-
nosis [ 22 ]. Despite the potential of the AOBP technique for eliminating the white 
coat effect (WCE), it could be characterized as both time- and space-consuming 
[ 22 ,  28 ]. Although AOBP readings have many shortcomings if readings are ele-
vated, they should at least serve as an indication for further assessment. As Myers 
stated “the days of a health professional diagnosing HTN by manually recording a 
patient’s BP with a mercury sphygmomanometer may soon be over” [ 22 ]. The 
AOBP technique has currently been recognized by the 2015 Canadian Hypertension 
Education Program (CHEP) recommendations as a valuable tool in diagnosing 
HTN Table  22.1  [ 32 ].

   Out-of-offi ce BP techniques, such as home BP (HBP) and ambulatory BP (ABP) 
have evolved in the last 30 years. It is now acknowledged that these are superior to 
offi ce readings in predicting clinical outcomes and subclinical organ damage and 
also in providing information on BP behavior out-of-offi ce and in diagnosing vari-
ous phenotypes of HTN such as WCH and MH [ 33 ,  34 ]. WCH, also known as 
“isolated offi ce or clinic HTN”, is defi ned as the occurrence of BP values greater 
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than 140/90 mmHg when measured in the offi ce, but less than 135 mmHg systolic 
and 85 mmHg diastolic during daily life when measured using the 24-h ABP or 
HBP measurement technique [ 35 ]. Available data indicate that the prevalence of 
WCH ranges from ≈10 to ≈50 % and depends on the defi nition of normal for ambu-
latory BPs and/or the studied population [ 35 ]. MH is defi ned as normal OBP 
(<140/90 mmHg) but elevated out of the offi ce readings (≥135/85 mmHg). This 
condition has a prevalence rate of 10–17 % [ 35 ] and in some studies as 50 % [ 35 ]. 

 When the decision to start treatment is uncertain on the basis of OBP readings, 
the American Heart Association (AHA), American Society of Hypertension (ASH) 
and Preventive Cardiovascular Nurses Association (PCNA) propose home measure-
ments in conjunction with ABP monitoring to facilitate the diagnosis. Current 
guidelines of both the ESH/ESC and those of the Japanese Society of Hypertension 
(JSH) 2014 highly recommend the use of HBP in clinical practice [ 14 ,  36 ]. To assist 
in the diagnosis and assessment of treatment, HBP measurements should be per-
formed in strict accordance with the guidelines: “twice in the morning and evening 
and normally over 6 days” in order to provide accurate information [ 13 ]. In this 
way, BP readings approach mean daytime BP. Automated HBP devices can also 
monitor sleep BP. These readings approximate ABP measurements and have been 
correlated with TODs, including left ventricular mass index (LVMI) as evaluated by 
echocardiograph, and urine albumin excretion [ 37 – 39 ]. However, the HBP tech-
nique is not without its disadvantages, such as user misreporting, the over- or under- 
reporting of measurements taken in unrepresentative conditions, or risk of 
self-change treatment by the patient [ 39 ,  40 ]. 

 ABP monitoring is the gold standard technique that has been available in clinical 
practice since the 1980s. Up to now, a steadily growing number of studies have been 
conducted with over 700 research articles being published annually. Regarded as the 
technique of choice for the diagnosis of WCH, MH and nocturnal hypertension 

   Table 22.1    Comparison between in-offi ce blood pressure measurement methods   

 OBP  AOBP 

 Indications  Basis for HTN screening  Accurate and unbiased observer evaluation 
of BP 

 Pros  Physician obtains multiple 
measurements 

 Physicians obtain multiple standardized 
automated measurements 
 White coat phenomenon is lessened 
 Correlates more closely with awake ABPM 
and TOD 
 Gives similar levels with awake ABPM 

 Cons  Observer errors and bias 
 Affected by the white coat 
phenomenon 
 Annual service and 
recalibration is needed 

 Diastolic BP is overestimated in the 
presence of arrhythmia, such as AF 
 Annual service and recalibration is needed 

   OBP  offi ce blood pressure,  HTN  hypertension,  AOBP  automated offi ce blood pressure,  ABPM  
ambulatory blood pressure monitoring,  TOD  target organ damage,  BP  blood pressure,  AF  atrial 
fi brillation  
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(NH), its prognostic ability is also greater than that of offi ce or HBP measuring 
techniques [ 41 ]. Though prices are falling, there are several limitations when apply-
ing the technique in clinical practice, including restricted availability and imperfect 
reproducibility when the procedure is not standardized in terms of activity [ 41 ]. 
Various scientifi c organizations recommend the use of ABP measurements but this 
technique is not endorsed in clinical practice by the entire medical community. The 
National Institute of Clinical Excellence (NICE) has made strong recommendations 
for its use, stating that “if the clinic BP is ≥140/90 mmHg, offer ABPM to confi rm 
the diagnosis of HTN” [ 42 ]. The guidelines issued in 2013 by ESH/ESC consider 
ABP monitoring as the “gold standard” for diagnosis and management of HTN 
[ 13 ]. They concluded that “ABP monitoring should be performed in subjects with 
suspected HTN in whom it is necessary to confi rm the diagnosis of sustained HTN” 
[ 13 ]. The Australian consensus statement recommends clinic BP for screening and 
a combination of clinic, home and ambulatory measurements for diagnosis of HTN 
[ 43 ]. On the other hand, neither the eighth Joint National Committee (JNC 8) nor 
the AHA/ACC/CDC advisory publications mention ABP monitoring [ 13 ,  44 ,  45 ]. 
Furthermore, the higher cost of ABP monitoring in comparison to offi ce and home 
techniques has restricted its use in the States as third party payers cannot cover its 
expense [ 45 ]. 

 Despite new developments in the diagnosis of HTN, scientifi c communities are 
yet to be convinced of the use of out-of-offi ce BP monitoring in decision-making in 
hypertensive patients. An unanswered question or a grey zone is that of how doctors 
should manage WCH patients. As the risk of cardiovascular disease (CVD) is higher 
in such patients compared with normotensive subjects, but lower than those with 
sustained HTN, prospective studies should be conducted in order to investigate the 
drug-related reduction of CVD risk in WCH subjects [ 46 ]. It should also be clarifi ed 
whether the risk differs when WCH is diagnosed by ABP or HBP monitoring. Data 
are now available from the Ohasama Study on the long-term stroke risk as hyperten-
sives with partial WCH, partial MH, defi ned as hypertensives only with home mea-
surements or only with ambulatory technique, had a signifi cant higher stroke risk 
than normotensives and comparable to those with complete masked or sustained 
hypertension [ 47 ]. Thus, they concluded that both home and 24 h ABPM measure-
ments are needed to evaluate stroke risk accurately [ 47 ]. 

 In the meantime, debate over the benefi ts of drug(s) in treated patients continues 
and there is no convincing evidence whether benefi ts are associated with clinical, 
24-h or nighttime BP [ 13 ]. Furthermore, the usefulness of treating MH patients with 
increasing doses has not been completely documented. In subjects with MH, the 
2013 ESH/ESC guidelines consider antihypertensive drug therapy since MH carries 
a cardiovascular risk very close to that of in- and out-of-offi ce BP [ 13 ]. There is a 
lack of evidence regarding masked treated uncontrolled HTN in which the increase 
in therapy remains an unanswered question. 

 The estimation of central BP (c-BP) in clinical practice by non-invasive tech-
niques has developed over the last decades. It is well known that the application of 
c-BP refl ects the cardiac load and aortic hemodynamics more accurately than bra-
chial BP [ 48 ]. However, a number of practical problems are encountered when 
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using c-BP regarding offi ce or ambulatory conditions. Similar central systolic BP 
(SBP) was found in subjects with normal BP, as well as in those with HTN and vice 
versa. This phenomenon is mainly unexplored in terms of potential risk stratifi ca-
tion and needs to be addressed in future research Table  22.2  [ 48 ,  49 ].

       The Development of Several Hypertension Guidelines Aids 
in Clinical Decision Making 

 Several HTN societies worldwide have proposed guidelines for achieving the ideal 
BP target and aim to help clinicians in clinical decision-making. However, these 
guidelines do not all concur. Hence, physicians are confused as to which recom-
mendations should be followed and how to proceed with individual patients. 
Furthermore, ongoing research in the fi eld of HTN is constantly changing and 
reforming current evidence. As a consequence, professional societies update HTN 
management guidelines from time to time in order to adapt to fresh emerging evi-
dence. It is important to note that the role of these guidelines is not to substitute 
good clinical judgment but to offer recommendations for HTN management to HTN 

   Table 22.2    Comparison between out-of-offi ce blood pressure measurement methods   

 HBP  ABP  CBP 

 Indications  Mandatory for accurate 
HNT diagnosis 

 Mandatory for 
accurate HNT 
diagnosis 

 Available with recent 
technological 
advancements 

 Pros  Improves patient 
compliance to treatment 
 Improves HTN control 
rates 
 Avoids white coat and 
masked HTN phenomena 
 Avoids observer errors and 
bias 
 Measurements are highly 
reproducible 
 It is cheaper than ABP 
 More widely available and 
more easy repeatable 

 It is the gold 
standard for HTN 
diagnosis 
 It offers multiple 
measurements in a 
24-h period 
 Identifi es white coat 
and masked HTN 
 More reliable 
predictor of 
cardiovascular 
events than OBP 

 Offi ce central pulse 
pressure is associated with 
cardiovascular events and 
TODs better than 
peripheral pulse pressure 

 Cons  Measurements need to be 
taken systematically at the 
same time of day and with 
respect to the dosing of 
patients’ medications 
 It does not provide BP data 
during routine day-to-day 
activities and during sleep 

 High cost of devices 
 Results are often 
misinterpreted by 
physicians 
 Time consuming 
 Lack of 
reimbursement in 
most countries 

 Amplifi cation is 
signifi cantly infl uenced by 
CVD risk factors, gender 
and height 

   HTN  hypertension,  HBP  home blood pressure,  ABP  ambulatory blood pressure,  CBP  central blood 
pressure,  OBP  offi ce blood pressure,  AF  atrial fi brillation  
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specialists. Careful use of available guidelines and good clinical judgment are cen-
tral to optimal HTN management. 

 All current guidelines recommend antihypertensive drug therapy for patients 
with BP ≥140/90 mmHg [ 13 ,  44 ]. Recommendations concerning the threshold for 
initiating treatment advocate a somewhat more relaxed approach of <140/90 mmHg 
target in patients with diabetes mellitus (DM) or chronic kidney disease (CKD). 
However, some of the guidelines given by both ASH/ISH (International Society of 
Hypertension) and JNC 8 are so protracted as to become vague and others differ 
between them, thus creating confusion for internists, cardiologists and primary care 
physicians [ 12 ,  44 ]. 

 The recommendations of the Seventh Joint National Committee (JNC-7) were 
released in 2003 [ 50 ] and remained in place until the publication of the work of the 
JNC-8 in JAMA in 2014 [ 44 ]. In contrast with the JNC-7 guidelines, which suggest 
a BP value of less than 140/90 mmHg as the treatment goal of BP for the general 
population, including the elderly [ 50 ], the JNC-8 recommends a BP goal for the 
general population of less than 140/90 mmHg, whereas it suggests a BP of less than 
150/90 mmHg for the elderly [ 44 ]. Furthermore, for patients of all ages diagnosed 
with diabetes mellitus (DM) or chronic kidney disease (CKD), JNC-8 increased the 
BP goal from 130/80 to 140/90 mmHg [ 44 ]. CKD is defi ned as a glomerular fi ltra-
tion rate (GFR) of less than 60 mL/min per 1.73 m 2  for 3 or more months [ 51 ]. 
Regarding antihypertensive treatment, JNC-7 proposed a selection of pharmaco-
logical therapies based on the presence of comorbid conditions, such as the use of 
b-blocking agents (BBs) in patients suffering from coronary artery disease (CAD) 
[ 50 ]. Updated JNC-8 guidelines recommend the use of thiazide diuretics, calcium 
channel blockers (CCBs), and angiotensin-converting enzymes (ACEs) or angioten-
sin receptor blockers (ARBs) as fi rst-line antihypertensive therapy for the general 
population [ 44 ]. ARBs and BBs, previously proposed as fi rst-line treatment for 
black people according to JNC-7 [ 50 ], have now been eliminated, with thiazides 
and CCBs being considered as the appropriate selection for this group of patients. 
Another difference regarding HTN treatment is that patients with non-diabetic CKD 
need to be treated with ACEIs or ARBs, independently of the presence of protein-
uria [ 44 ]. As well as ACEIs or ARBs for the treatment of diabetic hypertensives, 
thiazides and CCBs are now added as fi rst-line treatment for this population [ 44 ]. 

 Similar to JNC-7 and JNC-8, the ESH/ESC guidelines recommend a BP value of 
140/90 mmHg as the favorable target for the general population [ 13 ]. European 
scientists suggest an SBP target of 140–150 mmHg for elderly patients beyond the 
age of 80 years, whereas they propose an SBP goal of less than 140 mmHg for fi t 
elderly individuals under the age of 80 years [ 13 ]. Interestingly, the decision regard-
ing the optimal BP target among frail, elderly individuals is left to the discretion of 
the clinician [ 13 ]. The term “frail” is used loosely to describe elderly people with a 
wide range of comorbid conditions, including general debility and cognitive impair-
ment [ 52 ]. ESH/ESC, as opposed to the most recent published recommendations of 
the JAMA, sets a goal BP of less than 140/85 mmHg for diabetic patients with HTN, 
whereas both agree that an SBP of less than 140 mmHg should be the ideal target 
for hypertensives diagnosed with CKD [ 13 ,  44 ]. However, they recommend an SBP 
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target of 130 mmHg if proteinuria is present. ESH/ESC recommend all drug classes 
as fi rst-line agents for the treatment of systolic and diastolic HTN in the general 
population, as well as for the treatment of diabetics without evidence of proteinuria, 
whereas they propose the use of ACEIs or ARBs for diabetics with elevated 24-h 
urine albumin excretion [ 13 ]. This also applies to non-diabetic patients with 
CKD. Finally, European guidelines have no specifi c recommendations for black 
hypertensives [ 13 ]. 

 Much the same as JNC-8, the ASH/ISH and CHEP guidelines propose a value 
of less than 140/90 mmHg as the ideal BP target for the general population [ 32 , 
 44 ,  50 ]. Both the ASH/ISH and CHEP give instructions for BP less than 
150/90 mmHg for elderly individuals beyond their 80s [ 12 ,  32 ]. Importantly, 
Canadian specialists recommend that pharmaceutical therapy be commenced 
when SBP values greater than 160 mmHg are encountered in the elderly over 80 
years of age [ 32 ]. Similar to ESC/ESH guidelines, CHEP also leave the decision 
for optimal BP target among the frail, elderly population to the discretion of the 
clinician [ 32 ]. As in JNC-8, ASH/ISH suggest a goal BP of less than 140/90 mmHg 
for hypertensive patients with DM or CKD of all ages, whereas they underline 
that the cut-off point should drop to 130/80 mmHg for patients with nephropathy 
and concurrent proteinuria [ 12 ]. Additionally, CHEP sets a goal BP of less than 
130/80 mmHg for diabetics and a goal of less than 140/90 mmHg for hypertensive 
patients with CKD of all ages [ 32 ]. 

 Regarding treatment, the ASH/ISH guidelines recommend the selection of fi rst- 
line antihypertensive therapy based on the comorbidities of individual patients (i.e. 
BBs in CAD) and their age. This instruction applies to the general hypertensive 
population [ 12 ]. The same guidelines consider the use of ACEIs or ARBs as fi rst- 
line therapy for diabetic patients and non-diabetics with CKD. Furthermore, thia-
zide diuretics and CCBs are considered the appropriate drug classes for management 
of HTN in black individuals [ 12 ]. Importantly, for patients with BP ≥160/100 mmHg 
the ASH/ISH recommends that treatment be commenced with a combination of 
two drugs [ 12 ]. 

 Similar to ESH/ESC recommendations, the CHEP urges physicians to use all 
classes of antihypertensive drugs as fi rst-line HTN treatment for the general popula-
tion, but discourages them against prescribing BBs for patients older than 60 years 
of age [ 13 ,  32 ]. Another similarity between them is that no recommendation is 
offered for HTN management in black people. For diabetic and non-diabetic patients 
with CKD, the use of ACEIs or ARBs is proposed by CHEP. In addition, thiazide 
diuretics, CCBs, ACEIs or ARBs, are suggested by the Canadian Organization as 
fi rst-line treatment for diabetics without CKD [ 32 ]. 

 The Australian guidelines for the management of HTN recommend a goal BP 
value of less than 140/90 mmHg (or lower if well-tolerated) for all adults [ 53 ]. For 
patients with associated conditions or end-organ damage, such as those with coro-
nary heart disease (CHD), DM, CKD, proteinuria (24-h urine albumin excretion 
>300 mg) and a history of previous stroke or transient ischemic attack (TIA), the 
ideal BP target is set at values lower than 130 mmHg systolic and 80 mmHg 
 diastolic [ 53 ]. Finally, for diabetic and non-diabetic patients with proteinuria 
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exceeding the cut-off point of 1 g/day, values lower than 125/75 mmHg are consid-
ered as the favorable BP goal. Regarding HTN management, Australian physicians 
recommend treatment initiation with ACEIs or ARBS for patients with uncompli-
cated HTN, and CCBs and thiazide diuretics for patients aged 65 years or older, as 
monotherapy [ 53 ]. The Australian guidelines emphasize that antihypertensive 
therapy should be initiated with the lowest recommended dose. Moreover, for 
patients with associated conditions or comorbidities, it is recommended that clini-
cians should consider the benefi ts and contraindications of each drug class before 
initiating treatment, and that potential drug-drug interactions should also be taken 
into account. Interestingly, the Australian consensus statement recommends using 
clinic BP for screening and a combination of clinic, home and ambulatory mea-
surements for diagnosis of HTN [ 53 ]. 

 The British Hypertension Society (BHS) has published its recommendations 
along with the NICE [ 54 ]. BSH/NICE guidelines set a BP goal of lower than 
140/90 mmHg in the general population, based on OBP measurements. This goal 
drops to less than 135/85 mmHg with ABP or HBP monitoring, which should 
always be confi rmed by OBP measurements [ 54 ]. The same guidelines instruct cli-
nicians to initiate drug therapy in low-risk patients after lifestyle modifi cation to 
achieve goal BP lower than 160/100 mmHg OBP, or daytime ABP monitoring val-
ues less than 150/95 mmHg [ 54 ]. In cases with stage 1 HTN, drug treatment has 
been reserved for those with CV disease, diabetes, chronic kidney disease (CKD), 
target organ damage (TODs) or an estimated 10-year CV risk of ≥20 %. BBs are not 
recommended as fi rst-line therapy in the BHS/NICE guidelines, whereas chlorthali-
done and indapamide are considered the preferable diuretics for use in hypertensive 
patients [ 54 ]. Moreover, for patients aged 80 years or older, the cut-off point of 
150/90 mmHg is set as the ideal target BP Tables  22.3 ,  22.4 ,  22.5 , and  22.6  [ 54 ].

      Such differences as those that emerge between the guidelines can lead to confu-
sion for the practicing physician, thus establishing a grey zone in the treatment of 
HTN [ 55 ]. To explain the discrepancies between the two documents, the ASH/ISH 
authors stated “Because of the major differences in resources among points of care, 
it is not possible to create a uniform set of guidelines. For this reason, we have writ-
ten a broad statement…and we expect that experts who are familiar with local cir-
cumstances will feel free to use their own judgment” [ 12 ]. 

 Clearly, meta-analyses could help to answer other questions of equal practical 
medical importance that arise beyond the guidelines, such as whether cardiovascu-
lar risk reduction at different levels of baseline untreated BP or various outcomes is 
similar or different. In other words, the question is that of whether BP-lowering 
treatment should be applied to patients in different risk categories promising larger 
absolute treatment benefi ts [ 56 ]. To date, meta-analyses have concluded that a lower 
BP reduces cardiovascular risk and the benefi ts are proportional to the reduction of 
BP [ 57 ]. It is considered that the greater success of BP-lowering is achieved in grade 
1 hypertension and in low-to-moderate risk patients. Furthermore, BP-lowering 
treatment induces greater absolute risk reduction in those with higher CVD risk 
levels [ 58 ,  59 ]. Although BP levels less than 130/80 mmHg appear safe, these levels 
add further reduction in CVD risk only in protecting against stroke. Interestingly, 
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hypertensive subjects with higher CVD risk level are associated with greater abso-
lute residual risk [ 58 – 60 ]. The aforementioned data can help scientifi c societies and 
health services alike to provide recommendations that could facilitate decision- 
making for doctors. 

 In the future, scientifi c communities need to inform the population at large so as 
to protect it against the development of hypertension. Prevention could be achieved 
with lifestyle modifi cation and regular measurements of HBP performed strictly 
according to the guidelines. Accurate information concerning BP status could serve 
to establish whether a person is hypertensive.  

    What Is the Optimal Blood Pressure Target? 

 Recently, the release of the results of the Systolic Blood Pressure Intervention 
Trial (SPRINT, ClinicalTrials.gov number, NCT01206062) at Scientifi c Sessions 
of the AHA on 9 November 2015 and online publication of the main results in the 
 New England Journal of Medicine  ( NEJM ) have intensifi ed the debate as to what 
should be the optimal systolic BP goal [ 61 ]. SPRINT was a well-designed, large 
randomized clinical trial funded by the National Institutes of Health (NIH). It was 
conducted at 102 clinical sites in the United States (organized into fi ve clinical 
center networks), including Puerto Rico. A total of 9361 persons participated in 
the study with an average systolic BP of 130–180 mmHg and an increased cardio-
vascular risk, but without diabetes [ 61 ]. Subjects considered as eligible for enroll-
ment in the study included hypertensive individuals in the United States who were 
older than 50 years of age, had never had a stroke and were not diabetic, but were 
either older than 75 years of age (28 % of subjects), had chronic kidney disease, 
with an estimated GFR 20 ml/min/1.73 m 2  of body surface (28 % of subjects), or 
had clinical or subclinical cardiovascular disease or a Framingham score indicat-
ing a 10-year risk of >15 % of cardiovascular disease [ 61 ]. Individuals with diffi -
cult-to-control BP were excluded from the study [ 61 ]. More specifi cally, SPRINT 
compared the effects of antihypertensive treatment with participants being ran-
domly allocated into two groups: intensive treatment with an SBP target of 
<120 mmHg and standard treatment with an SBP target of <140 mmHg [ 61 ]. The 
main fi nding of SPRINT was that a primary composite outcome of myocardial 
infarction, non-myocardial infarction, acute coronary syndrome, stroke, acute 
decompensated heart failure, and CVD death was reduced by 25 % in the intensive 
treatment group compared with the standard treatment group [ 61 ]. Similarly, all-
cause mortality was reduced by ~27 % in the intensive treatment group. By 1-year 
post-randomization, the mean SBP was 121.5 mmHg in the intensive treatment 
group and 134.6 mmHg in the standard treatment group. Importantly, the mean 
numbers of antihypertensive medications were 2.8 and 1.8 in the intensive treat-
ment and standard treatment groups, respectively [ 61 ]. Interestingly, several other 
trials have indicated benefi ts in individuals at increased CVD risk without HTN 
once lower SBP levels are reached [ 56 ]. 
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 It is noteworthy that the SPRINT trial was designed to identify any serious 
adverse events related to the more intensive treatment of HTN, such as orthostatic 
hypotension, syncope, bradycardia, electrolyte abnormalities, injurious falls and 
acute kidney injury or failure [ 62 ]. Whereas the hospital reports of acute kidney 
injury or failure and electrolyte abnormalities were signifi cantly more common in 
the intensive than in the standard arm (4.1 and 3.1 % in the intensive arm versus 2.5 
and 2.3 % in the standard arm, respectively), there was no signifi cant difference 
between the two treatment groups in orthostatic hypotension with dizziness during 
standing BP measurement, injurious falls, or bradycardia [ 61 ]. However, the higher 
rates of some serious adverse events (such as hypotension, kidney failure and elec-
trolyte abnormalities) observed in the intensive treatment group appear unlikely to 
outweigh the benefi ts overall [ 61 ]. Indeed, the estimation regarding the frequency 
of the aforementioned adverse events may be biased since the lack of blinding is 
inevitable in trials involving BP targets. In addition, the fact that individuals 
assigned to the intensive treatment group were examined more often than those in 
the standard arm, provided the former with the opportunity to report any adverse 
events more frequently [ 63 ]. Since individuals with diabetes mellitus, prior stroke 
and polycystic kidney disease were excluded from the SPRINT trial, it is not clear 
whether the trial results apply to them as well. To our knowledge, in The Action to 
Control Cardiovascular Risk in Diabetes Blood Pressure Trial (ACCORD BP), a 
total of 4733 participants with type 2 diabetes were randomly assigned to intensive 
therapy targeting a systolic BP of less than 120 mmHg, or standard therapy target-
ing an SBP of less than 140 mmHg [ 64 ]. The primary composite outcome was 
non-fatal myocardial infarction, non-fatal stroke, or death from cardiovascular 
causes, and the mean follow-up was 4.7 years. Researchers concluded that in 
patients with type 2 diabetes at high risk of cardiovascular events, targeting an SBP 
of less than 120 mmHg, as compared with less than 140 mmHg, did not reduce the 
rate of a composite outcome of fatal and non-fatal major cardiovascular events 
[ 64 ]. Although the ACCORD BP and the SPRINT trials used the same SBP target 
to determine the effects of intensive antihypertensive therapy in hypertensive indi-
viduals, the two trials had important differences. First of all, the ACCORD BP trial 
was about half the size of SPRINT [ 64 ,  65 ]. Secondly, the participants in the 
ACCORD BP trial were younger than those in SPRINT (mean age, 62 versus 68 
years, respectively). Thirdly, SPRINT included a cohort with chronic kidney dis-
ease, whereas levels of serum creatinine >1.5 mg/dL constituted an exclusion cri-
terion in ACCORD BP due to the use of metformin in the treatment of diabetes 
mellitus [ 65 ]. Finally, the main diuretic used in ACCORD BP trial for the treat-
ment of HTN was  hydrochlorothiazide whereas chorthalidone was the main 
diuretic used for the treatment of HTN in SPRINT trial [ 65 ]. Yet, the recent 
ACCORD-BP trial underscores that the risk of left ventricular hypertrophy was 
reduced in the intensive target arm when compared with the standard arm. This 
fi nding generally supports the SPRINT fi ndings, where a lower CVD risk is 
achieved with tighter SBP control [ 66 ]. Other large, randomized controlled clinical 
trials are needed in the future to establish whether intensive BP-lowering treatment 
in diabetics leads to CVD risk reduction. 
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 Clearly, the SPRINT trial results change the landscape on how we defi ne and 
manage HTN [ 67 ]. Furthermore, there is no doubt that its results should be consid-
ered by the writing committee for the upcoming American College of Cardiology 
(ACC)/AHA BP guidelines. However, there are still some questions about SPRINT 
that remain unanswered. For example, what is the optimal SBP target for patients 
with preserved ejection fraction heart failure and those with low ejection fraction 
heart failure? [ 67 ]. Furthermore, intensive antihypertensive treatment regimen in 
SPRINT not only reduced SBP but also diastolic BP (DBP). The effects of reduced 
DBP on total CVD risk remain unclear [ 67 ]. In 2006, Messerli et al. demonstrated 
a J-shaped relationship between DBP and increased risk for CVD, and underlined 
the need for caution when DBP is reduced to <70 mmHg [ 68 ]. Similarly, the 
INVEST Study (Interventional Verapamil-Trandolapril Study) reported a higher 
risk for all-cause mortality and cardiovascular events in hypertensive patients with 
coronary artery disease when DBP drops to 70–80 mmHg [ 69 ]. On the other hand, 
results from the VALUE (Valsartan Antihypertensive Treatment Long-Term Use 
Evaluation) trial indicate no J-shaped relationship between DBP and increased 
CVD risk when the former goes down to levels below 70 mmHg [ 67 ,  70 ,  71 ]. 

 Moreover, it should be mentioned that the SPRINT trial was based on automated 
offi ce BP measurements and not on 24-h ambulatory BP measurements, which are 
considered as the gold standard for HTN diagnosis [ 61 ]. This issue should be care-
fully considered since under such conditions, overestimation and consequent over-
treatment of HTN is possible [ 72 ]. 

 Recently, Ettehad et al. conducted a systematic review and meta-analysis that 
indicated similar results to those of the SPRINT trial, where SBP lowering to levels 
<130 mmHg signifi cantly reduced vascular risk across various baseline BP levels 
and comorbidities such as coronary heart disease, stroke, diabetes, heart failure and 
chronic kidney disease [ 73 ]. Likewise, Xu et al. showed that an SBP higher than 
150 mmHg, as well as delays of greater than 1.4 months before medication intensi-
fi cation after systolic blood pressure elevation, and delays of greater than 2.7 months 
before blood pressure follow-up after antihypertensive medication intensifi cation 
were associated with an increased risk of an acute cardiovascular event or death 
[ 74 ]. These fi ndings support the importance of timely medical management and 
follow-up in the treatment of patients with HTN [ 74 ]. 

 It is undeniable that all these important fi ndings should be taken into consider-
ation by writing committees when outlining the upcoming BP guidelines, in order 
to provide the safest and highest quality health care to patients who are always our 
fi rst priority. 

 Interestingly, on the other side of the Atlantic Ocean, European researchers are 
conducting another large randomized clinical trial “The Stroke in Hypertension 
Optimal Treatment Trial (ESH-CHL-SHOT)” which is designed to test the hypoth-
esis whether antihypertensive treatment programs aimed at reducing SBP to the 
usually recommended values (<145–135 mmHg), to a lower goal (<135–125 mmHg) 
or to even lower values (<125 mmHg) in elderly patients at high risk of recurrent 
stroke (previous recent stroke or transient ischemic attack) will result in progres-
sively greater reductions in recurrent stroke, incidence of cardiovascular outcomes 
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and cognitive decline [ 75 ,  76 ]. Parallely, the preventive effi cacy of more and less 
intense LDL-C reductions is tested on the same outcomes [ 75 ]. However, this study 
is ongoing and researchers estimate that it will be completed in the following years 
[ 75 ]. Defi nitely, the results of this study will have a major impact on the interna-
tional BP management guidelines. 

 Moreover, it was clearly demonstrated from a recent review and meta-analysis, 
published in Lancet by Xie et al. recently, that intensive BP reduction below cur-
rently recommended targets provides greater vascular protection, particularly for 
people at high risk for cardiovascular outcomes [ 77 ]. More specifi cally, the review, 
of 19 trials involving nearly 45,000 participants, showed that intensive BP lowering 
achieved in the trials signifi cantly reduced major cardiovascular events, such as 
stroke, myocardial infarction (MI), albuminuria, and retinopathy progression, but 
had no impact on heart failure, cardiovascular death, total mortality, or end-stage 
kidney disease compared with less intensive regimens [ 77 ]. Thus, the authors 
strongly recommend the need for careful revision of existing clinical guidelines, to 
recommend more intensive blood-pressure–lowering treatment in high-risk patient 
groups [ 77 ].  

    Future Perspectives 

 BP is a potent determinant of CVD risk. However, further large, randomized con-
trolled trials are needed to draw safe conclusions regarding what should be the opti-
mal systolic and diastolic BP target in patients at increased CVD risk, in diabetics, 
or in the elderly (fi t and frail) [ 78 ]. As Chobanian states: “Achieving stricter blood- 
pressure goals will probably require more careful titration of medications, greater 
use of combination drug preparations, more monitoring for adverse effects, and 
more frequent patient visits than currently occur”. Moreover, technological advance-
ment of available measurement BP techniques is imperative for optimal BP diagno-
sis and management. Undoubtedly, a high level of clinical suspicion and knowledge 
are required from the clinician for the early identifi cation and treatment of HTN.     
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