Manual of

Hypertensio

of the Europea y of

Published

-
' European

the auspices of the ,ESD
ety of Hypertension

Edited by
Giuseppe Mancia
Guido Grassi
Sverre E Kjeldsen




Manual of Hypertension of
the European Society
of Hypertension




The Manual of Hypertension of the European Society of Hypertension is accredited by the European Board for Accreditation
in Cardiology (EBAC) for external continuing medical education (CME) credits. Each reader should claim only those
hours of credit that have actually been spent in the educational activity. EBAC works according to the quality standards
of the European Accreditation Council for Continuing Medical Education (EACCME), which is an institution of the
European Union of Medical Specialists (UEMS). In compliance with EBAC/EACCME guidelines, all authors of
accredited chapters have disclosed or indicated potential conflicts of interest which might cause a bias in the content.



Manual of
Hypertension

ot the European
Society of

Hypertension

Published under the auspices of the

European Society of Hypertension ESH

Edited by

Giuseppe Mancia

Department of Clinical Medicine and Prevention, University of Milano-Bicocca,

San Gerardo Hospital, Monza, Milan, ltaly

Guido Grassi

Department of Clinical Medicine and Prevention, University of Milano-Bicocca,

San Gerardo Hospital, Monza, Milan, ltaly

Sverre E Kjeldsen

Department of Cardiology, Ullevaal University Hospital, and Faculty of Medicine,
University of Oslo, Oslo, Norway, and Division of Cardiovascular Medicine,

University of Michigan, Ann Arbor, Michigan, U.S.A.

informa

healthcare




© 2008 Informa UK Ltd

First published in the United Kingdom in 2008 by Informa Healthcare, Telephone House, 69-77 Paul Street,
London EC2A 4LQ. Informa Healthcare is a trading division of Informa UK Ltd. Registered Office: 37/41 Mortimer
Street, London W1T 3JH. Registered in England and Wales number 1072954.

Tel: +44 (0)20 7017 5000
Fax: +44 (0)20 7017 6699
Website: www.informahealthcare.com

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or transmitted, in
any form or by any means, electronic, mechanical, photocopying, recording, or otherwise, without the prior
permission of the publisher or in accordance with the provisions of the Copyright, Designs and Patents Act 1988 or
under the terms of any licence permitting limited copying issued by the Copyright Licensing Agency, 90 Tottenham
Court Road, London W1P OLP.

Although every effort has been made to ensure that all owners of copyright material have been acknowledged in
this publication, we would be glad to acknowledge in subsequent reprints or editions any omissions brought to our
attention.

Although every effort has been made to ensure that drug doses and other information are presented accurately in
this publication, the ultimate responsibility rests with the prescribing physician. Neither the publishers nor the
authors can be held responsible for errors or for any consequences arising from the use of information contained
herein. For detailed prescribing information or instructions on the use of any product or procedure discussed
herein, please consult the prescribing information or instructional material issued by the manufacturer.

A CIP record for this book is available from the British Library.
Library of Congress Cataloging-in-Publication Data

Data available on application

ISBN-10: 1 84184 648 1
ISBN-13: 978 1 84184 648 4

Distributed in North and South America by
Taylor & Francis

6000 Broken Sound Parkway, NW, (Suite 300)
Boca Raton, FL 33487, USA

Within Continental USA

Tel: 1 (800) 272 7737; Fax: 1 (800) 374 3401
Outside Continental USA

Tel: (561) 994 0555; Fax: (561) 361 6018
Email: orders@crcpress.com

Book orders in the rest of the world
Paul Abrahams

Tel: +44 (0)20 7017 4036

Email: bookorders@informa.com

Composition by Egerton & Televijay
Printed and bound in India by Replika Press Pvt Ltd



Contents

List of Contributors
Preface

sectioN 1: Background, history, and
epidemiology
History of European hypertension guidelines. Definition and

classification of hypertension and total cardiovascular risk
Sverre E Kjeldsen, Giuseppe Mancia, Alberto Zanchetti

xiii

Epidemiology of hypertension

Renata Cifkova

Pulse pressure as a cardiovascular risk factor
Athanase Benetos

18

secTioN 2: Associated risk factors

Obesity and obstructive sleep apnea
Marzena Chrostowska, Krzysztof Narkiewicz

24

Diabetes, hypertension, and insulin resistance
Josep Redon, Fernando Martinez, Peter M Nilsson

36

Classical and new risk factors
Athanasios J Manolis, Genovefa Kolovou

42

Assessment of the circadian cardiovascular risk
with ambulatory blood pressure measurement
Eoin O’Brien

48

Blood pressure variability: methodological aspects,
pathophysiological and clinical implications
Gianfranco Parati, Grzegorz Bilo, Mariaconsuelo Valentini

61




vi

Contents

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

sectioN 3:  Etiological and
pathophysiological aspects

Hemodynamics of hypertension
Per Omvik, Per Lund-Johansen

74

Genetic factors
Maciej Tomaszewski, Sandosh Padmanabhan, William H Miller,
Wai K Lee, Anna F Dominiczak

84

Environmental factors in hypertension
Alberto U Ferrari

94

Structural cardiovascular changes in hypertension
Harry AJ Struijker Boudier

100

Autonomic abnormalities in hypertension
Guido Grassi

105

The renin-angiotensin-aldosterone system
Ulrike M Steckelings, Thomas Unger

110

Etiological and pathophysiological aspects of hypertension:
other humoral-endocrine factors
Michel Burnier

117

Where is hypertension research going?
Alberto Zanchetti

126

secTioN 4: Target organ damage:
measurements and clinical
importance

Cardiac damage and progression to heart failure
Enrico Agabiti Rosei, Roland E Schmieder

132

Brain damage
Cristina Sierra, Antonio Coca

146

Large artery damage: measurement and clinical importance
Stéphane Laurent, Michel E Safar

157

Target organ damage: small artery structure and function
Anthony M Heagerty

165

Renal damage and hypertension: mechanisms of renal
end-organ damage
Hermann Haller

168




Contents

vii

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

sectioN 5: Diagnosis

Blood pressure measurements 174
Jean-Michel Mallion, Denis L Clement
Blood pressure response to acute physical and mental stress 184
Robert Fagard, Guido Grassi
The diagnostic approach in uncomplicated and
complicated hypertension 190
Athanasios J Manolis, Costas Tsioufis
The total cardiovascular risk 196
Claudio Borghi, Ettore Ambrosioni
secTioN 6: Therapeutic aspects
Morbidity and mortality trials 204
Sverre E Kjeldsen, Gordon T Mclnnes
The nephroprotective effect of antihypertensive treatment 212
Luis M Ruilope, Julian Segura
Non-pharmacological interventions 216
Wolfgang Kiowski, Jens Jordan
Antihypertensive drug classes 226
Peter A van Zwieten
Therapeutic strategies 239
Giuseppe Mancia
secTioN 7: Special conditions: diagnosis

and treatment
Resistant and malignant hypertension 246
Anthony M Heagerty
Hypertensive emergencies and urgencies 249
Cesare Cuspidi
Secondary hypertension: diagnosis and treatment 255
Peter W de Leeuw
Hypertension in diabetes mellitus 263
Peter M Nilsson
Hypertension in children and adolescents 273

Empar Lurbe




Contents

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Hypertension in pregnancy 281
Renata Cifkové
Posttransplant hypertension 288
Martin Hausberg, Karl Heinz Rahn
Hypertension in patients with renal parenchymal disease,
chronic renal failure, and chronic dialysis 296
José L Rodicio
Hypertension and the metabolic syndrome 303
Josep Redon
secTioN 8: Economic and organizational

issues
Pharmacoeconomic and cost-benefit aspects 316
Ettore Ambrosioni, Claudio Borghi
How to organize and run a hypertension center 321
Csaba Farsang
sectioN 9: Current problems
Blood pressure control in Europe 326
Bernard Waeber, Francois Feihl, Giuseppe Mancia
Hypertension in the very elderly 334
Nigel S Beckett
Hypertension in acute stroke 342
Terence J Quinn, John L Reid
Compliance to treatment in hypertension 353
Serap Erdine, Margus Viigimaa
Antihypertensive treatment in patients with heart failure 361
Nisha B Mistry, Sverre E Kjeldsen, Arne S Westheim
2007 ESH-ESC practice guidelines for the management of 367
arterial hypertension
Index 379



Contributors

Ettore Ambrosioni
Department of Internal Medicine, University of Bologna,
Bologna, Italy

Nigel S Beckett

Imperial College School of Medicine, Hammersmith
Hospital, Section of Experimental Medicine and
Toxicology, London, U.K.

Athanase Benetos
Geriatric Center, Brabois Hospital, University of Nancy,
Vandoeuvre-lés-Nancy, France

Grzegorz Bilo

Department of Clinical Medicine and Prevention,
University of Milano-Bicocca, and Department of
Cardiology, San Luca Hospital, Istituti di Ricovero e
Cura a Carattere Scientifico, Istituto Auxologico Italiano,
Milan, Italy

Claudio Borghi
Department of Internal Medicine, University of Bologna,
Bologna, Italy

Harry AJ Struijker Boudier

Department of Pharmacology and Toxicology,
Cardiovascular Research Institute Maastricht,
Universiteit Maastricht, The Netherlands

Michel Burnier
Division of Nephrology and Hypertension, Department
of Medicine, Lausanne, Switzerland

Marzena Chrostowska
Department of Hypertension and Diabetology, Medical
University of Gdansk, Gdansk, Poland

Renata Cifkova

Department of Preventive Cardiology, Institute for
Clinical and Experimental Medicine, Prague, Czech
Republic

Denis L Clement
Faculty of Medicine, University of Ghent, Ghent,
Belgium

Antonio Coca

Hypertension Unit, Department of Internal Medicine,
Institute of Medicine and Dermatology, Hospital Clinic,
University of Barcelona, Barcelona, Spain

Cesare Cuspidi

Department of Clinical Medicine and Prevention,
University of Milano-Bicocca and Policlinico di Monza,
Monza, Italy

Peter W de Leeuw
Department of Internal Medicine, University Hospital
Maastricht, Maastricht, The Netherlands

Anna F Dominiczak
British Heart Foundation Glasgow Cardiovascular
Research Centre, University of Glasgow, Glasgow, U.K.

Serap Erdine

Hypertension Unit, Department of Cardiology,
Cerrahpasa School of Medicine, Istanbul University,
Istanbul, Turkey

Robert Fagard

Hypertension and Cardiovascular Rehabilitation Unit,
Department of Cardiovascular Diseases, University of
Leuven, Leuven, Belgium



x Contributors

Csaba Farsang
Cardiometabolic Centre, St. Imre Hospital, Budapest,
Hungary

Francois Feihl
Division of Clinical Pathophysiology, University
Hospital, Lausanne, Switzerland

Alberto U Ferrari

Dipartimento di Medicina, Clinica e Prevenzione,
Centro Interuniversitario di Fisiologia Clinica e
Ipertensione, Universita di Milano-Bicocca, and
Divisione di Riabilitazione Cardiologica, Ospedale San
Gerardo, Monza, Milano, Italy

Guido Grassi

Department of Clinical Medicine and Prevention,
University of Milano-Bicocca, San Gerardo Hospital,
Monza, Milan, Italy

Hermann Haller
Department of Internal Medicine, Hannover Medical
School, Hannover, Germany

Martin Hausberg
Department of Medicine, University of Miinster,
Miinster, Germany

Anthony M Heagerty

Division of Cardiovascular and Endocrine Sciences,
Core Technology Facility, University of Manchester, and
Division of Cardiovascular and Endocrine Sciences,
Department of Medicine, Manchester Royal Infirmary,
Manchester, U.K.

Jens Jordan

Department of Nephrology, Franz Volhard Clinical
Research Center, HELIOS Klinikum Berlin and Medical
Faculty of the Charité, Berlin, Germany

Wolfgang Kiowski

Cardiovascular Center Zurich, Ziirich, Switzerland

Sverre E Kjeldsen

Department of Cardiology, Ullevaal University Hospital,
and Faculty of Medicine, University of Oslo, Oslo,
Norway, and Division of Cardiovascular Medicine,
University of Michigan, Ann Arbor, Michigan, U.S.A.

Genovefa Kolovou
Cardiology Department, Onassis Cardiac Surgery
Center, Athens, Greece

Stéphane Laurent

Department of Pharmacology and Hopital Européen
Georges Pompidou, Université Paris-Descartes, Paris,
France

Wai K Lee
British Heart Foundation Glasgow Cardiovascular
Research Centre, University of Glasgow, Glasgow, U.K.

Per Lund-Johansen

Department of Cardiology, Institute of Internal
Medicine, University of Bergen, Haukeland University
Hospital, Bergen, Norway

Empar Lurbe

Cardiovascular Risk Unit for Children and Adolescents,
Department of Pediatrics, Consorcio Hospital General,
University of Valencia, Valencia, Spain

Jean-Michel Mallion
Department of Cardiology and Hypertension, Grenoble
University Hospital, Grenoble Cedex, France

Giuseppe Mancia

Department of Clinical Medicine and Prevention,
University of Milano-Bicocca, San Gerardo Hospital,
Monza, Milan, Italy

Athanasios J Manolis
Cardiology Department, Asklepeion Voula Hospital,
Athens, Greece

Fernando Martinez

Department of Internal Medicine, Hypertension
Clinic, Hospital Clinico, University of Valencia,
Valencia, Spain

Gordon T Mclnnes

Section of Clinical Pharmacology and Stroke Medicine,
Division of Cardiovascular and Medical Sciences,
Gardiner Institute, Western Infirmary, Glasgow, U.K.

William H Miller
British Heart Foundation Glasgow Cardiovascular
Research Centre, University of Glasgow, Glasgow, U.K.

Nisha B Mistry
Department of Cardiology, Ullevaal Hospital, University
of Oslo, Oslo, Norway

Krzysztof Narkiewicz
Department of Hypertension and Diabetology, Medical
University of Gdansk, Gdansk, Poland

Peter M Nilsson
Department of Clinical Sciences, Lund University,
University Hospital, Malmo, Sweden

Eoin O'Brien

Conway Institute of Biomolecular and
Biomedical Research, University College Dublin,
Dublin, Ireland

Per Omvik

Department of Cardiology, Institute of Internal
Medicine, University of Bergen, Haukeland University
Hospital, Bergen, Norway

Sandosh Padmanabhan
British Heart Foundation Glasgow Cardiovascular
Research Centre, University of Glasgow, Glasgow, U.K.



Contributors  xi

Gianfranco Parati

Department of Clinical Medicine and Prevention,
University of Milano-Bicocca, and Department of
Cardiology, San Luca Hospital, Istituto Auxologico
Italiano, Milan, Italy

Terence J Quinn

Division of Cardiovascular and Medical Sciences,
University of Glasgow, Gardiner Institute, Western
Infirmary, Glasgow, U.K.

Karl Heinz Rahn
Department of Medicine, University of Miinster,
Miinster, Germany

Josep Redon
Department of Internal Medicine, Hypertension Clinic,
Hospital Clinico, University of Valencia, Valencia, Spain

John L Reid

Division of Cardiovascular and Medical Sciences,
University of Glasgow, Gardiner Institute, Western
Infirmary, Glasgow, U.K.

José L Rodicio
Department of Medicine, Complutense University,
Madrid, Spain

Enrico Agabiti Rosei
Department of Medical and Surgical Sciences, Clinic of
Internal Medicine II, University of Brescia, Brescia, Italy

Luis M Ruilope
Hypertension Unit, Hospital 12 de Octubre, Madrid,
Spain

Michel E Safar
Faculté de Médecine, Hotel-Dieu de Paris, Université
Paris-Descartes, Paris, France

Roland E Schmieder

Department of Nephrology and Hypertension,
Friedrich-Alexander-University Erlangen-Niirnberg,
Erlangen, Germany

Julian Segura
Hypertension Unit, Hospital 12 de Octubre, Madrid,
Spain

Cristina Sierra

Hypertension Unit, Department of Internal Medicine,
Institute of Medicine and Dermatology, Hospital Clinic,
University of Barcelona, Barcelona, Spain

Ulrike M Steckelings

Center for Cardiovascular Research, Institute of
Pharmacology, Charité-Universititsmedizin, Berlin,
Germany

Maciej Tomaszewski
British Heart Foundation Glasgow Cardiovascular
Research Centre, University of Glasgow, Glasgow, U.K.

Costas Tsioufis
Department of Cardiology, University of Athens,
Hippokration Hospital, Athens, Greece

Thomas Unger

Center for Cardiovascular Research, Institute of
Pharmacology, Charité-Universititsmedizin, Berlin,
Germany

Mariaconsuelo Valentini

Department of Clinical Medicine and Prevention,
University of Milano-Bicocca, and Department of
Cardiology, San Luca Hospital, Istituti di Ricovero e
Cura a Carattere Scientifico, Istituto Auxologico Italiano,
Milan, Italy

Peter A van Zwieten

Departments of Pharmacotherapy, Cardiology, and
Cardiothoracic Surgery, Academic Medical Centre,
Amsterdam, The Netherlands

Margus Viigimaa

Centre of Cardiology, North Estonia Medical
Centre, Tallinn University of Technology, Tallinn,
Estonia

Bernard Waeber
Division of Clinical Pathophysiology, University
Hospital, Lausanne, Switzerland

Arne S Westheim

Department of Cardiology, Ullevaal Hospital,

and the Faculty of Medicine, University of Oslo, Oslo,
Norway

Alberto Zanchetti

Centro Interuniversitario di Fisiologia Clinica e
Ipertensione, Universita de Milano, and Instituto
Auxologico Italiano, Milan, Italy






Preface

In the past few decades, hypertension has been the subject
of a large number of books and manuals aimed at providing
up-to-date reviews of the large amount of experimental and
clinical studies performed in the pathogenesis, diagnosis,
and treatment of the disease.

More than one year ago, the European Society of
Hypertension thought that would it be helpful for both
investigators and clinicians to have a manual that
approaches the issue in a different fashion, reflecting the
authoritative opinion of the Society. The aim of this book,
indeed, is not to offer a full and detailed report on the

several pathogenetic and pathophysiological data collected
in these years, but rather to focus on emerging new concepts
that could affect the diagnostic and therapeutic approach of
the disease.

This Manual has been made possible with the endeav-
ouring help of many collegues and friends who are eminent
members of the European Society of Hypertension and are
recognized world-wide as leading experts in their different
areas of hypertension. We hope that the Manual will be
regarded as a useful enterprise, continuing the high tradition
of the European Society of Hypertension.

Giuseppe Mancia
Guido Grassi

Sverre E Kjeldsen
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HISTORY OF EUROPEAN
HYPERTENSION GUIDELINES.
DEFINITION AND CLASSIFICATION
HYPERTENSION AND TOTAL

CARDIOVASCULAR RISK

OF

Sverre E Kjeldsen, Giuseppe Mancia, Alberto Zanchetti

HISTORY OF EUROPEAN HYPERTENSION
GUIDELINES

The European Society of Hypertension (ESH) was founded
in the early 1980s and the society has steadily been growing
to become the most influential hypertension society of the
world with respect to meetings and membership activities.
This textbook—Manual of Hypertension of the European Society
of Hypertension—is authored by hypertension experts in Europe
appointed by the Educational Committee of the ESH. It is
largely based on European guidelines on treatment of hyper-
tension that have been developed over the past few years,
which are also under revision and are to be updated in 2007.

Until a few years ago, the ESH did not make specific
guidelines on hypertension, but chose to endorse guidelines
prepared by the World Health Organization (WHO) and the
International Society of Hypertension (ISH) (1,2). ESH, in
cooperation with the European Society of Cardiology (ESC),
incorporated these guidelines, with some modifications, into
their joint recommendations for the prevention of coronary
heart disease (3,4).

Since 1999, new evidence on some of the important issues
left open in the 1999 WHO-ISH guidelines accumulated,
requiring updating of the guidelines. In this context, it was
considered that the WHO-ISH guidelines were written for a
global audience from countries that vary widely in the nature
of their health systems and availability of resources. On the
other hand, Europe is a much more homogeneous commun-
ity, with populations enjoying greater longevity, but suffering
higher incidences of chronic cardiovascular disease, often
with highly developed health systems, devoting consistent
resources to health protection. Thus, ESH, in close relation-
ship with ISH, and in collaboration with ESC, intended to
respond to the request of the WHO-ISH guidelines that

additional recommendations be drawn up by regional experts,
specifically designed for the management of patients in their
own region (2).

Following the initial brief guidelines update and recom-
mendations issued as a ESH Newsletter in 2002 (5), the full
2003 ESH-ESC guidelines (6) were prepared on the basis of
the best available evidence on all issues deserving recommen-
dations, and with the consideration that guidelines should
have an educational purpose more than a prescriptive one.
The 2003 ESH-ESC committee members felt that, although
large, randomized, controlled trials and their meta-analyses
provide the strongest evidence about several aspects of
therapy, scientific evidence depends on multiple sources,
and all these sources should be utilized. Consequently, the
Committee avoided rigidly classifying its recommendations
on the basis of arbitrary classifications and the hierarchy of
the strength of the evidence available. This should also help
understanding and implementing of the guidelines by the
practitioners, to whom they are principally directed. However,
for readers preferring a more critical assessment of these gui-
delines, these recommendations are accompanied by relevant
references, and these references are based on large, random-
ized trials, meta-analyses, or large observational studies,
identified by suitable symbols. Furthermore, for practitioners
wishing to receive condensed recommendations, the 2003
ESH-ESC guidelines are complemented by a brief set of
Practice Recommendations (7).

DEFINITION OF HYPERTENSION AND
BLOOD PRESSURES AS PREDICTORS

Historically, more emphasis has been placed on diastolic than
systolic blood pressure (BP) as a predictor of cerebrovascular
and coronary heart disease. This was reflected in the design
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of the major randomized controlled trials of hypertension
management, which, until the 1990s, almost universally used
diastolic BP threshold as inclusion criteria (8). Nevertheless,
large compilations of observational data before (9) and since
the 1990s (10) confirm that both systolic and diastolic BPs
show a continuous, graded, independent relationship to the
risk of stroke and coronary events.

In the European setting, the relationship between systolic
BP and relative risk of stroke is steeper than that for
coronary events, reflecting a closer etiologic relationship
with stroke, but the attributable risk—that is, excess deaths
due to raised BP—is greater for coronary events than stroke,
reflecting the higher incidence of the former in most of
Europe. However, with population ageing, the relative
incidence of stroke is increasing, as shown in recent random-
ized controlled trials (11).

The apparently simple and direct relationship between
increasing systolic and diastolic BP levels and increasing
cardiovascular risk is complicated by the relationship that
normally prevails in European populations between BP and
age: viz. systolic BP rises throughout the adult age range,
whereas diastolic BP peaks at about age 60 years in men and
70 years in women, and falls gradually thereafter (12). While
both the continuous rise in systolic BP and the rise and fall
in diastolic BP with age are usual in European populations,
they represent the results of some of the pathological
processes which underlie hypertension and cardiovascular
diseases (13), which are variably highly prevalent in Europe.

These observations help explain why, at least in elderly
populations, a wide pulse pressure (systolic BP minus
diastolic BP) has been shown in some observational studies
to be a better predictor of adverse cardiovascular outcomes
than either systolic or diastolic pressure individually (14).
Perhaps best known among these studies is that from
Framingham (15,16), which reported that, for a given level
of systolic BP, diastolic BP had an inverse association with
cardiovascular risk. However, in the largest compilation of
observational data in almost one million patients from 61
studies (70% of which were in Europe), carefully meta-
analyzed (10) systolic and diastolic BPs were independently
predictive of stroke and coronary mortality, and more so
than pulse pressure.

In practice, given that we have randomized, controlled
trial data supporting the treatment of isolated systolic hyper-
tension (17,18) and treatment based purely on diastolic entry
criteria (9), we should continue to use both systolic BP and
diastolic BP as part of guidance for treatment thresholds. As
to classification purposes and risk assessment (see below),
while it may be argued that, for simplicity, a focus on systolic
BP is sufficient, the use of both systolic and diastolic values to
categorize BP levels, and thereby overall global risk, remains
a simple and pragmatic approach.

CLASSIFICATION OF HYPERTENSION

The continuous relationship between the level of BP and
cardiovascular risk makes any numerical definition and clas-
sification of hypertension arbitrary. The operational definition
offered by Evans and Rose (19) more than 30 years ago,
“hypertension should be defined in terms of a BP level above
which investigation and treatment do more good than harm,”
also indicates that any numerical definition must be a flexible

one resulting from evidence of risk and availability of effective
and well-tolerated drugs.

Because of these considerations, it would perhaps be
more correct to use a classification of BP levels without the
term hypertension. It has been thought, however, that this
may be confusing and detract attention from investigation of
the mechanisms raising BP and weaken efforts toward hyper-
tension control (20). Therefore, the 1999 WHO-ISH clas-
sification (2) has been retained in Table 1.1, with the
reservation that the real threshold of hypertension must be
considered a mobile one, being higher or lower on the basis
of the global cardiovascular risk profile of each individual.
This is made clear in the classification of global cardio-
vascular risk in the subsequent section. Accordingly, the
definition of high normal BP in Table 1.1 includes BP values
that may be considered as “high” (i.e., hypertension) in
high-risk subjects, or fully normal in low-risk individuals.
From the 1999 WHO-ISH guidelines (2), the subgroup
“borderline” hypertension has not been retained, because
the crossing of the “border” is heavily dependent on several
risk of the individual subject, and it was felt the subgroup
was not of practical usefulness.

GLOBAL CARDIOVASCULAR RISK

Historically, therapeutic intervention thresholds for the
treatment of cardiovascular risk factors, such as BP, blood
cholesterol, and blood sugar, have been based on variably
arbitrary cutoff points of the individual risk factors. Because of
the clustering of risk factors in individuals (21,22) and the
graded nature of the association between each risk factor and
cardiovascular risk (23), a contemporary approach has been
to determine the threshold, at least for cholesterol and BP
lowering, on the basis of estimated global coronary (3,4) or
cardiovascular (coronary plus stroke) (24) risk over a defined,
relatively short-term (e.g., 5 or 10 year) period.

Variably complex and computerized methods have
been developed for estimating short-term risk. It should be
noted that most risk estimation systems are based on the
Framingham study (25). Whilst this database has been
shown to be reasonably applicable to some European popu-
lations (26), estimates require recalibration in other popu-
lations (27) due to important differences in the prevailing
incidence of coronary and stroke events. Estimates concern-
ing various European populations or, more specifically,

Table 1.1 Definitions and classification of blood pressure levels
(mmHg)

Category Systolic Diastolic
Optimal <120 <80
Normal 120-129 80-84
High normal 130-139 85-89
Grade 1 hypertension (mild) 140-159 90-99
Grade 2 hypertension (moderate) 160-179 100-109
Grade 3 hypertension (severe) =180 =110
Isolated systolic hypertension =140 <90

When a patient's systolic and diastolic blood pressures fall into different
categories, the higher category should apply. Isolated systolic hypertension
can also be graded (grades 1, 2, 3) according to systolic blood pressure
values in the ranges indicated, provided diastolic values are <90.
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Table 1.2 Stratification of risk to quantify prognosis

Blood pressure (mmHg)

Other risk factors and  Normal SBP High normal SBP Grade 1 SBP Grade 2 SBP Grade 3 SBP =180
disease history 120-129 or 130-139 or 140-159 or 160-179 or or DBP =110
DBP 80-84 DBP 85-89 DBP 90-99 DBP 100-109
No other risk factors Average risk Average risk Low added risk Moderate added risk ~ High added risk
1-2 risk factors Low added risk Low added risk Moderate added risk ~ Moderate added risk ~ Very high added risk

Moderate added risk ~ High added risk

3 or more risk factors
or TOD or diabetes

High added risk High added risk Very high added risk

ACC High added risk Very high added risk

Very high added risk ~ Very high added risk ~ Very high added risk

Abbreviations: ACC, associated clinical conditions; DBP, diastolic blood pressure; SBP, systolic blood pressure; TOD, target organ damage.

patients with hypertension are increasingly becoming
available (28-34), and, recently, the SCORE project has pro-
vided tables to predict the 10-year risk of fatal cardiovascular
disease separately for higher-risk countries in Northern
Europe and lower-risk countries in Southern Europe (35).
The main disadvantage associated with an intervention
threshold based on relatively short-term, absolute risk is that
younger adults (particularly women), despite having more
than one major risk factor, are unlikely to reach treatment
thresholds despite being at a high risk relative to their peers.
By contrast, most elderly men (e.g., >70 years) will often
reach treatment thresholds while being at very little increased
risk relative to their peers. This situation results in most
resources being concentrated on the oldest subjects, whose
potential lifespans, despite intervention, are relatively limited,
and young subjects at high relative risk remain untreated,
despite, in the absence of intervention, a predicted significant
shortening of their otherwise much longer potential lifespan
(36,37). A simple approach to offset this lack of weighting for
potential life-years gained for the young at high relative risk, is

Table 1.3 Factors influencing prognosis

to determine intervention based on estimated risk levels for
the subject projected to the age of 60 (3,4), or to base inter-
vention on relative risk for subjects younger than 60 and on
absolute risk level for older patients (28).

The stratification for global risk classification is sum-
marized in Table 1.2 on the basis of these considerations. It
is derived from the stratification suggested in the 1999
WHO-ISH guidelines (2), but extended to indicate the added
risk of some group of subjects with “normal” or “high normal”
BP. The terms low, moderate, high, and very high added risk are
calibrated to indicate, approximately, an absolute 10-year
risk of cardiovascular disease of <15%, 15-20%, 20-30%,
and >30%, respectively, according to the Framingham
criteria (25), or, approximately, of an absolute risk of fatal
cardiovascular disease <4%, 4-5%, 5-8%, and >8%
according to the SCORE chart (35). They can also be used as
indicators of relative risks, thus leaving physicians free to
use one or the other approach without the constraint of
arbitrary absolute thresholds probably based on an under-
estimation of treatment benefits (37,38). The distinction

Risk factors for TOD
cardiovascular disease

used for stratification

e Levels of systolic and

diastolic BP

Men >55 years
Women >65 years
Smoking
Dyslipidemia

(Total cholesterol >6.5 mmol/L,
>250mg/dL°, or
LDL-cholesterol >4.0 mmol/L,
>155mg/dL°, or
HDL-cholesterol M <1.0,

W< 1.2mmol/L,

M <40, W <48 mg/dl)

Family history of premature
cardiovascular disease (at age
<55 years M, <65 years W)

Abdominal obesity (abdominal
circumference M =102 cm,

W =88cm)

o Left ventricular hypertrophy
(electrocardiogram:
Sokolow-lyon >38 mm;
Cornell >2440 mm X ms;
echocardiogram:

LVMIM =125, W =110g/m?

¢ Ultrasound evidence of arterial
wall thickening (carotid IMT
=0.9 mm) or atherosclerotic
plaque

e Slight increase in serum
creatinine (M 115-133,
W 107-124 pmol/L;
M1.3-1.5, W 1.2-1.4mg/dl)

® Microalbuminuria
(30-300mg/24h;
albumin—creatinine ratio
M =22, W=31mg/g;
M =2.5, W =3.5mg/mmol)

Diabetes mellitus ACC

e Cerebrovascular disease:
ischemic stroke; cerebral
hemorrhage; transient
ischemic attack

e Fasting plasma glucose

7.0mmol/L (126 mg/dl)

e Postprandial plasma glucose

11. I/L (1 L
>11.0mmol/L {198 mg/dl) ¢ Heart disease: myocardial

infarction; angina; coronary
revascularization; congestive
heart failure

® Renal disease: diabetic
nephropathy; renal
impairment (serum creatinine
M >133, W >124 umol/L;
M>1.5, W >1.4mg/dl)
proteinuria (>300mg/24 h)

Peripheral vascular disease

¢ Advanced retinopathy:
hemorrhages or exudates;
papilloedema

aLower levels of total and LDL-cholesterol are known to delineate increased risk, but they were not used in the stratification. Abbreviations: ACC, associated clinical
conditions; HDL, high-density lipoprotein; IMT, intima-media thickness; LDL, low-density lipoprotein; LVMI, left ventricular mass index; M, men; TOD, target organ
damage; W, women.
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between high- and very-high-risk has been maintained,
though, admittedly, it does not significantly influence man-
agement decisions, mostly in order to preserve a distinctive
place for secondary prevention [patients with associated
clinical conditions (ACC)].

Table 1.3 indicates the most common risk factors, target
organ damage (TOD), diabetes, and ACC to be used to
stratify risk. This updates a similar table in 1999 WHO-ISH
guidelines (2) in several major respects: (i) Obesity is indi-
cated as “abdominal obesity,” in order to give specific atten-
tion to an important sign of the metabolic syndrome (39).
(i) Diabetes is listed as a separate criterion in order to
underline its importance as risk, at least twice as large as in
the absence of diabetes (35,40). (iii) Microalbuminuria is
indicated as a sign of TOD, but proteinuria as a sign of renal
disease (ACC). (iv) Slight elevation of serum creatinine as a
sign of TOD is indicated as a serum creatinine concentration
of 107-133 pmol/L (1.2-1.5mg/dL), and concentrations
>133 wmol/L (>1.5mg/dL) as ACC (41,42). (v) Generalized
or focal narrowing of the retinal arteries is omitted among
signs of TOD, as too frequently seen in subjects aged 50 years
or older (43), but retinal hemorrhages and exudates as well as
papilloedema are retained as ACC. The Committee was aware
that the use of categorical tables rather than equations based
on continuous variables may have limitations (44), and that
cardiovascular risk evaluation is an inexact science (38).
Furthermore, the weight of TOD in calculating the overall risk
will heavily depend on how carefully it is looked at (45)—an
aspect that will be further discussed in Section V on Diagnosis.

In the 2007 ESH-ESC Guidelines (46), the table cor-
responding to Table 1.2 includes matabolic syndrome at the
level of 3 or more risk factors, and the table corresponding
to Table 1.3 includes high pulse pressure in the elderly,
cholesterol and LDL cholesterol of 5.0 and 3.0 mmol/L,
respectively, fasting plasma glucose of 5.6-6.9 mmol/L
or abnormal glucose tolerance test, carotid-femoral pulse
wave velocity >12m/s, ankle/brachial BP index <0.9,
and GFR<60ml/min/1.73 m? or creatinine clearance
<60 ml/min.
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EPIDEMIOLOGY OF
HYPERTENSION

INTRODUCTION

Blood pressure (BP) is a quantitative trait with a normal, con-
tinuous, bell-shaped (Gaussian) distribution pattern, skewed
to the upper end in any general population (Figure 2.1), and
hypertension represents a clinical definition of the upper
part of the distribution curve. Figure 2.1 shows a distri-
bution curve for diastolic BP plotted using BP measure-
ments in 158,906 individuals aged 30-69 years screened for
Hypertension Detection and Follow-up Program in the
United States (1).

The final BP value is the result of interaction of genetic
and environmental factors (Figure 2.2). The dividing line
between normotension and hypertension is purely arbitrary
and, in fact, artificial.

Hypertension is the most prevalent cardiovascular (CV)
disorder, affecting 20-50% of the adult population in devel-
oped countries (2). The prevalence of hypertension increases
with age, rising steeply after the age of 50, and affecting more
than 50% of this population.

BP AS A RISK FACTOR FOR
CARDIOVASCULAR DISEASES

Elevated BP has been identified as a risk factor for coronary
heart disease (CHD), heart failure, stroke, peripheral arte-
rial disease, and renal failure in both men and women in a
large number of epidemiological studies (3-6) (Figure 2.3).
Observational evidence is also available that BP levels cor-
relate inversely with cognitive function and that hyperten-
sion is associated with an increased incidence of dementia
(7). Historically, diastolic BP was long considered a better
predictor of cerebrovascular disease and CHD than systolic
BP. This was reflected in the design of major randomized
controlled trials of hypertension management, which used
diastolic BP as an inclusion criterion until the 1990s (8).
Individuals with isolated systolic hypertension were excluded
from such trials by definition. Nevertheless, a large com-
pilation of observational data before (3) and since the 1990s
(9) confirms both systolic and diastolic BP show a continuous
graded independent relationship with the risk of stroke and
coronary events (Figures 2.4 and 2.5). Data from observational

Renata Cifkovd

studies involving one million individuals have indicated that
death from both CHD and stroke increases progressively
and linearly from BP levels as low as 115 mmHg systolic
and 75mmHg diastolic upward (9). The increased risks
are present in all age groups ranging from 40 to 89 years old.
For every 20 mmHg systolic or 10 mmHg diastolic increase
in BP, there is a doubling of mortality from both CHD and
stroke.

In addition, longitudinal data obtained from the
Framingham Heart Study indicated that BP values in the
130-139/85-89 mmHg range are associated with a more
than twofold increase in relative risk from cardiovascular
diseases (CVD) compared with those with BP levels below
120/80 mmHg (10) (Figure 2.6).

The apparently simple direct relationship between increas-
ing systolic and diastolic BP and CV risk is confounded by
the fact that systolic BP rises throughout the adult age in the
vast majority of populations, whereas diastolic BP peaks at
about age 60 in men and 70 in women, and falls gradually
thereafter (11).

This observation helps to explain why a wide pulse
pressure (systolic BP-diastolic BP) has been shown in some
observational studies to be a better predictor of adverse CV
outcomes than either systolic or diastolic BP individually
(12) and to identify patients with systolic hypertension who
are at specifically high risk (13). However, the largest meta-
analysis of observational data in one million patients in 61
studies (70% of which had been conducted in Europe) (9)
showed that both systolic and diastolic BP, more so than
pulse pressure, were independently predictive of stroke and
CHD mortality. This meta-analysis also confirmed the increas-
ing contribution of pulse pressure after age 55.

It has been shown that, compared to normotensive indi-
viduals, those with an elevated BP more commonly have other
risk factors for CVD (diabetes, insulin resistance, dyslipi-
demia) (5,14-16) and various types and degrees of target
organ damage (TOD). Because risk factors may interact posi-
tively with each other, total CV risk in hypertensive patients is
not infrequently high when the BP elevation is also only mild
or moderate (5,10,17). In a study by Anderson et al. (18), 686
treated hypertensive men, followed for 20-22 years, had a
significantly increased CV mortality, especially from CHD,
compared with non-hypertensive men from the same popu-
lation. These differences were observed during the second
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Frequency distribution of diastolic blood pressure (DBP) measured in
158,906 individuals aged 30-69 years, screened for the Hypertension Detection
and Follow-up Program. Source: Adapted from Ref. 1.

Prevalence of hypertension
by different DBP levels

> 90=25.3%

> 95=14.5%

>100= 8.4%
4.7%
2.9%

decade of follow-up. The high incidence of myocardial infarc-
tion was related to organ damage, smoking, and cholesterol
at the time of entry to the study, and to achieved serum
cholesterol during follow-up.

POPULATION IMPACT

The impact of hypertension on the incidence of CVD in the
general population is best evaluated from the population-
attributable risk or, more correctly, the population-attributable
burden, which is the proportional reduction in average dis-
ease risk over a specified time interval that would be achieved
by eliminating the exposure of interest from the population,
while the distribution of other risk factors remains unchanged
(19). For BP, attributable burden can therefore be defined as
the proportion of disease that would not have occurred if BP

“polygenic inheritance"

gene+
epistasis l ;ene—

genen

gene—— ( Blood pressure +<— gene+
e ™~ others
salt intake / I \

stress diet

smoking

“environmental interaction”

Fig. 2.2 Multifactorial nature of blood pressure.
Blood pressure is controlled by both genes and
environment, with both epistatic and gene-
environment interactions.

levels had been at the same alternative distribution (20).
The statistics take into account both the prevalence of the
risk factor (hypertension) and the strength of its impact (risk
ratio) on CVD.

Because of the high prevalence and risk ratio of hyper-
tension in the general population, approximately 35% of
atherosclerotic events are attributable to hypertension. The
odds ratio, or the relative risk to the individual, increases
with the severity of hypertension, but the attributable risk is
greatest for mild hypertension because of its greater pre-
valence in the general population. Therefore, the burden of
CVD arising from hypertension in the general population
comes from those with relatively mild BP elevation (21).
About half of the CV events in the general population occur
at BP levels below those recommended for treatment with
antihypertensive medications. The burden of non-optimal BP
is almost double that of the previous global estimates (22).
Globally, approximately two thirds of stroke, one half of CHD,
and approximately three quarters of hypertensive disease were
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Fig. 2.3 Risk of cardiovascular events related to
hypertension and normotension. Source: Adapted
from Ref. 4.




9

Population strategy

Age at risk: Age at risk:
256 80-89 256 7 50-59
years years
128 70-79 128 7 70-79
years ' years
= 64 — L
o o -
° 60-69 2 60-69
£ years pre years
T - ° ~
2t 36 J 50-59 gg % 50-59
g _; years 12 ﬁ ' years
Eg 16— Eg 16 -
Q3 Q3 o
$3 ¥
a8 8 — n g 8 -
o o
£ i
T T
€ 4] € 4 f
2 = 2 -
1 - 1 | ;
o T T 1 T T T T 1
120 140 160 180 70 80 90 100 110
Usual systolic blood Usual diastolic blood
pressure (mmHg) pressure (mmHg)
Fig. 2.4 Stroke mortality rate in each decade of age plotted for the usual systolic (left) and diastolic (right) blood pressure
at the start of that decade. Data from one million adults in 61 prospective studies. Source: Adapted from Ref. 9.

attributable to non-optimal BP in the year 2000. Worldwide,
this equates to approximately 7.1 million deaths (12.8% of
the total) and 64.3 million DALYs (1 DALY is one lost year
of healthy life; 4.4% of the total). This indicates a need for
vigorous non-pharmacological treatment of individuals with
high-normal BP and for initiating drug treatment in the vast
majority of patients with mild hypertension based on their
total CV risk.

POPULATION STRATEGY

In the past, most treatment efforts were aimed at the group
with the highest levels of BP. However, this “high-risk” strat-
egy, effective as it may be for those affected, does little to
reduce total morbidity and mortality if the “low-risk” patients,
who make up the largest share of the population at risk, are
ignored (23).

Most people with mild hypertension are now being
treated with antihypertensive drugs. However, as empha-
sized by Rose (24), a more effective strategy would be to
lower the BP level of the entire population, which might
be accomplished by reduction of sodium intake. Rose esti-
mated that lowering the entire distribution of BP by only
2-3mmHg would be as effective in reducing the overall
risk of hypertension as prescribing current antihypertensive

drug therapy for all individuals with definite hypertension.
This has been further elaborated by Stamler (25) who made
the assumption that a reduction in systolic BP by 2 mmHg
may lead to a 6% reduction in stroke mortality, 4% reduc-
tion in CHD mortality, and 3% reduction in total mortality
(Figure 2.7). The following environmental factors affect BP:
diet, physical activity, and psychosocial factors. Dietary factors
have a prominent and likely predominant role in BP home-
ostasis. In non-hypertensive individuals, including those with
high-normal BP, dietary changes that lower BP have the poten-
tial to prevent hypertension and, more broadly, to reduce
BP, thereby lowering the risk of BP-related clinical compli-
cations (26). Lifestyle modifications, which may induce more
reductions in BP at the population level, include weight reduc-
tion in overweight or obese persons, lower sodium intake,
consumption of diets rich in fruits and vegetables and rich
in low-fat dairy products, and reduced intake of saturated
fat and cholesterol [dietary approaches to stop hypertension
(DASH)-like diet] (27).

Redon recently published a study showing differences in
BP control and stroke mortality across Spain. Poor hyperten-
sion control and prevalence of ECG left ventricular hyper-
trophy were the main factors related to stroke mortality rates
(28). Cooper, in an editorial commentary, suggests that we
can begin to consider stroke as a surveillance measure that
indicates the quality of hypertension control (29). Several
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decades ago, there was general agreement that medical care
did not have a sufficiently widespread effect on population
health (e.g., life expectancy or mortality), which was consid-
ered to be influenced only by living conditions and nutrition.

However, a recent analysis suggests that medical care may have
made a significant contribution to extending life expectancy
in the US (30). In fact, pill-taking to prevent CV events has
become a mass phenomenon, with more than half of the
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Fig. 2.6 The cumulative incidence of cardiovascular events in men and women enrolled in the Framingham Heart Study
with initial blood pressure classified as optimal (<120/80 mmHg), normal (120-129/80-84 mmHg), or high normal
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Fig. 2.7 Estimated effects of population-wide shifts in
systolic blood pressure (BP) distribution on mortality.
Source: Adapted from Ref. 25.

US population over 60 years of age taking antihypertensive
medication alone. Long-term therapy has thus become a
public health intervention and can be considered a bridge
between clinical medicine and traditional population-wide
preventive measures.

GLOBAL BURDEN OF HYPERTENSION

Overall, 26.4% (26.6% in men and 26.1% in women) of the
world adult population in 2000 had hypertension, and 29.2%
(29.0% in men and 29.5% in women) were predicted to
have hypertension in 2025 (31). Regions with the highest
estimated prevalence of hypertension had roughly twice
the rate of regions with the lowest estimated prevalence. In
men, the highest estimated prevalence was in the regions of
Latin America and the Caribbean, whereas, for women, the
highest estimated prevalence was in the former socialist
economies, represented in Kearney’s paper by Slovak data
from 1978-1979. The lowest estimated prevalence of hyper-
tension for both men and women was in the region of Asia
represented by Korea, Thailand, and Taiwan. Although hyper-
tension is more common in developed countries (37.3%)
than in developing ones (22.9%), the much larger population
of the developing countries results in a considerably larger
absolute number of individuals affected. The projection of
the number of individuals with hypertension for 2025 is
probably an underestimate since it does not account for the
rapid changes in lifestyle and concurrent increase in the risk
of hypertension taking place in these countries.

BP AND AGE

The relationship between age and BP has been demon-
strated in a number of cross-sectional studies conducted in
populations with different economic status. A remarkable
finding is the consistent relationship between BP and age in
developed countries.

CHILDHOOD AND ADOLESCENCE

Perhaps the most valuable data for this population are con-
tained in the Second Task Force on Blood Pressure Control
in Children (32). Data were obtained by BP measurements

in over 70,000 children enrolled into nine cross-sectional
studies in the United States and the United Kingdom. BP
was determined in the sitting position, using a mercury
sphygmomanometer (Doppler ultrasound in infants). In an
effort to maintain a uniform methodology that would allow
pooling of data, only the first measurement was used for
analysis. In children aged 3-12 years, Phase IV Korotkoff
sounds were recorded, while, in adolescents aged 13-18 years,
both Phase IV and V Korotkoff sounds were recorded. While,
at birth, mean BP levels are 70/50 mmHg, systolic BP starts
to rise soon after birth reaching a mean value of 94 mmHg
by the first year of life. In contrast, the increase in diastolic
BP is a mere 2 mmHg. Systolic and diastolic BP levels do not
change substantially over the next 2-3 years. After this period,
i.e, from four years of age onward, there is a tendency
toward a progressive increase with age throughout childhood
and adolescence (Figure 2.8). The increase in systolic BP
tends to be somewhat more rapid (1-2 mmHg/year) than in
diastolic BP (0.5-1 mmHg/year). The rate of BP rise is about
the same for both sexes up to 10 years of age, with the curve
becoming flatter for girls in the ensuing period. In ado-
lescence, the mean (particularly systolic) BP of boys is higher
than that of girls. As a result, systolic BP of boys aged 18 years
is 10 mmHg higher than that of girls, with the respective
difference between both sexes in diastolic BP being 5 mmHg.
No systematic differences have been reported for different eth-
nicities (blacks, Caucasians, Hispanic Americans) in child-
hood and adolescence.

The Second Task Force Report on Blood Pressure Control
in Children was updated in 1996 (33). The main change
was the recommendation to adjust BP not only for the
child’s sex and age but, also, height, which became the third
criterion for BP assessment. This new criterion helps to
eliminate bias in assessing BP in children with extreme
body height values, i.e., in those small and tall for age. The
recommendation for recording of Phase V Korotkoff sounds
was extended to include children up to 13 years of age.
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Fig. 2.8 Mean systolic (above) and diastolic

(below) blood pressure (BP) of boys (bold line) and girls
(dotted line) from birth to 18 years. Diastolic BP reflects
the use of phase IV Korotkoff sounds. Source: Adapted
from Ref. 32.
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ADULTHOOD AND OLD AGE

In adulthood, systolic and diastolic BP tends to rise with
age. The increase is somewhat greater in systolic BP rising
up to 80 to 90 years of age whereas diastolic BP remains
almost unaltered from age 50 years upward. Ageing results
in a progressive increase in pulse pressure (difference
between systolic and diastolic pressure). In adults, systolic
and diastolic BPs are higher in men than in women (e.g.,
120-130/75-80 mmHg in 20-year-old men and 110-120/
70-75 mmHg in women of the same age). However, the BP
rise in adulthood is steeper in women compared with men
(0.6-0.8 mmHg/year in women and 0.33-0.5 mmHg/year in
men between ages 20 and 70 years). As a result, systolic BP
of women aged 70 and over is equal to or higher than that of
men. Data regarding BP in the elderly are limited. However,
several studies of questionable reliability have suggested that
systolic BP of women in their late 80s or 90s is 10-20 mmHg
higher compared with their male counterparts. The gender
difference may be partly explained by different survival rates.
Male hypertensives are more likely to die from CVD.

As mentioned above, both blacks and whites show similar
BP levels in childhood and adolescence. Among the 20- to
30-year olds, mean BP is higher in blacks compared with
whites, and the difference continues to grow in the ensu-
ing 10-year periods. The National Health and Nutrition
Examination Survey I reported mean differences of 4.1-10.6/
3.5-7.0 and 5.3-17.7/3.4-10.9 mmHg between 30- and
70-year-old males and females, respectively (Figure 2.9) (34).

The age-related rise in systolic BP is primarily responsible
for an increase in both the incidence and prevalence of hyper-
tension with increasing age (35). The impressive increase
in BP to hypertensive levels with age is also illustrated by
Framingham data, indicating that the four-year rates of
progression to hypertension are 50% for those aged 65 and
older with BP in the 130-139/85-89 mmHg range, and 26%
for those with BP in the 120-129/80-84 mmHg range (36).

BP TRACKING

Several longitudinal studies have shown that essential
hypertension in adults is associated with high BP levels in
childhood. The concept that BP rank is established early in

childhood has received increasing attention since early
detection and prevention of high BP levels in childhood may
reduce the incidence of adult hypertension. The tendency for
individuals to stay roughly in the same rank of the BP
distribution as they age is known as “tracking”. It means that
individuals from the lower part of the distribution curve tend
to have the smallest BP increases with age (i.e., they continue
to remain in the lower part of the distribution curve).

While BP tracking is generally believed to exist within
populations, long-term prediction for a specific individual
is fairly unreliable (37).

BP tracking is most relevant in childhood, as it allows
identification of individuals likely to develop hypertension
during their lifetime.

POPULATIONS WITH A LOW BP

A constant finding in all populations who do not develop
hypertension and whose mean BP does not tend to rise with
age is a low salt intake. The relationship seems to be a causal
one. A case in point are some African tribes retaining their
original lifestyle without exposure to excessive salt intake.
Changes in lifestyle and eating habits are usually associated
with a higher prevalence of all risk factors for hypertension
[increase in body mass index (BMI), increased salt intake,
and decreased potassium intake].

It is generally believed that BP levels and hypertension
prevalence are lower in the rural population, as compared
with the urban one forced to quit its hitherto traditional,
simple lifestyle. A substantially greater rise in BP occurs
during migration to another continent (Japanese to Hawaii
and further onto the USA, blacks migrating to Europe) (38).

AGE AND GENDER DIFFERENCES

Global estimates of BP by age, sex, and subregion show
considerable variation in estimated levels (analyses based
on data from about 230 surveys including 660,000 partici-
pants) (39). Age-specific mean systolic BP values ranged from
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Fig. 2.9 Age-blood pressure (BP) relationship by ethnicity and sex for systolic (above) and diastolic (below) BP in
the general population of the United States, 1976-1980. Source: Adapted from Ref. 34.
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114 to 164 mmHg for females, and from 117 to 153 mmHg
for males. Females typically had lower systolic BP levels than
males in the 30- to 44-year-old groups, but, in all subregions,
systolic BP levels rose more steeply with age for females
than males. Therefore, systolic BP levels in those aged =60
years tended to be higher in females.

PREVALENCE OF HYPERTENSION

Whenever comparing the prevalence of hypertension, one
should be aware this is heavily dependent on the definition of
hypertension, population examined, number of BP readings
taken on each occasion, and, finally, on the number of visits.

The prevalence of hypertension reported by Kearney et al.
(2) varies widely, with rates as low as 3.4% in rural Indian
men and as high as 72.5% in Polish women. In developed
countries, the prevalence of hypertension ranges between 20
and 50%.

REGIONAL DIFFERENCES

INTER-CONTINENTAL AND WITHIN-EUROPE
DIFFERENCES

Subregions with consistently high mean systolic BP levels
include parts of Eastern Europe and Africa. Mean systolic BP
levels are the lowest in south-east Asia and parts of the
western Pacific.

A comparative analysis of hypertension prevalence and BP
levels in six European countries, the United States, and
Canada, based on the second BP reading, showed a 60%
higher prevalence of hypertension in Europe compared with
the US and Canada in population samples aged 35-64 years
(40). There were also differences in the prevalence of hyper-
tension among European countries, with the highest rates in
Germany (55%), followed by Finland (49%), Spain (47%),
England (42%), Sweden (38%), and Italy (38%). Prevalences
in the United States and Canada were half the rates in
Germany (28% and 27%, respectively). The differences in
prevalence cannot be explained by differences in mean BMI
(North America, 27.1 kg/m?; Europe, 26.9 kg/m?).

Findings from the World Health Organization MONItoring
trends and determinants in CArdiovascular diseases
(MONICA) Project showed a remarkably higher prevalence of
hypertension in Eastern Europe, and virtually no difference in
the rates of controlled hypertension among Eastern and
Western populations (41).

REGIONAL DIFFERENCES WITHIN A COUNTRY
Regional differences in BP levels have been observed in a
number of developed countries. Differences were reported
between urban and rural populations, with a tendency
towards higher BP levels in urban areas. In a number of
areas, regional variations in BP levels are closely related to
cardiovascular mortality. This is the case, e.g., of Japan where
mean BP levels are the highest in the north-east part of the
largest island (Tohoku), also known for high stroke-related
mortality rates.

Minor differences in mean BP levels have been reported
in the US, being the highest in the south, and the lowest in
the west. This is consistent with regional differences in stroke-
related mortality (42).

Marked geographic differences in CV mortality have also
been noted in the United Kingdom. The lowest rates of
death from CVD and stroke have been reported in south-
east and eastern England. Cardiovascular mortality tends to
rise west- and northward, reaching the highest rates in the
valleys of southern Wales, northern England, and Scotland.
Results of the British Regional Heart Study (43) and the
Nine Towns Study documented geographic variation related
to different CV mortality rates. While some of the variations
could be attributed to factors such as body weight and
alcohol and sodium-potassium intake, most of the variations
remain unexplained (44).

ETHNIC DIFFERENCES

Prevalence of hypertension varies among different racial
groups within the population. An excellent database is pro-
vided by National Health and Nutrition Examination Survey
(NHANES), which used stratified multistage probability sam-
ples of the civilian non-institutionalized US population. The
age-adjusted prevalence of hypertension is the highest in
non-Hispanic blacks, followed by non-Hispanic whites, and
Mexican Americans (45).

TRENDS IN THE PREVALENCE OF HYPERTENSION

The prevalence of hypertension in the United States declined
uniformly across all population groups between NHANES I
and NHANES II, with an additional and greater decline
between NHANES I and the first two phases of NHANES II1.
However, the NHANES survey of 1999-2000 reported an
increase in the prevalence of hypertension (46). No signif-
icant increase in the overall prevalence of hypertension was
detected at the last survey performed in 2003-2004 (45).

A significant decrease in the prevalence of hypertension
was reported in Australia, with three surveys performed as
part of the National Heart Foundation’s Risk Factor Prevalence
Study in 1980, 1983, and 1989 (47).

Two Health Surveys for England conducted in 1994 and
1998 reported a similar prevalence of hypertension (38% and
37%, respectively) (48), which was also the case in Greece,
where surveys were performed between 1979 and 1983, and
in 1997 (49,50).

A significant decline in the prevalence of hypertension
was found in the Belgian (51), Finnish (52), and Czech (53)
populations, whereas a slight increase was observed in the
MONICA Augsburg Project in Germany (54).

An increase in the prevalence of hypertension was reported
in China (55), Singapore (56), and India (57-61).

In conclusion, over the past one to two decades, the preva-
lence has remained stable or decreased in developed coun-
tries, and has increased in developing countries.

AWARENESS AND TREATMENT OF
HYPERTENSION

Awareness and treatment of hypertension varies considerably
between countries and regions (2). In developed countries,
there are approximately one half to two thirds of hyper-
tensives in the general population aware of their diagnosis,
and one third to one half receiving treatment. The levels of
awareness and treatment in most developing countries tend
to be lower than those reported in developed countries.
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TRENDS IN AWARENESS AND TREATMENT OF
HYPERTENSION

There are only few countries having data on longitudinal
trends reported. During the 12-year interval between
NHANES II and 111, the proportion of hypertensive patients
aware of their condition increased from 51% to 73% (46).
Increases in awareness were higher for women than for men,
among both blacks and whites. The Health Survey for England
reported increased hypertension awareness and treatment
from 46.0% and 31.6% in 1994 to 52.2% and 38.0% in 1998
(48). In Germany, from 1984/85 to 1994/95, awareness
remained at 50% in men and 60% in women. The proportion
of hypertensives receiving drug treatment increased by 7.9%
in men, and 4.1% in women (62).

An enormous increase in awareness of hypertension was
reported in Finland (from 54.5% to 75.9% in men and from
72.8% to 84.3% in women) between 1982 and 1997 (52).
In the Czech Republic, there was an increase in the awareness
(from 49.5% to 67.2%) and treatment (from 29.3% to 49.3%)
of hypertension from 1985 to 2000/01 (53).

HYPERTENSION CONTROL

Hypertension is poorly controlled worldwide, with less
than 25% controlled in developed countries, and less than
10% in developing countries (2). Hypertension control rates
also vary within countries by age, gender, ethnicity, socioe-
conomic status, education, and quality of health care (63).
While awareness of hypertension has improved in the United
States and other Western countries over the past decade,
hypertension control remains inadequate, as only a portion
of those who are aware of their diagnosis are treated, and an
even smaller number of those receiving treatment are treated
adequately. Sadly, however, the most important parameter
likely to have an impact on public health is neither the
number of those who are aware of their hypertension nor the
number taking steps to improve it but, rather, the percentage
of those whose BP is under control (64).

ENVIRONMENTAL FACTORS

AIR TEMPERATURE AND SEASONAL VARIATION IN BP
A number of reports have pointed out that a lower air temper-
ature is associated with a higher mean BP. As air temperature
in Scotland and northern England is lower compared with
southern England, the differences in air temperature may be
theoretically responsible for some regional differences in BP
across the United Kingdom.

A seasonal effect on BP was first described by Rose (65),
analyzing measurements in 56 men observed for 1-3 years
at a clinic for ischemic heart disease. The Medical Research
Council’s trial of mild hypertension found systolic and dias-
tolic BP levels were higher in winter than in summer. The
seasonal variation in BP was greater in older than in younger
individuals and was significantly related to maximum and
minimum daily air temperature measurements, but not to
rainfall (66).

SOCIAL STATUS
The British Regional Heart Study and the Nine Towns Study
reported a lower systolic BP in white-collar workers compared

with blue-collar workers (44,67). Individuals with a lower
level of education also show a higher prevalence of other risk
factors, in particular obesity and lower physical activity. An
inverse relationship between education and BP has been
shown in many adult populations (68). In the less educated,
BMI levels and more adverse intake patterns of multiple
macro- and micronutrients account substantially for their
higher BP levels (69).

BODY WEIGHT AND PHYSICAL ACTIVITY

BP and BMI are closely inter-related. The relative risk (odds
ratio) for the development of hypertension rises markedly
with increasing BMI (70). The importance of this relationship
is reinforced by the high and increasing prevalence of over-
weight and obesity worldwide (71-73).

A variety of epidemiological studies have documented an
inverse correlation between the level of physical activity and
BP levels. Prospective cohort studies have reported a higher
incidence of hypertension in individuals with lower levels
of physical activity and lower cardiorespiratory fitness (74).
Randomized controlled studies have furnished evidence of
a beneficial effect of physical activity on BP. A meta-analysis of
controlled interventional studies concluded that adequate
dynamic physical training contributes significantly to BP
control. The training-induced decrease in BP averaged 2.6/
1.8 mmHg in normotensives and 7.4/5.8 mmHg in hyper-
tensives (75,76).

SODIUM AND POTASSIUM INTAKE

There is a correlation in most populations between normal
dietary sodium intake (usually expressed as 24-hour urinary
sodium excretion) and mean BP (77). However, 24-hour
urinary sodium output is biased by large intra-individual
variability. In most populations, the age-related rise in BP is
significantly associated with sodium intake (78).

There are major differences in the individual response of
BP to salt intake. Afro-Americans, the middle-aged, the
elderly, those with diabetes, and people with hypertension
respond more sensitively to changes in salt intake compared
with the general population. These groups tend to have a
less responsive renin-angiotensin-aldosterone system (79).
The recommended adequate sodium intake has been recently
reduced from 2.4 to 1.5g/d (65mmol/d) (80) correspon-
ding to 3.8 g/d sodium chloride, which may be difficult to
achieve.

Individuals on a predominantly vegetarian diet show
lower BP levels and their BP rises less with increasing
age compared with those on diets of animal origin (81).
Vegetarians have lower BP levels compared with the non-
vegetarian population, even in developed countries (82).
The lowest levels of BP in industrialized nations were
reported in strict vegetarians not consuming virtually any
products of animal origin. Their diet includes whole-grain
products, lots of green-leaved vegetables, pumpkins, and
root vegetables. A diet rich in potassium and polyunsaturated
fat and containing little starch, saturated fat, and cholesterol
correlates inversely with BP levels in a large population of
United States males (83). Over the past decade, increased
potassium intake and dietary patterns based on the DASH
trial (a diet rich in fruit, vegetables and low-fat dairy
products, with a reduced content of dietary cholesterol, as
well as saturated and total fat) (84) have emerged as
effective strategies that also lower BP.
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Table 2.1 Rates of progression to hypertension in Framingham Heart Study

Percentage of 4-year progression to hypertension

Blood pressure Men, age Men, age Women, age  Women, age
(BP) category 35-64 years 65-74 years 35-64years 65-74 years
Optimal BP 5 15 5 16
Normal BP 18 25 12 26
High normal BP 37 47 37 49

Source: Adapted from Ref. 36.

ALCOHOL CONSUMPTION

Observational studies and clinical trials have documented a
direct, dose-dependent relationship between alcohol intake
and BD, particularly as the intake of alcohol increases above
approximately two drinks per day (85,86). Importantly, this
relationship has been shown to be independent of poten-
tial confounders such as age, obesity, and salt intake (87).
Although some studies have shown that the alcohol-
hypertension relationship also extends into the light drinking
range (=2 drinks per day), this is the range in which alcohol
may reduce CHD risk.

A meta-analysis of 15 randomized controlled trials
reported that decreased consumption of alcohol (median
reduction in self-reported alcohol consumption, 76%; range,
16-100%) reduced systolic and diastolic BP by 3.3 and 2.0
mmHg, respectively. The BP reductions were similar in nor-
motensive and hypertensive individuals; there was a dose-
dependent relationship between reduction in alcohol
consumption and decline in BP (86).

A reduction in alcohol consumption is associated with a
decrease in BP (a decrease in alcohol consumption by one
alcoholic drink will result in decreases in both systolic and
diastolic BP by about 1 mmHg).

Women and lean individuals absorb larger amounts of
ethanol than men (88), consequently, their daily consump-
tion should not exceed 20 ml of ethanol.

Excessive alcohol intake is a major risk factor for the
development of hypertension and may be responsible for
resistance to antihypertensive therapy (89).

DIETARY FACTORS WITH LIMITED OR UNCERTAIN
EFFECT ON BP

Several predominantly small clinical trials and meta-analyses
of these trials (90-92) have documented that high-dose
omega-3 polyunsaturated fatty acid (commonly called fish
oil) supplements can lower BP in hypertensive individuals
with BP reductions occurring at relatively high doses
(=3 g/day). In hypertensive individuals, average systolic and
diastolic BP reductions were 4.0 and 2.5 mmHg, respec-
tively (92).

Overall, data are insufficient to recommend an increased
intake of fiber alone (93,94), supplemental calcium, or mag-
nesium (95,96) as means to lower BP. Additional research is
warranted before specific recommendations can be made
about how the amount and type of carbohydrates (97,98)
affect BP.

INCIDENCE OF HYPERTENSION

There are much less data about the incidence, i.e., newly
developed cases, of hypertension than about its prevalence.
The incidence of hypertension in the Framingham cohort

over four years was directly related to the prior level of BP
and to age, with similar rates in men and women (37).
Obesity and weight gain also contributed to progression of
hypertension. A 5% weight gain after 4 years was associ-
ated with 20% increased odds of hypertension (Table 2.1).
Another longitudinal database is provided by the NHANES
study, which found minimal differences in the incidence of
hypertension between men and women for all age groups.
Incidence rates for blacks were at least twice the rates of
whites for almost every age-sex group (99).

Short-term incidence rates of hypertension are available

for middle-aged adults in Korea, confirming again only
minor differences in the crude two-year incidence of hyper-
tension between males and females. Incidence rates were
markedly increased (two or five times higher) in individuals
with higher BP at baseline. Older age and overweight were
also major predictors for hypertension (100).
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PULSE PRESSURE AS A
CARDIOVASCULAR RISK FACTOR

INTRODUCTION

With the aging of the population, the incidence of systolic
hypertension is increasing among the elderly. The primary
reason for this evolution is the age-related development of
arterial stiffness, which leads to an increase in systolic blood
pressure (SBP) and pulse pressure (PP), and a decrease in
diastolic blood pressure (DBP). The role of PP in cardiovas-
cular (CV) morbidity and mortality has been well established
over the last 10 years for various populations. Study results
indicate that the evaluation of central and peripheral PP, as
well as direct measurements of arterial stiffness, are of
clinical interest for identifying high-risk patients.

PP AND CV MORBIDITY AND MORTALITY
IN NORMOTENSIVE AND HYPERTENSIVE
SUBJECTS

In the past, many epidemiological investigations did not
include patients with high SBP and normal or low DBP (1-3).
However, since the 1970s, several studies (4,5) have empha-
sized the greater risks of an elevated SBP compared to that of
an elevated DBP, especially in older patients. PP, however, was
rarely mentioned until the end of the 1980s (1). In 1989,
a study from France (6) described an association between PP
and left ventricular hypertrophy (LVH) in both sexes and
found a positive correlation with death from coronary artery
disease in women. In 1994, Madhavan et al. (7) reported that
hypertensive subjecs in the upper tertile of pretreatment PP
(>63 mmHg) had a greater mortality than those in the lower
tertiles, and that PP, but not SBP or DBP, was an independent
predictor of myocardial infarction. In a later study (8) from
the same group, an extensive number of treated and untreated
hypertensive patients were examined. After adjustment for
other CV risk factors, PP was the only measure of blood pres-
sure (BP) significantly and independently related to the
intreatment incidence of myocardial infarction.

In 1997, we reported results from a study in a large French
cohort that showed that a wide PP was an independent and
significant predictor of all-cause mortality, total CV mortality,
and especially coronary mortality (9). This study was realized
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in 19,000 men, aged 40-69 years, with no CV diseases, who
had a routine health examination, and who were followed up
for a mean period of about 20 years. Subjects were divided
into groups according to age (40-54 and 55-69 years)
and the level of mean arterial pressure (MAP <107 and
>107 mmHg). A wide PP was an independent and significant
predictor of all-cause, total CV and especially coronary mor-
tality in all subgroups of subjects. In this study the association
between PP and cerebrovascular mortality was weaker than
for coronary mortality.

In a subsequent report in 1998, we showed that the
evaluation of PP is of interest even in individuals presenting
normal values of SBP (<140 mmHg) and DBP (<90 mmHg)
(10). Thus, normotensive men with PP >55 mmHg have
an increased relative CV risk of 40% compared to normoten-
sives of the same age who belonged to the lower PP group
(<45 mmHg).

We also investigated, in two independent French male
cohorts, the risk of CV mortality according to the long-term
evolution of BP by testing the association between sponta-
neous (non-treatment related) changes in SBP and DBP over
a period of approximately 5 years and subsequent CV mor-
tality over a 20-year follow-up period (11). In both cohorts,
after adjustment for age and major risk factors, the group with
increased SBP and decreased DBP, i.e., those patients with
the most pronounced increase in PP, had the highest CV risk.
These results indicate that the development of arterial stiffness
(the cause for the increase in PP) is a strong determinant of CV
mortality, independently of absolute BP values. Thus, in the
case of normal or slightly increased BP levels, when treatment
is not necessary, long-term follow-up of BP levels may help
estimate an individual’s CV risk and contribute to therapeutic
decision-making. In addition, in subjects with high BP, to
whom physicians should propose a first treatment, compar-
ison with older BP readings when available could contribute
to a better estimation of CV risk.

In the last 10 years, a large number of clinical studies have
shown that increased PP is a strong predictor of CV morbidity
and mortality, especially coronary mortality, and incidence
of heart failure, independently of mean BP levels (12-14).
These observations have been made in different populations
but are apparently more pronounced in diabetics and elderly
subjects.
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ROLE OF PP IN DIABETIC PATIENTS

Diabetic patients show a more marked increase in PP with
age compared to non-diabetic patients due to a more pro-
nounced increase in arterial stiffness (15-17). In accordance
with this concept, increase in PP with age is more pro-
nounced in diabetics with initial micro-, macro-albumin-
uria, and retinopathy, suggesting that the progression in
arterial aging is more pronounced in the presence of target
organ damage (17).

Several clinical studies have shown that large artery
stiffness and its main clinical expression, such as high PP,
develop prematurely in the presence of diabetes and are key
factors of CV complications and mortality in diabetics. It
has been shown that in type II diabetics, PP was associated
with both micro- and macrovascular complications (18).
Cockcroft et al. (19), in a study with a 4-year follow-up
among type II diabetic subjects, have shown that both PP
and SBP, but not DBP, were positively associated with CV
events. The authors concluded that PP was a better predictor
of CHD events than SBP in persons with type 2 diabetes, but
that SBP remained a better predictor for CV disease.

Schram et al. (20) studied the association between PP and
CVD disease in young type I diabetics. They found that PP, in
addition to MAP, was a significant determinant of CV
complications. This is contrary to what has previously been
reported in a general population, which is that DBP better
reflects cardiovascular disease (CVD) risk in younger subjects,
whereas SBP and PP better reflect the risk in older subjects
(21). The fact that in young type 1 diabetics PP is a strong
determinant of CV complications suggests that these patients
have a more advanced arterial age than their chronological
age. This could explain why what is found only for older
subjects in the general population is observed even in much
younger subjects with type 1 diabetes. Actually, diabetes
induces several functional and structural changes of the arte-
rial wall which could explain the development of arterial
stiffness. The endothelial dysfunction has been described in
several studies. One of the major mechanisms of accelerated
stiffening in diabetics appears to be the reaction between
glucose and the proteins of the extracellular matrix called non-
enzymatic glycation (22,23). This leads to the formation of
advanced glycation end products, responsible for the increase
in collagen cross-links.

These reactions observed during aging are greatly
accelerated in the presence of diabetes, accounting for
arterial stiffness and increase in SBP and PP in diabetics.
These structural alterations may also explain the failure of
antihypertensive drugs to control SBP in diabetics (24). The
predominant role of SBP and PP in the evolution of
diabetes and its related complications has also been
suggested by the results of several large clinical trials that
show that SBP control is by far the most important
therapeutic goal for protecting type 2 diabetics.

WHY DOES PP INCREASE WITH AGE?

Until the ages of 50-60 years, both SBP and DBP increase
with age. Thereafter, in the majority of cases, SBP increases
with age disproportionally to DBP. The most common cause
for the disruption of the correlation between SBP and DBP

(leading to an excessive increase in SBP and PP) is the
progressive stiffening of the arterial wall (25,26). Actually,
arterial stiffness develops as a consequence of several
structural and functional changes of the large arteries. Wall
hypertrophy, calcium deposits, and changes in the extracel-
lular matrix, such as an increase in collagen and in fibronectin,
fragmentation and disorganization of the elastin network,
enzymatic and non-enzymatic cross-links, and cell-matrix
interactions, are the main structural determinants of the
decrease in the elastic properties and development of large
artery stiffness (22). Loss of vascular endothelium function
(decrease in the release of vasodilators and increased synthesis
of vasoconstrictors) and modification of smooth muscle
reactivity may be the main functional changes leading to
decreased elasticity and increased stiffness.

It is important here to point out that SBP depends on left
ventricular performance and on the stiffness of the aorta
and the other large arteries (25,27). Thus, peak SBP will
be greater if the arterial wall is more rigid. On the other
hand, after the closure of the aortic valves, arterial pressure
gradually falls as blood is drained to peripheral vascular
networks. The minimum DBP is determined by the duration
of the diastolic interval and the rate at which the pressure
falls. The rate of fall in pressure is influenced by the rate of
outflow, i.e., the peripheral resistance, and by the visco-
elastic arterial properties. At a given vascular resistance, the
fall in DBP will be greater if the rigidity of large arteries is
augmented. The visco-elastic properties of arterial walls are
also a determinant of the speed of propagation of the
arterial pressure wave (pulse wave velocity, PWV) and of the
timing of wave reflections. Thus, stiffening of the arteries
increases PWV and may be responsible for an earlier return
of the reflected waves, which superimposes the incident
pressure wave, thus further contributing to the increase in
SBP and PP (27). Therefore, arterial stiffness is the major
cause of elevated SBP and PP in the elderly, which is one of
the most powerful determinants not only of mortality but
also of morbidity, hospitalization, loss of autonomy, and
handicaps.

CHANGING ROLES OF SBP, DBP, AND PP
WITH AGING

These considerations can also explain why SBP and PP
better reflect the risk in older subjects whereas DBP better
reflects the CVD risk in younger subjects (21,28). These age-
dependent changes in the prognostic value of BP levels are
due to several factors. DBP in young patients is mainly
dependent on peripheral resistance and therefore low DBP
reflects low peripheral resistance. Moreover, in younger
subjects with hyperkinetic circulation, DBP is less variable
than SBP, thus better reflecting CV risk. In older subjects,
a low DBP may reflect high arterial stiffness, which is a
major manifestation of arterial aging, rather than low
peripheral resistance (25-27). In this case, low DBP is
associated with high SBP and high PP and increased CV risk.
The clinical application of these considerations is that—as
clearly stated during the latest guidelines of the Joint
National Committee on Prevention, Detection, Evaluation,
and Treatment of High Blood Pressure (JNC)—"in persons
older than 50 years SBP is a much more important CV risk
factor than DBP” (29).
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IS PP A STRONG DETERMINANT OF CV
MORTALITY RISK IN VERY OLD SUBJECTS?

Although it has been shown that PP is the most powerful BP
index in predicting CV end points in elderly persons
(21,28,30), the results of studies carried out in subjects over
80 years of age challenge this view. In a study involving elderly
institutionalized patients (mean age 87 years), we found that
BP, in particular SBP and PP, did not predict CV mortality.
Actually, in that population only aortic PWYV, a direct indicator
of arterial stiffness, was a major independent predictor of CV
mortality and was an extremely powerful marker (31).

In a community-based study among subjects 85 years
of age or older, survival was lower in subjects with low SBP
and DBP (32). This paradox seems to be related to the pre-
sence of co-morbidities since it disappears after adjusting for
confounding parameters. However, after these statistical ad-
justments, no positive relationship was found between BP and
CV morbidity and mortality, indicating that BP may not be a
risk indicator in this group of patients. Other studies in elderly
patients have shown that a decrease in BP over a long period
of time predicts high morbidity and mortality (33). In a recent
study from the United States, realized among institutionalized
subjects, no relationship was observed between BP levels and
CV risk (34). The abolishment of the association between BP
and CVD risk in the very elderly is related to several age-related
changes which are summarized below.

m The presence of frequent co-morbidities in the very
elderly, mainly denutrition, heart failure, and several
neurological disorders, reduces BP levels and thus masks
the association between high BP and CVD risk (35).

m Exaggeration of BP variability, mainly SBP and PP
variability, due to the alterations of homeostatic
mechanisms. Arterial stiffness, baroreceptor failure, and
neurological diseases are responsible for such variability
and for the presence of orthostatic or post-prandial
hypotension (36). Therefore, SBP and PP recorded
during casual measurements may not reflect real SBP
and PP levels. Several international guidelines propose
the systematic realization of multiple BP measurements
(home measurements, 24-h BP recordings) in order to
obtain more valuable BP levels, especially before
treating very elderly patients.

m Finally, we should mention the relatively frequent
overestimation of BP levels in the presence of severe
mediacalcosis (pseudo-hypertension) (37) due to the
lack of compressibility of peripheral arteries.

Thus, in very elderly people with multiple co-morbidities,
the BP-related risk could be better evaluated by combining
home measurements and direct evaluation of arterial stiffness,
which are not as influenced by the above mentioned disease
and alterations. However, extensive studies are needed to
confirm the interest of these measurements for the evaluation
of treatment efficacy in high-risk elderly patients.

CENTRAL VERSUS PERIPHERAL PP LEVELS

In younger subjects without accelerated arterial aging, SBP and
PP increase significantly from the central to the peripheral
arteries, due primarily to lower stiffness and lower velocity in
the propagation of reflection waves in central arteries (27,38).

Central and peripheral DBP values however are not sig-
nificantly different. The clinical consequence is that SBP and
PP measured at the peripheral arteries overestimate the central
aortic values. After the age of 55-60 years, central SBP and PP
increase more than peripheral pressures as a consequence of
arterial aging, which is more pronounced at the site of the
central arteries. In these subjects, central SBP and PP levels are
often equal or even higher than the values recorded at the
peripheral arteries. Actually, central aortic pressure, an
important determinant of left ventricular load, is influenced
more than peripheral pressure by the stiffness of large arteries
and the timing and magnitude of pressure wave reflections
(25,39-41). In 280 patients undergoing a diagnostic coronary
angiography, central PP was recorded in the aortic root before
angiography (42). Aortic PP was strongly correlated with the
presence and extent of coronary artery disease. By contrast,
peripheral brachial PP did not differ in the different groups of
patients according to the severity of coronary artery disease.
These results indicate that central BP recordings can evaluate
the severity of atherosclerosis and detect high-risk patients
better than peripheral BP.

Several clinical studies have shown that various classes of
BP-lowering drugs may have profoundly different effects on
central pressure waveforms despite similar effects on brachial
artery pressures (43-45). Although these results have been
observed primarily in short-term studies, two recent long-term
trials have also shown significant differences between
antihypertensive drugs. The REASON study (46,47) showed
that, despite similar effects on peripheral SBP and PP, the
angiotensin-converting enzyme inhibitor perindopril had
more pronounced effects on central BP than the beta-blocker
atenolol. More recently, an analysis from the ASCOTT-CAFE
study (48) showed that even though brachial SBP and
brachial PP were not significantly different between treatment
groups, central aortic SBP and central aortic PP were
significantly lower with amlodipine-perindopril therapy as
compared to the beta-blocker-diuretics treatment. Moreover,
this study found that central aortic PP was identified as a
significant determinant of CV and renal outcomes.

Taken together these results indicate that central aortic
SBP and PP measurements are more appropriate for assessing
CV risk than brachial BP measurements. The recent devel-
opment of several noninvasive devices enables the measure-
ment of central aortic hemodynamics in large populations
(42-44).

WHY IS PP ASSOCIATED WITH CV RISK?

If the association between PP and CV risk has been
demonstrated in a very large number of clinical studies, the
pathophysiological mechanisms of this association still
remains unclear. Schematically, we can advance at least three
hypotheses.

1. PP and increased cyclic stress. Experimental studies
indicate that fatigue and fracture of elastic fibers within
the arterial wall are related to both steady-state and
pulsatile stress (39,49). In vivo, the former is primarily
dependent MAP, whereas the latter is related to amplitude
of PP and also to heart rate. Therefore, the first hypothesis
is that increased PP by itself could be responsible for
cardiac and arterial fatigue and subsequent
complications, such as LVH, arterial hypertrophy and
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dilatation, endothelial damage, and extracellular matrix
changes.

2. Altered ventricle-aortic coupling influences myocardial
perfusion by elevating the proportion of coronary flow
during the systolic time period (50). Thus increased PP
and low DBP lead to decreased coronary perfusion,
which mainly occurs during the diastolic phase of the
cardiac cycle.

3. PP as an indicator of stiffness. PP is associated with
CVD risk since it is an indicator of arterial stiffness, and,
therefore, PP is just an epiphenomenon and not
responsible for CV alterations.

We believe that these three hypotheses are complementary
rather than contradictory. Some studies have shown that
increased PP in the absence of arterial stiffness (Marfan disease,
hyperdynamic circulation) could be responsible for arterial
hypertrophy and dilation. Excessive decrease in DBP can lead
to coronary insufficiency, especially since an increase in stiff-
ness is responsible for increased LVH and, therefore, increased
needs of the myocardium. It is therefore possible that the
combination of the direct and indirect effects of increased PP
are all responsible for the increase in CVD risk (Figure 3.1).

CONCLUDING REMARKS

One of the problems when treating for hypertension is that
a very large number of subjects have to be treated in order
to prevent a small number of CV complications (51). This
suggests that the standard criteria, mainly DBP, even if they
are generally correlated with CV risk, may not be specific or
sensitive enough to identify groups of subjects who are at
high risk due to BP values. An increase in PP, especially
when both a high SBP and a low DBP are present, is due to
an excessive arterial stiffness, which is one of the major
signs of arterial aging, and is associated with elevated CV
risk. An increasing number of experts propose to shift
our risk evaluation from DBP to SBP or PP (29,52,53).
Although it is not possible at this moment to define normal
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Wave reflections Reduced distensibility

\ Increased SBP and PP /
eincreased cyclic stress
sincreased LV after load
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«altered ventricle-aorta coupling

«decreased coronary perfusion

Cardiovascular morbidity and mortality

Fig. 3.1 Schematic representation of the relationships
between arterial stiffness, pulse pressure (PP), and
cardiovascular (CV) events. An increase in PP,
especially when this is due to both a high systolic
blood pressure (SBP) and a low diastolic blood
pressure, is due to excessive arterial stiffness and is
associated with elevated CV risk.

PP levels, most of the studies have shown that a PP higher
than 65 mmHg is associated with a clinically important
increase in CV risk. Noninvasive assessment of central PP by
applanation tonometry and of arterial stiffness using the
PWYV approach, can provide supplementary information for
the evaluation of CV risk and the estimation of treatment
efficacy.
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OBESITY AND OBSTRUCTIVE
SLEEP APNEA

Marzena Chrostowska, Krzysztof Narkiewicz

INTRODUCTION

Obesity is becoming recognized as one of the most impor-
tant risk factors for the development of hypertension. The
epidemic of obesity and obesity-related hypertension is paral-
leled by an alarming increase in the incidence of diabetes
mellitus, chronic kidney disease, and obstructive sleep apnea
(OSA). For many years, OSA was linked primarily to impaired
cognitive function and daytime somnolence. However, there
is increasing evidence that OSA may also be implicated in
the pathogenesis of hypertension and cardiovascular disease
(CVD). This chapter examines the relationship between
obesity, hypertension, and OSA, and reviews major mech-
anisms underlying this link.

EPIDEMIOLOGY OF OBESITY

The World Health Organization accepts a body mass
index (BMI) of 25.0kg/m? or higher as abnormal; the over-
weight category is classified as obese when the BMI is
30.0kg/m? or more (Table 4.1) (1). The International
Obesity Task Force estimates that at least 1.1 billion adults
are overweight, including 312 million obese individuals (2).
Figure 4.1 presents the prevalence of obesity by age and
gender in the subregions of the world. Obesity is common in
both Western and Eastern Europe. At all ages, women are
generally found to have higher rates of obesity than men.

The risks of hypertension, diabetes, and dyslipidemia
increase from a BMI of about 21.0kg/m?, reducing life
expectancy and increasing the health and societal burden (2).
Excess bodyweight is the sixth most important risk factor
contributing to the overall burden of disease worldwide (2).
In the United States, obesity is set to overtake smoking in
2005 as the main preventable cause of illness and pre-
mature death (3).

Central obesity is much more closely related to
cardiovascular and metabolic risk factors than peripheral
obesity. Co-morbidities of central obesity are reflected in the
metabolic syndrome, and are discussed in Chapter 5. The
International Diabetes Federation defines central obesity as
waist circumference >94 cm for Europid men and >80 cm
for Europid women, with ethnicity-specific values for other

Table 4.1 Classification of adults according to

body mass index (BMI)

Classification BMI (kg/m?2)

Underweight <18.5

Normal range 18.5-24.9

Overweight =25.0
Preobese 25.0-29.9
Obese class | 30.0-34.9
Obese class Il 35.0-39.9
Obese class Il =40.0

Source: From Ref. 1.

groups (4). This waist circumference cutoff is lower than the
main Adult Treatment Panel III recommendations (>102 cm
for males and >84 cm for females) (5). In clinical practice,
it is simpler to use the waist measurement than the waist/hip
ratio. However, recent findings from The INTERHEART study
(6) provides evidence for the predictive importance of the
waist/hip ratio independent of waist or BMI measures alone.
Waist-to-hip ratio shows a graded and highly significant
association with myocardial infarction risk worldwide
(Figure 4.2). Therefore, it was suggested (2) that the early
emphasis on waist/hip ratios might have to be reapplied.

Given the close link between obesity and CVD, it has been
suggested that current trends in obesity might lead to a decline
in life expectancy in the United States in the 21st century (7).
Similar trends are likely to occur in other countries.

EVIDENCE LINKING OBESITY AND
HYPERTENSION

Obesity and, in particular, central obesity have been consis-
tently associated with hypertension and increased cardiovas-
cular risk. Based on population studies, risk estimates indicate
that at least two-thirds of the prevalence of hypertension can
be directly attributed to obesity (8).

Several epidemiological studies show that the age-adjusted
prevalence of hypertension increases progressively with higher
levels of BMI in men and women (Figure 4.3) (9). The risk of
developing hypertension is strongly linked to both waist
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Fig. 4.1 Prevalence of obesity worldwide by age and
gender. Source: Reproduced from Ref. 2.

circumference and waist/hip ratio. Blood pressure (BP)
appears highest among those with high waist and small hip
circumference measures (10). In men, the attributable risk of
hypertension induced by abdominal obesity ranges from 21%
to 27% and in women ranges from 37% to 57% (11).

Most hypertensive patients are either overweight or obese.
Figure 4.4 shows data from a cross-sectional population
survey conducted in Finland, which suggests that more
than 85% of hypertension occurs in subjects with a BMI
>25kg/m? (12).

Both obesity and hypertension contribute to the devel-
opment of left ventricular hypertrophy (13). Obesity and
hypertension appear to have an additive effect in men but
a synergistic effect in women. Therefore, obese hypertensive
women are at particular risk of developing left ventricular
hypertrophy.

Further understanding of the relationship between weight
and BP has come from observational studies of weight change.
The Nurses” Health Study showed that women who lost at
least 5 kg had a significantly lower relative risk of developing
hypertension than women who did not change their weight
(14). Compared with women whose weight remained stable
over 14 years of follow-up after the age of 18 years, women
who gained more than 25 kg in weight had a five-fold increase
in the risk of hypertension.

Apart from hypertension, abdominal adiposity has also
been implicated in the pathogenesis of coronary artery dis-
ease, stroke, and congestive heart failure (2). Recent evidence
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Fig. 4.2 Association of waist-to-hip ratio (expressed as
quintiles) within BMI categories with MI risk in the
INTERHEART study. Increasing waist-to-hip ratio was a
predictor of M, even in those regarded as very lean and in
those regarded as being of ideal weight, overweight, or obese.
Abbreviations: BMI, body mass index; MI, myocardial
infarction; OR, odds ratio. Source: Reproduced from Ref. 6.

from France suggests that, in overweight and obese subjects,
cardiovascular risk is not significantly increased unless hyper-
tension is present (15). This observation underscores the role
of hypertension as a mediator through which obesity may
cause CVD.

While obese subjects are prone to hypertension, hyper-
tensive subjects also appear to be prone to weight gain. Both
the Framingham and Tecumseh studies have shown that
future weight gain is significantly greater in hypertensive
patients than in normotensive subjects, suggesting that even
normal-weight hypertensives are at high risk for development
of obesity (16). Therefore, the relationship between obesity
and hypertension might be described as a “two-way street”
(17), implying an individual susceptibility to both conditions
or common environmental features.

MECHANISMS LINKING OBESITY TO
HYPERTENSION

There is growing evidence that adipose tissue may be
directly involved in the pathogenesis of hypertension (18).
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Fig. 4.3 Prevalence of hypertension (%) according to
body mass index (BMI) in NHANES III. Source: From Ref. 9.
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Understanding the pathophysiology of obesity-related hyper-
tension has important implications in terms of clinical man-
agement. Several mechanisms appear to be implicated in the
development of hypertension associated with obesity (19)
(Figure 4.5). These include alterations in the
renin-angiotensin-aldosterone system (RAAS), increased
sympathetic nervous system activity (20), insulin resistance,
leptin resistance (21), altered coagulation factors,
inflammation, and endothelial dysfunction (22).

Obesity might lead to hypertension by increasing renal
sodium reabsorption, impairing pressure natriuresis and
volume expansion (23). Furthermore, obesity may also
cause marked structural changes in the kidneys that even-
tually lead to chronic renal failure and further increases in
BP (24,25). Obesity may cause glomerular hyperfiltration,
increased urinary albumin loss, and progressive loss of renal
function caused by focal segmental glomerulosclerosis
(26,27). Tubular injury, as the first sign of renal damage in
hypertension, is closely linked to metabolic disturbances
(28). Kincaid-Smith (29) recently proposed that obesity and
the insulin resistance syndrome play a major role in the
genesis of renal failure in hypertensive patients by what con-
ventionally had been labeled “hypertensive nephrosclerosis.”
In patients with established renal disease, obesity accelerates

disease progression (30,31). The importance of obesity in
causing renal damage has recently been emphasized by
population-based studies in apparently healthy subjects.
First, multivariate analysis of the data of the PREVEND
study showed that the BMI is independently associated with
urinary albumin excretion, and that this relationship is
closer in males than in females (25) (Figure 4.6). The
relationship between BMI and impairment of renal function
is evident even in subjects without overt obesity (32).
Second, in the general population, obesity is associated with
an increased incidence of chronic kidney disease (33) and
end-stage renal failure (34).

Central obesity is characterized by a sympathetic activation
greater for magnitude than that detectable in peripheral
obesity (35). The mechanisms of sympathetic activation in
obesity are not completely understood but participation of the
hypothalamus-hypophysis axis (36), stimulation of the
hypothalamic pro-opiomelanocortin pathway by hyper-
leptinemia (37), and frequently co-existing OSA (38,39)
might be implicated (see below). Insulin resistance has been
linked to volume expansion, sodium retention, and enhanced
sympathetic nervous system activity. Furthermore, insulin
resistance, especially if associated with obesity, may increase
cardiovascular risk through increased activity of the systemic
RAAS (40) and subdlinical inflammation, as estimated by C-
reactive protein (41). Obesity-related hypertension has been
recently associated with the accumulation of “dysfunctional”
adipose tissue, characterized by the presence of “large”
adipocytes, which may be directly involved in the production
of angiotensinogen, pro-inflammatory cytokines, and reactive
oxygen species (42).

Obesity is associated with distinctive hemodynamic
alterations (43-45). While both cardiac output and plasma
volume are increased, peripheral resistance is significantly
decreased in obese subjects compared to normal-weight indi-
viduals. Increased blood volume might have direct deleteri-
ous effects on left ventricular dimension and function. Finally,
obesity has recently been associated with increased stiffness
of muscular arteries (46).

It is clear that obesity-related hypertension is a multi-
factorial disorder. At this time it is not possible to identify
one single mechanism as the dominant etiologic factor.
Genesis and evolution of obesity-related co-morbidity pre-
sumably depends on several genetic and environmental
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Fig. 4.5 Potential mechanisms linking obesity to
hypertension. Source: From Ref. 19.
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factors. It is likely that obesity, hypertension, metabolic
abnormalities, and renal factors interact and potentiate their
individual impact on cardiovascular risk (Figure 4.7) (47).
The number of nephrons is reduced in patients with primary
hypertension (48). In these patients, obesity may confer an
increased risk of chronic kidney disease, especially when
additional factors, such as diabetes or lipid abnormalities,
are superimposed.

Obesity-related metabolic abnormalities and impair-
ment of cardiovascular function may be present even at
young age and progress asymptomatically for decades before
clinical manifestations set in. It is conceivable that these
early abnormalities found in young obese subjects might
facilitate the future development of hypertension and ath-
erosclerosis independent of other traditional risk factors.
This hypothesis is supported by recent findings that link
obesity to accelerated progression of coronary artery calci-
fication as a marker of atherosclerosis in apparently healthy
individuals with an otherwise favorable cardiovascular risk
profile (49).

MANAGEMENT OF OBESITY-RELATED
HYPERTENSION

DIAGNOSIS

Use of the correct size of cuff is essential for precise BP
measurements. Measuring BP in obese patients can be
difficult. Too small of a cuff size will result in an overesti-
mation of BP, while too large of a cuff size will lead to an
underestimation. A standard size cuff is not appropriate in
the majority of obese patients. The British Hypertension
Society (50) recommends a large cuff with a bladder meas-
uring 12 X40cm for obese arms, whereas the American
Heart Association (51) recommends a large adult cuff with
a bladder measuring 16 X 38 cm for arm circumferences of
35-44 cm, and an adult thigh cuff with a bladder measuring
20 X 42 cm for thigh circumferences of 45-52 cm.

The Sokolow-Lyon voltage criteria are significantly less
sensitive in obese subjects than in normal-weight subjects,
underestimating the presence of anatomic left ventricular
hypertrophy (52). Although echocardiography is the pre-
ferred method of assessing left ventricular hypertrophy in an
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Fig. 4.7 Potential mechanisms linking obesity,
hypertension, and chronic kidney disease. Source:
Reproduced from Ref. 47.

obese hypertensive subject, its quality is poor in a substantial
proportion of patients.

EFFECTS OF WEIGHT LOSS

Obesity, as a major contributor to global cardiovascular risk,
requires coherent management (2). Effective long-term
weight loss necessitates persistent changes in dietary quality,
energy intake, and physical activity (2). Weight loss is
associated with significant reduction in BP and has
beneficial effects on associated risk factors. The relationship
between change in BP and weight loss is relatively weak.
However, BP decrease is closely related to a reduction in
abdominal fat mass (53). The BP lowering effect of weight
reduction may be enhanced by simultaneous reduction in
sodium intake (54). Even a modest reduction in body
weight can cause a meaningful reduction in the activity of
the RAAS in the circulation and in adipose tissue, which
makes a major contribution to the BP decrease. Weight loss
of 5% is associated with the reduction of angiotensinogen
levels by —27%, renin by —43%, aldosterone by —31%,
angiotensin-converting enzyme activity by —12%, and
angiotensinogen expression by —20% in adipose tissue
(55). Furthermore, weight loss has been shown to improve
endothelial function (56), decrease sympathetic nerve
activity (57), and improve baroreflex function (57). Animal
studies indicate that weight loss decreases proteinuria and
might even reverse morphological signs of renal damage
(58). This repair of renal injury is independent of BP
control. Whether weight loss, induced by either lifestyle
changes or pharmacotherapy, is also associated with reduced
numbers of cardiovascular events remains to be determined.

USE OF ANTI-OBESITY DRUGS

Treatment with orlistat results in both weight loss and weight
loss maintenance. Meta-analysis of the placebo-controlled
studies evaluating the effects of orlistat on BP shows that
greater weight loss in patients treated with orlistat is
associated with significantly greater decrease in BP (59).

Treatment of obese patients with sibutramine can
produce dose-dependent increases in BP and heart rate,
especially during initial treatment. However, a recent meta-
analysis (60) indicates that sibutramine treatment is
unlikely to elicit a critical increase in BP even in hyperten-
sive patients. The cardiovascular effects of the drug appear to
be related to the weight loss achieved: patients who lose 5%
or more of initial body weight have a reduction in BP (61).
Sibutramine is not contraindicated in patients with well-
controlled hypertension. In a study that evaluated the effects
of sibutramine 10 mg in obese hypertensive patients, there
was a similar decrease in BP in patients taking placebo and
patients taking sibutramine (62). The role of sibutramine in
the management of high-risk patients is currently being
tested in the SCOUT trial.

A recent study by Despres et al. (63) has shown that 1 year
treatment with 20mg of rimonabant leads to significant
decreases in systolic and diastolic BP in overweight patients
with dyslipidemia. BP decrease was more pronounced in
patients with hypertension than in normotensive subjects.




28 Obesity and OSA

THE SURGICAL INTERVENTION STUDIES

The Swedish Obese Subjects Study Scientific Group (64)
assessed the long-term benefits of bariatric surgery and con-
ventional treatment in 4,047 patients who were followed up
for at least 2 years; 1,703 of those subjects were followed up
for 10 years. Two- and ten-year rates of recovery from diabetes,
hypertriglyceridemia, low levels of high-density lipoprotein
cholesterol, hypertension, and hyperuricemia were more
favorable in the surgery group than in the control group.
However, the recovery rate from hypertension (34% after
2 years and only 19% after 10 years) was much lower than the
recovery rates from other metabolic and risk factors. The
surgery group had lower 2- and 10-year incidence rates of
diabetes, hypertriglyceridemia, and hyperuricemia than the
control group. However, the difference between the groups in
the incidence of hypertension was undetectable. Thus, while
bariatric surgery might provide benefit to morbidly obese
patients in terms of several risk factors, the impact of the
procedure on BP is relatively modest.

ANTIHYPERTENSIVE DRUG TREATMENT

Despite overwhelming evidence linking obesity to hyperten-
sion, current guidelines do not provide specific recom-
mendations for pharmacological management of the hyper-
tensive patients with obesity (65,66) due to limited data from
prospective trials. Indeed, earlier clinical studies performed
in the 1980s and 1990s included primarily normal-weight
hypertensives. In contrast to earlier studies, several recent
trials included overweight and obese patients. Consequently,
mean BMI in these trials ranged between 27 and 30 kg/m?
(Figure 4.8) (67). Furthermore, in some of the trials, post hoc
analyses were performed, looking for possible differential
effects of antihypertensive treatments in obese versus non-
obese participants.

Antihypertensive treatment based on diuretics and
beta-blockers may aggravate metabolic abnormalities.
Furthermore, treatment with beta-blockers may promote
weight gain (68).

There is growing evidence of the potential benefits of
angiotensin blockade in the management of obesity hyper-
tension. Both angiotensin-converting enzyme inhibitors
(ACEI) and angiotensin type-1 receptor blockers (ARB) have
been associated with favorable metabolic properties and
end-organ protection in addition to their antihyper-
tensive effects (69). The Treatment in Obese Patients with
Hypertension (TROPHY) study (70) has shown that the
number of BP responders was greater with the ACEI than
with the diuretic hydrochlorothiazide. Treatment with ARB
may result in a significant improvement in insulin sensitivity
and decreased sympathetic nerve traffic compared with
diuretic treatment, despite similar decrease in BP (71). A
sub-analysis of the LIFE study (72) demonstrated greater
benefit of losartan-based treatment in obese subjects with
left ventricular hypertrophy as opposed to atenolol-based
treatment. Certain ARBs may induce PPARy activity, thereby
promoting PPARy-dependent adipocyte differentiation (73).
These findings provide a potential mechanism for their
insulin-sensitizing/antidiabetic effects. Finally, several clinical
trials have shown that blockade of the RAAS reduces the
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Fig. 4.8 Mean body mass index (BMI) in selected
hypertension clinical trials completed between 1998 and
2006. Abbreviations: ALLHAT, Antihypertensive and
Lipid-Lowering Treatment to Prevent Heart Attack Trial;
ASCOT-BPLA, The Anglo-Scandinavian Cardiac Outcomes
Trial-Blood Pressure Lowering Arm; ELSA, European
Lacidipine Study on Atherosclerosis; HOT, Hypertension
Optimal Treatment trial; INVEST, International Verapamil-
Trandolapril Study; LIFE, Losartan Intervention For
Endpoint reduction in hypertension study; NORDIL,
Nordic Diltiazem study; TROPHY, Trial of Preventing
Hypertension; VALUE, the Valsartan Antihypertensive
Long-term Use Evaluation trial. Source: Reproduced from
Ref. 67.

incidence of new-onset diabetes (74). Based on these
considerations, drugs blocking the RAAS might be considered
as first-line therapy of obesity-related hypertension.

Hypertension management in obese individuals is
complicated by poorer response to treatment, and the
increased need for multiple medications. A recent study of
45,125 unselected consecutive primary care attendees has
shown that BP control rates are significantly lower in obese
hypertensive than in normal-weight hypertensives (75). The
odds ratio for good BP control (<140/90 mmHg) in diag-
nosed and treated patients was 0.8 (95% confidence interval
[CI] 0.7-0.9) in overweight patients, 0.6 (95% CI 0.6-0.7)
in grade 1, 0.5 (95% CI 0.4-0.6) in grade 2, and 0.7 (95%
CI 0.5-0.9) in grade 3 obese patients.

The majority of patients would require two or more
drugs to achieve target BP. If BP goal is not achieved with
first-line therapy (ARB or ACEI), adding a long-term
calcium channel blocker or low-dose thiazide diuretic might
be considered. The next step should include a combination
of the three drugs. Adding a low dose of either B-blocker, a-
blocker, or spironolactone might be of benefit in patients
with resistant hypertension. Recently, spironolactone in
doses of 25-50mg/day was shown to provide additional
antihypertensive benefit in resistant, obese hypertensives
despite concurrent treatment with an ACEI or ARB, calcium
channel blocker, and thiazide diuretic (76,77). In selected
patients, treatment with I,-imidazoline agonists might be
considered, as these drugs, in addition to improvement in
insulin sensitivity, were shown to decrease sympathetic
traffic (78).
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OBSTRUCTIVE SLEEP APNEA—
DIAGNOSIS AND EPIDEMIOLOGY

There is growing recognition of the widespread incidence
and health consequences of OSA (79,80). OSA is charac-
terized by recurrent episodes of cessation of respiratory
airflow caused by upper airway inspiratory collapse during
sleep, with a consequent decrease in oxygen saturation (81).

Signs and symptoms suggestive of OSA include daytime
somnolence, impaired concentration, unrefreshing and
restless sleep, choking episodes during sleep, witnessed
apneas, nocturia, irritability/personality change, decreased
libido, and increased motor vehicle accidents. This should trig-
ger application one of a validated questionnaire: the Epworth
Sleepiness Scale or the Berlin Questionnaire (82). The
Epworth Sleepiness Scale (83) asks subjects to rate, from 0 to
3, their chance of dozing off while performing eight different
activities such as watching TV, sitting quietly in a public place,
or lying down in the middle of the afternoon. A total score of
6 or more on the Epworth suggests the patient suffers from
daytime sleepiness. A score of 10 or more suggests excessive
daytime sleepiness, while 16 or more suggests dangerously
excessive daytime sleepiness. The Berlin questionnaire (84)
includes one introductory and four follow-up questions about
snoring, three questions about daytime somnolence
(including one concerning sleepiness while driving), and one
question about history of hypertension. It also collects
information about age, gender, ethnicity, height, weight, and
neck circumference. The presence of OSA is determined by
positive responses to at least two of the following three
criteria: (i) persistent symptoms (>3 times per week) for at
least two snoring questions; (ii) persistent (>3 times per
week) somnolence during daytime and/or while driving; and
(iii) history of hypertension or a BMI >30kg/m2. The
questionnaire has high internal validity and performs
accurately in a primary care setting.

Polysomnography remains the “gold standard” diagnos-
tic tool for assessing sleep-disordered breathing. The
severity of OSA is measured as the apnea-hypopnea index
(AHI). An apnea, defined as cessation of airflow for at least
10 s, is classified as obstructive or central on the basis
of presence or absence of respiratory effort. Definition of
hypopnea includes one of three features:

m Substantial reduction in airflow (>50%);

m Moderate reduction in airflow (<50%) with
desaturation (>3%); or

m Moderate reduction in airflow (<50%) with
electroencephalographic evidence of arousal.

The AHI (i.e., the number of apneic and hypopneic events
per hour) is used as one index of the presence and severity
of sleep apnea. For OSA, an AHI of 5-15 indicates mild
apnea; of 15-30, moderate apnea; and of greater than 30,
severe apnea.

Data from the Wisconsin Sleep Cohort Study (85), a
longitudinal study of the natural history of cardiopulmonary
disorders of sleep in which a random sample of 602
employed men and women 30-60 years old were studied by
overnight polysomnography, suggest that 24% of the middle-
age men and 9% of the middle-age women had sleep-
disordered breathing (AHI> 5/h), with 4% of men and 2%
of women also having hypersomnolence.

THE RELATIONSHIP BETWEEN OBESITY
AND OSA

Obesity is probably the most important risk factor for OSA.
Several cross-sectional studies have consistently found an
association between increased body weight and the risk of
OSA. Up to 40% of morbidly obese subjects have significant
OSA, and the vast majority of these patients remain undiag-
nosed (86). A prospective population-based study of 690
randomly selected subjects has shown that a 10% weight
gain was associated with a six-fold increase in the risk of
developing sleep apnea (87). In the same study, a 10% weight
loss predicted a 26% decrease in the AHI.

Whereas obesity increases the risk for OSA, sleep apnea
may predispose to weight gain and obesity. Indeed, patients
with newly diagnosed OSA have a history of excessive recent
weight gain in the period preceding the diagnosis (88).

EVIDENCE LINKING OSA TO
HYPERTENSION

Obstructive sleep apnea has been linked to hypertension in
several experimental, epidemiological, and clinical studies.
Animal models of sleep apnea have provided strong evidence
for a causal relationship with hypertension (89). Studies in
humans have demonstrated that patients with sleep apnea
have an increased BP and a higher incidence of hypertension
(90-92). The most compelling evidence linking OSA and
hypertension was provided by data from the Wisconsin Sleep
Cohort Study. This study has demonstrated a dose-responses
association between sleep-disordered breathing at baseline
and the presense of de novo hypertension 4 years later (93).
The odds ratios for the presence of hypertension at the 4-year
follow-up study according to the AHI at base line were
estimated after adjustment for baseline hypertension status,
BMI, neck and waist circumference, age, sex, and weekly use
of alcohol and cigarettes. Relative to the reference category of
an AHI of 0 events per hour at baseline, the odds ratios for
the presence of hypertension at follow-up were 1.42 (95%
CI 1.13-1.78) with an AHI of 0.1-4.9 events per hour at
base line as compared with none, 2.03 (95% CI 1.29-3.17)
with an AHI of 5.0-14.9 events per hour, and 2.89 (95%
CI 1.46-5.64) with an AHI of 15.0 or more events per hour
(Figure 4.9). These findings suggest two important concepts.
First, sleep-disordered breathing is a risk factor for hyper-
tension in the general population. Second, even sleep apnea
that is considered mild may also contribute significantly to
overall BP levels.

While the prevalence of sleep apnea increases with age, the
link between sleep-disordered breathing and hypertension
may be attenuated by aging (94). A recent analysis of the
Sleep Heart Health Study (95) has shown that OSA is inde-
pendely associated with hypertension in middle-aged sub-
jects but not in elderly subjects. Interestingly, isolated systolic
BP was not associated with sleep-disordered breathing. In
those aged <60 years, AHI was significantly associated with
higher odds of systolic/diastolic hypertension [OR=2.38
(95% CI 1.30-4.38) for AHI 15-29; OR=2.24 (95% CI
1.10-4.54) for AHI = 30]. Thus, taking into account age and
distinguishing between hypertensive subtypes reveals a
stronger association between sleep-disordered breathing and
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Fig. 4.9 Adjusted odds ratios for the presence of incident
hypertension at 4-year follow-up according to the apnea-
hypopnea index (AHI) at baseline. Data are shown as odds
ratio (line bars indicate lower and upper 95% confidence
intervals). P for trend = 0.002. Source: Reproduced from
Ref. 103, based on data from Ref. 93.

hypertension for young and middle-aged subjects than
previously reported.

The prevalence of hypertension is underdiagnosed in
OSA patients if BP is assessed by office readings only. Baguet
et al. (96) have shown that ambulatory BP monitoring
might be of particular significance in the hypertension
diagnosis of OSA patients. While 42% of their OSA patients
demonstrated office hypertension, 58% had daytime
hypertension, and 76% had nighttime hypertension. Thus,
OSA is characterized by a “non-dipping” pattern of hyper-
tension, which itself has been associated with an adverse
cardiovascular prognosis (97).

Obstructive sleep apnea increases the prevalence of target
organ damage in patients with hypertension, and is an
independent risk factor for the development of left ventricular
hypertrophy (98). Furthermore, OSA affects functional and
structural properties of large arteries contributing to hyper-
tension and atherosclerosis progression. Middle-aged patients
with OSA free of overt CVD were shown to have increased
pulse-wave velocity and increased intima-media thickness
(99). Marked increases in transmural pressure of the aorta
wall during obstructive events may contribute to the increased
risk of thoracic aorta dissection in hypertensive patients.
Indeed Sampol et al. (100) have recently demonstrated a high
prevalence of previously undiagnosed and frequently severe
OSA in patients with thoracic aorta dissection.

The risk of developing CVD is increased in middle-aged
OSA subjects independently of other risk factors (101).
Patients with OSA have a peak in sudden death from cardiac
causes during the sleeping hours, which contrasts strikingly
with the nadir of sudden death from cardiac causes during
this period in the general population (102).

INTERACTIONS BETWEEN OBESITY
AND OSA

Obstructive sleep apnea, hypertension, and obesity often
coexist and interact, sharing multiple pathophysiological

mechanisms and consequences (Figure 4.10) (103). OSA
may contribute to some of the pathological processes
traditionally ascribed to hypertension or obesity alone.

SYMPATHETIC ACTIVATION

Normal sleep is associated with distinct alterations in BP
and heart rate (104). The changes in autonomic circulatory
control are dependent upon sleep stage. By contrast, these
sleep stage-dependent changes are disrupted in OSA. The
sympathetic and hemodynamic profile during sleep
in patients with OSA is dictated primarily by the duration
and severity of apnea rather than by sleep stage itself.
Patients with OSA undergo repetitive obstructions to normal
breathing during sleep. As a consequence of obstructed
breathing, these patients undergo recurrent and often
prolonged periods of cessation of airflow, with consequent
decreases in arterial oxygen content and increased arterial
carbon dioxide levels. BP increases gradually during apnea
because of the vasoconstrictor effect of the sympathetic
response to hypoxia and hypercapnia (105). On resumption
of breathing, there is a consequent increase in venous
return, and cardiac output increases. This increased cardiac
output enters a vasoconstricted peripheral vasculature, which
results in abrupt and sometimes marked increases in arterial
pressure.

Remarkably, the high sympathetic drive is present even
during daytime wakefulness when subjects are breathing
normally and both arterial oxygen saturation and carbon
dioxide levels are also normal (Figure 4.11). This is true
whether these patients are newly diagnosed, never-treated
sleep apneic patients on no medications, or whether they
are on antihypertensive therapy (106,107).
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Fig. 4.10 DPutative pathophysiological mechanisms
involved in the interactions between obstructive
sleep apnea (OSA), obesity, and hypertension.
Source: Reproduced from Ref. 103.
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ALTERATIONS IN CARDIOVASCULAR
VARIABILITY

In addition to high levels of sympathetic activity, OSA
patients have clear-cut abnormalities in cardiovascular
variability during wakefulness. BP variability is markedly
increased, heart rate is faster, and RR interval variability
is decreased in patients with OSA (108). This alteration
occurs even in the absence of hypertension, heart failure,
or other disease states. The degree of derangement in
cardiovascular variability is linked to the severity of OSA.

Possible mechanisms underlying the derangement
in neural control in sleep apnea include abnormalities
in chemoreflex function. Elimination of the influences of
arterial chemoreceptors, using 100% oxygen in a double-
blind study, showed that, in patients with OSA, suppression
of the chemoreflexes slowed heart rate and decreased muscle
sympathetic nerve activity (MSNA) (109). Other mechanisms
include baroreflex dysfunction (110-112).

The increased sympathetic activity and abnormal cardio-
vascular variability in sleep apnea patients may contribute
to the long-term pathogenesis of CVD. Decreased heart rate
variability and increased BP variability might increase the
risk of future hypertension (113) and hypertensive end organ
damage (114).

ACTIVATION OF
RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM

It has been suggested that OSA patients may have
significantly higher levels of angiotensin II and aldosterone
compared with healthy control subjects matched by body
mass (115). Furthermore, there is a significant positive cor-
relation between angiotensin II and daytime BP in OSA
patients. In patients with resistant hypertension, hyper-
aldosteronism is more likely to be present in patients with
confirmed OSA than in those at low-risk for OSA based on

the absence of symptoms (116). There are several possible
mechanisms whereby the RAAS may be activated in OSA,
including activation of the sympathetic nervous system,
release of adipocyte-derived mediators, increased sodium
reabsorption in the kidney, hyperinsulinemia, or
hyperleptinemia.

INSULIN AND LEPTIN RESISTANCE

There is evidence of an independent association between
OSA and insulin resistance. Although increased insulin
resistance was also related to obesity, in multiple regression
the association between OSA and insulin resistance was
independent of obesity (including central obesity, assessed
as waist/hip ratio) and was seen in both obese and non-
obese subjects (117,118). Plasma leptin levels are elevated
in patients with OSA beyond the levels seen in similarly
obese healthy control subjects, suggesting that leptin resist-
ance may be further increased in OSA (119).

INFLAMMATION

Obstructive sleep apnea has been linked to activation
of systemic inflammation, as evidenced by increased levels
of CRP in healthy subjects with OSA compared with
matched control subjects (120). Elevated CRP may con-
tribute to atherosclerotic risk as well as endothelial dys-
function, and may play an important role as a risk factor for
hypertension.

OXIDATIVE STRESS

Intermittent hypoxia and recurrent reoxygenation during
episodes of OSA can lead to the generation of highly
reactive free oxygen radicals (121). The severity of OSA is
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independently associated with oxidative stress (122).
Among various sleep-disordered breathing parameters, the
oxygen desaturation index appears to be most closely
related to oxidative stress.

ENDOTHELIAL DYSFUNCTION

Hypoxia and hypercapnia accompanying apneic events may
play a role in eliciting inflammation, oxidative stress,
metabolic dysregulation, and release of vasoactive substances,
such as endothelin (123), all of which can contribute to
endothelial damage. It has been shown that OSA patients
exhibit decreased vasodilatation in response to acetylcholine
in comparison with matched controls, whereas responses
to sodium nitroprusside (a direct donor of NO) and vera-
pamil did not vary between groups (124). Furthermore, exper-
imental studies have shown that vascular sensitivity to
endothelin-1 is increased in intermittent hypoxia-induced
hypertension (125). Endothelial dysfunction, together with
attenuated nitric oxide production and increased endothelin-1
vascular sensitivity in OSA patients, could thus potentially
play a role in OSA-related hypertension.

GENETIC FACTORS

While the genetic contribution to essential hypertension is
widely recognized, there is surprisingly little information on
the role of genetic factors in the pathogenesis of OSA.
Hypertensives with a positive family history of hyperten-
sion are characterized by a greater oxygen desaturation and
higher AHI than those with a negative family history (126).
Lin et al. (127) have recently assessed the association of the
insertion/deletion polymorphism of the ACE gene with sleep-
disordered breathing and hypertension in 1,100 subjects of
the Wisconsin Sleep Cohort. Sleep-disordered breathing and
the insertion/deletion polymorphism had an interactive effect
on BP independently of age, sex, ethnicity, and BMI. An
association of the deletion allele with hypertension was found
in patients with mild-to-moderate OSA but not in subjects
without sleep-disordered breathing.

CONTRIBUTION OF OSA TO RESISTANT
HYPERTENSION

It is important to consider OSA in the differential diagnosis
of hypertensive patients who are obese. Furthermore,
undiagnosed OSA is extremely prevalent (up to 83%) in
patients with hypertension resistant to conventional drug
therapy (128). Thus, OSA should also be considered in those
hypertensive patients who respond poorly to combination
therapy with antihypertensive medications. In particular,
there is growing evidence that hypertensive patients, who are
classified as “non-dippers” on ambulatory pressure measure-
ments, should be investigated for OSA (129). The 6th Report
of the Joint National Committee on Prevention, Detection,
Evaluation, and Treatment of High Blood Pressure had
recommended that OSA be considered in patients with
resistant hypertension. The more recent 7th report from this
Committee cites OSA as first on the list of identifiable
causes of hypertension.

EFFECTS OF TREATMENT OF OSA

Therapeutic strategies for OSA include sleep postural changes,
avoidance of sleeping on the back, weight loss, avoidance of
alcohol and sedative hypnotics, and upper airway surgical
procedures. The most widely used treatment consists of
continuous positive airway pressure (CPAP) administered
during the night. CPAP treatment prevents airway collapse
during inspiratory efforts. Treatment with CPAP results in
acute and marked reduction in nocturnal sympathetic nerve
traffic and blunts BP surges during sleep.

Effective long-term treatment of OSA by CPAP treatment
of OSA has been shown to improve BP control in hyperten-
sive patients, particularly when BP is measured over 24 h
(130,131). This benefit is seen in both systolic and diastolic
BP, and during both sleep and wakefulness. The benefit is
larger in patients with more severe sleep apnea, is independent
of the baseline BP (132), and is especially evident in patients
taking drug treatment for BP. Interestingly, faster heart rate also
predicts a greater CPAP effect on BP (133).

Becker et al. (134) randomly assigned 60 consecutive
patients with moderate to severe OSA to either effective or
subtherapeutic CPAP treatment for 9 weeks on average.
Apneas and hypopneas were reduced by approximately 95%
and 50% in the therapeutic and subtherapeutic groups,
respectively. Mean arterial BP decreased by 9.9 = 11.4 mmHg
with effective CPAP treatment, whereas no relevant BP change
occurred with subtherapeutic CPAP. Lack of BP decrease,
despite a 50% reduction in the AHI, underscores the impor-
tance of effective treatment.

CPAP may provide beneficial effects beyond better BP
control. Long-term CPAP treatment decreases MSNA in
otherwise healthy OSA patients (135), and improves
glycemic control in type 2 diabetics (136). Interestingly, the
effect of CPAP on insulin sensitivity is greater in non-obese
than in obese OSA patients (137).

Surgical treatments of obesity may have striking effects
on OSA. A recent systematic review and meta-analysis of
articles on bariatric surgery has shown that up to 85% of
OSA patients experience complete resolution of sleep-
disordered breathing (138). This may conceivably serve as a
potential option in markedly obese patients with OSA who
cannot tolerate CPAP therapy.

CONCLUSIONS

Obesity appears to be the most important risk factor for the
development of hypertension. There is growing evidence
that adipose tissue may be directly involved in the patho-
genesis of hypertension. Obesity is an independent risk
factor for the development and progression of target organ
damage and CVD in patients with hypertension. Current
guidelines do not provide specific recommendations for the
pharmacological management of hypertensive patients with
obesity. However, several lines of evidence suggest that
antihypertensive agents that block the RAAS may be
especially beneficial in treating obese hypertensive patients.
Hypertension management in obese individuals is compli-
cated by poorer response to treatment, and the increased
need for multiple medications. The clustering of obesity and
other features of the metabolic syndrome might have impor-
tant implications for prevention, particularly with regard to
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whether interventions targeted at visceral obesity would
have beneficial effects on cardiovascular morbidity.

There is growing evidence of a causal relationship between
OSA, obesity, and hypertension. Untreated OSA may have
direct and deleterious effects on cardiovascular function and
structure through several mechanisms, including sympathetic
activation, oxidative stress, inflammation, and endothelial
dysfunction. OSA may contribute to or augment elevated
levels of BP in a large proportion of the hypertensive patient
population. It is important to consider OSA in the differential
diagnosis of hypertensive patients who are obese. OSA
should be especially considered in those obese hypertensive
patients who respond poorly to combination therapy with
antihypertensive medications.
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DIABETES, HYPERTENSION, AND
INSULIN RESISTANCE

Josep Redon, Fernando Martinez, Peter M Nilsson

INTRODUCTION

Diabetes is a morbid condition characterized by metabolic
abnormalities and by long-term complications involving the
eyes, kidneys, nerves, and blood vessels. The prevalence of dia-
betes, especially type 2 diabetes, is rapidly increasing through-
out the world, and it is becoming the leading cause of new
blindness, end-stage renal disease (ESRD), and non-traumatic
amputations. Nevertheless, cardiovascular disease is the major
cause of premature mortality in patients with type 2 diabetes,
and hypertension is a major contributor to the development
of cardiovascular and renal disease in these patients (1).

An association between high blood pressure (BP) and
reduced glucose tolerance, both diabetes mellitus and
impaired glucose tolerance, has been recognized beyond the
confounding influence of common factors like age and obe-
sity. Besides the fact that both conditions are strongly asso-
ciated, their simultaneous impact in the vascular tree and in
the organs prone to develop lesions sharply increases the
cardiovascular and renal risk (2). Moreover, both are increas-
ing conditions given the epidemic dimensions driven by
the progressive increase of the overweight and obese in
Westernized cultures. Consequently, the impact of a diagnosis
of reduced glucose tolerance or overt diabetes is of interest
in terms of risk stratification and management in a hyper-
tensive subject.

ASSOCIATION BETWEEN HYPERTENSION
AND DIABETES

Evidence of a high prevalence of hypertension in diabetes
and the higher risk of diabetes in hypertensive subjects
indicates that these two common chronic diseases frequently
coexist. Moreover, each pathophysiological disease entity,
although independent in its own natural history, serves to
exacerbate the other.

PREVALENCE OF HYPERTENSION IN DIABETES

The diabetic population is not homogeneous, and several
distinct diabetes syndromes have been delineated. Type 1 or

insulin-dependent diabetes results from a rapid destruction of
the pancreatic 3-cells, while type 2 or non-insulin-dependent
diabetes takes a long time to develop through a previous state
of impaired fasting glucose. While in type 1 diabetes there is
an absolute deficiency of insulin, in type 2 diabetes insulin
resistance is the main mechanism underlying the disease.

In terms of association with hypertension, among type 1
diabetics, the prevalence of hypertension rises from 5% at 10
years, to 33% at 20 years and to 70% at 30 years (3). Type 1
diabetics typically develop renal disease before develop-
ing clinically recognized hypertension. Using ambulatory BP
monitoring, however, has recently challenged this concept.
Even in normotensive subjects an elevation in sleep systolic BP
antedates the development of microalbuminuria, an early
marker of renal damage (4). The early pressure overload may
have a causative role in the development of diabetic nephro-
pathy (DN) in susceptible individuals. This is keeping with
the idea that a predisposition to essential hypertension in-
creases the risk of DN, a concept proposed by Viberti et al. (5)
and Krolewski et al. (6), based on the findings of a higher
prevalence of hypertension in parents of type 1 diabetics with
proteinuria. The development of hypertension, however, acce-
lerates the course of microvascular and macrovascular disease.

In contrast, the prevalence of hypertension in patients
with type 2 diabetes is up to three times greater than in age-
and sex-matched populations (7), and, in newly diagnosed
diabetics, around 40% of subjects are hypertensives. Increasing
age, obesity, and the onset of renal disease are all factors
increasing the likelihood of hypertension.

The relationship between urinary albumin excretion (UAE)
and the prevalence of hypertension was nicely demonstrated by
Tarnow et al. (8). Defining hypertension, a 3-year average BP
equal to or higher than 140/90, prevalent in type 1 diabetes,
was 42%, 52%, and 79% in the normoalbuminuric, microalbu-
minuric, and macroalbuminuric groups, respectively. In type 2
diabetes, the corresponding figures were 71%, 90%, and 93%,
respectively. Considering that, according to the last recommen-
dations, BP above 130/80 mmHg indicates hypertension in
diabetics, hypertension is present in the majority of type 2 dia-
betics and in a large proportion of those with type 1.

Hypertension, however, can also be the consequence of
secondary causes linked to diabetes, such as those outlined
in Table 5.1.
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Table 5.1 Hypertension in diabetes

Essential hypertension

Diabetic nephropathy

Secondary causes of diabetes-induced hypertension

Renal artery stenosis

Pyelonephritis

Renal insufficiency

Secondary causes of high glucose and hypertension

Acromegaly

target organ damage. Predominance of the systolic compo-
nent and frequent abnormal circadian variability are the two
most important characteristics. At least one-third of the
hypertensive diabetics have isolated systolic hypertension (8),
and around half of the diabetics show a non-dipping BP
pattern. These depend on the interaction between the mecha-
nisms that contribute to BP elevation (insulin resistance and
hyperinsulinemia, sympathetic and renin-angiotensin over-
activity, and abnormal Na*' handling) and the impact of
abnormal glucose metabolism in vascular and renal structures.

Primary aldosteronism

Pheocromocytoma

Cushing’s syndrome

RISK OF DIABETES IN HYPERTENSION

Patients with hypertension have a high prevalence of insulin
resistance and have a substantially increased risk of devel-
oping type 2 diabetes mellitus. Epidemiological evidence
supports a link between hypertension and insulin resistance.
Hypertension is associated with insulin resistance independ-
ently of other confounding factors (9). Likewise, fasting
insulin levels correlate with systolic and diastolic BP inde-
pendent of age, weight, and serum glucose values.

The impact of antihypertensive medication on the risk of
developing diabetes has been a matter of debate. In a prospec-
tive cohort study that included 12,550 adults, ages 45-60
years old, the development of type 2 diabetes was almost
2.5 times more likely in people with hypertension as it was
in their normotensive counterparts (10). After considering
potential confounding variables, subjects with hypertension
who were taking thiazide diuretics were not at greater risk for
the subsequent development of diabetes than subjects with
hypertension who were not receiving any antihypertensive
therapy. Likewise, subjects who were taking angiotensin-
converting enzyme inhibitors (ACEI) and calcium-channel
antagonists were not at greater risk than those not taking any
medication. In contrast, subjects with hypertension who were
taking beta-blockers had a 28% higher risk of subsequent
diabetes. A beneficial impact of decreasing the risk for the
development of diabetes with ACEI- or angiotensin receptor
blocker-based treatments has been described. Detailed
systematic reviews of the potential beneficial effects have been
published recently. In general, treatment with these classes of
drugs reduces the rate of new-onset diabetes as compared with
the use of diuretic and/or B-blockers. Inhibiting the
renin-angiotensin-aldosterone system (RAAS) may improve
blood flow to muscles, decrease the activity of the sympathetic
nervous system, enhance insulin signaling, lower FFA levels,
increase plasma adiponectin levels, and improve glucose
disposal. Another putative mechanism by which the inhibi-
tion of the RAAS may improve insulin sensitivity is through
effects on PPAR -v, which is inhibited by angiotensin II (11).

BP CHARACTERISTICS IN
DIABETES

BP elevation in diabetic subjects has several characteristics
that strongly influence the rate and velocity of developing

HIGH SYSTOLIC BP

The predominance of a disproportionate systolic BP elevation
is a consequence of the early and fast development of arterial
stiffness in diabetics. The increased pulse wave velocity
(PWV), reflecting arterial stiffness in hypertensive diabetics, is
likely to reflect both structural and functional abnormalities
of the arterial wall. Using aortic PWV measurements, Tedesco
et al. (12) found significantly higher PWV in hypertensive
diabetics compared to patients with diabetes or high BP
alone, and, in turn, PWV in these patients was higher than in
healthy controls. Thus, the additive nature of hypertension
and diabetes to cardiovascular risk is reflected by abnormal-
ities in PWV measurements.

Several mechanisms can participate in this early alter-
ation in vascular elasticity. Arterial stiffness is determined by
its viscoelastic properties, which is in turn dependent on the
structure and function of the vessel wall. Alterations in the
extracellular matrix of the media and adventitia have long
been implicated in the pathogenesis of age- and BP-related
increases in arterial stiffness (13,14). Non-enzymatic
glycation as a result of elevated blood glucose and consequent
collagen cross linkage may also lead to alterations in the
mechanical properties of the arteries in diabetics (15). Hence,
it is perhaps not surprising that concomitant hypertension
and hyperglycemia result in an even more pronounced
increase in arterial stiffness when compared with either
abnormality in isolation.

The endothelium may also affect the elastic properties of
the artery by directly affecting vascular tone (16). There is a
balance between vasoconstrictors (such as angiotensin II and
endothelin) and nitric oxide (NO), the key endothelium-
derived vasodilator. Certainly, reduced NO bioavailability is
closely linked to structural and functional endothelial abnor-
malities, and endothelial perturbations are well described in
diabetes and hypertension (17).

The reduced arterial distensibility results in high PWV
and wide pulse pressure due to the early return of the
reflecting waves. The consequences are an increase in the left
ventricle workload and a decrease in the coronary perfusion,
enhancing the risk for left ventricular hypertrophy and
dysfunction.

ABNORMAL BP CIRCADIAN
VARIABILITY

The frequent presence of abnormal circadian variability, such
as absence of a normal nocturnal dip, implies the existence of
abnormalities in the BP regulatory mechanisms. Although
the reduction in BP at night is mainly dependent on the
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reduction in sympathetic driving, there are other factors that
can contribute to the blunted decline in the physiological
nocturnal fall and, as a consequence, the persistence of higher
BP values during night. Among these factors, reduced sensi-
bility of baroreceptors and volume overload are the most
important. Central sympathetic overdriving is observed as
a consequence of baroreceptor dysfunction. An increase in
intravascular volume after recumbence, as a result of reab-
sorption from peripheral tissues, may also contribute to the
maintenance of elevated BP values. The impact of each of
the components in an individual subject differs, with pre-
dominance of one or another mechanism, according to the
clinical condition.

Continuous elevated BP values overload the vascular tree
and have an impact on the susceptible organs, mainly the
kidneys. The impact of BP on renal structures depends not
only on BP values, but also on the persistence of the BP values
over time, mainly during the hours when the patient is resting
or sleeping. In the recumbent position, activity of the medi-
ators controlling preglomerular tone and sympathetic and
renin-angiotensin activities is reduced (18), allowing the
persistent transmission of high pressure into the glomerulus
and tubule pericapillaries. Concurrent renal damage produced
by diabetes works in addition to the former mechanisms,
contributing to accelerate the rate of renal function decline.

Some evidence supports the potential role of systemic BP
transmission as a mechanism of inducing renal damage,
whereas other evidence supports the non-dipping pattern
as a consequence of the renal damage itself. Neither the
cause nor the consequence, interpretations of these data are
mutually exclusive. In some cases, higher BP values during
nighttime may contribute to the progression toward renal
insufficiency, while in other cases the values are but a con-
sequence of the altered renal function itself. In the latter,
higher BP may also participate in accelerating the renal
function decline.

HYPERTENSION, DIABETES, AND
CARDIOVASCULAR RISK

In several observational studies, an increased risk for
cardiovascular events due to macrovascular disease has been
documented for hypertension in patients with established
type-2 diabetes, most notably from the Multiple Risk
Factor Intervention Trial (MRFIT) (19) (Figure 5.1), the U.K.
Prospective Diabetes Study (UKPDS) (20), and the Diabetes
Epidemiology: Collaborative Analysis Of Diagnostic Criteria
in Europe DECODE (21) studies. In fact, there seems to
exist a linear relationship between mean in-study systolic BP
and the prospective risk of coronary heart disease (CHD) in
the UKPDS (22), so far the largest intervention study in type 2
diabetes worldwide, which also contains an observational
part. All macrovascular disease end-points in diabetes are
increased by uncontrolled hypertension, such as CHD, stroke,
and peripheral arterial disease.

This increased risk could be due to both the hemo-
dynamic burden and shear stress of high BP itself, and the
fact that an increased systolic BP, or pulse pressure, is a marker
of increased arterial stiffness. This phenomenon could be
regarded as a sign of early vascular aging (EVA) in patients
with diabetes, especially in the context of long diabetes
duration and poor metabolic control. Other risk factors will
add to the vascular risk, such as smoking, hyperlipidemia,

and chronic inflammation. New markers of vascular aging
relate to endothelial dysfunction or biological aging in
general, for example telomere length (23). Telomeres are
genetic structures capping the end of the DNA-helix and
of importance for the capacity of cell division (“mitotic
clock”). With every cell division the telomere length is
shortened until it has reached a critically short length, which
indicates that no further cell division is possible. Telomere
attrition has been associated with atherosclerosis, CHD,
diabetes, insulin resistance, and cardiovascular risk factors,
such as smoking and obesity (24,25). In one study, an asso-
ciation was described between pulse pressure and shorter
telomeres (26), the association being more pronounced
in males than in females. In conclusion, the new under-
standing of the increased risk of hypertension in diabetes
relates to a process of EVA with more or less pronounced
arterial stiffening, chronic inflammation, insulin resistance,
endothelial dysfunction, and shorter telomere length. An
intriguing question is whether all these abnormalities can
be improved by BP lowering per se, or if additional inter-
ventions are needed to halt or even reverse the process of the
EVA syndrome.

FETAL FACTORS LEADING TO
HYPERTENSION AND TYPE-2 DIABETES

Poor fetal growth resulting in intrauterine growth retar-
dation (IUGR) and low birth weight has been described in
several epidemiological studies to be of great importance
for the development of disturbances of BP regulation and
metabolic disturbances, as outlined by many researchers
(27). This is even more pronounced if the IUGR is later
followed by a rapid catch-up growth in early post-natal life
and early childhood, according to the so-called “mis-
match” hypothesis as outlined by Gluckman and Hanson
(28). The mechanisms connecting IUGR with BP elevation
and development of hypertension include, for example, a
reduced number of nephrons in the kidney and, therefore,
less effective handling of sodium and water; capillary
rarefication and endothelial dysfunction; and, finally,
abnormalities in neuroendocrine regulation and the activity
of the hypothalamic-pituitary-adrenal axis (29).

The corresponding mechanisms of importance for the
impairment of glucose metabolism and the development of
type 2 diabetes include impaired muscle tissue development
linked to increased insulin resistance, as well as impaired
B-cell secretion of insulin due to a low number of pancreatic
B cells or a suboptimal cell regeneration capacity (30). When
a subject with IUGR and later catch-up growth experiences
poor dietary habits, smoking, and sedentary lifestyle in
adult life, the organs are programmed for the development
of diabetes and increased cardiovascular risk.

The cause of IUGR is still a matter of debate, as poor
maternal nutrition is not the only causative factor, inspite of
the fact that numerous animal experiments have shown that
restriction of maternal energy intake and protein restriction
could harm fetal development in many ways. Additional
factors causing IUGR could be related to smoking, stress
exposure, infections, or other environmental factors. However,
as the cardiovascular risk of mothers with IUGR offspring is
also increased, this points to the influence of some common
genetic factors behind both IUGR and the increased
cardiovascular risk in mother and offspring alike (31).
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HYPERTENSION, DIABETES, AND
RENAL RISK

The two most frequent expressions of chronic kidney disease,
increases in UAE and reduction in the glomerular filtration
rate (GFR), frequently run parallel. Both are strongly
influenced by the interaction of BP and glucose levels, and,
while BP is the main determinant of microalbuminuria,
glucose level is the most important determinant of renal
insufficiency. Diabetes and hypertension together account for
about 60% of the new cases of ESRD reported not only in the
United States, where there is an African-American population
prone to developing renal failure, but also in Europe where
the population makeup differs significantly.

The interaction between hypertension and diabetes is
a two-way street. The importance of renal disease in the
prevalence of hypertension has been discussed above, and
high BP plays a key role in the development and progression
of renal disease and DN. This is a microvascular lesion that
can progress to ESRD, and it is associated with premature
death from cardiovascular disease. Seventy to ninety percent
of the cases correspond to type 2 diabetes, while type 1
accounts for 10% of the cases. In addition, the incidence of
ESRD within the type 2 diabetes population has increased
dramatically in the past few years. This is thought to partly
be a consequence of improved treatments for hypertension
and CHD, allowing more patients with type 2 diabetes to
live long enough for nephropathy and ESRD to develop
(32). Another, perhaps more important, factor may be
that patients are not being treated correctly and, therefore,
the BP target (=130/80mmHg) is not being achieved,
resulting in increased genesis of renal failure. High BP,
however, is the most important factor for the rate of GFR
decline (33).

A large amount of information exists on the higher
prevalence of renal damage in diabetics as compared to age-
and sex-matched non-diabetic subjects in terms of both
UAE and GFR. At the same age, diabetics have at least twice
the prevalence of microalbuminuria as compared to normo-
glycemics, and at least a three to five times greater prevalence
of renal insufficiency. Subjects with mild abnormalities
of the carbohydrate metabolism, such as impaired fasting
glucose or glucose intolerance, have figures in between those
for the diabetic and the normoglycemic subjects. Recently,

an analysis of the relationship between UAE and GFR in a
large cohort of hypertensives from Primary Care showed
that the proportion of patients with abnormal UAE was
54.5%, and 21.8% had a GFR=60mL/min/1.73 m? (34).
This study shows a clear association between UAE and the
frequency of renal insufficiency, with a higher prevalence
among those with higher UAE. The association between
abnormal UAE and renal insufficiency was more evident in
diabetic subjects as compared to those with normoglycemia
or impaired fasting glucose.

Even more relevant on clinical grounds is the information
coming from intervention studies. Evidence of a causative role
for hypertension in DN was provided by Mogensen (35)
and Ruggenenti et al. (36). They showed that by reducing
BP, filtrate loss in DN could be delayed. By lowering BP,
the occurrence of early nephropathy was reduced in several
studies (37). In hypertensive, normoalbuminuric patients
with type 2 diabetes, it seems that both BP reduction and
ACEI therapy appear to act independently. ACEI therapy
is particularly effective when BP is poorly controlled. In
the more advanced stages of the disease, a linear relationship
is observed between the BP values achieved during anti-
hypertensive treatment and the rate of GFR decline (38).
Analyses of long-term clinical trials have shown that the lower
the BP is over a range of values, the greater is the preservation
of renal function. Currently, however, it is believed that low-
ering BP is not enough. It is becoming increasingly important
to reduce proteinuria. Antihypertensive drugs that attenuate
increases in proteinuria or reduce proteinuria from baseline
levels by at least 30% provide greater slowing of renal disease
progression when compared with agents that do not have
this effect (39,40). This is the main reason for recommending
a BP goal of <125/75 mmHg (Figure 5.2) and a blockade of
the RAAS in subjects with DN (38).

CONCLUDING REMARKS

In conclusion, hypertension, diabetes, renal function, and
cardiovascular risk are all interrelated phenomena, shaped
by the interaction between genes and the environment.
New knowledge based on whole genome scans of diabetes
(41) has shed light on the genetic background for the
development of type 2 diabetes and related traits, leading to
hypertension and lipid disorders. A similar whole genome
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scan approach is also underway to characterize essential
hypertension. It is hoped that this new knowledge could
transform into the emerging role of pharmacogenomics
when drug therapy is tailored to the need and tolerability of
the individual patient. As insulin resistance seems to be a
major factor linking hypertension and type 2 diabetes, new
ways of treating insulin resistance hold hopes for
counteracting both consequences and the concomitant
cardiovascular risk. Some support for this approach has
been given in trials using glitazones, a class of drugs that
might increase insulin sensitivity and, at the same time,
improve glucose metabolism and lower BP to a small but
significant extent (42). Glitazones are currently being tested
for cardiovascular protection in end-point studies, such as
the Rosiglitazone Evaluated for Cardiac Outcomes and
Regulation of Glycaemia in Diabetes (RECORD) trial (43),
as is also another insulin sensitizing drug, rimonabant, in
the Comprehensive Rimonabant Evaluation Study of
Cardiovascular ENDpoints and Outcomes (CRESCENDO)
trial (44).
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CLASSICAL AND
NEW RISK FACTORS

Athanasios ] Manolis, Genovefa Kolovou

INTRODUCTION

Cardiovascular disease is the leading cause of death in indus-
trialized Western countries, and is rapidly increasing in the
developing countries. By 2020, it is expected to be the leading
cause of death worldwide. The risk of cardiovascular disease
increases with the presence of certain modifiable and non-
modifiable classical and new risk factors, including hyper-
tension, cigarette smoking, dyslipidemia, abdominal obesity,
diabetes mellitus, age, physical inactivity, family history of
premature coronary heart disease, neurohormonal activation,
C-reactive protein (CRP), elevated heart rate, hyperuricemia,
hyperhomocysteinemia, and abnormalities in several coagula-
tion factors. Ongoing research on these various factors prom-
ises to provide new insights into the pathogenesis of coronary
heart disease. Among the different risk factors for cardio-
vascular disease, hypertension is one of the most important.
Frequently, hypertension co-exists with other risk factors.
Only one in five hypertensive patients are free of additional
risk factors, while the majority have at least one or more than
one. It was reported that dyslipidemia is present in 65%, over-
weight or obese in 45%, and type 2 diabetes mellitus in 16%
of hypertensive patients. This clustering of risk factors with
hypertension increases the cardiovascular risk and exaggerates
blood pressure (BP). In the INTERHEART study, the inves-
tigators reported that hypertensive patients with more than
three risk factors had a >20-fold increase in cardiovascular
risk. Therefore, risk assessment is essential for making deci-
sions on the type and intensity of therapy for hypertension.

For many years, treatment guidelines have viewed cardio-
vascular risk factors as distinct and separate entities. The guide-
lines of the European Society of Hypertension-European
Society of Cardiology (ESH-ESC) recognize the importance of
global cardiovascular risk and stratifies hypertensive patients
based on the presence of risk factors, like target organ damage,
diabetes, and associated clinical conditions, to low, moderate,
high, and very high added risk, and treat them accordingly
(Figure 6.1).

HYPERTENSION AND DYSLIPIDEMIA

Arterial hypertension is known as a long-lasting chronic
disease that affects many life-supporting organs and is

estimated as an independent risk factor for cardiovascular
disease. Further, hypercholesterolemia is an independent
risk factor for developing cardiovascular disease. It has been
shown that the presence of dyslipidemia is more frequent in
hypertensive than in normotensive subjects (1). According
to data from the Framingham Heart Study, 80% of patients
with hypertension have other risk factors for cardiovascular
disease. In the National Health and Nutrition Examination
Survey, the prevalence of combined hypertension and hyper-
cholesterolemia was 18% (2). Furthermore, the prevalence
of combined hypertension and hypercholesterolemia was
higher in those with metabolic syndrome (37%), diabetes
mellitus (41%), or self-reported cardiovascular disease
(44%), compared to only 8.9% of those without metabolic
syndrome, diabetes mellitus, or cardiovascular disease.
Moreover, in the National Health and Nutrition Examination
Survey, the prevalence of combined hypertension and
hypercholesterolemia markedly increased with age from
1.9% in those aged 20-29 years to 56% in those aged =80
years. In the same survey, women had slightly higher
percentage of combined hypertension and hypercholes-
terolemia than men (20% versus 16%, 2 < 0.05). Thomas
et al. (3) reported on the large cohort of French subjects
(108,879 men and 84,931 women) aged 18-55 years that
the prevalence of combined hypertension and hypercholes-
terolemia for men was 13% and for women was 5%.
Moreover, Thomas et al. (3) suggested that, in men, a
borderline elevation of both systolic BP (130-139 mmHg)
and serum cholesterol (200-239 mg/dL) leads to a three- to
four-fold increase in cardiovascular disease and coronary
heart disease risk. Neaton et al. (4) in the large America
population (men screened in the Multiple Risk Factor
Intervention Trial) found that, for men who were nonsmokers
and who had systolic BP and serum cholesterol in the
highest quintile (systolic BP >142 mmHg and cholesterol
>245mg/dL), the age-adjusted coronary mortality was
approximately 10 times greater than for nonsmokers with
systolic BP and serum cholesterol in the lowest quintile
(systolic BP >118 mmHg and cholesterol >182 mg/dL).
These results are similar to the European population (3).
Houterman et al. (5) reported data from a Dutch cohort of
50,000 men and women 30-54 years of age. They found
that among persons with high cholesterol, the combination
of high BP and smoking was associated with relative risks of
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9.7 for coronary heart disease, 13.9 for cardiovascular
disease, and 5.7 for all-cause mortality in men, and 15.9,
9.3, and 4.3, respectively, in women. It has been reported
that hypertensive patients have higher baseline blood lipid
concentration than normotensive individuals. In the Oslo
study (6), it was shown that middle-aged men with diastolic
BP above 110 mmHg had average plasma cholesterol
concentration greater by 27 mm/dL compared to those with
diastolic BP below 70mmHg. In the Goteborg primary
prevention study (7), even when BP was reduced, the hyper-
tensive patients who developed myocardial infarction had
higher average plasma cholesterol compared to those who
remained event free. Our group (8) found that hypertensive
patients have abnormal triglyceride responses to fatty meals
(the relationship between postprandial hyperlipidemia and
coronary heart disease was described by many research
groups), even when the fasting blood lipid and lipoprotein
concentration is normal. It seems that hypertension and
hypercholesterolemia tend to occur in combination. This
association may reflect the common cause or aggravating
factors for both high BP and high cholesterol. The underling
mechanisms may be many. First, both hypertension and
hypercholesterolemia result in endothelial dysfunction.
Endothelial dysfunction is a pathological event characteristic
of aging, and essential hypertension simply causes earlier
onset and worsening of this age-related alteration. Both
essential hypertension and hypercholesterolemia is char-
acterized by a defect of endothelial nitric oxide synthesis
(9,10). Nitric oxide is a major mediator of endothelium-
dependent vasodilation, and is also an effective inhibitor of
platelet aggregation, smooth muscle cell migration and
proliferation, monocyte adhesion, and adhesion molecule
expression. A dysfunctional endothelium (caused by hyper-
tension or hypercholesterolemia) loses its capacity to protect
the vessel wall against the development of atherosclerosis.
This leads to increased penetration of lipoproteins, oxi-
dation of LDL particles, and formation of foam cells.
Secondly, current evidence points to the interplay between
hypercholesterolemia and hypertension acting through the
rennin-angiotensin system. Increased levels of angiotensin II
are correlated with hypertension, which is a major trigger for
endothelial dysfunction. Angiotensin II (Figure 6.2) increases

lipid uptake in cells and lipid accumulation in the vessel
wall. In addition, LDL upregulates expression of the type I
(AT,) receptor (angiotensin II binds to this receptor). The
AT, receptor mediates most of the cardiovascular effects of
angiotensin 1II, including oxidative stress, vasoconstriction,
aldosterone secretion, renal sodium resorption, sympathetic
stimulation, vasopressin release, cardiac and vascular cell
hypertrophy, and cell proliferation. The upregulation of the
AT, receptor has been reported in hypercholesterolemic
men. This may also explain why hypercholesterolemia is
frequently associated with hypertension. Thirdly, the expres-
sion and activity of angiotensin-converting enzymes have
been demonstrated to increase during hyperlipidemia. The
deleterious effects of the angiotensin-converting enzyme (11)
on the cardiovascular system were initially thought to be a
consequence of the formation of angiotensin II, which
initiates a cascade of events involving increased free radical
production and vascular smooth muscle cell p oliferation.
However, as bradykinin (poweful endothelium-dependent
vasodilator) is much more readily hydrolyzed by the
angiotensin-converting enzyme than angiotensin I, the
hydrolysis of bradykinin may also contribute to this event.
Furthermore, angiotensin-converting enzyme angiotensin II
and its receptors were found in areas of inflammation in
human atherosclerotic lesions. Moreover, a marked accu-
mulation of tissue angiotensin-converting enzyme and
angiotensin II in the inflamed shoulder regions of vulnerable
plaques that are prone to rupture was also found.

In summary, both high BP and hyperlipidemia lead to
endothelium dysfunction and atherogenesis. Thus, the
treatment of both conditions with drugs that minimize
excessive oxidative stress is significant to the maintenance of
normal endothelial cell function and a reduction in cardio-
vascular morbidity and mortality.

HEART RATE

In recent years, evidence has accumulated that an elevated
heart rate is also an important risk factor for cardiovascular
and non-cardiovascular death in middle-aged persons.
However, even though its prognostic importance has been
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overlooked by scientists, it is still ignored by physicians. The
HARVEST study (12) showed that clinical heart rate and heart
rate changes during the first 6 months of follow-up were
independent predictors of subsequent systolic and diastolic
BP changes, regardless of the initial BP levels and other
confounders. In the same study, the ambulatory heart rate was
not an independent predictor of BP change after 6 years of
follow-up. In the PAMELA study, neither in- nor out-of-office
heart rate predicted cardiovascular or all-cause mortality, and
thus no heart rate value was considered for the final multi-
variate regression model. Studies on the clinical significance of
heart rate in hypertensive subjects have shown that the
relationship between heart rate, morbidity, and mortality
exists (13). Furthermore, elevated heart rate may be a strong
predictor of cardiovascular death not only in middle-aged
men but also in elderly men. According to the Syst-Eur trial
(14), an elevated heart rate higher than 80/min had a 1.89 risk
of all-cause death and 1.60 risk of cardiovascular mortality in
elderly subjects. One of the possible mechanisms can be due
to the connection between heart rate, obesity, hypertension,
activation of the sympathetic nervous system, and athero-
sclerosis. The heart rate may be an index of sympathetic

activation. The close association between sympathetic activity
and hypertension, as well as target organ damage, such as left
ventricular hypertrophy, coronary heart disease, and other
diseases, is well established. High heart rate may increase the
risk of hypertension in patients with acute coronary syndrome,
heart failure, and predispositions to lethal ventricular
arrhythmias (15). Moreover, there is a significant correlation
between the renin-angiotensin-aldosterone system (RAAS)
and the sympathetic nervous system.

Heart rate is a highly variable physiologic phenomenon
and can be influenced by a large variety of environmental
and other stimuli, such as stress, medical visits, position,
method of measurement, etc. Thus, to provide reliable and
comparable results, heart rate assessment should be strictly
standardized to minimize methodological bias. How
should heart rate be measured? According to a recent
statement of the ESH, the following information should be
provided in studies reporting heart rate data: (7) resting
period before measurement; (#7) environmental conditions;
(77) method of measurement; (77) number of measurements;
(#) duration of measurement; (#7) body position; and (/)
the nature of the observer (16). There is no general agreement
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on the body position for heart measurement, hence the
sitting or the supine position can be used. A period of 30s
appears to be sufficient to obtain a reliable estimate of heart
rate. Regarding gender, in most studies the predictive value
of elevated heart rate for all-cause mortality has been found
to be weaker in women than in men. Furthermore, in some
studies, no association between heart rate and cardio-
vascular mortality was found (17). Previous studies have
shown beneficial effects from the reduction in heart rate
with beta-blockers and non-dihydropyridine calcium
antagonists, mainly in myocardial infarction and heart failure,
but all studies were retrospective and included normotensive
patients. It is expected, that a 10-12% reduction in heart
rate will lead to a 20-40% decline in cardiovascular
morbidity and mortality, although more studies should to
be performed to prove it. Meanwhile, according to the
statement of the ESH, the practicing physician may use heart
rate for cardiovascular risk stratification and patient
management, keeping in mind that achieving good BP
control remains the over-reaching goal in the treatment of
hypertension.

HYPERHOMOCYSTEINEMIA

Homocysteine is formed during demethylation of
methionine. Several studies have indicated that hyperhomo-
cysteinemia is associated with high BP (18) and smoking
(19). This correlation was not found in nonsmokers (20).
Elevated plasma homocysteine levels have been implicated
as a risk factor for cardiovascular and peripheral disease.
However, its unclear whether a casual relationship exists
between homocysteine and cardiovascular risk, or if homo-
cysteine is related to other confounding cardiovascular risk
factors or is a marker of existing disease burden. The causes
of hyperhomocysteinemia include genetic causes, vitamin
deficiency (folic acid, B,,, B;), smoking, the use of certain
medications, and impaired renal function. In the Framingham
Heart Study (21), in Tromso, Norway (22), and in women
from the Atherosclerosis Risk in Communities (ARIC) study
(23), homocysteine levels were higher in subjects with
coronary heart disease. In the British Regional Heart Study
(24), homocysteine levels were higher in patients with
stroke.

The mechanisms by which elevated homocysteine impairs
vascular function are not completely understood. The
potential mechanisms could be: impaired endothelium
function and more precise worsen the disruption of nitric
acid by acting on its synthesis and action; oxidation of LDL
particles; increased lipid uptake and penetration; increased
monocyte adhesion to the vessel wall; stimulatory effects on
smooth muscle proliferation; and activation of coagulation
factors and platelet function (25). Routine screening for
elevated homocysteine is not yet recommended. However,
screening may be needed in subjects with multiple risk
factors, such as high BP and high levels of blood cholesterol.

C-REACTIVE PROTEIN

Numerous inflammatory markers have been shown to
predict cardiovascular events. These include cell adhesion
molecules, cytokines, chemokines, fibrinogen, serum amyloid

A, and CRP. Elevated high sensitive (hs) CRP is a marker for
subclinical atherosclerosis, and is involved in the progres-
sion of atherosclerosis. Recent large-scale prospective epi-
demiological studies have shown that plasma levels of
hsCRP are strong and independent predictors of the future
risk of atherosclerotic events in otherwise apparently healthy
men and women (26). This prompted the addition of CRP
to the list of factors for cardiovascular disease in the recent
published ESH-ESC guidelines. The production of CRP is
under the control of interleukin (IL)-6; however, IL-1 and
tumor necrosis factor may also contribute to hepatic
synthesis and secretion of CRP. According to the American
Association and Centers for Disease Control and Prevention
(27), CRP levels can be used as a risk marker for cardio-
vascular disease in individuals with a Framingham risk score
between 10% and 20%. CRP levels <1 mg/L are considered
as low risk, 1-3 mg/L as average risk, and <3 mg/L as high
risk; however, CRP levels <10 mg/l cannot be used to assess
cardiovascular risk. For assessing the cardiovascular risk,
the person should be free from acute inflammation
for at least 2 weeks, and the measurement of hsCRP is re-
commended. Chronic low grade inflammation seems to be
an early feature of many chronic degenerative disorders, such
as abdominal obesity, diabetes mellitus, etc., and these
disorders are also commonly associated with hypertension.
Furthermore, CRP may upregulate AT, receptors, leading
to proliferation of vascular smooth muscle cells and,
subsequently, to hypertension. In a population survey, the
prevalence of hypertension was 1.36 and 1.56 times higher
in subjects in the third and fourth quartiles of CRP, res-
pectively, compared to subjects in the first quartiles. Also,
hsCRP was positively correlated with pulse wave velocity,
augmentation index, central pressure, and central systolic BP
(28). In a substudy of the LIFE trial, it was found that hcCRP
is a strong cardiovascular risk marker, even after adjustment
for traditional risk factors, but did not predict cardiovascular
events independently of urine albumin/creatinine ratio. In
the Womenis Health study, CRP improved coronary heart
disease risk prediction, particularly in the intermediate risk
group (29), while in the ARIC study (30), which assessed the
association of 19 novel risk markers with the incidence of
coronary heart disease in 15,792 adults, CRP was signifi-
cantly associated with coronary heart disease, but it did not
add significantly as the other novel risk factors. Lloyd-Jones
et al. (31) reviewed the literature published before January
2006 and found that CRP may add to risk estimation in a
limited subset of individuals who are at intermediate
predicted risk according to the Framingham risk score. In the
Val-MARC trial, where valsartan alone was compared to
valsartan plus hydrochlorothiazide, the valsartan alone
lowered hsCRP levels independently of the degree of BP
reduction (32). In another study, the treatment with irbe-
sartan lowered inflammatory biomarkers. We still do not
know whether the decrease in CRP also lowers high BP.

Others dispute the role of CRP in cardiovascular
disease, and its role in cardiovascular disease risk remains
controversial. Furthermore, CRP levels are influenced by
lifestyle changes and certain pharmacological interventions,
including statin therapy. This further underscores the
importance of establishing the role of CRP in atheroth-
rombosis. Perhaps the role of hsCRP as a cardiovascular
risk factor is more clear in primary than in secondary
prevention.
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SERUM URIC ACID

An association between serum uric acid concentration and
cardiovascular risk has been recognized for many years. The
NHANES I and III, the PIUMA study, the MONICA project,
the Gothenburg prospective study, the OSAKA health survey,
the SHEP trial, the INDANA database, the LIFE study, the
Bogalusa heart study, and others have shown an associa-
tion between serum uric acid, cardiovascular risk, and/or
the development of hypertension (33,34). These findings are
difficult to interpret, because high serum uric acid levels are
associated with other conditions that increase cardiovascular
morbidity and mortality, such as hyperlipidemia, diabetes
mellitus, obesity, and hypertension. Serum uric acid is com-
monly elevated in essential hypertension. About 25-35% of
hypertensive subjects exhibit hyperuricemia. Uric acid is the
main product of purine metabolism and is formed from
xanthine by the action of xanthine oxidase. Serum uric acid
levels vary with height, body weight, BP, renal function,
alcohol intake, menopause, etc. Indeed, studies performed
on the general population have failed to show an associa-
tion between serum uric acid levels and cardiovascular risk
(35). The pathogenetic mechanism of uric acid involvement
in cardiovascular risk is not well understood. However, uric
acid may contribute to endothelial dysfunction, but the
accurate mechanism is not known. Hyperuricemia is also
associated with the activation of circulating platelets,
stimulates vascular smooth muscle proliferation, and has a
proinflammatory effect. Renal injury also occurs in hype-
ruricemic rats, consisting of afferent arteriopathy, fibrosis,
glomerular hypertrophy, and albuminuria (36).

IS THERE EVIDENCE THAT SERUM URIC ACID
CAUSES HYPERTENSION IN HUMANS?

Epidemiological studies have shown a continuous relation
of serum uric acid with BP that is stronger in younger
subjects. Iwashima et al. (37) found that serum uric acid is
independently associated with left ventricular hypertrophy
and the combination with hyperuricemia is an independent
and powerful predictor for cardiovascular disease, while
Viazzi et al. (38) found that serum uric acid levels increase
the risk of having left ventricular hypertrophy and carotid
abnormalities. Hyperuricemia is also an independent risk
factor for predicting the development of hypertension. In the
SHEP trial, those patients with a serum uric acid increase of
>0.06 mmol/L had a similar risk for coronary heart disease
with the placebo group, suggesting that monitoring serum
uric acid levels during diuretic treatment may help identify
patients who will most benefit from treatment. In the LIFE
trial they found that an increase of serum uric acid over
4.8 years was attenuated by losartan compared with atenolol
treatment, appearing to explain 29% of the treatment effects
on the primary composite end-point, and showing that the
association between serum uric acid and events was stronger
in women than in men. We and other investigators found a
difference in the response of treatment with losartan in
comparison with other angiotensin receptor antagonists in
serum uric acid levels (39). Serum uric acid seems to have a
pathogenetic role in the development of hypertension and
renal and cardiovascular disease. However, there are no
studies that have examined whether lowering uric acid will

reduce BP in hypertensive patients. It is time to design human
studies for the role of uric acid in the field of hypertension
and cardiovascular disease.
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ASSESSMENT OF THE CIRCADIAN
CARDIOVASCULAR RISK WITH
AMBULATORY BLOOD PRESSURE
MEASUREMENT

INTRODUCTION

In this chapter, I review the evidence that ambulatory blood
pressure measurement (ABPM) can provide a means of
assessing circadian cardiovascular risk. I will not attempt to
review the circadian risk from the biochemical, hormonal,
and thrombotic viewpoints other than to acknowledge that
there is considerable harmony in the physiological, hemody-
namic adjustments that occur during each 24-h cycle, and to
indicate at the outset that what may be measurable with
ABPM may well be the effect of changes in other hemorhe-
ological mechanisms that are orchestrated to cope with the
vast variation in activity and circumstance that characterizes
human behavior during a 24-h period.

THE CIRCADIAN RHYTHM OF THE
CARDIOVASCULAR SYSTEM

While this review is confined to assessing the role of ABPM in
circadian risk, it is important to acknowledge the complex
associated perturbations that characterize the 24-h period. The
subject has been well reviewed by Giles (1,2). The occurrence
of several life-threatening acute cardiovascular events tend to
peak at certain times of the day. For example, acute myocardial
infarction, ischemic events, sudden cardiac death, and stroke
are more likely to occur in the morning hours, soon after
waking, than at other times of the day (3). An excess of cardio-
vascular events associated with circadian changes in blood
pressure (BP), for example the morning surge, non-dipping,
or excessive dipping, may be explained, or are at least asso-
ciated with, circadian variations of various biochemical and
physiological parameters. In other words, circadian variations
in BP serve as sensitive indicators of a cascade of physiological
events that include increased sympathetic and plasma rennin
activity (4,5), leading to increased levels of angiotensin II (6),
catecholamines, and cortisol (7), all of which may forecast
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acute cardiovascular catastrophes. Increased myocardial oxy-
gen demand in response to physical activity, and simulta-
neous increases in platelet aggregability and blood viscosity
leading to an early morning hypercoaguable state further faci-
litate thromboembolism (8). As Giles has pointed out, it is not
difficult to envisage these changes together with a morning
surge in BP and enhanced platelet aggregation, thrombosis,
and occlusion, culminating in shear stress and the fissure of
unstable atherosclerotic plaques, leading to acute myocardial
infarction, ischemic stroke, and sudden cardiac death (1)
(Figure 7.1). Another example of BP being the reflecting mirror
of complex biochemical circadian variation is the association
of a nocturnal non-dipping pattern in hypertensive subjects
prone to retaining sodium (9). The nocturnal consequences of
altered BP patterns have been largely ignored in clinical prac-
tice because the methodology for assessing nocturnal profiles
of BP—24-h ABPM—has been accepted only slowly in clinical
practice, or used only sparingly for recording BP at night.

MEASUREMENT OF BP AND RISK

The most commonly used method of BP measurement
in clinical practice is the auscultation method with a
mercury sphygmomanometer and stethoscope. This
conventional technique undoubtedly provides information
on cardiovascular risk. A meta-analysis of clinic BP
measurement in 1 million adults participating in 61
prospective studies showed that a 10 mmHg higher usual
systolic BP or 5 mmHg higher usual diastolic BP would be
associated with approximately 40% higher risk of stroke
death and around 30% higher risk of death from ischemic
heart disease and other vascular causes (10). The technique,
however, has many limitations, which include the presence of
a white coat reaction, interobserver and intraobserver
variability, and terminal digit preferences, all of which may
bias the accuracy of measurement (11,12). Moreover,
conventional sphygmomanometry as employed in clinical
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practice fails to give any information on circadian risk.
Interestingly though, efforts to improve the prognostic value
of the technique and to gain insight into circadian effects
were made in the first half of the 20th century. In 1922,
Addis, recognizing the extreme variability of BP, endeavored
to minimize this by obtaining BP measurements in the
morning after awakening but before rising, and he termed
this basal BP (13). Sir Horace Smirk developed this concept
further in a series of experiments in which he measured BP
under very standardized conditions in sedated hypertensive
patients and normotensive controls. The lowest BP obtained
by this technique was called the “basal BP” in contrast to
conventionally measured BP in the hospital, which he termed
“casual BP,” with the difference between the two being
called “supplemental BP.” In health, the basal BP was found
to be practically a physiological constant, but in hypertensive
patients the basal BP, while more variable than in nor-
motensive subjects, was much less variable than the casual
BP. He showed that basal BP was a much better guide to

prognosis than casual pressures, and he likened basal BP to
sleeping BP (14,15). Smirk’s remarkable contribution,
which has largely been overlooked in recent years, has been
restored to historical probity by Pickering (16) and
contributes to further reasoning in this review.

Self BP measurement also provides information on risk,
but again is limited in the information it can provide on
circadian risk, mainly because nocturnal BP measurements are
not available (17)., Recently, however, Imai and colleagues
have modified a device for self-measurement of BP to provide
nocturnal BP measurements (18). As technology develops and
the cost of automated devices reduces, the day cannot be too
far distant when BP measuring devices will provide the user
with the facility to measure casual BPs, pressures at home or at
work, and to perform intermittent measurements over a 24-h
or longer period of time—effectively, a “device for all seasons.”

At present, however, ABPM is the only technique that
permits close examination of the circadian profile and
identification of patterns that may be associated with risk.
There is now general agreement that ABPM is indispensable
to good clinical practice (12) and there is indisputable evi-
dence showing that ambulatory BP is superior to office
values in predicting cardiovascular risk (19-25). Moreover,
recent evidence suggests that nighttime BP may be the most
sensitive predictor of all measurements (26-29) (Figure 7.2).

INDICES OF RISK IN THE CIRCADIAN
PROFILE

SYSTOLIC VERSUS DIASTOLIC BP

In Western countries, systolic BP is a stronger predictor of
cardiovascular risk than diastolic BP in the majority of the
adult population. This greater risk is attributable, at least in
part, to systolic BP levels being more directly related to
cardiovascular complications, a greater prevalence of systolic
hypertension in older patients, and systolic hypertension
being more resistant to treatment (30). However, the relative
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risk of systolic versus diastolic BP is age related. In the
Framingham Heart Study, diastolic BP was a better predictor
of coronary heart disease for participants aged less than 50
years of age: between the ages of 50 and 59 years, diastolic and
systolic BP assume comparable risk; and after the age of 60
years, the risk of coronary heart disease remains positively
correlated with systolic BP, but is inversely related to diastolic
BP (31). Similar findings have been reported in a Japanese
population (32). In the Dublin Outcome Study, systolic 24-h
ABPMs predicted outcome more sensitively than diastolic
BP in a population whose average age was 60 years, with
nighttime systolic BP being the strongest predictor of
outcome—for each 10 mmHg increase in mean nighttime
systolic BP, the mortality risk increased by 21% (26).

PULSE PRESSURE AND MEAN PRESSURE

Pulse pressure is an established cardiovascular risk factor
(33,34). It has been shown that in a large sample of subjects
with predominantly systolic and diastolic hypertension
whose age spanned eight decades, the risk of cardiac com-
plications of elevated BP showed a strong, positive, and in-
dependent association with its pulsatile component (pulse
pressure) but not with its steady component (mean BP),
whereas the risk of cerebrovascular complications showed a
similarly strong, positive, and independent association with
its steady component but not with its pulsatile component.
Moreover, these associations persisted after adjustment for
the significant influence of numerous risk factors (33). These
findings suggest that elevated peripheral vascular resistance
appears to be more damaging to the brain, and that increased
large artery stiffness appears to be more damaging to the
heart in middle-aged individuals with hypertension. In the
Ohasama Study, the predictive power of four indices of
ABPM—systolic, diastolic, mean, and pulse pressure—were
assessed; ambulatory pulse pressure was the weakest predictor
of stroke, but exclusion of age from covariates increased its
predictive power, suggesting that the stroke risk of pulse
pressure was a reflection of aging per se (35).

AMBULATORY ARTERIAL STIFFNESS INDEX

Recently, a new index has been derived from ABPM. The
ambulatory arterial stiffness index (AASI), defined as 1 minus
the regression slope, a measure of the dynamic relationship
between diastolic and systolic BP throughout the whole day,
has been shown to predict cardiovascular mortality in a large
cohort of hypertensive individuals (34). To date, one cross-
sectional analysis (36) and three prospective cohort studies
(34,37,38) have demonstrated an association of AASI either
with signs of target organ damage in never-treated hyperten-
sive patients or with the incidence of cardiovascular mortality
and morbidity (36).

The AASI is particularly predictive of stroke (34,37,38),
even at levels of BP within the normotensive range (34,38).
Moreover, when adjusted for pulse pressure, AASI retains its
predictive value (34,37,38). Currently ongoing analyses of a
Copenhagen cohort have shown that AASI predicts stroke over
and beyond aortic pulse wave velocity (39). AASI may
therefore prove to be a readily applicable index that can be
derived from a routine ABPM to predict outcome. The
practical importance of such an index is that it may permit

early categorization of hypertensive patients into those at risk
from cardiovascular events and, thus, indicate those in need of
aggressive BP lowering.

BP VARIABILITY

Many indices of BP variability can be derived from 24-h ABPM
(40-42). BP variability is undoubtedly an important deter-
minant of target-organ damage and of higher cardiovascular
risk in hypertension, and smooth 24-h control of BP with
antihypertensive drugs should be given consideration as a
means of improving prognosis (40,41). However, in patients
with uncomplicated mild hypertension, BP variability
assessed by noninvasive ABPM was not an independent
predictor of cardiovascular outcome (42).

HEART RATE

As heart rate is readily obtainable from ABPM, it has the
potential to add another dimension to the assessment of risk.
Several epidemiological studies have shown an association
between heart rate and both cardiovascular and non-
cardiovascular mortality. Heart rate is inversely proportional
to life expectancy, and an elevated heart rate is a risk factor
for hypertension, atherosclerosis, and cardiovascular morbid-
ity and mortality (43). The relationship between resting heart
rate and mortality has been observed in the general popu-
lation and in patients with hypertension, coronary artery
disease, and after acute myocardial infarction (43). In most of
these studies, clinic measurements of heart rate have been
used to investigate the association with cardiovascular risk. A
consensus meeting of the European Society of Hypertension
to provide recommendations on the influence and manage-
ment of heart rate in clinical practice concluded that there was
no available evidence demonstrating an advantage of heart
rate measured out-of-office over clinical heart rate, but was of
the opinion that, for hypertensive subjects who monitor their
BP at home with automatic devices, the reporting of heart rate
data together with BP may provide useful information (44).
An ongoing analysis of the data in the Dublin Outcome Study
confirms that ambulatory heart rate predicts mortality risk. In
particular, nighttime heart rate, as is the case with nocturnal
BP, is the strongest predictor of outcome. In keeping with
previous studies, an increased heart rate also predicted non-
cardiovascular deaths, suggesting that an increased heart rate
is a nonspecific marker for all-cause mortality (43).

Several complex statistical and chronobiological methods
have been proposed for the analysis of circadian BP recordings
(45). Cusum-derived statistics are simply calculated from
ambulatory data but have never gained popularity in clinical
or research practice (45).

WINDOWS OF THE 24-H CIRCADIAN
PROFILE

The predictive value of ABPM, and its superiority to office BP
measurements, has been demonstrated in prospective studies,
which have been well summarized by Giles (1,2). This being
8o, it is of interest to look more closely at the information that
may be derived from 24-h ABPM recordings. The 24-h period
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can be divided into a number of windows, each of which
yields information about BP change, and each of which
provide patterns of BP behavior that may be associated with
varying risk. The dabl® ABPM program (dabl Ltd., Blackrock,
County Dublin, Ireland) has been designed to allow demar-
cation of these windows and separate or combined statistical
analyses to be performed on the BPs within these windows
(46-48) (Figure 7.3).

WHITE COAT WINDOW

The white coat window is the window that extends from the
beginning of ABPM recording and lasts for 1 h. Ideally, ABPM
recording should begin no later than 9 AM, but, when this is
not possible, the dabl®ABPM program adjusts for a later time
for ABPM recording to commence (48). During the white coat
window, BP may be influenced by the medical environment.
The most popular definition of white coat hypertension is that
BP measured by conventional techniques in the office, clinic,
or surgery exceeds 140 mmHg systolic or 90 mmHg diastolic,
but, when ABPM is performed, the average BP is less than
135mmHg systolic and 85mmHg diastolic during the
daytime period. Currently, an average daytime ABPM of less
than 135 mmHg systolic and 85 mmHg diastolic is generally
considered normal and levels less than 130/80 mmHg are
considered optimal (49). However, it has been shown that the
white coat window on ABPM recordings can not only diagnose
the white coat phenomenon, but also allows identification of
a white coat hypertensive subgroup, with significantly higher
pressures, who may be at greater risk and in need of
antihypertensive medication (47). ABPM remains the method
of choice for diagnosing white coat hypertension (25,47,50).

DAYTIME WINDOW

The daytime window follows the white coat window and
is the period when the subject is away from the medical

environment and engaging in usual activities (47). For almost
all subjects with hypertension, BPs during this window are
lower than conventionally recorded pressures in the office,
clinic, or surgery setting (50,51). However, BPs during this
period are subject to stress, activity, arm movement, the effect
of exercise, and other activities, such as driving, all of which
may have an influence on the mean level of BP recorded (52).
These effects are largely absent from BP measured during the
nocturnal period (26,53).

VESPERAL WINDOW

In the normal individual there is a decline in BP in the
vesperal window from daytime levels of BP to reach a plateau
during the nighttime period. This period (9:01 PM to 0:59 AM
on the basis of ABPM commencing at 9 AM) is not included
in the estimation of day and night mean pressures because
this period represents time during which bed rest is
inconsistent and, therefore, cannot be categorized reliably
(54). In hypertensive patients (or some normotensive patients
with cardiovascular disease) the decline in the vesperal
window may be absent (non-dipping) so that BPs do not
reach basal levels (26,27,55,56). BP may even rise in the
vesperal window to reach levels that are higher than daytime
levels (reverse dipping) (57). Alternatively there may be a
marked fall in BP during the vesperal window to give the
phenomenon of extreme dipping (58). Therefore, what
happens to BP in the vesperal window predicates the level of
BP in the basal window.

BASAL WINDOW

The nighttime window follows the vesperal window and is
the period between 1:00 AM and 6:00 AM (47). BPs in this
window are most likely to coincide with sleep or, if not with
actual sleep, with the greatest cessation of activity and are
likely, therefore, to represent a steady state (46). I have
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applied the term “basal” to this window in acknowl-
edgement of the seminal paper written by Horace Smirk in
1964 (15). As previously outlined, the compelling con-
clusion from Smirk’s analysis was that basal BP was superior
to casual pressure in predicting outcome (14,15). This evi-
dence is very similar to recent evidence from my department
(26) and others (56), showing that nighttime BP is superior
to all other BP measurements in predicting cardiovascular
outcome and mortality, which suggests that nighttime BP
obtained by ABPM is similar to the basal BP described by
Smirk. Moreover, it has also been shown that the use of a
mild sedative during ABPM may help in identifying patients
with a very high cardiovascular risk; namely, those patients
who continue to manifest a blunted nocturnal dip despite
sedation (59).

Valuable though the information derived from the basal
window may be, there are a number of methodological lim-
itations to recording BP at night. These include different
criteria for defining dipping/non-dipping status, arbitrary
dichotomization of a continuous and variable measurement
(night-to-day ratio), inappropriate selection of cases (non-
dippers) and controls (dippers), insufficient sample size, poor
reproducibility of the night-to-day ratio, a “regression-to-
the-mean” phenomenon when ABPMs are repeated in
subjects classified as extreme dippers or non-dippers on the
first ambulatory recording, the influence of daytime physical
activity on the dipping phenomenon (27,60), and the
influence of sleep disturbance and sleep apnea (53,60).
Ironically, despite doubts about reproducibility of the night-
to-day ratio, it may be that nighttime BP is more standardized
and consequently more reproducible than daytime BP (sleep
being a more stable state than activity), and that it is this
feature that gives nocturnal BP its predictive value. In clinical
practice when the sleep and awakening periods are clearly
defined, nocturnal changes in BP are surprisingly reproducible
(61,62).

MATINAL WINDOW

The matinal window extends from the end of the basal win-
dow to the commencement of daytime activities following
rising. This period (6:01 AM to 8:59 AM) is not included in
the estimation of day and night mean pressures because this
period represents time during which bed rest is inconsistent
and, therefore, cannot be categorized reliably (54). However,
the magnitude of the rise in BP in the matinal window may
yield most valuable prognostic information. In normal
subjects, a modest rise in BP occurs in the matinal window,
preceding awakening from sleep to merely restore the pre-
vious daytime level of BP (46). This pre-awakening rise in
BP in hypertensive patients may exceed the daytime
average—the pre-awakening or morning surge—and this
phenomenon is associated with a poor cardiovascular out-
come (58).

PATTERNS OF ABPM

Within the windows of the 24-h BP profile, several variations
of BP behavior may be discerned, allowing differentiation of
patients into sub-forms and patterns (25,63-65). ABPM may
also be used to stage the severity of BP—the higher the initial

24-h ABPM, the more frequent the occurrence of cardiovas-
cular events (19). The most commonly used aggregate to
denote levels of ABPM is the mean 24-h BP (25). However,
though this may be an acceptable estimate of the BP
load over the 24-h period, the information deriving from
individual windows of the 24-h profile is such that critical
consideration has to be given to the association of ABPM
patterns with cardiovascular outcome (Figure 7.4).

WHITE COAT HYPERTENSION

The risk associated with white coat hypertension remains
controversial but there is general agreement that the condition
should not be regarded as benign, with the risk of developing
sustained hypertension at some time being almost inevitable
(66,67) (Figure 7.5).

WHITE COAT EFFECT

White coat hypertension must be distinguished from the
white coat effect, which is the term used to describe the
increase in BP that occurs in the medical environment,
regardless of the daytime ABPM . In other words, the term
indicates the phenomenon, found in most hypertensive
patients, whereby clinic BP is usually greater than the average
daytime ABPM, which is nonetheless increased above
normal. The importance of the phenomenon is that patients
diagnosed as having severe hypertension by conventional
measurements may have only moderate or mild hyperten-
sion on ABPM because of a marked white coat effect (65)
(Figure 7.6).

MASKED HYFPERTENSION

This phenomenon denotes subjects classified as nor-
motensive by conventional office or clinic measurement,
but who are hypertensive with ABPM or self-measurement.
The prevalence of masked hypertension in adults seems
to be at least 10%, and may indeed be higher, with a
tendency to decrease with age. Adult subjects with masked
hypertension have increased target organ involvement as
denoted by left ventricular mass and carotid atherosclerosis.
As might be expected when target organ involvement is
increased, the likelihood that cardiovascular morbidity will
also be greater is indeed the case. The logical extension of
this line of reasoning is that future studies will also show
cardiovascular mortality to be increased. The problem for
clinical practice is how to identify and manage these patients
who, it is estimated, may number as many as 10 million
people in the United States (23,65).

AMBULATORY HYPOTENSION

Hypotension is particularly common in the elderly, who may
have autonomic or baroreceptor failure, and who may also
experience post-prandial and postural hypotension—con-
ditions which may lead to risk from falls and accidents.
ABPM may also be useful in identifying hypotensive episodes
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Fig. 7.4 Normal ambulatory blood pressure monitoring (ABPM) pattern. On the
basis of the data recorded and the available literature, the ABPM pattern suggests
normal 24-h SBP and DBP (128/78 mmHg daytime, 110/62 mmHg nighttime).
Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood pressure. Source: Plot
and report generated by dabl ABPM, 2006 (http://www.dabl.ie).

in young patients in whom hypotension is suspected of
causing symptoms (23,25,65). In treated hypertensive =~ DAYTIME SYSTO-DIASTOLIC HYPERTENSION
patients, ABPM may also demonstrate drug-induced decreases
in BP that may have untoward effects in those with a com-
promised arterial circulation, such as individuals with
coronary and cerebrovascular disease (68) (Figure 7.7).

Many patterns of BP behavior can be discerned from ABPM,
but by far the most common pattern is systo-diastolic hyper-
tension (63). Usually, daytime BP levels are lower than clinic
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Fig. 7.5 White coat hypertension. On the basis of the data recorded and the available
literature, the ambulatory blood pressure monitoring pattern suggests white coat
hypertension (175/95 mmHg) with otherwise normal 24-h SBP and DBP
(133/71 mmHg daytime, 119/59 mmHg nighttime). Abbreviations: DBP, diastolic blood
pressure; SBP, systolic blood pressure. Source: Plot and report generated by dabl ABPM,
2006 (http://www.dabl.ie).
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Fig. 7.6 White coat effect. On the basis of the data recorded and the available literature,
the pattern suggests mild daytime systolic hypertension (149 mmHg), borderline
daytime diastolic hypertension (87 mmHg), borderline nighttime systolic hypertension
(121 mmHg), and normal nighttime diastolic hypertension (67 mmHg) with white

coat effect (187/104 mmHg). Abbreviations: DBP, diastolic blood pressure; SBP, systolic

blood pressure. Source: Plot and report generated by dabl ABPM, 2006 (http://www.dabl.ie).

readings—the white coat effect. Generally, mean daytime
levels of BP are superior to clinic BPs but inferior to nocturnal
BP in predicting outcome (26,68,69).

ISOLATED SYSTOLIC HYPERTENSION

Isolated systolic hypertension can, of course, be apparent
on clinic BP measurement, but it can be overestimated, and
ABPM allows for confirmation of the diagnosis, as well as
predicting outcome more accurately. The results of the ABPM
sub-study of the Systolic Hypertension in Europe Trial showed
that systolic BP measured conventionally in the elderly may
average 20 mmHg more than daytime ABPM, thereby leading
to inevitable overestimation of isolated systolic hypertension
in the elderly and probable excessive treatment of the con-
dition. Moreover, results from this study also show that sys-
tolic ABPM was a significant predictor of cardiovascular risk
over and above conventional systolic BP (70). In women with
cardiovascular disease, systolic BP was the BP measure most
strongly related to the risk of secondary cardiovascular events
(71) (Figure 7.8).

ISOLATED DIASTOLIC HYPERTENSION

Isolated diastolic hypertension, which can be present on
clinic measurement, can be more readily studied on ABPM.
The prevalence of the condition in one study was 3.6% (63).
There are few studies to date on the prognostic relevance
of the condition, but the consensus from a review of the
literature is that, if the systolic BP is normal, high diastolic
BP is not associated with an adverse prognosis (72).

DIPPING AND NON-DIPPING

The “dipper/non-dipper” classification was first introduced in
1988, when a retrospective analysis suggested that non-
dipping hypertensive patients had a higher risk of stroke than
the majority of patients with a dipping pattern (55). Whether
this classification is associated with adverse outcome has
been the subject of much debate (60). On balance, most large-
scale prospective studies currently support the concept that a
diminished nocturnal BP fall is associated with a worse prog-
nosis (25,27). For example, blunted nighttime dipping of BP
is independently associated with angiographic coronary artery
stenosis in men (73). In elderly people with long-standing
hypertension, a blunted nocturnal dip in BP is independently
associated with lower cognitive performances (74). Among
elderly patients with recently diagnosed isolated systolic hyper-
tension, those with a non-dipping nocturnal pattern have
been shown to have significantly higher left ventricular masses
on echocardiography than dippers (75). A non-dipping noc-
turnal pattern is also associated with renal and cardiac target
organ involvement (76). It has been well documented that, in
hypertensive subjects, non-dippers are more likely than dip-
pers to suffer silent, as well as overt, hypertensive target organ
damage. However, it has also been demonstrated that a non-
dipper status is associated with target organ damage in nor-
motensive subjects (76). Moreover, nocturnal BP is now
known to be an independent risk for cardiovascular outcome
over and above all other measures of BP (26,28). For example,
in the Dublin Outcome Study, for each 10 mmHg increase in
mean nighttime systolic BP, the mortality risk increased by
21% (26). In a Japanese population, a diminished nocturnal
decline in BP was an independent risk factor for cardiovascular
mortality, with each 5% decrease in the decline in nocturnal



Patterns of ABPM 55

240
210
180
150

120+

SBP and DBP (mmHg)

] © 2005 dabl® Limited

T o e, B e B e e e
1200 1500 1800 2100 0000 0300 0600 0900
Time

Fig. 7.7 Ambulatory hypotension. On the basis of recorded data and available
literature, ambulatory blood pressure monitoring pattern suggests low daytime SBP
(100 mmHg), normal daytime DBP (61 mmHg), and moderate night-time systolic
and diastolic hypertension (146/89 mmHg) with white coat effect

(200/102 mmHg). Abbreviations: DBP, diastolic blood pressure; SBP, systolic blood
pressure. Source: Plot and report generated by dabl ABPM, 2006 (http://www.dabl.ie).

systolic/diastolic BP being associated with an approximately
20% greater risk of cardiovascular mortality (28).

cardiovascular prognosis, both for stroke and cardiac events
(77) (Figures 7.9 and 7.10).

REVERSE DIPPING

In some patients, BP rises above the daytime pressures
rather than falling during the night. These patients (also
referred to as risers or extreme non-dippers) have the worst

EXTREME DIPPING

Patients with a marked nocturnal fall in BP, known as extreme
dippers, are at risk for non-fatal ischemic stroke and silent
myocardial ischemia. This is particularly likely in extreme
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Fig. 7.8 Isolated systolic hypertension. On the basis of recorded data and
available literature, the pattern suggests severe 24-h isolated systolic
hypertension (176/68 mmHg daytime, 169/70 mmHg nighttime). Abbreviations:
DBP, diastolic blood pressure; SBP, systolic blood pressure. Source: Plot and
report generated by dabl ABPM, 2006 (http://www.dabl.ie).
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dippers who already have atherosclerotic arterial stenosis, and
in whom excessive BP reduction is induced by injudicious
antihypertensive medication (77). This possibility was
originally enunciated by Floras, as long ago as 1988, when he
postulated that patients with critical coronary stenoses or
hypertrophied ventricles could have impaired coronary
vasodilator reserve and would, therefore, be at greatest risk
of myocardial ischemia or infarction if subendocardial per-
fusion pressure fell below the lower threshold of blood flow
autoregulation. This was most likely to occur during sleep,
when excessive antihypertensive treatment might cause
unrecognized nocturnal hypotension leading to coronary
artery hypoperfusion, thereby offering an explanation why
treatment had not diminished the risk of myocardial
infarction in patients with hypertension (78). Extreme
dipping is closely associated with an excessive morning surge
in BP, which is associated with cerebral infarction and a high
risk of future stroke (77).

SIESTA DIPPING

A siesta dip in BP on ABPM is common in societies in which
an afternoon siesta is an established practice. But, in many
elderly patients, regardless of cultural practice, a siesta is
often a part of the daily routine. There is evidence that
ignoring the dipping pattern associated with a siesta distorts
the day/night ration of ABPM (79,80), and it should
therefore be taken into account in assessing overall 24-h
circadian patterns. The magnitude of the siesta dip may have
prognostic implications, though the evidence to date is
scarce (81).

NOCTURNAL HYPERTENSION

Although daytime ambulatory hypertension is a good pre-
dictor of outcome, a number of studies have shown that
ambulatory nocturnal hypertension is associated with a worse
cardiovascular outcome (26,28,82). Further confirmation
of the importance of nocturnal hypertension comes from
a recent study showing that a non-dipping pattern and
increased nighttime diastolic BP predicted the occurrence
of congestive heart failure independently of antihypertensive
treatment and established risk factors for cardiac failure.
Furthermore, this association was present even after adjusting
for office BP measurement, thereby showing that ABPM once
again conveys important information that cannot be obtained
with conventional measurement (83).

THE MORNING SURGE

Cardiovascular events, such as myocardial infarction,
ischemia, and stroke, are more frequent in the morning hours
soon after waking than at other times of day (1). Circadian
variations in biochemical and physiological parameters help
explain the link between acute cardiovascular events and the
early morning BP surge (1,2). The clinical consequences of
these hemodynamic and neurohumoral changes are
numerous. Transient myocardial ischemia and peak ischemic
activity has been documented. The occurrence of stroke and
heart attack is commoner in this period than at any other time
of the day (2). Kario et al. have shown that, in older

hypertensive subjects, a morning surge in BP—defined as a
rise in BP greater than 55 mmHg from the lowest nighttime
reading—carries a risk of stoke almost three times that seen in
patients without a morning surge. A pattern of morning surge
in BP was also associated with the presence of more clinically
silent cerebral infarction (84). Higher carotid internal-medial
thickness and circulating inflammatory markers coexist in
hypertensive patients with morning BP surge, and
might contribute to the increased cardiovascular risk in these
patients (85).

CAN DRUGS BE TARGETED TO REDUCE
BP IN CIRCADIAN PERIODS OF
GREATEST RISK?

Traditionally BP lowering drugs are taken in the morning,
but the scientific rationale for the timing of medication may
not always be based on sound evidence. It is surprising how
little attention has been given to the possibility of achiev-
ing a more beneficial effect on cardiovascular outcome by
reducing nocturnal BP, either by nighttime dosing, or by
designing drugs specifically to reduce nocturnal BP (24).
The practice of morning dosing of medication may have had
more to do with the practice of conducting antihypertensive
drug trials at morning clinics and being able to make an
assessment of efficacy based on BP effect some hours after
dosing than with scientific evidence based on the
pharmacodynamic realities of the drug under study. This lapse
in scientific reasoning was well illustrated in the Heart
Outcomes Prevention Evaluation (HOPE) study (86). In the
main study, the group receiving ramipril had an approx-
imately 35% reduction in cardiovascular events, despite an
insignificant reduction in BP of 3/2 mmHg; the outcome
benefit was attributed to angiotensin-converting enzyme
(ACE) inhibition, which was recommended in all high-risk
patients regardless of baseline BP. However, it became
evident from later analysis of an ABPM sub-study that
ramipril was actually taken in the evening, with outpatient
BP measured the following day, some 10-14h later (87).
The reported insignificant change in BP in the main study
gave no indication of a “whopping” 17/8 mmHg reduction
in BP during the nighttime period, which translated into a
10/4 mmHg average reduction in BP over the entire 24-h
period (88).

Interestingly, from an historical perspective, the first paper
to describe the effects of antihypertensive medication on 24-h
BP was in 1982, when Floras and his colleagues demon-
strated, using direct intra-arterial BP measurement, that
atenolol and slow-release propranolol lowered nighttime BP,
whereas metoprolol and pindolol did not (89). A few years
later, we presented data showing a discrepancy between
antihypertensive drug efficacy as judged by clinic and non-
invasive ambulatory daytime measurement, and concluded
that “noninvasive ABPM should be considered an essential
part of the evaluation of antihypertensive drugs” (90). Why,
we might ask, have we had to wait nearly a quarter of a
century to explore the therapeutic potential of nocturnal BP
lowering and the differing effects of drugs on ambulatory BP?

Efficacies of the various classes of antihypertensive drugs
for restoring normal dipping are not well studied, but
diuretics, angiotensin-converting enzyme inhibitors (ACEI),
and angiotensin-1 receptor blockers and calcium channel
blockers appear to be superior to alpha and beta-blockers
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Fig. 7.9 Hypertensive dipper: On the basis of the recorded data and available
literature, ambulatory blood pressure suggests mild daytime systolic and
diastolic hypertension (147/93 mmHg) and normal nighttime SBP and DBP
(111/66 mmHg) with white coat effect (158/90 mmHg). Abbreviations: DBP,
diastolic blood pressure; SBP, systolic blood pressure. Source: Plot and report
generated by dabl ABPM, 2006 (http://www.dabl.ie).

(1,9,91). Individualized antihypertensive medication tar-
geting disrupted diurnal BP variation may be particularly
protective in the high-risk groups, such as patients with a
rise in nocturnal BP and in extreme dippers (57,92).

As much of the morning surge may be mediated by
involvement of the renin-angiotensin-aldosterone system
(RAAS), it would seem logical to assess agents targeting
angiotensin II (1,93,94). Another mechanism worthy of
manipulation to enhance nocturnal pharmacological

therapy is dietary potassium supplementation and sodium
restriction to restore normal dipping (9).

The consistent lowering of nocturnal BP by the renin
inhibitor aliskiren, in combination with a thiazide diuretic, an
ACEI or an angiotensin receptor blocker, opens up potential
for these therapeutic strategies to be used to reduce nocturnal
hypertension (95).

The evidence to date clearly suggests that pharmacological
research should be directed toward designing drugs with the
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Fig. 7.10 Hypertensive non-dipper: On the basis of the recorded data and
available literature, the pattern suggests severe systolic and diastolic hypertension
over 24 h (209/135 mmHg daytime and 205/130 mmHg at night). Abbreviations:
DBP, diastolic blood pressure; SBP, systolic blood pressure. Source: Plot and report
generated by dabl ABPM, 2006 (http://www.dabl.ie).
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primary purpose of modifying the nocturnal manifestations
of hypertension.

However, it should also be possible to modify nocturnal BP
by using the drugs presently available, but dosing at bedtime
rather than in the morning. As has been shown in the HOPE
study, the simple expedient of dosing at night rather than in
the morning may have a profound effect on nocturnal BP
(86-88). Hermida and his colleagues examined the hypoth-
esis that non-dipping in hypertensive patients might be due, at
least in part, to the absence of 24-h therapeutic coverage in
patients treated with single morning doses, and they showed
that, in patients taking bedtime medication, ABPM control
was double that of patients taking morning medication.
Moreover, in patients with true resistant hypertension,
bedtime medication resulted in a significant reduction in the
24-h mean of systolic and diastolic BP, and this reduction was
much more prominent during nighttime (96). Bedtime
dosing with an ACEI in patients with a non-dipping pattern
improves efficacy during the nocturnal period (97).

Antihypertensive medication directed at nighttime BP
may not necessarily alter nocturnal patterns for the better.
For example, a non-dipping or dipper pattern could be
transformed into an extreme dipping pattern with inju-
dicious therapy. The objective should be to reduce BP at the
same time as preserving the physiological dipper circadian
pattern. This is particularly important in stroke survivors in
whom ABPM is mandatory to determine the appropriate
dose and the optimum time of administration of antihyper-
tensive drugs so as to avoid the non-dipper, riser, and extreme-
dipper circadian profiles induced by treatment (98). Given
the extensive evidence for the increased prevalence of cardio-
vascular events in the early morning hours, antihypertensive
drugs that provide BP control at the time of the early morn-
ing surge should provide greater protection against target-
organ damage and enhance patient prognosis. This period
has been dubbed the “blind spot” in current clinical practice
(99). Pharmacological research into ways of altering the
morning surge is limited, but candesartan has been shown
to be superior to lisinopril in decreasing morning BP and
the morning BP surge (2,100). Moreover, reduction in the
morning rise in BP may be beneficial in preventing target
organ involvement in hypertension (101).

CONCLUSION—ABPM IS INDISPENSABLE
TO GOOD CLINICAL PRACTICE

Not for the first time, a review of this nature serves to reinforce
the clinical message that is so sadly being neglected: ABPM is
indispensable to good clinical practice (12). The advantages
for the technique are many. First and foremost, the technique
simply gives more measurements than conventional measure-
ment, and the real BP is reflected more accurately by repeated
measurements; ABPM provides a profile of BP away from the
medical environment, thereby allowing identification of
individuals with a white coat response, or masked hyper-
tension, who are in need of careful management; ABPM
shows BP behavior over a 24-h period, rather than giving a
snapshot of BP performed with an inaccurate technique under
artificial circumstances, so that the efficacy of antihypertensive
medication over a 24-h period becomes apparent, rather than
relying on one or a few conventional measurements confined
to a short period of the diurnal cycle; ABPM can identify
patients with abnormal patterns of nocturnal BP—dippers

and non-dippers, extreme and reverse dippers, and those
with a morning surge—all of whom are at high risk, and
ABPM can be used to target these potentially dangerous
patterns with appropriate drugs; ABPM can demonstrate a
number of patterns of BP behavior that may be relevant to
clinical management—isolated systolic and isolated diastolic
hypertension, post-prandial hypotension, autonomic
failure, etc. Finally, and importantly, evidence is now
available from longitudinal studies that ABPM is a much
stronger predictor of cardiovascular morbidity and mortality
than conventional measurement—in other words, ABPM
identifies patients with hypertension (and subjects whose BP
is normal) who are at risk of future cardiovascular events.
Moreover, the evidence is growing that nocturnal BP measured
by ABPM may be the most sensitive predictor of cardio-
vascular outcome, from which it follows that the measure-
ment of nighttime BP should be an important part of clinical
practice. However, there are those who would disagree.
Pickering argues that, until more evidence is available, “it
would seem reasonable not to recommend routine
measurement of the nighttime BP” (102). This
recommendation, in my view, flies contrary to the evidence.
But, arguable though this might be, surely we can only learn
about the importance of nocturnal BP by measuring it! Had I
decided in my clinical practice not to record nighttime BPs
when I began recording ABPM in the 1980s I would not now
have the data from some 20,000 patients in the Dublin
Outcome Study that has permitted analyses to show that
nocturnal BP is superior to all other measurements in
predicting cardiovascular outcome (26). The inevitable
conclusion of this review would seem, therefore, that there
should now be international acceptance that 24-h ABPM is
an indispensable investigation in patients with established
and suspected hypertension, and that it should therefore be
available to all hypertensive patients.
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BLOOD PRESSURE VARIABILITY:
CAL ASPECTS,
PATHOPHYSIOLOGICAL AND
MPLICATIONS

METHODOLOG

CLINICAL

Gianfranco Parati, Grzegorz Bilo, Mariaconsuelo Valentini

INTRODUCTION

Blood pressure (BP) is a highly dynamic parameter, which,
both in normotensive and hypertensive subjects, is char-
acterized by continuous fluctuations. Recent data provided
by experimental and clinical studies have demonstrated that
the assessment and detailed quantification of BP variability
(BPV) is of pathophysiological and prognostic importance
in subjects with hypertension. In fact, independently from
absolute mean BP levels, the magnitude of BPV appears
to reflect specific patterns of autonomic cardiovascular reg-
ulation and to correlate with the presence and severity of
target organ damage (TOD) and the rate of cardiovascular
events. These associations suggest that the benefits of hyper-
tension treatment, in terms of TOD prevention or
regression, and in terms of event rate reduction, might be
greater by targeting not only mean BP level reduction but
also the attenuation of an enhanced BPV The same benefit
appears to characterize the preservation or restoration of a
physiological day-night BP profile.

This chapter summarizes the: (/) currently available
methods to assess BPV, with their specific advantages and
limitations; (77) evidence linking BPV with morbidity and
mortality in hypertension; and (777) the potential prognostic
impact of lowering BPV together with mean BP levels in
hypertension treatment.

HOW TO MEASURE BPV

The oscillations which characterize BP under physiological
conditions, as a result of the interplay among different
cardiovascular homeostatic mechanisms, were first rec-
ognized at the beginning of the 18th century by Stephen
Hales. However, assessing BPV in a clinical setting became
possible only at the end of the 19th century with the advent

of the sphygmomanometric technique, introduced by the
Italian scientist Scipione Riva Rocci (1).

A further progress in the definition and quantification
of BPV was the development of the miniaturized intra-
arterial Oxford System in the 1960s (2), which allowed
continuous monitoring of BP fluctuations occurring on a
beat-by-beat basis in ambulant humans (3)over the 24-h
period (Figure 8.1). The rich amount of information on the
characteristics of BP changes over 24 h provided by this
technique has allowed the detailed description of all
components contributing to overall 24 h BP variance. These
include fast changes occurring with exercise and under the
effects of behavioral and emotional stimuli. They also
include more long-lasting changes, such as those occurring
between wakefulness and sleep. In particular, the latter
component is characterized by several hours of BP decrease
during nighttime sleep and by a brisk BP increase in early
morning hours, with an additional decrease in the early
afternoon during siesta.

The development and diffusion of noninvasive ambu-
latory BP monitoring (ABPM) techniques (4) in more recent
times has allowed intermittent monitoring of BP over 24 h
via automated arm cuff inflations in a continuously increasing
number of subjects. BP readings are usually obtained through
the oscillometric method, while the microphonic technique
to record Korotkoff sounds is employed in a minority of
devices only. Unfortunately, the time intervals usually sched-
uled between automated readings by conventional ABPM
techniques (usually ranging between 15 and 30 min) do not
allow short-lasting BP changes to be quantified. Moreover,
overall 24h BPV, as quantified by the standard deviation
(SD) of 24 h average BP values, cannot be reliably assessed in
case of between measurement intervals longer than
10-15min(5) (Figure 8.2). In spite of these methodological
difficulties, noninvasive ABPM is now widely used to estimate
not only mean BP levels but also BPV in clinical practice
(Figure 8.3). Being noninvasive and readily available on a large
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Fig. 8.1 Original 24 h beat-by-beat blood pressure (BP) tracing obtained in an ambulant
subject through the Oxford technique, based on insertion of an intra-arterial catheter in a
peripheral artery. Source: Modified from Ref. 3.

scale, ABPM has allowed the definition of the circadian pattern
characterizing a physiological 24 h BP profile in populations
of subjects. It has also offered the possibility to quantify its
alterations in patients at higher risk of cardiovascular events,
strongly supporting the potential role of an enhanced BPV in
determining hypertension-related TOD and an increased rate
of cardiovascular events More recent progress in the field has
led to the development of an innovative approach that is

A SD (mmHg)
24 1

204
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5 10 15 30
Periodical measurements
24 h SD by continuous recording

Fig. 8.2 Errors in the calculation of the 24 h
mean arterial pressure (MAP) standard
deviation (SD) in case of intervals between
blood pressure (BP) samples longer than
10-15 min. Data are derived from computer
analysis of continuous intra-arterial BP
recordings, by considering samples taken at
different time intervals, namely every 5, 10, 15,
30, 60 min, i.e., by simulating what happens
with discontinuous ambulatory BP
monitoring. Source: Modified from Ref. 5.

able to overcome the relative inaccuracy of conventional
ABPM in assessing BPV. This approach is based on a
technique able to monitor BP noninvasively on a beat-by-beat
basis at the finger level in ambulant subjects, during their daily
activities. This technique, implemented in the Portapres®
(Finapres Medical Systems, Arnheim, The Netherlands) device
(6), makes use of a servo-adjusted finger cuff inflation system
combined with an infrared photoplethysmograph and a
hydrostatic height correction tool able to continuously
monitor finger BP changes in a calibrated fashion in
ambulatory conditions over 24 or 48 h. The quantification of
24h BP profiles as well as the assessment of fast BP
fluctuations provided noninvasively by this approach were
found to be similar to those obtained by simultaneous intra-
arterial BP monitoring (6,7).

HOW TO QUANTITATIVELY
ANALYZE BPV

Several methods have been proposed to obtain a quantitative
description of the BP variations occurring over the 24-h period.
Such methods include: (7) the simple calculation of the BP
changes occurring in response either to specific behaviors or to
the shifts between day and night (i.e, night BP dipping
morning BP surge); (#7) the quantification of statistical indices
of BP value dispersion, such as the variance or the SD of
average mean BP values over a given recording period; and (77)
more complex computations, like spectral analysis, focusing
on BP fluctuations in the frequency domain (8,9) (Table 8.1).

At present, the method most commonly employed to
compute BPV in both pathophysiological and clinical studies
is still based on the quantification of the SD of average BP
values calculated either over the entire 24-h period or over the
daytime or the nighttime subperiods, respectively.

Of notice, if continuous BP recordings are available, the
calculation of the BP SD allows to quantify both the short-
lasting and the long-lasting components of BPV. In the
pioneering studies based on the use of intra-arterial BP
recordings, an approach followed to separately assess short-
term and long-term BPV over 24 h was the following. Estimate
of short-term BPV consisted in the calculation of the SD of
each half hour mean BP value, followed by the calculation
of the average of these 48 half-hour SDs. This average value
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Fig. 8.3 Original tracings of 24 h conventional ambulatory blood pressure (BP) monitoring in two subjects
characterized by normal (upper panel) or increased (lower panel) daytime BP variability.
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Table 5.1 Methods for the analysis of blood pressure (BP) variability

Ranges of values over the recording period

Standard deviation (SD) of the average BP over the recorded signal

Coefficient of variation (SD x 100/mean value)

Frequency distribution histograms or curves

Spectral analysis

was defined as “within half hour SD” (3). In the same study,
long-term BP changes were assessed by computing the mean
BP value for each of the 48 half hours in which the 24h
recordings were subdivided. By subsequently averaging
these 48 half hour mean BP values, the 24 h average BP was
calculated with its SD, which was taken as a measure of
long-term BPV (“among half-hour SD”), mostly reflecting cir-
cadian variations (Figure 8.4).

Thanks to these studies, it has been possible to establish
that BPV, particularly short-term BPV, increases in parallel
with age and with the increase of mean BP levels (3).
Moreover, BPV is greater during the daytime and under phys-
ical activity and lower during the nighttime or during rest.

BPV AND HYPERTENSION

In studies carried out in both experimental animals and
humans, BPV was found to progressively increase with the
increase in BP mean levels, hypertensive animals, or subjects,
showing a greater BPV than their normotensive counterparts
(9). A clear demonstration of this phenomenon was
provided by the analysis of 24 h ambulatory intra-arterial BP
recordings carried out in a group of normotensive and in a
group of hypertensive subjects over 24h under relatively
standardized behavioral conditions (3) thanks to the

Oxford technique (10). Hypertensive patients, as compared
to normotensive subjects, exhibited greater short-term
(within half-hour SD) and long-term (among half-hour SD)
BPV. Moreover, within each BP group, the amplitude of BP
variations increased in parallel with the increase in mean BP
levels over the 48 half-hour subperiods. This indicates that
normotensive and hypertensive subjects differ not only in
terms of mean BP levels, but also in terms of the amplitude
of their BP fluctuations all over 24 h. A research question
that has been raised since the time of the first studies on this
issue was thus whether the increased cardiovascular risk
which characterizes hypertensive patients depends on an
increase in mean BP levels only, or also on a combined
increased in the degree of BPV.

ASSOCIATION OF BPV WITH
TARGET ORGAN DAMAGE

AND RATE OF CARDIOVASCULAR
EVENTS

Several investigations have addressed the issue of the
occurrence of a possible independent association between
increased BPV and the cardiovascular consequences of hyper-
tension, over and above the well-known association between
these complications and an increase in mean BP levels.

TOD was repeatedly demonstrated to be independently
related to the degree of BPV, an enhanced BPV being as-
sociated with a more severe TOD and/or with a higher rate of
cardiovascular events in both the general population and in
selected cohorts of subjects with hypertension. This was
shown to be the case when focussing on the degree of BP
fluctuations occurring during either the daytime (11,12), the
nighttime (13), and the whole 24-h period (14). Probably the
first demonstration of the clinical relevance of BPV was

Mean values and standard deviations of mean arterial pressure and heart rate separately
obtained for the 48 half hours of the recording

mmHg @ Mean arterial pressure n = 89 ®© mmHg b/min @ Heart rate = 89 ® b/min
130 901 13
. -12
120 80 -11
] e =10 |
\ 290 ”
13 \ 70 \ R
110_ vooe fﬂ“fﬁgﬁfi Toe?®® | ﬁgm !fogfgtg é,fﬁﬁgf 79
100+ ﬁﬁﬁ!!m o "8 60+ L7
90 h U T T T T T T T T T T T T T T T T T 1 - 6 50 h U T T T T T T T T T T T T T T T T T 1 - 5
19 23 3 7 11 15 19 19 23 3 7 11 15 19
Time of the day (hours) Time of the day (hours)
e—e means oo standard deviation

Fig. 8.4 Blood pressure (BP) and heart rate variability over 24 h in a group of 89 hypertensive patients. Black circles refer to
average half-hour values (upper) and grey circles refer to half-hour standard deviations (lower). Data are separately shown for
mean arterial pressure (left panels) and heart rate (right panels). Source: Modified from Ref. 3.
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provided by a study from our group, which showed the
occurrence of an independent association between BPV and
TOD in 108 mild-to-severe essentially hypertensive patients,
whose BP was invasively monitored for 24 h in ambulatory
conditions (14). Both 24h mean BP and 24h BPV were
independently related to the prevalence and severity of TOD,
quantified by an overall score, and such relationship was closer
for 24 h mean BP and 24 h BPV than for clinic BP. Of notice, at
any given 24 h mean BP value, the prevalence and severity of
TOD were linearly related to the extent of short-term and long-
term BPV (Figure 8.5). Subsequent longitudinal observations
in subjects with high BP (15) provided further support to the
concept that BPV has a predictive value in relation to the
complications of hypertension, as indicated by the above
original cross-sectional findings. The first demonstration of the
prognostic value of BPV was again obtained through the intra-
arterial assessment of 24 h ambulatory BP and BPV by the
Oxford technique in 73 out of the above 108 hypertensive
patients, who were subsequently followed up for an average
period of 7.4 years. In these patients, baseline long-term BPV
(so-called “among half-hour SD” of 24 h mean BP) was found
to be a determinant of the occurrence of hypertension-related
cardiovascular complications, particularly of an increase in left
ventricular mass index (LVMI), over the follow-up period. This
relation was independent of the effect on LVMI exerted by an
increase in mean 24h BP levels (Figure 8.6). Other
determinants of LVMI in this study were the value of clinic BP
at follow-up visits and the entry level of TOD.

These longitudinal observations were confirmed in experi-
mental animals, in which BPV (but not mean BP) had been
artificially increased by sino-aortic denervation (SAD), i.e., by
surgical interruption of the afferent fibers stemming from the
carotid and aortic baroreceptors. Despite stable mean BP
levels, the increased BPV determined by this procedure was
found to be associated with the appearance of signs of vascular
and cardiac damage a few months after SAD (16-20).

The increasing use of 24 h conventional ABPM has allowed
for large-scale studies based on parameters derived from
analysis of these ABPM recordings ABPM in humans. These
studies, in most cases, have further supported the association
of BPV with TOD. Making use of this technique, both greater
daytime systolic BP (SBP) levels and daytime SBP variability
were found to be associated with more advanced vascular
damage on fundoscopic examination and with more pro-
nounced left ventricular hypertrophy (on electrocardiogram
and chest roentgenogram) (13) in over 700 subjects either
with normal BP levels or with hypertension of various
severity. Similar results were obtained, again by means of
conventional 24h ABPM, in 1,663 hypertensive subjects
enrolled in the European Lacidipine Study on Atherosclerosis
(21). Subjects were first divided into quintiles based on 24 h
mean BP. Subsequently, quintiles were divided into two
subgroups, with BPV either greater or lower than the
subgroup average BPV level, respectively. Interestingly, a
strong linear relationship was demonstrated between carotid
artery intima-media thickness (IMT), assessed from
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Fig. 8.5 The rate and severity of target organ damage (TOD) was assessed in 108 subjects divided into
five groups according to the increasing value of their 24-h average mean arterial pressure (MAP). The
subjects in each group were further subdivided into two classes according to whether their among-half-
hour standard deviation of MAP (long-term variability) was below or above the average short-term
variability of the group. Note that within each group the two classes had a similar 24 h MAP, but
that the rate and severity of TOD was less in the class in which long-term variability was lower.
Source: From Ref. 14.
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Fig. 8.6 Severity of end-organ damage and left ventricular mass index (LVMI) in
73 subjects divided into four groups according to the increasing value of the 24 h
average mean intra-arterial pressure (MAP). The subjects in each group were
subdivided into two classes according to whether the among-half-hour standard
deviation of MAP (long-term variability) at the initial evaluation was above

(grey bars) or below (black bars) the average long-term variability of the group.
Within each group the two classes had similar 24 h MAPs, but the severity of
end-organ damage and LVMI assessed at the follow-up evaluation were lower in
the classes in which long-term variability was lower. For each class, the severity of
damage was expressed as the average score for all subjects in that class or as the
average value of LVMI (echocardiography). P < 0.01, difference between all pairs of
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repeated ultrasound examinations, and overall 24 h SBP and
PP variability. As expected, the same linear association was
demonstrated between IMT and 24 h, day and night, mean
SBP levels. Overall, the results of this study are extremely
relevant from a clinical standpoint, as they support the role
of both 24h BPV and 24h mean BP levels in determining
the large artery damage.

Data on the association of BPV with TOD have also come
from the PAMELA (Pressioni Arteriose Monitorate E Loro
Associazioni) study (22) in which BPV was computed by
analysis of 24 h ABPM performed by validated oscillometric
BP measuring devices, with automated cuff inflations
scheduled at 20 min intervals. LVMI was assessed by echocar-
diography in a random sample of 1,648 untreated subjects
selected from the general population of a wide area north of
Milan. From these recordings, 24 h mean SBP and diastolic BP
(DBP) levels and their 24h SD (overall variability) were
assessed. Computer analysis of ABPM recordings also allowed
the calculation, by Fourier analysis, of the amplitude of those
cyclic components of BPV capable of accounting for over 95%
of the overall BPV. Finally, the proportion of overall 24 h SBP
and DBP variability that was not explained by the two main
cyclic components identified by the Fourier approach
(residual variability) was also calculated. Both 24 h mean SBP
and DBP and their “residual” BPV were significantly and
independently related to LVM]I, thus demonstrating that also
in the general population BPV, in this case mostly its faster
components, play a role that can be clinically relevant.

The contribution of BPV to the incidence of cardiovas-
cular events was also suggested by studies including large
samples of subjects, thanks again to the possibility to perform
noninvasive 24 h ABPM. In 286 hypertensive patients fol-
lowed up for over 3 years, Sander et al. (11) performed 24 h
ABPM and assessed the IMT of the common carotid artery
by ultrasound. The degree of BP variation over 24 h and the
daytime period was also assessed. At the end of the follow-
up period, independently of traditional risk factors, the
vascular lesion had progressed more rapidly in case of greater
SBP variability. Moreover, daytime SBP variability was the
best predictor of IMT progression on multivariate analysis
and was associated with a greater risk of events of cardio-
vascular origin (Figure 8.7).

Finally, the performance of 24 h ABPM and subsequent
longitudinal observations carried out in the general
Japanese population of Ohasama have offered a clear
demonstration that both increased SBP variability and
decreased HR variability are significant and independent
predictors of cardiovascular mortality (12), confirming
what had already been demonstrated in hypertensive
subjects (23,24) (Figure 8.8).

An overview of all these studies thus allows us to con-
clude that BPV may have prognostic relevance.

Overall, studies exploring alterations in 24h BPV have
demonstrated that an increase in the degree of BP fluctuations
over 24 h is associated with both TOD and increased rate of
cardiovascular events (25). In particular, an association with
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these complications has been reported for an increased
frequency and amplitude of BP variations occurring during
the daytime (11,12), the nighttime (26), or during the entire
24 h period (15). Additionally, prognostic implications have
also been reported for alterations in the BPV components
related to the BP transition between the daytime and night-
time. This includes alterations in either the degree of noctur-
nal BP decline and the morning BP surge. Studies evaluating
the shift between wakefulness and sleep have demonstrated
that a blunted nocturnal BP fall (i.e., a non-dipping status) is
associated with an increased risk of stroke (27-30), whereas
conflicting results are available on the prognostic implications
of an excessive BP fall at night (known as extreme dipping)
(31,32). Most (31,33,34), although not all (27), of the studies
evaluating the BP changes between sleep and wakefulness
have also demonstrated an association between a steeper
morning BP surge and a higher risk of cardiac and cerebrovas-
cular events. Moreover, in a large population followed up for
several years, a significant morning BP surge and an extreme
BP dipping pattern (nocturnal BP fall >20% of daytime
levels) have been found associated with each other, as well as
with a greater prevalence of hemorrhagic stroke. Conversely, a
non-dipping or an inverse dipping status was associated with
a greater prevalence of cerebral infarctions (35).

PROBLEMS WITH THE ASSESSMENT
OF BPV AS AN ADDITIONAL
RISK FACTOR

Although the available evidence linking BPV and prognosis in
patients with arterial hypertension is quite intriguing and has
suggested the possibility of broadening the traditional goals of
hypertension treatment, a number of limitations pertaining to
the quantification of BPV throughout the 24 h period still
affect the full assessment of its clinical relevance. First, the
different methods used to quantify BPV might be responsible
for some of the discordant findings observed so far. These
variable methods comprise the assessment of BPV in absolute
or in normalized units by using either the SDs of mean BP
values or their coefficients of variations (i.e.,, SD X 100/mean
BP level). They also include the different choice of assessing
BPV all over the entire 24-h period by computing the con-
ventional SD of average 24 h BP or its weighted value (36), or
of focusing on the daytime or on the nighttime periods only.
Second, the daytime and nighttime subperiods are often
differently defined. In some of the investigations, the
information coming from individual patients’ logbook was
adopted to separate the daytime from the nighttime; while, in
some other studies, fixed criteria for separating the day and
night periods were followed. This was done by considering
either the whole 24 h recording period (wide fixed criteria) or
by skipping transitional periods, i.e., by excluding a few hours
in the evening and in early morning (narrow fixed criteria).
Third, limited information is available on the reproducibility
of different BP variability patterns. In particular, in serial 24 h
ambulatory BP recordings, the reproducibility of the noc-
turnal BP dipping and of the morning BP surge was very poor,
not exceeding 60% in one investigation (37). Fourth, the
entity of the nocturnal BP fall, regarded as a desirable pattern
of 24 h BPV, correlates with that of the morning BP rise, which
is characterized by an opposite prognostic meaning. This
means that two phoenomena having a different clinical
impact are closely interrelated, which calls for new approaches
to their quantification. Fifth, the prognostic role of BPV was

evaluated in studies that enrolled subjects coming sometimes
from the general population (32) and sometimes from groups
of hypertensive patients under different treatment (31).
Finally, although there is no question on the superiority of
continuous BP monitoring over intermittent techniques in the
detailed assessment of both fast and slow BPV components, in
clinical studies only intermittent ABPM devices are commonly
available, which means that fast BP changes cannot be
assessed, and even slower BP fluctuations can only roughly be
quantified. Use of discontinuous ABPM might explain some
of the discrepant results obtained on the clinical relevance of
BPV (38), possibly due to methodological differences in set-
ting the frequency of the discontinuous automated BP meas-
urements (Table 8.2).

BPV AND ANTIHYPERTENSIVE
TREATMENT

Both an increase in TOD and in the frequency of cardiovas-
cular complications are associated with enhanced BPV in
subjects with increased BP levels. This association seems to
support the concept that, in the management of patients
with arterial hypertension, both the reduction of overall 24 h
BPV and the normalization of deranged variability patterns
could become additional targets of antihypertensive treat-
ment besides mean 24 h BP reduction per se.

In practice, this suggests that a smooth reduction in
BP all over the 24h is a desirable result, facilitating
achievement of a less pronounced 24 h BPV. Moreover, the
above data also suggest that the correction of a steep
morning BP surge might decrease the rate of cardiovascular
events, in particular of hemorrhagic stroke, and that the
restoration of the proper BP decline in non-dipper patients
and in patients with an inversion of the nocturnal
physiological BP dipping status might prevent the occurrence
of ischemic strokes.

Nevertheless, a definitive demonstration that the cor-
rection of deranged BPV patterns can have a positive impact
on prognosis is still missing in humans. Only data obtained
in experimental animals appear to be available at the
moment. In spontaneously hypertensive rats (39) treated with
nitrendipine (reducing both mean BP and BPV), TOD showed
a greater regression compared to spontaneously hyperten-
sive rats treated with hydralazine (similarly reducing BP

Table 8.2 Problems in assessing the clinical relevance of blood
pressure variability (BPV)

Limited reproducibility of BPV

Lack of BPV normal reference values and their dependence on subjects’
behavior during BP monitoring

Limitations of conventional discontinuous, low frequency, ambulatory BP
monitoring in assessing BPV (oversmoothing, aliasing, overmodeling,
failure to assess fast BP changes)

Possible different impact of BPV on vascular and cardiac targets

Inclusion of different populations of subjects in different studies
(differences in age, gender, ethnicity, BP levels, presence or absence of
antihypertensive treatment)

Need of evidence from intervention trials that reduction of overall BPV,
improvement of nocturnal BP decline, and/or buffering of a steep
morning BP surge by treatment might lead to reduction in
cardiovascular morbidity and mortality
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Fig. 8.7 Kaplan-Meier survival analysis for fatal and
nonfatal cardiovascular morbid events in patients with
increased (>15 mmHg) and normal (=15 mmHg) systolic
blood pressure (SBP) variability. Source: From Ref. 11.

but without any effect on BPV). Moreover, TOD showed a
stronger correlation with BPV than with mean BP levels in
the group receiving nitrendipine.

On the background of the above considerations, anti-
hypertensive drugs should thus lower not only mean BP
levels but also BPV. Medications often fail to obtain a
decrease in short-lasting BP fluctuations because of their
inability to overcome the autonomic nervous system contri-
bution to the amplitude and speed of BP changes (8).
However, they may at least succeed in decreasing the overall
24 h BPV if they smoothly exert their antihypertensive effect
during the dosing interval, providing us with a homogenous
downshift in the 24 h BP profile, towards lower BP levels.
Drugs characterized by long duration and by smooth effect,
i.e., an effect without important differences between peak
and trough BP changes, have the highest probability of
achieving such goals, unlike short-acting drugs, which soon

loose their antihypertensive affect after dosing, and thus are
responsible for an iatrogenic increase in the amplitude of
BP swings between peak and trough times. In particular, if
short-acting drugs are scheduled in the morning, they will
not provide an adequate BP-lowering effect by the end of
the 24 h dosing period, i.e., right at the trough time next
morning, when subjects experience the sympathetically-
driven increase in BP and HR upon waking and are exposed
to the highest risk of cardiovascular and cerebrovascular
events (26,31,40,41). According to recent observations,
antihypertensive drugs with a short half-life taken in the
morning may not adequately control the BP at the end o f
the dosing period, i.e., the next morning, in as many as
62-85% of the patients. On the contrary, longer acting drugs,
like the angiotensin II receptor blocker telmisartan and the
dihydropyridine calcium channel blocker amlodipine
(42,43)or nifedipine in its gastrointestinal therapeutic system
(GITS) preparation, perform much better in this regard.

To evaluate the overall performance of an antihypertensive
medication, not only in terms of mean BP reduction but also
in terms of smoothness and duration of antihypertensive af-
fect, a few quantitative indices have been suggested.

TROUGH-TO-PEAK RATIO

The trough-to-peak (T:P) ratio was developed in an attempt
to summarize both the duration and the distribution of the
BP-lowering effect of an antihypertensive medication during
the dosing interval (44). Despite being introduced at a time
when the BP-lowering effect of a medication was determined
by standardized sphygmomanometric measurement, it is
now more commonly extracted from a 24 h ABPM by dividing
the trough BP changes, i.e., the BP reduction at the end of
the dosing interval, by the peak BP changes, i.e, the BP
reduction corresponding to the maximum effect of the drug.
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Although the ideal antihypertensive medication providing a
homogeneous BP-lowering effect throughout the dosing
interval is characterized by T:P ratio equal to 1, medications
with a T:P ratio down to 0.5 are commonly approved by the
United States Food and Drug Administration (45).

A few limitations make the T:P ratio a rather imprecise
index of the overall entity and homogeneity of the BP-
lowering effect of an antihypertensive medication (9). First,
it can be affected by BP variations occurring either sponta-
neously or as a result of patients’ posture and behaviours;
additionally, it concentrates only on two short time inter-
vals, thus potentially missing valuable information relative
to the remaining part of the 24h period (Figure 8.9).

Finally, a compound with a negligible BP-lowering effect
both at peak and at trough times, like placebo, can have a
T:P ratio as high as 1 (46).

SMOOTHNESS INDEX

In an attempt to overcome the limitations of the T:P ratio,
a new index aimed at assessing the distribution of the anti-
hypertensive effect of a given drug all over the 24 h, termed
the smoothness index (SI), was introduced (47). As for the
assessment of the T:P ratio, in order to calculate the SI, two
24 h ABPMs are needed: before and during treatment with

ABP (mmHg)

AH=8.6

SD=4.38

Time from the drug intake (hours)

Average A
SD

=1.8

Source: From Ref. 47.

Fig. 8.10 An example of the calculation of the smoothness index (SI).
AH = average of the 24 h blood pressure (BP) changes between baseline and
treatment. SD = standard deviation of the average of the 24 h BP changes.
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Fig. 8.11

Individual values (dots) of the trough:peak (T/P) ratio
(upper panels) or the smoothness index (SI, lower panels) and the
treatment-induced reduction in the left ventricular mass index (LVMI).
Data obtained after 12 months of treatment are shown separately for
systolic (SBP) and diastolic (DBP) blood pressure. The r-values between
ST and LVMI are negative because an increase in SI was associated with a
greater reduction in LVMI. Source: From Ref. 47.

an antihypertensive medication. Mean BP changes induced
by treatment are calculated for each of the 24 individual
hours. Then the average of these 24 h BP changes with the
corresponding SD are computed. The SI is the ratio between
the average of the hourly BP changes determined by the
medication under evaluation and its SD (Figure 8.10).
Available data suggest that the SI, compared to the T:P ratio,
is a more accurate measure of the entity and distribution
of the BP-lowering effect of an antihypertensive medication.
Moreover it is more reproducible and displays a stronger
correlation  with  drug-induced TOD  regression
(Figure 8.11) (47,48).

CONCLUSIONS

Evidence is available that an increased BP variability may re-
present a determinant of morbidity and mortality in
subjects with hypertension, independently of an elevation
of mean BP levels. In particular, heavy prognostic impli-
cations have been described for increased frequency and
amplitude of BP variations occurring during the whole 24 h
period, during the daytime, and the nighttime, separately

considered for selected abnormalities of the physiologic
nocturnal BP fall and morning BP surge.

An antihypertensive regimen capable of decreasing BPV as
well as mean BP levels may provide greater cardiovascular
protection than a regimen that simply decreases mean BP
levels in an uneven fashion over the 24 h, and preliminary
data collected in humans seem to support this concept.
Interventional trials specifically designed are needed to
definitively prove that controlling both mean BP levels and
increased BPV provides hypertensive patients with greater
prevention of TOD occurrence and progression and of cardio-
vascular events. Availability of such a demonstration, on the
background of the evidence already available on the risk
associated with an increased BPV, would be required in order
to broaden targets of antihypertensive therapy from the
simple control of mean BP levels to the integrated control of
both elevated BP levels and increased BP fluctuations.
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HEMODYNAMICS OF
HYPERTENSION

Per Omvik, Per Lund-Johansen

HEMODYNAMIC VARIABLES

Generation of hydrostatic pressure in the arterial system—
blood pressure (BP)—is the result of two processes: the
pumping of blood from the heart into the arteries—cardiac
output (CO)—and the resistance against the blood flow
through the vascular system—the total peripheral resistance
(TPR). In its simplest form, the relationship between BP, CO,
and TPR may be expressed as

BP ~ CO X TPR (9.1)

CO is derived directly from two components: the blood
volume ejected by each stroke—the stroke volume (SV)—
and the number of strokes per time unit—the heart rate
(HR). Thus, the above central hemodynamic formula may
be rewritten as

BP ~ SV X HR X TPR 9.2)

A number of known physiological variables may influence
one or more of the factors of Equation 9.2 (Table 9.1). Most
of these variables are extensively discussed in other chapters
in this book.

During the course of each cardiac cycle, the intra-arterial
pressure is determined by the volume ejected into the arte-
rial tree, the vascular resistance, and the elasticity of the arte-
rial walls. The highest BP in each cardiac cycle—the systolic
pressure—occurs when the aortic valves open at the peak of
the left ventricular contraction. A pressure wave propagates
blood forward in the arterial tree toward the capillary bed,
with a marked pressure drop at the arteriolar level. The
form, the peak, and the speed of the pressure wave are partly
determined by the compliance of the arterial walls and vary
along the length of the arterial tree (1). Stiffer arterial walls,
e.g., as seen with atherosclerosis, causes an exaggerated rise
in intra-arterial pressure during systole and may thus ac-
count for isolated systolic hypertension (ISH) (see dis-
cussion in Chapter 19).

In the steady state, BP shows a slight oscillating pattern
due to respiration and reflex mechanisms, but the overall
level of BP during undisturbed resting is still quite stable.
Conditions like change in body position, physical activity,

respiration, mental stress, transition from sleep to wakeful-
ness, and effects of nicotine or drugs may lead to instant and
large changes in BP. At the end of physical and/or mental
excitement, BP rapidly returns to its usual level. Thus, as actu-
ally emphasized by the inventor of the sphygmomanometer,
Scipione Riva-Rocci in 1896, a clinically useful BP must be
recorded under strictly standardized conditions (2).

BP may also increase more slowly to reach an abnormal
high level —hypertension—either by known disease processes
(secondary hypertension), or by unknown mechanisms (pri-
mary hypertension). Defined levels of hypertension are
discussed in Chapter 1. However, any change in BP, whether
acute or chronic, must be expressed by a change in one or more
of the three components on the right-hand side of the equa-
tion sign in Equation 9.2: SV, HR, or TPR. Thus, hypertension
can be defined as a hemodynamic disorder, which reflects a
disturbance in the balance between CO and TPR.

METHODS OF CENTRAL HEMODYNAMIC
MEASUREMENTS

The most precise measurement of BP is obtained by intra-
arterial recording using a pressure transducer, which permits
detection of immediate beat-by-beat pressure changes, e.g.,
during variation in physical activity or by other interventions.
Intra-arterial recordings may also be carried out at different
sites within the arterial tree to obtain hemodynamic infor-
mation from specific segments of the vascular system. Other
modes of BP measurement, including external measurement

Table 9.1 Components known o influence blood pressure control

Body fluid volume

Electrolytes

Kidney

The renin-angiotensin—-aldosterone system

Hormones

Nervous/sympathetic systems

Peripheral vessels/endothelium

Heart
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and ambulatory monitoring as used in clinical practice, are
discussed in Chapter 21.

CO may be measured by a number of techniques, ranging
from the Fick principle, to dye dilution, and noninvasive
methods (Table 9.2). An extensive review of the methods is
published by an expert group from the European Society of
Cardiology (3). While noninvasive techniques like echocar-
diography are easily available, the Fick method, dye dilution,
and the thermodilution technique are considered the most
accurate for measurement of CO (4). One advantage of the
dye dilution technique using cardiogreen (indocyanine) is its
usefulness both at rest and during exercise. The repeatability is
in the order of 5%, and dye dilution has been referred to as
the “golden standard” (4). Limitations are that the technique
is invasive and gives the mean value over 10 to 30 s (not beat-
to-beat values).

By most methods, the CO is measured as volume per time
unit, usually I/min. CO (e.g., by dye dilution) may in turn be
used to calculate the SV when HR is known (preferably by
electrocardiogram):

SV = CO / HR (9.3)

By some noninvasive techniques (e.g., echocardio-
graphy) the situation is reversed: the SV is the variable being
measured and the CO is then obtained by calculation:

CO = SV X HR (9.4)

TPR cannot be measured directly, but is derived by
calculation as the ratio between the mean arterial pressure
(MAP) and CO:

TPR = MAP/CO (9.5)

The TPR in Equation 9.5 is usually transformed by a
constant (1,332) to be expressed by the unit dyn s/cm®.
Indexed values for TPR, as well as for CO and SV, are obtained
by relating data to body surface area (BSA). The corre-
sponding variables are designated cardiac index (CI), stroke
index (SI), and total peripheral resistance index (TPRI).
Indexed hemodynamic variables allow comparison of results
between different trial populations and between different
laboratories.

Table 9.2 Available methods for measurements of cardiac output

Fick method

Dye dilution

Thermodilution

CO, rebreathing

Pulse contour

First passage radionucleotide

Doppler

Echocardiography

Impedance cardiography

Systolic time intervals

Magnetic resonance imaging

Ultrafast (cine) computed tomography

Positron emission tomography

The calculation of TPR is based on Poiseuille's law, but the
exact nature of TPR is still uncertain. Strictly, calculation of
TPR according to Equation (9.5) is only applicable to a
steady, nonpulsatile flow through rigid tubes. It is presumed
that vascular resistance is mainly determined by the diameter
of the arterioles and that changes in resistance reflect changes
in cross-sectional vascular area. As discussed by Folkow, even
minute changes in diameter may cause large differences in
resistance (5). By an ingenious technique Mulvany and
coworkers have been able, in isolated arterioles, to directly
study factors that may be of importance in the control of
arteriolar diameter (6). However, the vascular resistance is
also influenced by other variables like the length of the
resistance vessels and the blood viscosity (7).

HEMODYNAMICS OF NORMOTENSION

Evaluation of central hemodynamics in hypertension requires
comparative data from healthy, normotensive individuals.
Invasive hemodynamic measurements have been carried out
only in a limited number of small-scale studies in healthy
subjects, mostly in men aged 20-40 years (8-14). The total
number of individuals in these studies is approximately 200.
Although on an individual basis there was great variability in
the results, the differences in the mean values from the studies
were rather small. The weighted mean values of the hemody-
namic variables in the rest supine position from these studies
are shown in Table 9.3.

AGE

Cross-sectional studies from most industrialized countries
have shown that BP, particularly systolic arterial pressure
(SAP), increases by age (15-17). There is also some increase in
diastolic arterial pressure (DAP), but it reaches a peak at the
age of 60 and then levels off or even tends to fall slightly. The
pattern of increasing BP with age is modified by factors like
obesity and physical activity and it is also slightly different
between the two genders, with more marked increase in SAP
in women compared with men over the age of 50 (17,18).
Most invasive studies have shown that, hemodynamically, the
increase in BP at higher ages is due to an increase in TPR,
while SV and CO are reduced (9,19-22). However, in nor-
motensive subjects between the ages of 18 and 50 years of age,
hemodynamic data from cross-sectional studies are rather
similar in young and older age groups. Age-related changes in
central hemodynamic variables from a cross-sectional study in
normotensive and hypertensive subjects from our laboratory
from the 1960s are shown in Figure 9.1 (9).

Few studies on the spontaneously occurring changes in
central hemodynamics over time have been published. In a
5-year follow-up study from Sweden in young men there were
virtually no changes in BP, HR, CO, or TPR, which is in agree-
ment with the cross-sectional data from our laboratory (9,14).

EXERCISE

Hemodynamic response to exercise is often used in clinical
practice for evaluation of cardiac pump function. However,
systematic exercise hemodynamic studies in normotensive
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Table 9.3 Central hemodynamics at rest supine in NT subjects.
Mean values from seven studies

MAP?; mmHg 85.6
Cl; I/min/m?2 3.30
TPRI; dyn s/cm® m? 2118
HR; beats/min 66.7
Sl; ml/stroke/m? 51.1

9MAP = DAP + 13(SAP— DAP). In invasive studies, MAP is obtained by
electrical damping of the intra-arterial pressure curve (9).

Abbreviations: Cl, cardiac index; DAP, diastolic arterial pressure; HR, heart
rate; MAP, mean arterial pressure; NT, normotensive; SAP, systolic arterial
pressure; S, stroke index; TPRI, total peripheral resistance index.

subjects using invasive techniques are scarce. In a study of 33
normotensive men aged 19-49 years (mean 31) from our
laboratory, we found an increase in SAP of 34.3 mmHg at a
steady state dynamic (bicycle) workload of 100 W compared
to the rest sitting situation (9). The corresponding increase
in DAP was 3.8 mmHg. CI increased by 6.01/min/m?, SI by

28.4 ml/stroke/m?, and HR by 53 beats/min. The TPRI fell by
1,308 dyn s/cm>/m? (Figure 9.2). More data on BP during
exercise are found in Chapter 23.

CENTRAL HEMODYNAMICS OF ESSENTIAL
HYPERTENSION

In nearly all the studies performed in middle-aged subjects
with established, uncomplicated hypertension, the CO
during rest has been normal or slightly reduced, while the
TPR has been increased. Increased TPR is referred to as the
hallmark of hypertension, and the resistance has been found
increased in all vascular beds (renal, cerebral, pulmonary,
myocardial, splanchnic, muscular, and skin) in clinical as well
as in experimental hypertension (24-32). In elderly subjects,
particularly with ISH, the aortic compliance is reduced and
responsible for the immediate increase in systolic BP after
ejection of blood into the aorta (1,33,34).

However, when it comes to the starting phase of essen-
tial hypertension, most invasive studies in young men
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Fig. 9.2 Central hemodynamics in young hypertensive (HT) men and in the same subjects 20 years later (HT-20) in
comparison with age-matched normotensive (NT) controls. Data shown at the lowest oxygen consumption (VO,) values
represent measurements at rest sitting, while the remaining data show measurements during steady state dynamic exercise
at 50, 100, and 150 W respectively. Unit of Measure: VO, = ml/min/m?, measured by the Douglas bag technique (9).

(18-30 years) have demonstrated an increased CO (about
15% higher than in age-matched normotensive controls),
due to increased HR and normal SV. Figure 9.3 shows the
mean values of the seven available studies (8-14). Since
oxygen consumption (VO,) is increased to the same degree
as CO, the arteriovenous oxygen difference (A—VO,) is nor-
mal, and no over-perfusion of the tissues exists. These hemo-
dynamic disturbances are thought to be due to hyperactivity
in the sympathetic nervous system (35,36).

From several noninvasive studies in children with
different BP levels there is no consistent evidence for an
increase in CO in those with the highest pressures—so it is
still uncertain whether the increased CO seen in young
males with BP above 140/90 mmHg during invasive studies
really represents the cardinal hemodynamic disturbance in
the early phase (37-39).

AGE

CROSS-SECTIONAL STUDIES
The hemodynamic basis for the age related increase in MAP
in hypertensives is a progressive increase in TPR, which at

the age of 50 may be almost twice the value seen at the age
of 20 (Figure 9.1). As already mentioned, in ISH, a reduc-
tion in aortic compliance is the cardinal disturbance (see
also Chapter 19).

CO, which in the resting condition often is increased by
15-20% in young hypertensives, is reduced at higher age.
The progressive decline in CO with age in patients with
hypertension is associated with reduction in SV, while HR
remains increased by 6-10beats/min compared with nor-
motensive subjects up to the age of 50-60 years.

The true nature of the reduction in cardiac pump function
over the years seen in hypertension is not readily apparent. In
a group of offspring (mean age 40) from parents, who at a
national health screening 27 years earlier had a BP above
140/90 mmHg, a shift of left ventricular diastolic filling from
early to late diastole was seen when compared to offspring
from parents who were normotensive both at the screening
and at the time of the current study (40). Similar findings have
been made in other studies, suggesting increased left ventric-
ular stiffness and reduced ventricular filling rate even before
development of left ventricular hypertrophy (38,41-43).
More details on cardiac damage in hypertension are found in
Chapter 17.
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Fig. 9.3 Central hemodynamic variables in young subjects
with mild essential hypertension. Data are shown as percent
compared with NT subjects (dotted line = 100%) and are the
weighted mean values for the supine position at rest from
seven studies in a total of 189 NT subjects and 222 HT
patients. Abbreviations: Cl, cardiac index; HR, heart rate; HT,
hypertensive; MAP, mean arterial pressure; NT, normotensive;
SI, stroke index; TPR], total peripheral resistance index.
Source: From Refs. 8-14.

LONGITUDINAL STUDIES

Most follow-up studies on spontaneous changes in central
hemodynamics have been of short duration—typically
2-5 years (12,14,22,23,44-48). Generally, BP remained
unchanged, while the CO decreased, and TPR, in most cases,
showed an increase. Also during a longer follow-up period
(10 years) similar results were found (22,48). Like in the
cross-sectional studies, the reduction in CO was associated
with a reduction in SV on the order of 15%, while HR was
almost unchanged. Thus, the progressive decrease in cardiac
pump function with age in hypertensives as suggested from
the cross-sectional studies is also seen by longitudinal follow-
up in individual patients.

A second restudy—with identical invasive methods as in
study 1 and 2—after a total of 20 years from the first hemody-
namic study, was performed in our laboratory (22,23,48).
During the second decade, most patients developed diastolic
BP above 100 mmHg and active antihypertensive treatment
was initiated in all but 2 patients. Still, it was of interest to
evaluate the hemodynamic status without drug effects after 20
years of follow-up and the drug therapy, after consent from the
patients, was therefore temporarily discontinued for 1 month
before the invasive hemodynamic study was performed for
the third time. The principal results were further increases in
systolic and diastolic BPs associated with an increase in TPR
and further reductions in CO and SV (Figure 9.2) (23).

EXERCISE

Severe muscular exercise increases CO by 300% or more, and
dramatically changes the distribution of blood flow—mainly
by a large increase in the proportion of the blood flow to
working muscles, including the myocardium. Thus, while it
could be difficult to detect minor disturbances in the circu-
latory system in mild hypertensives versus normotensive sub-
jects in the rest situation, such hemodynamic differences
could be more clearly unveiled during exercise—when the
circulatory system is really challenged.

To obtain accurate BP values during exercise, BP must be
recorded intra-arterially (9). This is critical for reliable estima-
tion of diastolic pressure as well as MAP, which is used for
calculation of TPR (Eq. 9.5). Likewise, as already discussed
above, the use of reliable methods for determination of CO
is also crucial.

Several comparative studies on the circulatory system
during exercise between hypertensives in different stages and
normal age-matched controls have been carried out in the
past (9,49-52). In subjects between 18 and 30 years of age
with mild or borderline hypertension, the rise in BP during
ergometer bicycling with increasing loads was parallel to
what was seen in the normotensive controls. HR was slightly
higher.

Somewhat surprisingly, the SV in transition from rest
to exercise (in the sitting position on ergometer bicycle)
did not increase to the same levels as in the normotensive
controls (9). In a study from our laboratory, the SI in the
hypertensive patients was approximately 15% lower than in
normotensive controls during all exercise levels (50, 100,
and 150 W). This pattern was also seen in young men with
uncomplicated mild essential hypertension. Thus, CI during
exercise was no longer higher than in normotensive con-
trols, but actually significantly subnormal, particularly during
strenuous exercise (150 W). The oxygen consumption was
similar, and, as a consequence, the A —VO, was increased.
TPR, which was numerically normal in the youngest group
during rest situation, was significantly higher than normal
during exercise at all exercise levels and also in the older age
groups (Figure 9.2).

Muscular exercise increases the workload on the heart and
the myocardial oxygen need. The product of HR X SAP is a
clinically useful index of myocardial oxygen demand (53).
When the rate-pressure product is compared in hypertensives
and normotensives of similar age, it is seen that, during rest
situation in the hypertensive groups, the product is similar to
what normotensives are exposed to during 50W exercise
(Figure 9.4) (54). This illustrates the chronic increased burden
on the hypertensive heart—also during rest situation.

A few studies performed in subjects with really severe
hypertension demonstrated that CI was markedly reduced
compared to normotensive controls and also compared to
subjects with mild hypertension (55). In transition from
moderate to severe exercise, SI actually decreased. This was
seen in subjects with no clinical symptoms of heart failure,
but these findings could be interpreted as an indication of
incipient cardiac failure (9). Studies from other laboratories
have shown that the CI in relation to the filling pressure is
reduced in patients with relatively severe hypertension (52).

The most important conclusions from the exercise studies
are that cardiac pump function and vessel resistance are
affected very early in subjects with mild, uncomplicated,
essential hypertension. As first pointed out by Tarazi and
coworkers, one mechanism responsible for the reduction in
the pump function is reduced compliance of the left ventric-
ular wall (56-58). Studies of heart pump function during
rest situation by echo-Doppler method in subjects with very
mild hypertension have revealed a slight degree of left ven-
tricular hypertrophy and diastolic dysfunction, characterised
by reduction in the E/A ratio. This indicates that the filling
of the left ventricle is slightly reduced and more dependent
on the atrial contraction in hypertension than in normals
(see Chapter 17).
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IMPLICATIONS

The causes of hypertension have been sought during the
whole of the last century, and Volume 22 of the Handbook of
Hypertension from 2004 is devoted to this research (59).
Except for the limited group of patients in whom a defined
disease process can be found to account for hypertension,
most patients are still classified as having a form of hyperten-
sion without known cause: i.e., primary or essential hyper-
tension (see Chapter 32).

According to the mosaic theory, originally proposed by
Irvine Page more than half a century ago, primary hyper-
tension may be caused by disturbance of one or more of a
number of control mechanisms for BP (60). However, as
discussed above, any mechanism or group of mechanisms
that eventually may be shown to explain elevation of MAP
must be expressed by changes in either CO and/or TPR.
Thus, central hemodynamic variables are cornerstones in
the understanding of how hypertension may develop. Since
rise in TPR seems to be of fundamental importance in the
development of hypertension, research efforts have been
directed toward components essential to the control of con-
striction and/or relaxation of arteriolar smooth muscles. In
recent years, with increasing elderly population, ISH has
become a major therapeutic challenge.

ANTIHYPERTENSIVE DRUG THERAPY AND
CENTRAL HEMODYNAMICS

In addition to enlightening on the pathophysiology of
hypertension, measurements of central hemodynamics have
been useful tools to understand the mechanisms of action
of antihypertensive agents (61,62). Vice versa: by pharma-
cological challenging of hemodynamic variables, drugs have
been used to expose underlying hemodynamic mechanisms
of hypertension and, thus, serve as tools to investigate the
pathophysiology of the disease. Tables 9.4 and 9.5 show the
overall data from 32 invasive studies in our laboratory on
central hemodynamic changes at rest and during exercise at

100W induced by 1-year treatment by the major drug
classes of antihypertensive drugs. In these Tables, the drug
classes are ranked according to the CI response at rest sitting.
Two classes of drugs—one at each end of the rank—are
discussed below: beta-blockers and angiotensin receptor-1
blockers (ARBs).

BETA-BLOCKERS

Since their first introduction, it has been known that beta-
blockers reduce HR and thereby the CO as well, even in the
face of some increase in SV due to a protracted left ventricular
filling time (61-63). The BP is reduced due to the reduction
in CO, but, because of an increase in TPR, the relative reduc-
tion in BP is less than that in CO. The increase in TPR could
be viewed as a counter-regulatory effect and could be due to
predominant intrinsic mechanisms striving to preserve the
elevated BP (64).

A wide range of beta-blockers are available with widely
different properties. The degree to which the different beta-
blockers increases TPR and reduce CO depends on char-
acteristics of the compounds with regard to intrinsic sympath-
omimetic activity (ISA) and the balance between beta-1 and
beta-2 receptor blocking activity. Some beta-blockers have also
been designed with additional vasodilating properties—so-
called “dual action” drugs (64).

It was once thought that the increase in TPR during beta
blockade was a temporary counter-regulatory response and
that with time chronic beta-blocker therapy would even
reduce the TPR and the reduction in CO would be abolished.
An overshoot of the rise in TPR and a distinct fall in CO after
the first administration of a beta-blocker is indeed found, but
as exemplified in 1-year and 5-year follow-up studies on the
hemodynamic effects of atenolol, the main hemodynamic
finding of reduced HR and CO and increased TPR is
maintained also on a long-term basis (65,66).

In agreement with these early hemodynamic findings,
Mulvany and coworkers in recent morphological studies
have shown that beta-blockers, in contrast to angiotensin-
converting enzyme inhibitors (ACEI), do not normalize
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Fig. 9.4 The systolic arterial pressure-heart rate product (SAP X HR)
at rest (solid bars) and during steady state 50 W bicycle exercise (lined bars)
in normotensive subjects and hypertensive patients in three age
groups: I = 18-29 years; Il = 30-39 years; III = 40-49 years. Source:
From Ref. 54.
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Table 9.4 One-year central hemodynamic changes (%) induced by different classes of antihypertensive drugs or low sodium diet.

Observations at rest sitting

Number MAP TPRI Cl SI HR

n = studies; (130 mmHg)° (3905 dyn (2.73 (37.4 ml/ (73.2

N = patients s/cm?2 m?) I/min/m?2) min/m?) beats/min)
Beta-blockers n=7; N=87 -12.8 12.9 —24.2 -3.0 -22.0
Low sodium diet n=3; N=46 -2.5 7.4 -13.4 -3.5 -9.6
Diuretics n=4; N=45 -17.7 -6.9 -11.5 -12.3 0.7
Multiple action n=4; N=52 -15.6 -6.9 -9.9 2.5 -8.2
ACE inhibitors n=3; N=43 —-16.4 -13.9 -3.3 -0.9 -1.5
AT, -blockers n=1; N=28 -9.5 -11.5 0.9 3.6 -0.9
Ca-antagonists n=7;N=111 -13.9 -15.6 1.7 4.3 -2.8
Alpha-blockers n=3; N=38 -11.9 -17.7 5.5 57 0.6
9The data in parentheses show overall mean hemodynamic values before treatment in 450 patients with hypertension from 32 studies. Abbreviations: Cl, cardiac

index; HR, heart rate; MAP, mean arterial pressure; Sl, stroke index; TPRI, total peripheral resistance index.

resistance arterioles from hypertensive patients (67).
Moreover, data from recent clinical studies have shown that
beta-blockers are less effective than ACEI or calcium antag-
onists in reducing risk of stroke, possibly due to less effect on
central aortic pressure, and beta-blockers will probably not be
used in the future as first-line drugs alone in uncomplicated
essential hypertension (68).

ANGIOTENSIN RECEPTOR-1 BLOCKER

The molecular biological aspects of the angiotensin receptor-1
and its blockade are discussed in Chapter 14. Both clinical and
experimental studies have shown that angiotensin receptor-1
blockade, in addition to inhibition of the vasoconstrictor
action of angiotensin II, is associated with a significant
improvement in resistance vessel endothelial function, which
conceivably might be expressed in terms of hemodynamic
changes (69) (see discussion in Chapter 20).

In a study of 1-year treatment with the ARB losartan in
patients with essential hypertension, the hemodynamic
response was mainly vasodilatation with a fall in TPR and BP
(70). There were almost no changes in CO or SV at rest, where-
as during exercise a small increase was seen in SV (Figure 9.5,
Tables 9.4 and 9.5). No control subjects were included in
the study, but, when compared with hemodynamic values

obtained from normotensive subjects in a previous trial as
described above, the TPR after 8-month losartan treatment
was still above what was seen in normotensive subjects of the
same age, and, similarly, the SV both at rest and during exer-
cise was less than in the normotensive subjects. Thus, al-
though the vasodilatation induced by angiotensin receptor-1
blockade tended to normalize the central hemodynamic dis-
turbance of hypertension, in contrast to beta-blockers, there
was still a considerable gap between treated hypertension and
normotension.

OVERVIEW

The modern selection of antihypertensive agents offers the
possibility to modulate central hemodynamics of hyperten-
sion, ranging from fall in BP due to marked reduction in CO,
which is partly counteracted by some increase in TPR, to
vasodilatation with reduction in TPR, and, in some cases,
a small increase in CO (Tables 9.4 and 9.5). However, from
the tables it may also be seen that none of the available drug
classes are even close to fully normalizing the central hemody-
namic disturbances of hypertension.

Salt (or more precisely—sodium) has been proposed as
an important pathogenic factor in hypertension (71). Thus,
conceptually, it could be expected that reduction of salt

Table 9.5 One-year central hemodynamic changes (%) induced by different classes of antihypertensive drugs or low sodium diet.

Observations during 100 W dynamic exercise

Number MAP TPRI cl Sl HR

n = studies (147 mmHg)® (1695 (7.07 (54.7 ml/ (132.9

N = patients dyn s/em?2 m?) I/min/m?2) min/m?2) beats/min)
Beta-blockers n=7; N=87 -12.3 6.6 -17.9 -6.2 -22.6
Low sodium diet n=3; N=46 -2.6 0.0 -6.0 -1.5 -5.0
Diuretics n=4; N=45 —14.7 -97 -7.0 -59 -1.8
Multiple action n=4;, N=52 -15.5 =5.1 =77 9.1 -15.9
ACE inhibitors n=3; N=43 -13.4 -6.0 -7.0 -5.4 -0.5
AT, -blockers n=1;N=28 -8.0 —14.5 6.1 9.1 -2.1
Ca-antagonists n=7;,N=111 -11.3 -10.4 -2.2 2.0 -3.8
Alpha-blockers n=3; N=38 =11.5 -16.5 4.9 4.0 -0.9

“The data in parentheses show overall mean hemodynamic values before treatment in 450 patients with hypertension from 32 studies. Abbreviations: Cl, cardiac
index; HR, heart rate; MAP, mean arterial pressure; Sl, stroke index; TPRI, total peripheral resistance index.



Conclusion 81

intake might reduce BP by improving the cardinal hemo-
dynamic disturbance of hypertension—an increased TPR.
However, invasive data from our laboratory showed that a
small reduction in BP after 9 months of salt restriction
caused a reduction in CO, while TPR actually tended to
increase (Tables 9.4 and 9.5) (72). This failure to normalize
central hemodynamics might be due to the known stimulat-
ing effect of sodium deprivation on the renin-angiotensin
system and serve as a counter-regulatory mechanism pre-
venting excessive BP fall (73,74).

Some of the large-scale antihypertensive drug trials have
shown that ACEI and ARBs may reduce left ventricular hyper-
trophy more efficiently than other antihypertensive agents
and also that development of congestive heart failure (as well
as other clinical end-points) is reduced compared with other
drugs (75). However, full normalization of left ventricular
geometry is usually not seen (76). It is unknown whether this
observation and the gap between normal and on-drug central
hemodynamic pattern in patients with hypertension is linked,
but from a hemodynamic point of view it is obvious that there

is still a great potential for improvement in the modes of
antihypertensive treatment.

CONCLUSION

Hypertension is a hemodynamic disorder with a pattern
changing from high CO and normal TPR in young age and
early hypertension, to a normal-to-low CO and high TPR in
more established hypertension (22). Early sign of
impairment of cardiac pump function in hypertension is
most readily seen in SV, particularly during exercise. By drug
therapy, it is possible to modulate central hemodynamics
on a wide scale from reduction of BP by reducing either CO,
TPR, or both. Ideally, a perfect antihypertensive agent, in
addition to being without metabolic and subjective side
effects, should be able to reduce BP to normal levels by
reducing TPR, restoring normal cardiac pump function both
at rest and during exercise, and also preventing the reduc-
tion in aortic compliance and thereby development of ISH.
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Fig. 9.5 Central hemodynamic effects of losartan in patients with essential hypertension
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But, till now, no hemodynamically ideal drug has been found
that can fully normalize the hemodynamic disturbance of
hypertension.
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EVIDENCE FOR CONTRIBUTION OF
GENETIC FACTORS TO THE PATHOGENESIS
OF HYPERTENSION—DATA FROM
FAMILIAL STUDIES AND EXPERIMENTAL
MODELS

The impetus for studies into the influence of genetic factors
underlying high blood pressure (BP) has its origins in numer-
ous family-based studies. These examined the prevalence
and transmission of hypertension in natural versus adopted
offspring; in parent versus offspring; and in identical and
nonidentical twin cohorts (1). The overall heritability of
hypertension, based on the data from these investigations,
ranges from 20% to 55% (2). This familial aggregation of
hypertension provided the indirect evidence for contribution
of genetic factors to the pathogenesis of high BP. Further
support for involvement of genes in the development of
hypertension comes from experimental models. The use of
rodent models of hypertension, in which environmental
factors can be normalized (or indeed manipulated to allow
investigations of gene-environment interactions), has been
very successful (3,4). One of the key advantages in using
genetically hypertensive rat strains is the ability to construct
“designer” strains. An example of this is the generation
of strains where either discreet chromosomal segments
(congenic) or indeed entire chromosomes (consomic) have
been introgressed from hypertensive strain into a comparative
normotensive strain and vice versa. By monitoring BP and
assessing the genetic markers of congenic and consomic
substrains, it is possible to capture chromosomal regions
(blood pressure quantitative trait loci—BP-QTLs) that may be
important in the pathogenesis of hypertension (3,4). Current
comparative genomics utilizes information on rodent BP-
QTLs in dissection of the syntenic BP-linked regions in human.

MENDELIAN FORMS OF HYPERTENSION

There at least six forms of monogenic hypertension with a
clear pattern of Mendelian inheritance. The contribution of

these genetic variants to BP variation in the general pop-
ulation is estimated as very small. Nevertheless, studies of
these rare forms of hypertension have yielded important
pathogenetic insight into regulation of ion handling within
the kidney and provided evidence for successful tailoring of
the antihypertensive therapy based on genetic testing.

GLUCOCORTICOID REMEDIABLE
ALDOSTERONISM

Glucocorticoid remediable hypertension (GRA) is an
autosomal-dominant disorder caused by unequal meiotic
recombination between aldosterone synthase gene (CYP11B2)
and 11-B-hydroxylase gene (CYP11B1) (5). The product of this
meiotic misalignment—chimeric gene—consists of CYP11B2
sequences in the coding region and regulatory promoter
segments of CYP11B1. In consequence, aldosterone syn-
thase secretion is brought under regulatory control of adreno-
corticotrophic hormone (ACTH). Clinically, the phenotype
varies from severe early onset hypertension (6) to milder BP
elevation with moderate hypokalemia. ACTH suppression
by glucocorticoids leads to significant decrease of BP and is
currently the most appropriate treatment for patients with
GRA (6).

LIDDLE SYNDROME

Liddle syndrome is caused by several mutations within the
genes that encode the B or y subunits of epithelial sodium
channel (ENaC) (7,8). The genetic defects result in impaired
channel internalization by virtue of Nedd4, an ubiquitin
protein ligase and negative regulator of ENaC (9). At a cellular
level, ENaCs are accumulated and continuously activated
within the plasma membrane of the distal nephron. Early
onset hypertension, resistance to most of the classes of anti-
hypertensive treatment, hypokalemic alkalosis, suppressed
plasma renin activity, and low plasma aldosterone levels
belong to the most common clinical features of the syn-
drome. Amiloride—a natural antagonist of ENaC—corrects
increased reabsorption of sodium through mutated channels,
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lowers BP, and corrects hormonal disturbances as well as
renal water and electrolyte handling.

TYPE 2 PSEUDOALDOSTERONISM (GORDON'’S
SYNDROME)

Gordon's syndrome is caused by mutations in two genes
encoding serine-threonine kinases (WNK1 and WNK4) (10).
The resulting cellular phenotype—overactivation of thiazide-
sensitive Na/Cl cotransporter—leads to excessive retention
of sodium, potassium, and chloride. Clinically, Gordon’s
syndrome manifests as hypertension, hyperkalemia, despite
normal renal glomerular filtration, and metabolic acidosis.
Thiazide diuretics correct metabolic abnormalities and
decrease BP in affected patients (11,12).

SYNDROME OF APPARENT
MINERALOCORTICOID EXCESS

Apparent mineralocorticoid excess is an autosomal recessive
disorder caused by the inactivation of 11B-hydroxysteroid
dehydrogenase type II (11B-HSD2) in mineralocorticoid
target tissues. The genetic defect leads to impaired conversion
of cortisol to cortisone (13,14) and the increased bioavail-
ability of cortisol that activates mineralocorticoid receptor
(MR). Suppressed plasma renin activity, hypoaldosteronism,
hypokalemia, and metabolic alkalosis are the most typical
manifestations of this disorder (15).

AUTOSOMAL-DOMINANT HYPERTENSION
WITH BRACHYDACTYLY

Two phenotypic traits of severe hypertension and autosomal
brachydactyly have been found to cosegregate in few kindreds
around the world. Affected persons are of short stature and
exhibit vascular anomalies involving the posterior fossa
vessels in the brain (16). This syndrome has been mapped to
a 4-cM region of the short arm of chromosome 12p (17,18).

HYPERTENSION ACCELERATED BY PREGNANCY

A mutation in the MR causes early onset hypertension that
is accelerated in pregnancy (19). The causative genetic defect
associates with alteration of binding of progesterone and
other steroids lacking 21-hydroxyl groups to MR. Low plasma
renin activity and hypoaldosteronism belong to the most
typical hormonal disturbances driven by activation of the MR.

GENETIC DETERMINANTS OF ESSENTIAL
HYPERTENSION

Human essential hypertension is a complex, heterogeneous,
polygenic disease. Numerous scans of the human genome
have provided compelling evidence for existence of several
chromosomal regions that are linked to BP (20). These
genomic fragments, known as BP-QTLs, are present on almost
all human chromosomes (20,21). Most of these BP-linked
regions do not overlap across cohorts of distinct ethnic

origin (21). However, there are a few exceptions from
this population specificity of human BP-QTLs—several
chromosomal regions have been actually implicated in
more than one investigation. In addition, meta-analyses of
genomic screens provided further evidence for consistent
clustering of linkage to hypertension in certain regions of
the human genome (22,23). These particular chromosomal
segments are located on at least four different human
chromosomes as shown in Figure 10.1. Of those, the locus
within the distal portion of the long arm of chromosome 5
(Figure 10.1) is an excellent model of a common BP-QTL
having been linked to BP in two individual scans of the
human genome (24,25), at least one targeted chromosomal
region study (26), and in the pooled analysis of available
screens of human genome (22). In addition, comparative
genomics revealed synteny between this region and several
BP-QTLs on rat chromosome 18 (27). Therefore, the can-
didate genes that are located within this common BP-QTL
have an obvious positional potential as mediators of the
detected linkage and require dissection in further associ-
ation and gene expression studies (Figure 10.1).

Collectively, the results from genome analyses clearly
indicate that human hypertension is a polygenic disorder.
The moderate similarity in genetic architecture of BP-QTLs
across samples from different populations suggests that
apart from strictly population-specific loci, there are at least
few common genetic variant(s) that contribute to human
hypertension in many populations. Functional importance
of these regions is further confirmed by their synteny with
rodent QTLs, and genes located within these regions are the
most relevant positional candidates in future studies on
hypertension (Figure 10.1).

While genetic dissection of human BP-QTLs is pro-
gressing toward identification of the ultimate functional
variants, it is becoming increasingly clear that at least several
causative genes of hypertension may be located outside the
classical pathways of BP regulation (20). Firstly, preliminary
positional analyses of genes located within QTLs showed that
genes with moderate pathophysiological potential to regulate
BP were implicated as drivers of linkage to hypertension (28).
Secondly, there is a general lack of consistency among investi-
gations on associations between hypertension and common
genetic variants (Table 10.1) (29-39). Thirdly, several meta-
analyses of available studies on the most pathophysiologically
relevant candidate genes including angiotensin-converting
enzyme (ACE) gene (36) and (,-adrenergic receptor gene
(ADRB2) (37) have excluded their role as major determinants
of BP.

Apart from monogenic diseases, contribution of individual
single genetic loci to the overall variation in BP is expected
to be modest. However, coexistence of several high risk allelic
variants may be associated with an additive increase in BP and
the ultimate risk of hypertension (38). Other alleles may exert
unmasking effect on potentially neutral variants contributing
to the increased cardiovascular risk in hypertensive subjects
(39). Finally, two or more variants that are not associated with
hypertension as single loci may act in concert, resulting in a
substantial elevation of BP (40) and up to 40% increase in
the ultimate risk of hypertension (40). Most of the gene-gene
interactions that are likely to contribute to human hyper-
tension include variants that belong to the same regulatory
pathway (20). Multiple epistatic interactions of genes that
encode components of the renin-angiotensin-aldosterone
system (41) and beta-adrenergic signaling (39) were shown
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Fig. 10.1 Common human blood pressure quantitative trait loci (BP-QTLs) and new
positional candidate genes. The most common chromosomal regions, which were
linked to BP in at least two individual hypertension genome-wide searches and at least
one meta-analysis of genomic screens, harbor relevant functional candidate genes as
well as show synteny to BP-QTLs in rodents, and/or were dissected in target
chromosomal region studies. These are listed in the bottom panel. Positional candidate
genes within these common BP-QTLS include: adducin 2 (ADD2), sodium bicarbonate
cotransporter 4 (SLC4A5), alpha-2B adrenergic receptor (ADRA2B), sodium/hydrogen
exchanger 2 (SLC9A2), sodium-dependent phosphate transporter 1 (SLC20A1),
Ca2+-dependent secretion activator (CADPS), G protein-coupled receptor 15 (GPR15),
G protein-coupled receptor 27 (GPR27), G protein-coupled receptor 128 (GPR128),
beta-2-adrenergic receptor (ADRB2), fibroblast growth factor-1 (FGF1), glucocorticoid

CADPS, GPR15, GPR27, GPR128

a) ADRB2, FGF1, NR3C1, ADRA1B,
DRD1
b) PIK3R1, HTR1A
PHKB, SLC6A2, MMP2, AYTL1,
CAPNS2

receptor (NR3C1), alpha-1B adrenergic receptor (ADRA1B), dopamine receptor D1
(DRD1), phosphatidylinositol 3-kinase regulatory subunit alpha (PIK3R1),
5-hydroxytryptamine 1A receptor (HTR1A), beta-phosphorylase kinase (PHKB),
sodium-dependent noradrenaline transporter (SLC6A2), matrix metallopeptidase 2
(MMP2), acyltransferase-like 1 (AYTL1), calpain, and small subunit 2 (CAPNS2).

to affect the overall cardiovascular phenotype in hypertensive
patients. Other classical genetic networks of BP regulation
include variants encoding components of sodium homeosta-
sis system, intracellular signaling, and vasoactive molecules
such as endothelins and nitric oxide (30). Novel genetic path-
ways that may determine familial susceptibility to hyperten-
sion include loci that encode growth factors, molecules of
oxidative stress (42) and inflammatory response. Joint analy-
sis of multiple loci within each of these networks of molecules
is critical for a complete understanding of genetic mecha-
nisms of BP regulation.

Overall contribution of genes to the pathogenesis of
hypertension is estimated as 30%. The remaining 70% of
interindividual variation in BP is mediated by environmental
exposure and its interactions with genes. Interactions between
classical environmental factors (such as alcohol consump-
tion and smoking) and genetic polymorphisms are well doc-
umented (43). A common allele of the ACE gene was shown
to increase BP only in smokers but not in those who did not
smoke (43). Furthermore, alcohol consumption was impli-
cated as a factor that interacts with genetic variation in the
apolipoprotein E polymorphism in modulation of the overall
cardiovascular phenotype (44). Finally, apart from classical
risk factors, such as alcohol consumption, stress, smoking,
physical activity, other environmental determinants, including

diet, social class, exposure to air pollution, and use of
common medication (38), may contribute to variation in BP.
Accordingly, interactions between these environmental
factors and genes must be studied to fully elucidate mecha-
nisms of the pathogenesis of essential hypertension.

Mechanistically, prohypertensive functional variants affect
gene expression at the transcriptional and/or translational
level and influence the ultimate cellular phenotype in BP
regulating tissues. Structural and functional effects mediated
by the causative genetic variants at the cellular level are ulti-
mately translated into cardiac output, total peripheral vascular
resistance, and renal phenotypes—the major drivers of BP reg-
ulation (45). Genetic and environmental heterogeneity,
resulting from involvement of different loci and environmen-
tal factors, as well as diverse patterns of their interactions,
contribute to significant interindividual variation in function
and structure of BP regulatory pathways. Therefore, the ulti-
mate cardiovascular phenotype in patients with essential
hypertension is polymorphic.

It is expected that identification of genetic signatures of
essential hypertension and its complications will have a
significant impact on clinical practice. Availability of simple
assays that will characterize individual genetic “makeup” will
help to identify those with a high risk of hypertension and
enable primary prevention. Identification of variants that
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increase the risk of target-organ damage would help to capture
high-risk essentially hypertensive patients before the clinical
manifestation of cardiac, cerebral, or renal complications
(secondary prevention). Finally, genetic markers of response
to antihypertensive treatment will help to genetically tailor
the most suitable BP-lowering therapy and minimize the risk
of adverse effects with a potential to improve compliance
and the overall BP control (Figure 10.2).

GENETICS OF SECONDARY
HYPERTENSION

Genetic factors also play a major role in the pathogenesis
of hypertension secondary to several endocrine and renal
abnormalities such as primary pigmented nodular adreno-
cortical disease, autosomal-dominant polycystic kidney dis-
ease (ADPKD), and pheochromocytoma (46). These disorders
are not common in the general population—i.e., pheochro-
mocytoma accounts for approximately up to 0.1% new
patients with elevated BP (47). However, their prevalence
increases among the patients referred to the specialist car-
diovascular centers or those with refractory hypertension.
In patients older than 40 years, pheochromocytoma mani-
fests most commonly as a sporadic adrenal or extra-adrenal
tumor (48). In those younger than 40 years, pheochromocy-
toma frequently clusters with familial neoplastic syndromes,
including neurofibromatosis 1, multiple endocrine neopla-
sia (MEN 2), von Hippel-Lindau (VHL) disease, or para-
ganglioma syndromes (48). Current status of clinical and
genetic knowledge about these syndromes is summarized in
Table 10.2 (47-53). Unlike essential hypertension, a majority
of syndromic pheochromocytoma is caused by a single mutant
allele that is transmitted from parents to affected offspring.
The spectrum of causative genetic defects includes aberrant
splicing, nonsense, and missense mutations, as well as whole
gene deletions and intragenic small insertions and deletions
(46,47). There is a wide range of molecular techniques, such
as fluorescent in situ hybridization (FISH), protein truncation

detection, and direct sequencing, that may be used as
complementary diagnostic tools in the laboratory work-up.
Most importantly, the molecular methods can identify the
causative variant based on a single blood sample (46).
These genetic tests are indicated in the index patient as a
method of identification of the causative defect. A positive
result justifies further clinical screening for tumors associated
with pheochromocytoma. In rare cases with unequivocal
clinical manifestations of pheochromocytoma-associated syn-
dromes, a genetic test may contribute to confirmation of
the diagnosis. Moreover, the genetic testing is now available
not only to patients with hereditary neoplastic syndromes
but also the members of their families. This is particularly
important for asymptomatic members of the affected pedi-
grees, as most of these diseases are inherited in an autosomal-
dominant manner. Thus, in the presence of just one mutated
allele, the risk of the disease in offspring is 100%. Interestingly,
12-24% of apparently sporadic pheochromocytomas are
associated with a germ line mutation in at least one of the
genes listed in Table 10.2 (52). Therefore, an obligatory
genetic testing is currently being postulated in all patients
with pheochromocytoma (52).

Genetic testing has also become a part of the diagnostic
work-up in patients with hypertension and chronic kidney
disease ever since ADPKD was acknowledged as the most
common monogenic renal disease worldwide (54) and ele-
vated BP was recognized as one of the earliest clinical manifes-
tations of this disorder (46). Altogether, approximately 250
single mutations within polycystin 1 (PKD1) and polycystin 2
(PKD2) genes have been identified as causative genetic
defects in patients with ADPKD (46). Sequential direct
sequencing of PKD1 or PKD2 is used as the most common
method of detection of the underlying mutation in an index
patient and at-risk family members (46). Although the genetic
testing is rarely needed as a method of confirmation of
ADPKD diagnosis, it may be particularly helpful in asymp-
tomatic members of affected families. Early genetic diag-
nosis is associated with several clinical benefits including
access to specialist care or screening for other life-threatening
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manifestations of ADPKD (i.e., cerebral aneurysms) (46).
However, certain ethical and practical concerns have been
raised with regard to genetic testing in subjects at risk of
ADPKD (55). PKD1/PKD2 screening was suggested as a
source of genetic discrimination in employment and insur-
ance as well as a factor that has a negative impact on the
overall well-being in asymptomatic carriers of the causative
mutations (55). The potential negative aspects of genetic
screening must be clearly considered before the tests are insti-
tuted in patients at risk of ADPKD. However, these disad-
vantages are overshadowed in confrontation with the overall
clinical benefit of early diagnosis (46).

Availability of gene testing in patients with secondary
hypertension clearly illustrates how clinical management of
patients with elevated BP has been improved as a result of
progress in genetic research. In addition, familial screen-
ing and genetic counseling are emerging as new clinical
approaches in affected pedigrees. Progress in genetics of sec-
ondary hypertension holds a promise of integration of molec-
ular testing into the standard diagnostic evaluation in patients
admitted to the reference hypertension centers.

PHARMACOGENOMICS OF
HYPERTENSION

Optimal BP control is achieved in only one quarter of hyper-
tensives, leaving most with suboptimal BP control and an
increased risk of cardiovascular complications. This can be
attributed to the heterogeneity of the response to antihyper-
tensive therapy, noncompliance, and partly to side effects that
contribute to withdrawal of treatment. Though evidence-
based guidelines have been devised for the use of these drugs
(56), the final choice of therapy remains empirical. Progress
toward identifying individual patients’ characteristics that
predict BP response prior to drug administration has been
limited. African-Americans are reported to be more respon-
sive to diuretics and calcium channel blockers (CCBs) and
less responsive to beta-blockers and angiotensin-converting
enzyme inhibitors (ACEIs) than Caucasian subjects. Neither
gender nor age nor measures of body size have been shown to
predict response to antihypertensive treatment (57,58).

Pharmacokinetic mechanisms determine the level of the
drug in the blood and ultimately at its target, while pharmaco-
dynamic mechanisms are responsible for the interaction of
the drug with its target and the subsequent cellular and sys-
temic events. Genetic variation that alters the structure, config-
uration, or quantity of any of the involved proteins may
contribute to interindividual variation in drug response. For
the majority of drugs, the frequency distribution for most
measures of response is unimodal or Gaussian, consistent
with a multifactorial determination, with no single factor
having a discernibly large effect on response (59). Single
gene polymorphisms with large effects on drug response are
now less important as antihypertensive drugs metabolized
by the polymorphic enzymes involved in debrisoquine
hydroxylation, AN-acetylation, and catechol-O-methylation
are no longer widely used (60). Thus, pharmacodynamic
mechanisms may play the predominant role in determining
interindividual variation in BP responses to common anti-
hypertensive drugs.

So far, restricted genotyping and analytical capabilities have
limited pharmacogenetics to association studies of a priori
selected candidate genes. Obvious candidate genes are those

that encode components of a BP regulatory system targeted
by the drug or components of the counter-regulatory systems
that oppose the drug-induced fall in BP. The commonly used
antihypertensive agents—diuretics, ACEI, angiotensin-receptor
blockers (ARBs), CCB, and beta-blockers—have been involved
in association studies to predict drug response, but the results
have not been consistently replicated.

Variants in genes that encode a-adducin, G protein {3,
subunit, epithelial sodium channel, ACE, angiotensinogen
(AGT), angiotensin (AT) type 1 receptor, and aldosterone syn-
thase have been tested so far as potential genetic determinants
of response to diuretics (61). None of the polymorphisms
have shown a reliable and consistent association with diuretic
response, and the initial promising findings regarding «-
adducin gene variants (62) have not been consistently repli-
cated in other populations.

There is a significant variability in individual response to
beta-blockade by age and ethnicity. Polymorphisms in the
B,-adrenergic receptor gene, G, protein « subunit gene, G
protein 3, subunit gene, ACE, and AGT gene have been
studied in association studies on beta-blocker response, but
the results are not overwhelmingly convincing (61).

The most common candidate variants of the renin-
angiotensin-aldosterone system that have been examined
in order to identify genetic markers of response to ACEI
include insertion/deletion polymorphism (ACE), M235T
polymorphism (AGT gene), and A1166C (type-1 AT II recep-
tor gene). These studies have failed to demonstrate an inter-
action between the genetic variants and BP response to ACEI.

There is evidence for associations between the genetic
variation within the molecules that metabolize ARBs and BP
response to this class of antihypertensive medication. The
cytochrome P450 2C9 enzyme metabolizes irbesartan and
losartan to an active product with antihypertensive effects
(63,64), and it was suggested that individuals with a single
CYP2C9*3 allele exhibit decreased response to losartan. The
SILVHIA study (65) showed that the CYP2C9*1/CYP2C9*2
genotype was associated with a greater percent change in
diastolic BP after treatment with irbesartan than the
CYP2C9*1/CYP2C9*1 genotype. The other ARBs are min-
imally metabolized in the presence of the CYP2C9 genotype.
The clinical relevance of these findings must be verified in
larger populations.

CCBs do not currently appear to have any significant
gene-drug interactions. A majority of CCBs are metabolized
chiefly by CYP3A4 but it is not clear whether the genetically
mediated interindividual variability in these enzymes actions
translates into BP response to CCBs (66). A polymorphism
in the CYP2D6 enzyme gene may significantly alter the
disposition of diltiazem metabolites but the clinical relevance
of this finding remains to be elucidated (67).

Apart from candidate gene approach, panels of genetic
markers (microsatellites) were used to search the entire
genome for regions linked to BP response induced by antihy-
pertensive medication. As no prior knowledge or assumptions
are required about gene function, one attractive feature of
this approach is the possibility of identifying new genes
outside classical regulatory pathways. Moreover, the relative
strength of linkage evidence accompanied by existing knowl-
edge about functions of genes within the linked regions
can help to prioritize the subsequent search for functional
mutations in the positional candidates. The first genome-
wide linkage analysis using partitioning of different path-
ways of hypertension based on drug response found a




92 Genetic factors

susceptibility locus on chromosome 2p at 90.68 c¢cM in
white European nonresponders to AB group of antihyper-
tensives (68).

In the future, statistical and biological models and molec-

ular analysis of target tissues are likely to be critical for studies
that aim to elucidate polygenic determinants of drug response.
Large clinical trials of uniformly treated and systematically
phenotyped patients, high-throughput genotyping methods,
and sophisticated bioinformatic analyses will be needed to
promote pharmacogenomics from basic science to a clinically
useful tool.
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ENVIRONMENTAL FACTORS IN
HYPERTENSION

11

INTRODUCTION

In the present chapter, the term “environmental” is broadly
intended to encompass the wide range of elements believed to
implicate in the genesis and maintenance of hypertension but
not directly dependent on the subject’s genetic characteristics.
They may be operationally categorized as dietary, behavioral,
and environmental “stricto sensu,” although items bridging
across such categories exist.

DIETARY FACTORS

Virtually all components of the omnivorous human diet, i.e.,
protein, fat, and carbohydrates, as well as an array of single
dietary “chemicals,” including electrolytes, alcohol, vitamins,
marine oils, caffeine, fiber, and many others, have been impli-
cated as being able to raise or lower blood pressure (BP) and,
thus, to respectively promote or hamper the development of
hypertension.

As a result of huge investigational efforts devoted to obser-
vational population or cohort follow-up studies, as well as
to smaller-sized dietary intervention studies, the emerging
consensus is that many “candidate” nutrients have minimal
or no long-term BP effect, whereas, for a limited number of
dietary components, the ability to affect BP was confirmed,
although (probably with the only exception of sodium) the
size of the effect of single substances is small. This is by no
means to be viewed as a failure, nor does it detract from the
crucial importance of continuing our investigation of dietary
effects (and of the possible derived dietary interventions and
recommendations), because (i) at the population level, even
small BP differences are known to have sizeable morbidity/
mortality implications, and (ii) at the individual level, imple-
mentation of multiple dietary modifications may end up
having nontrivial protective effects against the development of
hypertension and of cardiovascular disease at large.

SODIUM

The body of the evidence documenting the role of dietary
salt in hypertension is impressive and long-standing.

Alberto U Ferrari

In time-honored observations, the strikingly high prevalence
of high BP in Bahamian residents (1) was clearly linked to
the excess NaCl content of the drinking water in that area (2);
the notion of the “environmental” role of salt interacting
with the genetic background to determine the BP levels of
individuals or populations has been well established since
the 1950s (3).

Throughout the subsequent years, the contribution of even
much less extreme variations in dietary salt to BP was uninter-
ruptedly addressed by epidemiological, clinical, and experi-
mental research. Landmark studies in this area have been the
Intersalt Study, a huge, international, 32-country effort on
>10,000 subjects aged 20-59 years, in whom salt intake was
assessed by measurement of 24-h urinary sodium (Na) excre-
tion. The results indicated that a difference in 100 mmol/day
of Na intake (6g of NaCl) is associated with a systolic/
diastolic BP difference up to 6/3 mmHg, the relationship hold-
ing across the various subgroups considered: normotensives
or hypertensives, younger or older aged, men or women; salt
intake also affected (steepened) the slope of the BP/age rela-
tionship (4). Later analyses of the Intersalt database suggested
that the magnitude of the Na-related influence may be even
larger than initially estimated (5).

The concepts emerging from the cross-sectional Intersalt
data were fully supported by the cohort findings of the
Multiple Risk Factor Intervention Trial, in which a 6-year
follow-up on >11,000 individuals showed dietary salt (in
this case indirectly assessed from dietary records) to be
independently and directly related to systolic and diastolic
BP, irrespective of the concomitant administration of anti-
hypertensive drugs (6). Evidence from many other studies
strengthened and extended the above notions. To list just
the major points, this study indicates that the BP lower-
ing properties of Na restriction: (i) are also detectable in
infants, children, and adolescents (7,8); (ii) are at least partly
additive to other major dietary modifications, such as those
contemplated by the dietary approach to stop hyperten-
sion (DASH) diet (see below) (9); (iii) play not only a ther-
apeutic but even a preventive role against hypertension
(10); (iv) are particularly pronounced in subjects of adva-
nced age; and (v) show large interindividual and interra-
cial variability, probably in relation to polymorphisms
in the many genes implicated in the cardiovascular and
renal adaptive responses to variations in Na intake, such as,
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e.g., genes controlling the adrenergic or the renin-angiotensin
systems.

Despite the bulk of the accumulated evidence in favor of
the benefits of Na restriction, concerns have been repeatedly
raised as to possible adverse effects of this dietary measure
on a variety of outcomes, such as, e.g., insulin sensitivity,
serum lipids, fetal growth, cardiovascular homeostatic capa-
bilities, and even general health and total mortality (11,12).
At present, the validity or relevance of most of these caveats
has been questioned, especially as far as the consequences
of moderate Na restriction are concerned, and the expert
consensus, widely reflected in various Hypertension
Guidelines (13-15), is that, in a salt-conscious diet, the
daily intake of NaCl should not exceed 5-6 grams.

POTASSIUM

Demonstrating the inverse relationship between potassium
(K) intake and BP has been made difficult by the relatively
small extent of K’s effect and by the simultaneous and parallel
changes in the intake of other elements—especially calcium
and magnesium—associated with the dietary modifications
that affect K intake. However, the body of the evidence
obtained from animal studies, as well as from human obser-
vational and intervention studies and their meta-analysis
(16,17), now strongly indicates that an increase in dietary K
lowers BP in normotensive subjects, and even more so in
hypertensive subjects. The order of magnitude of the lowering
is 3-5 and 2-3mmHg for systolic and diastolic pressure,
respectively; the effect seems to be similar in males and
females, is particularly pronounced in blacks (18), and is
interdependent and largely nonadditive to the effect of Na
restriction—namely, it is limited in subjects already eating
low-salt diets and vice versa, whereas, conversely, salt restric-
tion has smaller BP lowering effects in subjects eating K sup-
plements (19). The current recommendations regarding K
intake for the primary prevention of hypertension, as well as
a nonpharmacological tool in hypertension treatment, sug-
gest that 4.7 g (120 mmol) are ingested daily, preferably by
increasing the fruit/vegetable content of the diet rather than
by employing K pills (13).

CALCIUM AND MAGNESIUM

Despite the considerable interest and research efforts devoted
to document a possible BP-lowering effect of calcium supple-
mentation, especially during the 1980s and 1990s (20), the
consensus has been that, although likely to exist, such effect
is minute in size and insufficient to generate a recommen-
dation on the usefulness of calcium supplementation in the
prevention or treatment of high BP. Similar views apply to
the effects of dietary magnesium (13).

ALCOHOL

The BP-rising effect of a more than moderate intake of
alcohol is now well established based on observational and
intervention studies (21,22). The effect is dose-dependent
and largely unrelated to concomitant factors able to affect
BP, such as obesity, age, or other diet components: it is

estimated that cutting alcohol intake to below 35g daily
(corresponding to, e.g., two cans of regular beer or two
glasses of wine) may lower systolic and diastolic BP by some
3-4 and 2 mmHg, respectively (23). Also, considering the
calorie intake/body weight implications of drinking, alcohol
moderation represents an important nonpharmacological
tool for both prevention and treatment of hypertension.

CAFFEINE, FIBER, PLANT PROTEIN, FISH OIL,
CARBOHYDRATES

These and other dietary components received attention by
investigators, and are often mentioned by patients, as possible
contributors to higher or lower BP levels. Although they may
indeed have such potential, no recommendations can at pres-
ent be made as to their role in hypertension prevention or
treatment because of insufficient/inconsistent scientific knowl-
edge (e.g., fiber), small/transient BP effect (e.g., caffeine),
unfeasibility/poor tolerability of the dietary modification
(e.g., high dose fish oil) (13).

OVERALL DIETARY PATTERNS

A clear-cut reduction in BP is obtained when appropriate
modifications of multiple rather than single dietary com-
ponents are simultaneously implemented. The prototypical
study illustrating the effects of this strategy was the DASH
study (9), in which over 450 subjects with normal BP, or
grade 1 hypertension, were subjected to strictly controlled
food and beverage intakes and followed up to determine the
BP effects of switching from a control diet (low in fruits, veg-
etables, and dairy products, and with a fat content typical of
the average diet in the United States) to (i) a diet rich in fruits
and vegetables and an unchanged fat composition, or (ii) a
“combination” diet rich in fruits and vegetables along with
greater amounts of low-fat dairy products to the expense of
the amount of saturated and total fat (Table 11.1). Na and
alcohol intake were not an object of the investigation and
were kept constant throughout, as was body weight (with
adjustments of total daily calories as needed). Over an 8-
week observation period, the combination diet significantly
reduced systolic/diastolic BP by 5.5/3.0 mmHg, with a much
more pronounced effect in the subset of hypertensive patients
(about a third of the whole population, witha 11.5/5.5 mmHg
BP reduction) compared to the normotensive subjects (whose
BP was reduced by 3.5/2.1 mmHg). The BP lowering effect of
the fruits and vegetables diet was sizeable, but some 50% less
pronounced than that of the combination diet.

Table 11.1 Main food groups modified in the DASH
(combination) diet

Increased Decreased

Fruits and juices Red meat, pork, ham

Vegetables and legumes Fats, oils, salad dressings

Nuts and seeds Snacks
Low-fat dairy products Sweets
Fish Pop beverages

Abbreviation: DASH, dietary approach to stop hypertension.
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Subsequent studies could demonstrate that the BP reduc-
tion one can obtain by combining the DASH diet with salt
restriction are, at least to some extent, additive (24). This is, on
the one hand, of practical importance, as it emphasizes the
usefulness of recommending multiple dietary modifications
to maximize BP lowering effectiveness (Figure 11.1); and, on
the other hand, this raises the mechanistic question of why the
combined effects were at least partly redundant (smaller than
the sum of the single dietary measures). Although no firm
answer is available, the most likely explanation relates to the
interactions between the effects of Na restriction and K sup-
plementation; namely, the low-salt regimen attenuated the
BP reduction brought about by the K-rich DASH diet, and
vice versa.
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Fig. 11.1 The effect of reduced sodium (Na) intake and
the dietary approach to stop hypertension (DASH) diet on
systolic blood pressure (BP) (A) and diastolic BP (B). The
mean systolic and diastolic BPs are shown for the high-Na
control diet. The mean changes in BP are shown for various
Na levels (solid lines), and the mean differences in BP
between the two diets at each level of Na intake are shown.
Unidirectional arrows are used for simplicity, although the
order in which participants were given the Na levels was
random with a crossover design. The numbers next to the
dotted lines connecting the data points are the mean
changes in BP. The 95% confidence intervals are given in
parentheses. Source: Reproduced from Ref. 24.

BEHAVIORAL FACTORS

Lifestyle characteristics (including the above-mentioned
dietary ones as well as those reviewed herein) have profound
influences on health outcomes and are the determinants of
some of the major modifiable cardiovascular risk factors:
their successful management would confer strong benefit at
virtually no cost, but are faced with the paradox of being
very difficult to implement and, especially, to maintain over
time at both the individual and the population level.

EXERCISE

Regularly exercising provides therapeutic and preventive
benefits for countless health problems, and high BP makes
no exception. Most hypertension authorities recommend that
30-60 min of moderate intensity dynamic exercise are per-
formed at least 3-4 times per week, the types of suggested
activities spanning from running to swimming, walking or
cycling; there is no need of reaching strenuous exercise inten-
sities (which may be indeed contraindicated in large subsets
of the hypertensive population), nor are isometric activities,
such as weight lifting or body building, recommended.

Documenting the inverse relationship between BP and
the amount of physical activity has been difficult in cross-
sectional studies because of the many methodological diffi-
culties and confounding factors, but was successfully achieved
via longitudinal studies and their meta-analysis (25,26). The
magnitude of the systolic/diastolic BP-lowering effect of phys-
ical activity is in the order of 5/3 mmHg, with hypertensive
patients showing larger responses than normotensive indi-
viduals. The usefulness of exercise extends to all age groups,
including elderly individuals, in whom, however, caution and
graduality are of utmost importance to avoid the risk of nega-
tive effects, including acute myocardial infarction and sudden
death; the same applies to patients with uncontrolled hyper-
tension or with any serious medical condition.

The mechanisms underlying the exercise-dependent BP-
lowering are incompletely understood: shifting from a seden-
tary to a physically active lifestyle is known to bring about
a fall in total peripheral resistance, with some degree of brady-
cardia, but some increase in stroke volume, and, thus, little
or no change in cardiac output. There is evidence that the
cardiovascular homeostatic systems implicated in the above
hemodynamic modifications include the sympathetic nervous
system and the renin-angiotensin system, whose activities
are diminished (27,28), as well as the endothelium, whose
major vasoactive factors, nitric oxide and endothelin, show
reciprocal changes, the former being increased and the latter
reduced (29).

OVERWEIGHT AND OBESITY

Excess adiposity has long been known to represent a cardio-
vascular risk factor, although recent reports support the notion
that this relationship is not straightforward (30) and that
quantitation of the weight disturbance by body mass index
(BMLI, by far the most commonly used parameter) may fail to
adequately account for the “qualitative” aspects of fat accumu-
lation; more adequate measures would be those reflecting
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abdominal adiposity, such as waist circumference or waist-
to-hip ratio (WHR) (31). As far as hypertension is concerned,
there is, in most of the world’s populations, a direct correla-
tion between BP and body weight, and the close relationship
between body fat and BP is firmly established and systemati-
cally identified in different populations irrespective of how
the former is measured (32-34). Table 11.2 shows the dra-
matic effects of being overweight or more severely obese on
the risk of hypertension in the NHANES III Survey; the sub-
grouping of the population according to age emphasizes
that the obesity-related risk of hypertension is particularly
high in the younger age range (<55 years) in either males or
females.

Conversely, successfully pursuing even a small reduction
in body weight (obtained by energy intake restriction, alone
or in combination with increased physical activity) is an
extremely effective antihypertensive measure, the extent of
the fall grossly amounting to 1 mmHg systolic per kilogram
of body weight lost (35). This has not only therapeutic but
also preventive value in as much as it is seen in both hyper-
tensive and normotensive individuals.

The pathogenic links between obesity and high BP are
multifold and far from being understood; they are indeed
being given an enormous amount of attention and research
efforts, due to the central role of overweight/obesity in the
so-called metabolic syndrome (MS), a condition associated
with surprisingly heavy implications in terms of future occur-
rence of cardiovascular events and development of diabetes,
as shown in many observational studies, and recently further
characterized in the Pressioni Arteriose Monitorate E Loro
Associazioni (PAMELA) study population (36). Covering the
complex features of the MS (not only the pathophysiology,
but even its very existence, which, as a disease entity, is a
subject of debate) as well as of overweight/obesity in relation
to the genesis of hypertension is beyond the scope of this
discussion: suffice it to say that improper functioning of
virtually every known cardiovascular regulatory mechanism
(autonomic nervous system, natriuretic hormones, endothe-
lium, renin-angiotensin system, vascular trophic influences,
etc.) has been claimed to contribute to the rise in BP and to
the increased cardiovascular risk in addition to the alter-
ations in carbohydrate and lipid metabolism typical of these
conditions.

SMOKING

Acute smoking is well known to raise BP, with a consistent
15-20 min elevation occurring after each cigarette smoked
(37). In contrast, an association between chronic smoking

and a raised BP has been difficult to demonstrate; indeed,
many office BP observations indicated that, compared to non-
smokers, regular smokers have a similar or slightly lower BP
(38,39). However, those measurements are most likely
performed quite apart from any recent smoking, thus not
accounting for the acute BP-rising effect of smoking, and
ambulatory BP studies did indeed reveal a higher daytime
BP in smokers. The difference was, however, of limited mag-
nitude, confined to systolic values, and only observed in
older but not in younger patients (40): this indicates that
any independent, chronic effect of smoking on BP is small,
if any (41). This does not mean, however, that, whatever
epidemiological studies may tell, it is most likely that espe-
cially heavy smokers have a consistently higher “area under
the curve” of their BP values due to the acute effects of each
smoked cigarette. Even more importantly, this by no means
detracts from the tremendous importance of quitting smoking
in either normotensive or hypertensive subjects due to the
adverse health consequences of smoking irrespective of its BP
effects.

PSYCHOLOGICAL STRESS

Despite the attractive hypothesis that, especially in western
countries, intense psychological factors such as mental stress,
anxiety, or depression may play a causative role in hyperten-
sion, evidence concerning this possibility has been at best
controversial (42,43); these factors may indeed provide some
contribution to the genesis of coronary heart disease (44)
but are likely to do so via mechanisms other than inducing
chronic BP elevation. Conversely, treatment of hypertension
by means of biofeedback or other stress management tech-
niques provided inconclusive results (45).

ENVIRONMENTAL FACTORS
(STRICTO SENSU)

NOISE

Although methodologically difficult because of many
hardly avoidable confounding factors, research concerned
with the relationship between ambient noise and hyperten-
sion provided evidence in favor of such relationship for
individuals exposed to both occupational and airport noise,
the relative risk compared to nonexposed individuals
amounting to some 1.2 per 5 dB(A) increase in ambient noise

Table 11.2 Prevalence and relative risk of hypertension as a function of body weight

status in younger and older men and women

Normal Overweight Obesity Obesity Obesity
weight class | class I class 1l
prevalence  RR RR RR RR
Men <55 years 12.1 1.62 2.52 4.50 4.60
Men >55 years 54.4 1.11 1.35 1.47 1.66
Women <55 years 8.5 1.65 3.22 3.90 5.45
Women >55 years 61.7 1.16 1.24 1.42 1.41

Abbreviation: RR, relative risk compared to normal weight.
Source: From the NHANES Il Survey, 1988-1994, modified from Ref. 34.
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Fig. 11.2 Medical Research Council (MRC) treatment trial for mild hypertension. Seasonal trends in blood pressure in (A)
men and (B) women by age and treatment regimen. Source: Reproduced from Ref. 51.

group

intensity, and with airport noise appearing to be slightly more
“hypertensinogenic” than occupational noise (46,47). A large-
scale international trial addressing the BP effects of both
airport and road traffic noise in the neighborhoods of several
European airports is ongoing (48).

POLLUTION

There is a fair amount of evidence that air pollution increases
the risk of cardiovascular disease, and this may be in part
due to transient rises in BP (49,50). Instead, no available evi-
dence supports the notion that air pollution plays a causative
role in chronic hypertension.

SEASONAL VARIATIONS

It is every doctor’s experience that the BP values observed
during summer are lower than those measured during colder
seasons. The seasonal trend has been well characterized in
large-scale hypertension studies, as shown in Figure 11.2 (51),
and has been confirmed by ambulatory BP studies, which,
interestingly, observed that seasonal effect is confined to day-
time but not to nighttime BPs (52,53). These phenomena
may have important clinical and epidemiological implica-
tions, because they can, e.g., warrant downtitration of anti-
hypertensive drug dosage during hot weather, in lack of which
many patients, especially the elderly ones, may be overtreated
and experience hypotensive symptoms, or may interfere with
proper subjects’ classification in BP surveys spanning over
different seasons. On the other hand, seasonal effects are
unlikely to bear any etiologic role in the development and
course of the hypertensive disease.

CONCLUSIONS

In summary, reviewing the environmental factors able to
affect BP not only reveals important epidemiological, clinical,
and pathophysiological features, but also supports the more
general biological consideration that our genome is
“designed” to subserve a behavior characterized by substantial
degrees of physical activity, as well as a diet rich in plant-
derived food that is unlikely to be over caloric. The urbaniza-
tion and acculturation processes typical of western societies
led to profound deviations from the above behavioral pat-
terns and opened the way to progressive increase in body
mass, higher BP, and propensity to metabolic abnormalities,
such as diabetes and dyslipidemia. Efforts by health profes-
sionals, politicians, and individuals to obtain an at least
partial correction of these behavioral “errors,” especially in
terms of calorie restriction, avoidance of excess alcohol,
proper dietary Na/K intake, and daily amount of physical
activity, are and will be a major challenge in the prevention
and management of hypertension and cardiovascular disease.
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STRUCTURAL CARDIOVASCULAR
CHANGES IN HYPERTENSION
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INTRODUCTION

The basic structure of the cardiovascular system is determined
early in the development of an individual. However, after birth,
and even in adult stages of life, the structure of the heart and
blood vessels are not static: these structures undergo constant
remodeling. Remodeling can be part of an adaptive process in
which the altered structure contributes to homeostatic control
of, for instance, mechanical forces in the heart and blood
vessels. Remodeling can also be part of a pathological series of
events in the cardiovascular system and its end organs.
Hypertension is associated with both types of remodeling.
In hypertensive individuals, structural changes in the heart
and blood vessels have been observed even in the early phase
of blood pressure (BP) elevation. In the long-term, these
structural alterations form a key factor in the maintenance of
an elevated BP. In this chapter, the major structural changes in
the heart and blood vessels in hypertension are reviewed.
Furthermore, this chapter discusses how these changes con-
tribute to the target organ damage in hypertensive disease.

STRUCTURAL CHANGES IN THE HEART

Hypertension is associated with structural changes in the
heart. These changes involve hypertrophy of the left ventricle
(LVH), fibrosis of the myocardial interstitium, and coronary
angiopathy.

LEFT VENTRICULAR STRUCTURE AND ITS
FUNCTION IN HYPERTENSION

Increased arterial BP initially induces concentric LVH with
an increase in wall thickness and left ventricular muscle mass.
This is a compensatory mechanism to maintain a normal
cardiac output and ejection fraction. However, already in this
stage there is a decreased coronary flow reserve. With time,
the fibers of the hypertrophied muscle become thickened
and shortened. In addition, there is a gradual interstitial
proliferation of connective tissue. Together, these changes
induce an increase in ventricular radius, end-diastolic volume,
and systolic wall stress. Due to ventricular dilatation, the LVH
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becomes eccentric, with a diminishment of ventricle pump
indices (cardiac index, ejection fraction). In this stage, there is
usually also a strong involvement of coronary macro- and
microangiopathy, contributing to a more severely reduced
coronary flow reserve.

LVH has become an important parameter in the assess-
ment of hypertensive patients. LVH is a strong independent
predictor of cardiovascular morbidity and mortality. In cases
of hypertension, it increases the risk of stroke, ischemic heart
disease, and, eventually, congestive heart failure (1). The
prevalence of LVH in a mild- to moderate-hypertensive pop-
ulation is 20-50% (2,3). There are now various methods
to assess LVH in hypertensive patients (4). These include the
classical electrocardiogram, echocardiography (both two- and
three-dimensional), and cardiac magnetic resonance imaging.

PATHOPHYSIOLOGY OF LVH IN
HYPERTENSION

Although LVH is usually regarded as a consequence of chronic
elevation of arterial pressure, this may not always be the case.
LVH is a pressure-independent predictor of cardiovascular
morbidity and mortality. In fact, up to 60% of the variance of
LVH may be due to genetic factors independent of BP (5).
An increasing number of genes have been identified that
contribute to LVH. Among these genes, most target the renin-
angiotensin-aldosterone system (RAAS), the natriuretic
peptide family, or the adrenoceptor signaling cascade (6).

In recent years, the sequence of events leading from
increased myocardial wall stress to LVH has been intensively
studied. In this signaling cascade there is a central role for
intracellular calcium release, which is an early response to
mechanical and humoral myocyte stretch factors, including
angiotensin I and endothelin. The increase in intracellular
calcium results in activation of calcineurin, which dephospho-
rylates transcription factors of genes that lead to myocyte
hypertrophy, such as beta-myosin heavy chain and beta-
skeletal actin (6,7). These novel insights from molecular
genetic studies suggest that LVH may be caused both by
mechanical (pressure, stretch) and humoral factors, explaining
why LVH can occur at least partly independent of pressure
elevation.
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Structural changes in blood vessels

Another important aspect of the pathophysiology of LVH
in hypertension is the question of how LVH leads to heart
failure. In this transition, fibrosis of the interstitium of the
myocard plays a central role. Fibrosis can be triggered by
humoral factors. The RAAS is again a key factor in initiating
fibrotic changes in the heart. Other important mediators
include matrix metalloproteinases (MMPs) (8), integrins,
such as osteopontin (9), and inflammatory cytokines, e.g.,
transforming growth factor beta. These mediators are now
important targets for novel drugs in the regression of LV
structural changes.

STRUCTURAL CHANGES IN THE CORONARY
VASCULAR BED

In hypertensive patients, coronary vascular resistance and
coronary perfusion pressure are increased (10). An increase in
coronary resistance has also been reported in hypertensive
patients without LVH (11). These observations suggest an
important role for coronary microangiopathy independent
of LVH. Coronary reserve, a measure of the capacity of the
coronary vasculature to respond maximally to vasodilator
agents, is significantly decreased in hypertensive patients. The
exact clinical consequences of these abnormalities in coronary
perfusion are far from clear (12). Presumably, under condi-
tions of increased myocardial oxygen demand, decreased abil-
ity to dilate the coronary microvasculature translates into
diffuse ischemia and infarction. Such a propensity to ischemia
may explain some of the increased risk for coronary events
and sudden cardiac death in patients with LVH. In addition,
impaired subendocardial blood flow may contribute to dias-
tolic dysfunction and increase the risk and severity of heart
failure (12).

The pathophysiology of coronary angiopathy in hyperten-
sion is still not completely understood. Several mechanisms
may be involved. The first is endothelial dysfunction causing
an impaired vasodilator potential of coronary microvessels.
The second is a structural inward remodeling of the coronary
arterial wall, causing an increased wall/lumen ratio of small
coronary arteries and arterioles. This remodeling can occur in
combination with perivascular fibrosis and subsequent com-
pression of the outer surface of these small vessels (10).
Finally, reduction of the number of small arteries, arteri-
oles, and capillaries (rarefaction) is a further mechanism that
induces reduced coronary flow and flow reserve (13,14).

STRUCTURAL CHANGES IN BLOOD
VESSELS

Hypertension is associated with a range of structural changes
in the vasculature. The nature of the changes and their func-
tional consequences differ per segment of the vascular tree
(Table 12.1). The most significant alterations occur on the
arterial side and in the microcirculation. With respect to arte-
rial structural changes, a distinction can be made in large
arteries (the aorta and its side-branches), small arteries, and
arterioles. The large arteries primarily serve a conduit and
compliance function, whereas the small arteries and arterioles
control vascular resistance. The difference between large and
small arteries is also reflected in the heterogeneity of the way
in which they remodel in response to a rise in BP. Large
arteries adapt to increased pressure by expressing early

Table 12.1 Segments of the vascular tree and their structural

change in hypertension

Segment of the Structural change Functional
vascular tree consequence
Large arteries Vascular smooth muscle Distensibility |
cell hypertrophy
Extracellular matrix composition
Small arteries Inward remodeling Distensibility |

Extra cellular matrix composition  Resistance T

Arterioles Inward remodeling Resistance T
Rarefaction
Capillaries Rarefaction Resistance

Tissue ischemia

response genes that lead to vascular smooth muscle cell
(VSMC) hypertrophy and an increased wall thickness. Small
arteries, on the other hand, rapidly constrict without changing
wall material (eutrophic inward remodeling) and thereby nor-
malizing wall stress. Only in severe hypertension, small vessels
may also undergo hypertrophic remodeling (15).

The basic architecture of arteries is usually described in
terms of cross-sectional arrangement of cells and extracellular
matrix. Cells include the endothelial cell layer and VSMCs.
The extracellular matrix consists of lamellae of elastic material
with intervening layers of VSMCs, collagen fibers, and ground
substance (16). However, the distribution of elastin and colla-
gen varies markedly along the longitudinal axis. In the proxi-
mal aorta, elastin is the dominant component, whereas in the
distal aorta and its side-branches, as well as in the smaller
arteries, collagen predominates. The smaller the arteries
become, the more VSMC predominate. These differences find
their origin in the early development of the vascular system.
The reader is referred to the specialized literature for further
details on this aspect of vascular development (16).

LARGE ARTERY STRUCTURE AND FUNCTION IN
HYPERTENSION

In hypertensive patients, the stiffness of large arteries is usu-
ally increased. A complex interplay of genetic, structural, and
functional modifications of the arterial wall contributes to the
increased stiffness. The major genetic factors that determine
arterial stiffness have recently been reviewed by Laurent et al.
(17). Epidemiological studies have shown that up to 40% of
the variance in indices for arterial stiffness may be genetically
determined (18). Furthermore, the relationship between poly-
morphisms of several candidate genes and arterial stiffness has
been investigated. Various candidate genes of the RAAS play a
key role in arterial stiffness. However, the contribution of a
given gene polymorphism to the variance of a specific pheno-
type is limited (17). In subjects of the Flemish Study on
Environment, Genes and Health Outcomes (FLEMENGHO)
study we found a much stronger contribution in individu-
als showing specific combinations of gene variants (19). For
instance, the combination of angiotensin-converting enzyme
DD subjects homozygous for alpha-adducin Gly 460 was a
powerful predictor of increased large artery stiffness.

Another genetic approach, particularly followed by Laurent
and coworkers (17) is the study of large artery properties in
subjects with monogenic disease or in knockout mice with
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phenotypic changes in arterial wall properties. The data
obtained following this approach highlights the role of
extracellular matrix components, such as fibrillin (17).
Furthermore, the data shows that collagen and elastin are not
simply passive compounds that can be elastic or rigid, but
that they are also involved in the control of VSMC function,
such as migration, proliferation, adhesion, and cytoskeletal
rearrangement (17) and may thus influence large artery prop-
erties in different ways.

Genetic factors operate, at least partly, via the structural
composition of the arterial wall. However, nongenomic influ-
ences also contribute importantly to the increased large artery
stiffness in hypertension. One factor is the elevated BP as
such. An elevated pressure shifts the pressure- distensibility
relationship toward a lower distensibility value (20,21). This
observation led to the conclusion that hypertension-induced
large artery hypertrophy is not necessarily associated with
increased arterial stiffness (20). Despite increased wall
thickness due to VSMC hypertrophy, the stiffness of the artery
wall material as assessed by the modulus of elasticity is not
increased in hypertensive patients or in the spontaneously
hypertensive rat (SHR) (20).

Another source of nongenomic influence on large artery
structure and function is a range of humoral and metabolic
products. It is beyond the scope of this book to discuss all
these products in detail. The RAAS has received most attention
in this respect (for a recent review of the relevant evidence, see
Ref. 22). Its major mediators—angiotensin II and aldos-
terone—affect arterial structure considerably and beyond their
effects on BP. They activate signal transduction pathways
that promote VSMC growth, inflammation, and fibrosis.
The cytoskeleton is also involved in structural arterial changes,
and evidence shows that many of these changes can be
induced by the RAAS (22). Studies in both experimental
animals and in humans with hypertension suggest that drugs
blocking the RAAS have an impact on early mechanisms of
vascular disease, such as endothelial dysfunction and arterial
remodeling (22-24).

STRUCTURE AND FUNCTION OF SMALL
ARTERIES IN HYPERTENSION

Small arteries primarily contribute to the control of vascular
resistance, although they also have a compliance function.
Essential hypertension is characterized by an increased
peripheral vascular resistance. The structural change in small
arteries underlying the rise in peripheral resistance is a nar-
rowed lumen and an increased wall/lumen ratio (25,26).
Small arteries in patients with essential hypertension undergo
an inward eutrophic remodeling: a reorganization of the
VSMC around a narrower lumen. Rizzoni et al. (27) have
shown that patients with renovascular hypertension exhibit
hypertrophic remodeling of small arteries due to smooth
muscle cell hypertrophy, without evidence of hyperplasia. An
increased wall/lumen ratio of small arteries was recently
reported to be prognostically important in hypertensive
patients (28). Furthermore, Schiffrin and coworkers (29) con-
cluded from their observations that small artery structure is
one of the first manifestations of target organ damage, occur-
ring before proteinuria or cardiac hypertrophy.

Izzard et al. (26) reviewed the mechanisms of inward
eutrophic remodeling of small arteries from essential
hypertensive individuals. Their conclusion was that chronic

vasoconstriction is the stimulus for a structural reduction
in lumen diameter. The nature of the contractile stimulus is
still not fully resolved. Neural or humoral factors may be
involved, although Izzard et al. (26) favor the myogenic prop-
erties of the small arteries as the underlying mechanism. The
myogenic vasoconstriction could serve to maintain wall stress
at constant value. Patients with type 2 diabetes show a severely
impaired myogenic constriction to increases in intraluminal
pressure. In these patients, impaired myogenic tone would
increase wall stress and thereby promote small artery hyper-
trophy (26).

In addition to these changes in VSMC structure and func-
tion, the extracellular matrix is critically important in the
altered properties of small arteries in hypertensive subjects.
With chronic vasoconstriction, some degree of cell migration,
secretion of fibrillar and nonfibrillar components, and
rearrangement of extracellular matrix-cell interactions may
occur (25). Collagen deposition is significantly enhanced in
small arteries from patients with essential hypertension
(30,31). Deposition of collagen and other proteins contributes
to media thickening and to reorganization of vessel wall com-
ponents around an altered lumen (25).

STRUCTURE AND FUNCTION OF THE
MICROCIRCULATION IN HYPERTENSION

The largest drop in BP between the aorta and veins takes
place in the small arteries and arterioles of the microcircu-
lation. This segment of the circulatory system is usually taken
to encompass all blood vessels with a diameter <150 pm.
Capillaries have a diameter of 3-12 wm. They contribute to
only a slight degree of resistance to flow. Their major func-
tion is to ensure fluid-metabolite exchange between blood
and tissues.

The most consistent structural change in the micro-
circulation of hypertensive individuals is microvascular rar-
efaction: a reduced density of vessels in the microvascular
network (14,32). Microvascular rarefaction can be functional
or structural. Functional rarefaction refers to an abnormal low
prevalence of anatomically existing but nonperfused microves-
sels. Structural rarefaction represents a situation in which the
microvessels are anatomically absent. This can be due to either
active elimination of microvessels or to a lack of growth during
the development of microvascular networks (33). Studies
in experimental animal models of hypertension have shown
structural rarefaction in many tissues (14,34). In humans,
Ruedemann already in 1933 reported that hypertensive
patients had an abnormal low number of small conjunctival
vessels (35). This observation has been confirmed by various
investigators studying different tissues with more sophisti-
cated visualization equipment (36,37). Evidence from both
experimental animal models and human hypertension sug-
gests that arteriolar and capillary rarefaction precede the onset
of hypertension (14,37,38).

The cause and effect relationships between microvascular
rarefaction and hypertension are still under discussion.
Various authors have shown that mechanical forces due to
increased pressure and/or flow may cause structural arteriolar
and capillary rarefaction (34). Recent data suggests a signifi-
cant role for endothelial cell apoptosis caused by oxidative
stress (39). An alternative possibility is a primary defect in
angiogenic mechanisms in subjects prone to develop hyper-
tension. Evidence for this mechanism comes from studies in
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normotensive humans with a familial predisposition to
develop hypertension and who have an abnormally low
microvascular density (40,41). The molecular mechanisms of
abnormal angiogenesis have recently been studied by Levy
and coworkers (34). They imply a crucial role for the endothe-
lial NO and the RAAS. These systems do not only affect
vascular tone, but also play an important role in angiogene-
sis. A recently studied factor in abnormal angiogenesis in
hypertension is the bone-marrow-derived endothelial pro-
genitor cell (EPC). Recruitment of these cells contributes to
the formation of new microvessels in ischemic or inflamed
tissue (42). Imanishi et al. (43) showed accelerated senescence
of EPCs in hypertensive animals and humans, suggesting a
potential lack of EPC-mediated angiogenesis in hypertensive
subjects.

Microvascular rarefaction has two major consequences.
Firstly, reduction of arteriolar density increases vascular resist-
ance (44). Secondly, it disturbs the tissue delivery of oxygen
and nutrients, thus contributing to target organ damage in
hypertension.

CONCLUSION

Structural changes in the cardiovascular system contribute
to the initiation and maintenance of BP elevation in hyper-
tensive disease. Furthermore, structural changes in the heart
and blood vessels play an important role in hypertension-
induced target organ damage. In the treatment of hyper-
tension, prevention of target organ damage is an increas-ingly
important goal. We may expect that future therapies will
specifically target the structural changes reviewed in this
chapter.
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AUTONOMIC ABNORMALITIES IN
HYPERTENSION

13

INTRODUCTION

The autonomic nervous system has moved toward center
stage in cardiovascular medicine, a development supported
by a number of evidences. First, an imbalance in autonomic
cardiovascular control, with a resultant sympathetic activa-
tion and a parasympathetic inhibition, has been shown to
be involved in the genesis of life-threatening cardiac arrhyth-
mias and in the development of heart failure, as well as
in the occurrence of sudden death, particularly in patients
with obstructive sleep apnea (1-3). Second, alterations in
autonomic cardiovascular control have been reported in
metabolic diseases (diabetes mellitus, obesity, metabolic
syndrome) displaying a major adverse impact on cardiovas-
cular morbidity and mortality (4). Finally, in several diseases,
most of them of cardiovascular nature (heart failure, acute
myocardial infarction, malignant cardiac arrhythmias, renal
failure, and acute stroke), an inverse relationship has been
described between the degree of the sympathetic activation
and the survival rate of the patients (5-9). Further evidence
in favor of the renewed importance of the sympathetic nerv-
ous system in cardiovascular medicine comes from the data
indicating that, in a substantial proportion of patients, essen-
tial hypertension has a neurogenic origin, the adrenergic over-
drive contributing to the development, maintenance, and
progression of the disease.

This chapter provides an overview of the autonomic alter-
ations characterizing essential hypertension. This is done by
examining (i) the data supporting the so-called “neurogenic
hypothesis” of the pathogenesis of hypertension, (ii) the
mechanisms responsible for autonomic dysfunction, and
(4ii) the consequences in terms of disease progression and end
organ damage development, as well as the therapeutic
implications of the parasympathetic/sympathetic imbalance.

EVIDENCE FOR AUTONOMIC
DYSFUNCTION IN HYPERTENSION

Throughout the years, several techniques designed to quan-
tify autonomic cardiovascular influences in humans have
shown them to be altered along the whole clinical course
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of the hypertensive state. The early stages of hypertension
are characterised by a hyperkinetic circulation, i.e., by an
increased cardiac output coupled with a resting tachycardia
largely dependent on a reduced parasympathetic function
(10). Indeed, intravenous atropine (the drug that selectively
blocks the effects of the vagal neurotransmitter acetylcholine
on cardiac muscarinic receptors) induces, in young, border-
line hypertensives, an increase in heart rate and cardiac output
of lesser magnitude than that found in age-matched nor-
motensive controls (10). Evidence has also been provided
that the blunted parasympathetic tone observed in early
hypertensive phases (i) is also a hallmark of established hyper-
tension (11) and (ii) is not limited to the cardiovascular sys-
tem, a reduced salivary flow (the control of which is under
parasympathetic influences) being reported in subjects with
borderline hypertension as well (12). Taken together, these
findings support the concept that an autonomic dysfunction
involving parasympathetic cardiovascular control character-
izes, at the very early beginning, the hypertensive state.

The above-mentioned dysregulation is not limited only
to the parasympathetic function, but affects sympathetic
cardiovascular control as well. Multifold evidence supports
this statement. In a meta-analysis of all published studies,
Goldstein reported that, even accounting for some negative
results, an indirect marker of sympathetic tone, such as
plasma norepinephrine, is significantly elevated in essential
hypertensive patients as compared to age-matched nor-
motensive subjects (13). Furthermore, by employing the
technique based on the intravenous tracer infusion of small
doses of radiolabeled norepinephrine, Esler and coworkers
were able to show that the rate of norepinephrine spillover
from the neuroeffector junctions is increased in young
subjects with a most borderline blood pressure (BP)
elevation, and that this enhanced release takes place partic-
ularly in the kidney and in the heart, i.e,, two organs of key
importance in BP homeostatic control (14). Further evidence
comes from the direct measurement of sympathetic nerve
traffic to the skeletal muscle circulation, a technique which
has allowed for documentation of an increase in central
sympathetic outflow in young, borderline hypertensives (15).
Finally, evidence indicates that, while parasympathetic dys-
function remains stable in the hypertensive state, character-
ized by more severe increases in BP, sympathetic activation
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undergoes a progressive and further potentiation. This has
been shown by a study performed by our group (16), in which
we quantified sympathetic nerve traffic to the skeletal muscle
district in three groups of age-matched subjects: with normal
BP, with moderate essential hypertension, and with essen-
tial hypertension of a more severe degree. As shown in
Figure 13.1, the progressive increase in BP values observed in
these three conditions was paralleled by a progressive and
marked elevation in sympathetic nerve traffic, suggesting the
key role of adrenergic neural factors, not only in the devel-
opment, but also in the progression, of the hypertensive
state. A further demonstration of this phenomenon comes
from evidence, collected years ago by our group, that BP
variability, i.e., the magnitude of the BP oscillations occur-
ring during the daytime and nighttime, which is largely
dependent on adrenergic influences, causes an increase in
hypertension, and progresses when hypertension becomes
more severe (17).

Three further issues related to the autonomic alterations
characterizing essential hypertension deserve to be mentioned.
First, a state of sympathetic hyperactivity is not only a feature
of young and middle-age hypertensives, but it also occurs in
elderly hypertensives, even when the BP elevation selectively
affects systolic values. Indeed, when sympathetic nerve traffic
was recorded in elderly subjects with systodiastolic or isolated
systolic hypertension, a clear-cut sympathetic activation was
observed when the values were compared to those found in
elderly normotensive controls (18).

Second, the hypertension-related increase in adrenergic
outflow appears (i) to be specific for some cardiovascular dis-
tricts, such as the heart, the kidneys, and the skeletal muscle
vasculature (14,19), and, more importantly, (ii) peculiar to
the hypertensive state of essential nature (16,19). This is docu-
mented by the evidence that the secondary forms of high BP
elevation caused by primary hyperaldosteronism or by renal
arterial stenosis appear not to be characterized by an
elevated sympathetic cardiovascular outflow (19). It is further
documented by the evidence that, in patients with an
adrenal phoechromocytoma, central sympathetic outflow is
not increased (20). Thus, in sharp contrast with what has
been described for essential hypertension, in secondary hyper-
tensive states, the autonomic imbalance is confined to the
parasympathetic control of heart rate, which, in these

conditions, also appears to be clearly impaired (21). Finally,
independently on the “in-office” or “out-of-office” type of
BP elevation, sympathetic activity is increased in
hypertension. This has been recently shown to occur both in
“white-coat” hypertension, i.e., a condition characterized by
an elevated clinic but a normal ambulatory BP, and in
“masked” hypertension, characterized by normal clinic but
elevated ambulatory BP (22).

MECHANISMS RESPONSIBLE FOR
AUTONOMIC ALTERATIONS

Although the origin of the autonomic dysfunction occurring
in essential hypertension is still undefined, a number of
attractive hypotheses have been advanced throughout the
years (Figure 13.2). It has been suggested, for example, that
these alterations occur because of an excessive number of
and/or reactivity to stressful environmental stimuli, which
lead, through frequent transient BP elevations, to a stable
hypertensive state. To date, however, this hypothesis has been
confirmed only in animal studies with controversial or
circumstantial support in humans (21). Another hypothe-sis
(not exclusive of the previous one) is that the autonomic
alterations originate from an impairment of the baroreflex;
that is, of a major restraining mechanism of parasympathetic
tone (21). This is supported by evidence that, in congestive
heart failure and other diseases, the adrenergic hyperactivity
is related to a reduced sympathetic modulation by the barore-
flex (23). However, in hypertension, a baroreflex impairment
has been demonstrated for the parasympathetic, but not for
the sympathetic, component of the reflex (16). The impaired
parasympathetic modulation of the heart by the arterial
baroreceptors occurring in hypertension has been docu-
mented by the evidence that the magnitude of the reflex
heart rate changes (bradycardia and tachycardia), induced
by increasing and reducing BP values via intravenous
injection of phenylephrine and nitroprusside, is markedly
less in hypertensive patients than in normotensive indi-
viduals (16). This heart-rate-baroreflex impairment has been
more directly demonstrated by the use of the “spontaneous
baroreflex sequence” technique, which allows us to inves-
tigate baroreflex control of vagal tone in daily life (24). As
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Fig. 13.2 Scheme illustrating the possible mechanisms responsible for
the sympathetic overactivity characterizing essential hypertension.
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mentioned above, this impairment does not involve the
sympathetic component of the baroreflex function, because
both the sympathoinhibitory and the sympathoexcitatory
responses to intravenous infusions of phenylephrine and
nitroprusside are virtually superimposable in essential hyper-
tensive and in normotensive subjects (16). These data, how-
ever, do not rule out the possibility that reflex cardiovascular
regulation may be involved in the adrenergic overdrive seen
in hypertension. First, although unimpaired, the baroreflex
is reset toward elevated BP values in hypertension, which
means that its influence preserves, rather than suppresses, the
increased sympathetic activity. Second, sympathoinhibitory
influences, stemming from another reflexogenic area of major
importance in controlling circulating blood volume and
release of vasoactive substances (such as atrial natriuretic
peptides, vasopressin, and renin), the so-called cardiopul-
monary receptors (21), appear to be slightly reduced in
hypertension, and more so when the hypertensive state is
accompanied by cardiac hypertrophy (25). It is, thus, likely
that reflex mechanisms contribute to the sympathetic
activation and parasympathetic inhibition occurring in hyper-
tension, although their effects on autonomic function (partic-
ularly the adrenergic one) appear to be late and nonspecific.

Another hypothesis advanced in recent years claims that
the sympathetic activation and the parasympathetic inhi-
bition seen in hypertension depend on a metabolic alteration
(i.e., hyperinsulinemia and the related insulin resistance)
accompanying the hypertensive condition (4). This hypoth-
esis comes from the evidence that, in experimental animals
and in humans, acute infusion of insulin, without altering
glycemic levels (the so-called euglycemic clamp infusion
technique), markedly stimulates the sympathetic nervous
system (26). This finding is of particular relevance when one
takes into account that a large proportion of hypertensive
patients (>40%) display elevated insulin levels and an
insulin-resistance state. This means that hyperinsulinemia
and related insulin-resistance conditions may represent one
of the mechanisms responsible for the sympathetic acti-
vation that characterizes essential hypertension. It should be
mentioned, however, that this effect is reciprocal; namely,
that a state of sympathetic activation may cause insulin
resistance as well (4). This latter hypothesis has recently
received further experimental support by the evidence that,

when conditions characterized by insulin-resistance, such as
obesity and metabolic syndrome, are associated with hyper-
tension, the degree of sympathetic activation is greater than
in the uncomplicated high BP state (Figure 13.3) (27,28).

CONSEQUENCES OF AUTONOMIC
DYSFUNCTION

Direct and indirect evidence is now available that sympathetic
activation promotes cardiac and vascular alterations, thus
contributing to the elevated morbidity and mortality rate
described in untreated hypertension. In experimental settings,
this has been shown to occur for left ventricular hypertrophy,
which (i) can be induced by suppressor doses of adrenergic
agents (29), (ii) can be prevented only if the drug-induced
BP reduction is not accompanied by excessive reflex cardiac
sympathetic stimulation (30), (iii) is character-ized by an
increased muscle sympathetic neural outflow (31), and
(iv) is accompanied by an increased cardiac norepinephrine
release (32) and by a reduced reuptake of this adrenrgic
neurotransmitter from cardiac sympathetic nerve terminals,
as directly quantified by sympathoneuronal imaging tech-
niques employing positron emission tomography coupled
with 6-['®F]-fluorodopamine (33). Sympathetic acti-vation
has also been shown to participate in the development and
progression of arteriolar wall hypertrophy and remodeling
(34), structural abnormalities that can be found at an early
stage of hypertension and help to maintain BP elevation.
Recently, the key role exerted by the sympathetic nervous
system in the development of cardiac hypertrophy has been
confirmed by the prospective evidence (20 years) that, in
hypertensive patients, plasma norepineph-rine predicts the
development of left ventricular hypertrophy independently of
the concomitant presence of hemodynamic (high BP) and
antropometric (elevated body mass index) alterations (35).
Human evidence has recently been obtained, showing that
sympathetic influences also stiffen the large artery walls.
This has an unequivocal pathophysiological implication
because, in stiffer arteries, the traumatic effect of intravascular
pressure is greater and the progression of atherosclerosis
probably faster (36). The evidence collected in humans refers
to radial artery distensibility (assessed by a beat-to-beat
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ultrasonographic device), which appears to be markedly
increased following the anesthesia of the brachial plexus
(which transiently abolish sympathetic vasoconstrictor
drive) in humans undergoing surgery for a Dupuytren’s
disease (37). Thus, the stiffening influence of the
sympathetic nervous system involves the wall of both
elastic-type and muscle-type arteries and is visible in both
normal and diseased vessels. The mechanism involved is
likely to be smooth muscle contraction, because contracting
muscle tissue is obviously less distensible than relaxed muscle.

Other adverse consequences of autonomic dysfunction in
hypertension should briefly be highlighted. These include an
increase in blood viscosity, due to the elevated hematocrit
level not infrequently displayed by hypertensive patients, and
an alfa-adrenergic-mediated translocation of plasma onto
the interstitium (38). As mentioned above, they also include
a reduction of the myocardial level of the arrhythmogenic
threshold due to the increased heart rate and the reduced
coronary perfusion triggered, respectively, by the parasym-
pathetic inhibition and the sympathetic activation character-
izing the hypertensive state (1).

THERAPEUTIC IMPLICATIONS AND
CONCLUSIONS

The evidence reviewed in this chapter represents the scientific
background for considering sympathetic deactivation a goal
of the nonpharmacological as well as pharmacological anti-
hypertensive therapeutic intervention. Nonpharmacological
interventions trigger, almost univocally (the only exception
being the dietary restriction of salt intake), a decrease in
sympathetic cardiovascular drive, thus representing an useful
approach to be employed in association with pharmacologic
treatment (39). In contrast, the effects of antihypertensive
drugs on sympathetic function appear to be rather hetero-
geneous, some compounds eliciting sympathetic activation
(diuretics, short-acting calcium antagonists), while others
produce sympathoinhibition (Ace-inhibitors, angiotensin II
receptor antagonists, beta-blockers, central sympatholitic

drugs) (39,40). Interestingly, almost invariably the effects of
a given drug on sympathetic function is closely mirrored by its
effects on insulin sensitivity (39), underscoring, once again,
the close cause-effect relationships between the neural and
metabolic alterations characterizing the essential hypertensive
state.
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THE RENIN-ANGIOTENSIN-
ALDOSTERONE SYSTEM

14

Ulrike M Steckelings, Thomas Unger

INTRODUCTION

The renin-angiotensin-aldosterone system (RAAS) is one of
the oldest hormonal systems—no matter if “old” is defined
as phylogenetically old, or if it is defined in the sense of being
discovered a long time ago (1). The first description of a RAAS
component came from Robert Tigerstedt and his student Per
Bergman as early as 1897, when they injected a kidney
homogenate derived from a healthy rabbit to another healthy
rabbit, resulting in a marked elevation in blood pressure
(BP) in the recipient (2). Tigerstedt and Bergman termed the
BP rising substance “renin.” It took decades until, in 1934,
the groups by Eduardo Braun-Menendez in Buenos Aires and
by Irvine Page in Indianapolis coincidentally, but independ-
ently, found that the actual BP rising substance was not renin
itself, but a molecule that was cleaved and activated by renin,
and which is nowadays termed angiotensin II (Ang II) (3,4).

Today, we know that the RAAS represents a cascade of
enzymatic reactions. The huge precursor molecule of Ang II,
angiotensinogen, is cleaved by renin, resulting in the still
inactive decapeptide angiotensin I (Ang I), which is then
further cleaved by the membrane-bound metalloproteinase
angiotensin-converting enzyme (ACE) to give the main effec-
tor hormone of the RAAS, Ang II (Figure 14.1) (1).

COMPONENTS OF THE RENIN-
ANGIOTENSIN-ALDOSTERONE
SYSTEM

ANGIOTENSINOGEN

Angiotensinogen is a glycosylated a,-plasmaprotein with
a molecular weight of 55 to 65 kDa (5). In situ hybridiza-
tion studies indicate that the human angiotensinogen
gene is located on chromosome 1q42-3. It codes for the
angiotensinogen protein, which, in its mature form, is built
from 452 amino acids. Renin cleaves the first 10 amino
acids, which correspond to Ang I.

There is evidence that a variant of the angiotensinogen
gene is associated with increased angiotensinogen plasma
levels and hypertension (5).

The gene encoding the renin precursor preprorenin is local-
ized on chromosome 1q32. Mature renin contains 340 amino
acids and has a mass of 37 kD (6). Renin is primarily released
by the juxtaglomerular apparatus of the kidney. Renin secre-
tion is under tight control of several parameters, such as BP
and blood volume, plasma sodium content, and sympathetic
activation. A tight control of renin release is absolutely nec-
essary, because cleavage of angiotensinogen by renin is the
rate-limiting step in the enzymatic cascade leading to Ang II
synthesis, i.e., the rate of angiotensinogen cleavage is set by
the amount and activity of renin, not by the amount of
angiotensinogen, which is always available in abundance in
the plasma.

ANGIOTENSIN-CONVERTING ENZYME

The gene for ACE has been mapped to chromosome
17923 and translates into a 150 kDa protein, which
belongs to the family of zinc metallopeptidases (7). ACE
cleaves the C-terminal dipeptide His-Leu from Ang I, thus
generating Ang II. But Ang I is by far not the only substrate
of ACE. ACE also metabolizes bradykinin, substance P,
LH-releasing hormone, enkephalines, or the insulin
B-chain. In all these latter cases, cleavage by ACE does not
elicit an activation of the molecule (as with Ang I),
but degradation and inactivation. Thus, inhibition of
ACE activity, which is one of the most common
pharmacological principles in cardiovascular medicine,
not only leads to a decrease in Ang II synthesis, but also to
the accumulation of those molecules, which are physio-
logically degraded by ACE.

A variation in the ACE gene structure was recognized in
1990, consisting of the insertion (I) or deletion (D) of a 250
BP DNA fragment located in intron 16 (8). This so-called
“ACE I/D polymorphism” has been suspected to be associated
with a variety of cardiovascular and noncardiovascular dis-
eases, but, currently, conclusive data pointing to an association
with the I/D polymorphism only exist for diabetic nephropa-
thy and Alzheimer's disease, while reports on most cardio-
vascular phenotypes are still controversial (9). In recent years,
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a number of additional ACE polymorphisms have been iden-
tified, whose functional significance still has to be clarified.

ANGIOTENSIN-CONVERTING
ENZYME 2 (ACE2)

In 2000, the first known homolog of ACE, ACE2, was cloned
(10,11). ACE2 catalyzes the generation of Ang 1-9 from
Ang I and of Ang 1-7 from Ang II (Figure 14.1). It is insen-
sitive to ACE inhibitors. The fact that ACE2 metabolizes Ang
IT to give the vasodilator Ang 1-7 has been interpreted to
mean that ACE2 provides a counterbalance, preventing the
deleterious consequences of the overactivity of the classic
RAAS (12).

Interestingly, ACE2 has recently been identified to be a
receptor for the SARS virus (13).

ANGIOTENSIN 1-7

Ang 1-7 is cleaved from Ang I by various endopeptidases and
from Ang II by ACE2 (14). According to current knowledge
there is a specific receptor for Ang 1-7 termed mas-receptor,
which mediates actions of Ang 1-7 in physiological concen-
trations. These actions comprise growth inhibition of vascular
cells, inhibition of renal tubular Na*-K*-ATPase, thus facil-
itating natriuresis and diuresis, protection from ischemia/
reperfusion injury, antiarrhythmic features, inhibition of
oxidative stress, and anti-inflammation. Ang 1-7 in pharma-
cological and suprapharmacological concentrations may
also bind to the AT1R and even the AT2R.

ROLE OF RENIN AND ACE BEYOND THE
CLASSICAL RAAS CASCADE

In recent years it became clear that the enzymes required for
Ang II synthesis, renin and ACE, do not only serve to gen-
erate Ang II, but additionally act as ligands or receptors,
respectively. Renin (and prorenin) was shown to bind to the
renin receptor (RER).

This RER activation causes a nuclear translocation of
the transcription factor promyelocytic leukemia zinc finger
(PLZF), which acts as a direct adaptor protein of the RER,
and an activation of PLZF-regulated genes, such as the phos-
phatidylinositol-3 kinase (Figure 14.2) (15). In addition, an
activation of the MAP kinases ERK1 and ERK2 was reported
downstream of RER activation (16). Functionally, renin
seems to promote cell proliferation and inhibit apoptosis.
Furthermore, a study in rats transgenic for the human RER
revealed that it may be involved in the regulation of BP and
heart rate (17).

ACE can act as a receptor itself in that the intracellular
tail is phosphorylated upon binding of ACE inhibitors and
bradykinin (but not Ang I) (18). Ligand binding increases
the activity of ACE-associated JNK and elicits the accumu-
lation of phosphorylated c-Jun in the nucleus.

The “new” components of the RAAS described in the last
two chapters—especially the RER—may offer the opportunity
for therapeutical intervention in the future. However, inter-
vention with the “classical” cascade of Ang II synthesis is still
the “gold standard” of RAAS-related cardiovascular therapy.

CIRCULATING AND LOCAL RAAS

Originally, the RAAS has been described as a circulating
endocrine system, with angiotensinogen being released by
the liver, and renin secreted from the juxtaglomerular appa-
ratus of the kidney, both “joining” in the circulation for pro-
cessing of Ang I (19). Ang I then circulates through the body
vasculature, getting almost continuously exposed to and
cleaved by ACE, which is predominantly localized on the
membranes of vascular endothelial cells. Thus, Ang 11 is gen-
erated within the blood and distributed throughout the body,
thereby enabling systemic effects such as vasoconstriction or
aldosterone release. These systemic effects mainly purpose to
raise BP and minimize loss of body fluids. They represent
the body's “emergency kit” in case of a sudden fall in BP, e.g.,
due to massive bleeding or shock from any cause.

Many years after the detection and characterization of the
systemic RAAS, in the early 1990s, the novel concept of so-
called local RAASs arose (20). In the meantime, the expression
of all RAAS components could be demonstrated in a broad
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variety of tissues, indicating local Ang Il synthesis. Part of these
tissues belongs to the cardiovascular system and is involved
in “classical” Ang II actions; these are essentially the blood
vessels, the kidney, and the heart. However, a complete local
RAAS has also been detected in various “unexpected”
locations, e.g., in organs which are not—at least not in first
line—involved in the regulation of BP and volume homeosta-
sis, among them the central and peripheral nervous tissue,
adipose tissue, digestive organs (pancreas, stomach, gut),
skin, and reproductive organs.

ANGIOTENSIN RECEPTORS

Ang II exerts its actions primarily via two receptor subtypes
termed AT1 and AT2 (1). The existence of more than just
one Ang II receptor had long been suspected, but was only
proven in 1989 thanks to the development of ligands specific
for the AT1- or AT2-receptor, respectively. By the time these
receptor subtypes were identified, the scientific community
thought of Ang II as a purely cardiovascular hormone respon-
sible for BP regulation as well as volume and electrolyte
homeostasis. However, it turned out that all of the well-known
cardiovascular actions of Ang II (like, e.g., vasoconstriction,
vasopressin release, Na- and water reabsorption directly and
by aldosterone release) could be attributed to the ATIR—
leaving the AT2Rs physiological role and signaling an enigma
over many years. Only in recent years, evidence has accumu-
lated that the AT2R in many aspects opposes AT1R-mediated
actions (21). Whether this “ying-yang” between AT1R and
AT2R plays an important role for BP regulation has not been
decided yet and may be restricted to certain vascular beds or
only occur under pathological conditions such as hyperten-
sion (22). But the counterplay between the two receptor sub-
types seems definitely important in the context of “new”
Ang IT actions, which have only been detected in recent years,
and which comprise, e.g., the modulation of cell proliferation,
fibrosis, and inflammation (21).

AT1-RECEPTOR

The genetic message for the human AT1-receptor is located
on chromosome 3q22 encoding a 359 amino acid protein
(1). In contrast to humans, rodents possess two different AT1-
receptors termed AT1, and AT1, with the AT1, receptor pre-
dominating in most tissues. The AT1R belongs to the family
of G-protein coupled receptors displaying seven transmem-
brane domains. It is coupled to a great variety of signaling
pathways including activation of phospholipase A, C, or D,
generation of inositolphosphates, opening of calcium chan-
nels or the activation of diverse serine/threonine- and tyrosine-
kinases (1).

AT2-RECEPTOR

The AT2R gene is located on the X chromosome and was
mapped to the Xq22-q23 region. It is build from three exons,
but the region encoding the AT2R protein (a 363 amino
acids molecule) is exclusively located on exon 3 (1). Like
the AT1R, the AT2R also represents a G-protein-coupled seven-
transmembrane glycoprotein. It signals via specific binding

proteins (ATIP, PLZF), activation of various phosphatases,
activation of the cGMP/nitric oxide (NO) system, and stim-
ulation of phospholipase A2 (23). However, human ATIR
and AT2R share only 34% homology, and they differ pro-
foundly with respect to tissue distribution, signaling, and
functions.

LOCALIZATION OF ANGIOTENSIN RECEPTORS

Localization and proportion of AT1R and AT2R undergo
profound changes in the course of development from early
gestation to adulthood. While the AT2R predominates in
embryonic and fetal tissues, the AT1R/AT2R ratio changes dra-
matically after birth in favor of the AT1R (21). Consequently,
in the adult organism, the AT1-receptor is abundantly expres-
sed in most tissues, while AT2R expression is restricted to
certain locations or only occurs in case of tissue injury or
remodeling. In the heart, AT1R and AT2R are localized on
cardiomyocytes, while normal cardiac fibroblasts appear to
possess AT1R only, but have the ability to recruit AT2R in case
of pathological condition, e.g., myocardial infarction or con-
gestive heart failure (1,20). There is still controversy about
AT1R and AT2R expression in the blood vessel wall in vivo.
While in vitro both receptor subtypes are found in endothe-
lial cells, but only the AT1R in vascular smooth muscle cells
(VSMC), VSMC may express both subtypes in vivo. A lower
number of AT1R is also found in the adventitia (1,20). In
the kidney, the main structures of AT1R expression comprise
the interlobular arteries and the surrounding fibrous tissue, the
glomeruli, and the cortical tubules, while the AT2R is found
in large preglomerular vessels and in the interstitium (1,20).
Angiotensin receptor expression in the brain varies substan-
tially between certain nuclei, but, in the vast majority of
nuclei, the AT1R predominates. Since the cerebral expression
pattern of AT1R and AT2R is very complex, the reader is
referred to review articles addressing this topic (24,25). For
various structures of the peripheral nervous system, such as
ganglia, the vagus nerve, intracardiac conduction systems,
enteric nerves, or presynaptic membranes of various locations,
the presence of AT1R has been demonstrated. In contrast,
AT2R expression in peripheral nerves is only rarely described
and seems to be weak or not existent (1,20). However, there
is strong evidence for an upregulation and functional role of
AT2R in neuronal regeneration (26-28). In adrenals, the
AT1R is primarily found in the zona glomerulosa, while
the AT2R is preferentially located in the medulla (29). Both
angiotensin receptors are also present in female and male
reproductive organs, such as the uterus, fallopian tubes,
epididymis, testes, and mature or immature spermatic cells
(1,20). The uterus represents one of the very few organs in
which the AT2R is expressed in much higher density than
the AT1R. During pregnancy, AT2R density decreases by
more than 90%. Coincidentally, AT1R density is progres-
sively increasing in the trophoblast and placental vascula-
ture with gestational age. In testes, epididymis, and sperm,
the AT1R is the dominating receptor or the only subtype
described. Various cells and structures of human skin are
targets of Ang Il actions via both AT1R and AT2R, namely ker-
atinocytes, dermal fibroblasts, dermal microvascular endothe-
lial cells, hair follicles, and sebaceous glands, with the AT1R
predominating in all of these locations in healthy skin (30).
Most organs of the digestive tract also host AT1R and AT2R,
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among them salivary glands, intestine, and pancreas. In
both, white and brown adipose tissue, the AT1R is present
most abundantly. Interestingly, angiotensin receptors have
also been demonstrated on white blood cells (mononuclear
leukocytes, macrophages), which can act as a kind of
“mobile” RAAS, accumulating at places of injury and
inflammation.

Other organs displaying AT1R and AT2R comprise the
lung, retina, spleen, thymus, and liver.

PHYSIOLOGICAL AND
PATHOPHYSIOLOGICAL ACTIONS OF
ANGIOTENSIN II

PHYSIOLOGICAL ACTIONS

Since angiotensin receptors mediate a wide variety of actions
depending on receptor subtype, tissue, or species, we con-
centrate in this chapter on their cardiovascular actions in
health and disease, with an emphasis on hypertension.

One of the major physiological functions of Ang II consists
in the control and maintenance of adequate BP. This is
achieved by a row of independent mechanisms, one of them
the control of vascular tone.

Vascular tone is determined by a counterplay of endothe-
lial cells and VSMC. In this context, the AT1R directly mediates
the contractile response of VSMC via activation of phospho-
lipase C and an increase in intracellular Ca-concentrations
(31). Endothelial cells are capable of promoting vasodilation
by synthesis of NO, which can penetrate into VSMC, where
it initiates cGMP generation, thus stimulating protein kinase
G, leading to a decrease in cytoplasmatic calcium. AngII, via
the AT2R, has been shown to induce NO synthesis. However,
data about whether the AT2R mediates vasodilation are still
controversial, and current evidence suggests that it may be
restricted to certain vascular beds and/or depend on the BP
status (22).

Apart from its direct effect on vascular tone, Ang II also pro-
motes vasoconstriction by facilitating noradrenalin release
from vascular nerve endings and by improving the respon-
siveness of VSMC to noradrenalin (32).

Control and maintenance of adequate BP are furthermore
acquired by modulation of extracellular fluid volume. Ang I1
plays a major role in volume and electrolyte homeostasis by
its numerous actions on kidney function. For example, Ang II
can directly modify the glomerular filtration rate by con-
stricting efferent and afferent arterioles (33). In addition,
Ang II is able to facilitate sodium retention by direct effects
in the proximal tubule or by indirect effects such as decreased
medullary blood flow or an enhanced filtration fraction.
Ang II induced aldosterone release from the adrenal repre-
sents another mechanism contributing to sodium and water
retention. All these renal effects are mediated via the AT1R
(1,20). Data about AT2R actions in the kidney are still rare.
There is some recent evidence that it may inhibit prorenin
processing in the juxtaglomerular apparatus, thus counterac-
ting the short-loop negative-feedback inhibition of renin
secretion via the AT1R (34).

Central actions of Ang II, such as vasopressin release or
stimulation of thirst, and sodium intake additionally con-
tribute to the maintenance of extracellular fluid volume.

PATHOPHYSIOLOGICAL ACTIONS IN
HYPERTENSION AND RELATED
END-ORGAN DAMAGE

While the above-stated actions of Ang II on blood vessels,
kidneys, and the brain serve to maintain adequate BP and
extracellular fluid in times of sodium depletion (a problem
our early ancestors were more confronted with than present-
day populations) or fluid (blood) loss, an excess of circulating
or local AngII or an overreactivity of the RAAS have deleterious
effects and contribute to hypertension and related end-organ
damage.

For some forms of secondary hypertension, the activation
of the RAAS is an obvious and well-examined pathophys-
iological mechanism (35). For instance, in case of reduced
renal perfusion pressure as a result of renal artery stenosis
or parenchymal disease (e.g., chronic glomerulonephritis or
pyelonephritis, polycystic renal disease, connective tissue
disorders), renin secretion from the juxtaglomerular appara-
tus is increased, resulting in elevated plasma Ang Il levels. The
pathophysiological role of the RAAS in essential hypertension
is less obvious (19). The most prominent hint toward a
dysregulation of the RAAS in essential hypertension comes
from the observation that, in the majority of hypertensive
patients, renin levels are either normal or upregulated, and,
although reduced renin levels would be expected as a reaction
to increased renal perfusion pressure, only about one third of
patients display low renin levels (36). Several suggestions
have been made to explain what causes these “inappropri-
ately” high levels of renin: (a) increased sympathetic drive,
(b) nephron heterogeneity with a subpopulation of ischemic
nephrons responsible for increased tonic renin release, and
(c) defective feedback regulation of RAAS activity in kidneys
and adrenals in response to varying levels of sodium intake.

Hypertension is one of the most relevant risk factors for
cardiovascular morbidity and mortality due to its deleterious
effects on end-organ structure and function (37). It is well
established for most affected tissues that an activated RAAS
contributes to hypertension-related end-organ damage (38).
The vasculature reacts to chronically elevated BP levels with
remodeling of the vascular wall, leading to an increased
media-to-lumen ratio (38). This growth-promoting effect of
Ang II can be largely attributed to the activation of growth
factors such as PDGE VEGE or bFGF by Ang II (37). However,
there is more to vascular end-organ damage than just hyper-
trophy. Ang II via the AT1-receptor stimulates NAD(P)H oxi-
dases, resulting in the production of reactive oxygen species
(ROS) and increased oxidative stress (39). NO, a major
vasodilator and vasoprotective agent, reacts strongly with
the superoxide anion O,~, thus loosing bioactivity (40).
Furthermore, the powerful oxidant ONOO~ emanates from
this reaction. Oxidative stress and ROS production is nowa-
days considered to be a stimulus for local inflammation and
fibrosis via activation of key transcription factors, such as
NF-kappaB and AP-1, followed by an enhanced transcrip-
tional rate of various cytokines, chemokines, adhesion factors,
and—again—growth factors (41). Direct stimulation of NF-
kappaB and AP-1 by Ang Il itself may further add to this effect
(42). While the arising inflammatory response contributes to
the higher susceptibility of hypertensive patients for develop-
ing atherosclerosis and cardiovascular disease, vascular fibro-
sis is the major determinant of arterial stiffness.
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Regarding Ang II actions in the heart, it is well docu-
mented that Ang Il via the AT1R promotes cardiac hypertro-
phy, which is mainly due to cardiomyocyte hypertrophy (43).
Cardiac hypertrophy develops as a reaction to chronically ele-
vated intracardiac pressure (due to hypertension, or as a
result of stenosis of the cardiac valves or the big, afferent
blood vessels). Cardiac hypertrophy is a compensatory mech-
anism, which in earlier stages preserves cardiac function.
However, an excess of hypertrophy leads to decompensation,
resulting in cardiac failure and increased mortality (44).
Several mechanisms lead to a deterioration of cardiac func-
tion due to enhanced Ang II production, among them
impaired diastolic calcium handling (45), cardiac fibrosis
(46), impaired diastolic relaxation due to disturbed sar-
coplasmic reticulum calcium pump activity (47), and also
arrhythmias (48).

The role of the AT2R in cardiac hypertrophy is a current
matter of intense debate, and it has not been decided yet
whether it inhibits or promotes hypertrophy, or which specific
conditions make it act in one or the other way (49).

Renal damage is a frequent long-term consequence of
hypertension (50). It is characterized by renal arteriolar thick-
ening, fibrinoid deposition into the glomeruli, and accom-
panied by an inflammatory response and proteinuria (51).
Ang II is involved in the pathogenetic mechanisms by its
growth-promoting, proinflammatory, and profibrotic fea-
tures as discussed above. Furthermore, fibrinoid deposition
is facilitated by leakage of renal microvessels (52). Ang II
seems to promote leakage of microvessels in the kidney
and other organs (e.g., in retina or heart) via increased VEGF
expression (53).

Stroke represents the most frequent cardiovascular event
caused by hypertension. It is either caused by intracranial
haemorrhage or by cerebral infarction, the latter being a con-
sequence of atherosclerotic plaque formation in arteries nour-
ishing the brain or of embolism of cardiac origin (54).

THERAPEUTICAL INTERVENTION
WITH THE RAAS

Therapeutical intervention with the RAAS is discussed in
detail in the following chapters of this book. In brief, there are
two main mechanisms by which the RAAS can be inhibited:
either by inactivation of the enzymes responsible for Ang II
generation, or by blockade of the angiotensin AT1-receptor
(Figure 14.3) (55). ACE inhibitors have been the first devel-
opment in this row of RAAS interfering drugs (56). Originally,
they were thought of as therapeutics for hypertensive patients
with an activated RAAS and high renin plasma levels. However,
it soon turned out that they were also effective in essential hyper-
tension. Moreover, in parallel with growing scientific knowl-
edge about Ang II actions beyond BP regulation—in this
context, those actions involved in the development of end-
organ damage, such as inflammation, cell proliferation, or
fibrosis, have to be stressed—clinical data revealed that ACE
inhibitors have the potential to prevent end-organ damage
by mechanisms exceeding the reduction of BP (57). The same
additional effectiveness was found to be a feature of one of the
more recent developments among RAAS interfering drugs:
AT1R-blockers (ARBs) (57). Both drugs, ACE inhibitors and
ARBs, act by diminishing Ang II actions mediated by the AT1
receptor—ACE inhibitors by reducing the amount of
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Fig. 14.3 Therapeutic intervention with the
renin-angiotensin-aldosterone system.

stimulating Ang II, ARBs by direct receptor blockade.
Furthermore, both drugs display additional mechanisms of
action: ACE inhibitors by accumulation of bradykinin, thus
stimulating bradykinin actions such as increased NO syn-
thesis, ARBs by facilitating the activation of unblocked AT2-
receptors by Ang II.

Another way to prevent Ang II synthesis would be to
inhibit renin activity. A respective drug termed Aliskiren was
approved by the FDA in March of 2007 (58). Whether renin
inhibition holds advantages over the current concepts of
RAAS inhibition will have to be decided in future clinical
trials.

Last but not least, there is a current renaissance of the
aldosterone antagonists spironolactone and the more
recently developed eplerenone, the latter having higher speci-
ficity for the mineralocorticoid receptor, resulting in less side
effects (59). Two recent large clinical studies provided evi-
dence that both drugs are capable of reducing mortality in
heart failure patients (60,61).

Taken together, the RAAS is one of the major determinants
in the pathogenesis of hypertension and related end-organ
damage. Consequently, several current and future therapeutic
approaches aim to inhibit the synthesis of the main effector
hormone, Ang 11, or they prevent the stimulation of AT1R.
However, the RAAS also harbors its own opponents, which
in many cases apparently counteract the detrimental actions
mediated via the AT1R; the main opponents being the AT2-
receptor, ACE2 and Ang 1-7. Whether stimulation of this
integrated counteracting system may be a novel therapeutic
option will have to be clarified in the future.
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ETIOLOGICAL AND
PATHOPHYSIOLOGICAL ASPECTS
HYPERTENSION: OTHER
HUMORAL-ENDOCRINE FACTORS

OF

INTRODUCTION

The physiological regulation of blood pressure (BP) is a very
complex interplay between cardiac, vascular, renal, neural,
and endocrine factors modulated by genetic and environmen-
tal factors. Thus, hypertension which, is a disorder character-
ized by a sustained increase in BP above a predefined normal
range of values, can result from any imbalance between these
regulatory mechanisms. Numerous humoral and endocrine
factors have an impact on BP and, hence, have been con-
sidered as potential pathophysiological causes of hyperten-
sion. Among them, the sympathetic nervous system and the
renin-angiotensin-aldosterone system (RAAS), which are
discussed in the two preceding chapters, play a pivotal role in
the regulation of vascular tone, and an inappropriate activity
of these systems definitively contributes to the development
and maintenance of secondary forms of hypertension, such as
renovascular hypertension, primary hyperaldosteronism, or
hypertension secondary to a pheochromocytoma. However,
besides these two major systems, several other hormones and
vasoactive substances affect BP control and may lead to
hypertension either through a direct effect on the vasculature
or by interfering with the renal handling of sodium. In many
cases, these hormones also interact with the RAAS and the
sympathetic nervous systems. As an increase in BP can result
from an increased activity of vasoconstrictor systems, as well
as from a decreased activity of vasodilating factors, this
chapter discusses the humoral and endocrine factors, which
promote or prevent sustained increases in BP, and thereby
may contribute to the etiology of hypertension.

ENDOTHELIN

Endothelin (ET) is a very potent endogenous vasoconstrictor
produced by the endothelium and identified by Yanagisawa
etal. in 1988 (1). There are three isoforms of ET (i.e,, ET-1, -2,
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and -3) but ET-1 is the only relevant peptide in humans. ET
is derived from proendothelin, which is cleaved into a big-
ET, and then converted to the active ET-1 by an ET-converting
enzyme. Several stimuli induce ET release by endothelial
cells, including shear stress, thrombin, angiotensin II,
vasopressin, catecholamines, and hypoxia. (Figure 15.1) (2).
The effects of ET are mediated by two receptors, i.e., the ET-A
and ET-B receptors. The ET-A receptor is widely distributed
and is the principal receptor located on vascular smooth
muscle cells and cardiomyocytes. In these cells, activation of
ET-A receptors leads to an activation of phospholipase C, an
increase in intracellular calcium, and, hence, to cell contrac-
tion. The ET-B receptor is located on both vascular smooth
muscle and endothelial cells. In endothelium cells, activation
of ET-B receptors releases vasodilating substances, such as
nitric oxide (NO), prostacyclin (PGI,), and adrenomedullin.
In the vasculature, activation of the ET-B receptor induces
vasoconstriction.

If vasoconstriction is the hallmark of ETs action, several
other biological properties of ET have been described. Thus,
renal function appears to be particularly responsive to the
effects of ET (3). Administration of low doses of ET-1 in ani-
mals and humans has been shown to decrease glomerular
filtration rate (GFR) and renal blood flow (RBF) through the
stimulation of vascular smooth muscle cells and contraction
of mesangial cells and to reduce urinary sodium excretion.
Similarly, overexpression of ET in the mice kidney has been
associated with the development of glomerulosclerosis, inter-
stitial fibrosis and the development of renal cysts but not
hypertension suggesting a role of ET in the development of
some renal diseases independently of the hypertensive effect
(4). These effects appear to be mediated by the activation of
ET-A receptors. However, ET-1 can also lower BP and produce
a natriuretic response through the activation of ET-B receptors,
which have been localized on renal tubular epithelial cells (5).
ET has also been found to have a vasodilatory effect on the
renal medulla mostly evident on a high sodium intake (6).
Recent data suggest that the renal medullary ET system is
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Stimuli: shear stress, thrombin, angiotensin Il, vasopressin, epinephrine, hypoxia
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Fig. 15.1

The endothelin system and its multiple effects. Abbreviations: ANP, atrial natriuretic
peptide; ET, endothelin; GFR, glomerular filtration rate; Na, sodium; NO, nitric oxide; RAAS,
renin-angiotensin-aldosterone system; RBE renal blood flow.

Release of NO

important for BP regulation. Interestingly, in line with this
observation, transgenic rats deficient in ET-1, specifically in
the collecting duct, develop hypertension (7). In the normal
heart and in isolated cardiomyocytes, ET-1 had positive
inotropic and growth-promoting effects (8). At the vascular
level, ET may contribute to the remodeling of small and large
arteries (9).

Experimental data have demonstrated that ET-1 interacts
very closely with NO via activation of ET-B receptors on
endothelial cells. Indeed, ET-1 promotes the release of NO
and thereby maintains a balance between the vasodilatory
effect of NO and the vasoconstrictor effect of ET-1 itself (10).
Thus, in all tissues, the vasoconstrictor effects of exogenous
ET-1 are significantly enhanced when NO production is inhib-
ited. There is also a close interaction between ET and the
RAAS (11,12). Angiotensin II enhances the wvascular
responsiveness to exogenous ET-1 and increases the release of
ET-1 and the expression of preproendothelin in endothelial
cells. Some of the effects of angiotensin II on cardiac tissue
may actually be mediated by ET-1. In the heart, ET-1 has been
found to stimulate aldosterone synthesis (13).

The role of ET as a potential pathophysiological cause of
hypertension has been suggested using several experimental
and clinical approaches. In rats, knockout of the ET-B recep-
tor is associated with the development of severe salt-sensitive
hypertension (14). In humans with essential hypertension,
plasma ET levels are usually not elevated except in Afro-
Americans (15). However, circulating concentrations of ET
may not necessarily reflect the tissue concentrations because
ET acts as an paracrine/autocrine system. Nonetheless, ele-
vated circulating concentrations of ET have been reported
in some human and experimental forms of hypertension,
such as the mineralocorticoid-induced and renovascular
hypertension in the rat and hypertension in renal transplant
patients and patients with diabetes or chronic renal failure

(16). There is increasing evidence that ET may play a role in
the development of hypertension in eclampsia (17).

The best demonstration of the role of ET in hypertension
in humans has come from the use of selective ET antagonists.
Indeed, in recent years, several selective and nonselective
nonpeptide antagonists of ET-A and ET-B receptors have
been developed and investigated. In mild to moderate
hypertensive patients, the dual ET-A and ET-B receptor
antagonist bosentan (500 to 2000mg) lowered BP as
effectively as the angiotensin-converting enzyme inhibitor
(ACEI) enalapril (20mg) (18). Similarly, a significant
decrease in BP was found with a selective ET-A ET receptor
antagonist (19).

NITRIC OXIDE

Besides ET, endothelial cells are also producing NO, a potent
vasorelaxant factor, which contributes to the local regula-
tion of vascular tone. NO is formed by the enzyme nitric oxide
synthase (NOS) from the amino acid 1-arginine (20). Once
formed, NO diffuses to the underlying vascular smooth
muscle cells, activates soluble guanylate cyclase (SCG) and
produces a vasorelaxation. Three forms of NOS have been
described: a neuronal NOS present in neural cells, an inducible
NOS (iNOS), and an endothelial NOS (eNOS). In the ves-
sels, NO is released from endothel