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Preface

A wealth of information has accumulated on the subject of hypertension, and the number of publications dedicated to topics

in this field of study continues to increase. It has become nearly impossible for medical professionals to absorb all of the

diverse information and to gather the information into a coherent theoretical concept and practical approach to treating the

disease, even for those of us who are actively involved in this research specialty on a daily basis. It becomes a still greater

challenge for the many health care providers whose primary focus is clinical practice or for scientists who are doing

research in basic science but whose work is relevant to the subject of hypertension.

Our goal for Hypertension: Principles and Practice has been to compile and present information about the most relevant

underlying principles of hypertension and apply them to clinical practice. It takes facets of basic research and applies these

concepts to bedside management. This concomitant emphasis on principles and practice confers a novel and distinctive

quality to the book.

This reference is designed for use by primary care physicians, cardiologists, endocrinologists, nephrologists, vascular

specialists, hypertension specialists, pharmacologists, scientists, nurses, students, and others, who want to obtain accurate,

comprehensive, and up-to-date information on all aspects of hypertension in an attractive and easily readable format. The

editors, contributors, and publisher envision this book as a new international platform for up-to-date information for the

interested reader.

KEY FEATURES OF THE BOOK INCLUDE:

. A concomitant emphasis on principles and practice. Emphasis on the clinical aspects and patient management as well

as on the molecular, biological, physiological, pathophysiological, and pharmacological aspects of hypertension.

. Authoritative, up-to-date, accurate, and evidence-based information.

. Organization to permit interconnection of various disciplines.

. Keypoints and summary sections at the beginning of each chapter to assist the reader in locating specific information

of interest and in gaining an understanding of the scope of research in hypertension.

. Illustrations, algorithms, tables, and charts to clarify key data and relationships.

. Content provided by distinguished, well-established authors, drawn from all disciplines and from different areas of

the world to ensure comprehensive and balanced international coverage.

The editors and publisher have worked intensively to give this book, written by many distinct authors, the tenor of one

voice. Still, not all overlaps have been eliminated. Furthermore, we would like this book to evolve further and invite you,

the reader, to provide us with feedback to prepare future editions.
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Acknowledgments are due to Claudia Weiss, Basel (Switzerland), who skillfully and energetically organized the admin-

istrative processes required for the editing of the book. Without Claudia, the book would not have seen the light of the day.

Many thanks are also due to our technical writer, Sigrid Strom and her colleagues, Seattle, Washington (USA), who expertly
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Finally, we hope that Hypertension: Principles and Practice will serve our many hypertension patients by supporting

their health care providers with a useful and comprehensive source of accurate information and education for daily use.
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George L. Bakris, MD

iv Preface



Part A: History, Definitions, and Epidemiology



Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . iii

Contributors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ix

Part A: History, Definitions, and Epidemiology

1. History of Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

Lawrence R. Krakoff

2. Definition and Classification of Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

Giuseppe Mancia, Guido Grassi

3. Epidemiology of Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

Gilbert R. Kaufmann

Part B: Etiology, Physiology, and Pathophysiology

4. Genetics of Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Stephen J. Newhouse, Sabih M. Huq, Ganesh Arunachalam,

Mark J. Caulfield, Patricia B. Munroe

5. Hemodynamics, Circulation, and the Vascular Tree in Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67

Michel E. Safar

6. Vascular Remodeling in Hypertension . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Rok Humar, Therese Resink, Edouard J. Battegay

7. Vascular Function in Hypertension: Role of Endothelium-Derived Factors . . . . . . . . . . . . . . . . . . . . . . . . . . 99

Lukas E. Spieker, Thomas F. Lüscher
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Pavia, Italy, and Clinica Medica II, IRCCS S. Matteo, Centro Interuniversitario di Fisiologia Clinica e Ipertensione,

Milano, Italy

Gabriela B. Gomez Department of Community Health Sciences, St. George’s Hospital Medical School, London, UK

Joey P. Granger Department of Physiology and Biophysics, University of Mississippi Medical Center, Jackson,

Mississippi, USA
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Thomas F. Lüscher Department of Cardiology, University Hospital, Zürich, Switzerland
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KEYPOINTS

. Before 1967, hypertension became well defined, but

without an effective treatment.

. Since 1967 effective and highly beneficial drug

treatment has evolved.

. Recent advances have been made in characterizing

both high risk hypertensive phenotypes and specific

causative genetic mutations.

. Computer technology for characterization of

daily average blood pressure and its variation has

made a major clinical contribution to care of

hypertensives.

SUMMARY

The history of hypertension can be divided into two eras:

the pretreatment era (before 1967) when the pathology and

pathophysiology of hypertension were defined and the

treatment era which established the benefit of drug

therapy for hypertension. Clinical trials and meta-analyses

have firmly established to extraordinary value of modern

antihypertensive treatment. Advances in genetics have

led to full characterization of several rare causes of hyper-

tension. Progress in the technology of blood pressure

measurement, specifically 24 h blood pressure monitoring

has substantially improved the diagnosis of hypertension

and the risk of average blood pressure for cardiovascular

disease.

I. INTRODUCTION

Hypertension, as a specific concept, entered the language

of medicine in the 19th and early 20th centuries. Hyperten-

sion, high arterial pressure, was associated initially with

chronic renal disease and only later recognized as a

more widespread trait in healthy individuals that was a

predictor of cardiovascular disease and renal disease.
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During the first 120 years of hypertension research

(from the 1840s to 1965) basic and clinical research

defined the following:

. Many of the mechanisms that increase arterial

pressure.

. The natural history of untreated hypertension from

normal health to cardiovascular disease.

. Many causes of secondary hypertension.

. Set the stage for recognizing potential therapy

through drug treatment.

. Effective drugs first became available in the 1950s.

This chapter selectively summarizes the history of

hypertension over the past 40 years. The focus is on the

major advances in therapy as expressed in the randomized

clinical trials. The early trials established unequivocally

that drug therapy of hypertension is highly effective in

the prevention of fatal and nonfatal cardiovascular

disease. However, only a few drug classes were available

in the 1950s. Since then, innovative research in pharma-

cology has provided several valuable drug classes with

unique therapeutic properties and fewer adverse reactions.

Long-acting formulations for once-daily administration

have been introduced to enhance adherence to drug treat-

ment regimens. During the past decade, the results of clini-

cal trials suggest that some antihypertensive drugs prevent

cardiovascular disease, independent of their effect in redu-

cing blood pressure. Recent progress in the science of

hypertension includes the following:

. Recognition of systolic hypertension as a target for

beneficial treatment.

. Definition of the metabolic syndrome, which associ-

ates the risk of increased blood pressure with insulin

resistance and with the deleterious patterns of lipid

metabolism.

. Complete genetic characterization of several rare

forms of secondary hypertension.

. Recognition of new regulators of vascular control.

. Modern technology that is miniaturized and compu-

terized for measurement of blood pressure outside

the clinic (ambulatory blood pressure monitoring),

which may soon become the gold standard for

clinical assessment.

Overall, the recent history of hypertension is one of extra-

ordinary progress in translating basic and clinical science

to highly effective medical therapy, with reduction of the

cardiovascular disease burden in the developed world.

II. THE PRETREATMENT ERA

Hypertension, defined as increased systemic arterial blood

pressure, is now widely accepted as a correctable cause of

cardiovascular and renal diseases. The treatment of hyper-

tension through the prescription of antihypertensive drugs

has become an integral and necessary part of modern

medical therapy. This contemporary view of hypertension

was not always recognized by medical science. In fact,

drug treatment for hypertension was considered as a

poorly conceived therapeutic adventure with more poten-

tial for harm than benefit, until the availability of decisive

clinical trials in the 1960s and 1970s.

In 1964, Sir George Pickering (Fig. 1.1) described, in

elegant and comprehensive detail, the history of hyperten-

sion as a concept in medicine, from its original description

as Bright’s disease until his own chapter was written in the

early 1960s (1). Pickering’s own research established that

high arterial pressure was a widely distributed finding,

best interpreted as a multifactorial trait that was unlikely

to be due to a small number of genetic or environmental

causes (2).

A more recent monograph describes many of the his-

torical features of hypertension from various perspectives

(3). This account and Pickering’s chapter summarize

nearly all of the relevant clinical descriptions, epidemio-

logy, pathology, and pathophysiology that provided a

scientific rationale for the progress was to follow.

Several of the important milestones for the early history

of hypertension, as identified by Pickering and Postel-

Vinay, are listed in Table 1.1.

Many of the mechanisms that were suspected of being

factors in hypertension were defined. In addition, it had

become evident that hypertension, especially very high

diastolic arterial pressure, was strongly associated with

the development of cerebral hemorrhage, acute pulmonary

Figure 1.1 Sir George Pickering, one of the first researchers to

recognize that hypertension is a trait, rather than a specific

disease. His insights regarding the distribution of blood pressure

in populations and in families dispelled the idea of simple genetic

or environmental causes of hypertension and led to recognition of

the multifactorial nature of essential hypertension.
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edema, hypertensive encephalopathy, and a form of

rapidly progressive renal failure which is a result of malig-

nant (fibrinoid) nephrosclerosis. A dramatic example of

the devastating course of untreated severe hypertension

is provided by the medical description of the final years

of the American President, Franklin D. Roosevelt, who

died “unexpectedly” of a cerebral hemorrhage in April

1945. He was hypertensive for many years, but in the

months preceding his death, a rapid and relentless increase

in his pressure was recorded, with systolic blood pressure

measurements well above 200 mmHg. A writer has specu-

lated that Roosevelt, a heavy smoker, may have had ather-

osclerotic renal artery stenosis as the cause of his

accelerated course (4). There was no effective or trusted

treatment available in the 1940s for severe hypertension,

nor was there widespread knowledge of renal artery steno-

sis. Tests to detect renovascular hypertension and the use

of unilateral nephrectomy, as an attempted cure for this

condition, were not reported until the 1950s (5).

Advances in the pharmacology of drugs that lower sys-

temic arterial pressure paralleled or followed discoveries

in the pathophysiology of hypertension. The approximate

dates, when various classes of antihypertensive drugs

were discovered or became available, for clinical assess-

ment are shown in Table 1.2. It is notable that by 1965,

several effective and reasonably tolerable drugs, represent-

ing distinct drug classes, were available for implemen-

tation in controlled trials. This table also shows the

drugs and dates of discovery that would become incorpor-

ated in modern antihypertensive drug therapy and in the

important clinical trials conducted in the years to come.

The natural history of severe hypertension (diastolic

pressures .130 mmHg) and malignant hypertension was

well known and recognized by the 1950s, so aggressive

and high-risk treatments to lower arterial pressure were

assessed openly in small series and seemed to promise

benefit. The therapies that were studied included the use

of the drugs that were then available, such as ganglionic

blocking agents; and a surgical approach, the thoraco-

lumbar sympathectomy. In selected cases, where renal

artery stenosis could be established, unilateral nephrec-

tomy or renal artery bypass surgery were undertaken.

Although an occasional patient responded surprisingly

well to these interventions, there remained enough skepti-

cism, on the basis of bad outcomes and theoretical con-

siderations, to prevent acceptance that treatment of

Table 1.1 Important Discoveries for Hypertension Before the

Era of Treatment

Discovery

Date and who

made discovery

Bright’s disease that linked arterial

hypertension to renal pathology and

left ventricular hypertrophy

1844, Bright

Initial measurement of arterial pressure

and description of essential hypertension

(without Bright’s disease)

1874, Mahomed

Discovery of renin 1898, Tigerstet

Discovery of adrenalin 1895, Oliver

and Schafer

Secondary hypertension—

pheochromocytoma

1912, Pick

Histopathology of hypertension and

arterial disease, malignant and benign

nephrosclerosis

1914, Volhard

and Fahr

Secondary hypertension—Cushing’s

syndrome

1932, Cushing

Role of renal artery stenosis, reno-vascular

hypertension in experimental animals

1934, Goldblatt

Secondary hypertension—Conn’s

syndrome

1955, Conn

Noradrenaline, the sympathetic

neurotransmitter

1955, Von Euler

Angiotensin II, the active peptide of

the renin system

1955, Peart

Aldosterone 1953,

Simpson et al.

Link between renin and aldosterone 1958–1960,

Gross, Davis,

Genest, Laragh

Role of structural change in arterioles 1970s, Folkow

Source: Pickering (1) and Postel-Vinay (69).

Table 1.2 Discovery of the Antihypertensive Drug Classes

Drug class or type

Date of

discovery or

characterization

Reserpine, a central and peripheral

catecholamine depletory

1931

Thiazide-type diuretics 1958

Hydralazine, a primary arteriolar

vasodilator

1950s

Guanethidine 1950s

Spironolactone 1957

Methyldopa 1960

Beta-receptor blockers (e.g.,

propranolol)

1973

Central alpha2 agonists (e.g., clonidine) 1970s

Alpha1 receptor blockers (e.g.,

prazosin)

1975

ACE inhibitors (e.g., captopril) 1977

Calcium channel blockers (e.g.,

verapamil and nifedipine)

1977

Angiotensin receptor blockers

(e.g., losartan)

1993

Source: Oates (77).
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severe hypertension would be beneficial on a more wide-

spread basis. Less severe hypertension was associated

with cardiovascular disease at this time, but causal

relationships were unclear. Did hypertension cause athero-

sclerotic vascular pathology? Or did the pathology

cause hypertension? There were some who predicted that

lowering blood pressure with drugs might worsen the

outlook rather than improve it.

This chapter summarizes the history of hypertension, as

a target for therapy, and for selected recent advances.

Owing to restrictions on the length of the chapter, not

every important discovery has been included, nor have the

topics selected been developed in great detail. Rather this

is a limited survey that will hopefully prompt others to con-

sider the rich and diverse history of hypertension and related

cardiovascular disease that needs to be explained in detail.

III. EARLY CLINICAL TRIALS 1967–1990,
DIASTOLIC HYPERTENSION

Skepticism in the 1960s that antihypertensive treatment

could be beneficial for most hypertensive patients was

countered, conceptually, by the emergence of a set of rela-

tively safe drugs that lowered blood pressure and might

therefore be tested for effectiveness in preventing cardio-

vascular disease by treating hypertension, itself. These

considerations set the stage for a rigidly controlled,

blinded, and randomized clinical trial, conducted within

the Veterans Administration hospital system of the

United States which compared a placebo with active anti-

hypertensive medications. Largely designed and super-

vised by Edward Fries (Fig. 1.2), the Veterans

Administration trial for treatment of severe hypertension

(diastolic pressures �115 mmHg) caused an irreversible

increase in optimism concerning active treatment.

Within 2 years after starting the trial, the group receiving

the active drug treatment that lowered pressure had a

highly significant reduction in occurrence of strokes,

aortic dissection, and progression to the malignant phase

of hypertension, when compared with the group that

received the placebo. Physicians now knew that drug

therapy could prevent death and disability for relatively

asymptomatic patients who were at very high risk for

fatal or devastating cardiovascular disease (6). Shortly

thereafter, a second Veterans’ Administration trial that

used a similar design and similar medications, but

included patients with diastolic pressures in the range of

90–114 mmHg, once again clearly demonstrated the

benefit of antihypertensive drug therapy, especially for

patients with a diastolic blood pressure �105 mmHg

(7,8). The antihypertensive drugs employed in these pio-

neering trials were reserpine, chlorthazide, hydralazine,

and guanethidine, and they were most often administered

together in varying combinations.

By 1975, the treatment of hypertension by using drug

therapy that was directed to the reduction of arterial

pressure had passed the test for a “proof of principle”.

Antihypertensive drug treatment lowered blood pressure

and prevented fatal and nonfatal events that were clearly

identified as complications of very high blood pressure.

Epidemiologists had already recognized that less severe

hypertension, defined as diastolic pressures in the range

90–105 mmHg, was associated with the development of

cardiovascular disease, especially coronary heart disease

and thrombotic stroke. However, patients with these

events often had, as the presumed basis for their outcomes,

atherosclerosis of the large arteries. The role of hyperten-

sion as a cause of atherosclerosis and its thrombotic com-

plications was less certain than its mere association or

predictive value. Would antihypertensive drug treatment

alter the course of events in those patients with blood

pressures above normal, but whose blood pressures were

not in the range studied by the Veterans Administration

trials? This question was posed by the designers of ran-

domized clinical trials in the United States (9,10),

Europe (11–13), and Australia (14). Although they dif-

fered in many respects, all of these trials used the diastolic

blood pressure as the entry criterion and focused on stroke

as the primary outcome measure. However, coronary heart

disease (fatal or nonfatal myocardial infarction) was con-

sidered, as well. One study that focused on older patients,

those �60 years of age at entry, was conducted in Europe.

A diastolic pressure .90 mmHg was required for entry.

The results clearly showed the value of antihypertensive

drug treatment for prevention of fatal cardiovascular

disease when compared with placebo (12). Some trials

that enrolled younger patients with milder hypertension

Figure 1.2 Edward Freis, the founder of randomized clinical

trials for the treatment of hypertension. Dr. Fries’ bold and inno-

vative use of the placebo-controlled trial demonstrated the value

of antihypertensive drug therapy with outstanding scientific rigor.
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were inconclusive (9,11). In contrast, trials that enrolled

middle-aged and elderly patients (some of whom already

had cardiovascular disease or other risk factors at entry)

tended to demonstrate the value of active drug treatment

when compared with a placebo or no treatment (13,14).

A large trial, the High Blood Pressure Detection and

Follow-up Program (HDFP), was conducted as a multi-

center collaboration in the United States. HDFP was

designed to compare active drug treatment in special

clinics with treatment in usual care as then available in

local community practices (15). Those patients random-

ized to the special clinics, which provided free medication

and active follow-up, had lower pressures after treatment

when compared with those assigned to the usual commu-

nity-based care. Patients in the special clinics also had a

highly significant reduction in fatal and nonfatal cardio-

vascular disease, especially stroke, when compared with

patients who were treated in the usual care groups (10,16).

By 1990, meta-analyses of the combined evidence from

the various trials that were published in the 1970s and

1980s strongly supported the conclusion that the reduction

of diastolic pressure by using drug treatment unequivocally

prevented stroke by nearly 40%, whether the stroke was a

result of cerebral hemorrhage or a result of a thrombotic

event. Fatal coronary heart disease was also prevented,

but to a lesser extent when compared with strokes, about

15% (17). The antihypertensive drugs that were used in

these trials were often the same as those used in the

Veterans’ Administration trials: reserpine, chlorthiazide,

and hydralazine. Methyldopa had become available by

the end of the 1960s and was often included in the active

therapies in these trials. The beta-blockers appeared in

the 1970s and gradually became incorporated into active

therapy, eventually replacing methyldopa as the second

step when added to a thiazide-type diuretic (13).

IV. CLINICAL TRIALS SINCE 1990,
SYSTOLIC HYPERTENSION

In the 1980s, a shift in cardiovascular epidemiology

occurred with the recognition that for those over the age

50, systolic blood pressure is a more accurate predictor

of future cardiovascular disease and, therefore, a target

for therapy (18–20). High systolic blood pressure in the

absence of a diastolic pressure .90 mmHg (isolated systo-

lic hypertension) had once been considered an inevitable

part of the aging process as a result of the stiffening of

the large arteries. By the end of the 1980s, enough evi-

dence had accumulated to support a clinical trial to test

the hypothesis that the lowering of systolic pressure in

older patients with isolated systolic hypertension might

be beneficial in the prevention of stroke and, perhaps, in

the prevention of ischemic heart disease, as well. Two

large, randomized and placebo-controlled clinical trials

were conducted to test the hypothesis—one in the United

States and the other in Europe. Taken together, the

results of both the Systolic Hypertension in the Elderly

Program (SHEP) trial (21) and the Systolic Hypertension

in Europe (Syst-Eur) trial (22) strongly supported the con-

clusion that antihypertensive drug treatment which lowers

systolic pressure is highly effective for the prevention of

fatal and nonfatal stroke and ischemic heart disease in

patients .60 years of age with isolated or predominantly

systolic hypertension. This conclusion was further

strengthened by a meta-analysis that included older and

smaller trials together with the SHEP and Syst-Eur

studies (23). The larger SHEP trial also reported, for the

first time, that antihypertensive therapy, beginning with a

diuretic agent, could prevent the onset of congestive

heart failure (24).

V. INTERPRETATION OF TRIALS

Cardiovascular epidemiology has long recognized that the

probability of future cardiovascular disease occurring in

patients, particularly ischemic or coronary heart disease,

is multifactorial. The absolute risk of cardiovascular

disease for a given patient varies substantially depending

on the person’s age, blood pressure levels, and presence

or absence of diabetes, the lipid patterns, a history of

smoking or nonsmoking, and other predictors (25,26).

The relative benefit of reducing blood pressure,

however, seems to be somewhat uniform and independent

of other risk factors (27). Considered together, these two

concepts predict that a reduction of blood pressure in

patients at low absolute risk means that many people

must be treated to benefit a single patient, but that a rela-

tively small number must be treated to benefit one patient

when the absolute risk is high (28). Calculation of the

“number needed to treat” (NNT) is a useful concept for

comparing different strategies in different risk groups for

arriving at priorities in deciding how treatment might be

allocated. The results of the SHEP trial (21) imply that

active treatment of 30–40 hypertensive patients (not an

unusual number for a single physician to see during 1

week of practice) for a duration of 5 years will prevent

one fatal or nonfatal stroke. Such calculations combined

with analyses of cost-effectiveness may be the guide for

optimal decision-making strategies in the future.

VI. COMPARISON OF STRATEGIES IN
TRIALS SINCE 1990

Beginning in the 1970s and accelerating into the 1980s and

1990s, the pharmacology of antihypertensive and cardio-

vascular drugs expanded in several ways. Beta receptor
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blockers became recognized as having cardio-protective

effects for ischemic heart disease and were assessed for

having added effectiveness to prevent ischemic cardiac

disease in hypertensives with inconsistent results reported

from various trials and analyses (13,29–32).

Discovery and initial clinical evaluation of the angio-

tensin-converting enzyme (ACE) inhibitors, calcium

channel entry blockers, and, later, the angiotensin II

type-1 receptor blockers defined new classes of antihyper-

tensive drugs, each with unique pharmacologic actions.

Long-acting, once-a-day, formulations became available

in all drug classes, with the potential to improve adherence

to treatment.

The availability of different and effective therapeutic

pathways for treatment of hypertension led to several con-

jectures that various drug classes would differ in their

effect on cardiovascular disease somewhat independent

of their effect on lowering blood pressure. Clinical obser-

vations had associated circulating renin with cardiovascu-

lar disease in hypertensive patients (33,34). Blocking the

renin–angiotensin system might then be beneficial for

preventing cardiovascular disease as treatment of hyper-

tension. ACE inhibitors, which act by reducing the for-

mation of angiotensin II, became available for trial to

test that concept and were effective for severe hyperten-

sion (35). The first controlled trials evaluating ACE inhibi-

tors for preventing cardiovascular disease were not,

however, conducted in hypertension. Instead, the value

of ACE inhibition, on the basis of trial results, emerged

as a treatment for heart failure (36), for impaired left ven-

tricular function after myocardial infarction (37), and for

treatment of diabetic nephropathy in type-1 diabetics (38).

Development of angiotensin II type-1 receptor antagon-

ists stimulated the design of trials to explore blockade of

the renin–angiotensin system by receptor blockade

rather than by inhibition of the ACE. Apart from treatment

of hypertension [see Losartan Intervention For Endpoint

(LIFE) trial], the angiotensin receptor blockers have

been shown to be effective for preventing the progression

of nephropathy in type-2 diabetes nephropathy in several

trials (39–41). The prevention of cardiovascular disease

for this group by angiotensin receptor blockers is less

certain (42). Angiotensin receptor blockers are effective

for treatment of congestive heart failure (43).

Recent trials that use the now available antihypertensive

drug classes can be divided into two groups according to

their focus for treatment. Some trials are directed to the

treatment of hypertension, per se, with a reduction of

blood pressure as the only basis for comparison of out-

comes. Other trials use antihypertensive drugs in patients

with overall high cardiovascular risk. The question these

trials pose is whether drugs reduce cardiovascular disease

independent of a reduction in blood pressure that may (or

may not) occur in those whose pressure is in the normal

range or minimally elevated, but are also at risk for other

reasons. Some of the recently conducted trials that typify

these two different goals are summarized in Table 1.3.

The first five trials listed in Table 1.3 [Hypertension

Optimal Treatment, HOT (44); Nordic Diltiazem,

NORDIL (45); International Nifedipine GITS Study of

Intervention as a Goal in Hypertension Treatment,

INSIGHT (46); LIFE (47); Australian National Blood

Pressure Study 2, ANBP2 (48)], all focus on participants

with definite hypertension at entry. Other criteria are

Table 1.3 Selected Recent Trials Classified by Their Major Target (Hypertension or Overall Cardiovascular Risk)

Trial

(Reference) Design/results Target population

HOT (44) Different goals for pressure reduction with felodipine as starting drug Hypertensive patients

NORDIL (45) Compares diltiazem with old therapy: diuretic and beta blocker.

No difference found.

Hypertensive patients

INSIGHT (46) Compares nifedipine GITS with a thiazide-amiloride combination.

No difference found

Hypertensive patients

LIFE (47) Compares atenolol with losartan (b-blocker vs. ARB). Results

favor losartan, primarily due to difference in stroke outcome.

Hypertensive patients with left

ventricular hypertrophy

ANBP2 (48) Compares thiazide type diuretics with ACE inhibitors, as initial

treatment. Slightly favors ACE inhibitors, especially for men.

Elderly hypertensive patients studied

in open practice setting. Limited to

whites of European background.

HOPE (50) ACE inhibitor (ramipril) vs. placebo in a largely normotensives

population. Definitely better outcome for the group give ACE

inhibitor.

Patients at high risk due to age and

multiple risk factors

ALLHAT (51) As initial therapy, chlorthalidone (thiazide-type diuretic) equal or

superior to lisinopril or amlodipine.

Patients with mild hypertension and

high risk due to multiple risk factors

EUROPA (49) Similar design to HOPE. Outcomes favor the ACE inhibitor

perindopril.

Patients at high risk due to coronary

heart disease

8 History, Definitions, and Epidemiology



included for increased predicted risk, such as older age or,

notably,the requirement for left ventricular hypertrophy

(by ECG) in LIFE. All five of these trials compare two

different active drug therapies. Thus, these trials are

fairly similar to older trials with the primary focus on

the treatment of hypertension itself.

Three recent trials, Heart Outcomes Prevention

Evaluation Study (HOPE), Antihypertensive and Lipid-

Lowering Treatment to Prevent Heart Attack Trial

(ALLHAT), and European Trial on Reduction of Cardiac

Events with Perinopril in Stable Coronary Artery

Disease (EUROPA), rather than enrolling participants

with definite hypertension (�160 mmHg systolic

pressure), instead recruited subjects .55 years of age

with a high risk for future cardiovascular disease on the

basis of several traits in various combinations: hyper-

tension, smoking history, diabetes, evidence of coronary

or peripheral arterial disease, or left ventricular hypertro-

phy. ALLHAT recruited hypertensives who were �55

years and whose blood pressures were 140 mmHg systolic

or 90 mmHg diastolic (or who were already in treatment

for hypertension), together with diabetes, or target organ

damage that would predict a high likelihood of coronary

heart disease within the near future. On the basis of

average baseline pressures, ALLHAT included many

with blood pressures ,140/90 mmHg. HOPE and

EUROPA recruited those with a moderate to high risk

for future cardiovascular disease with or without hyperten-

sion. Thus, these three trials diverge from a focus on treat-

ment of hypertension only by reduction of blood pressure

and test the hypothesis that certain drug classes reduce car-

diovascular morbidity and mortality apart from a substan-

tial reduction in pressure. For HOPE and EUROPA, an

ACE inhibitor was highly effective when compared with

a placebo (49,50). The results of ALLHAT are more diffi-

cult to interpret. There were differences in control of

pressure among the three treatment groups, best control

for the diuretic cohort and least good for the ACE inhibitor

cohort (51). For the primary outcome, fatal or nonfatal

myocardial infarction, those initially treated with the

diuretic, or the ACE inhibitor, or the calcium blocker,

had equal event rates despite the small differences in

blood pressure control observed in comparing the

groups. Stroke rates, however, were lower for those

treated with either the diuretic or the calcium blocker,

when compared with the ACE inhibitor. Development of

heart failure was prevented more often for those treated

initially with the diuretic or the ACE inhibitor when com-

pared with those treated initially with a calcium blocker.

Some researchers have concluded that the most effective

and least costly initial therapy in ALLHAT was the diure-

tic (chlorthalidone), and they have recommended that all

hypertensive patients be placed on a thiazide-type agent

as the initial therapy (51,52).

Overall results of these trials are provided in several

meta-analyses with somewhat differing conclusions

(52–54). The main issue for continuing controversy is

whether all of the benefit that is a result of antihypertensive

drug therapy, regardless of drug class, is due only to

reduction of blood pressure or whether some of the benefit

is due to the pharmacologic actions of various individual

drug classes that are independent of their effects on blood

pressure. When the history of hypertension is written in

the future, perhaps this controversy will be resolved.

VII. NEW HYPERTENSIVE “PHENOTYPES”

Prior to the 1980s, cardiovascular epidemiology had ident-

ified risk factors for cardiovascular disease as distinct from

each other and separately contributing to risk, namely

hypertension, smoking, diabetes, and elevated cholesterol,

the tetrad defined so clearly by the Framingham study (20)

(Fig. 1.3). Within the past decade, there has been recog-

nition that hypertension is often found in clusters of indi-

viduals who also have a distinct pattern of metabolic traits

(55): for example, resistance to the action of insulin associ-

ated with normal or impaired glucose tolerance or type-2

diabetes, and abnormal serum lipid patterns with low

HDL cholesterol fraction and increased serum triglyceride

concentration. Most often these individuals are over-

weight, and there may be patterns of familial association.

The excess weight in these individuals is “central,”

expressed as a large waist or high waist–hip ratio. Patients

with “metabolic” syndrome have a significantly higher

risk of cardiovascular disease when compared with

Figure 1.3 William Kannel, one of the leading investigators

for the Framingham study. He and his colleagues defined the

importance of systolic blood pressure, especially in older

patients, as a crucial risk factor for cardiovascular disease.

These observations set the stage for the clinical trials of treating

systolic hypertension. The results confirmed the epidemiologic

hypothesis that lowering systolic pressure would be beneficial.

History of Hypertension 9



patients without the syndrome (56). In addition, patients

with the metabolic syndrome are more likely to progress

to the onset of type-2 diabetes (57).

Recent clinical description also has identified a link

between hypertension and a frequent correlate of over-

weight, the sleep–apnea syndrome (58,59). These two

phenotypes strengthen the link between hypertension,

overweight, and cardiovascular risk through two distinct

pathways. The relationship between these prevalent phe-

notypes and specific genetic patterns remains uncertain

at this time. However, this issue is being actively explored.

VIII. NEW HYPERTENSIVE “GENOTYPES”

Specific forms of familial hypertension, such as adult poly-

cystic kidney disease, have long been recognized in the

medical literature. However, the past decade has seen

the molecular characterization of several forms of second-

ary hypertension with definition of the specific mutations,

their gene products, and resultant pathophysiology. The

first entity to be so defined was the syndrome of glucocor-

ticoid-remediable hypertension, that is, a result of the pre-

sence of a chimeric gene that combines a regulatory site

that is responsive to ACTH and the aldosterone synthase

site (60). Subsequent reports have defined the gain of func-

tion mutation in the epithelial sodium transport channel

associated with Liddle’s syndrome and other forms of

hypertension because of rare, but specific mutations (61).

These observations have led to explorations of target

genes in more usual forms of hypertension with some

promising, if preliminary, reports. An increased frequency

of a gain of function mutation for the amiloride-sensitive

sodium channel has been reported in black hypertensive

patients who live in UK with a favorable response to treat-

ment with amiloride (62). Assessment of the Framingham

study population has led to an increased frequency in

hypertensives of a mutation in the WNK kinase system

that is linked to the distal tubular site of chloride reabsorp-

tion and thiazide action (63).

IX. NEW MECHANISMS

Since the 1970s, several new mechanisms for control of

arterial resistance have been defined. The importance of

endothelial cell function has been revealed as these cells

control vascular resistance through the nitric oxide

system and production of endothelin. Endothelin receptor

blockers have been defined and are being assessed for the

treatment of cardiovascular disease. Endothelin receptor

antagonism is effective for the treatment of pulmonary

hypertension (64). Blood pressure reduction has been

observed during treatment of systemic hypertension with

bosentan, an endothelin antagonist (65). Natriuretic

peptides, originating in cardiac tissue and from other

sources, have been characterized. Potentiation of the

natriuretic peptides through inhibition of their metaboliz-

ing endopeptidases has been explored as a treatment for

hypertension, when combined with ACE inhibition and

is highly effective (66). However, the first drug with

these combined actions to be assessed in clinic trials, oma-

patrilat, has been found to have excessive adverse effects

(angioneurotic edema) and was not approved for release

by regulatory agencies (67,68).

X. NEW TECHNOLOGIES FOR
MEASURING BLOOD PRESSURE

Most physicians rely on the measurement of arterial

pressure made with equipment and methods that have

barely changed since the first part of the 20th century,

when the insights provided by Riva-Rocci and Korotkoff

led to the use of the mercury manometer and stethoscope

(69). In the 1940s, Ayman and Goldshine suggested that

measurements of blood pressure at home might be valu-

able for assessment of patients. It remained for Perloff

et al. (70) (Fig. 1.4) to develop a wearable recording

device for reliable measurement of ambulatory blood

pressure during the day. A prospective survey using this

device demonstrated that daytime average ambulatory

blood pressures were superior to clinic pressures for pre-

diction of future cardiovascular disease.

Fully automated devices for measuring blood pressure

throughout the entire day were developed by the 1980s.

The use of these devices characterized patterns of blood

pressure in relation to usual activities such as sleep, exer-

cise, or work (71) (Fig. 1.5). It was shown that the presence

of a doctor, by itself, could temporarily raise blood

pressure, either in the hospital or in a clinic (72,73).

Figure 1.4 Dorothy Perloff, pioneer in the study of ambula-

tory blood pressure measurement and its importance in the diag-

nosis of hypertension.
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Groups of patients who had hypertension in the clinic but

normal pressures at home or during their usual activities

were identified; this is now called white coat hypertension

(74). In general, those with white coat hypertension (also

called isolated “office hypertension” or “clinic hyper-

tension”) were found to have less target organ damage,

particularly less left ventricular hypertrophy, than those

with established hypertension. Additional prospective

studies have been conducted which confirm Perloff’s orig-

inal observation that ambulatory blood pressure measure-

ments are superior to clinic blood pressure measurements

for predicting future cardiovascular disease (75,76). As

ambulatory monitoring becomes more available for clini-

cal application, it may become the gold standard for the

diagnosis of hypertension.

XI. CONCLUSIONS

The history of hypertension as a clinical entity and as a

cardiovascular risk factor is an example of one of the

success stories of modern medicine and demonstrates

that the arduous clinical research of initial description

with the unraveling of the pathology and mechanisms

can lead to beneficial therapy, provided there is also the

development of suitable, effective, and safe therapy. For

hypertension, progress in pharmacology coupled with the

conduct of randomized clinical trials has achieved an

astonishingly consistent record of benefit. The continuing

science of hypertension has advanced to new phases with

the exploration of better methodologies for measuring

blood pressure itself and the definition of new patterns

that vary from descriptive phenotypes to genetic disorders,

defined at the level of specific mutations. There is reason

to be optimistic about the future for hypertension as the

lessons of the trials are translated into more widespread

and appropriate treatment and the current basic science

relevant to this field is, in time, translated into better

care for the very large number of those with high blood

pressure.
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KEYPOINTS

. Operational definition of hypertension is based on

values indicated by Guidelines.

. Differences exist between European and American

Guidelines on blood pressure normality and

abnormality.

. Classification of hypertension is based on disease

evaluation, magnitude of blood pressure increase

as well as on etiology.

. An useful classification based on evaluation of

global cardiovascular risk is that proposed by the

European Society of Hypertension/European

Society of Cardiology Guidelines on hypertension.

SUMMARY

This chapter will provide conceptual as well as practical

definitions of hypertension, the latter being based on the

2003 Guidelines on diagnosis and treatment of the hyper-

tension issued by European and American Institutions.

A further issue addressed in the present chapter is rep-

resented by the classification of the hypertensive state,
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with particular emphasis on the methodologies employed

to evaluate blood pressure values as well as on the assess-

ment of the overall cardiovascular risk profile.

I. INTRODUCTION

The purpose of this chapter is to describe the classification

of hypertension according to a number of different para-

meters, which include not only the primary hemodynamic

variable on which the definition of the disease itself is

based (i.e., blood pressure values), but also concomitant

risk factors and the overall risk profile of the patient. Par-

ticular emphasis is given to the classifications that are pro-

posed by various international scientific organizations, as

well as to a more practical definition that is based on differ-

ent approaches for assessing clinical and ambulatory blood

pressures.

II. DEVELOPING A DEFINITION

Arterial hypertension is an example of a medical concept

that is more difficult to define than might be assumed at

first glance. From a purely semantic point of view, the defi-

nition of hypertension can be stated as either the pathologi-

cal condition (the so-called conceptual definition) or a

numerical entity (the operational definition).

A. Conceptual Definition

Because the clinical evidence shows a continuous relation-

ship between blood pressure level and cardiovascular risk,

the definition of hypertension still remains largely arbi-

trary. About 30 years ago, Sir George Pickering viewed

arterial hypertension as a quantitative disease and related

blood pressure values to mortality (1). Although many

have attempted to numerically define this quantitative

threshold, the real threshold level for hypertension is flex-

ible, depending in large part on the total cardiovascular

risk profile of an individual subject. Rose (2) has probably

provided the best definition of hypertension as “the level

of blood pressure at which the benefits of action (i.e.,

therapeutic intervention) exceed those of inaction.”

B. Operational Definition

Operationally, the time-honored blood pressure values that

identify hypertensive individuals are a systolic blood

pressure of �140 mmHg or a diastolic blood pressure of

�90 mmHg—values that are associated with an approxi-

mate doubling of cardiovascular risk, as compared to the

values that characterize the normotensive state. Except

for very high blood pressure values or the presence of

cardiovascular disease and organ damage, these systolic

and diastolic values must be confirmed by sphygmomano-

metric (clinical) blood pressure measurements made over

a period of several weeks.

C. Definition of Hypertension:
2003 Guidelines

Recently, several sets of guidelines have been proposed by

different professional organizations for defining hyper-

tension. One updated definition of hypertension is

proposed in the 2003 Guidelines of the European Society

of Hypertension/European Society of Cardiology (3)

(see Table 2.1).

These guidelines consider a patient as hypertensive

when either the systolic or the diastolic blood pressure

value is �140/90 mmHg upon repeated sphygmomano-

metric measurements in the physician’s office. The guide-

lines also identify different categories of risk on the basis

of the magnitude of blood pressure elevation. A patient is

placed in a higher category whenever the patient’s systolic

and diastolic blood pressure values fall within different

ranges. Guidelines were also established for classifying

patients within the normotensive range according to the

relationship between observed “normotensive” blood

pressure values and cardiovascular risk. In addition, a sep-

arate classification was established for isolated systolic

hypertension, which is defined as the concomitant pre-

sence of a systolic blood pressure of �140 mmHg and a

diastolic blood pressure of ,90 mmHg (3). Then a separ-

ate definition of hypertension also was established for chil-

dren, where high blood pressure is defined as values equal

to or greater than the values that correspond to the 95th

percentile for that age (4) and borderline high blood

pressure is identified by values between the 90th and the

94th percentile for that age (Table 2.2).

Table 2.1 ESH/ESC Definition and Classification of Normo-

tension and Hypertension

Category

Systolic

blood

pressure

(mmHg)

Diastolic

blood

pressure

(mmHg)

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

Note: ESH/ESC, European Society of Hypertension/European Society

of Cardiology.
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A second definition of hypertension also has been

addressed by guidelines issued in the 7th Report of the

Joint National Committee (5), which consistently differs

from earlier guidelines and also differs from the 2003

Guidelines of the European Society of Hypertension/
European Society of Cardiology (3). One of the differ-

ences is the creation of a single category that encompasses

blood pressure values that were previously defined as

“normal” or “high normal”. This category is called “prehy-

pertension” and has a specific indication for nonpharmaco-

logical treatment. This new category has been criticized

because defining an individual as prehypertensive may

cause anxiety in that individual, thus favoring a further

blood pressure rise. In addition, nonpharmacological inter-

ventions, such as those suggested in the case of the “pre-

hypertensive state,” have a relevant economic impact;

engaging in physical training programs, adopting hypo-

caloric diets, and eating low-salt food have associated

economic costs just as drug treatments do.

The definitions of hypertension proposed by the 2003

European Guidelines (3) and the 7th Report of the Joint

National Committee (5) incorporate aspects of disease

characterization that are not previously defined. One is

the classification of patients into different categories at

blood pressure values ,140/90 mmHg, which is based

on the continuous relationship to cardiovascular risk in

the normotensive range, in addition to the classification

of patients with blood pressures of 120–139 mmHg systo-

lic or 80–89 mmHg diastolic (1), who upon reaching

middle age, have a high risk of becoming hypertensive

in their remaining lifetimes.

The second is the reference to a particular form of

hypertension that is characterized by measured blood

pressure elevations of �140/90 mmHg in the doctor’s

office and measured normal blood pressure values at

home over 24 h (the so-called “white coat” hypertension)

(6). Although the significance of this phenomenon is still

controversial, it is likely that white-coat hypertension is

not entirely without pathological significance because of

the evidence of its association with an increased preva-

lence of left ventricular hypertrophy, renal and vascular

damage, and metabolic abnormalities (3,6). Thus, in the

population of patients identified with this phenomenon,

the recommendations are that once diagnosed, these

patients be monitored closely. This way, treatment can

be initiated when a patient’s blood pressure values also

reach hypertensive levels outside the physician’s office.

However, if there is evidence of organ damage or other

cardiovascular risk factors, drug treatment should be

implemented right away.

Other guidelines for the definition, diagnosis, and

treatment of hypertension include those issued by the

International Society of Hypertension in Blacks (7), the

International Forum for Hypertension Control and Pre-

vention in Africa (8), and the World Health Organization

(WHO)/International Society of Hypertension (ISH) (9).

These WHO/ISH guidelines appear to be more similar

to the European than to the American guidelines, at least

from the perspective of blood pressure targets, the defi-

nition of hypertension, and the assessment of global risk.

Other issues that are related to specific sections of the

various guidelines are discussed in detail in the relevant

chapters of this book.

III. CLASSIFICATION

Classification of hypertension makes it possible to more pre-

cisely characterize blood pressure elevation in the individual

patient from a clinical standpoint. Several factors are taken

into account in classifying an hypertensive condition: the

evolution of the disease, the magnitude of the increase in

blood pressure values, the etiology of the hypertensive

state, and the absolute level of the total cardiovascular risk

profile. The total risk profile appears to be the most compre-

hensive because, as suggested by the European Guidelines

(3), it encompasses not only the risk that is associated with

blood pressure elevation, but also the risk associated with

the negative interactions between hypertension and other

factors (e.g., hyperlipidemia, cigarette smoking, obesity).

A. Classification of Hypertension
According to Disease Evolution

The evolution of the hypertensive state allows classifi-

cation of blood pressure elevation as two forms: malignant

hypertension and benign hypertension.

1. Malignant Hypertension

Malignant hypertension, which was first described as a

separate disease entity about 90 years ago by Volhard

and Fahr, is characterized by a very high blood pressure

Table 2.2 Definition of Hypertension in Children and

Adolescents

Age

Normotension

(systolic/
diastolic

pressure

in mmHg)

Borderline

hypertension

(systolic/
diastolic

pressure

in mmHg)

Defined

hypertension

(systolic/
diastolic

pressure

in mmHg)

,2 years ,104/70 ,111/73 .112/74

3–5 years ,108/70 ,115/75 .116/76

6–9 years ,114/74 ,121/77 .122/78

10–12 years ,122/78 ,125/81 .126/82

13–15 years ,130/80 ,135/85 .136/86

16–18 years ,136/84 ,139/89 .140/90
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elevation (usually .200/120 mmHg) that is most often

associated with an increase in plasma creatinine levels,

renal dysfunction and failure, left ventricular hypertrophy,

microangiopathic hemolytic anemia, and neurological

manifestations of hypertensive encephalopathy (10). The

incidence of new cases of accelerated hypertension has

decreased drastically in the past few years, primarily

because earlier diagnosis and treatment of the disease pre-

vents blood pressure increases in the vast majority of

cases, as well as preventing the clinical manifestations

and complications of such an elevation in pressure. The

prognosis of malignant hypertension also has improved

in the past few years because of the availability of new

and effective antihypertensive compounds and the avail-

ability of renal dialysis and kidney transplantation.

2. Benign Hypertension

Benign hypertension is a frequently encountered clinical

condition that includes hypertensive states in which the

magnitude of the blood pressure increase is less marked

than the increases that characterize malignant hyperten-

sion. Benign hypertension also includes hypertensive

states in which there is no evidence of cardiac, renal, or

cardiovascular organ damage and no symptoms that are

related to an elevation in blood pressure values. The clini-

cal evolution of the latter type of hypertension is usually

slower than the evolution of accelerated hypertension,

and the long-term prognosis is more benign.

B. Classification of Hypertension
According to Blood Pressure Levels

In a comprehensive classification of the hypertensive state

that is based on the magnitude of the blood pressure

increase, such as that provided in the 2003 Guidelines of

the European Society of Hypertension/European Society

of Cardiology, one point should be stressed, namely that

classification of hypertension according to blood pressure

values is no longer based solely on the diastolic com-

ponent, but also on the systolic blood component. This is

in response to clinical evidence that systolic blood

pressure values appear to predict the incidence of cardio-

vascular disease in several conditions more readily than

those of diastolic blood pressure (11) (see Fig. 2.1).

Despite the predictive value of these systolic values,

control of systolic blood pressure is achieved much less

frequently in clinical practice than control of diastolic

blood pressure. In a large number of antihypertensive

drug trials, systolic blood pressure values remain higher

than 140 mmHg in a consistent fraction (75%) of treated

hypertensives, even though diastolic blood pressure is

reduced by treatment well below 90 mmHg in most

instances (12) (see Fig. 2.2). This means that systolic

blood pressure control is difficult to achieve in a hyperten-

sive population and that this population remains at higher

risk for cardiovascular events.

The classification of hypertension according to blood

pressure levels is based on sphygmomanometric assess-

ment of a patient’s blood pressure values. However,

despite its time-honored usefulness in clinical practice,

the traditional Riva–Rocci–Korotkoff technique has a

number of problems, the more clinical relevant being the

so-called white coat effect, that is, the “alarm reaction”

on the part of the patient, which produces an elevation in

blood pressure that results in an overestimation of the

patient’s actual blood pressure levels (13). This phenom-

enon has been largely overcome by two approaches that

have been adopted successfully in clinical practice,

namely, home measurement of blood pressure and moni-

toring of 24 h ambulatory blood pressure (14,15).

1. Normality of 24 h Ambulatory Blood

Pressure Values

Cross-sectional population studies have shown that 24 h

ambulatory blood pressure values are usually less than

blood pressure values measured in the physician’s office.

The discrepancy increases with an increase in office-measured

Figure 2.3 Clinic, home, and 24 h ambulatory blood pressure

(BP) values in the PAMELA study in males and females. The

corresponding heart rate (HR) values are shown in the lower

panel. [Modified with permission from Mancia et al. (16).]
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values and are a magnitude of several mmHg difference

relative to an office measurement of 140/90 mmHg.

Although the upper limits of normality have not yet been

defined conclusively, an agreement among results of

most studies exists, which identifies threshold values of

normality as 125 mmHg for systolic blood pressure and

80 mmHg for diastolic blood pressure, as shown in

Fig. 2.3 for the Pressioni Arteriose Monitorate E Loro

Associazioni (PAMELA) study (16) and as indicated by

the recent European Society of Hypertension/European

Society of Cardiology Guidelines for the management of

hypertension (3).

2. Normality of Home Blood Pressure Values

The 2003 Guidelines (3) identify the threshold values for

definition of hypertension on the basis of blood pressure

values as measured by the patient at home. The threshold

values are 135/85 mmHg, which correspond to 140/
90 mmHg measured in the office or clinic. These

numbers are based on data provided by, among others,

the PAMELA study (17) (see Fig. 2.3).

C. Classification According to Etiology
of Hypertension

In �90–95% of hypertension cases, the etiological factors

that are responsible for the blood pressure increase remain

unknown. Secondary forms of hypertension are relatively

rare diseases; their prevalence amounts to 5–10% of all

cases of hypertension (Table 2.3). A detailed description

of the secondary forms of hypertension, including their

diagnostic and therapeutic approach, is provided in Part E

of this book.

D. Classification According to Global
Cardiovascular Risk Profile

Hypertension often is associated with metabolic risk factors.

Studies performed in several populations have shown that

Table 2.3 Classification of Secondary

Hypertension According to Its Etiology

Causes of Secondary Hypertension

Exogenous substance

† Oral contraceptive pills

† Glucocorticoids

† Glycyrrhizinic acid

† Erythropoietin

† Cyclosporine

† Non-steroidal anti-inflammatory drugs

† Acute alcohol

Renal disease

† Renovascular hypertension

† Rrenal parenchimal hypertension

Endocrine disease

† Corticoadrenal hypertension

† Hyperthyroidism and hypothyroidism

† Pheochromocytoma

† Acromegaly

Aortic coarctation

Pregnancy

† Pregnancy-induced hypertension

Neurological disease

† Acute cerebrovascular ischaemia

† Sleep-apnea syndrome

† Guillain-Barré syndrome

† Quadriplegia

† Familial disautonomia

Figure 2.4 Additive (þ) effects in males and females of hypertension (SBP), hypercholesterolemia (high cholesterol levels), hyper-

glycemia (glucose intolerance), cigarette smoking, and left ventricular hypertrophy (ECG-LVH) on cardiovascular risk in the Framing-

ham Study. [Modified with permission from Kannel (18).]
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individuals with high blood pressure have a greater preva-

lence of dyslipidemia, insulin resistance, and diabetes than

normotensive individuals (17). This also is the case in indi-

viduals who have a high-normal blood pressure as compared

to individuals who have normal or optimal blood pressure

levels. The association of hypertension with other risk

factors markedly increases the absolute risk of a cardiovas-

cular event because individual risk factors interact addi-

tively, so that when two or three of these risk factors are

present, the total risk is much greater than the sum of the

individual contribution (18) (see Fig. 2.4).

This association of hypertension with other risk factors

had led to the emphasis in the European Guidelines on the

importance of total cardiovascular risk stratification

through the approach illustrated in Table 2.4 (3).

It is clear that an individual can be at high risk for a car-

diovascular event (�20% within 10 years) if this individ-

ual has a marked elevation in blood pressure. But the

patient also may belong to this high-risk category or to

the very-high-risk category even when he or she has

only a modest elevation in blood pressure, if there also

is evidence of three or more other risk factors, diabetes,

or subclinical damage and organ damage. A similar classi-

fication model exists for subjects in the high-normal blood

pressure range. This stratification of risk factors for both

groups of patients has a practical value because, as demon-

strated by clinical trials, individuals in high-risk or very-

high-risk categories do not require only lifestyle

changes, but also prompt blood pressure lowering inter-

vention through drug administration (3). They also may

require nonhypertension-related intervention, such as the

administration of antiplatelet drugs and statins (3).
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KEYPOINTS

. Hypertension is a serious health problem that

results in major cardiovascular mortality and

morbidity. It affects 25–30% of the entire adult

population—up to 60–70% of individuals beyond

the seventh decade.

. The prevalence of hypertension has declined in the

Western world, but it has increased in many devel-

oping countries. The reason appears to be a change

in life style as well as environmental factors.

. In the last 30 years, the awareness and control of

hypertension has improved dramatically in developed

countries, reducing cardiovascular complications. In

developing countries, the awareness and control of

hypertension still remains low.

. Hypertension has not been observed in a few

isolated societies. Common to all these populations

is the lack of acculturation.

. The prevalence of hypertension is higher in

African-Americans and lower in Mexican-

Americans when compared with United States

residents of Caucasian origin.

. Mean blood pressure and the prevalence of hyper-

tension are higher in men than in women.

. There is a direct relationship between elevations in

blood pressure and increasing age of individuals in

the population and increases in body weight.
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. The influence of menopause, contraceptives, and

hormone replacement therapy on blood pressure

level remains controversial.

. Dietary factors, such as the intake of salt and unsa-

turated fats, may increase blood pressure in suscep-

tible individuals.

. Genetic, socioeconomic, and environmental factors

may affect blood pressure. For example, blood

pressure tends to be higher in low-income earners,

in migrants, and in individuals working in stressful

environments.

. Hypertension causes end-organ damage, including

left ventricular hypertrophy, congestive heart disease,

coronary heart failure, stroke, renal failure, and peri-

pheral arterial disease.

. The improved recognition and therapy of hyperten-

sion has led to a decline in cardiovascular mortality

and morbidity. However, end-stage renal disease

has increased in recent years.

SUMMARY

Hypertension is a serious health problem that results in

major mortality and morbidity. It accounts for 6% of

adult deaths worldwide. The current definition of hyper-

tension is based on the increased risk of cardiovascular

events above a certain threshold of blood pressure, but

the dividing line between normal blood pressure and

hypertension cannot be determined exactly and remains

arbitrary. In developed countries, the prevalence of hyper-

tension increases with age and affects 25–30% of the

entire adult population—up to 60–70% of individuals

beyond the seventh decade. The prevalence is higher in

Europe than in North America, and, although it declined

continuously between 1974 and 1991, it appears to have

risen slightly since 1991. In developing countries, the

prevalence of hypertension is lower, but is increasing par-

allel to environmental and social changes during the

process of industrialization. Environmental factors

appear to be more important in the development of hyper-

tension than genetic factors. Nevertheless, certain popu-

lations, such as African-Americans, show a particularly

high prevalence of hypertension. In addition, a higher

prevalence of hypertension is generally found in men, in

the elderly, and in obese individuals. Uncontrolled hyper-

tension is closely associated with end-organ diseases,

including coronary heart disease, congestive heart

disease, left ventricular hypertrophy, stroke, renal

failure, and peripheral arterial disease. Elevated systolic

blood pressure and diastolic blood pressure, as well as

pulse pressure, are predictors of end-organ disease. The

improved recognition of hypertension has led to major

reductions in cardiovascular disease. The incidence of cor-

onary heart disease and stroke has declined with improved

awareness, therapy, and control of hypertension, whereas

the rate of end-stage renal disease has increased.

I. INTRODUCTION

Hypertension accounts for 6% of adult deaths worldwide

and is found in all human populations, except for a min-

ority of individuals living in isolated societies. In devel-

oped countries, the prevalence of hypertension rises with

age and affects 25–30% of the entire adult population,

reaching up to 60–70% of individuals beyond the

seventh decade. The cardiovascular risk increases accord-

ing to the level of hypertension; however, there is no clear-

cut threshold above which the risk of cardiovascular

disease suddenly increases (1,2). The dividing line

between normal blood pressure and hypertension is there-

fore arbitrary, particularly because the majority of compli-

cations occur in persons with moderately elevated blood

pressure (3). The current definition of hypertension

adopts a blood pressure threshold of 140/90 mmHg. In

patients with diabetes mellitus and chronic renal disease,

a blood pressure below the threshold of 130/80 mmHg

is the preferred goal (4). The improved recognition of

hypertension has led to major reductions in cardiovascular

disease (5). But despite this, hypertension remains a

serious problem, resulting in major mortality and morbid-

ity in developed countries, and it appears to be emerging as

a major health threat in the developing world (6).

II. HYPERTENSION IN
WESTERNIZED SOCIETIES

The incidence of hypertension is typically ,1–2% in the

first three decades of life and increases to 4–8% during the

sixth and seventh decade (7–11). The prevalence of hyper-

tension is difficult to determine in a standardized manner

in population surveys. Accuracy depends on the measure-

ment device that is used, the extent of training of survey

personnel, and a variety of other factors that may poten-

tially lead to random or even systematic errors. Neverthe-

less, the prevalence of hypertension has been studied in a

large number of countries and in different geographic and

regional areas (Table 3.1).

In the USA, a valuable source of epidemiological data

originates from the National Health and Nutrition Examin-

ation Survey (NHANES) surveys that evaluate the preva-

lence of hypertension in regular time intervals. Another

important source of data is the Framingham Heart Study

that enrolled 4962 individuals between 1990 and 1995

(12,13). Other large epidemiologic studies that have pro-

vided important information include the Hypertension
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Detection and Follow-up Program (HDFP), the Multiple

Risk Factor Intervention Trial (MRFIT), the World

Health Organization MONItoring CArdiovascular

disease (WHO MONICA) study, and others (14–16).

In the Framingham study, data on Framingham resi-

dents 28–68 years in age was prospectively collected

every 2 years, and in the case of the Framingham Offspring

study, every 4 years. Blood pressure was optimal or

normal (,130/85 mmHg) in 43.7% of the subjects and

high normal (131–139/86–89 mmHg) in 13.4% of the

subjects. Stage 1 hypertension (140–159/90–99 mmHg)

was found in 12.9% of the subjects, and stage 2 hyperten-

sion or greater (�160/100 mmHg) was found in 30% of

the subjects (17).

A sample survey of six European countries in the 1990s

evaluated the prevalence of hypertension and observed

moderate heterogeneity of systolic blood pressure

(Table 3.1). The highest age- and gender-adjusted preva-

lence of hypertension in Europe was found in Germany

(55%), Finland (49%), Spain (47%), and England (42%)

(18). Sweden and Italy both showed a lower prevalence

(38%). The rank order of hypertension rates in European

countries was similar for men and women. For all age

groups, mean systolic blood pressure and diastolic blood

pressure were higher in European countries (136/
83 mmHg) than in the USA and Canada (127/
77 mmHg). Consequently, a higher prevalence of hyper-

tension was noted in Europe (28%) than in the USA and

Canada, reaching particularly high levels of 78% in indi-

viduals aged 65–74 years in Europe, as compared to

53% in the USA in this age range. The higher mean

blood pressure in Europe resulted in a mortality rate

from stroke of 41.2/100,000 person-years in comparison

to a rate of 27.6/100,000 person-years in the USA.

In the USA, the mean blood pressure and the prevalence

of hypertension in adults (.140/90 mmHg) have declined

from 29.7% in 1960 to 20.4% in 1991, affecting a slightly

greater proportion of men than women (22.8% vs. 18.0%)

(12,19). Interestingly, the most recent NHANES survey,

which evaluated data from 1999 to 2000, reported a

3.7% average rise of the prevalence of hypertension

since 1988 (2.2% for men and 5.6% for women) (20).

The reason for this reverse trend remains unclear, but it

may be attributed to the continuously increasing body

mass index (BMI) in recent years.

A. Awareness, Treatment, and Control
of Hypertension

In the most recent NHANES survey in the USA, one-third

of all hypertensive individuals were unaware of elevated

blood pressure. The level of awareness increased continu-

ously from 51% in 1976–1980 to 70% in 1999–2000

(Table 3.2). The proportion of treated hypertension

increased from 31% to 59% and the proportion of con-

trolled hypertension increased from 10% to 34% (4).

Uncontrolled hypertension was more frequently found

in women, older patients, and Mexican-Americans

(Table 3.3). Of concern was the observation that only

25% of individuals with diabetes reached the preferred

blood pressure of 130/85 mmHg.

In Canada, the situation is similar. In a population-

based, cross-sectional survey in nine Canadian provinces,

26,293 men and women 18–74 years in age were selected

from the health insurance registers from 1986 to 1990 (21).

Most individuals had blood pressure measured at least

twice. Sixteen percent of men and 13% of women

showed a diastolic blood pressure of 90 mmHg or

greater. About 26% of these subjects were unaware of

their hypertension. Forty-two percent were treated and

their condition was controlled; 16% were treated, but the

hypertension remained uncontrolled; and 16% were

neither treated nor their hypertension controlled. Only

2% had never measured their blood pressure (3% men

and 1% women). Young men 18–34 years in age

showed the lowest rate (6%) of measurement. In 51% of

those who had their blood pressure measured, the last

Table 3.1 Prevalence of Hypertension in Persons 35–64 Years in Age, Stratified According to Country and Gender

Country

Prevalence in general

population (%)

Prevalence

in men (%)

Prevalence in

women (%)

Hypertensive persons

taking medication (%)

Body

mass index

USA 27.8 29.8 25.8 52.5 27.4

Canada 27.4 31.0 23.8 36.3 26.8

Italy 37.7 44.8 30.6 32.0 26.4

Sweden 38.4 44.8 32.0 26.2 26.5

England 41.7 46.9 36.5 24.8 27.1

Spain 46.8 49.0 44.6 26.8 27.4

Finland 48.7 55.7 41.6 25.0 27.1

Germany 55.3 60.2 50.3 26.0 27.3

Source: Adapted from Wolf-Maier et al. (18).
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Table 3.2 Hypertension Awareness, Treatment, and Control in Adults in the United States, 1976–1994

Patient treatment condition

1976–1980

NHANES II (%)

1988–1991

NHANES III (%)

1991–1994

NHANES III (%)

1999–2000

(%)

Hypertension awareness 51 73 68 70

Hypertension treated 31 55 54 59

Hypertension controlled 10 29 27 34

Note: NHANES, National Health and Nutrition Examination Survey; Hypertension controlled, Systolic blood pressure ,140 mmHg; diastolic blood

pressure ,90 mmHg.

Source: Adapted from Chobanian et al. (4).

Table 3.3 Awareness, Treatment, and Control of Hypertension in the United States Population, 1988–2000

Patient characteristics

1988–1991

(% (SE))

1991–1994

(% (SE))

1999–2000

(% (SE))

Change 1988–2000

(% (95% CI))

Awareness

Age (years)

18–39 61.5 (4.5) 49.1 (6.9) 51.8 (5.8) 29.7 (224.1–4.7)

40–59 73.2 (2.4) 72.7 (3.3) 73.3 (2.8) 0.1 (27.1–7.3)

�60 68.3 (1.3) 69.1 (1.6) 69.8 (1.9) 1.5 (23.0–6.0)

Gender

Male 63.2 (2.2) 60.1 (2.9) 66.3 (2.4) 3.1 (23.3–9.5)

Female 75.1 (1.4) 73.6 (1.5) 71.2 (2.2) 23.9 (29.0–1.2)

Race or ethnicity

Non-Hispanic white 70.6 (1.4) 67.5 (1.8) 69.5 (2.0) 21.1 (25.9–3.7)

Non-Hispanic black 73.3 (1.6) 72.6 (1.6) 73.9 (2.7) 0.6 (25.6–6.8)

Mexican-American 54.4 (2.3) 62.0 (4.0) 57.8 (3.6) 3.4 (25.0–11.8)

Treatment

Age (years)

18–39 34.1 (5.4) 24.8 (3.5) 27.7 (5.3) 26.4 (221.2–8.4)

40–59 53.9 (2.7) 54.2 (2.4) 62.9 (3.1) 9.0 (0.9–17.1)

�60 55.1 (1.2) 56.7 (1.6) 62.7 (2.0) 7.6 (24.5–10.3)

Gender

Male 44.5 (1.9) 42.6 (1.8) 54.3 (2.5) 9.8 (7.2–23.4)

Female 60.1 (1.5) 60.0 (1.5) 62.0 (2.3) 1.9 (23.5–7.3)

Race or ethnicity

Non-Hispanic white 53.9 (1.6) 51.9 (1.4) 60.1 (2.1) 6.2 (1.0–11.4)

Non-Hispanic black 55.8 (1.7) 56.4 (2.4) 63.0 (2.9) 7.2 (0.6–13.8)

Mexican-American 34.1 (1.5) 43.5 (0.2) 40.3 (3.4) 6.2 (21.1–13.5)

Control

Age (years)

18–39 61.5 (7.2) 70.2 (7.4) 51.9 (11.5) 29.6 (236.2–17.0)

40–59 53.7 (3.4) 54.2 (3.6) 66.4 (3.7) 12.7 (2.9–22.5)

�60 40.8 (2.8) 35.2 (2.2) 43.7 (2.5) 2.9 (24.5–10.3)

Gender

Male 44.6 (2.6) 40.2 (3.7) 59.9 (3.2) 15.3 (7.2–23.4)

Female 48.5 (3.3) 45.7 (2.8) 47.8 (3.0) 20.7 (29.4–8.0)

Race or ethnicity

Non-Hispanic white 47.4 (2.5) 43.8 (2.3) 55.6 (2.7) 8.2 (1.0–15.4)

Non-Hispanic black 43.7 (3.0) 41.2 (2.4) 44.6 (3.6) 0.9 (28.3–10.1)

Mexican-American 40.2 (4.4) 37.5 (1.9) 44.0 (4.7) 3.8 (28.8–16.4)

Note: SE, Standard error; CI, confidence interval.

Source: Adapted from Hajjar and Kotchen (20).
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measurement was performed within the previous six

months (45% men and 57% women).

Hypertension treatment and control in Europe is on the

average poorer than in North America (18). In the age

group of 35–64 years, 8% of European hypertensive indi-

viduals had their condition treated and controlled com-

pared with 23% in the USA.

In developing countries, the awareness, treatment, and

control of hypertension is usually lower than in industrial-

ized countries. In China, Tao et al. found a 13.6% preva-

lence of hypertension in the population aged 15 years

and older, but they noted a low level of awareness (25%)

and control (3%) (22). In the Egyptian National Hyperten-

sion Project (NHP), Ibrahim et al. (23) found among a

population aged 25 and over a hypertension prevalence

of 26.3%, with a low level of awareness (38%), treatment

(24%), and control (8%). In a survey of 21,242 Koreans 30

years in age or older, the prevalence of hypertension

reached 20%, with a low level of awareness (25%), treat-

ment (16%), and control (5%) (24).

B. Geographic Patterns of Hypertension

According to previous national surveys, the prevalence of

hypertension in China has increased dramatically during

the past decades (25,26). In 1960, the estimated number

of individuals with hypertension among adult Chinese

was 30 million, and this number rose to 59 million in

1980 and 94 million in 1990 (27). From 1982 to 1994,

the prevalence of hypertension in Chinese persons aged

35–59 years has increased from 17.8% to 25.5% in men

and from 17.7% to 24.0% in women. A recent cross-

sectional survey that included 15,540 individuals found

an even larger prevalence of 34% in Northern China and

23% in Southern China (28). In another study, the age-

adjusted prevalence of stage 1, stage 2, and stage 3 hyper-

tension was 19.9%, 7.4%, and 3.8%, respectively, in the

North, and 14.2%, 4.6%, and 2.1%, respectively, in the

South. There was no significant difference between

urban and rural areas (29.0% vs. 28.1%). Geographic vari-

ations in hypertension prevalence may have changed over

the past decades due to dramatic economic development,

urbanization, and associated lifestyle changes.

In a cross-sectional survey, Smith (29) studied hyper-

tension in Sherpa men living in urban and rural regions

of Nepal. Sherpas comprise a population of Tibeto-

Burmese origin, and are world-renowned as high-altitude

mountain guides. Individuals enrolled in this study were

either living at lower altitude Kathmandu (1330 m) or at

higher altitude in the Khumbu region (3400–3900 m).

The results of this investigation suggested that the modern-

ization of the last few years may have had a negative

impact on blood pressure among the Sherpa population.

This has been attributed primarily to lifestyle changes.

The highest prevalence of elevated blood pressure was

found among Sherpa men who were living in the most

acculturated areas, whose blood pressures reached a

mean systolic blood pressure and diastolic blood pressure

similar to levels found in the USA. The prevalence of elev-

ated blood pressure has risen from none in the 1960s (30)

to 24.8% of the higher altitude Sherpa men and 21.7% of

the lower altitude Sherpa men in 1995. Individuals in the

urban lower altitude showed the greatest prevalence of

hypertension of 32.4%. Mean systolic blood pressure has

increased from 113.5 mmHg in 1971–122.9 mmHg in

1995, and mean diastolic blood pressure has increased

from 70.6–79.7 mmHg. During the past 30 years, the

lives of Sherpas have changed dramatically with regard

to lifestyle, activities performed, and acquisition of

material wealth. Transitions in lifestyle for Sherpa men,

including reduced physical activity and increased con-

sumption of alcoholic drinks, appear to have contributed

to a higher prevalence of obesity, a known risk factor for

hypertension.

Sayeed et al. (31) studied the prevalence of hyper-

tension and related risks in 2361 native Bangladeshis.

Overall, the prevalence of systolic and diastolic hyperten-

sion was low, amounting to 14.4% and 9.1%, respectively,

being almost comparable to that of other Asian popu-

lations and South Asian migrants. The prevalence of sys-

tolic hypertension was significantly higher in rural than

in urban areas. A higher social class was associated with

a significantly more elevated prevalence of systolic and

diastolic hypertension.

The prevalence of hypertension and its associated risk

factors also has been studied in an urban South Indian

population at Chennai. The definition of hypertension

was based on a systolic blood pressure �140 mmHg, a

diastolic blood pressure �90 mmHg, treatment with anti-

hypertensive drugs, or a combination of these factors. In

1262 subjects who were enrolled in this study, the crude

prevalence of hypertension was 21.1%; the age-adjusted

prevalence reached 17.0% (32). The prevalence of hyper-

tension is lower in rural areas of India than it is in urban

regions, but it is steadily increasing in rural areas as well

(33). In 1994–1995, Malhotra et al. (34) carried out a

population-based survey in seven rural, nonindustrialized

villages around Raipur Rani in the state of Haryana in

India to determine the prevalence of hypertension. A

sample of 2559 individuals, 16–70 years old, was

studied by using three blood pressure readings and a

pretested, structured questionnaire to evaluate the relation-

ship between hypertension and lifestyle characteristics.

One hundred and fourteen individuals (4.5%) were found

to be hypertensive according to the Fifth Joint National

Committee on the Detection, Evaluation, and Treatment

of High Blood Pressure (JNC V) criteria (4). In men,

mean systolic blood pressure and diastolic blood pressure
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were 116.9 and 71.7 mmHg, respectively, and in women,

119.1 and 72.7 mmHg, respectively. Of note was the sig-

nificantly higher prevalence of hypertension in women

than in men (5.8% vs. 3.0%). Other risk factors of hyper-

tension were higher body weight, higher body mass index,

alcohol consumption, higher economic status, and

smoking.

In Japan, the average prevalence of hypertension is

37% in men and 33% in women, reaching 53% in

persons over 60 years of age (35). More than one-third

have isolated systolic hypertension. Lee et al. (36)

studied the effect of long-term body weight changes on

the prevalence and incidence of hypertension in a large

sample of community-residing Japanese persons from

30 to 69 years in age. Out of 3431 men and 2409 women,

11.7% of males and 8.9% of females developed hyper-

tension over a 5-year observation period. Those indivi-

duals who developed hypertension were significantly

older, had a higher body mass index, and had a higher sys-

tolic blood pressure and diastolic blood pressure at base-

line. After adjustment for confounding factors, the slope

of body mass index was positively associated with the inci-

dence of hypertension in females as well as in males.

Current evidence suggests that African-Americans

have higher blood pressures than black Africans (37,38).

This has been attributed primarily to the lifestyle in

westernized countries. Similarly, blood pressure in black

Brazilians is higher than in black Africans, supporting

the significance of environmental factors (38).

In some societies, blood pressure shows only a small

age-related increase, or completely lacks the typical

increase in blood pressure at older ages (39,40). Conse-

quently, the incidence of cardiovascular disease in these

places remains extraordinary low (41). In addition to the

absence of hypertension, a lower serum cholesterol,

lower blood glucose, and lower body mass index have

been reported (45,46). These societies are located in

Africa, South America, China, Australia, and Indonesia

(42–44), and have in common a lack of acculturation

(the process of adopting western social and cultural life-

styles). In addition, they are characterized by a low level

of formal education, a more rural lifestyle, a lower con-

sumption of food, and cultural isolation (47). As early as

1929, Donnison failed to find any cases of hypertension

among 1000 individuals in a Kenyan tribe in eastern

Africa. He concluded that a “civilized lifestyle” may

contribute to the development of high blood pressure.

The survival of 175 indigenous groups in the Amazon

basin in Brazil offers an excellent opportunity to study

the impact of acculturation (48). The Yanomano are

South American people with aboriginal traditions. Their

contact with western society dates back to the early 20th

century, and there are important differences between

tribes with regard to the degree of acculturation (49).

Many Yanomano subjects who today are able to under-

stand Portuguese also have higher blood pressures than

native subjects who have not been acculturated. In the

Rondonia state at the Bolivian border of northwest

Brazil in the Amazon region, about 20 indigenous

groups still exist. Many of these groups are still completely

segregated. One study examined the Amondava people

living in the Uru-Eu-Uau-Uau area. In contrast to other

Brazilian Indians, their first official contact with the

Brazilian National Indian Foundation came only in 1987.

The cardiovascular risk profile of the Amondava is charac-

terized by lower blood pressure levels, lower body mass

index, lower total cholesterol, and lower glycemia than

those found in control groups of more industrialized

countries. The Amondava diet is characterized by low

salt intake, low animal fat content, and high fiber

content. Physical activity in this population is high; but

social stress is very low. Similar observations have been

made for the Xavante people in Mato Grosso (41).

Shortly, after indigenous populations come into contact

with western culture, cardiovascular risk patterns begin

to change dramatically (50). This has been observed in

the Chimbu in New Guinea, in individuals from the

Cook Islands in Melanesia (51), in the Tarahumara in

Mexico, and in the Pima Indians in Arizona (52). These

observations suggest that environmental factors, not a

particular genetic predisposition, seem to determine the

blood pressure among these isolated populations.

C. Hypertension in Different Ethnic Groups

In the USA, the age-adjusted prevalence of hypertension is

higher in nonHispanic blacks than in non Hispanic Cauca-

sians and Mexican-Americans (33.5%, 28.9%, and 20.7%,

respectively; Table 3.4). In the Caucasian population,

hypertension develops on average 10 years later. The

high rates of hypertension in African-Americans are great-

est at younger ages, particularly in African-American

women. By the age of 55, the majority of African-

American men and women in the USA are hypertensive.

Interestingly, hypertension is more prevalent in the

African-American population in the USA than in Afro-

Caribbeans and in native black African populations

(43,44). Hence, the influence of ethnicity remains unclear.

A recent study also highlighted the relevance of life-

style factors. Because hypertension is related to a higher

body mass index, the difference in the prevalence of

hypertension in African-Americans and Caucasians may

be partly explained by the larger proportion of black indi-

viduals with obesity and the lack of adequate physical

activity (54). Other factors that could potentially contrib-

ute to a higher prevalence of hypertension in this popu-

lation are a lower intake of potassium and calcium and a

greater salt sensitivity (55).
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In Hispanics, the prevalence of hypertension is slightly

lower than in Caucasian Americans, despite a greater

prevalence of obesity and diabetes (53,56,57). It has to

take into account that Hispanics represent a heterogeneous

population.

D. Age-Related Changes of Blood Pressure

In a Danish study, 24 h blood pressure profiles were

assessed in normotensive healthy adults by using ambulat-

ory blood pressure monitoring (58). The mean systolic

blood pressure and diastolic blood pressure showed a

progressive, age-dependent increase without significant

differences between men and women (Fig. 3.1).

In the population-based cohort of 2036 patients in the

original Framingham study, age-related changes in blood

pressure of normotensive and untreated hypertensive indi-

viduals were evaluated (59). These investigators found a

linear rise in systolic blood pressure from age 30 to 84,

with a concomitant increase in diastolic blood pressure

and mean arterial blood pressure. After the age of 50–60

years, diastolic blood pressure began to decline, which

resulted in a steep increase in pulse pressure. The annual

increase in blood pressure depended on the baseline

value; patients with a high-normal diastolic blood pressure

(85–89 mmHg) had a two to three times higher risk of pro-

gressing to hypertension than individuals with normal

diastolic blood pressure (,85 mmHg) (60). The late

decline of diastolic blood pressure after the age of 60

years and the continuous rise in systolic blood pressure

reflects the increased large artery stiffness in older age.

Higher systolic blood pressure, if left untreated, may

further accelerate large artery stiffness, perpetuating a

vicious circle.

E. Body Weight and Hypertension

Obesity is a significant risk factor of hypertension. The

odds of progression to hypertension increases by

20–30%/5% gain in body weight. Positive associations

also have been documented between body mass index

(weight/height2) and blood pressure in both cross-

sectional and prospective studies (61). In addition, body

mass index is positively and independently associated

with the morbidity and mortality resulting from hyperten-

sion, cardiovascular disease, type 2 diabetes mellitus, and

other chronic diseases. In Caucasian populations, the

association between body mass index and cardiovascular

mortality is “J-shaped.” The nadir of the curve occurs at

a body mass index of 18.5–25 (63). On the basis of this

Table 3.4 Age Adjusted Prevalence of Hypertension in the United States Population, 1988–2000, Stratified by Race or Ethnicity

Patient characteristics

Prevalence

1988–1991

(% (SE))

1991–1994

(% (SE))

1999–2000

(% (SE))

Change

1988–2000

(%, (95% CI))

Age (years)

18–39 5.1 (0.6) 6.1 (0.6) 7.2 (1.1) 2.1 (20.3–4.5)

40–59 27.0 (1.4) 24.3 (2.2) 30.1 (1.8) 3.1 (21.4–7.6)

�60 57.9 (2.0) 60.1 (1.1) 65.4 (1.6) 7.5 (2.4–12.5)

Overall 25.0 (1.5) 25.0 (1.7) 28.7 (1.8) 3.7 (0–8.3)

Gender

Male 24.9 (2.1) 23.9 (2.6) 27.1 (2.7) 2.2 (24.5–8.9)

Female 24.5 (1.7) 26.0 (1.8) 30.1 (2.4) 5.6 (0–11.4)

Race or ethnicity

Non-Hispanic white 25.9 (1.8) 25.6 (2.1) 28.9 (2.3) 3.1 (22.7–8.7)

Non-Hispanic black 28.9 (2.2) 32.5 (2.1) 33.5 (3.2) 4.6 (23–12.2)

Mexican-American 17.2 (1.6) 17.8 (2.0) 20.7 (2.7) 3.5 (22.7–9.7)

Gender and race or ethnicity

Male

Non-Hispanic white 26.7 (2.7) 24.4 (2.4) 27.7 (3.4) 1.0 (27.5–9.6)

Non-Hispanic black 29.1 (3.3) 29.5 (2.9) 30.9 (4.9) 1.8 (29.8–13.4)

Mexican-American 17.9 (2.6) 17.8 (1.8) 20.6 (3.9) 2.7 (26.5–11.9)

Female

Non-Hispanic white 25.1 (2.1) 26.8 (2.3) 30.2 (3.1) 5.1 (22.2–12.4)

Non-Hispanic black 28.6 (2.7) 35.0 (2.7) 35.8 (4.2) 7.2 (22.6–17.0)

Mexican-American 16.5 (2.2) 17.9 (2.1) 20.7 (3.4) 4.2 (23.8–12.2)

Note: SE, standard error; CI, confidence interval.

Source: Adapted from Hajjar and Kotchen (20).
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association, the World Health Organization has defined

four categories. Persons with body mass indexes

,18.5–24.9 are considered underweight; those above

this range are considered overweight or “at risk”; and

those with a body mass index �30 are considered obese.

One way that body fat is thought to influence hypertension

is through increased insulin resistance. Body fat, particu-

larly abdominal fat, may lead to an increase in fatty
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Figure 3.1 Diastolic and systolic blood pressure in men (A) and women (B) according to age. [Adapted from Wiinberg et al. (58).]
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acids in the portal blood vessels, enhancing insulin resist-

ance and resulting in the development of hypertension and

other metabolic complications (64).

Cross-sectional studies also have documented an

association between body mass index and hypertension

in East Asians, Chinese, and Filipinos (27,57,65,66).

Deurenberg et al. (67) has noted discrepant body mass

indexes in different ethnic groups despite similar percen-

tages of body fat. Ko et al. (65) found that the body

mass index cutoff that is associated with hypertension in

Hong Kong Chinese persons is lower than in Caucasians

(23.8 vs. 25 kg m22). The East Asian population is

known to have a greater proportion of total body fat. In

particular, the abdominal fat is increased despite a lower

body mass index when compared with Caucasians. In

Chinese, Indonesian, and Thai populations, body mass

index values are on average 1.9, 3.2, and 2.9 units, respect-

ively, lower than in Caucasians despite similar percentages

of body fat. To explain the distinct strength of relationship

between body mass index and hypertension in Asians and

Caucasians, genetically determined differences in body

composition and metabolic response need to be considered

in conjunction with social and environmental factors. It is

also possible that Asians are more insulin-resistant than

Caucasians for reasons other than increased central

adiposity (68).

F. Gender-Specific Issues of Hypertension

The mean blood pressure is usually higher in men than in

women of similar age (Fig. 3.1). In addition, women

appear to better tolerate elevated blood pressure, resulting

in lower mortality from coronary heart disease (69,70).

In a cross-sectional study that enrolled 278 premeno-

pausal and 184 postmenopausal women, hypertension

was found in 10% of premenopausal women and in 40%

of postmenopausal women (71). After adjusting for age

and body mass index, postmenopausal women had 2.2

odds ratio of developing hypertension when compared

with premenopausal women. Possible explanations for

these findings include weight gain or estrogen withdrawal

after menopause, which results in an overproduction of

pituitary hormones and other neurohormones. However,

the longitudinal Framingham study failed to identify a

significant relationship between menopause and blood

pressure elevation (72).

In the Baltimore Longitudinal Study of Aging, 226

healthy normotensive postmenopausal women with a

mean age of 64 years were enrolled (73). The women

were randomized to receive hormone replacement

therapy in the form of oral or transdermal estrogen and

progestin or a placebo. The treated group showed during

the 10 year observation period a smaller increase in systo-

lic blood pressure of only 7.6 mmHg compared with

an increase of 18.7 mmHg in the untreated group. The

diastolic blood pressure was not affected by hormone

replacement therapy. Conversely, the postmenopausal

Estrogen/Progestin Intervention trial reported no effect

of hormone replacement therapy on blood pressure (74).

In this study, 875 healthy postmenopausal women aged

45–64 years were randomized to receive conjugated

equine estrogen or conjugated equine estrogen plus

cyclic medroxyprogesterone acetate or a placebo. During

a mean follow up of 3 years, no change in systolic and

diastolic blood pressure was found in those women on

hormone replacement therapy. However, the Women’s

Health Initiative (WHI) study reported a 25% higher rate

of hypertension in women treated with an estrogen and

progestin combination (75).

The Nurses’ Health Study found that women who

received contraceptives had an age-adjusted relative risk

of 1.5 (95% CI 1.2–1.8) to develop hypertension (76).

The absolute risk was modest, amounting to 41.5 cases/
10,000 person-years. The negative effect of contraceptives

on the development of hypertension rapidly declined after

cessation of this therapy. Although the exact mechanism

of the altered risk of hypertension by contraceptives

remains unclear, it may rather be related to the progesto-

genic than the estrogenic component of the contraceptive

preparation.

G. Hypertension in Children

Just 25 years ago, pediatricians started to pay attention to

hypertension in childhood and adolescence. The introduc-

tion of blood pressure measurements during routine phys-

ical examinations of children revealed new cases of

previously undetected asymptomatic secondary hyperten-

sion (77). However, hypertension and reference values

cannot be defined in the same way they are defined in

adults. The definition of hypertension in adults is based

on epidemiological data. The cutoff point for hypertensive

blood pressure in adults has been determined according to

the risk for developing cardiovascular complications, but

in children and adolescents, the definition of hypertension

is based exclusively on statistical calculations (78). In

1977, the National Heart, Lung, and Blood Institute pub-

lished a definition of hypertension that was based on a

meta-analysis of three American studies that enrolled

5789 children. This definition was updated in 1987 and

encompasses data from more than 70,000 children of all

races. In 1993, demographic data of blood pressure in chil-

dren was published that allowed a definition of hyperten-

sion according to the percentiles and categories of age,

height, and gender (79,80). The Riva-Rocci method of

blood pressure measurement that is used in adults cannot

always be applied to children reliably because of the varia-

bility of Korotkoff sounds in adolescents. In some
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children, the sounds are even heard down to 0 mmHg.

The 1996 update of the diagnosis of hypertension rec-

ommended using the fifth Korotkoff sound to determine

the diastolic blood pressure (80).

Blood pressure is considerably lower in children than in

adults, but it steadily increases during the first two decades

of life. The height of the person is an independent predic-

tor of blood pressure at all ages, but blood pressure is not

gender specific. In addition, no significant differences

between Caucasian, African-American, and Hispanic chil-

dren in the USA have been noted (81).

The prevalence of hypertension in children and adoles-

cents varies widely, ranging from 1% to 13% (82). Such

variation may reflect the differences in the methodologies

that were used. Children of families with known hyperten-

sion tend to have higher blood pressure than children of

normotensive families. Several longitudinal studies also

demonstrated that blood pressure in children, even if it is

in the normal range, predicts the risk of hypertension in

adulthood (83,84). A low birth weight seems to be a

further independent prognostic factor of elevated blood

pressure in adulthood (85,86). A decrease of 1 kg in

birth weight increases diastolic pressure by 1.0 mmHg,

and a decrease of 1 cm in chest circumference increases

diastolic blood pressure by 0.3 mmHg. Barker et al. (87)

demonstrated that men born with low birth weight and

smaller chest circumferences had increased death rates

due to cardiovascular events. Interestingly, placental

weight was directly associated with the blood pressure at

8 years of age. Diastolic blood pressure increased by

0.7 mmHg/100 g increase in placental weight.

H. Effect of Dietary Factors

It is very likely that some diets negatively influence blood

pressure. Energy intake (88), salt (89), and more recently,

saturated fats (90–92) have been shown to affect either

directly (93) or indirectly (94), the prevalence of hyperten-

sion in various populations (91,92). Members of lean

populations typically living in developing countries have

lower blood pressures than do persons of overweight popu-

lations in affluent countries (27,95).

There is a well-documented association between

sodium intake and hypertension. Over 30 years ago,

Dahl and Heine (96) demonstrated in a rat model that

increased sodium intake results in a rapid rise of blood

pressure. Similarly, an almost linear relationship between

mean blood pressure and daily salt consumption was found

in humans (97). Populations with sodium intake of

,50 mmol/day are known to have lower blood pressures.

Restricting sodium intake can significantly reduce blood

pressure in hypertensive patients, usually by .10 mmHg

(98). With greater sodium intake, hypertension develops

even in regions where the prevalence of obesity is low.

A large multicenter study conducted by the INTERSALT

Co-operative Research Group confirmed the relationship

between increased sodium intake and hypertension after

adjusting for confounding variables such as age, gender,

body mass index, potassium intake, and alcohol intake

(99). In this study, 10,079 persons 20–59 years in age

were enrolled, 8344 of whom were normotensive.

Cutler and Stamler (100) conducted a meta-analysis,

including 32 randomized clinical studies and 2635 indi-

viduals. With sodium intake was reduced, they found a

decline of 4.8 and 2.5 mmHg in systolic and diastolic

blood pressure, respectively, in hypertensive partici-

pants. In normotensive individuals, the reduction of

blood pressure was less marked, ranging from 1.1 to

1.9 mmHg. However, there was a linear dose–response

relationship between the reduction of salt intake and the

decline of blood pressure. Falker and Michel (101) inves-

tigated the effect of dietary salt on blood pressure in chil-

dren and adolescents. They demonstrated that a dietary salt

restriction was more effective in persons with a positive

family history of hypertension and in obese patients. The

phenomenon is known as sodium sensitivity and is higher

in patients with severe hypertension (102), in black indi-

viduals, in patients with a family history of hypertension,

in the elderly, and in patients with hyperaldosteronism

(103). However, not all individuals who consume larger

amounts of dietary sodium develop hypertension.

Cross-sectional studies have shown a higher blood

pressure and a higher prevalence of hypertension in indi-

viduals with increased alcohol intake (62,104). A con-

sumption of more than three standard alcoholic drinks

per day approximately doubles the risk of hypertension.

Blood pressure declines again within days after alcohol

intake has been discontinued. The exact mechanisms by

which alcohol affects blood pressure remain unclear. It

has been suggested that the increase in blood pressure

may occur via the activation of the sympathetic nervous

system or by affecting the cellular transport of electrolytes.

The most recent evaluation of NHANES data suggested

that there might be a causal relationship between dietary

intake and blood pressure among regional populations

within the USA (105). However, different dietary con-

ditions or alcohol intake do not entirely explain regional

differences of the prevalence of hypertension or the differ-

ence between European countries and the USA (99).

A high-fat diet also has been postulated to be one of the

causes for the high prevalence of hypertension in Russia

and Finland. In geographical areas where the consumption

of saturated fat is higher, the prevalence of hypertension is

usually elevated (106,107). Several studies have demon-

strated that an “inverted” diet with a high unsaturated-to-

saturated fat ratio tends to reduce the blood pressure

(90,92,108,109). This may explain why members of reli-

gious groups that adhere to a diet that is low in meat
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show a lower blood pressure in general than persons who

eat an omnivorous diet.

I. Socioeconomic Factors

Several other factors may be responsible for the geo-

graphic and regional patterns of hypertension, comprising

genetic, socioeconomic, environmental, and psychosocial

factors. It is conceivable that genetic polymorphisms

may affect electrolyte transport, sympathetic, or endocrine

control mechanisms. The occurrence of one genetic altera-

tion or a combination of mutations may result ultimately in

clinically manifested hypertension. Hereditary factors may

confer 20–50% of the variation in blood pressure (110).

According to the United States Department of Health

and Human Services, the prevalence of hypertension is

lower in high-income earners in comparison to the poor,

near poor, and middle-income populations (22% vs.

26–27%). Similarly, the British Regional Heart Study

and the Nine Towns Study found that the mean systolic

blood pressure is lower in individuals with skilled nonman-

ual occupations than in persons with unskilled manual

occupations (111,112). Although there is now in industrial-

ized countries a fairly consistent inverse association

between socioeconomic status and blood pressure (113),

this relationship is thought to have emerged only 40–60

years ago. Previous studies in the USA and UK found that

a high socioeconomic status was associated with a higher

risk of hypertension and more frequent cardiovascular com-

plications (113). Interestingly, in a study from Jamaica,

low-income as well as high-income earners showed a

higher prevalence of hypertension than middle-income

earners, resulting in a J-shaped curve (114).

The background for the inconsistent association

between socioeconomic status and blood pressure

remains unclear. The mechanisms by which socio-

economic factors influence blood pressure and hyperten-

sion are unknown (115,116). The dynamics of social and

cultural transitions during the process of economic devel-

opment are thought to change the pace at which hyper-

tension and other risk factors of cardiovascular disease

are emerging in developing countries (117). Hence,

one explanation for the inconsistent association between

socioeconomic status and blood pressure may be the

heterogeneity of stages of modernization and economic

development. In the least-developed countries, high socio-

economic status groups may adopt atherogenic and hyper-

tensive lifestyles that are characterized by smoking,

sedentary activities, and diets that are high in energy and

fats (114), whereas in more industrialized countries

persons with high socioeconomic status may be more pre-

pared to adopt lifestyles that lower the risk of coronary

vascular disease. In contrast, individuals with low socio-

economic status may adhere stronger to lifestyles that are

adverse for their health. Assuming this hypothesis, one

would expect a direct relationship between socioeconomic

status and blood pressure in low-income countries, and an

inverse relationship in industrialized countries. In develop-

ing countries, the relationship between socioeconomic

status and blood pressure also may be influenced by

other risk factors of hypertension and coronary vascular

disease, such as fetal malnutrition and psychosocial

stress (118).

Mass migration in the past century provided convincing

evidence that environmental factors play an important role

for the development of hypertension (119). Reports of

people with similar ethnic backgrounds but distinctly

different types of contact with modern societies indicate

a strong relationship between westernized lifestyle and

increased cardiovascular risk (120). An increase in blood

pressure also was observed in individuals who moved

from rural to urban areas (120). It remains to be deter-

mined whether migrating from urban to rural areas has

the opposite effect and reduces blood pressure.

In an interesting study, Timio et al. studied blood

pressure trends and cardiovascular events in 144 nuns in a

secluded order in Umbria, Italy, over a period of 30 years.

They compared the results with data from 138 laywomen

who lived in the same region. Both groups were compa-

rable with regard to baseline characteristics, including

age, blood pressure, body mass index, race, ethnic back-

ground, menarche, family history of hypertension, and

24 h urinary sodium excretion. Smokers and individuals

who used contraceptive agents or estrogen replacement

therapy were excluded. Among nuns, blood pressure

remained remarkably stable. None showed an increase in

diastolic blood pressure to levels .90 mmHg. Conversely,

laywomen showed the typical age-related increase in blood

pressure that resulted in systolic and diastolic differences of

blood pressure between both groups of .30 and 15 mmHg,

respectively. In addition, there was a significantly larger

number of fatal and nonfatal cardiovascular events in lay-

women over the 30 year period. Hence, the study suggests

that environmental stress and, in particular, psychosocial

stress may be an important factor in the development of

hypertension (121).

Stress in form of racial discrimination and migration

also has been associated with an increased risk of hyper-

tension (122). In addition, unfavorable working con-

ditions, for example, noise and shift-work, are thought to

result in an increase in blood pressure (123).

III. BURDEN AND DISEASE
FROM HYPERTENSION

Hypertension is associated with an increased risk of athero-

sclerotic vascular disease outcomes. In 1925, the Society
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of Actuaries conducted a study that enrolled 560,000

insured men. The results of this investigation indicated

that even mild hypertension may reduce life expectancy

(124). It has been shown that high-normal blood pressure

already increases the risk of cardiovascular complications

(125). The contribution of hypertension to the risk of

atherosclerotic vascular disease has been determined

from large-scale epidemiologic studies and meta-analyses

(126,127). The number of persons with cardiovascular

disease has declined substantially in western countries

over the past decades, but cardiovascular complications

remain a serious problem. Even in developing countries,

cardiovascular disease represents a heavy burden. For

example, in the People’s Republic of China, in Japan,

and in other east Asian countries, stroke is the principal

cause of death. In 1994, cardiovascular disease mortality

had reached 544 of 100,000 Chinese men and 559 of

100,000 Chinese women age 35 years or older. Nearly

40% of all deaths (37.0% in men and 41.8% in women)

were the direct result of cardiovascular disease. More

than half of all cardiovascular disease deaths were the

result of stroke (56.2% in men and 52.5% in women).

The emergence of cardiovascular disease as a leading

cause of death in China is believed to be the result of the

dramatic and rapid economic transition, urbanization,

industrialization, and globalization that has occurred

over the past few decades. Even more worrying, the mor-

bidity and mortality rate resulting from cardiovascular

disease in China has been projected to further increase

over the next 20 years (128).

A. Cardiovascular Risk

Cardiovascular disease is the leading cause of death in

adults in most industrialized countries. It affects males

more frequently than females by a 4:1 ratio. Disability

from cardiovascular disease steadily increases as individ-

uals grow older. The incidence doubles approximately

each decade after the age of 45 and accounts for nearly

50% of all deaths after the age of 65. The relationship

between diastolic blood pressure and the risk of coronary

heart disease follows a log–linear curve (127). However,

a clear-cut threshold level of blood pressure where the

risk of cardiovascular morbidity commences to increase

cannot be determined. It has been estimated that a persist-

ent elevation of diastolic blood pressure of 5 mmHg

increases the risk of coronary heart disease by at least

21%, whereas an elevation of 10 mmHg changes the risk

by þ37% (Fig. 3.2) (127).

The risk of cardiovascular events appears also to be

higher in persons with isolated systolic hypertension

(13,125). Moreover, several studies found a significant

association between pulse pressure, cardiovascular

disease morbidity, and mortality (129–131). In an analysis

of 2231 patients of the Survival and Ventricular Enlarge-

ment (SAVE) study and 6781 patients randomly assigned
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to the Studies of Left Ventricular Dysfunction (SOLVD),

pulse pressure predicted the risk of death after myocardial

infarction and recurrent myocardial infarction (132,133).

Similarly, pulse pressure predicted all-cause, cardiovascu-

lar, and coronary mortality in 19,083 middle-aged and

elderly but otherwise healthy French men enrolled in a

screening program (131). Madhavan et al. (134) found

that pulse pressure, not systolic or diastolic blood pressure,

was an independent predictor of cardiovascular outcomes

in 2207 untreated hypertensive patients who were fol-

lowed for almost 5 years. In the East Boston Senior

Health Project (135), pulse pressure was found to be a

dominant predictor of coronary artery disease. The risk

of coronary heart disease is also influenced by other

factors such as higher age, elevated blood lipids, cigarette

smoking, and diabetes. However, hypertension and dysli-

pidemia are those atherosclerotic risk factors that can be

modified most easily.

B. Stroke

Stroke is a heterogeneous condition, responsible for 20%

of all cardiovascular deaths in the elderly. Most (72%)

strokes occur after the age of 65 years, but almost 20%

of strokes occur in persons 60 or younger. The risk of

stroke doubles each successive decade after the age of

55. Approximately 85% of strokes are cerebral infarctions.

Intracerebral or subarachnoid hemorrhages account for

15% of strokes.

The risk of stroke increases with increasing age, ciga-

rette smoking, diabetes, and atrial fibrillation. Hyper-

tension has been recognized as an independent risk

factor of stroke. In the Seven Countries Study, the

age-adjusted stroke rates varied substantially in different

areas: North America and Northern Europe, 35–50/1000

person-years; Southern Europe, 44–70/1000 person-

years; rural Serbia, Croatia, and Japan, 83–107/1000

person-years (136). MacMahon et al. (127) estimated

that an elevation of diastolic blood pressure by

.5 mmHg results in a 34% increase in stroke risk

(Fig. 3.3), whereas a 10 mmHg elevation results in a

57% increase in stroke risk. Stage 2 or stage 3 hyper-

tension increases the risk of stroke by �50% and

100%, respectively, compared with individuals with

stage 1 hypertension.

A 10 year period of permanent elevation of blood

pressure by one standard deviation is associated with a

relative risk of stroke of 1.68 (95% CI: 1.25–2.25) in

men and of 1.92 (95% CI: 1.39–2.66) in women (137).

In middle-aged Japanese adults enrolled in the ABCC-

JNIH Adult Health Study examinations in Hiroshima-

Nagasaki, Prentice et al. (138) found that the systolic

blood pressure 2–4 years before the initiation of anti-

hypertensive therapy already predicted the risk of future

ischemic strokes. Similarly, elevated blood pressure

measured at a single visit already predicted an increased

risk of stroke (139). However, in the Zutphen Study,

Kelli et al. (140) noted that a single determination of the
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systolic blood pressure underestimated the strength of the

association between hypertension and the 15 year stroke

incidence by 55% when compared with the average systo-

lic blood pressure during the previous 11 years.

Although it was initially believed that diastolic blood

pressure has a greater impact on the risk of stroke than sys-

tolic blood pressure, this concept was not supported by the

Framingham study (141). It has been shown that the risk of

stroke increases continuously after the age of 50 despite a

declining diastolic blood pressure. The ideal blood

pressure for reducing the risk of stroke has not been

defined yet. However, a systolic blood pressure

,125 mmHg and a diastolic blood pressure ,85 mmHg

appear to be reasonable thresholds.

C. Left Ventricular Hypertrophy and
Congestive Heart Failure

Left ventricular hypertrophy is frequently the result of

long-standing uncontrolled hypertension and volume over-

load. The first studies providing evidence of a close

relationship between hypertension and left ventricular

hypertrophy were based on ECG diagnosis. More recently,

this relationship was confirmed with echocardiography.

Left ventricular hypertrophy is a prominent feature of

evolving or manifest congestive heart failure. Approxi-

mately 20% of congestive heart failure cases had antece-

dent signs of left ventricular hypertrophy in the ECG

and 60–70% according to the more sensitive echocardio-

graphy. After adjustment for age and other risk factors, left

ventricular hypertrophy indicates a twofold to threefold

higher risk of developing congestive heart failure (142).

In one study, 140 men with uncomplicated hypertension

were followed for a mean time period of 4.8 years (147).

During this time, 14 cardiovascular events were recorded.

The event rate was 4.6/100 patient-years in men with left

ventricular hypertrophy and 1.4/100 patient-years in those

without hypertrophy. In a multivariate model that takes

into account age, systolic and diastolic blood pressure,

and left ventricular fractional shortening, the left ventricu-

lar mass index was the most powerful predictor of cardio-

vascular morbidity.

According to the Framingham study, a 40% rise in

the risk of major cardiovascular events can be expected

for each 39 g/m2 or standard deviation increase of left

ventricular mass (145,146). A blood pressure of .160/
95 mmHg was associated with a sixfold higher incidence

of congestive heart failure. It was estimated that a

10 mmHg increase in diastolic blood pressure increased

the incidence of congestive heart failure by 25%. In

1621 elderly men and women of the East Boston Senior

Health Project, an association between increased pulse

pressure and congestive heart failure was reported after

adjustment for age, gender, mean blood pressure, history

of coronary artery disease, diabetes mellitus, atrial fibrilla-

tion, and treatment for hypertension (135). Pulse pressure

increases steeply with age, especially after the fifth to sixth

decade of life, a time when diastolic pressure tends to

decline (59). If left untreated, hypertension may further

accelerate the development of large-artery stiffness and

further increase systolic blood pressure (129). These

changes subsequently cause a deterioration of asympto-

matic left ventricular dysfunction that results in overt

congestive heart failure (143). Similarly, among 2152 par-

ticipants of the Established Populations for Epidemiologic

Studies of the Elderly program who were free of coronary

disease and congestive heart failure at the baseline exam-

ination, pulse pressure showed a strong linear relationship

with the risk of developing congestive heart failure after

adjustment for demographic variables, co-morbidity, and

risk factors. A 10 mmHg increment in pulse pressure

was associated with a 14% increase in risk of congestive

heart failure (144).

D. End-Stage Renal Disease

Long-term data of more than 10,000 men of the Veterans

Administration study indicated a significant relationship

between systolic blood pressure and renal disease (148).

Conversely, end-stage renal disease may lead to hyperten-

sive blood pressure. In an analysis of 26 geographic areas

in the state of Maryland, the incidence of end-stage renal

disease was closely related to the prevalence of hyperten-

sion (149). One of the highest rates of end-stage renal

disease has been recorded in the Southeast of the USA,

where the prevalence of hypertension is very high. The

African-American population in the USA shows a very

high prevalence of hypertension, but it also has a sixfold

higher incidence of end-stage renal disease than the

Caucasian population (150). Even individuals with high-

normal blood pressure have a twofold increased risk of

end-stage renal disease in comparison to subjects with

optimum blood pressure (,120/80 mmHg). The relative

risk of end-stage renal disease among individuals with

hypertension stages 1–4 amounted to 3.1, 6.0, 11.2, and

22.1, respectively (Table 3.5).

Treating elevated blood pressure reduces the risk of

end-stage renal disease. The Reduction of Endpoints in

NIDDM with the Angiotensin II Antagonist Losartan

(RENAAL) study indicated that a reduction of elevated

blood pressure with an angiotensin II receptor blocker in

patients with diabetes mellitus type 2 significantly

reduced the time to end-stage renal disease (151,152).

Further analysis of this study showed that baseline systolic

blood pressure represents an independent risk factor for

end-stage renal disease or death. During a 15-year

follow up of 11,912 male hypertensive veterans, the pre-

treatment systolic blood pressure was more strongly
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associated with end-stage renal disease than the diastolic

blood pressure (153). Any systolic blood pressure values

.140 mmHg significantly increased the risk of end-

stage renal disease compared with values ,130 mmHg.

Systolic blood pressure and pulse pressure appear to

have similar predictive values for end-stage renal

disease. A baseline pulse pressure .70 mmHg increases

the risk of progression to end-stage renal disease (151).

In contrast, baseline diastolic blood pressure in this

study failed to predict poor renal outcomes in this popu-

lation with type 2 diabetes and nephropathy. However,

diastolic blood pressure was a useful predictor of renal out-

comes in younger people with nondiabetic renal disease

and type 1 diabetes in other studies (154–156).

The prognosis of end-stage renal disease is usually

poor. After 5 years, only 38% of persons with the

disease are still alive, the most common cause of death

being coronary heart disease.

E. Peripheral Arterial Disease

The incidence and prevalence of peripheral arterial disease

increase substantially with age in men and women

(157,158). Both symptomatic and asymptomatic peripheral

arterial disease are associated with significantly increased

risks of coronary and cardiovascular mortality (158,159).

There is a steep, nonlinear relationship between base-

line levels of systolic blood pressure and the risk of inter-

mittent claudication (Table 3.6).

In an examination of peripheral arterial disease and its

risk factors in the Framingham Offspring Study, patients

40 years or older were evaluated. The prevalence of

intermittent claudication was 1.9% in men and 0.8% in

women. In a multivariate adjusted analysis, age, hyperten-

sion, current smoking, pack-years of smoking, fibrinogen,

HDL cholesterol, and coronary heart disease were asso-

ciated with peripheral arterial disease. Each 10 year incre-

ment in age carried a 2.6-fold increase in the odds of

peripheral arterial disease. Hypertension and coronary

heart disease were associated with a more than twofold

increase in the odds of peripheral arterial disease. Smokers

showed twice the risk of developing peripheral arterial

disease. An increase of 10-pack-years of smoking resulted

in a 1.3-fold increase in the odds of peripheral arterial

disease. Each 50 mg/dL increment in fibrinogen was associ-

ated with a 1.2-fold increase in the odds of peripheral arterial

disease. HDL cholesterol was inversely associated with

peripheral arterial disease; for each 5 mg/dL increase in

HDL cholesterol, there was a 10% decrease in the odds of

peripheral arterial disease (160). For baseline diastolic

blood pressure, data suggests that the threshold where the

risk of peripheral arterial disease increases commences at

87–94 mmHg in women and at 95 mmHg in men.

F. Predictive Value of Systolic and
Diastolic Blood Pressure

Since the mid-1920s, a relationship has been known to

exist between diastolic and systolic blood pressures and

life expectancy. Highly elevated blood pressure was

called malignant hypertension because 79% of affected

individuals died within 1 year of this diagnosis (161).

From the 1920s until the 1980s, the risks of coronary

heart disease and stroke have been attributed predomi-

nantly to elevated diastolic blood pressure (162). In fact,

Table 3.6 Risk of Intermittent Claudication by Systolic and

Diastolic Blood Pressures in Subjects 35–84 Years of Age

Blood pressure

(mmHg)

Men Biennial

age-adjusted rate

per 1000 (%)

Women Biennial

age-adjusted rate

per 1000 (%)

Systolic

�119 5.2 1.8

120–139 4.5 2.3

140–159 9.5 3.4

160–179 9.6 5.1

�180 13.9 9.4

Diastolic

�75 6.2 2.9

76–80 6.8 2.8

81–86 6.8 2.8

87–94 5.5 4

�95 10.6 5.8

Source: Adapted from Kannel and McGee (157).

Table 3.5 Blood Pressure and All-Cause End-Stage Renal

Disease

Blood pressure category

Age-adjusted

rate/100,000

person-years

Adjusted

relative risk

(95% CI)

Optimal blood pressure

(,120 mmHg systolic,

,80 mmHg diastolic)

5.3 1.0

Normal but not optimal

blood pressure

(120–129/80–84 mmHg)

6.6 1.2 (0.8–1.7)

High normal blood pressure

(130–139/85–89 mmHg)

11.1 1.9 (1.4–2.7)

Hypertension

Stage 1 21.0 3.1 (2.3–4.3)

Stage 2 43.6 6.0 (4.3–8.4)

Stage 3 96.1 11.2 (7.7–16.2)

Stage 4 187.1 22.1 (14.2–34.3)

Overall 15.6 —

Note: CI, confidence interval.

Source: Adapted from Klag et al. (169).
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it was a misconception that diastolic blood pressure would

be a better predictor of cardiovascular risk. In 1971, the

Framingham study indicated that isolated elevated systolic

blood pressure is associated with an increased risk of car-

diovascular disease (163). A large number of diverse pro-

spective studies followed and confirmed that systolic

blood pressure is in fact a superior predictor of cardiovas-

cular risk. More recently, pulse pressure (the difference

between diastolic and systolic blood pressure) has been

recognized as a further significant predictor of cardiovas-

cular events (145,164). Systolic blood pressure and dias-

tolic blood pressure show distinct trends with

progressing age. Diastolic blood pressure reaches a

plateau at the age of 50 and subsequently commences to

decline, whereas systolic blood pressure continues to

increase after the age of 50. As a consequence, pulse

pressure increases after the age of 50. Diastolic blood

pressure rises with peripheral arterial resistance and falls

with increased central artery stiffness. The contributions

of these opposing forces determine diastolic blood

pressure and, ultimately, the pulse pressure (165).

In the Framingham study, increments in pulse pressure

at particular systolic pressures were associated with a

greater risk of coronary heart diseases than were incre-

ments of systolic blood pressure at a fixed pulse pressure

(145). Of note, the prediction of cardiac hypertrophy has

been reported to be associated with high pulse pressure

and low diastolic pressure (166). Hence, with increasing

age the prognostic value of diastolic, systolic, and pulse

pressure for coronary heart disease may change (167).

From the age of 60 years onward, diastolic pressure is

negatively correlated with coronary heart disease. At this

age, pulse pressure may become a better predictor of cor-

onary heart disease than systolic or diastolic blood

pressure (167). However, the strong relationship between

systolic blood pressure and pulse pressure makes a separ-

ation of the effects of each predictor extremely proble-

matic, no matter what statistical method is used (168).

This may explain why studies fail to agree on the prognos-

tic importance of diastolic blood pressure, systolic blood

pressure, and pulse pressure (165).

G. Trends in Hypertension Morbidity
and Mortality

The early detection and treatment of hypertension is essen-

tial in order to prevent secondary complications such as

stroke, heart failure, and coronary heart disease. Since

1972, the rates of coronary heart disease have declined

by 46%, parallel to the decline in the prevalence of

hypertension. The decline in cardiovascular mortality is

independent of gender and race but is more pronounced

in older persons. Stroke is the third leading cause of

death in the USA and accounts for more than 160,000

deaths/annum. After 1972, a sharp decline in stroke

mortality of 58% was observed, decreasing annually by

6%. The rate of decline was similar for all age groups

and did not depend on race and gender. In contrast, the

incidence of end-stage renal disease has increased since

1973, despite a decline in the prevalence of hypertension.

IV. CONCLUSIONS

In developed countries, hypertension affects 25–30% of

the entire adult population, reaching 60–70% of individ-

uals beyond the seventh decade. Hypertension is asso-

ciated with older age, increased body mass index and

other less defined psychosocial, environmental and nutri-

tional factors. Preventive measures have led to a sub-

stantial decline in hypertension prevalence in the United

States, particularly between 1974 and 1991. In addition,

the incidence of coronary heart disease and the rate of cer-

ebrovascular events have declined as a result of improved

awareness, more potent therapy and better control of blood

pressure. In contrast, the prevalence of hypertension is still

increasing in developing countries, paralleling industrial-

ization and the adoption of a Westernized lifestyle.

Overall, the prevalence of hypertension remains high

and represents a serious health problem, causing endorgan

damage such as left-ventricular hypertrophy, congestive

heart disease, coronary heart failure, stroke, renal failure,

and periperal arterial disease. It requires large efforts to

further reduce cardiovascular morbidity and mortality.
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KEYPOINTS

. About 30–50% of blood pressure variance within a

population is of genetic origin.

. Genetic and environmental factors interact to

produce the final hypertensive phenotype.

. Single-gene disorders that have hypertension as a

primary phenotype are rare.

. Genetic studies of essential and secondary

hypertension suggest a common final path-

way for the pathogenesis of hypertension via

the kidney renin–angiotensin–aldosterone sys-

tem (RAAS) and changes in renal sodium

handling.

. Pharmacogenetics uses the patients’ genetic profile

to predict their response to a particular drug.
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SUMMARY

Estimates are that 30–50% of the blood pressure variance

within a population is of genetic origin. Essential hyperten-

sion is a complex, multifactorial, polygenic trait, where

both genetic and environmental factors interact to produce

the final phenotype. Thus, inherited genes may not cause

hypertension directly, but confer susceptibility to develop

hypertension given appropriate environmental cues.

Single-gene disorders that have hypertension as a primary

phenotype exist, and the genetic variants underlying the

mechanism of hypertension have been demonstrated.

These disorders provide insight into new pathways and

genes involved in blood pressure regulation and the patho-

genesis of hypertension. Over 60 candidate genes for essen-

tial hypertension have been studied in different populations,

and genetic variants have been identified for all of these

genes. To date, not one gene has been conclusively linked

or associated with essential hypertension. Studies of essential

and secondary hypertension suggest a common final pathway

for the pathogenesis of hypertension via the kidney renin–

angiotensin–aldosterone system and changes in renal

sodium handling. Genome-wide screens for blood pressure

loci have implicated numerous regions in different popu-

lations on all chromosomes except 13 and 20. The results

confirm the polygenic and heterogeneous nature of the dis-

order and suggest that hypertension may result from the inter-

action of many genes with modest effect. Pharmacogenetics

has demonstrated the potential of using a patient’s genetic

profile to predict their response to a particular drug.

I. INTRODUCTION

Hypertension is a major public health problem that affects

.20% of the adult population worldwide. It is a major

risk factor for cardiovascular disease, contributing greatly

to morbidity and mortality from stroke, myocardial infarc-

tion, end-stage renal disease, and congestive heart failure

(1). Considering the impact of hypertension on human

health, substantial effort has been put into the study of the

disorder. In �5% of hypertensive patients, an underlying

renal or adrenal disease or a single gene mutation is respon-

sible for the disorder; these patients have what is called sec-

ondary hypertension. The remaining 95% of hypertensive

patients have essential hypertension, in which there is no

single, clearly identifiable cause for the elevated blood

pressure (1). Family and epidemiological studies suggest

that essential hypertension results from a complex inter-

action between genetic and environmental factors, includ-

ing high salt intake, alcohol, and obesity. Although the

environmental influences on blood pressure have been

well established, we still have a limited understanding of

the genetic factors that contribute to essential hypertension

and the interactions that produce the disorder.

With the advent of modern genomics and its application

to the discovery of disease genes, the genetic mechanisms

that contribute to hypertension are beginning to reveal

themselves. This chapter will outline the evidence that

hypertension is a genetic disease, describe the nature of

the disorder, and discuss some of the approaches that are

used to study the genetics of hypertension. This discussion

will be followed by an overview of some of the major find-

ings from studies of both secondary and essential hyper-

tension and the application of pharmacogenetics in

hypertension research.

II. EVIDENCE FOR A GENETIC
COMPONENT

It has been estimated that 30–50% of the blood pressure

variance within a population is inherited, which suggests

that hypertension is, in part, a genetically determined

disease (2). The evidence comes primarily from studies of

families, twins, and adopted children. Each type of study

examines the proportion of genetic and environmental

factors that contribute to blood pressure variation. If there

is a genetic component to hypertension, it is expected that

blood pressure levels and the incidence of hypertension

would be similar between biological relatives.

Family studies do show that hypertension occurs more

frequently in individuals who have a family history of

hypertension (3). In addition, these studies show that

these individuals are �1.6 times more likely to develop

high blood pressure if they have a first-degree relative

with the condition (3,4). This trend has been termed

“familial aggregation.” The similarity of blood pressure

levels within families is not restricted to individuals in

the family who are hypertensive because familial aggrega-

tion of blood pressure can be seen for all blood pressure

levels across all age groups (3). Familial aggregation,

however, does not prove conclusively that there is a

genetic component to hypertension. Families share both

their genes and their environment; therefore, similarity

also could be attributed to a shared environment.

Studies of twins and families with adopted children

allow researchers to separate, to some extent, the relative

effects of genes and environment on blood pressure

levels. Studies of twins take advantage of the fact that

monozygotic (identical) twins share 100% of their genes

and dizygotic (nonidentical) twins share only 50% of

their genetic make-up. This difference allows researchers

to examine the “heritability” of a trait. Heritability refers

to the proportion of phenotypic variation that can be

explained by genetic factors. A higher correlation or simi-

larity in blood pressure levels between monozygotic twins

than between dizygotic twins indicates a genetic influence

(5,6). For blood pressure levels, it has been demonstrated
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that monozygotic twins have a higher correlation coeffi-

cient than dizygotic twins, and that the incidence of hyper-

tension is higher among monozygotic twins than among

dizygotic twins. Overall, studies of twins have estimated

the heritability of blood pressure levels to be in the

range of 50–70% (7–9).

Studies of families with adopted children have the

advantage of comparing different genetic influences in

the same family environment. This type of study involves

the comparison of genetically related relatives (i.e., bio-

logical relatives) and people who are relatives by adoption

(i.e., genetically unrelated individuals who live in the same

family). A greater similarity or concordance of a particular

trait between biological relatives than between adopted

relatives suggests a genetic influence. Alternatively, if

adopted relatives show more similarity for a trait, this

suggests a greater contribution from environmental

factors. The similarity of blood pressure levels among bio-

logical relatives but not in adopted relatives lends further

support for a role of genetic factors in hypertension.

Studies of families with adopted children show that the

incidence of hypertension is greater among biological sib-

lings than between adopted siblings. There is also a greater

concordance of blood pressure levels in general among

biological siblings than among adopted siblings living in

the same household, which demonstrates that familial

aggregation of blood pressure cannot be attributed only

to shared environmental factors (10–12).

Rare Mendelian disorders that have high blood pressure

or a low blood pressure as the primary phenotype also have

been identified (13). Although the mutations in the genes

responsible for these disorders are rare and, therefore,

unlikely to contribute to the overall prevalence of hyper-

tension in the general population, these forms of hyperten-

sion have emphasized the importance of genetic factors in

blood pressure control and in the development of

hypertension.

III. THE NATURE OF THE
GENETIC COMPONENT

The inheritance pattern of hypertension has been debated

for many years. During the 1950s, studies to determine

the genetic influences on hypertension sparked a debate

between Sir George Pickering and Sir Robert Platt over

whether hypertension is a monogenic or a polygenic dis-

order. Pickering argued that because blood pressure has

a continuous distribution in the general population, there

are multiple genes and environmental factors that deter-

mine the level of an individual’s blood pressure and that

hypertension is merely the upper end of this distribution

(14). The Pickering school of thought put forward the

theory that an individual with essential hypertension is

one who happens to have inherited an aggregate of

genes and is exposed to environmental factors that favor

hypertension (14). The Platt school of thought held that

hypertension was a discrete genetic entity that displays

Mendelian autosomal dominant inheritance (15).

Both theories proved to be correct. A small number of

hypertensives within a population will have a high blood

pressure level that is caused by a single gene disorder.

(See Section V in this chapter.) However, in the vast

majority of individuals in the hypertensive population,

there is no clear pattern of Mendelian inheritance. This

supports the notion that hypertension is influenced by a

number of different genes in combination with environ-

mental influences.

It is now generally accepted that essential hypertension

is a polygenic disorder. This means that several genes,

either a few “major” genes that exert moderate effects or

many “minor” genes that exert smaller individual effects

on blood pressure level, cause raised blood pressure.

However, there are probably more layers of complex-

ity. First, multiple variants (alleles) of these genes are

likely to exist, with each variant having a different effect

on blood pressure level. Secondly, different combinations

of genes can influence blood pressure in a unique manner,

with certain combinations of genes more readily elevating

blood pressure. Thirdly, environmental factors (e.g., salt

intake) also will interact with genetic factors to influence

blood pressure levels. Finally, genetic variability might

predispose an individual to hypertension, but it may not

be enough to cause hypertension outright. It will cause

hypertension, however, when combined with the effects

from genetic variants at other loci and environmental

factors.

IV. STRATEGIES FOR IDENTIFYING
BLOOD PRESSURE GENES

The two approaches commonly used for identifying the

genetic determinants of human disease are linkage and

association studies (16). These tools were developed

initially for mapping simple Mendelian traits, but with

advances in statistical genetics and technologies, they

are now being applied to complex disease gene mapping

(17). In genetic linkage analysis, the co-inheritance

of blood pressure and a genetic marker (usually micro-

satellites) is tested between affected individuals within a

family (e.g., sibling pairs). Chromosomal regions that

harbor blood pressure genes are defined as those regions

in which identical marker alleles are shared more often

than would be expected by chance. Basically, if the

location on a chromosome of a marker locus and a

disease-causing gene locus are physically close, and the

probability of recombination between the two loci is
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low, the genetic marker will co-segregate, or travel, with

the disease-causing locus. The loci are then said to be in

tight “linkage.” Thus, it is possible to infer the chromoso-

mal location of a disease locus from the location of the

marker locus.

Linkage studies can either focus on genetic loci that

have previously been implicated in hypertension or be

carried out on a genome-wide scale. The genome-wide

screen approach has become a standard tool for studying

complex diseases like hypertension because it allows

the identification of new genes that have been missed

previously. The relative odds or the likelihood that the

co-segregation of the marker and disease is due to

linkage as opposed to chance is measured by the logarithm

of odds (LOD) score. An LOD score of .3 is generally

considered to be strong evidence for linkage (18).

When a candidate gene has been identified, either

through linkage mapping studies or on the basis of its

known function, association studies are designed to

detect the association between the disease and specific

alleles of the gene. Association studies are crucial for iden-

tifying the genes implicated in a disease. One of the most

popular designs for studying allelic association between a

disease and a marker is the case–control design. In this

type of study, investigators search for the differences in

the allele frequencies at a marker locus in unrelated

groups of individuals with hypertension (“cases,” i.e.,

patients) and groups of individuals without the disease

(the controls). Significant differences in allelic frequen-

cies at this marker locus between the two groups will

implicate specific alleles at that locus in the etiology of

the disease. If an allele is found more frequently in indi-

viduals with the disease than it is in individuals without

the disease, the allele is said to be associated with the

disease. The marker may be the causal mutation, or it

may be in linkage disequilibrium with the true disease-

causing allele.

In the hunt for blood pressure genes, a number of strat-

egies have been employed to identify hypertension suscep-

tibility loci. These have included the study of rare

Mendelian forms of hypertension, the investigation of

candidate genes, and genome-wide screens. Candidate

gene analysis has been the primary strategy in determining

and testing for genes that may be involved in essential

hypertension. This approach assumes that either a single

gene or a number of genes associated with specific physio-

logical or cellular functions contribute to blood pressure

variation. Candidate genes have been chosen on the

basis of their recognized effects on cardiovascular and

renal function and on the known pathophysiology of

hypertension. Candidacy can also be based on linkage

data. For example, if a gene maps to a region that has

been linked to hypertension in a chromosomal or

genome-wide mapping study, this gene can be considered

as a positional candidate. Although hypertension is con-

sidered a complex disease, candidate genes also can be

selected on the basis of studies of the Mendelian forms

of hypertension. Because the Mendelian disorders are

extremely rare, they do not contribute greatly to the

overall hypertensive burden (although they are probably

under-diagnosed). However, the genes responsible for

these rare disorders are providing insight into the patho-

genesis of hypertension and, thus, highlight potential

new genes and pathways for further study. The hypothesis

is that subtle variations in these genes may contribute to

the development of essential hypertension.

V. MONOGENIC HYPERTENSION

The most striking advances in blood pressure genetics

have been made in the field of monogenic hypertension.

Nine single-gene disorders are now known, seven of

which have been characterized at the functional level

(Table 4.1). An interesting feature is that despite the

numerous physiological systems that are involved in

the regulation of blood pressure, the abnormal gene

product, in all of these disorders affects the same one

system: renal salt handling.

A. Normal Physiology of the Kidney

The kidneys filter 188 L of plasma every day. This filtered

load contains about 25 moles of salt, equivalent to nearly

25 kg, of which ,1% is excreted. The whole process is

highly energy intensive. The kidneys receive 7% of the

total oxygen intake for the body, despite the fact that

they comprise only 0.5% of the total body weight.

Ninety-nine percent of this energy cost is attributable to

active sodium transport. The mechanism by which salt is

reabsorbed and modulated is complex. Knowledge of

several elements of this system has come directly from

research into the Mendelian forms of hypertension.

Sixty-seven percent of filtered sodium is reabsorbed in

the proximal convoluted tubule, 24% of filtered sodium is

reabsorbed in the thick, ascending loop of Henle via the

sodium–potassium chloride co-transporter, and 7% of

filtered sodium is reabsorbed in the distal convoluted

tubule via the sodium chloride co-transporter. The remain-

ing 2% of filtered sodium is reabsorbed in the cortical

collecting tubule via the epithelial sodium channel. The

last stage of sodium reabsorption is the most highly

regulated in the system. Fine control is provided by mod-

ulating the activity of the epithelial sodium channel via

aldosterone, which in turn is under the influence of the

RAAS (19).

Given the huge volume of filtrate, even a small percen-

tage of change in salt handling will result in a large change
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in the net sodium balance. Therefore, modifying any one

of the steps in the pathway can lead to significant (and

clinically relevant) changes. Mutations that increase

sodium reabsorption and lead to hypertension have been

identified at various points in the control pathway, and

we will now look at these, working our way along the

nephron (Fig. 4.1).

B. Pseudohypoaldosteronism Type 2

Also known as familial hyperkalemic hypertension

(Gordon’s syndrome), this is a genetically heterogeneous

disease. The key feature is overactivity of the sodium

chloride co-transporter in the distal convoluted tubule

and the cortical collecting duct. This causes an increase

in net sodium reabsorption, which, in turn, increases the

plasma volume (because plasma osmolality is held con-

stant) and, thus, cardiac output and blood pressure.

Decreased delivery of sodium to the distal tubule

decreases the electrical gradient that is generated by the

epithelial sodium channel (lumen-negative gradient) and,

thus, impairs hydrogen and potassium secretion. This

explains the classical phenotypic features of hyperten-

sion, hyperkalemia, hyperchloremic metabolic acidosis,

suppressed renin activity, and normal or elevated aldoster-

one (inappropriately low for the level of hyperkalemia).

All these abnormalities can be corrected by the adminis-

tration of thiazide diuretics, which are specific sodium

chloride co-transporter inhibitors (20).

How is increased sodium chloride co-transporter func-

tion mediated? Genetic studies have found mutations in

specific enzymes, WNK (with no lysine K) kinases—a

family of serine–threonine kinases that are involved in

several signal transduction pathways. The WNK4

kinase inhibits the sodium chloride co-transporter natu-

rally by decreasing its cell surface expression, and

mutant WNK4 has been found to increase sodium chloride

co-transporter activity in vitro. Various missense muta-

tions that co-segregate with the disease in the WNK4

gene on chromosome 17 have been found (21).

This is not the only genetic abnormality that causes the

pseudohypoaldosteronism 2 (PHA2) phenotype. Other

regions on chromosomes 1q and 12p also have been

linked in different families (21,22). Chromosome 12p

contains the WNK1 kinase gene, and intronic deletions

within this gene have been found to co-segregate pre-

cisely with the PHA2 phenotype. These intronic deletions

lead to an increase in WNK1 expression. In vitro studies

Table 4.1 Monogenic Forms of Hypertension

Syndrome

Mode of

inheritance Chromosome Gene product Phenotype

Pseudohypoaldosteronism

type 2

Autosomal

dominant

12p, 17q,

and 1q

WNK1, WNK4a Hypertension, "Kþ, metabolic

acidosis

Glucocorticoid

remediable

aldosteronism

Autosomal

dominant

8q Chimeric protein: aldosterone

synthase and 11-b-hydroxylase

Hypertension with other

variable features

Apparent

mineralocorticoid

excess

Autosomal

recessive

16q #11-b-hydroxysteroid

dehydrogenase

Hypertension, #Kþ, metabolic

alkalosis, #renin,

##aldosterone

Congenital adrenal

hyperplasia

Autosomal

recessive

8q #11-b-hydroxylase Hypertension with other variable

features

10q #17-a-hydroxylase Hypertension, absent sexual

maturation, #Kþ

Hypertension exacerbated

by pregnancy

Autosomal

dominant

4q Abnormal MRb Early hypertension exacerbated

by pregnancy

Liddle’s syndrome Autosomal

dominant

16q Abnormal ENaCc: reduced receptor

clearance

Hypertension, #Kþ, metabolic

alkalosis,#renin,#aldosterone

PPARg mutationsd Autosomal

dominant

3p Malfunctioning nuclear receptor

PPARg

Hypertension, insulin resistance,

type 2 diabetes

Hypertension and

brachydactyly

Autosomal

dominant

12p Unknown Hypertension, brachydactyly

aSpecific enzymes in the WNK (with no lysine K) family of kinases.
bMineralocorticoid receptor.
cEpithelial sodium channel.
dPeroxisome proliferator-activated receptor.
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have suggested that WNK1 does not inhibit sodium chlo-

ride co-transporter directly but does prevent WNK4-

mediated inhibition of sodium chloride co-transporter

(23). It should be noted that understanding of WNK

protein function with respect to renal salt handling is

still in a preliminary stage and that specific targets for

the kinases and the complete signalling pathway have

yet to be discovered.

Figure 4.1 Genes implicated in hypertension that influence renal sodium handling. A schematic diagram of the kidney nephron,

showing the major sites of sodium (Naþ) reabsorption. The major apical sodium transporters in the individual renal cells are the type

3 Naþ/Hþ exchanger (NHE3) in the proximal convoluted tubule (PCT), the bumetamide-sensitive type 2 Na-K-2Cl co-transporter

(NKCC2) in the thick ascending limb (TAL), the thiazide-sensitive sodium chloride co-transporter (NCCT) in the distal convoluted

tubule (DCT), and the amiloride-sensitive epithelial sodium channel (ENaC) in the cortical collecting tubule (CCT) and connecting

ducts. In all cell types sodium is reabsorbed into the blood across the basolateral membrane by the Na-K ATPase (NaKATPase). (For

the sake of clarity, only NaKATPase is shown in the TAL.) Also shown is the RAAS, which is involved in tightly regulating sodium

reabsorption via the action of aldosterone. Genetic variants of these sodium transporters and their regulators have been shown to

cause hypertension. The monogenic forms of hypertension (designated by bold, italicized font) and the gene responsible for each disorder

are indicated. Candidate genes that are implicated in essential hypertension and that may influence renal sodium handling are designated

by asterisks. Abbreviations used are as follows: 11bHD, 11-beta-hydroxylase; 11-bHSD2, 11-beta-hydroxysteroid dehydrogenase 2;

17aHD, 17-alpha-hydroxylase; ACE, Angiotensin-converting enzyme; ADD1, a-adducin; AGT, Angiotensinogen; AI, Angiotensin I;

AII, Angiotensin II; AME, Apparent mineralocorticoid excess; DOC, Deoxycorticosterone; GNB3, G-protein beta3 subunit gene;

GRA, Glucocorticoid-remediable aldosteronism; HEP, Hypertension exacerbated by pregnancy; MR, Mineralocorticoid receptor;

PHA2, Pseudohypoaldosteronism type 2; ROMK1, Renal outer medullary potassium channel; WNK, Family of protein WNK

kinases. From Lifton et al. (13) # 2001 Cell Press; adapted with permission from Elsevier.
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C. Glucocorticoid-Remediable
Aldosteronism

Glucocorticoid-remediable aldosteronism is an autosomal

dominant disorder whereby ectopic aldosterone pro-

duction causes increased sodium reabsorption at the epi-

thelial sodium channel, which thus leads to hypertension.

The last two steps in the biosynthesis of aldosterone

from cholesterol are catalyzed by 11-b-hydroxylase and

aldosterone synthase. These two enzymes are .90% iden-

tical, and the genes that code them are adjacent to each

other on chromosome 8q. The genetic defect in glucocor-

ticoid-remediable aldosteronism has been found to be due

to unequal crossover during meiosis. This leads to the 50

regulatory end of the 11-b-hydroxylase gene fusing to

the catalytic 30 end of aldosterone synthase gene, creating

a chimeric gene. The resulting protein has the enzymatic

activity of aldosterone synthase, but is under the regulat-

ory control of adrenocorticotropic hormone. Therefore, it

is expressed ectopically in adrenal fasiculata and does

not respond to the usual signals (from angiotensin II and

plasma potassium) for aldosterone release, but to adreno-

corticotropic hormone. (Hence, it can be suppressed by

therapy with an exogenous steroid.) Various crossover

points have been identified in patients with glucocorti-

coid-remediable aldosteronism, all of which are proximal

to exon 5 of aldosterone synthase, which suggest that

this region is essential in maintaining catalytic aldosterone

synthase activity (24).

The phenotype for glucocorticoid-remediable aldostero-

nism is variable. Hypokalemia is not present in many

cases, and although individuals in some families have

very high blood pressure with early death from stroke,

this is not always the case. The hypertension may be mild

(25). The hypertension and biochemical abnormalities can

be reversed through dexamethasone therapy.

D. Non-Aldosterone Steroid Disorders

There are three autosomal recessive disorders in which

steroids other than aldosterone activate a normal mineralo-

corticoid receptor—apparent mineralocorticoid excess and

two types of congenital adrenal hyperplasia.

1. Apparent Mineralocorticoid Excess

In vitro, cortisol is a potent activator of the mineralo-

corticoid receptor. In the body, however, despite its

high plasma concentrations, cortisol has little effect on

the mineralocorticoid receptor. This is because 11-b-

hydroxysteroid dehydrogenase type 2 converts cortisol to

cortisone, a far less potent agonist. In apparent mineralo-

corticoid excess, homozygous mutations cause a loss of

function of 11-b-hydroxysteroid dehydrogenase type 2,

which leads to increased levels of cortisol in the distal

nephron of the kidney, subsequent activation of the miner-

alocorticoid receptor, and increased epithelial sodium

channel activity and, therefore, to hypertension (26).

Phenotypic features of apparent mineralocorticoid excess

are early onset hypertension with hypokalemia, metabolic

alkalosis, suppressed renin levels, and very low aldoster-

one levels.

2. Congenital Adrenal Hyperplasia

Congenital adrenal hyperplasia encompasses several

inherited disorders in which adrenal steroid synthesis is

abnormal and the result is a deficiency of cortisol. Two

of the rarer forms of congenital adrenal hyperplasia

produce hypertension at an early age: 11-b-hydroxylase

deficiency and 17-a-hydroxylase deficiency. This is the

result of increased concentrations of steroids (metabolites

of deoxycorticosterone) proximal to the defective step

in the synthetic pathway. These steroids can activate

the mineralocorticoid receptor, but they are not usually

present in high enough concentrations to do so. More

than 20 mutations in the 11-b-hydroxylase gene

on chromosome 8q (27) and at least 18 mutations in the

17-a-hydroxylase gene on chromosome 10 have been

identified that cause deficiencies in hydroxylase. The

more severe forms of congenital adrenal hyperplasia

completely destroy enzymatic activity; in milder forms

of congenital adrenal hyperplasia, partial activity is

retained. Phenotypically, both 11-b-hydroxylase defi-

ciency and 17-a-hydroxylase deficiency often (but not

always) cause early onset hypertension and hypokalemic

metabolic alkalosis. 11-b-hydroxylase-deficient patients

display various other phenotypic features, including signs

of excess virilization. Features of 17-a-hydroxylase

deficiency include ambiguous genitalia and primary

amenorrhea (28).

E. Hypertension Exacerbated by Pregnancy

One rare type of Mendelian hypertension is caused not by

excess ligand stimulating a normal mineralocorticoid

receptor, but by a genetically abnormal receptor. The

abnormal receptor is activated by molecules that usually

do not activate this receptor. An autosomal dominant con-

dition recently was identified, in which a leucine-to-serine

mutation at position 810 in the mineralocorticoid receptor

eliminates the need for agonists to have a 21-hydroxyl

group. This allows steroids such as progesterone and

spironolactone, which do not have a hydroxyl group at

this position, to activate the receptor. All the affected

members of the family in the study had hypertension
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before the age of 20, which became markedly worse

during pregnancy as a result of the sharp increase in

levels of progesterone (29).

F. Liddle’s Syndrome

The final control point in renal salt balance is the epithelial

sodium channel. The functioning of this channel is con-

trolled by aldosterone, but mutations in the genes that

encode the channel itself can cause an increase in

sodium transport activity and, therefore, excessive salt

reabsorption and hypertension. The channel is a heterotri-

mer (a, b, and g subunits) (30), which is removed from the

cell surface by endocytosis. The process of removing this

heterotrimer depends on a conserved sequence (PPPXY)

on both the b and g subunits. Mutations in the b subunit

and in the g subunit have been found to reduce receptor

complex clearance and thus increase the sodium flow, pro-

ducing the disorder (31–33) (Fig. 4.1). Patients with these

mutations have early onset hypertension, hypokalemic

alkalosis, and decreased renin and aldosterone levels.

The abnormalities respond to treatment with amiloride

which blocks the epithelial sodium channel.

G. Other Monogenic Forms of Hypertension

Two other monogenic forms of hypertension are known.

One form is an autosomal dominant hypertension with

brachydactyly, in which affected individuals have severe

hypertension that shortens life expectancy. RAAS

responses are normal. This condition has been mapped

to a 3.15 Mb area on chromosome 12p. A complex

chromosomal rearrangement that involves a deletion,

re-insertion, and inversion has been identified recently in

one Turkish family (34). Although several candidate

genes in the identified region of chromosome 12p have

been studied, none seems to be the cause of the syndrome.

Further research with more families is required.

Another monogenic form of hypertension comprises

mutations in the peroxisome proliferator-activated recep-

tor gamma (PPARg) receptor. Three patients from two

unrelated families were found to have autosomal domi-

nant, loss-of-function mutations that involved the

binding domain of the PPARg receptor. The clinical syn-

drome consisted of severe insulin resistance, early onset

diabetes, and hypertension (35). The PPARg receptor is

a key regulator of adipocyte differentiation, glucose regu-

lation, and angiogenesis. It is also expressed in endothelial

and vascular smooth muscle cells. The PPARg receptor

may play a part in blood pressure regulation by modulating

vascular tone, but its exact role is unknown. Drugs that

stimulate the receptor also lower blood pressure.

VI. ESSENTIAL HYPERTENSION

Essential hypertension accounts for �95% of all cases of

hypertension, and in contrast to the rare Mendelian

forms of hypertension, the genetic mechanisms that con-

tribute to the disorder are less well understood. Various

components of blood pressure regulatory systems have

been found to exhibit genetic variability, and each of

these is a potential cause of essential hypertension. In

theory, mutations in a gene or genes that encode com-

ponents from any of the blood pressure regulatory

systems can contribute to or cause hypertension, produ-

cing an overwhelming number of potential candidate

genes for hypertension.

Numerous genes have been studied (.60) and genetic

variants that are associated with hypertension in various

ethnic groups have been identified. These include genes

from the RAAS (36–39), the epithelial sodium channel

(40), the adrenergic receptor system (41), the renal

kallikrein–kinin system (42), a-adducin (43), other

systems that involve lipoprotein metabolism (44), and

growth factors (45). Some of the genes implicated in the

pathogenesis of hypertension that have either demon-

strated familial aggregation and linkage or an association

to human essential hypertension are given in (Table 4.2).

Of particular interest is the observation that many of

these genes encode proteins that are either directly or

indirectly involved with renal ion transport. These

include genes that encode angiotensinogen, angiotensin-

converting enzyme, a-adducin, the G-protein b3 subunit

gene (GNB3), the sodium epithelial channel, and the

WNK kinases (Fig. 4.1).

A. Angiotensinogen

The angiotensinogen gene was one of the first genes found

to be associated with human essential hypertension.

Table 4.2 Genes Implicated in Essential Hypertension

Candidate gene Reference

Aldosterone synthase Davies et al. (39)

Angiotensin II type 1 receptor Bonnardeaux et al. (38)

Angiotensin-converting enzyme O’Donnell et al. (37)

Angiotensinogen Jeunemaitre et al. (36)

Epithelial sodium channel Persu et al. (40)

Glucocorticoid receptor Lin et al. (46)

G-protein b3 subunit Siffert et al. (47)

Kallikrein Berge et al. (42)

a-2 adrenergic receptor Lockette et al. (48)

a-Adducin Cusi et al. (43)

b-2 adrenergic receptor Timmermann et al. (49)

WNK4 Elrich et al. (50)
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Because of the known role of the RAAS in the

regulation of blood pressure, the angiotensinogen gene

has been one of the most intensely studied candidate

genes. It was first reported to be linked to hyper-

tension by Jeunemaitre and colleagues (36) in 1992.

Subsequent screening of the gene identified the M235T

polymorphism (methionine ! threonine at amino acid

position 235) of the angiotensinogen gene. This poly-

morphism was found to be associated with hypertension

and elevated plasma levels of angiotensinogen, with the

235T allele observed more frequently in hypertensives

than in normotensives.

Since the original publication by Jeunemaitre and col-

leagues, a large number of studies have been performed,

which confirm their results in some populations, but not

in other populations (51). Despite inconsistencies among

many of the angiotensinogen studies, the results of three

large meta-analyses have concluded that the 235T allele

is associated, although weakly, with an increased risk of

hypertension (51–53).

The angiotensinogen gene has now been screened

extensively for polymorphisms in several populations,

and many new mutations have been described. Of

particular interest is the M235T polymorphism, which

has been found to be in tight linkage disequilibrium

with a mutation in the promoter of the gene (54). This

mutation is characterized by a single base change from

adenine to guanine (A–6G) and lies six base pairs

upstream of the transcription initiation start site.

Studies have demonstrated that A–6G polymorphism

can increase the rate of angiotensinogen transcription,

which accounts for the variation in plasma angioten-

sinogen levels.

Exactly how angiotensinogen gene mutations might

contribute to the pathogenesis of hypertension remains

unclear. One view is that increased angiotensinogen

levels might result in an increase in the production of

angiotensin II (AII), which could lead to increased

sodium retention and vasoconstriction and, therefore, con-

tribute to an elevated blood pressure. It is important to

note, however, that angiotensinogen levels can increase

without any effect on blood pressure, as long as renin

secretion is regulated normally. Renin cleaves angiotensi-

nogen to angiotensin I, which is then cleaved by the

angiotensin-I-converting enzyme to produce angiotensin

II, a peptide hormone that stimulates the secretion of

aldosterone, and through its effects on the heart,

kidneys, and blood vessels, elevates blood pressure.

Angiotensin II mediates all the effects of the RAAS.

Therefore, it is likely that defects in the control of renin

secretion, angiotensin-I-converting enzyme activity, and

other components of the RAAS will interact with angio-

tensinogen gene polymorphisms to elevate blood

pressure.

B. The Angiotensin-I-Converting Enzyme

The angiotensin-I-converting enzyme not only cleaves

angiotensin I to produce angiotensin II, it also breaks

down bradykinin, a potent vasodilator. The success of

angiotensin-I-converting enzyme inhibitors in the treat-

ment of hypertension has highlighted the importance of

the angiotensin-I-converting enzyme and the RAAS in

the development of hypertension and related cardio-

vascular disease (55).

An insertion–deletion polymorphism in intron 16 of the

angiotensin-I-converting enzyme locus has been linked

and associated with plasma angiotensin-I-converting

enzyme levels and activity in humans (56). It has been

shown that angiotensin-I-converting enzyme activity in

individuals homozygous for the deletion–mutation geno-

type is about twice the angiotensin-I-converting enzyme

activity in individuals homozygous for the insertion

genotype (56). People who are heterozygous for the

insertion–deletion genotype have intermediate levels of

angiotensin-I-converting enzyme activity. It was thought

that higher angiotensin-I-converting enzyme activity

could result in increased levels of angiotensin II.

Considering the action of angiotensin II on the cardio-

vascular and renal systems, it is not surprising that

many researchers focused their attention on the

angiotensin-I-converting enzyme, trying to find an

association between hypertension and the angiotensin-I-

converting enzyme gene insertion–deletion polymorph-

ism. But this polymorphism has not been proven conclus-

ively to be important in human essential hypertension.

Most studies report a significant association with

cardiovascular disease endpoints, but not with hyper-

tension (57,58).

The angiotensin-I-converting enzyme insertion/deletion

polymorphism is thought to be in linkage disequilibrium

with the functional mutations that determine angiotensin-

I-converting enzyme activity. Indeed, re-sequencing of

the angiotensin-I-converting enzyme gene has identified

many single-nucleotide polymorphisms that are in tight

linkage disequilibrium and has allowed researchers to

identify distinct variants of the angiotensin-I-converting

enzyme gene that are associated with varying levels of

angiotensin-I-converting enzyme activity (59–61). In

1998, two independent studies reported evidence of a

link between the angiotensin-I-converting enzyme gene

locus and hypertension (37,62). O’Donnell et al. (37) ana-

lyzed .3000 participants from the Framingham heart

study and found evidence for association and linkage of

the D allele with hypertension and diastolic blood pressure

in men, but not in women. In a large sibling pair study,

Fornage et al. (62) similarly demonstrated linkage in

men to a region on chromosome 17 that encompasses

the angiotensin-I-converting enzyme gene locus.
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These studies were the first large, prospective studies

to investigate the role of the angiotensin-I-converting

enzyme gene in hypertension, and the results have gener-

ated some renewed interest in the angiotensin-I-converting

enzyme gene locus. Although it is possible that genes

near the angiotensin-I-converting enzyme gene locus

may explain the observed results in these studies, the

role of the angiotensin-I-converting enzyme in blood

pressure regulation further supports the notion that the

angiotensin-I-converting enzyme gene itself contributes

to blood pressure variability in men. The mechanism by

which angiotensin-I-converting enzyme gene influences

blood pressure in a sex-specific manner remains to be

more fully investigated.

C. Adducin

Adducin is an a–b heterodimeric membrane skeletal

protein that is involved in the regulation of membrane

ion transport and cellular signal transduction through

changes in the actin cytoskeleton (63). The role of

adducin in the etiology of essential hypertension was

implicated originally in studies of the Milan-hypertensive

and normotensive strains of rats. In the hypertensive strain

of rats, a defect in renal sodium handling causes hyperten-

sion and also an increase in the level of ouabain-like

factor. The renal alteration that leads to hypertension is

produced by an increase in expression and activity of the

renal sodium–potassium ATPase (NaKATPase) as the

result of mutations in the adducin genes (64,65).

Two missense point mutations in the adducin a subunit

(F316Y) and b subunit (Q529R) are associated with the

blood pressure variation in Milan-hypertensive rats.

They account for up to 50% of the blood pressure variation

between the Milan-hypertensive and normotensive strains

of rats (66). The precise mechanisms that link adducin

polymorphisms to the increased NaKATPase activity

enhanced renal sodium reabsorption, and hypertension

have not yet been fully elucidated.

Human essential hypertension and salt sensitivity have

been linked to the a-adducin locus on chromosome 4p. An

association between the a-adducin gene and a functional

polymorphism (Gly460Trp) also has been demonstrated

in a number of independent studies (43). However, as

has been the case for most candidate genes, both positive

and negative associations have been found for the

Gly460Trp polymorphism when it has been studied in

different populations (65). When hypertensive patients

who carry at least one 460Trp allele are compared with

patients who are homozygous for the wild-type Gly460

allele, they have a demonstrable lower plasma renin

activity, a larger increase in blood pressure after sodium

infusion, enhanced proximal tubular reabsorption, a

more pronounced fall in blood pressure after chronic

diuretic (hydrochlorothiazide) treatment or acute sodium

depletion, and a higher blood pressure (67–70). These

observations suggest an important role for a-adducin in

salt-sensitive hypertension. For example, the selective

effect of diuretics on patients who carry the 460Trp

allele suggests that screening hypertensive patients for

this polymorphism could be used to identify individuals

who might benefit from diuretic treatment and a sodium-

restricted diet. Further work is required in other popu-

lations to confirm the role of a-adducin in human essential

hypertension and to test whether genetic variants of this

gene affect the outcome of diuretic therapy in hypertensive

patients.

D. G-Protein Beta3 Subunit

A recent candidate gene for essential hypertension is the

GNB3 gene. The G-proteins are a family of heterotrimeric

proteins that consist of a, b, and g subunits linked to a

variety of secondary messenger systems.

A polymorphism in exon 10 of the GNB3 gene (C825T,

cytosine-to-thymine at postion 825) creates an alternative

splice site that results in an in-frame deletion of 41 amino

acids and that is associated with an increased sodium–

hydrogen exchange (47). In a small number of case–

control studies, the 825T allele was found to be associated

with hypertension; carriers of the T allele have been

reported to have a 50% increased chance of having hyper-

tension when compared with non-carriers of the allele

(47,71). Exactly why and how this allele confers an

increased susceptibility to the development of hyperten-

sion is not clear at present. Fifty percent of hypertensive

patients also have been reported to have enhanced

sodium–hydrogen exchange activity as a result of an

altered signal transduction that is associated with

mutations in the GNB3 gene. Whether this abnormality

plays a role in the pathogenesis of hypertension remains

unclear (72).

The GNB3 825T polymorphism also has been associ-

ated with increased renal perfusion (73). Because renal

hemodynamic changes play a critical role in the pathogen-

esis of essential hypertension and because increased renal

perfusion has been reported in early hypertension, the

association of the GNB3 825T polymorphism with

increased renal perfusion lends further support for the

probability of increased G-protein activation in the patho-

genesis of hypertension. In addition, a recent study of 461

patients enrolled in the Hypertension and Ambulatory

Recording Venetia Study (HARVEST) showed that the

825T allele was associated with an increased risk of pro-

gression to more severe hypertension in young patients

with grade I hypertension (CI ¼ 1.108–1.843; p ¼ 0.006)

(74). At this time, the GNB3 825T allele should be con-

sidered a potential genetic marker for predisposition to
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hypertension. However, both negative and positive associ-

ations have been reported for GNB3.

E. Epithelial Sodium Channel

The epithelial sodium channel is involved in the control

and fine tuning of sodium reabsorption in the distal

nephron of the kidney. Studies of the Mendelian form of

hypertension, Liddle’s syndrome, have found mutations

in the b and g subunits of the epithelial sodium channel

that cause hypertension, which suggests that the epithelial

sodium channel might play a role in blood pressure regu-

lation. It has been proposed that subtle variants of this gene

might be important in the development in essential

hypertension.

Several studies have been conducted to identify var-

iants in the epithelial sodium channel subunits that may

confer susceptibility to essential hypertension. Numerous

mutations that result in a change in an amino acid have

been identified; however, the majority are rare missense

mutations and do not affect the carboxy terminus of the

epithelial sodium channel b and g subunits that are

mutated or deleted in Liddle’s syndrome (75,76).

Of particular interest, however, is a threonine 594

methionine (T594M) mutation in the epithelial sodium

channel b subunit (77). This mutation is located in the

last exon of the carboxy terminus of the epithelial

sodium channel b subunit. It results in a change from

threonine to methionine at amino acid position 594 and

is found almost exclusively in populations of African

descent. This variant is associated with increased epithelial

sodium channel activity in lymphocytes from hypertensive

patients, which suggests that the mutation could contribute

to elevated blood pressure by increasing renal tubular

sodium reabsorption in patients with essential hyperten-

sion. A case–control study that involved 206 black hyper-

tensive patients and 142 normotensive black individuals

living in London found the T594M variant to be associated

with hypertension (odds ratio ¼ 4.17, CI ¼ 1.12–18.25,

p ¼ 0.029) (78). Individuals with the mutation also had

lower plasma renin activity, lending further support to

the idea of increased sodium reabsorption. In a larger

cross-sectional study of 458 subjects of African origin

from the same area of London, the frequency of the

594M allele increased with increasing blood pressure,

and the T594M variant was found to be associated with

hypertension ( p ¼ 0.05) (79). Although the T594M

variant has been associated with hypertension in some

populations of African descent, studies have failed to

demonstrate an association in populations of white

ancestry (80).

Evidence from linkage and association studies has

suggested a role for the epithelial sodium channel in

human essential hypertension in various populations.

However, the susceptibility alleles have yet to be identified

and the role of the epithelial sodium channel has yet to be

assessed in large family-based studies. It is still an open

question whether the genes that encode the epithelial

sodium channel subunits are involved in the pathogenesis

of essential hypertension.

F. The WNK Kinases

All the data accumulated about the genetic basis of pseu-

dohypoaldosteronism type 2 (PHA2) suggests that WNK1

and WNK4 may be part of a previously unrecognized

pathway that is involved in regulating sodium homeostasis

and blood pressure control. The WNK1 and WNK4

kinases have been shown to regulate sodium reabsorption

and potassium secretion in the distal nephron of the kidney

(81). The WNK kinases, therefore, are also excellent

candidate genes for essential hypertension. Indeed, indi-

viduals with essential hypertension often respond well to

thiazide diuretics and have low renin activity, just as

PHA2 patients do. This fact raises the possibility that var-

iants in the WNK kinases might contribute to essential

hypertension in the general population (82).

Genome-wide screens for blood pressure loci have

implicated the region on chromosome 17q21 that con-

tains the WNK4 gene (83,84). Re-sequencing of the

WNK4 gene also has identified a genetic variant in

intron 10 that is associated with essential hypertension in

Caucasian subjects (165 hypertensives; 91 normotensives,

p , 0.05), but not in subjects of African origin from

the United States (50). Analysis of an additional WNK4

variant (a variable nucleotide tandem repeat in intron 11)

in 155 hypertensive and 245 normotensive Anglo-Celtic

white Australian subjects failed to find an association

between WNK4 and hypertension (85).

Analysis of WNK1 variants in human essential hyper-

tension has yet to be performed. However, it has been

observed in some individuals with the PHA2 WNK1 del-

etion mutations that blood pressure increases over time

in a way that mimics essential hypertension. In this

subset of patients with mutations, the hypertension was

less severe and did not develop until late in their fourth

decade (86). Analysis of the patients revealed that

urinary calcium excretion was normal, an observation

that is not consistent with increased sodium chloride

co-transporter activity. Therefore, it has been postulated

that WNK1 also may play a role in the development of

hypertension that is independent of renal sodium

excretion. WNK1 is expressed in many different tissues;

therefore, the abnormal regulation of WNK1 expression

in vascular smooth muscle cells could alter vascular

remodelling and lead to alterations in peripheral vascular

resistance over time, thereby contributing to hypertension

(86,87). Consistent with studies in humans, analyses of
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WNK1-deficient mice have revealed a corresponding role

for WNK1 in blood pressure regulation in mice. WNK1

heterozygous knockout mice have a significantly reduced

blood pressure when compared with wild-type mice, and

this reduced blood pressure is associated with decreased

levels of WNK1 expression (88). Homozygous knockout

mice die during embryonic development. These studies

demonstrate the importance of the WNK1 gene not only

in blood pressure control, but also in development.

It is early in the research of WNK kinases. Their roles

in blood pressure regulation and hypertension are only just

beginning to be elucidated. Further work is required to

identify other WNK1 and WNK4 polymorphisms.

Additional studies in larger human populations will be

required to assess the role of the WNK kinases in essential

hypertension.

VII. INCONSISTENCY AMONG CANDIDATE
GENE STUDIES

Since the earliest publications of the association between a

single gene (the angiotensinogen gene) and essential

hypertension and the discovery of the genetic basis for

the rare Mendelian diseases that affect blood pressure, a

lot of excitement has been generated over the possibility

of elucidating the genetic basis of human essential hyper-

tension (36,89). There are now numerous studies covering

a diverse range of candidate genes. However, for every

positive study, there is at least one negative study; and

the role of many of the genes studied remains, thus far,

ambiguous. The inconsistencies among studies demon-

strate the challenges of studying complex, multifactorial

traits. Inconsistencies can arise from small sample sizes,

the underlying population substructure, the varying effects

of disease-susceptibility variants, gene-environment inter-

actions, or poor study design. Each of these factors can

hinder the detection of the modest contribution of an

individual locus to a trait such as hypertension (90). The

contribution of many of these factors to observed

inconsistencies among studies has been reviewed by

Corvol et al. (91). They discuss the contribution of the

two genes (the angiotensinogen gene and the epithelial

sodium channel gene) to essential hypertension and the

lessons that can be learned from them and applied to

other candidate gene studies in hypertension.

VIII. GENOME-WIDE SCREENS
FOR BLOOD PRESSURE
GENES IN HUMANS

The list of potential candidate genes is enormous, and it is

unlikely that the genes studied to date represent all of the

genes involved in the pathogenesis of hypertension.

Successive examination of each of these candidate genes

is not the most efficient approach for identifying the

major genetic factors involved in human essential hyper-

tension. Therefore, researchers have been turning to a

genome-wide screen approach to narrow the list of poten-

tial candidate genes and, more importantly, to identify new

genes that may not have been considered previously.

In the genome-wide screen approach, family members

with a trait in which researchers are interested are geno-

typed for highly polymorphic markers that are spaced at

regular intervals (10–30 cM) across the entire genome.

Each marker is then tested for links to the trait in which

they are interested to identify genomic regions that

might contain the trait-influencing loci.

There have been more than 30 studies that focus on

genome-wide screens for human essential hypertension.

The results of many of these studies are reviewed in

Samani (2003) (92) and Garcia et al. (2003) (93). The

studies that have been published to date are diverse with

respect to phenotype, ethnic origin, selection criteria,

and numbers and structures of families. They range from

the analysis of single, large pedigrees to large sibling-

pair resources of up to 1599 families.

The largest and most ambitious genome-wide screens

for blood pressure loci have been those of the Medical

Research Council-funded BRItish Genetics of HyperTen-

sion (BRIGHT) Study (94) and the National Heart Lung

and Blood Institute’s Family Blood Pressure Program

(FBPP) (95–98). The BRIGHT study represents the

largest study of a single ethnic group; it consists of 1599

sibling-pairs of white, British ancestry. The FBPP study

comprised four multicenter networks [HyperGEN (95),

GENOA (96), GenNet (97), and SAPPHIRe (98)], each

designed to target multiple ethnic groups from the US

population. The total number of people in the FBPP

study was more than 6000 hypertensive individuals.

Both the BRIGHT study and the FBPP studies ident-

ified multiple chromosomal regions that are linked to

hypertension. The BRIGHT study identified a locus on

chromosome 6q with genome-wide significance (LOD

score of 3.21) and three other loci on chromosomes 2q,

5q, and 9q (94). In contrast, the results of the FBPP

studies found no loci with genome-wide significance.

The GenNet study reported the highest LOD score

(2.96); this was for a region on chromosome 1 that is

linked to diastolic blood pressure in Caucasians (97).

The HyperGen study found evidence for linkage to a

region on chromosome 2p in African-Americans (LOD

score of 2.0) (95). The SAPPHIRe study reported evidence

for linkage to chromosome 10p, with an LOD score of 2.5

(98). In the GENOA study, no evidence of linkage to

hypertension was found for any chromosomal locus (96).

Furthermore, meta-analysis of the pooled FBPP data

failed to provide evidence of linkage to any loci.
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However, the loci on chromosomes 1q and 2p that were

identified in the GenNet and HyperGen studies, respect-

ively, replicate the results from other studies (99,100),

highlighting these regions for further investigation.

From the many genome-wide screens for blood pressure

loci, only six studies have identified regions that achieved

genome-wide significance. The linked regions are located

on chromosomes 2p (100), 4p, 6q (94), 14q (101), 17q

(84), and 18q (102). Other studies have identified numerous

regions that have nominal links or that suggest possible

linkage to hypertension. Interestingly, a number of loci

overlap with the results from other studies, strengthening

the likelihood that these regions may contain “suscepti-

bility” genes for hypertension.

Overall, the results of the genome-wide studies support

the idea that blood pressure is governed by multiple

genetic loci, each with relatively weak effects on blood

pressure in the population at large. The fact that multiple

chromosomal regions have been identified and that differ-

ent regions have been implicated in different populations

lends further evidence to the polygenic and heterogeneous

nature of the disorder. A number of promising regions that

might contain blood pressure loci have been identified. It is

encouraging that the regions that demonstrate significant

linkage to hypertension contain a number of potential

gene candidates, which suggests that new genes or path-

ways might be discovered from studies in the near future.

IX. PHARMACOGENETICS IN
HYPERTENSION

One of the driving forces behind the study of the genetics

of essential hypertension is the potential for developing

new therapeutics and diagnostic tests that are capable of

predicting an individual’s response to antihypertensive

therapy. Pharmacogenetics can be defined as the study

of the role of genetics in drug response. Less than 40%

of hypertensive patients have their blood pressure ade-

quately controlled. Patients often vary in their response

to a particular antihypertensive drug, and this response

cannot be easily predicted. The same class of drugs are

not effective for everyone and might cause some patients

to suffer adverse side-effects or even death. Some of the

differences can be attributed to personal characteristics

such as age, weight, and gender, to the particular nature

of the disease, or to other medications they may be

taking. Despite this fact, it also is thought that inter-

individual variation in drug response may be influenced

by genetic factors (103).

Pharmacogenetics in hypertension is still at an early

stage. Only a limited number of studies have been per-

formed, the results of which have been summarized

in a recent review by Koopmans et al. (2003) (104).

In pharmacogenetic studies of hypertension, blood

pressure reduction has been used as a surrogate marker

for predicting drug response on the basis of genetic poly-

morphisms. Blood pressure reduction and its correlation

to a particular genotype have been reported for poly-

morphisms of angiotensinogen, angiotensin-I-converting

enzyme, a-adducin, GNB3, and the epithelial sodium

channel. The 26A allele and the 235T allele of the angio-

tensinogen gene have been associated with an increased

response to atenolol and irbesartan. Carriers of the 235T

allele also have been reported to have a greater res-

ponse to angiotensin-I-converting enzyme inhibitors. The

angiotensin-I-converting enzyme insertion/deletion poly-

morphism has been associated with an increased response

to angiotensin-I-converting enzyme inhibitors, hydro-

chlorothiazide, b-blockers, and angiotensin II type 1

receptor blockers. Carriers of the a-adducin 460Trp poly-

morphism have demonstrated a greater response to acute

or chronic treatment with furosemide or hydrochloro-

thiazide. Carriers of the GNB3 825T polymorphism have

been reported to have greater response to clonidine and

hydrochlorothiazide. The T594M polymorphism of the

epithelial sodium channel gene has been associated with

greater response to amiloride treatment (104).

DNA microarrays also have been introduced to study the

pharmacogenetics of hypertension. In a pilot study to

demonstrate the feasibility of this system, a panel of 74

single-nucleotide polymorphisms from 25 blood pressure-

regulating genes were selected and genotyped in 97 hyper-

tensive patients (105). The genes that were selected for

analysis were chosen on the basis of their known function

in the RAAS, in adrenergic and endothelial systems, and

in lipid metabolism. The single-nucleotide polymorphisms

that were chosen were polymorphisms thought to play a

role in blood pressure regulation on the basis of evidence

from the published literature. A microarray-based geno-

typing system that is capable of analyzing multiple single-

nucleotide polymorphisms at the same time (microarray

minisequencing) was used.

In this study, a subgroup of hypertensive patients from the

Swedish Irbesartan Left Ventricular Hypertrophy Investi-

gation vs. Atenolol (SILVHIA) trial were randomly

chosen for treatment with either atenolol (an a 1 adrenergic

receptor blocker) or irbesartan (an angiotensin II type 1

receptor blocker) and then tested for blood pressure

reduction induced by the drug treatment. The results indi-

cated that variants of the a-2 aderenergic receptor and b-2

aderenergic receptor could be used to predict the response

to atenolol and that angiotensinogen, angiotensin-I-convert-

ing enzyme, and aldosterone synthase gene variants were

associated with a greater response to irbesartan.

In 2004, another study by the same group applied

DNA microarray technology to assess whether RAAS

gene variants were related to the blood pressure-lowering
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effects of antihypertensive treatment. Once again, 97

patients were randomly chosen for treatment with either

atenolol or irbesartan for 12 weeks. They were then geno-

typed at 30 single-nucleotide polymorphisms in seven

RAAS genes and then tested for association of blood

pressure-lowering response to specific antihypertensive

therapy (106). The results demonstrated that specific

angiotensinogen gene variants (26A and 235T) were

associated with a greater blood pressure reduction in

response to treatment with atenolol than to treatment

with irbesartan (105,106).

The pharmacogenetics studies performed thus far are

encouraging, but they should be viewed as preliminary.

There are conflicting results for many of the polymorph-

isms studied (104). For example, in the initial pilot study

described earlier, angiotensinogen gene polymorphisms

were found to be associated with response to irbesartan,

but in the second study, the same polymorphisms were

associated with a response to atenolol. Both studies

involved a small sample of patients from a single popu-

lation. Pharmacogenetic studies still suffer from the

same inconsistencies as do genetic association studies

(90,91,104). They are limited by small sample size and

generally have focused on testing for association by

using a small number of single-nucleotide polymorphisms

in a few genes. Therefore, these studies should be followed

up with larger prospective studies to confirm their results.

Despite these limitations, however, the results of the initial

studies illustrate the potential of using single-nucleotide

polymorphism genotyping as a pharmacogenetic tool in

antihypertensive treatment. They also demonstrate the

potential of microarray-based technology, which makes

it possible for a large number of genetic markers to be

typed per patient.

X. GENERAL CONCLUSIONS AND
FUTURE PERSPECTIVES

The prevention of hypertension and appropriate manage-

ment of the disorder continue to pose a challenge for

health care professionals all over the world. With the rec-

ognition of a genetic component to hypertension and the

advances in molecular techniques, numerous studies

have now been conducted to try to unravel the genetics

of hypertension. Genetic research in relation to blood

pressure will provide new insights into the underlying

mechanisms behind inter-individual variation in blood

pressure levels and control. Implementing the results of

genetic research will have a substantial impact on public

health. It is anticipated that this research will lead to the

development of pre-clinical diagnostic tests that can ident-

ify individuals who are at risk of developing hypertension

and to the development of novel and more effective antihy-

pertensive treatments.

The greatest advances in our understanding of the

genetic influences, blood pressure control, and the patho-

genesis of hypertension have come from the study of the

rare monogenic forms of hypertension. The structure and

function of the genes that are responsible for these dis-

orders have been elucidated, and a direct link between a

genetic variant and the underlying molecular mechanism

that causes hypertension has been shown. The discovery

of these single-gene disorders has provided insight into

new pathways and other genes that regulate blood

pressure, and has provided tools for clinical diagnosis

and targeted therapy of these conditions.

The data obtained from genetic research into essential

hypertension suggests that hypertension is likely to be

the result of a complex interaction among environmental

factors and many genes, each contributing a small percen-

tage to blood pressure variation in the population at large.

Despite the complex nature of the disorder, some progress

has been made in our understanding of the genetics of

essential hypertension and the genes that might contribute

to the disorder. Although candidate gene studies have

failed to identify any genes that have major genetic

effects on essential hypertension, allelic variants in many

of the genes that regulate blood pressure have been

found to be associated with hypertension or blood pressure

variation. However, many of these associations are weak,

with each gene accounting only for a fraction (�1–2%) of

the inter-individual variation in blood pressure levels. In

addition, most reported associations are not robust, and

many subsequent studies have failed to replicate the

initial positive findings.

Until recently, the candidate gene approach has domi-

nated the genetic research of essential hypertension.

Now, technology permits whole-genome scanning for

hypertension susceptibility loci. This method has the

advantage of allowing researchers to identify new genes

that may have not been previously recognized as candi-

dates for essential hypertension. Numerous genome-wide

screens in diverse populations have been performed, and

a number of potential loci have presented themselves.

One of the most striking observations from these studies,

however, is the degree of heterogeneity between popu-

lations. Very few of the identified regions in one population

overlap with the identified regions from other studies in

other populations. Nevertheless, the genome-wide screens

that have been published to date represent a major step

toward identifying the genes for hypertension. The chal-

lenge facing us now is to determine the function of the

newly discovered genes, to identify their genetic variants,

and to assess their role in the pathogenesis of hypertension.

As yet, there are no genetic diagnostic tests for essential

hypertension. Pharmacogenetic studies in hypertension are
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at early stage of development and should be considered

only as generating hypotheses. However, applying the

results of pharmacogenetic research has the potential of

revolutionizing the treatment of hypertension. Genetic

tests could eventually allow clinicians to identify which

hypertensive patients are more likely to respond to specific

drugs and less likely to be at risk for adverse reactions to

the drugs.

The complete sequencing of the human genome initiat-

ives such as the International HapMap project (107), the

DNA microarray chip technologies (108), and programs

such as UK Biobank, deCODE, the BRIGHT study, and

the FBPP will allow larger and more sophisticated

genetic studies of hypertension in the future.

The human genome project (http://www.ensembl.org,

http://genome.ucsc.edu, and http://www.ncbi.nlm.nih.

gov) has identified the location and DNA sequence of all

genes in the genome. In addition, the HapMap project

(http://www.hapmap.org) has made substantial progress

in identifying all common patterns of genetic variation

in the human genome from multiple ethnic populations.

This should provide tools that will allow the association

mapping to be applied to any functional candidate gene

in the genome, to any region suggested by family-based

linkage analysis, or, ultimately, for whole genome-wide

scans for disease susceptibility loci (107). The implemen-

tation of new chip technologies will allow the rapid identi-

fication of single-nucleotide polymorphisms and the

simultaneous analysis of multiple genes in whole

populations.

The UK Biobank (http://www.ukbiobank.ac.uk),

deCODE (http://www.decode.com), BRIGHT (http://
www.brightstudy.ac.uk), and FBPP (http://www.sph.

uth.tmc.edu/hgc/fbpp) programs will provide researchers

with powerful resources for the study of complex diseases,

increased statistical power to detect small effects, and the

capability to analyze various subsets of patients, which

will help in the detection of effects that are confounded

by non-genetic factors.
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KEYPOINTS

. The blood pressure curve can be described by two

essential parameters; mean blood pressure and

pulse pressure.

. Ejection of blood into the aorta generates a

forward-traveling pressure wave (incident pressure

wave) that is propagated at a given velocity to

other arteries throughout the body (pulse wave

velocity).

. The incident pressure wave is reflected at any point

of structural or functional discontinuity in the arter-

ial tree (reflected “echo” wave).

. Pulse pressure and pulse pressure wave velocities

increase with age due to increased arterial stiffness

and vascular remodeling. Therefore, systolic blood

pressure increases with age, while diastolic blood

pressure tends to decrease after about 55 years of age.

. Hypertension exacerbates these changes due to

further vascular remodeling

67



SUMMARY

Hypertension involves two different components of the blood

pressure curve; mean and pulse pressure. The former relates to

vascular resistance and microcirculation and the latter to arter-

ial stiffness, wave reflections, and macrocirculation. This dis-

cription constitutes now a days a necessary approach for the

understanding of the goals of antihypertensive drug therapy.

I. INTRODUCTION

Until the second half of the 20th century, systemic hyperten-

sion was considered as a cardiovascular and renal disease,

and the principal research objective was to find its possible

causes such as kidney and adrenal alterations, coarctation of

the aorta, and renal artery stenosis. Although the definition

of high blood pressure was based on two specific and arbi-

trary points on a curve of blood pressure values (peak systo-

lic and end-diastolic blood pressures), in practice, pressure

and flow were thought to be steady-state phenomena, that

is, they were constant over time. The hemodynamics of

human hypertension were limited to the determinations of

mean blood pressure and cardiac output, and the calculation

of total vascular resistance (MBP/CO where MBP rep-

resents mean blood pressure and CO, cardiac output)

(1,2). The latter calculation is based on Poiseuille’s law,

which describes a fluid of viscosity m in a straight pipe of

length l, and diameter d. The pressure gradient across the

pipe is proportional to m, l, and Q, but inversely related to

d4. Thus, in subjects with hypertension, vascular resistance

was considered the only opposition to flow, and it was

thought that this vascular resistance would affect only the

smaller arteries and the microvascular network. In addition,

because cardiac output was observed to be normal despite

the elevated blood pressure, hemodynamic studies focused

on the nature of the observed homeostatic (“autoregula-

tory”) mechanisms.

As a result of developments in cardiovascular

epidemiology and, in particular, the development of

antihypertensive drug therapy, hypertension came to be

recognized increasingly as a risk factor for cardiovascular

diseases. As a consequence, the mechanisms of hyper-

tension were no longer studied from the perspective of a

simple, stable, homeostatic system, but from the perspective

of patient survival and cardiovascular morbidity and mor-

tality. This “Darwinian” approach led to the understanding

that the blood pressure curve should be investigated as a

cyclic rather than as a steady-state phenomenon (3–5),

thus elevating the potential role of blood pressure pulsatility

in the mechanisms of cardiovascular death (Fig. 5.1).

Hence, high blood pressure was no longer studied solely

on the basis of a simple linear model of the circulation. In

addition to microcirculation, the large arteries, pulse

pressure, and arterial stiffness were shown to be extensively

involved in the hemodynamics of hypertension (5).

The primary purpose of this chapter is to describe in

detail the characteristics of the blood pressure curve in

normotensive and hypertensive populations. But the

associated changes in cardiac structure and function also

are examined, along with the vascular factors in hyperten-

sive subjects, which involve successively the roles of the

macrocirculation and microcirculation.

II. BLOOD PRESSURE CURVE IN
HYPERTENSIVE SUBJECTS

The topics in this section include the functional com-

ponents of the blood pressure curve, the propagation of a

pressure wave, the relationship between blood pressure

and arterial remodeling, and the role of age in the hemo-

dynamics of hypertension.

A. Components of the Blood Pressure
Curve (3–5)

The arterial system functions in two distinct ways: as a

conduit, whereby an adequate supply of blood and

oxygen is delivered from the heart to the peripheral

organs and as a buffer (cushion), whereby the pulsations

that result from intermittent ventricular ejection are dam-

pened. These two functions are strongly interrelated, but

Figure 5.1 Pulsatile hemodynamic profile of blood pressure

along the heart and the vascular tree. Note that from the aorta

to the capillaries, mean aterial pressure (denoted as a straight

line) is indicated in addition to pulsatile pressure. If only the

mean pressure (and mean flow) are considered, the hemody-

namics of hypertension are derived exclusively from Poiseuille’s

law by using a simple linear model of the circulation (1,2). If,

more realistically, pulsatile pressure is considered as well, then

more complex nonlinear models that include the status of the

large arteries should be taken into account (3–5).
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can interact independently with the classical pathophysio-

logical mechanisms of hypertension.

The role of the arteries is to maintain the continuous,

steady, and constant flow of blood that is required for meta-

bolic activity. To maintain this flow, there must be a steady

pressure that will overcome the energy losses that result

from the viscosity of the blood and friction, that is, overcome

vascular resistance as defined by the relationship between a

steady mean blood pressure and a steady blood flow. The

mean blood pressure, calculated by measuring the area

under the blood pressure curve and then dividing this

measurement by the time interval involved, is equal to

cardiac output multiplied by vascular resistance (1,2). In

accordance with Poiseuille’s law, the efficiency of the arterial

conduit function depends on the number and diameter of the

small arteries and of the constancy of mean blood pressure,

with an almost imperceptible mean blood pressure gradient

between the ascending aorta and the peripheral arteries.

Because cardiac output is normal in subjects with hyperten-

sion, it is vascular resistance that clearly is increased.

The role of arteries as a cushion is to smooth out the

pressure oscillations that are a result of intermittent ventri-

cular ejection. Hemodynamically, the resulting pulsatile

flow and pulsatile pressure characterize the cushioning

function. Large arteries can accommodate the volume of

blood ejected from the ventricles instantaneously, storing

part of the stroke volume during systole and draining

this volume during diastole, which permits continuous

Figure 5.2 The two components of the blood pressure curve (upper panel) and Fourier analysis of the blood pressure curve. The tech-

nique for deriving a series of sine waves from a given pressure is mathematically simple, but the calculation, which is cumbersome, has

been improved considerably during the last few years by the use of digital computers. An example of Fourier analysis of aortic pressure

wave is provided in the lower panel (4). The harmonic zero reflects the mean value, which represents a sine wave with an infinite period.

The first harmonic reflects the heart rate f ; higher harmonics have a frequencies of 2f, 3f, and so forth. When all of the sine waves are

known, adding them together leads to the mathematical reconstruction of the signal. In the cardiovascular system, about 20 harmonics

are sufficient for an adequate reconstruction of the complete blood pressure curve, as shown by using digital computers. According to that

methodology, a correct description of the curve (in the upper panel) takes into account not only peak-systolic and end-diastolic blood

pressures, but also the mean blood pressure and the oscillation around the mean blood pressure, simplified as pulse pressure (3,4).
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perfusion of peripheral organs and tissues. The cushioning

function is the consequence of the viscoelastic properties

of the arterial wall and can be evaluated from two pers-

pectives: the “Windkessel” or air-chamber effect (time

domain) and wave propagation (frequency domain) (3,4).

Because of the dual function of arteries, and in accord-

ance with Fourier analysis of the blood pressure curve

(3,4), blood pressure has two different components: mean

blood pressure and pulse pressure (Fig. 5.2, upper section).

Both mean blood pressure and pulse pressure are elevated

in subjects with hypertension. However, although mean

blood pressure is determined by cardiac output and vascular

resistance, pulse pressure, which represents the oscillation

around the mean blood pressure, is determined by the

pattern of left ventricular ejection, the viscoelastic and pro-

pagative properties of the large arteries, and the amplitude

and timing of reflected waves. Both blood pressure com-

ponents strongly affect the viscoelastic and propagative

properties of the arterial system. But the relative contribution

of each component varies widely according to the age of the

patient, resulting in several varieties of hypertension.

B. Propagation of the Pressure Wave
and Pulse Pressure Amplification

Ejection of blood into the aorta generates a pressure

wave that is propagated at a given velocity (the so-called

pulse wave velocity) to other arteries throughout the

body (3–5) (Fig. 5.3).

This forward-traveling pressure wave (incident pressure

wave) is reflected at any point of structural or functional dis-

continuity in the arterial tree, thereby generating a reflected

(“echo”) wave that travels backward toward the ascending

aorta. Incident and reflected pressure waves interact con-

stantly, and their sum is the aortic measured wave that indi-

cates the level of blood pressure and the degree of

hypertension (Fig. 5.2). The final amplitude and shape of

this measured wave are determined by the phase relation-

ship (timing) of the component waves. The timing of inci-

dent and reflected pressure waves depends on the pulse

wave velocity, the distance the pressure waves must travel

(i.e., arterial length, as determined by body height), and the

duration of left ventricular ejection. The shape and ampli-

tude of measured pulse pressure waves also depend on

where in the arterial system the pressure is being recorded

(Fig. 5.2). Peripheral arteries are close to sites where

waves are reflected. The incident and reflected waves in

these peripheral arteries are in phase and, thus, produce

an additive effect. The ascending aorta and central arteries

are located away from the sites where waves are reflected.

In these arteries, depending on the pulse wave velocity,

the return of the reflected wave is delayed in proportion

to the arterial distance; thus, the incident and reflected

waves are not in phase. The delay of reflected waves is

influenced largely by the age of the patient, but this delay

has identical consequences in both normotensive and hyper-

tensive subjects (Fig. 5.4).

In young humans (�50 years) with distensible arteries

and low pulse wave velocity, the reflected waves affect

the central arteries during diastole, after left ventricular

ejection has ceased. This timing is desirable because the

reflected waves cause an increase in ascending aortic

pressure during early diastole, not during systole; this pro-

duces an aortic systolic blood pressure and pulse pressure

that are lower than in the peripheral arteries (only the

mean blood pressure remains almost constant throughout

the arterial system). (Fig. 5.4, left panel.) This hemody-

namic aspect, which involves pulse pressure amplification

between the central and the peripheral arteries (Fig. 5.3),

is advantageous physiologically because the increase of

early diastolic blood pressure has a boosting effect on cor-

onary perfusion without increasing the left ventricular after-

load. This desired timing in younger subjects is disrupted in

older subjects (.50 years) by an increase in pulse wave vel-

ocity as a result of arterial stiffening. (Fig. 5.4, right panel.)

With an increase in pulse wave velocity, the sites where

pressure waves are reflected appear to be closer to the

ascending aorta, and these reflected waves occur earlier

because they are more closely in phase with the incident

waves in this region. The earlier return of reflected waves

means that these waves affect the central arteries during

systole rather than during diastole, thus amplifying aortic

and left ventricular pressures during systole and reducing

aortic pressure during diastole (3–6). (Fig. 5.4, right

panel.) The pulse pressure and systolic blood pressure gra-

dients along the arterial tree tend to disappear, resulting in

temporal equalization of peripheral and aortic pressures

and a loss of pulse pressure amplification.

Hypertension in middle-aged individuals involves

increases in both mean blood pressure and pulse pressure,

but it also is characterized by significant pulse pressure

amplification. In older patients, pulse pressure amplification

disappears as a result of the more pronounced effect of aging

on the central arteries than on the peripheral arteries.

C. Blood Pressure and Arterial Remodeling

The arterial wall is a complex tissue that consists of differ-

ent cell populations that are subject to structural and func-

tional changes in response to direct injury and atherogenic

factors or in response to modifications of long-term hemo-

dynamic conditions. The principal geometric modifi-

cations that are induced by these alterations are changes

of the arterial lumen or arterial wall thickness as a result

of the activation, proliferation, and migration of smooth

muscle cells and the rearrangements of cellular elements

and extracellular matrix of the vessel wall.
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The mechanical signals for arterial remodeling that are

associated with hemodynamic overload are cyclic tensile

stress or shear stress (7–10). Blood pressure is the princi-

pal determinant of arterial wall stretch and tensile stress; it

creates radial and tangential forces that counteract the

effect of intraluminal pressure. Blood flow alterations

result in changes in shear stress, which is the dragging

frictional force created by blood flow. Although acute

changes in tensile stress or shear stress induce transient

adjustments in vasomotor tone and arterial diameter,

chronic alterations of mechanical forces lead to modifi-

cations of the geometry and composition of the vessel

walls that can be considered adaptive responses to long-

lasting changes in blood flow or blood pressure (8).

According to Laplace’s law, tensile stress (s) is directly

proportional to arterial transmural pressure (P) and radius

(r), and inversely proportional to arterial wall thickness

(h), according to the formula s ¼ Pr/h (3–7). In response

to an increase in blood pressure or arterial radius, tensile

stress is maintained within the physiological range by a

thickening of the heart and vessel walls, a process that is

consistently observed in the heart and in the small and

large arteries of hypertensive subjects (2–9).

Shear stress is a function of the blood-flow pattern. In

linear segments of the vasculature, blood is displaced in

layers that are moving at different velocities. The middle

of the stream moves more rapidly than the side layers,
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Figure 5.3 Schematic representation of the architecture of the arterial and arteriolar systems, and the propagation of blood pressure

waves (personal view). In the middle and lower panels are indicated the proximal (central elastic arteries) and distal (peripheral muscular

arteries) compartments of the arterial tree and finally the microvascular network, composed of arterioles and capillaries. The propagation

of pressure waves at a given velocity (pulse wave velocity) along the proximal and distal arteries are shown in the upper panel, along with

the bifurcations (branching points) of the microvascular network, which are the major sites of wave reflection. Each site has its own reflec-

tion coefficient. Note that the sum of the forward and backward pressure waves at each point of the arterial tree means that at the same

mean blood pressure, pulse pressure is higher in the central arteries than it is in the peripheral arteries.

Figure 5.4 Invasive thoracic aorta blood pressure curves in

younger and older subjects. Note that, for the same mean blood

pressure (the same cross-sectional area beneath the blood

pressure curve) in younger and older subjects, pulse pressure is

higher in older subjects than it is in younger subjects. This is

owing to both a higher systolic blood pressure and a lower dias-

tolic blood pressure. This change in blood pressure curve with

age is the result of increased arterial stiffness and pulse wave vel-

ocity and a change in the timing of wave reflections, which return

to the heart during diastole in younger subjects. (this alteration is

often evaluated as reduction in distal oscillatory compliance) (6)

and during systole in older subjects (this alteration is often called:

increase of augmentation index) (3,4).
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which generates a parabolic velocity profile. The slope of

the velocity profile, that is, the change of blood velocity

per unit distance across the vessel radius, defines the

shear rate. Shear stress (t) is directly proportional to

blood flow (Q) and blood viscosity (h), and inversely pro-

portional to the radius (r) of the vessel, according to the

formula t ¼ Qh/pr3 (7–9). Because cardiac output is

normal in hypertensive subjects, it is often thought that

shear stress is of secondary importance in the mechanisms

of hypertension. However, cardiac output decreases with

age and is even significantly elevated during the early

phase of hypertension (1,2). Furthermore, changes in

shear stress and tensile stress are interrelated because any

modification of the arterial radius that is caused by altera-

tions in blood flow and shear stress induces changes in

tensile stress as well (unless blood pressure varies in the

opposite direction).

The characteristics of arterial remodeling depend pri-

marily on the nature of hemodynamic stimuli that are

applied to the arteries. To maintain tensile stress within

physiological limits, arteries respond by thickening their

walls (Laplace’s law), but the increased tensile stress is a

direct result of both high blood pressure and pressure-

dependent passive distension of the arterial lumen. Studies

in animals and humans have shown that this pressure-

related distension of the arterial diameter is limited to

central (elastic-type) arteries [i.e., it is not present in periph-

eral (muscular-type) arteries], and it causes an increase of

the wall-to-lumen ratio that is proportional to the pressure

(3,5,7). This ability to adjust the wall-to-lumen ratio effi-

ciently maintains tensile stress within normal limits. The

nature of the mechanism that prevents the passive dilation

effect of pressure is unknown, but prevention of passive

dilation does require the presence of an intact endothelium

(7). It is worthwhile noting here that endothelial function is

altered in subjects with hypertension (7,8,11).

Experimental and clinical data indicates that acute and

chronic augmentations of arterial blood flow induce pro-

portional increases in the vessel lumen, whereas decreasing

flow reduces the arterial inner diameter (7,8). An example

of flow-mediated remodeling associates arterial dilation

and sustained high blood flow after the creation of an arter-

iovenous fistula (12). An increase in arterial inner diameter

usually is accompanied by arterial wall hypertrophy and

increased intima–media cross-sectional area (following

increases in the radius of the arterial vessel and in arterial

wall tension). As noted earlier, the presence of the endo-

thelium is a prerequisite for normal vascular adaptation

to chronic changes of blood flow; experimental data indi-

cates that flow-mediated arterial remodeling can be

limited through inhibition of nitric oxide synthase (11).

Although the alterations of tensile stress and shear stress

are interrelated, changes in tensile stress primarily induce

alterations and hypertrophy of the arterial media.

Changes in shear stress principally modify the dimensions

and the structure of the intima. It is noteworthy that altera-

tions and hypertrophy of the arterial media predominate in

subjects with hypertension (3,7,8,11).

D. Age and Hemodynamic Patterns
of Hypertension

It is widely accepted that blood pressure increases with

age, but this is true primarily for systolic blood pressure

(Fig. 5.5) (13). Diastolic blood pressure increases pro-

gressively until 55 years of age but, thereafter, remains

stable or even tends to decline spontaneously. From the

observed age-related changes in systolic blood pressure

and diastolic blood pressure, it can be concluded that,

with age, mean blood pressure is modified only a little,

whereas pulse pressure increases exponentially. All of

these hemodynamic changes are more pronounced in

hypertensive subjects than in normotensive subjects

(Fig. 5.5).

From most classical longitudinal studies reported in the

literature (Fig. 5.5), it appears that in young subjects (�50

years), systolic blood pressure, diastolic blood pressure,

mean blood pressure, and pulse pressure increase to the

same extent with age. This indicates a predominant influ-

ence of an increase in mean blood pressure and vascular

resistance that corresponds to the hemodynamic pattern

of sustained essential hypertension in middle age. In

older subjects (.50 years), systolic blood pressure and

pulse pressure increase markedly with age, whereas

mean blood pressure and diastolic blood pressure remain

relatively stable—diastolic blood pressure even tends to

decline. This pattern reflects a predominance of increased

arterial stiffness and altered pressure wave reflections in

the mechanisms of hypertension, which corresponds to

the traditional picture of systolic hypertension.

It seems logical to divide the hemodynamic aspects of

human hypertensive subjects into those that affect vascular

resistance and the microcirculation, particularly as

observed in young subjects, and those that affect the stiff-

ness of arteries, wave reflection, and macrocirculation that

are observed primarily in older subjects (5).

III. CARDIAC STRUCTURE AND FUNCTION
IN HYPERTENSION

It is important to summarize the characteristics of the

cardiac pump, which are common to both vascular

aspects of hypertension. It should be noted that, in this

review, these descriptions are limited to subjects with

chronic, sustained, essential, uncomplicated hypertension.

Chronic indicates that the disease is .3 years in duration,

with a mean subject age of between 20 and 70 years. Sus-

tained implies that the diastolic blood pressure is consist-

ently .90 mmHg or that the systolic blood pressure is
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.140 mmHg (the standard definition of hypertension).

Essential means that plasma and urinary electrolytes,

urinary catecholamines, and renal arteries investigated

by using echo-Doppler techniques are always within the

normal range. Uncomplicated is defined as no history of

stroke, congestive heart failure, or any vascular compli-

cation, and that plasma creatinine is ,1.4 mg%. In the

literature, data are frequently restricted to men who are

compared with controls of the same age and sex, with

both populations having a balanced sodium intake and

urinary output. Sodium intake in the range of 80–

150 mEq/day is considered to be the steady state.

A. Normal Cardiac Output and
Cardiac Hypertrophy

In comparison to controls of the same age and sex, cardiac

output (expressed as ml/min per m2 body surface area) is

normal in patients with uncomplicated, sustained, essential

hypertension (14–19). Although some elevated values for

cardiac output have been reported for patients with sec-

ondary forms of hypertension (14), the normal value for

subjects with essential hypertension is observed in both

supine and upright positions. Oxygen consumption is

normal or slightly increased (15,17,18). The arteriovenous

oxygen difference is elevated because of the reduction in

oxygen venous content of red blood cells (15). Heart rate

is slightly increased, but the stroke volume is normal.

Blood flow in the liver and lower limbs remains within

the normal range, but renal blood flow is reduced (16).

When subjects with essential hypertension are excercis-

ing, cardiac output remains adapted to the metabolic needs

of the tissues. However, the slope of the curve plotting

cardiac output (or stroke volume) against oxygen con-

sumption is lower than it is for control subjects (15,17).

In the past, this finding had been attributed to an early
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phase of heart failure, but the alterations of ventricular

geometry that are associated with cardiac hypertrophy

play a more important role (15). Investigations that are

based on echocardiography have shown that symmetric

cardiac hypertrophy is frequent in sustained, uncompli-

cated, essential hypertension and parallels the blood

pressure level, primarily the systolic blood pressure and

the pulse pressure (19–22). In accordance with Laplace’s

law, cardiac hypertrophy helps to maintain a normal value

for myocardial wall stress through an increase in ventricu-

lar wall thickness. The change of ventricular geometry is

associated with an increase of left ventricular wall stiff-

ness, frequently in combination with a change of the dias-

tolic function of the heart (21). Hence, a normal stroke

volume is maintained through increases of systolic and

diastolic intraventricular pressure.

Left ventricular function, as assessed by invasive

studies (3,19) and noninvasive evaluation of ejection frac-

tion, the mean velocity of circumferential fiber shortening,

the mean normalized systolic ejection rate, and iso-

volumetric indexes, is normal or enhanced in patients

with hypertensive hypertrophy, even in patients with

greater increases of muscle mass and with the presence

of concomitant coronary artery disease (19–22). Impair-

ment in left ventricular function is observed only when

regional contraction abnormalities or ventricular dilatation

above or both occur (22). The changes of cardiac function

are then a reflection of cardiac size, systolic wall stress,

and, hence, left ventricular oxygen consumption (21).

B. Cardiac Output and Filling Pressure of
the Heart (23–25)

In human studies, the pressure that is considered to be most

representative of circulatory filling is the right atrial

pressure (central venous pressure). For patients with sus-

tained essential hypertension, all reports in the literature

have shown that right atrial pressure is slightly, but signifi-

cantly increased, even in the absence of congestive heart

failure (23–25). Parallel to the rise of atrial pressure,

there is also an increase of pulmonary arterial and wedge

pressures. The pressure gradient across the pulmonary cir-

culation is identical to the pulmonary gradient in normal

subjects, and the total resistance of the pulmonary circula-

tion also is similar to the total resistance in normotensive

controls. In addition, all circulatory pressures (arterial,

right atrial, pulmonary, and pulmonary wedge) are posi-

tively correlated with each other (25). Right atrial pressure

is influenced by parameters that regulate both venous

return and the pumping ability of the right ventricle.

Theoretically, elevated central venous pressure in hyper-

tension could result from three possibilities: decreased or

modified pumping function of the heart, decreased vascu-

lar compliance, or increased blood volume (1,2).

The basic mechanism for adjusting stroke volume to

blood inflow is described as the Frank–Starling law of

the heart, and it is expressed in terms of cardiac function

curves by plotting stroke volume or cardiac output

against right atrial pressure, for example, during volume

expansion (1–3). In patients with essential hypertension

when compared with controls right cardiac function

curves exhibit a rightward shift of otherwise normally

shaped blood pressure curves. The pump operates nor-

mally but at a higher basic pressure level (23,24). This

increase in basic pressure level theoretically might be a

passive consequence of heart hypertrophy and the result

of a backward effect of elevated arterial pressure.

However, such a passive mechanism cannot be the princi-

pal factor that accounts for an elevated central venous

pressure in subjects with hypertension. Cardiopulmonary

and low pressure systems are compliant and, as such,

increase their volume when they are subjected to increased

pressure. Nevertheless, elevated central venous pressure is

observed in patients with essential hypertension, whereas

cardiopulmonary blood volume and total blood volume

are normal and decreased, respectively (25). Taking into

account all these particularities, it appears that in subjects

with hypertension, only a reduction in venous compliance

could explain satisfactorily the right atrial pressure

changes. Acute and rapid volume expansion has been

induced in normal and hypertensive subjects by using

iso-oncotic-dextran infusion (23–25). Central venous

pressures increased significantly more in hypertensive sub-

jects than it did in normotensive subjects for equivalent

increases in intravascular blood volume (23,24). This

finding indicates clearly that in the presence of normal

cardiac function curves, effective venous capacity is

reduced in hypertensive subjects. This interpretation is

supported by the negative correlation that is observed in

normal and hypertensive populations between central

venous pressure and blood volume, and between central

venous pressure and total effective vascular compliance

(25). In other words, in subjects with essential hyperten-

sion, the slight increase of central venous pressure that is

observed under resting conditions is a result of concomi-

tant lowering of total effective vascular compliance, not

a result of the reduction in blood volume.

In patients with essential hypertension, the contribution

of vascular capacitance to the regulation of cardiac output

is especially important in view of the three hemodynamic

features of the heart and vessels in hypertension: normal

cardiac output, decreased intravascular blood volume,

and cardiac hypertrophy without congestive heart failure.

It is widely accepted that the normal cardiac output in

the presence of increased afterload is achieved through

cardiac hypertrophy, which causes a decrease of left ven-

tricular compliance. In this situation, the presence of estab-

lished cardiac hypertrophy would lead to a reduction of the
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stroke volume without adequate compensation (2). Such

compensation could be found in the form of increased

cardiac filling pressures in the left and right ventricles.

In patients with essential hypertension, capillary wedge

pressure is increased, indirectly reflecting an elevation in

left atrial pressure (23–25). Right atrial pressure is also

elevated, which could, in turn, lead to decreased venous

compliance to obtain an adequate driving pressure for

the hypertrophied heart. During isotonic saline intravenous

volume loading, Ulrych et al. (26) showed that the cardiac

output increase was enhanced in hypertensives and

suggested that a reduction of peripheral vascular capacity

was responsible. More direct evidence is provided by the

observation of a negative correlation between cardiac

output or stroke volume and effective vascular compliance

in patients with essential hypertension: the more reduced

the compliance, the higher the cardiac output (26). Thus,

despite cardiac hypertrophy and decreased intravascular

volume, normal cardiac output is achieved in sustained

essential hypertension through a reduction of venous

compliance.

C. Age-Related Changes in Cardiac Output in
Subjects with Hypertension

Cardiac output decreases physiologically with age, but

many investigators have shown that this decline is more

pronounced in hypertensive than in normotensive subjects

(15,18,27,28). Indeed, cardiac output that is measured in

young patients with a mildly elevated blood pressure (sys-

tolic blood pressure and diastolic blood pressure ranges

between 140 and 160 mmHg and between 90 and

95 mmHg, respectively) while they are at rest in the

supine position is frequently elevated (15,27–30). This

increased cardiac output is associated with an increase in

stroke volume or heart rate, or both (15,18,27,28).

Regional hemodynamics studies of this population of

young subjects have shown that the elevated cardiac

output was due to an increase in muscle blood flow;

renal and hepatic blood flows remained within the

normal range (16). The cardiac output is elevated in the

supine position but not in the sitting position or tilted pos-

ition, for which most authors found normal values

(15,18,27). It is noteworthy that in these young subjects,

cardiac output, as judged in relationship to oxygen con-

sumption, is consistently normal, both at rest and during

exercise. Cross-sectional studies also indicate that

cardiac output is not particularly affected by intravascular

volume, but it is affected significantly and directly by heart

rate (18,27,28,30,31). A higher ratio between cardiopul-

monary and total blood volumes is also observed,

suggesting, as with the elevated heart rate, that sympath-

etic overactivity is present in this population of young

patients (2,18,27,29–31).

On the basis of epidemiological studies, it is widely

accepted that until 50–60 years of age, systolic blood

pressure and diastolic blood pressure increase progress-

ively as a person ages, while cardiac output decreases.

This hemodynamic change also is observed when repeat

hemodynamic measurements are made in young subjects

with mildly elevated blood pressure (15,18,27,28,30,31).

However, the younger population exhibits two pecu-

liarities: first, the cardiac output decrease occurs more

rapidly in hypertensive than in normotensive subjects;

and second, in �10–20% of these subjects with border-

line hypertension, the hemodynamic pattern of sustained,

essential hypertension occurs later, over the long-term.

However, repeat investigations for this group are difficult

to perform for two reasons. On the one hand, these hyper-

tensive subjects frequently either are not re-examined or

are upon follow-up found to have been treated with anti-

hypertensive drug therapy. On the other hand, these sub-

jects are matched with normotensive controls who are

difficult to recruit in the first place and are subsequently

difficult to follow-up. Nevertheless, when hypertensive

subjects are followed up in later investigations, they all

show the same pattern of changes in cardiac output

control. First, the slope of the curve plotting cardiac

output against oxygen consumption during exercise

tends to be less steep with age (15,17). Secondly, in repeat,

cross-sectional studies of large populations, the correla-

tion between cardiac output and intravascular volume

becomes more and more pronounced, although the signi-

ficance of the correlation between heart rate and cardiac

output tends to disappear during the follow-up (30–32).

Mathematical and statistical procedures have been

developed to examine cross-sectional or longitudinal

hemodynamic data from human subjects by using

Guyton’s cardiovascular model (1). In this model

(Fig. 5.6), the kidney is considered to be a filter, and for

each given value of sodium intake (which in steady-

state and normal conditions is equal to urinary sodium

output), a given, steady mean blood pressure is achieved.

As hypertension develops, the renal filter is altered and

a higher mean blood pressure is required to maintain a

normal sodium balance. Within the organism, this

pressure–diuresis mechanism functions through a nega-

tive feedback loop, which in animal models, is defined

by equations and blocks (with their corresponding spe-

cific coefficients) that characterize the resulting changes

of fluid volumes, cardiac output, vascular resistance, and

compliance.

In 1979, Chau et al. (31) used original statistical pro-

cedures that made it possible to determine what conditions

could be applied to investigating human hemodynamic

data by using Guyton’s model. The goal was to evaluate

which parts of the model (Fig. 5.6) would have to be

modified to maintain the same cardiac output level in
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normotensive and hypertensive subjects (31). The

response of the model showed that two primary modifi-

cations would be required to achieve a normal cardiac

output in subjects with essential hypertension: changes

of the arteriolar system and reduced vascular compliance.

Reduced vascular compliance involves both the large

arteries and the veins (32).

Further studies showed that under these conditions,

control of cardiac output in hypertensive subjects always

differs from that of normotensive subjects and that

control of cardiac output involved predominantly neuro-

genic influences in the normotensive subjects and predo-

minantly vascular structural changes in hypertensive

subjects (31,32).

IV. MEAN ARTERIAL BLOOD PRESSURE,
MICROCIRCULATION, AND
SYSTOLIC–DIASTOLIC
HYPERTENSION IN MIDDLE AGE

The principal functions of microcirculation are to optimize

nutrient and oxygen supply within the tissues in response

to variations in demand and to minimize large fluctua-

tions of hydrostatic pressure in the capillaries that would

cause disturbances to capillary exchange (33,34). For

microcirculation in the context of hypertension, the

primary questions were to determine under which con-

ditions a large drop in hydrostatic pressure might be

achieved without substantial change of capillary pressure

(33) and how the reflectance properties of the arterial tree

could be optimized (5).

A. Location of Peripheral Vascular
Resistances in Chronic Hypertension

The profile of the hydrostatic-pressure decline along the

various vascular elements between the heart and the capil-

laries has been determined in the past in numerous animal

studies (1–3). It is generally agreed that relatively little

pressure is lost within the larger arteries and that although

the pressure profile varies somewhat between studies and

for different vascular beds, the pressure drop occurs predo-

minantly in the precapillary vessels that range from 10 to

300 mm in diameter (33–35). In most forms of experimen-

tal and clinical hypertension, the cardiac output is close to

normal and the peripheral vascular resistance is increased

in proportion to blood pressure elevation. Several studies

of skeletal muscle in spontaneously hypertensive rats

have concluded that blood pressure is elevated approxi-

mately proportionally throughout the precapillary vascula-

ture (33–35). For example, De Lano et al. (36) found that

Figure 5.6 Pressure–diuresis mechanism and negative feedback loop of Guyton’s model. In the Guyton’s model, hypertension is

characterized by a shift of pressure–diuresis mechanisms toward higher blood pressure values. In both normotensive and hypertensive

populations, each time the blood pressure increases, there is a reduction in extracellular and intravascular volume, cardiac output, and

vascular resistance, which making that finally, blood pressure returns back toward normal values. Each block of the negative feedback

loop is characterized by its own regulation equation and, therefore, its own regulation coefficients. In animal models of hypertension, this

mechanism is operating under the same conditions as normotensive models, that is, with the same regulation coefficients; but it requires a

re-setting of the pressure–diuresis curve. Chau et al. (31,32) showed that in hypertensive humans, the regulation coefficients of the

equations of the negative feedback loop also should be modified in parallel.
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if the measured pressures are normalized by the systemic

arterial pressure, pressures are virtually identical in

normotensive rats and in spontaneously hypertensive rats

at all of the locations studied in the system. These

results suggest that because the major pressure drop

occurs in the smallest arteries and arterioles, these

vessels represent the principal sites of increased vascular

resistance in hypertension, at least in spontaneously hyper-

tensive rats.

The in vivo hemodynamic status represents the com-

bined effects of a complex network of thousands of

small arteries and arterioles that make up the resistance

vasculature. Because small arteries constitute the most

substantial proportion of peripheral resistance, alterations

of resistance in these arteries in experimental and human

hypertension have attracted considerable attention. In

experimental models of hypertension, during its estab-

lished phase, high blood pressure is associated with

increased peripheral resistance and is attributed primarily

to a modified vascular structure (33,34). The most striking

evidence for this alteration is the marked increase in resist-

ance that occurs when the vasculature is in a state of

maximum relaxation. The classic experiments by Folkow

(2) showed that minimum vascular resistance was

increased by 37% in established hypertension (mean

blood pressure increased by 55%), a finding that suggests

two important conclusions:

1. According to Poiseuille’s law, altered minimum

vascular resistance could be the result of a dimin-

ution of the lumen diameter of individual vessels,

of vessels being longer, or of their rarefaction (a

decreased number of vessels connected in parallel)

(33,34).

2. Another important paradigm is that increased vas-

cular resistance is a result of modifications to the

structure or the function of the microvascular

network, or a combination of both.

B. Mechanisms of Increased Vascular
Resistance in Hypertension

Most investigations of the mechanisms of hypertension

have been performed by using animal models (1–

3,33,34). The two models that have been used most

often are the Goldblatt renal hypertensive model and the

spontaneously hypertensive rats model. In hypertension,

the structure and function of the microcirculation may be

altered in at least three ways:

1. The mechanisms regulating vasomotor tone may

be abnormal, leading to enhanced vasoconstriction,

reduced vasodilating responses, or altered auto-

regulatory processes.

2. There may be anatomical alterations of the struc-

ture of individual precapillary resistance vessels,

such as increases in their wall-to-lumen ratios.

3. There may be changes at the microvascular

network level, perhaps involving a reduction in

the density (rarefaction) of arterioles or capillaries

within a given vascular bed. It is likely that the

relative contributions of these factors may be

different in the various vascular beds and among

the different forms and models of hypertension.

1. Changes in Vasomotor Tone and Autoregulation

The most obvious mechanism in increased resistance to

blood flow in arterioles is vasoconstriction. This is a

very powerful mechanism for continuously controlling

blood pressure and flow throughout the circulatory

system. Because resistance through a vessel is inversely

proportional to the fourth power of the vessel radius (Poi-

seuille’s law), only small changes in lumen size are

required to make large adjustments to flow and pressure.

Functionally, arterioles are highly sensitive to active

changes of diameter (1–3,33,34). These changes may

range from complete closure to a threefold increase in

diameter in the smallest arterioles and up to 50% variation

in diameter in larger arterioles. Vasomotor tone in resist-

ance arteries is controlled by both local or metabolic regu-

lation and by the sympathetic nervous system. In addition,

paracrine substances, which are released primarily by the

endothelial cells, play a key role in the control of local

vasomotor tone (37). For example, the altered vascular

resistance in genetically hypertensive rats is reflected in

their increased pressure response to infused agonists

(35). This increase in pressure could be the result not

only of alterations in the resistance vessels but also of

different levels of intrinsic tone.

The tone of the microcirculation and, consequently, the

levels of tissue perfusion are tightly coupled to the status

of tissue oxygen consumption. When oxygen requirements

increase, blood inflow increases accordingly. The ability

of a vascular bed to constrict and dilate in order to main-

tain flow during changes of perfusion pressure, indepen-

dently of any systemic neurohumoral regulation, is

termed autoregulation. In coronary circulation, autoregu-

lation is most effective between pressures of 40–

160 mmHg (38). It is important to note that chronic hyper-

tension shifts the range of pressures over which autoregu-

lation occurs in the myocardium, so that flow begins to

decline at greater pressure. A similar hemodynamic

pattern has been observed within the renal and the cerebral

circulations (1–3). The nature of the signaling molecules

that link flow to demand and participate in the local auto-

regulation process has been studied for .40 years, but it

still remains poorly elucidated. Adenosine, arachidonic
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acid derivatives, nitric oxide, oxygen, carbon dioxide,

hydrogen, and potassium have all been considered

candidates.

In experimental hypertension, vasoconstriction seems

to be particularly enhanced at the initial stages, when arter-

ial pressure increases rapidly and structural changes have

not yet taken place. For instance, Meininger et al. (39)

showed that small arterioles in the rat cremaster muscle

constrict significantly during the onset of renal hyperten-

sion; protection of the hindquarters from the pressure

increases reduces the amount of vasoconstriction, which

indicates that autoregulatory mechanisms mediate part of

the vascular tone increase. On the other hand, a loss of

vasodilating properties, particularly of endothelial origin

has been reported in various animal models (34,37). It is

in human hypertensive subjects that the autoregulatory

process is the most difficult to define. In the classical

Guyton’s model (1), enhanced cardiac output is an import-

ant initiating factor in the mechanism of elevated blood

pressure. In models of hypertension that are secondary to

volume expansion, cardiac output increases in an early

phase of hypertension “beyond the oxygen needs of the

tissues” and thereafter returns toward normal values

through an autoregulatory process that involves arteriole

changes and increases in vascular resistance (1). By

using Guyton’s model and changing its coefficients to

obtain the same cardiac output level in normotensive and

hypertensive subjects, Chau et al. (31,32) clearly estab-

lished that structural changes in the arterioles were a

necessary prerequisite to achieve normal cardiac output

in the hypertensive population.

2. Increased Wall-to-Lumen Ratio

Hypertrophy of the vascular wall, which results in

decreased lumen size, and medial hypertrophy, which

results in heightened vasodilated vascular resistance, are

concepts that are currently receiving considerable atten-

tion with respect to hypertension (2,35).

It has been known for many years that small resistance

arteries can alter their diameters and their structures in

response to blood pressure changes. Increases in the

media/lumen ratio of small arteries have been widely

documented in several forms of hypertension (34,35).

The media/lumen ratio of small mesenteric arteries

increases with increasing blood pressure in renal hyperten-

sive rats. These changes are consistent with the view that

vessels maintain constant wall stress in the face of chan-

ging pressure. However, it is not clear that arterioles

undergo similar changes in primary hypertension. Arter-

ioles of spontaneously hypertensive rats have not been

reported to show consistently either reduced luminal diam-

eter or wall thickening (40). Reduced arteriole lumen

diameters are difficult to demonstrate in hypertensive

humans (40–42) because only in vitro and not physiologi-

cal conditions are available (Table 5.1).

It should be emphasized that the expression “altered

structure of the arterial wall” is ambiguous. It is necessary

to define precisely what parameter (media thickness,

lumen diameter, or wall cross-sectional area) is being

studied and under what experimental conditions

(whether vessels are maximally dilated or not) the resist-

ance vessels are being studied. As discussed extensively

by Mulvany et al. (42), a narrowed lumen and the resulting

increased media/lumen ratio can occur without any

change in the amount of material in the vessel wall. Con-

versely, an increased media/lumen ratio need not result in

a narrowed lumen, nor is an increased amount of wall

material (demonstrated by an increase of the wall cross-

sectional area) necessarily accompanied by a smaller

lumen or elevated media/lumen ratio. The use of anti-

hypertensive agents in animal models has clearly shown

the absence of a parallel between blood pressure changes

and wall/lumen ratio changes (35). Nevertheless, the

changes in wall/lumen ratio may explain why the loss of

vasodilating properties that are a result of structural

changes in hypertensive subjects could favor the occur-

rence of cardiovascular events (34,35,38,42).

Table 5.1 Morphometry of Small Arteries Investigated on a Wire Myograph

Parameter

Normotensive

(n ¼ 10)

Untreated

hypertensives

(n ¼ 7)

Treated

hypertensives with

atenolol (n ¼ 10)

Treated

hypertensives with

nifedipine (n ¼ 10)

Lumen (mm) 277 + 10 223 + 13 235 + 11 258 + 13

Media width (mm) 14.9 + 0.61 14.6 + 1.9 15.6 + 0.65 14.1 + 0.85

Media/lumen ratio (%) 5.37 + 0.08 7.08 + 0.12� 6.81 + 0.18� 5.38 + 0.18

Media cross-sectional area (mm2) 13400 + 1245 11326 + 2897 13243 + 1081 12284 + 1207

�P , 0.001, vs. normotensive or hypertensive patients treated by nifedipine.

Note: Values are expressed as mean+ SEM. Note that lumen diameter does not differ in the four groups. Determinations of lumen diameter are performed in

vitro and may differ markedly, depending on whether the diameters are measured at the same pressure or are measured at the same wall tension. In the latter

case, because the media/lumen ratios are significantly different in the four groups, the distensibility also should differ significantly in the various groups.

Source: From Schiffrin and Deng (41).
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3. Microvascular Rarefaction

Hutchins et al. (43) first described up to 50% rarefaction of

the microvasculature in the cremaster muscles of spon-

taneously hypertensive rats, and Prewitt et al. (44) sub-

sequently found rarefaction of capillaries and arterioles

in gracilis muscle of spontaneously hypertensive rats.

There is now much evidence that the development of

hypertension is accompanied by the rarefaction of arter-

ioles and capillaries in both animal and human models

(45–48).

Rarefaction (34) can be functional, which is when it is

the result of vasoconstriction that is strong enough to close

the vascular lumen and prevent the perfusion of a capillary

bed, or it can be structural, in which case the vessels are

absent or the number of vessels is decreased in perfused

tissues. Functional rarefaction of the capillary beds in skel-

etal muscles of normotensive animals has been recognized

since many years (33,34). Some capillaries are not perfused

under resting conditions but are perfused during hypere-

mia after muscles have had to work during exercise.

Because the capillaries themselves cannot constrict, the

terminal portion of the arteriole, by adapting its smooth-

muscle tone, controls this functional capillary density.

Functional rarefaction of arterioles in normotensive animals

has been observed in vessels as large as third-order arter-

ioles, which suggests that all of the smaller arterioles

and most of the capillaries that are fed by a closed third-

order arteriole would not be sufficiently perfused.

It has been suggested that rarefaction might occur in

two phases (44), the first phase (functional rarefaction)

leading to a second phase (structural or anatomical rarefac-

tion) that cannot be reversed by maximal vasodilatation

(34,44). In light of that interpretation, it is important to

understand under what conditions the various forms of

microvascular alteration might affect the resistance prop-

erties of a microvascular network (5,33,34,49). The resist-

ance of tree-like, branched networks can be described by

relatively simple extensions of Poiseuille’s law, according

to which the length of a vessel and its radius (to the fourth

power) are the most important geometric features that

determine the resistance of a vessel. For a tree-like

network, the number of blood vessels that is coupled in

parallel also is an important factor. Computer simulation

studies have shown that the elimination of a number of

small arterioles from such a vascular bed (rarefaction)

causes an increase in total resistance (46).

The situation is considerably more complex for arcade-

like networks because these networks contain both in-

series and in-parallel coupled arteriole branches. In

arcade-like networks, the lengths and diameters of individ-

ual arterioles, the branching angles of the arterioles, the

location of each branching point, and the number of

branches all are factors in resistance (49). This implies

that in analyzing the role of microvascular densities con-

trolling in resistance, the nature of the change to the

network should be defined, as well as the absolute

number of blood vessels in the network. This conclusion

is in line with the findings of Greene et al. (46) in computer

simulations of mammalian microvascular networks. In

their model, removal of arteriole segments caused an

increase in resistance. On the basis of microvascular rare-

faction, the amount of the increase in resistance was suffi-

cient to explain the enhanced vascular resistance that has

been observed in some experimental forms of hyperten-

sion. However, whether some sites (such as the kidney)

are specifically involved in the mechanism of hypertensive

microvascular rarefaction remains to be investigated.

V. MACROCIRCULATION AND THE
HEMODYNAMIC PATTERN OF SYSTOLIC
HYPERTENSION IN THE ELDERLY

Two associated mechanisms might be responsible for

systolic hypertension in older subjects: increased arterial

stiffness and alterations in the amplitude and timing of

wave reflections (3–5,50–53). Both of these mechanisms

affect the walls of large arteries and, therefore, are closely

interrelated. However, these mechanisms also might

act independently as pathophysiological mechanisms in

hypertensive disease. In older subjects with isolated systo-

lic hypertension, vascular resistance is poorly modified

when compared with normotensive controls of the same

age and gender. But in older subjects with a high diastolic

blood pressure and a disproportionate increase of systolic

blood pressure over diastolic blood pressure, vascular

resistance is increased (53).

A. Increased Arterial Stiffness

The ability of arteries to accommodate the volume ejected

instantaneously by the left ventricle (Windkessel effect)

can be described quantitatively in terms of “compliance,”

“distensibility”, or stiffness of the aorta or an individual

artery. These terms express the volume of blood that is

contained in the vasculature (total or in a segment of the

system) as a function of a given transmural pressure over

a given physiological range (3,53). For a particular

artery, compliance describes the absolute amount of

strain change that follows a stress change. In physiology,

compliance (C ) is defined as the change in volume (DV )

due to a change in pressure (DP); that is, C ¼ DV/DP.

If an artery is represented as a long, cylindrical tube,

compliance is the instantaneous slope of the pressure–

volume relationship at a given point of the tube. The

vessel’s physical properties are determined primarily by
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the arterial media. Because the vessel wall comprises

smooth-muscle cells and also connective tissue that con-

tains elastin and collagen fibers, the pressure–volume

relationship is nonlinear. Compliance, therefore, should

be defined only at a given pressure. At a low distending

pressure, the tension is borne by the elastin fibers. At a

high distending pressure, the tension is borne predomi-

nantly by the less extensible collagen fibers, and the arter-

ial wall becomes stiffer (less compliant). This structural

arrangement is advantageous because it both prevents

arterial blood from pooling at high pressures and protects

arteries from high-pressure-induced rupture. To facilitate

comparisons of the viscoelastic properties of structures

whose dimensions are different, compliance can be

expressed relative to the initial volume of the arterial

vessels as a coefficient of distensibility Di, defined as

Di ¼ DV/DPV, where DV/DP is compliance and V is

the initial “unstressed” volume (3).

In all subjects, the mean blood pressure is almost the

same throughout the large arteries in the system (5).

However, there is a progressive increase in vessel stiffness

from the proximal (central) to the distal (peripheral) seg-

ments of the arterial tree. This is a result of a combination

of factors: the continuous decrease in vessel cross-

sectional area along the branching points of the vascular

tree (Fig. 5.2); the progressive increase in the rigidity of

vessel wall fibers (primarily due to modification of

the elastin/collagen ratio); and the physiological increase

in pulse pressure from central to peripheral arteries as a

result of wave reflections (Fig. 5.2) (3,5). Because compli-

ance and distensibility are much higher in the proximal

segments of the arterial tree than in the distal segments, it

is possible to observe the distensibility gradient between

these segments. For example, in humans, the decline in

the distensibility gradient between the carotid artery and

the radial artery is �25% in normal, middle-aged subjects

(53). With increasing age, this physiological gradient is

reduced significantly because of lower compliance and

distensibility (increased stiffness) in the central arteries,

but not in the peripheral arteries (50–53). This age-

related reduction of distensibility of central arteries

requires no mean blood pressure change and reflects the

intrinsic alterations of the central arterial walls with

increasing age. It involves progressively: an enlargement

of the mean diameter with a reduction of pulsatile diam-

eter, a massive development of the extracellular matrix

of the vessel wall, a lowering of the systolic blood

pressure, and a loss of pulse pressure amplification

(3,50–53). The latter reflects the more rapid increase

with age of aortic systolic blood pressure and pulse

pressure than of peripheral systolic blood pressure and

pulse pressure as a result of both increased stiffness and

altered reflectance properties of the arterial wall (3,50–

53). A consequence of the age-dependent enlargement of

aortic diameter is that proximal compliance decreases

less with age than does the proximal distensibility (51).

In hypertensive subjects, the mechanical factor rep-

resented by high blood pressure contributes necessarily

to increasing stiffness in the central arteries and is the

major factor that explains the reduced compliance and dis-

tensibility of central arteries that are observed in younger

hypertensive subjects (3,5,53) (Table 5.2).

Systolic blood pressure, diastolic blood pressure, and

pulse pressure are increased to the same extent in this

population. In older subjects, alterations of the vascular

wall that are independent of changes in mean blood

pressure (i.e., isobaric reduction of compliance and disten-

sibility) play a more important or even unique role in the

mechanism of increased stiffness in the central arteries,

which leads to the hemodynamic pattern of systolic hyper-

tension. Increases in systolic blood pressure and pulse

pressure in these subjects are much higher than increases

in diastolic blood pressure (which, in many cases, is

even lowered). Therefore, for this population, reduced iso-

baric compliance and distensibility are associated with a

“sclerotic” remodeling of the arterial wall that involves

increased collagen content and major modifications of

the extracellular matrix (3,53). This structural change,

called arteriosclerosis, is manifested primarily as medial

degeneration that is generalized throughout the thoracic

aorta and central arteries and causes dilatation, diffuse

hypertrophy, and stiffening of the arteries.

Arteriosclerosis is sometimes considered to be a phys-

iological aging phenomenon that results in diffuse, fibro-

elastic intima thickening, increased medial ground

Table 5.2 Untreated Hypertensive Subjects: Mechanical

Properties of Conduit Arteries

Hypertensive subjects

Young Old

Compliance and distensibility

Central (aorta; carotid artery)

Operational d d

Isobaric Normal d

Peripheral (radial; femoral)

Operational Normal Normal

Isobaric Normal Normal

Pulse pressure (PP)

Central (carotid; aortic) PP b

Peripheral (brachial; radial) PP b b

PP amplification

(aorto-brachial; radial)

Normal Reduced

according

to age

Note: “Operational,” the steady state mean arterial pressure of each group

of subjects; Isobaric, the same mean arterial pressure as normotensive con-

trols; PP, pulse pressure. Arrow means increased ( b ) or reduced ( d )
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substance and collagen, and fragmentation of the elastic

lamellae with secondary fibrosis and calcification of the

media. Age-related arterial alterations that lead to stiffen-

ing of arteries are heterogeneous, being more pronounced

in the aorta and central, elastic-type, capacitive arteries

than in the peripheral, muscular-type limb arteries (50–

52). Changes that are similar to the ones noticed for the

aging process also can be observed in systolic hyperten-

sion in older patients. However, some differences charac-

terize the two conditions. In subjects with systolic

hypertension, arterial dilation is limited or absent and col-

lagen content is enhanced; aging is typified by alterations

in the elastin of the arterial wall. In older subjects with

cardiovascular diseases, diabetes, end-stage renal failure,

or multiple atherosclerotic lesions, systolic hypertension

also is a classical feature. Arteriosclerosis often is associ-

ated with the particular changes that are attributed to the

primary disease (53–56).

B. Altered Wave Reflections

With the increased arterial stiffness and consequent higher

pulse wave velocity observed in hypertensive older sub-

jects, wave reflections return to the heart earlier, which

means that reflected waves affect the central arteries

during systole and not during diastole (Fig. 5.4). This pro-

duces an augmentation of aortic pressure during systole and

a reduction of aortic pressure during diastole. Thus, the

altered mechanical properties of the aortic wall are influen-

cing the level of aortic systolic blood pressure and diastolic

blood pressure. However, wave reflections not only alter

systolic blood pressure and diastolic blood pressure

through increased arterial stiffness and changed timing

but also through modification of the reflectance properties

that are associated primarily with the microvascular

network of the arterial tree and, therefore, are influenced

by the geometry, number, structure, and function of the

smaller muscular arteries and arterioles (5). Taylor (57)

was the first to report that an increase of arterial cross-

section area at peripheral bifurcations causes a delay of

wave reflections with subsequent selective reductions of

systolic blood pressure and pulse pressure through

changes in peripheral reflection patterns. Inversely, it is

expected that a decrease of arterial cross-section area at

peripheral bifurcations contributes to earlier wave reflec-

tion and to an increase in systolic blood pressure and

pulse pressure through changes in peripheral reflection pat-

terns. These alterations are influenced by distal structural

and functional factors—primarily reduced distensibility

and hypertrophy or remodeling of arterial and arteriolar

vessels, but also by the following: a change in the number

and branching angles of arterioles; modifications of the

microenvironment (in particular the levels of sodium

and other cations), reduction of endothelium-mediated

vasodilation, changes in the extracellular matrix compo-

sition of small arteries and arterioles, and genetically

mediated alterations of vasomotor tone that are a result of

changes to smooth muscle or endothelial cells.

Thus, the architecture of the microvascular network

plays a pivotal role as the principal site of wave reflection.

Early mathematical studies of wave reflection suggested

that a majority of reflection sites are in the microvascular

area of the network (5). However, recent, careful measure-

ments by Christensen and Mulvany (58) imply that pulse

pressure is transmitted much deeper into the microcir-

culation than was previously thought. These observations

have important implications for drug treatment of

hypertension, which could possibly reverse specific altera-

tions in microvascular architecture and, through these

changes, selectively lower systemic systolic blood

pressure and pulse pressure (5,33).

It is noteworthy that several other reflection sites pri-

marily those located in larger arteries, also play a role in

the mechanism of disturbed wave reflection and the result-

ing systolic hypertension. Under normal physiological con-

ditions, these other sites probably have a minimal impact.

However, they may become important in some pathologi-

cal situations, such as those created by aortic coarctation,

trauma that necessitates the amputation of the lower

limbs, or atherosclerotic alterations that involve multiples

sites in the lower limbs (5,53). For instance, changes in

aorta geometry, particularly an accelerated age-induced

and pressure-induced increase of aortic cross-sectional

area (abdominal aneurysm) and the age-induced increase

of aorta length (and, hence, tortuosities) (5), may modify

the amplitude and timing of wave reflection. Intriguingly,

these changes can differ markedly in men and women. In

women, changes are largely influenced by their shorter

arterial trees (59) but are also influenced by hormonal

factors, such as the loss of estrogen. For both men and

women, the presence of calcified plaques, particularly at

aortic, carotid, and femoral bifurcations and at the origin

of the renal arteries, also may serve as de novo reflection

sites closer to the heart, thereby modifying wave reflection

and raising systolic blood pressure and pulse pressure (53).

It is important to note that, in older people, increased

arterial stiffness and disturbed wave reflection may be

deleterious to the cardiovascular system. By favoring

early wave reflections, arterial stiffening increases peak-

systolic and end-systolic pressures in the ascending

aorta, thereby increasing the systolic tension-time index

(STTI) and myocardial oxygen consumption, decreasing

the diastolic blood pressure and diastolic tension-time

index (DTTI), and decreasing the DTTI/STTI ratio, a

determinant of sub-endocardial blood-flow distribution

(3,38). Canine studies have shown that aortic stiffening

directly diminishes sub-endocardial blood flow, despite

an increased mean coronary flow, and that chronic aortic
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stiffening reduces cardiac transmural perfusion and aggra-

vates sub-endocardial ischemia (3,55). On the other hand,

an increase in systolic blood pressure induces myocardial

hypertrophy and impairs diastolic myocardial function and

left ventricular ejection. Elevated systolic blood pressure

and pulse pressure accelerate arterial damage, which in

turn, enhances the fatigue of biomaterials, causing degen-

erative changes and further arterial stiffening. This

initiates a process that perpetuates a vicious circle (5).

This review of the hemodynamics of hypertension

emphasizes, by using nonlinear models of the circulation,

that both macrocirculation and microcirculation are dis-

turbed in human subjects with hypertension. The use of

pulsatile hemodynamics helps in understanding to what

extent high blood pressure is an important cardiovascular

risk factor. In particular, the use of pulsatile hemody-

namics makes it possible to better analyze the subtle

links between mechanical factors and newly discovered

aspects of hypertension that involve molecular biology

and genetics.
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37. Küng CF, Lüscher TF. Different mechanisms of endothelial

dysfunction with aging and hypertension in rat aorta.

Hypertension 1995; 25:194–200.

38. Hoffman JIE. A critical view of coronary reserve. Circula-

tion 1987; 75(suppl I):6–11.

39. Meininger GA, Lubrano VM, Granger HJ. Hemodynamic

and microvascular responses in the hindquarters during

the development of renal hypertension in rats. Evidence

for the involvement of an autoregulatory component. Circ

Res 1984; 55:609–622.

40. Struijker-Boudier HAJ, Le Noble JLML, Messing MWJ,

Huijberts MSP, Le Noble FAC, Ven Essen H. The microcir-

culation and hypertension. J Hypertens 1992; 10(suppl 7):

S147–S156.

41. Schiffrin EL, Deng LY. Structure and function of resistance

arteries of hypertensive patients treated with a b-blocker

or a calcium channel antagonist. J Hypertens 1996;

14:1247–1255.

42. Mulvany MJ, Hansen PK, Aalkjaer C. Direct evidence

that the greater contractility of resistance vessels in

spontaneously hypertensive rats is associated with a

narrowed lumen, a thickened media, and an increased

number of smooth muscle cell layers. Circ Res 1978;

43:845–864.

43. Hutchins PM, Bond RF, Green HD. Participation of oxygen

in the local control of skeletal muscle microvasculature.

Circ Res 1974; 40(4):85–93.

44. Prewitt RL, Chen II, Dowell R. Development of micro-

vascular rarefaction in the spontaneously hypertensive rat.

Am J Physiol 1982; 243(2):H243–H251.

45. Greene AS, Lombard JH J, Cowley AW, Hansen-

Smith FM. Microvessel changes in hypertension measured

by Griffonia simplicifolia I lectin. Hypertension 1990.

15(6 Pt 2):779–783.

46. Greene AS, Tonellato PJ, Lui J, Lombard JH,

Cowley AW Jr. Microvascular rarefaction and tissue

vascular resistance in hypertension. Am J Physiol 1989;

256:H126–H131.

47. Antonios TF, Singer DRJ, Markandu ND. Rarefaction of

skin capillaries in borderline essential hypertension

suggests an early structural abnormality. Hypertension

1999; 34:655–658.

48. Sullivan JM, Prewitt RL, Joseph JA. Attenuation of the

microcirculation in young patients with high-output border-

line hypertension. Hypertension 1983; 5:844–851.

49. Le Noble FAC, Stassen FRM, Hacking WJG,

Struijker Boudier HAJ. Angiogenesis and hypertension.

J Hypertens 1998; 16:1563–1572.

50. Learoyd BM, Taylor MG. Alterations with age in the visco-

elastic properties of human arterial walls. Circ Res 1966;

18:278–292.

51. Benetos A, Laurent S, Hoeks AP, Boutouyrie P, Safar ME.

Arterial alterations with aging and high blood presure.

A noninvasive study of carotid and femoral artery. Arterio-

scler Thromb 1993; 13:90–97.

52. Boutouyrie P, Laurent S, Benetos A, Girerd X, Hoek APG,

Safar ME. Opposing effects of aging on distal and proximal

large arteries in hypertensives. J Hypertens 1992;

10(suppl 6):S87–S92.

53. Safar ME, London GM. The arterial system in human

hypertension In: Swales JD, ed. Textbook of hypertension.

London: Blackwell Scientific, 1994:85–102.

54. Benetos A, Waeber B, Izzo JL, Mitchell GF, Resnik L,

Asmar R, Safar M. Influence of age, risk factors, and

cardiovascular and renal disease on arterial stiffness: clini-

cal applications. Am J Hypertens 2002; 15:1101–1108.

55. Kass DA, Kelly RP. Ventriculo-arterial coupling: concepts,

assumption and applications. Ann Biomed Engineering

1992; 20:41–62.

56. Mitchell GF, Tardif JC, Arnold JM, Marchiori G, O’Brien TX,

Dunlap ME, Pfeffer MA. Pulsatile hemodynamics in conges-

tive heart failure. Hypertension 2001; 38:1433–1439.

57. Taylor MG. Wave travel in arteries and the design of the

cardiovascular system. In: Attinger EO, ed. Pulsatile

Blood Flow. New York: Mc Graw Hill, 1964:343–347.

58. Christensen KL, Mulvany MJ. Location of resistance

arteries. J Vasc Res 2001; 38:1–12.

59. London GM, Guerin AP, Pannier B, Marchais SJ,

Benetos A, Safar ME. Influence of sex on arterial hemo-

dynamics and blood pressure. Role of body height.

Hypertension 1995; 26:514–519.

Hemodynamics, Circulation, and the Vascular Tree in Hypertension 83





6

Vascular Remodeling in Hypertension

ROK HUMAR, THERESE RESINK, EDOUARD J. BATTEGAY

University Hospital Basel, Basel, Switzerland

Keypoints 85

Summary 86

I. Introduction 86

II. Remodeling in Hypertension 86

A. Resistance Vessels 86

B. Definition of Remodeling 86

C. Remodeling of Resistance Vessel

Structure During Hypertension 87

D. Remodeling of Large Arteries 88

E. Microcirculation and Angiogenesis 88

III. Mechanisms of Remodeling 89

A. Signals in Remodeling 89

1. Humoral Factors 89

2. Hemodynamic Stimuli 90

B. Effectors of Remodeling 90

1. Apoptosis 90

2. Matrix Modulation 90

3. Smooth Muscle

Cell Phenotype 91

4. Smooth Muscle

Cell Hypertrophy 91

C. Mechanisms of Rarefaction 91

IV. Pathophysiology 92

A. Remodeling 92

1. Cardiac Failure 92

2. Renovascular Hypertension 92

B. Capillary Rarefaction 93

1. Target-Organ Blood Flow 93

2. Renal Failure/Uremia 93

3. Pre-Eclampsia Syndrome 93

4. Insulin Resistance/
Hyperinsulinemia 93

5. Rheological Profile 93

C. Hypertension Treatment 93

1. Antihypertension Treatment and

Reversal of Resistance Vessels

Remodeling 93

2. Treatment of Hypertension and

Improvement of Angiogenesis 94

V. Pitfalls and Dangers 94

A. Criteria for Resistance Vessels 94

B. Angiogenic Therapy 94

VI. Conclusions 94

References 95

KEYPOINTS

. Blood vessels undergo structural changes, for

example, vascular remodeling and microvascular

rarefaction.

. Structural changes are adaptive responses to

changes in blood pressure and pulse.

. Small-resistance-vessel remodeling contributes to

hypertension by a decrease in luminal diameter

through eutrophic or hypertrophic inward remodeling.

. Reduction of microvessel density by microvas-

cular rarefaction contributes to hypertension by

a decrease in total arteriolar and capillary cross-

sectional area.
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SUMMARY

Changes in blood vessel morphology and function, includ-

ing vascular remodeling, microvascular rarefaction, and

endothelial dysfunction, accompany the increase in per-

ipheral vascular resistance and blood pressure that are

characteristics of hypertension. Blood vessels are

capable of structural alteration. Remodeling of large and

small arteries in hypertension contributes to an elevation

in blood pressure and also may participate in the compli-

cations of hypertension. Large arteries exhibit increased

lumen size and thickened media, which contribute to an

elevated systolic blood pressure and pulse pressure. In

small-resistance arteries, smooth muscle cells are restruc-

tured around a smaller lumen, with eutrophic inward

remodeling, particularly in milder forms of hypertension;

in severe forms of hypertension and in secondary hyper-

tension (renovascular hypertension), hypertrophic inward

remodeling has been reported. Finally, reduction of micro-

vessel density, that is, capillary rarefaction which

decreases total arteriolar and capillary cross-sectional

area, and small artery remodeling which increases periph-

eral resistance in the basal state, together increase diastolic

blood pressure and decrease vascular reserve.

I. INTRODUCTION

Vascular remodeling and angiogenesis represent two

aspects of a series of events that determine the structure

and arrangement of vascular beds. Both are complex pro-

cesses involving cell growth, cell migration, cell

rearrangement, or programmed cell death, as well as pro-

duction, degradation, and reorganization of the extracellu-

lar matrix. Both restructuring processes are initiated by

humoral factors generated by mechanisms that sense a

change in hemodynamic conditions. The angiogenic

process gives rise to new vessels; the remodeling process

leads to structural changes in the vessel wall or to the

loss of microvasculature (1).

Vascular remodeling can be viewed as a physiological

protective response, but it can also contribute to certain

circulatory disorders such as hypertensive vascular

disease, atherosclerosis, restenosis, and aneurysm for-

mation. These vascular changes are likely to enhance

vasoconstriction and further reduce blood flow and

reserve, which are major contributing factors to the clini-

cal complications of hypertension such as myocardial

ischemia and stroke (2,3).

Structural alterations of blood vessels have distinct fea-

tures: in response to increased arterial pressure, the vessel

structure is altered such that the ratio of the width of the

wall to the width of the lumen is elevated by either

increase in muscle mass or rearrangements of cellular

and noncellular elements. These changes heighten vascu-

lar reactivity, which potentiates the increase in peripheral

resistance, that is characteristic of hypertension (4).

Another form of vascular remodeling involves changes

in luminal dimensions. Here, active restructuring of the

cellular and noncellular components of the vessel wall

results in apparent changes in luminal dimensions, with

relatively small changes in wall thickness. Vascular dilata-

tion associated with sustained high blood flow or cell loss

and matrix proteolysis that result in aneurysm formation

can cause this form of remodeling (2). Conversely, a

reduction of the vascular mass and caliber results from a

long-term reduction in blood flow. Rarefaction of the

microcirculation (a loss of capillary area) is another

form of vascular remodeling that promotes hypertension

and tissue ischemia (5). The architecture of the vessel

wall is also markedly altered in response to vascular

injury. A neointima forms as part of a reparative res-

ponse to injury that involves thrombosis, migration and

proliferation of vascular cells, matrix production, and

inflammatory-cell infiltration (2).

II. REMODELING IN HYPERTENSION

A. Resistance Vessels

Small arteries classically consist of three layers: intima,

media, and adventitia. The longitudinally arranged endo-

thelial cells of the intima are separated from the circumfer-

entially arranged smooth muscle cells and connective

tissue of the media by an internal elastic lamina. The adven-

titia contains many components including sympathetic

nerves, collagen, and fibroblasts. The primary functional

characteristic of the vessels is the lumen diameter, which

determines their resistance (to the fourth power according

to the Poiseuille relation); this characteristic is determined

by the active and structural properties of the vessel. Periph-

eral resistance is mainly determined by the distal part of the

arterial vasculature (the resistance vessels), consisting of

the small arteries (arteries with diameter ,300 mm) and

the arterioles (the arteries leading into the capillaries),

and also in part by the microvasculature (diameter

,100 mm). The active properties of a vessel are deter-

mined by the state of contraction of the individual

smooth muscle cells, their number, and their arrangement.

The structural properties of a vessel (lumen diameter,

media thickness, and wall thickness) are determined with

the smooth muscle cells relaxed and usually with the

vessels exposed to a given intravascular pressure (6).

B. Definition of Remodeling

The ability of resistance vessels to undergo changes in

their structure without changing their volume is called
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remodeling (7). This term, however, is also used to

describe structural changes of the heart after myocardial

infarction or structural changes of coronary arteries after

angioplasty. Remodeling in these different organs and

pathological conditions is caused by different processes.

Mulvany and coworkers (3,7–9) proposed to use the

term “remodeling” exclusively for changes in the lumen

diameter of a relaxed vessel measured under standard

intravascular pressure. The same authors have introduced

a classification of the different forms of vascular remodel-

ing and provided a nomenclature accordingly

[Fig. 6.1(A)]. Remodeling is termed “inward remodeling”

or “outward remodeling,” depending on whether the remo-

deling process resulted in a decrease or an increase,

respectively, in vessel diameter. Furthermore, an increase,

no change, or a decrease in the amount of the vessel

material subclassify remodeling into hypertrophic,

eutrophic, and hypotrophic, respectively [Fig. 6.1(A)].

Hypertrophic remodeling is a growth-related process that

may involve an increased cell number (hyperplasia),

increased cell size (hypertrophy), and increased deposition

of fibrillar or nonfibrillar intercellular matrix or various

combinations of these. Hypotrophic remodeling involves

a reduction in the amount of vessel material. Eutrophic

remodeling is characterized by no change in the amount

of the material of the vessel wall and may result through

rearrangement or restructuring of cellular and noncellular

vessels components or a combination of growth and apop-

tosis in the vessel wall.

The terms “remodeling index” and “growth index” are

used for the quantification of the remodeling process

[Fig. 6.1(B)]. Knowledge of wall cross-sectional area indi-

cates the amount of material within the vascular wall and

thus provides information about the process of growth or

regression. Another parameter for the study of vessel

remodeling is the wall thickness/lumen diameter (or

media thickness/lumen diameter) ratio. The calculation

of the media thickness/lumen diameter ratio, according

to the Laplace relation, provides information about the

ability of the vessels to contract against intravascular

pressure. This is a highly stable and reproducible par-

ameter and is also of major hemodynamic significance

because it correlates closely with minimal vascular resist-

ance at maximal vasodilation in small arteries (10).

The term remodeling per se does not imply a pathologi-

cal change, but rather a difference between the vessels of

hypertensive patients and those of similarly aged normo-

tensive subjects. Furthermore, arteries of the same branch-

ing order should be studied, if comparisons between them

are to be valid (10).

C. Remodeling of Resistance Vessel
Structure During Hypertension

Resistance vessels experience inward eutrophic remodel-

ing during essential hypertension: increased media/
lumen ratios in the resistance vasculature of essential

hypertensive patients have been demonstrated in numer-

ous studies (11). Other studies have shown that these

increased media/lumen ratios were not associated with

an increase in the cross-sectional area of the tunica

media (12). The size of the individual smooth muscle

cell within the media is also normal (13), leaving func-

tional responses unaffected. Altered hemodynamic charac-

teristics of resistance vessels during essential hypertension

are therefore mainly due to a eutrophic rearrangement of

normal cells around a smaller diameter (14) [Fig. 6.1(A),

vessel c]. Different modes of remodeling have been

noted for other situations. In human renal hypertension,

Figure 6.1 (A) The starting point is the vessel at the center

(vessel a). Dotted circles indicate the outer cross-sectional area

of the starting vessel. Remodeling can be hypertrophic, that is,

increase of cross-sectional area (vessels d and g), eutrophic,

that is, no change in cross-sectional area (vessels c and f), or

hypotrophic, that is, decrease of cross-sectional area (vessels b

and e). These forms of remodeling can be inward, that is,

reduction of luminal diameter (vessels b–d) or outward, that is,

increase in luminal diameter (vessels e–g). The diagonal axis

(from top left to bottom right) denotes vessels with the same

wall-to-lumen ratio compared to the starting point vessel at the

center. To the right of this line, the wall-to-lumen ratio increases;

to the left of the line, the wall-to-lumen ratio decreases. [Adapted

from Mulvany et al. (3,8).] (B) Calculation of remodeling and

growth index. (Di) n and (Di) h are the internal diameters of

normotensive and hypertensive vessels, respectively; CSAn, is

the cross-sectional area of a normotensive vessel; and CSAh is

the cross-sectional area of a hypertensive vessel. [Adapted

from Zervoudaki and Toutouzas (10).]
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that is, secondary hypertension and in a manner similar to

that found in animal models, a pronounced activation of

the renin–angiotensin–aldosterone system is associated

with vascular smooth muscle cell hypertrophy (15). Here,

reduction in resistance vessel lumen diameter is accom-

panied by an increase in media cross-sectional area,

which is an inward hypertrophic response [Fig. 6.1(A),

vessel d]. Inward hypotrophic remodeling [Fig. 6.1(A),

vessel b] is found in kidney afferent arterioles in spon-

taneously hypertensive rats (SHRs) (3,16) and in rat

mesenteric small arteries after reduced blood flow (17).

In humans, antihypertensive treatment (18), specifically

angiotensin-converting enzyme (ACE)-inhibition (19)

results in an outward hypertrophic and eutrophic remodel-

ing of resistance vessels [Fig. 6.1(A), vessels f and g].

Finally, outward hypotrophic remodeling [Fig. 6.1(A),

vessel e] has been demonstrated with ACE-inhibitor treat-

ment of SHRs (20).

All forms of remodeling denoted in Fig. 6.1 have been

demonstrated in human hypertension or in animal models

of hypertension. The clinically most relevant forms of

resistance vessel remodeling in humans may be eutrophic

inward remodeling during essential hypertension and

inward hypertrophic remodeling during secondary

hypertension.

D. Remodeling of Large Arteries

Remodeling in the resistance vessels of hypertensive indi-

viduals differs from that seen in large arteries. Patients

with newly diagnosed and untreated hypertension have

isobaric internal radial artery diameters similar to those

of matched normotensive subjects (9). This probably

reflects the different functional requirements of large

arteries, their function being primarily to transport blood

and their flow-rate being largely unchanged in hyperten-

sion (3). Thus, an increase in the wall-to-lumen ratio of

a large artery will—with a normal lumen—involve an

increase in the amount of material (9) and result in hyper-

trophic outward remodeling (9).

E. Microcirculation and Angiogenesis

The microcirculation is involved in the genesis and main-

tenance of hypertension and plays a major role in many of

the functional changes that take place (21–23). A primary

function of the microcirculation is to optimize nutrient and

oxygen supply within the tissue in response to variations in

demand. A second important function is to avoid large

fluctuations in hydrostatic pressure at the level of the capil-

laries causing disturbances in capillary exchange. Finally,

it is at the level of the microcirculation that a substantial

proportion of the drop in hydrostatic pressure occurs.

Therefore, the microcirculation is extremely important in

determining the overall peripheral resistance (24,25).

In mature (nongrowing) capillaries, the vessel wall is

composed of an endothelial cell lining, a basement mem-

brane, and a layer of cells called pericytes which partially

surround the endothelium (26). The pericytes are contained

within the same basement membrane as the endothelial

cells, occasionally making direct contact with them. The

microcirculation is generated by a morphogenic process

called angiogenesis, that is, the formation of new microves-

sels from pre-existing ones (26,27). Angiogenic factors

bind to endothelial cell receptors and initiate the sequence

of angiogenesis. When endothelial cells are stimulated to

grow, they secrete proteases that digest the base membrane

surrounding the vessel. The junctions between endothelial

cells are altered, cell projections pass through the space

created, and the newly formed sprout grows towards the

source of the stimulus. Continued capillary sprout growth

is dependent upon several processes: the stimulus for

growth (angiogenic factors, hypoxia, etc.) must be main-

tained; the endothelial cells must secrete the proteases

required to break down the adjacent tissue; the endothelial

cells must be capable of movement or migration; and

the endothelial cell division must take place to provide

the necessary number of cells (this takes place at a site

behind the growth front of the sprout). Neighboring

blind-ended sprouts then join together to form a capillary

loop that later matures into a vessel similar to the one

from which it derived. Increased shear forces in the micro-

circulation appear to be vasodilatatory and angiogenic. In

normal situations, neoformation of capillaries promotes a

restoration of normal shear forces.

In hypertension, a reduction in the number of parallel-

connected arterioles, a process known as rarefaction (i.e.,

negative angiogenesis), is a further cause of increased per-

ipheral resistance. Small differences in vessel number,

length, diameter, and branching characteristics may be suf-

ficient to shift pressure and flow distribution in particular

tissues. In fact, the pressure drops gradually from the

level of the small arteries to the capillaries without a

specific, single site of resistance control along this

segment of the vascular tree (Fig. 6.2). Despite their thin

walls, capillaries are relatively nondistensible and their

endothelial cell nuclei encroach on the lumen to reduce

luminal cross-sectional area by 50%. These deformations

are accompanied by a slowing or diversion of the blood

stream to other vessels. Capillary endothelial cells in

mammals also have been shown to contain actin filaments

and heavy meromyosin, which may indicate some form of

contractility (21,22).

The capillary network thus can contribute to the resist-

ance control by virtue of their narrow caliber, by the

reduction in their number (rarefaction or negative angio-

genesis), or possibly by their deformation (21,22).
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III. MECHANISMS OF REMODELING

Although the morphological characteristics of resistance

artery remodeling in hypertension are relatively well

defined, the cellular mechanisms remain unclear. A

dynamic interaction among humoral factors (e.g., angio-

tensin II), hemodynamic stimuli, (e.g., increased blood

pressure or shear-stress) (i.e., signals) and their transduc-

tion within the cell and to adjacent cells (i.e., transducers,

may lead to changes in cell growth, cell death or apoptosis,

cell migration, and production or degradation of extra-

cellular matrix and differential expression of adhesion

molecules (i.e., mediators) (2,10).

Although all vascular cells may participate in the remo-

deling process, the endothelium is particularly suited to

play a prominent part. The endothelial apical surface is

constantly exposed to humoral factors and physical

forces. The endothelium is strategically located to serve

not only as a sensor and transducer of signals but also as

an effector that elicits biologic responses through acti-

vation and release of substances involved in vascular

remodeling (2,10). Furthermore, endothelial morphogenic

changes in response to angiogenic stimuli are the basis of

angiogenesis and control pericyte attachment and regu-

lation of extracellular matrix components (26,27).

A. Signals in Remodeling

1. Humoral Factors

Endothelial cells can participate directly in vascular remo-

deling by releasing factors that influence the growth,

death, and migration of cellular elements or influence the

composition of the extracellular matrix (2). The factors

that regulate the growth of vascular cells involved in remo-

deling are listed in Table 6.1.

These factors can modulate one another’s actions, and

they may have multiple functions. For example, platelet-

derived growth factor (PDGF) also has vasoactive proper-

ties, and transforming growth factor (TGF)-1 may have

either growth-stimulating or growth-inhibiting properties,

depending on the type of cell involved and the local cellular

milieu (28,29). Vasoactive factors that have acute effects on

vessel tone also might influence the growth and migration

of vascular cells and matrix production. Angiotensin II

facilitates vascular smooth-muscle cell growth by inducing

the autocrine growth factors, PDGF-AA, basic fibroblast

growth factor (bFGF), and TGF-1 (28,30). Hence, vaso-

active factors may play an important part in determining

vascular structure. In humans with a kallikrein gene poly-

morphism that lowers kallikrein activity (Bradykinin and

lys-Bradykinin), the brachial artery undergoes eutrophic

inward remodeling in the absence of hypertension or

other hemodynamic changes (31). Alterations of the

kallikrein-kinin system are also associated with formation

of aortic aneurysms (32). Conversely, after vascular

injury, kinins mediate the beneficial effect of angiotensin-

converting enzyme inhibitors that prevent neointima

formation. Thus, decreased kallikrein-kinin system activity

may play an important role in the pathogenesis of vascular

remodeling and disease, while increased activity may have

Figure 6.2 Fractional blood pressure at different lumen diam-

eters. The pressure drops gradually from the levels in the small

arteries to the levels in the capillaries.

Table 6.1 Factors that Modulate the Growth of Vascular

Smooth Muscle Cells

Growth promoters Growth inhibitors

Acidic and basic fibroblast

growth factor

Heparan sulfate

Platelet-derived growth

factors AA, AB, and BB

Fibronectin

Transforming growth factors

b1 and b2

Transforming growth

factors b1 and b2

Heparin-binding growth factor Interferon gamma

Epidermal growth factor

Insulin-like growth factor

Interleukin-1

Interleukin-6

Thrombin Nitric oxide

Serotonin Prostaglandins

Angiotensin II Atrial natriuretic peptide

Endothelin Type C natriuretic peptide

Norepinephrine

Vasopressin

Substance P and K

Leukotrienes

Thromboxane

Stretch or wall tension Shear stress

Source: Adapted from Gibbons and Dzau (2).
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a beneficial effect (32). Despite the apparent complexity of

these interactions, an elaborate set of checks and balances

results in a co-ordinated local response to various stimuli.

2. Hemodynamic Stimuli

The capacity of the endothelium to sense shear-stress is not

only an important determinant of luminal diameter and

overall vessel structure, but also of shear-stress regulated

of arterial tone, vascular remodeling, and atherogenesis (33).

Thus, chronic, experimentally induced, or aging-induced or

disease-induced alterations in blood pressure or flow which,

respectively, perturb the circumferential wall and fluid

shear-stress, may act as stimuli for arterial structural

changes that alter vascular geometry in an attempt to

reduce or normalize the stress. Therefore, altered endo-

thelial function might be a key factor in the development

of vascular changes characteristic of hypertension.

Electrophysiological studies have suggested that shear-

stress activates a flow-sensitive potassium channel that

induces hyperpolarization and promotes calcium influx,

whereas pressure or tension stimulates a stretch-responsive

cationic channel (34–37). In vitro increases in shear-stress

alter the balance of endothelial-cell-derived mediators

(Table 6.1) involved in the regulation of vascular tone,

hemostasis, vascular-cell growth, and matrix production.

Flow-mediated vasorelaxation in vivo is largely mediated

by shear-stress-induced generation of the vasodilators

prostacyclin and nitric oxide and decreased production

of the vasoconstrictor endothelin-1 by the endothelium

(38–41). Shear-stress activates a genetic program that

alters the balance of the mediators of remodeling by acti-

vating the transcription of genes for factors such as nitric

oxide synthase, PDGF, and TGF-1 (41–43) (Table 6.1).

Various endothelial growth factor receptor activities

appear to be significantly modulated by shear-stress:

recent research suggests that shear-stress rapidly activates

vascular endothelial growth factor receptor 2 (VEGFR2)

in a ligand-independent manner and leads to endothelial

nitric oxide synthase activation in cultured endothelial

cells (33). Inhibiting VEGFR2 kinase significantly

reduces flow-mediated nitric-oxide-dependent arteriolar

dilation in vivo. VEGFR2 may act as a key mechano-

transducer that activates endothelial nitric oxide synthase

in response to blood flow (33,44). Importantly, vascular

endothelial growth factor (VEGF) and nitric oxide are

also key players in the regulation of angiogenesis. Other

tyrosine kinase receptors involved in endothelial restruc-

turing and angiogenesis are also modulated: rapid down-

regulation of vascular endothelial receptor tyrosine kinase

(Tie1) by shear-stress changes, and its rapid binding to

angiopoietin-2 receptor tyrosine kinase (Tie2) may be

required for destabilization of endothelial cells in order

to initiate the process of vascular restructuring (44). Genetic

profiling also identified Tie2 and VEGFR2-up-regulation

after exposure of endothelial cell to shear-stress (45).

Investigations on the effects of shear-stress have

demonstrated that, besides their contribution to control

of cell adhesion and migration, integrins play significant

roles in the shear-elicited signaling in endothelial cells

and are involved in mechano-transduction. Both integrins

and the small GTPase Rho are implicated in endothelial

cell responses to shear (46–50). Shear-stress rapidly

stimulates conformational activation of integrin avb3 in

bovine aortic endothelial cells, followed by an increase

in its binding to extracellular cell-matrix protein. This con-

formational change induces a transient inhibition of Rho

kinase necessary for cytoskeletal alignment in the direc-

tion of flow (47). The shear-stress regulation of Rho is

linked functionally to endothelial cell migration,

mitogen-activated protein kinase signaling, and organiz-

ation of the actin-based cytoskeleton. Many shear-stress-

activated signaling events depend on the actin-based

cytoskeleton. However, the detailed molecule interplay

among integrins, Rho, and actin in mechano-transduction

remains elusive (50).

B. Effectors of Remodeling

1. Apoptosis

Maintenance of media volume may involve a combination

of growth and apoptotic processes. Programmed cell death

localized to the outer periphery of the vessel may result in

a reduction of the outer diameter of the vessel, whereas

inward cell growth decreases lumen diameter. In contrast

to cell necrosis, apoptosis is a selective process of cell

loss that occurs without evoking an inflammatory

response. Experimental studies propose reactive oxygen

species, nitric oxide, endothelin system and angiotensin

type 2 (AT2) receptors as possible apoptosis modulators

(51,52). Some of the factors listed in Table 6.1, such as

bFGF and interferon g (IF-g), may also be involved in

regulation of apoptosis.

2. Matrix Modulation

Rearrangement of extracellular matrix components and

their corresponding adhesion receptors might shift inter-

actions between smooth muscle cells and extracellular

matrix proteins quantitatively, topographically or both,

thereby resulting in a rearrangement of smooth muscle

cells and a restructured vascular wall. In experimental

models of hypertension, expression of adhesion molecules

in resistance vessels, specifically integrins, is abnormal.

Integrins act as physical attachment points between extra-

cellular matrix and cytoskeletal components and as signal-

transducing receptors. Vascular remodeling may involve

changes in these anchorage sites. Mesenteric arteries
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from SHRs exhibit an increase in the expression of avb3

and a5b1 integrins and the volume density of collagen.

In humans with essential hypertension, collagen also has

been reported to increase in mesenteric small arteries

(53). Such changes, representing an increase in cell-

matrix attachment sites and their topographic localization,

may modulate arterial structure (54). Augmented depo-

sition of extracellular matrix proteins in the vessel wall

seems to be, in part, a humorally determined event. Angio-

tensin II stimulates human vascular smooth muscle cell

production of collagen I, via AT1 and possibly angiotensin

type 2 receptors (51,55).

3. Smooth Muscle Cell Phenotype

Expression of extracellular matrix proteins and their

cellular receptors is closely related to smooth muscle

cell phenotype. Normally, vessel smooth muscle cells

express a contractile, differentiated phenotype but upon

injury they modulate to a synthetic phenotype. The syn-

thetic smooth muscle cell phenotype is characterized by

enhanced expression of extracellular matrix and by high

motility and proliferation (56). Growth factor receptors,

such as PDGF, and extracellular matrix receptors, such

as integrins, can regulate phenotypic modulation of

smooth muscle cell from a differentiated to synthetic

state. Growth factor and extracellular matrix receptors

interact with each other to coordinate activation of signal-

ing cascades (57).

4. Smooth Muscle Cell Hypertrophy

Increased levels of angiotensin II account, in part, for vas-

cular smooth muscle cell hypertrophy: angiotensin II-

induced hypertrophy of vascular smooth muscle cells

might involve two parallel pathways. Activation of

mitogen-activated protein kinase (MAPK) is involved in

growth mechanisms and thus may be related to hyper-

trophic remodeling (58). However, recent reports clearly

favor activation of another signaling pathway that involves

PI3-kinase-target of rapamycin (mTOR) phosphorylation

(59). It was shown that angiotensin II induces phosphoryl-

ation of the mTOR downstream target 4E-BP1 through the

mTOR pathway but not via MAPK (59). These results are

important in the context of smooth muscle cell hypertro-

phy because mammalian cell size is regulated by mTOR

(60). Inhibition of mTOR by rapamycin was also shown

to regress established cardiac hypertrophy and improve

cardiac function in an experimental mouse model of

ascending aortic constriction (61).

C. Mechanisms of Rarefaction

In most forms of clinical and experimental hypertension,

reduction in the number or density of microvessels has

been reported. Several theories have been proposed to

explain microvascular rarefaction in hypertension. Rare-

faction may be either primary (i.e., antedates the onset

of hypertension) or secondary (i.e., occurring as a conse-

quence of prolonged elevation of blood pressure).

Primary rarefaction may be the result of impaired angio-

genesis, whereas secondary rarefaction may be associated

with impaired recruitment of nonperfused capillaries or

destruction of capillaries (25).

It has been suggested that rarefaction may occur in two

phases. The first phase—functional rarefaction—involves

microvessel constriction to the point of nonperfusion,

possibly as a result of increased sensitivity to vasoconstric-

tor stimuli. Disappearance of the nonperfused vessels by

necrosis or apoptosis may lead to the second phase—

structural or anatomic rarefaction—which cannot be

reversed by maximal vasodilation. In patients with

primary hypertension, the reduction in density of capil-

laries in the skin of the dorsum of the fingers recently

has been shown to be primarily a result of anatomic

rather than functional rarefaction. It is therefore possible

to view microvessel abnormality and rarefaction as

responses to increased vascular pressure.

However, microvascular changes similar to those

observed in hypertension can be found under conditions

where elevation in arterial blood pressure is insignificant

(62). An increase in the media-to-lumen ratio in mesenteric

small-resistance arteries has been observed in SHRs at a pre-

hypertensive stage (4 weeks of age) (63). Norrelund et al.

(64) found that renal afferent arterioles are narrowed at a

very young age in SHRs, with no correlation between renal

afferent arteriolar diameter and blood pressure. Significant

structural rarefaction of the skin capillaries also occurs in

the early stages of human essential hypertension, with only

mild intermittent elevation of blood pressure. Here, capillary

density is inversely related to the cardiac index but not to

blood pressure. For example, patients with mild borderline

primary hypertension show as much dermal capillary rare-

faction as those with established hypertension. Moreover,

impaired microvascular vasodilation and capillary rarefac-

tion are associated with a familial predisposition to essential

hypertension. Offspring of parents with high blood pressure

had fewer capillaries on the dorsum of fingers before the

onset of significant hypertension (65). Thus, capillary rare-

faction may be a primary or very early structural abnormality

rather than a consequence of sustained hypertension (66).

Primary rarefaction of capillaries supports theories of

reduced angiogenesis and diminished microvascular

growth in primary hypertension or inadequate upkeep and

development of a vascularized connective tissue in target

organs. Impaired angiogenesis in patients who are prone to

hypertension may evolve because of a genetic disposition-

deficient placental and embryonic vascular development

and thus low birth weight and because of impaired
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postembryonic vascular growth. The potential genetic

mechanisms are still unknown, although recently the SHR

genetic abnormality has been localized in a chromosomal

domain that also contains growth-related hormones and

elements of the renin–angiotensin system. Inadequate

formation of new blood vessels, that is, impaired angio-

genesis, may thus be associated with hypertension and

development of hypertension-dependent target-organ damage

(21,22,25,65–67) (Fig. 6.3).

Mechanistically, interactions of angiogenesis and

hypertension may involve inter alia, blood pressure

itself, nitric oxide, angiogenic molecules, and the renin–

angiotensin–aldosterone system. In the Dahl salt-sensitive

rat experimental model of hypertension, blood pressure

itself did not seem to affect the extent of angiogenesis,

whereas decreased nitric oxide biosynthesis reduced

angiogenesis. Thus, rather than resulting from elevated

blood pressure itself, impaired angiogenesis in hypertension

may be the consequence of metabolic changes associated

with hypertension such as impaired nitric oxide bio-

synthesis, activation of the renin–angiotensin–aldosterone

system, and other factors (68).

IV. PATHOPHYSIOLOGY

A. Remodeling

Although the pathogenic role of resistance vessels in

causing high blood pressure is unclear, hypertension

damage of arterioles and small arteries seems to contribute

to complications of hypertension, such as strokes (9) and

nephroangiosclerosis (69) and possibly to myocardial

ischemia (79).

1. Cardiac Failure

Significant reduction in coronary reserve is found in

hypertensive patients with left ventricular hypertrophy.

Substantial thickening of the coronary resistance vessels

(medial hypertrophy) is considered sufficient to explain

the impairment of coronary flow. This small-vessel

abnormality correlates well with clinical findings in hyper-

tensive heart disease (angina and electrocardiographic

changes despite a normal coronary arteriogram). Structural

adaptation of the small vessels may carry the inherent risk

of an impaired oxygen supply to the hypertrophied myo-

cardium. Thus, late cardiac failure of the hypertrophied

heart in hypertension may be attributed in part to this

microcirculation disorder (71,72).

2. Renovascular Hypertension

Structural changes in the preglomerular vasculature, which

leads to increased wall thickness and lumen narrowing by

hypertrophic inward remodeling (73), may cause hyper-

tension by mimicking the hemodynamic effects of main

renal artery stenosis. There is evidence compatible with

this hypothesis in SHRs, and preliminary evidence indi-

cates that experimentally increased intrarenal Ang II

levels can cause structural changes in the walls of the pre-

glomerular resistance vessels and hypertension. In human

Figure 6.3 Relationship between capillary rarefaction, high blood pressure, and their impact on organ function.

92 Etiology, Physiology, and Pathophysiology



hypertension, the hypothesis remains conjectural because

the necessary measurements of renal vessel structure

(resistance vessel wall dimensions, lumen dimensions)

are not possible; however, renal hemodynamic changes

in early and borderline human hypertension are compati-

ble with early structural changes (74).

B. Capillary Rarefaction

In addition to its contribution to increased peripheral vas-

cular resistance, capillary rarefaction also contributes to

complications that are associated with hypertension.

1. Target-Organ Blood Flow

Capillary rarefaction may display pathological compli-

cations similar to that after narrowing of small arteries

and arterioles by inward remodeling. Indeed, rarefaction

of intramyocardial vessels is one of the most relevant

structural alterations in hypertension-induced left ventri-

cular dysfunction, hypertrophy, and ischemia (21,65).

Vessel rarefaction significantly influences tissue blood

flow resistance to a degree comparable with vessel con-

striction; however, unlike constriction, microvascular rar-

efaction markedly alters blood flow distribution (5)

(Fig. 6.3).

2. Renal Failure/Uremia

Cardiac capillary length density in patients with renal

failure was noted to be reduced when compared with

patients with essential hypertension and normotensive

control patients. This finding implies that in left ventricu-

lar hypertrophy of uremic patients, capillary growth does

not keep pace with cardiomyocyte growth, apparently

because of some selective inhibition, or lack of stimu-

lation, of capillary angiogenesis.

3. Pre-Eclampsia Syndrome

A low capillary density may account in part for the failure

of blood pressure to fall in pre-eclamptic pregnancies and

may reflect the maladaptive cardiovascular response that is

part of the pre-eclampsia syndrome.

4. Insulin Resistance/Hyperinsulinemia

Metabolic abnormalities can influence capillary density.

Capillary rarefaction is observed in patient with insulin

resistance. In contrast, physiological hyperinsulinemia

induces, in parallel with the increase in total leg blood

flow, an increase in total skin microcirculatory blood

flow and augments nitric-oxide-mediated vasodilatation

in skin microcirculation.

5. Rheological Profile

Subjects with skin capillary density below the group

median are younger, have higher diastolic pressure,

higher blood viscosity at low shear, higher P-selection

levels, higher erythrocyte and leukocyte filterability

rates, and higher erythrocyte aggregation indexes. In con-

trast, patients with greater skin capillary density have a

greater plasma viscosity. Thus, in untreated hypertensive

men, capillary rarefaction and hyperviscosity are associ-

ated with an increased diastolic blood pressure and an

adverse hemorheological profile (75).

C. Hypertension Treatment

1. Antihypertension Treatment and Reversal of

Resistance Vessels Remodeling

Possible regression and reversal of structural and mechan-

ical changes of resistance vessels under antihypertension

treatment and ongoing normalization of the structure and

function may improve clinical outcomes of hypertensive

patients. Some classes of antihypertensive drugs can lead

to normalization of resistance vessels structure in hyper-

tensive patients. Normalization of the abnormalities in

the structure of resistance vessels is obtained by facili-

tation of remodeling, that is, a rearrangement of the wall

material around a larger lumen (76), rather than by inhi-

bition of growth. The reversal of these changes concern

all vascular beds and may also occur in coronary micro-

circulation (77,78).

However, different classes of antihypertensive drugs

have differential effects on vessel structure normalization:

beta-blocker treatment by atenolol did not cause normali-

zation of resistance vessels structure and function, even

when administered for up to 2 years (77). Isradipine, a

potent calcium channel antagonist, showed no effect on

structure normalization (79). Losartan, an AT1 receptor

antagonist, improves structural abnormalities and normal-

ize the endothelial function of small arteries in hyperten-

sive patients (80). There is conflicting data in the

literature regarding the effect of diuretic treatment on nor-

malization of resistance vessels structure (10). Differential

effects of various antihypertension therapies are possibly

related to the different pharmacological action of these

drugs.

Reduction in blood pressure without normalization of

resistance vessels structure would reduce the vascular

reserve and consequently aggravate the decreased coron-

ary vascular reserve (10,76). Altered resistance vessels

structure is a major characteristic of hypertensive disease

and may be one of the fundamental causes of the observed

reduced vascular reserve. Therefore, normalization of the

structural, functional, and mechanical properties of
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resistance vessels should be considered an important goal

of antihypertension therapy (10,76).

Further investigation is required to determine whether

reversal of resistance vessel remodeling with antihyperten-

sion treatment also will improve clinical outcomes of

essential hypertension, reducing morbidity (cardiac

events, strokes, progression of hypertensive nephropathy),

and mortality.

2. Treatment of Hypertension and Improvement

of Angiogenesis

Setting the goal to reverse microvascular rarefaction by

antihypertension therapy is based on the relationship of

target-organ damage in hypertension to the microcircula-

tion (68). Amongst the widely used classes of antihyper-

tensive agents, ACE inhibitors and potentially AT1

receptor blockers are the most promising in reversion of

microvascular rarefaction.

ACE inhibition leads to accumulation of bradykinin

which has a strong angiogenic potential mediated via

both its receptors. Accumulation of bradykinin leads to

endothelium-dependent vasodilation and lowering of

blood pressure (81). The beneficial effect of ACE inhi-

bition on the microvasculature is probably due to angio-

genesis via bradykinin and other molecules such as FGF,

VEGF, endothelial nitric oxide synthase, and PKC

(82,83). More clinically oriented in vivo models show

that the ACE inhibitor perindopril increases vessel

density and capillary number in ischemic hind limbs of

mice (84). The BK2 receptor, together with an increase

in endothelial nitric oxide synthase protein level, mediates

this increase of vessel density (84,85). Spirapril, another

ACE inhibitor, substantially increases myocardial capil-

lary microvascular density in SHRs (86,87). Spirapril

also improves left ventricular function by reducing its

thickness and hypertrophic weight (86,87). It is not

known whether improved function of the left ventricle is

also due to enhanced angiogenesis. Another ACE inhibi-

tor, quinaprilat, promotes angiogenesis in a rabbit model

of hind limb ischemia in vivo (86).

Other classical antihypertensive agents, such as

calcium antagonists, alpha- and beta-blockers, and diure-

tics, have not yet been extensively studied in the context

of angiogenesis. AT1 receptor blockers and calcium anta-

gonists may reduce microvascular rarefaction, that is,

possibly improve angiogenesis (22). Initial studies have

examined the effects of combination of different anti-

hypertensive agents on angiogenesis. Promising results

were obtained by combination of ACE inhibitors

with diuretics (22). Thus, combination antihypertension

therapies may be a promising modality to improve

target-organ damage that is a result of hypertension and

microvascular rarefaction.

V. PITFALLS AND DANGERS

A. Criteria for Resistance Vessels

A large amount of in vivo and in vitro research has been

conducted on small 100–300 mm arteries in order to

understand their function in the distribution of blood.

However, although vessels of this size are frequently

referred to as resistance arteries, the evidence for this is

limited. There is evidence from conscious rats that 100–

300 mm mesenteric arteries fulfill the criteria for resistance

arteries. Less evidence is available for vessels from other

vascular beds or in other species, particularly in humans.

Most data were obtained under conditions of anesthesia

and may not be representative of the physiological situ-

ation when a patient is conscious. Another crucial point

is that experiments in larger animals, including humans,

are rare. Thus, an unambiguous picture of the location of

resistance arteries has yet to emerge (88,6).

B. Angiogenic Therapy

In adults, induction of angiogenesis may be beneficial in

decreasing capillary resistance and increasing blood

supply to insufficiently oxygenized organs in myocardial

and peripheral ischemic disease. However, the “angio-

genic” switch in tumors is a hallmark of the development

of a fast-growing and metastasizing phenotype (89,90).

Research in clinical trials now strongly focuses on anti-

angiogenic therapy to treat tumor angiogenesis and

cancer (91). Induction of angiogenesis as a therapy to

reverse microvascular rarefaction in hypertension could

awake dormant, nonvascularized tumors. Furthermore,

potent angiogenic molecules, such as VEGF, also can

cause a hemorrhage as a result of an increase in vascular

permeability or the inappropriate formation of new micro-

vessels. Therefore, a proangiogenic approach to increase

capillary density by potent angiogenic molecules currently

is not recommended. Rather, combination therapies using

locally acting antihypertension drugs with proangiogenic

properties are safer.

VI. CONCLUSIONS

In hypertension, vascular remodeling contributes to

increased peripheral resistance, which affects both devel-

opment and complications of hypertension. Although

smooth muscle cell growth is the mechanism classically

associated with vascular remodeling, it has increasingly

been appreciated that apoptosis, low-grade inflammation,

and vascular fibrosis are dynamic processes that also influ-

ence the degree of remodeling. Inward growth may be

associated with peripheral apoptosis, contributing to

eutrophic remodeling. Low-grade inflammation, perhaps
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angiotensin-dependent or endothelin-dependent and trig-

gered in part by increased oxidative stress in the vascular

wall, may elicit growth-factor-mediated, extracellular

matrix remodeling. Changes in the anchorage of cells to

extracellular fibrillar components may alter cell attach-

ment, modifying vessel wall architecture. They also may

promote abnormal intracellular transduction of extracellu-

lar input to the cytoskeleton of smooth muscle cells, con-

tributing to smooth muscle cell restructuring. Chronic

vasoconstriction may result in an inwardly remodeled

blood vessel, as the contracted vessel structure becomes

embedded in a remodeled extracellular matrix, further pro-

moting rearrangement of smooth muscle cells around a

smaller lumen. Growth, apoptosis, inflammation, and

fibrosis of blood vessels thus may all contribute to vascular

remodeling. Arterial remodeling may be adaptive initially

but eventually become maladaptive and compromise

organ function, contributing to cardiovascular compli-

cations of hypertension.

There is little doubt about the existence of abnormal

angiogenesis in cardiovascular disease, and increasing evi-

dence points towards some role in the pathogenesis of

hypertension. Many of the currently available antihyper-

tensive agents also may exert proangiogenic effects that

have therapeutic potential for improvement of micro-

vascular rarefaction and the corresponding target-organ

damage and function.
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KEYPOINTS

. The vascular endothelium actively synthesizes and

releases vasoactive substances such as nitric oxide.

. Nitric oxide, released from endothelial cells in

response to shear stress and to activation of a variety

of receptors, exerts vasodilating and antipro-

liferative effects on smooth muscle cells, inhibits

thrombocyte-aggregation and leukocyte-adhesion.

. Endothelin-1 (ET-1) exerts its major vascular

effects—vasoconstriction and cell proliferation—

through activation of specific ETA receptors on

vascular smooth muscle cells. ET-1 acts as a

natural counterpart to nitric oxide.

. Endothelial dysfunction in experimental hyperten-

sion depends on the model studied. In spontaneous

hypertension, nitric oxide synthase is upregulated

and nitric oxide is inactivated by superoxide

anions. In salt-related hypertension, nitric oxide

production is reduced and the endothelin system is

upregulated.

. The superoxide anion, generated by angiotensin

II-activated NAD(P)H oxidase, by dysfunctional

nitric oxide synthase, or by cyclooxygenase, can

scavenge the vasodilator nitric oxide to form the

highly peroxynitrite which can damage cell mem-

branes and oxidize lipids.

. Atherogenic risk factors in addition to hypertension

such as increased cholesterol or diabetes impair

endothelial function.

SUMMARY

The vascular endothelium synthesizes and releases a

spectrum of vasoactive substances and, therefore, plays a

fundamental role in the basal and dynamic regulation

of the circulation. Nitric oxide—originally described as

endothelium-derived relaxing factor—is released from

endothelial cells in response to shear stress produced by

blood flow and in response to activation of a variety of

receptors. After diffusion from endothelial to vascular

smooth muscle cells, nitric oxide increases intracellular

cyclic guanosine monophosphate concentrations by acti-

vating the enzyme guanylate cyclase, which leads to a

relaxation of the smooth muscle cells.

Nitric oxide also has antithrombogenic, antiprolifera-

tive, leukocyte-adhesion inhibiting effects, and it influ-

ences myocardial contractility. Endothelium-derived

nitric oxide-mediated vascular relaxation is impaired

in spontaneously hypertensive animals. Nitric oxide

decomposition by free oxygen radicals is a major mechan-

ism of impaired nitric oxide bioavailability. The resulting

imbalance of endothelium-derived relaxing and contract-

ing substances disturbs the normal function of the vascular

endothelium. Endothelin acts as the natural counterpart to

endothelium-derived nitric oxide. In addition to its arterial

blood pressure-elevation effect in humans, endothelin-1

induces vascular and myocardial hypertrophies, which

are independent risk factors for cardiovascular morbidity

and mortality. Indeed, in patients with essential hyperten-

sion, carotid wall thickening and left ventricular mass

correlate with reduced endothelium-dependent vasodilation.

In hypertensive animals, most classes of antihyperten-

sive drugs [e.g., calcium channel blockers, angiotensin-

converting enzyme (ACE) inhibitors, AT1 receptor

antagonists] improve endothelium-dependent vasodilation.

Surprisingly, in patients with arterial hypertension, anti-

hypertensive therapy does not consistently restore impaired

endothelium-dependent vasodilation. However, depending

on the antihypertensive drug used and its pharma-

cological profile, the delicate balance of endothelium-

derived factors, which is disturbed in hypertension, can be

restored by specific antihypertensive and antioxidant

treatment.

I. INTRODUCTION

The endothelium—probably the largest and most exten-

sive tissue in the body—forms a highly selective per-

meability barrier and is a continuous, uninterrupted,

smooth, and nonthrombogenic surface. The endothelium

synthesizes and releases a broad spectrum of vasoactive

substances. Functional impairment of the vascular endo-

thelium in response to injury occurs long before the

development of visible atherosclerotic changes of the

artery. Because of its strategic anatomical position,

the endothelium is constantly exposed to the different phy-

siopathological conditions that lead to atherosclerosis.

The evolving concept of endothelial dysfunction in arter-

ial hypertension has its roots more than a decade ago. The

discovery of an endothelium-derived relaxing substance—

later identified as nitric oxide—and later of its natural antag-

onist, endothelin, led to a paradigm shift away from the

endothelium as just a mechanical barrier to a role as an

active regulator of cardiovascular homeostasis. The concept

of an imbalance of vasodilator and vasoconstrictor sub-

stances in arterial hypertension evolved. Experimental

studies characterized the role of endothelial mediators in

different models of arterial hypertension. In humans, many

investigators demonstrated that the altered balance of endo-

thelium-derived vasoactive factors can be restored by

specific pharmacological treatment.

II. PHYSIOLOGY OF
ENDOTHELIUM-DERIVED NITRIC OXIDE

Nitric oxide—originally described as endothelium-derived

relaxing factor—is released from endothelial cells in
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response to the shear stress produced by blood flow and in

response to the activation of a variety of receptors

(Fig. 7.1) (1). Nitric oxide is synthesized by nitric oxide

synthase from L-arginine in the presence of the cofactors

oxygen, tetrahydrobiopterin, and reduced nicotinamide

adenine dinucleotide phosphate (NADPH) (2). L-Citrulline

is a by-product. The conversion from L-arginine to

nitric oxide can be inhibited by false substrates for the

nitric oxide synthase (e.g., by NG-monomethyl-arginine).

Nitric oxide is a free radical gas with an in vivo half-life of

a few seconds, and it is readily able to cross biological

membranes. After diffusion from endothelial to vascular

smooth muscle cells, nitric oxide increases intracellular

cyclic guanosine monophosphate concentrations, which

leads to a relaxation of the smooth muscle cells (Fig. 7.1).

A. Role of Nitric Oxide in Circulation

As there is a continuous basal release of nitric oxide that deter-

mines the tone of peripheral blood vessels, systemic inhibition

of nitric oxide synthesis causes an increase in arterial blood

pressure. There are two types of nitric oxide synthases:

1. A constitutive isoform, which is present in endo-

thelial cells and is therefore called endothelial

nitric oxide synthase.

2. An inducible isoform, which is an important

inflammatory mediator that is released by macro-

phages in response to immunological stimuli.

Nitric oxide also has antithrombogenic, antiproliferative,

leukocyte-adhesion inhibiting effects, and it influences

myocardial contractility. The hemodynamic effects of

pharmacologic nitric oxide inhibition include an increase

in systemic and pulmonary arterial blood pressure and a

decrease in cardiac output (Table 7.1).

B. Endothelial Cell Membranes and
Signal Transduction

Ionic channels in vascular endothelium play significant roles

in controlling resting potential and in signal transduction to

smooth muscle cells. Therefore, they are major determinants

for blood flow. Channel activity is influenced by vasoactive

factors and mechanical forces that are related to blood flow,

as well as being influenced by metabolic conditions.

The resting potential of endothelial cells in intact

arteries is between 240 and 260 mV. Lower potentials

are found in intact veins and cultured endothelial cells.

Endothelial cells do not generate action potentials and,

thus, are classified as nonexcitable cells.

Gap and tight junctions maintain the electrical coupling

of endothelial cells. These junctions also mediate
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Figure 7.1 Endothelium-derived vasoactive substances. Nitric oxide is released from endothelial cells in response to shear stress

and to activation of a variety of receptors. Nitric oxide exerts vasodilating and antiproliferative effects on smooth muscle cells

and inhibits thrombocyte-aggregation and leukocyte-adhesion. ET-1 exerts its major vascular effects—vasoconstriction and cell pro-

liferation—through activation of specific ETA receptors on vascular smooth muscle cells. In contrast, endothelial ETB receptors

mediate vasodilation via release of nitric oxide and prostacyclin. In addition, ETB receptors in the lung were shown to be a major

pathway for the clearance of ET-1 from plasma. ACE, angiotensin-converting enzyme; Ach, acetylcholine; ADP, adenosine dipho-

sphate; AII, angiotensin II; AT1, angiotensin-1 receptor; BK, bradykinin; B2, bradykinin receptor; COX, cyclooxygenase; ECE,

endothelin-converting enzyme; EDHF, endothelium-derived hyperpolarizing factor; ETA and ETB, endothelin A and endothelin B

receptors; ET-1, endothelin-1; L-Arg, L-arginine; M, muscarinergic receptor; PGH2, prostaglandin H2; PGI2, prostacyclin; S, seroto-

ninergic receptor; Thr, thrombine; T, thromboxane receptor; TXA2, thromboxane; 5-HT, 5-hydroxytryptamine (serotonine). [Adapted

from Lüscher and Noll (44).]
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intercellular permeability to metabolites. Significant ion

transport in endothelial cells occurs paracellularly rather

than transcellularly. Gap junctions between endothelial

cells and the underlying myocytes represent an important

pathway for signal transduction.

Alterations in vascular tone translate into activation of

mechanosensitive ion channels. Depending on species and

the vascular bed, inward depolarization currents occur.

Likewise, shear stress produced by flow activate inwardly-

rectifying, calcium-activated potassium current. The

flow-mediated activation of these channels results in hyper-

polarization and the release of vasodilating nitric oxide.

Similarly, vasoactive agents such as acetylcholine,

bradykinin, substance P, adenosine triphosphate, adenosine,

and histamine produce outward currents and hyperpolari-

zation in endothelial cells. The two principal classes of

calcium-activated potassium channels are large-conductance

bradykinin channels and small conductance (SK) channels.

Metabolic factors, such as hypoxia, influence endothelial

cell membrane potential because of their adenosine tripho-

sphate-sensitive potassium channels. These channels are

blocked by sulfonylurea compounds such as glibenclamid.

III. ALTERATIONS IN VASCULAR
FUNCTION IN EXPERIMENTAL
HYPERTENSION

Endothelium-derived nitric oxide-mediated vascular

relaxation is impaired in spontaneously hypertensive

animals (3). Thus, the bioavailability of nitric oxide is

reduced. Surprisingly, the nitric oxide pathway is para-

doxically upregulated in the resistance circulation and

the heart of spontaneously hypertensive rats (SHRs) (4).

Adult SHRs possess a higher activity of endothelial

nitric oxide synthase than their normotensive counterparts

(5). Very young prehypertensive SHRs have, in contrast,

lower endothelial nitric oxide synthase activity than

young normotensive rats without a genetic background

for hypertension, which indicates that the increased

activity of endothelial nitric oxide synthase in adult

SHRs is indeed related to hypertension (Fig. 7.2). More-

over, the plasma concentrations of the oxidative product

of nitric oxide metabolism, nitrate, are higher in hyperten-

sive rats than in normotensive controls (4). These results

indicate that the basal release of nitric oxide is increased

in hypertensive rats.

Thus, in SHRs, there must be a factor blunting the

hemodynamic effect of nitric oxide. Indeed, nitric oxide pro-

duction is increased in stroke-prone SHRs, but bioavailability

is reduced (6). Direct in situ measurement of nitric oxide

release by a porphyrinic microsensor in stroke-prone SHRs

confirmed that hypertension is associated with increased

nitric oxide decomposition by superoxide anions, that is,

free oxygen radicals (Fig. 7.3) (7).

In other models of hypertension—that is, in Dahl

salt-sensitive rats, in two-kidney, one clip experimental

hypertension, and in DOCA-salt hypertensive rats—

endothelium-dependent relaxation also is impaired.

However, nitric oxide production by endothelial nitric

oxide synthase is rather reduced than upregulated in

Dahl salt-sensitive rats (Fig. 7.3). L-arginine, the substrate

of nitric oxide production by endothelial nitric oxide

synthase, normalizes blood pressure and simultaneously

increases urinary excretion of nitrate, the degradation

product of nitric oxide, in Dahl salt-sensitive rats.

Further mechanisms contribute to the pathogenesis of

salt sensitive hypertension, for example, decreased

expression of endothelial endothelin b receptors, which

mediate nitric oxide release, and altered expression of

the constitutive brain nitric oxide synthase and the induci-

ble nitric oxide synthase isoform, possibly leading to

alterations in renal sympathetic nervous activity and

sodium handling.

IV. THE ENDOTHELIUM IN HUMAN
HYPERTENSION

A. Measuring Endothelial Function

The measurement of endothelium-dependent vasodilation

to various stimuli can serve as a clinical marker of

global endothelial function. The magnitude of endo-

thelium-dependent vasodilation is determined primarily

Table 7.1 Hemodynamic Effects of Nitric Oxide Synthase

Inhibition in Healthy Volunteers

X Baseline

L-NMMA

(mg/kg per min)

0.3 1.0

SBP 134 + 7 152 + 5 150 + 3a

DBP 73 + 4 87 + 5 85 + 5b

SVR 1114 + 124 1413 + 145a 1973 + 203c

HR 67 + 4 70 + 6 63 + 6

CI 3.5 + 0.3 3.1 + 0.2a 2.3 + 0.2d

SVI 53 + 6 48 + 6 38+5 b.

CVP 4 + 0.7 3.6 + 0.4 4.3 + 0.05

B/min 23.1 + 3.5 14 + 4.5 18.6 + 5.5

ap , 0.05 for each data point compared with baseline values.
bp , 0.01 for each data point compared with baseline values.
cp , 0.001 for each data point compared with baseline values.
dp , 0.0001, for each data point compared with baseline values.

Note: L-NMMA, NG-monomethyl-arginine; SBP, systolic blood pressure

(mmHg); DBP, diastolic blood pressure (mmHg); SVR, systemic vascular

resistance (dynes/s per cm5); HR, heart rate (beats/min); CI, cardiac index

(L/min m2); SVI, stroke volume index (mL/min m2); CVP, central venous

pressure (mmHg); B/min, sympathetic bursts per minute.

Source: Adapted from Spieker et al. (30).
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by endothelium-derived nitric oxide. There are several

techniques for the assessment of nitric oxide bioavailabil-

ity in man.

1. Flow-Mediated Vasodilation

Most often, flow-mediated vasodilation of the brachial

artery—a noninvasive marker of endothelial function—is

assessed by high-resolution ultrasonography (Fig. 7.4).

Very elegantly, a physiological stimulus, that is, pos-

tischemic reactive hyperemia is used to increase blood

flow. A cuff is placed around the wrist and after measure-

ment of the basal radial or brachial artery diameter proxi-

mal to the cuff, it is inflated to suprasystolic pressure for

several minutes. After release of the cuff, reactive hypere-

mia of the hand leads to an increased blood flow through

the brachial artery (Fig. 7.4). The associated vasodilation

of the brachial artery is assessed using high-resolution

ultrasonography. Because of the tiny amount of vasodila-

tion—the change in diameter reaches 10% in healthy

volunteers—special sonographic equipment and analysis

software is needed.

2. Intima-Media Thickness

The measurement of flow-mediated vasodilation of a large

conduit artery as a functional measurement is sometimes

combined with assessment of arterial intima-media thick-

ness as a morphological parameter. Carotid intima-media

thickness correlates strongly with the cardiovascular risk.

Indeed, asymptomatic subjects with cardiovascular risk

factors such as hypertension or dyslipidemia show

increased intima-media thickness. Therefore, measurement

of intima-media thickness is often used as a surrogate

endpoint in clinical trials, as is flow-mediated vasodilation

itself. Not quite surprisingly, carotid intima-media thick-

ness correlates strongly with flow-mediated vasodilation

of the brachial artery, linking structural and functional

abnormalities of the arteries.

3. Venous Occlusion Plethysmography

Alternatively, endothelium-dependent and endothelium-

independent vasomotion in reaction to intra-arterially

infused vasoactive substances are assessed by using

venous occlusion plethysmography (Fig. 7.5). Among

the most often used endothelium-dependent vasodilators

are acetylcholine and serotonin. Sodium nitroprusside or

nitroglycerine serve as endothelium-independent vasodila-

tors. The technique of venous occlusion plethysmography

experienced a renaissance in endothelial function research.

A strain gage placed around the forearm changes its impe-

dance in relation to the circumference. Therefore, an

increase in arterial blood flow to the forearm changes the

electrical signal, which is continuously recorded. Intra-

arterial infusion of pharmacological substances is used to

alter arterial blood flow for testing of vasomotion

(Fig. 7.5).

Figure 7.4 (A) Flow-mediated vasodilation of the brachial artery is measured by high-resolution ultrasonography. (B) With the use of

echo-tracking, arterial diameter can be measured on a beat-to-beat base. (C) After establishing stable baseline conditions, flow-mediated

vasodilation is measured after the release of a blood pressure cuff that was placed around the wrist and inflated to suprasystolic pressure

for 5 min. The resulting hyperemic blood flow to the hand after release of the wrist cuff leads to a more-or-less pronounced vasodilation of

the brachial artery, which is mediated by endothelium-derived nitric oxide.
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4. Quantitative Coronary Angiography

The same pharmacological principle is commonly used for

the assessment of endothelial function in coronary arteries.

Quantitative coronary angiography allows detection of

changes in diameter during intracoronary infusion of

vasoactive substances or physiological stimuli to increase

coronary blood flow, (e.g., exercise). Atherosclerotic cor-

onary arteries react to these stimuli with vasoconstriction,

whereas the normal observation is vasodilation. Most

commonly, endothelium-dependent vasodilators such as

acetylcholine and serotonin are used. Sodium nitroprus-

side or nitroglycerine serve as endothelium-independent

vasodilators.

B. Endothelial Dysfunction in Patients
with Hypertension

Endothelium-dependent vasodilation in response to acetyl-

choline is impaired in patients with arterial hypertension,

both in the forearm circulation (Fig. 7.5) (8,9) and in the

coronary vascular bed (10). Endothelium-dependent vaso-

dilation in the human forearm and coronary vascular beds

are strongly correlated (11).

Basal nitric oxide activity is decreased in hypertensive

patients (12). Furthermore, urinary excretion of the meta-

bolic oxidation product of nitric oxide, [15N]nitrate, after

administration of 15N-labeled arginine (i.e., the substrate

for the generation of nitric oxide) is reduced in hypertensive

patients compared with normotensive controls (Fig. 7.5)

(13). Thus, whole-body nitric oxide production in patients

with essential hypertension is diminished under basal con-

ditions. In line with these findings, the vasoconstrictor

response to NG-monomethyl-arginine, an inhibitor of

nitric oxide synthesis, was significantly less in hypertensive

patients compared with normotensive patients, whereas

there was no difference in the response to norepinephrine,

an endothelium-independent vasoconstrictor, between

hypertensive patients and normotensive individuals (12).

Normotensive offspring of hypertensive parents exhibit

impaired endothelium-dependent vasodilation to acetyl-

choline (14). In parallel to manifest hypertension in

normotensive offspring, vasoconstriction which is a

result of the inhibition of nitric oxide synthesis is

decreased (15). Thus, derangement of endothelial function

in hypertension is likely to be caused in part by genetic

factors and not to be just a consequence of elevated

blood pressure (although the hemodynamic factor is an

important contributing factor to elevated pressure).

C. Interactions with Other Cardiovascular
Risk Factors

Cardiovascular risk factors, such as hypercholesterolemia,

smoking, diabetes mellitus, and hyperhomocysteinemia,

impair endothelial function even in young asymptomatic

individuals. The number of cardiovascular risk factors

present relates to the degree of endothelial dysfunction.

For example, long-term smoking potentiates endothelial

dysfunction in hypercholesterolemic patients by enhan-

cing the oxidation of low-density lipoprotein (LDL)
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Figure 7.5 Endothelial dysfunction in arterial hypertension.

(A) Decreased endothelium-dependent vasodilation in patients

with hypertension in response to acetylcholine compared with

normotensive controls. (B) Cumulative urinary excretion of

[15N]nitrate after administration of 15N-labeled arginine, that is,

the substrate for enzymatic production of nitric oxide. Urinary

excretion of the metabolic oxidation product of nitric oxide

(nitrate) is reduced in hypertensive patients compared with normo-

tensive controls. This data show that whole-body nitric oxide pro-

duction in patients with essential hypertension is diminished under

basal conditions. [Adapted Linder et al. (8) and Forte et al. (13).]
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cholesterol. Passive smoking is also associated with endo-

thelial dysfunction.

Impressively, even a positive family history for prema-

ture coronary artery disease is sufficient to cause decreased

endothelium-dependent coronary vasodilation to acetyl-

choline. In offspring of patients who had a myocardial

infarction before the age of 60, flow-mediated vasodilation

of the brachial artery is reduced and correlates with carotid

intima-media thickness.

Aging is a primary determinant for the development of

cardiovascular disease. Aging per se is associated with

decreased endothelium-dependent vasodilation, even in

the absence of other risk factors. In arteries exposed to

high blood pressure, aging is associated with reduced

nitric oxide production. Because nitric oxide synthase

expression is actually increased, as is the production of

free-oxygen-derived free radicals, aging seems to primar-

ily affect the breakdown of nitric oxide by the superoxide

anion, an oxygen radical. Also, endothelin-1 expression

increases with age.

Male gender is associated with increased susceptibility

to the noxious effects on endothelial function of cardio-

vascular risk factors such as elevated cholesterol levels.

Estrogens mediate their protective actions partly over

the nitric oxide pathway. In healthy postmenopausal

women, short-term estrogen replacement therapy imp-

roves endothelium-dependent vasodilation in the coronary

and brachial artery circulation. These beneficial effects are

a result of improved endothelial function with increased

nitric oxide bioavailability.

D. Endothelial Function in Patients with
Atherosclerotic Vascular Disease

In patients with atherosclerotic vascular disease, endo-

thelial nitric oxide synthase protein expression and

nitric oxide release are markedly reduced (16). In contrast,

circulating endothelin-1 levels are increased in patients

with atherosclerotic vascular lesions and correlate

with the severity of the disease (17). The amount of

endothelin-1 in the vascular wall corresponds to blood

pressure, total serum cholesterol, and number of athero-

sclerotic sites (18).

Indeed, endothelial dysfunction of the coronary

arteries, which is paralleled by generalized endothelial

dysfunction of the peripheral arteries, has both sympto-

matic and prognostic implications. In fact, impaired

endothelium-dependent vasomotion is associated with

myocardial ischemia and increased cardiac events.

Exercise normally increases coronary artery diameter;

however, in patients with coronary artery disease, the

major physiological stimulus for endothelial nitric oxide

release, increased blood flow, leads to coronary vasocon-

striction. Exercise-induced vasoconstriction associated

with endothelial dysfunction may be mediated by

unopposed a-adrenergic mechanisms. Similarly, acetyl-

choline, a receptor-dependent stimulator of nitric oxide

release, evokes a paradoxical vasoconstriction in athero-

sclerotic coronary arteries; and epicardial atherosclerosis

is associated with an impairment in endothelium-depen-

dent dilation of the coronary microvasculature.

V. OXIDATIVE STRESS IN ARTERIAL
HYPERTENSION

Oxidative stress plays an important role in the patho-

genesis of hypertension (Fig. 7.6). Superoxide anions

can scavenge nitric oxide to form peroxynitrite effectively

reducing the bioavailability of endothelium-derived nitric

oxide (Fig. 7.7) (19). In addition, the superoxide anion2

can act as a vasoconstrictor (20). Reduced nicotinamide

adenine dinucleotide (NADH) dehydrogenase, a mito-

chondrial enzyme of the respiratory chain, seems to be a

major source of the superoxide anion. Expression of

NAD(P)H oxidase in human coronary artery smooth

muscle cells is upregulated by pulsatile stretch, generating

increased oxidative stress. Another source of superoxide

anions is cyclooxygenase. In contrast, xanthine oxidase,

another generator of superoxide anions, does not appear

to play a significant role in essential hypertension.

Paradoxically, nitric oxide synthase (i.e., the nitric

oxide generating enzyme) can also produce superoxide

anions. Production of superoxide anions in stroke-prone

SHRs, an experimental model of genetic hypertension,

can be prevented by nitric oxide synthase inhibition.

Administration of exogenous tetrahydrobiopterin, an essen-

tial cofactor for nitric oxide synthase, can reduce excess

superoxide anions in the aorta of stroke-prone SHRs

(Fig. 7.6). In prehypertensive SHRs, the calcium iono-

phore A23187-stimulated (i.e., a receptor-independent

activator of nitric oxide synthase) production of super-

oxide anions was significantly higher than in control

rats. Nitric oxide release was reduced in SHR aortas,

with opposite results in the presence of exogenous tetra-

hydrobiopterin. Thus, dysfunctional endothelial nitric

oxide synthase may be a source of superoxide anions in

prehypertensive SHRs and contribute to the development

of hypertension and its vascular complications.

Superoxide anions are finally detoxified by superoxide

dismutase forming hydrogen peroxide, which is further

metabolized by catalase (Fig. 7.7). However, the reaction

between the two radicals (superoxide anions) and nitric

oxide is three times faster than the detoxification of super-

oxide anions by superoxide dismutase. Depending on the

relative concentrations of nitric oxide and superoxide dis-

mutase, there may be a propensity for superoxide to prefer-

entially react with nitric oxide, resulting in decreased

bioavailability of nitric oxide.
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The gene for cytosolic superoxide dismutase (i.e.,

superoxide dismutase 1) is located on the 21q22.1 region

of chromosome 21. Therefore, patients with Down syn-

drome (trisomy 21) have an extra copy of the superoxide

dismutase gene. Because of gene dosage excess, their

superoxide dismutase activity is 50% greater than in the

diploid population, which leads to reduced superoxide

anion levels. Indeed, patients with Down syndrome have
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lower blood pressure levels, indicating a major role for

superoxide anions in the regulation of arterial blood

pressure. In addition, the normal age-associated increase

of blood pressure is absent in patients with Down syn-

drome (21).

The renin–angiotensin–aldosterone system plays a

major role in hypertension (Fig. 7.1). Apart from direct

vasoconstrictor effects of angiotensin II, there are import-

ant interactions among angiotensin II, oxygen radicals,

and nitric oxide.

Angiotensin II stimulates generation of superoxide

anions by increasing the expression of the NAD(P)H

oxidase gene (p22phox) and increasing the activity of

NAD(P)H oxidase. The vasoconstrictor effect of angio-

tensin II is enhanced in the absence of nitric oxide and

diminished during coinfusion of antioxidant vitamin

C. Thus, the vasoconstrictive effect of angiotensin II is

modulated by reactive oxygen species, primarily superox-

ide anions, and their interaction with endothelium-derived

nitric oxide (Fig. 7.6). Furthermore, angiotensin II

increases the production of endothelin in the blood

vessel wall, which exerts vasoconstriction and induces

proliferation of the vascular smooth muscle cells (22).

VI. PROSTAGLANDINS

Prostacyclin is a further endothelium-derived relaxing

factor, which is released in response to shear stress

(Fig. 7.1). Prostacyclin is synthesized by cyclooxygenase

from arachidonic acid (23). Prostacyclin increases intra-

cellular cyclic adenosine monophosphate in smooth

muscle cells and platelets. In contrast to nitric oxide, pros-

tacyclin does not contribute to the maintenance of basal

vascular tone of large conduit arteries (24). Instead, its

platelet inhibitory effects are most important. The syner-

gistic effect of both prostacyclin and nitric oxide enhances

the antiplatelet activity.

Depending on the animal model of hypertension and

the vascular bed, endothelium-dependent contractions to

acetylcholine, a muscarinic receptor-dependent stimulator

of nitric oxide synthesis, have been documented

(Fig. 7.3). As this response is inhibited by cyclooxygenase

inhibitors and thromboxane receptor antagonists, the most

likely contractile factors are thromboxane A2 and prosta-

glandin H2.

Interactions between cyclooxygenase products and nitric

oxide have been demonstrated. In hypertensive patients,

indomethacin, a cyclooxygenase inhibitor, significantly

increased the response to acetylcholine, an effect that

could be blocked by coinfusion of NG-monomethyl-

arginine, an inhibitor of nitric oxide synthesis. Therefore,

cyclooxygenase inhibition restores nitric oxide-mediated

vasodilation in essential hypertension, which suggests

that cyclooxygenase-dependent substances can impair

nitric oxide bioavailability. Cyclooxygenase is, indeed, a

source of the nitric oxide-scavenger superoxide anions.

A novel interesting concept in atherosclerosis is selective

inhibition of cyclooxygenase-2, which lowers C-reactive

protein (CRP) levels and improves endothelial function.

VII. ENDOTHELIUM-DERIVED
HYPERPOLARIZING FACTOR

Inhibitors of the L-arginine pathway do not prevent all

endothelium-dependent relaxations. As vascular smooth

muscle cells become hyperpolarized under endothelium-

dependent relaxation, an endothelium-dependent hyper-

polarizing factor of unknown chemical structure has

been proposed (Fig. 7.1). There is evidence that a

calcium-dependent potassium channel on endothelial or

smooth muscle cells is important in mediating endo-

thelium-dependent hyperpolarization, a mechanism that

is impaired in arterial hypertension. Endothelium-

dependent hyperpolarization may also be involved in the

compensation for the impaired nitric oxide-system in

patients with essential hypertension.

VIII. ENDOTHELIN

Over a decade ago, a novel vasoconstrictor peptide

synthesized by vascular endothelial cells has been identi-

fied (25,26). The family of endothelins consists of three

closely related peptides—endothelin-1, endothelin-2,

and endothelin-3—which are converted by endothelin-

converting enzymes from “big endothelins” that originate

from large preproendothelin peptides cleaved by endopep-

tidases. The endothelin peptides are not only synthesized

in vascular endothelial and smooth muscle cells, but also

in neural, renal, pulmonal, and some circulatory cells

holding the genes for endothelins. The chemical structure

of the endothelins is closely related to neurotoxins

(sarafotoxins) produced by scorpions and snakes. Factors

modulating the expression of endothelin-1 are shear-

stress, epinephrine, angiotensin II, thrombin, inflammatory

cytokines (tumor necrosis factor a, interleukin-1, and

interleukin-2), transforming growth factor b, and hypoxia.

Endothelin-1 is metabolized by a neutral endopeptidase,

which also cleaves natriuretic peptides.

Imbalance of endothelium-derived relaxing and

contracting substances disturbs the normal function of

the vascular endothelium. Endothelin acts as the natural

counterpart to endothelium-derived nitric oxide, which

exerts vasodilating, antithrombotic, and antiproliferative

effects, and inhibits leukocyte-adhesion to the vascular

wall (Fig. 7.8). In addition to its effect on arterial blood

108 Etiology, Physiology, and Pathophysiology



pressure in humans (27), endothelin-1 induces vascular

and myocardial hypertrophies (28), which are independent

risk factors for cardiovascular morbidity and mortality.

Indeed, in patients with essential hypertension, carotid

wall thickening and left ventricular mass correlate with

reduced endothelium-dependent vasodilation.

Endothelin-1 rather acts in a paracrine than an endo-

crine mode of action, which is reflected by plasma levels

of endothelin-1 in the picomolar range. Infusion of an

endothelin receptor antagonist into the brachial artery or

systemically in healthy humans leads to vasodilation, indi-

cating a role of endothelin-1 in the maintenance of basal

vascular tone. When endothelin-1 itself is infused, vaso-

constriction follows a brief phase of vasodilation, which

may be explained by relaxation of smooth muscle cells

caused by ETB receptor-mediated release of the

vasodilators nitric oxide and prostacyclin (Fig. 7.1). In

addition, endothelin-1 may also exert effects on the

central and autonomic nervous system and alter baroreflex

function. In the kidney, sodium reabsorption is modulated.

The endothelin system is activated in several but not in all

animal models of arterial hypertension. Correspondingly,

endothelin plasma levels have been reported to be elevated

in certain patients with essential hypertension (29), but this

is a subject to controversy. The causal role of endothelin-1

in the pathogenesis of hypertension thus remains unclear.

However, it might attain a higher concentration in the

vessel wall than in the plasma because most endothelin-1

synthesized in endothelial cells is secreted abluminally.

In fact, significant correlations between the amount of

immunoreactive endothelin-1 in the tunica media and

blood pressure, total serum cholesterol, and number of

atherosclerotic sites were found (18). In blood vessels

of healthy controls, endothelin-1 was detectable almost

exclusively in endothelial cells, whereas in patients with

coronary artery disease or arterial hypertension, sizable

amounts of endothelin-1 were detectable in the tunica

media of different types of arteries (18). In addition,

there is evidence that certain gene polymorphisms of

endothelin-1 and endothelin receptors could be associated

with blood pressure levels. Moreover, in hypertensive

patients, infusion of an ETA/B receptor antagonist causes

significantly greater vasodilation than in normotensive

subjects (Fig. 7.9).
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Because plasma levels of endothelin-1 were similar in

normotensive and hypertensive patients in this study,

increased sensitivity to endogenous endothelin-1 has to

be postulated. As in some patients with arterial hyper-

tension, endogenous catecholamine production is increa-

sed, and catecholamines potentiate endothelin-1 induced

vasoconstriction (Fig. 7.10), these interactions with the

endothelin-1 pathway is likely to be involved in the

pathogenesis of hypertension. Decreased bioavailability

of nitric oxide is also involved in this phenomenon

because nitric oxide antagonizes some of the effects of

endothelin-1.

IX. INTERACTIONS BETWEEN THE
ENDOTHELIUM AND THE
SYMPATHETIC NERVOUS SYSTEM

The sympathetic nervous system is an important regulator

of cardiovascular homeostasis. Although it is essential to

be able to stand erect, sympathetic overactivity may be

deleterious and turn “a beauty into a beast.” Activation

of the renin–angiotensin–aldosterone system is closely

coupled to that of the sympathetic nervous system as the

two neurohormonal regulators stimulate each other.

Sympathetic activity is regulated primarily by barore-

ceptors located in the cardiopulmonary and carotid

vessel walls, which centrally inhibit sympathetic outflow.

These stretch-activated mechanoreceptors not only regu-

late short-term changes of blood pressure, but they also

react to a chronic elevation in blood pressure by resetting

sensitivity to a lower level. In hypertension, altered

baroreflex-mediated regulation of sympathetic nerve

activity has been described. Similarly, in congestive

heart failure, an abnormal baroreflex contributes to sym-

pathetic activation, which is a negative prognostic factor.

Abnormal endothelial function with an imbalance of

endothelium-derived relaxing and contracting factors

affects baroreceptor function because the baroreceptor
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Figure 7.9 Forearm blood flow responses to intra-arterial infusion of the selective endothelin A receptor antagonist BQ-123

(100 nmol/min) and the endothelin B receptor antagonist BQ-788 (50 nmol/min) in hypertensive patients and normotensive controls.

The vasodilator response to endothelin antagonism is significantly enhanced in hypertensives. ETA, endothelin A receptor; ETB, endothe-

lin B receptor. [Adapted from Cardillo et al. (46).]
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by ET-1. Similarly, contractions to serotonin were amplified by
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nerve endings and the endothelium are located very near

each other (30). Various endothelial substances (e.g.,

nitric oxide, PGI2, and endothelin-1) influence barorecep-

tor function in an experimental setting.

Interactions between the sympathetic nervous system

and the vascular endothelium become major clinical

importance in presence of a dysfunctional endothelium.

Exercise normally increases coronary artery diameter;

however, in patients with endothelial dysfunction, the

major physiological stimulus for endothelial nitric oxide

release, increased blood flow, leads to coronary vasocon-

striction (Fig. 7.11). Phentolamine, an a-adrenoceptor

blocker, prevents exercise-induced coronary vasocons-

triction in patients with endothelial dysfuntion. Thus,

unopposed a-adrenergic vasoconstriction in presence of

impaired endothelial nitric oxide release results in para-

doxical coronary vasoconstriction. Similar mechanisms

also may be involved in the pathogenesis of coronary

vasospasm.

Catecholamine release is increased in certain patients

with arterial hypertension. Particularly in younger patients

with hypertension, circulating catecholamine levels are

increased. In hypertension, there are abnormalities on

various levels of the catecholamine system, for example,

increased neuronal as well as cerebral norepinephrine

release, impaired neuronal norepinephrine re-uptake, and

increased adrenal epinephrine release. Interestingly, the

cardiovascular response to mental stress is exaggerated

in patients with hypertension. Abnormalities in the

response to mental stress are likely a result of genetic

factors because normotensive offspring of hypertensive

parents exhibit an exaggerated sympathetic activation in

response to mental stress.

Particularly, wide-ranging are the effects of sympath-

etic activation on hemostasis. Platelets are activated

by epinephrine via the a-adrenergic receptor pathway.

Sympathetic overactivity in arterial hypertension thus

has the potential to provoke a prothrombotic state.

X. ENDOTHELIUM AND THROMBOSIS IN
HYPERTENSION

Maintaining the balance of blood flow and thrombus for-

mation in case of vascular injury is one major task of the

vascular endothelium. On the other hand, some of the

most feared clinical sequelae of longstanding arterial hyper-

tension, that is, stroke and myocardial infarction, are com-

monly mediated by thrombosis of the respective arterial

vessel. Indeed, the long-term consequences of high blood

pressure are generally ischemic rather than hemorrhagic.

A. Platelet Activation and Adhesion

The adhesion of platelets to basement membrane com-

ponents exposed to blood after disruption of endothelial

integrity is mediated by von Willebrand factor and its

glycoprotein Iba receptor, as well as platelet membrane

GPIa–IIa (integrin-a2b1) and GPVI interacting directly

with collagen (Fig. 7.12). Activation of platelets by throm-

bin, adenosine diphosphate, thromboxane A2, and epi-

nephrine is under negative control by nitric oxide and

prostacyclin. Thrombin directly stimulates platelets to

release thromboxane A2, inducing potent vasoconstriction,

which is prevented by the simultaneous thrombin-induced

release of prostacyclin and nitric oxide from endothelial

cells (31). The feedback regulation of endothelial nitric

oxide and prostacyclin release majorly contributes to the

antithrombotic properties of the vascular endothelium.

B. Platelet Aggregation

Platelet aggregation leads to hemostasis via linking of

accumulating platelets by fibrinogen (mediated by

GPIIb–IIIa), von Willebrand factor, and fibronectin. The

activation of the coagulation cascade resulting in the con-

version of fibrinogen to fibrin by thrombin is triggered by

tissue factor, which is present in blood and abundantly in

atherosclerotic plaques. P-selectin and CD40L (also

termed CD154), among other agonists, stabilize the plug

(Fig. 7.12). In addition, CD40L mediates the cross-talk

between platelets, endothelium, and inflammatory blood

cells, which is an important step in the pathogenesis of

atherosclerosis (32).

C. Hypertension and Atherothrombosis

Arterial hypertension is a risk factor for the development

of stroke and myocardial infarction. These catastrophic
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Figure 7.11 Coronary luminal area change during exercise in

hypertensive patients and normotensive control subjects.

Although exercise leads to coronary vasodilation in normoten-

sive control subjects, exercise-induced coronary vasodilation is

impaired in hypertensive patients and is sometimes even leads

to vasoconstriction. [Adapted from Frielingsdorf et al. (48).]
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events are most often mediated by thrombosis and sub-

sequent occlusion of the nurturing arteries. Damage to

vessel walls may develop after years of exposure to cardi-

ovascular risk factors. Virchow’s classical triad of blood

flow, hemostatic blood factors, and vessel wall damage

determines the susceptibility for thrombosis.

Platelets as major hemostatic blood constituents play a

crucial role in the pathogenesis of acute coronary and

cerebral ischemia. However, platelets also essentially con-

tribute to the development and progression of chronic

atherosclerotic lesions (33). Interaction with the arterial

vessel wall, the endothelium in particular, determines the

propensity of platelets to adhere and aggregate

(Fig. 7.12). Therefore, endothelial dysfunction in patients

with arterial hypertension contributes to a chronic pro-

thrombotic state. Impaired bioavailability of endo-

thelium-derived nitric oxide weakens the antithrombotic

features of the vascular endothelium. Further morpho-

logic, biochemical, and functional alterations in platelets

contribute to atherothrombosis in hypertension (34).

1. Morphologic Platelet Alterations

Arterial hypertension is associated with certain morpho-

logic platelet alterations. Patients with hypertension

show increased platelet volume, as well as changes in

shape, and an increased platelet turnover. The latter may

partly be due to generation of platelets microparticles.

These microparticles are released after activation, have

procoagulant effects and promote thrombin generation.

Increased shear stress in arterial hypertension is a likely

underlying factor for microparticle generation. Over the

long-term, increasing numbers of platelet microparticles

may promote atherothrombosis in hypertension through

particle deposition in the vessel wall, which propagates

atherothrombosis. In turn, shear stress is further increased

locally at sites of atherosclerotic lesions, thus promoting

platelet stimulation.

2. Changes in Platelet Function

In addition to the morphologic alterations, there is

increased platelet activation in patients with arterial hyper-

tension. P-selectin expression, a platelet surface protein

that implying increased platelet activation, is enhanced

in patients with hypertension. Also, patients with arterial

hypertension show increased plasma b-thromboglobulin

release. b-thromboglobulin is a multimeric glycoprotein

that is synthesized in megakaryocytes and is released

upon activation of the platelets. Intraplatelet calcium is

increased in hypertensive patients. An increase in intra-

cellular platelet calcium concentration is the primary

Figure 7.12 Interactions between the vascular endothelium and platelets in the pathogenesis of arterial thrombosis. ADP, adenosine

diphosphate; GP, glycoprotein; NO, nitric oxide; PGI2, prostacyclin; T, thrombin; TXA2, thromboxane A2; TF, tissue factor; vWF, von

Willebrand factor.
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event that signals platelet activation. Platelet intracellular

free-calcium correlates with systolic and diastolic blood

pressure in patients with hypertension (35), and antihyper-

tensive therapy normalizes intraplatelet calcium. The alt-

erated intracellular free-calcium homeostasis may likely

be a result of increased sensitivity to catecholamines

because epinephrine provokes an exaggerated intraplatelet

free-calcium increase in patients with essential hyperten-

sion. Indeed, expression of platelet a-2-adrenergic recep-

tors is enhanced in hypertensive patients. Activation of

the renin–angiotensin–aldosterone system in hyperten-

sion contributes to platelet function alteration because

angiotensin II also stimulates platelets. Moreover, in

some patients with arterial hypertension, endogenous

catecholamine production is increased, and genetic poly-

morphisms of the a-2-adrenoreceptor may further contri-

bute to altered platelet function in arterial hypertension.

In addition to enhanced platelet activation, platelets

from hypertensive patients have an increased tendency to

aggregate, both spontaneously and in response to agonists

such as collagen and adenosine diphosphate.

3. Impaired Fibrinolysis in Hypertension

On the other hand, the counter-regulatory mechanism of

fibrinolysis is also functionally altered in patients with

arterial hypertension. The activity of the fibrinolytic

system is determined primarily by activators of fibrinolysis

such as tissue-type plasminogen activators and inhibiting

modulators such as a plasminogen activator inhibitor.

The presence of atherothrombosis is associated with a

marked disturbance in the relation of tissue-type plasmino-

gen activator to plasminogen activator inhibitor, with a

dominating presence of plasminogen activator inhibitor.

Also in arterial hypertension, the plasminogen activator

inhibitor to tissue-type plasminogen activator ratio is

increased and correlates with increases in blood pressure.

The impairment of fibrinolysis thus complements the

chronic prothrombotic state in arterial hypertension.

D. Prothrombotic State and Hypertensive
Target-Organ Damage

Target-organ damage in hypertension mainly manifests in

the heart, brain, kidney, peripheral arteries, and eye.

Patients with hypertensive target-organ damage are at par-

ticularly high risk for the development of cardiovascular

and cerebrovascular events.

The presence of target-organ damage such as left ven-

tricular hypertrophy or hypertensive kidney disease is

associated with a prothrombotic state in hypertension

(36). For example, microalbuminuria is related to

increased plasma levels of von Willebrand factor, which

mediates platelet adhesion to the vessel wall basement

membrane components that are exposed to blood after a

disruption of endothelial integrity. Also, fibrinogen

plasma levels correlate with the presence of hypertensive

target-organ damage. Circulating fibrinogen levels are

independently linked to increased cardiovascular risk in

hypertensive patients.

Hypertension is a common cause of atrial fibrillation,

which itself is associated with a prothrombotic state. The

risk of stroke increases in presence of hypertensive heart

disease with atrial fibrillation. Heart failure, which devel-

ops late after long-standing arterial hypertension, also

confers an increased risk for thromboembolic events.

E. Hypertension, Dyslipidemia,
and Diabetes

Arterial hypertension often is associated with dyslipidemia

and diabetes because overweight is a common predispos-

ing factor. The prevalence of arterial hypertension is as

high as 50% in diabetic patients. The combination of arter-

ial hypertension with diabetes has a particularly negative

impact on endothelial function. These patients often

have low levels of high-density lipoprotein (HDL) choles-

terol. HDL levels determine thrombus formation because

the anticoagulant activities of protein S and activated

protein C are enhanced. Furthermore, HDL cholesterol

has pro-fibrinolytic properties. The characteristic meta-

bolic alterations associated with hypertension and diabetes

thus confer a prothrombotic state.

XI. IMPACT OF ANTIHYPERTENSIVE
THERAPY ON VASCULAR FUNCTION

In hypertensive animals, most classes of antihypertensive

drugs (e.g., calcium channel blockers, ACE inhibitors,

and AT1 receptor antagonists) improve endothelium-

dependent vasodilation (Fig. 7.13).

Surprisingly, and in contrast to animal experiments,

antihypertensive therapy cannot restore impaired endo-

thelium-dependent vasodilation consistently in patients

with arterial hypertension. However, depending on the

antihypertensive drug used and its pharmacological

profile, improvements in endothelium-dependent vasodila-

tion can be achieved (Table 7.2). The multi-factorial etiol-

ogy of essential hypertension, as well as the duration of

blood pressure elevation, may explain some of the incon-

sistent results from different investigators.

Antihypertensive therapy also has an impact on altered

platelet function in patients with arterial hypertension.

Antihypertensive therapy positively influences the pro-

thrombotic state associated with hypertension. Although

there might be differences between classes of antihyper-

tensive drugs, their blood-pressure-lowering effect may
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be most important in mediating the attenuation of the pro-

thrombotic state (36).

A. b-Blockers

It is interesting that the infusion of nebivolol, but not other

b-blockers, intra-arterially in the forearm of healthy sub-

jects is associated with an increase in forearm blood

flow (Fig. 7.14). The increase in forearm blood flow

achieved by nebivolol can be prevented by co-infusion

of the nitric oxide synthesis inhibitor NG-monomethyl-

arginine. Similar results have been obtained in the

human venous circulation. This strongly suggests that

nebivolol stimulates the formation of nitric oxide in the

vasculature and may therefore have an interesting hemo-

dynamic profile that leads—unlike other b-blockers—

to peripheral vasodilation, in addition to the classical

b-blocking effects on the sympathetic nervous system,

heart rate, and cardiac contractility. Nebivolol also

causes nitric-oxide-dependent vasodilation in hyperten-

sive patients. However, this favorable effect did not last

during chronic treatment (6 months) with this new type

of b1-blocker. Nebivolol also inhibits platelet aggrega-

tion by its nitric-oxide-dependent mechanism. Traditional

b-blockers have little effect on platelet aggregation.

B. ACE Inhibitors

In the Trial on Reversing ENdothelial Dysfunction

(TREND) study, ACE inhibition with quinapril imp-

roved endothelial dysfunction in patients who were

normotensive and who did not have severe hyperlipidemia

or evidence of heart failure (37). However, the specific

pharmacological features of an ACE inhibitor may be

important for its effects on endothelial function, for

example, high tissue permeability. ACE inhibitors

inhibit the breakdown of bradykinin, a stimulator of nitric
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oxide release, and antioxidant properties further improve

nitric oxide bioavailability. They inhibit the endothelial

production of angiotensin II and endothelin-1. Indeed,

only quinapril, not enalapril, was associated with a

significant improvement in flow-mediated dilation of

the brachial artery (38). Improved nitric oxide bio-

availability also affects platelet function. Inhibitors of

the renin–angiotensin–aldosterone system inhibit platelet

Table 7.2 Effect of Antihypertensive Therapy on Endothelial Function in Patients with Arterial Hypertension

Author

Antihypertensive

therapy by

drug class

Duration of

treatment

Nitric oxide-release

agonist/antagonist

Improvement in

endothelium-dependent

vasomotion

ACE inhibitors

Hirooka et al. Captopril Acute ACh Yes

Creager et al. Captopril 7–8 weeks MCh No

Enalapril 7–8 weeks MCh No

Taddei et al. Lisinopril Acute ACh No

Bk Yes

1 and 12 months ACh No

Bk Yes

Lyons et al. Enalapril 6 weeks L-NMMA Yes

Millgard et al. Captopril Acute MCh Yes

3 months MCh Yes

Schiffrin et al. Cilazapril 1 and 2 years ACh Yes

Yavuz et al. Enalapril 6 months FMD Yes

Ghiadoni et al. Perindopril 6 months FMD Yes

AII antagonists

Ghiadoni et al. Candesartan 2 months ACh No

12 months ACh Yesa

Bragulat et al. Irbesartan 6 months ACh Yesa

Yavuz et al. Losartan 6 months FMD No

Ghiadoni et al. Telmisartan 6 months FMD No

b-blockers

Schiffrin et al. Atenolol 2 years ACh No

Dawes et al. Nebivolol Acute L-NMMA Yes

Ghiadoni et al. Nebivolol 6 months FMD No

Ghiadoni et al. Atenolol 6 months FMD No

Calcium

antagonists

Hirooka et al. Nifedipine Acute ACh No

Millgard et al. Nifedipine Acute MCh No

Sudano et al. Nifedipine 6 months ACh Yes

Schiffrin et al. Nifedipine Chronic ACh Yes

Ghiadoni et al. Nifedipine 6 months FMD No

Taddei et al. Lacidipine 2 and 8 months ACh and Bk Yes

Lyons et al. Amlodipine 6 weeks L-NMMA Yes

Perticone et al. Isradipine 2 and 6 months ACh Yes

Ghiadoni et al. Amlodipine 6 months FMD No

Other

Panza et al. Various (diuretics,

verapamil,

b-blockers,

clonidine,

a-methyldopa)

Chronic vs.

two-week

withdrawal

ACh

ACh

No

No

Taddei et al. Potassium Acute ACh Yes

aEffect was paralleled by an enhanced endothelium-independent vasodilation to sodium nitroprusside.

Note: ACE, angiotensin-converting enzyme; AII, angiotensin II; Ach, acetylcholine; Bk, bradykinin; FMD, flow-mediated dilation; L-NMMA,

NG-monomethyl-L-arginine; MCh, methacholine; NO, nitric oxide.

Source: Adapted from Spieker et al. (43).
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aggregation in vitro. The favorable effects of ACE inhi-

bitors on endothelial function with antithrombotic, anti-

proliferative, and antimigratory actions may explain how

they can prevent cardiovascular events in patients with

atherosclerosis, even in the absence of hypertension.

C. Angiotensin II Receptor Antagonists

Treatment with candesartan, an AT1 receptor antagonist,

reduced the vasodilator response to the mixed ETA/B recep-

tor antagonist TAK-044 that was initially more pronounced

in hypertensive patients than in normotensive controls (39).

This was paralleled by a reduction in circulating

plasma endothelin-1 levels. Furthermore, the impaired

vasoconstrictor response to NG-monomethyl-arginine, an

inhibitor of nitric oxide synthesis, was augmented by anti-

hypertensive treatment in patients with hypertension.

Thus, the angiotensin II receptor blocker candesartan

improves tonic nitric oxide release and reduces vasocon-

striction to endogenous endothelin-1 in the forearm of

hypertensive patients. Irbesartan, another AT1 receptor

antagonist, also has been investigated in hypertensive

patients. Long-term irbesartan treatment enhanced both

endothelium-dependent and endothelium-independent vas-

cular vasodilation responses. In addition, irbesartan restored

the vasoconstrictor capacity of the nitric oxide synthase

inhibitor NG-monomethyl-arginine, which suggests a

direct effect on tonic nitric oxide release and decreased

endothelin-1 production. Other AT1 receptor antagonists,

such as telmisartan and losartan, did not improve endo-

thelium-dependent vasodilation in hypertensive patients.

The potency of angiotensin II receptor blockers to increase

nitric oxide bioavailability may be even greater in platelets

than in endothelial cells. Indeed, angiotensin II receptor

antagonists show antiaggregatory effects on platelets.

D. Calcium Channel Blockers

In addition to particular ACE inhibitors, several calcium

channel blocking agents were successful in improving

endothelial function in human hypertension (Fig. 7.15

and Table 7.2).
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Figure 7.14 (A) Effects of nebivolol on forearm blood

flow. In healthy human subjects, the effects of Nebivolol, but

not the b-blocker atenolol, increases forearm blood flow,

(B) an effect which is prevented by co-infusion of the inhibitor

of nitric oxide, L-NMMA. L-NMMA, NG-monomethyl-L-

arginine. [Adapted from Cockcroft et al. (49).]
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Figure 7.15 Effect of lacidipine, a calcium channel blocker, on

endothelial function in hypertensive patients. After chronic treat-

ment with lacidipine, vasodilation response to the endothelium-

dependent vasodilators acetylcholine and bradykinin (but not to

the endothelium-independent vasodilator sodium nitroprusside)

was significantly increased. FAV, forearm volume; SNP, sodium

nitroprusside. [Adapted from Taddei et al. (50).]
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The antioxidant properties of an antihypertensive drug

are important because oxidative stress plays a central

role in the pathophysiology of human hypertension. The

endothelial function of patients with hypertension is

improved by ascorbic acid, an antioxidant vitamin that

restores the imbalance of increased nitric oxide decompo-

sition by superoxide anions. Scavenging reactive oxygen

species by antioxidants may become an important thera-

peutic strategy because chronic treatment with vitamin C

does, in fact, lower blood pressure in patients with hyper-

tension (40). The beneficial effects of calcium antagonists

on endothelial function may not be confined to hyperten-

sion. Nifedipine, a dihydropyridine calcium channel

blocker, also improves endothelium-dependent vasodila-

tion to acetylcholine in hypercholesterolemics (41).

Also, in coronary circulation, calcium antagonists

reverse abnormal vasomotion in hypercholesterolemia.

In the International Nifedipine Trial on Antiatherosclerotic

Therapy (INTACT), angiographic progression of coronary

artery disease was retarded by nifedipine (42). However,

in patients with coronary artery disease, the calcium antag-

onist amlodipine did not improve endothelial function.

An increase in intracellular platelet calcium concen-

tration mediated by calcium channels is the primary

signal event in platelet activation. Therefore, it is not sur-

prising that calcium channel blockers have been shown to

inhibit platelet activation.

E. Endothelin Antagonists and
Vasopeptidase Inhibitors

In rats with angiotensin II-induced and chronic nitric-

oxide-deficient hypertension, endothelial dysfunction is

ameliorated by treatment with an endothelin receptor

antagonist. Furthermore, endothelin receptor antagonism

prevents vascular hypertrophy in a variety of other exper-

imental models of hypertension. Similarly, treatment with

a selective ETA receptor antagonist attenuates the develop-

ment of left ventricular hypertrophy in renovascular

hypertensive rats. In hypertension and hypercholes-

terolemia, endothelin antagonism may be superior to

endothelin-converting enzyme inhibition because vascular

endothelin-converting enzyme activity is inversely cor-

related to serum LDL levels and blood pressure.

In hypertensive patients, bosentan, a mixed ETA/B

receptor antagonist, effectively decreases arterial blood

pressure in patients with essential hypertension. This

effect is not accompanied by neurohormonal activation,

as reflected by a lack of increase in heart rate, plasma cat-

echolamines, plasma renin activity, and plasma angioten-

sin II levels. Further trials are needed to clarify whether

endothelin receptor antagonists offer additional benefits

over conventional antihypertensive drugs.

F. Aspirin

There are important interactions between nitric oxide and

cyclooxygenase products. Cyclooxygenase-dependent

substances (e.g., thromboxane A2 and prostaglandin H2)

impair nitric oxide bioavailability. Cyclooxygenase is a

source of the nitric oxide-scavenger superoxide anions.

Aspirin improves the abnormal vasomotion in the

forearm of hypertensive and hypercholesterolemic

patients. It is most likely that aspirin restores the altered

balance between vasoconstrictor and dilator prostanoids

that favored vasoconstriction and thrombosis. These find-

ings may explain in part the favorable effects of aspirin in

patients with cardiovascular disease.

G. Antioxidant Vitamins

Antioxidants scavenge reactive oxygen species and

thereby reduce nitric oxide breakdown. In patients with

familial hypercholesterolemia, 5-methyltetrahydrofolate,

the active form of folic acid, improves endothelial function

both when given acutely and when given chronically. The

effects of folic acid supplementation on morbidity and

mortality in patients with coronary artery disease are cur-

rently tested in large clinical studies.

Vitamin C (ascorbic acid), an antioxidant vitamin,

restores endothelial function in patients with hypercholes-

terolemia or diabetes mellitus and in patients who smoke.

In addition, in patients with hypertension, endothelial dys-

function is improved by ascorbic acid, both in the coronary

circulation and in the peripheral circulation. Scavenging of

reactive oxygen species by antioxidants may become an

interesting therapeutic strategy because chronic treatment

with vitamin C in fact lowers blood pressure in patients

with hypertension. In patients with coronary artery

disease, long-term ascorbic acid supplementation also

improves endothelial function.

The effects of vitamin E supplementation on endo-

thelial function in patients at risk from or with established

atherosclerotic vascular disease are less consistent. The

beneficial effects of vitamin E may be confined to subjects

with increased exposure to oxidized LDL cholesterol, as is

the case for hypercholesterolemics who smoke. Combined

vitamin E and simvastatin therapy leads to an improve-

ment in flow-mediated vasodilation of the brachial artery

of hypercholesterolemic men that is more pronounced

than the improvement with lipid-lowering therapy alone.

The results of clinical trials studying the clinical

outcome of patients with coronary artery disease adminis-

tered vitamin E supplementation have been disappointing.

Indeed, vitamin E supplementation had no effect on cardi-

ovascular endpoints in the Heart Outcomes Prevention

Evaluation (HOPE) study.
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H. Tetrahydrobiopterin and L-Arginine

Tetrahydrobiopterin, a cofactor for nitric oxide synthesis

by endothelial nitric oxide synthase, ameliorates endo-

thelial dysfunction in hypercholesterolemic patients and

smokers. In patients with coronary artery disease, tetra-

hydrobiopterin restores endothelium-dependent vasodila-

tion to acetylcholine. Experimentally, tetrahydrobiopterin

also improves endothelial function in arterial hyper-

tension. In human studies, tetrahydrobiopterin improves

endothelium-dependent vasodilation to acetylcholine in

patients with arterial hypertension.

L-arginine, the substrate for nitric oxide synthesis,

improves endothelium-dependent vasodilation in both the

coronary circulation and in the peripheral circulation of

patients with hypercholesterolemia. However, L-arginine

does not improve endothelial function in diabetic subjects,

which indicates that the underlying pathophysiology in

subjects with different risk factors calls for differential

treatment strategies.

XII. CONCLUSIONS

The vascular endothelium, which synthesizes and releases

vasoactive substances, plays a crucial role in the pathogen-

esis of hypertension. Because of its position between blood

pressure level and the smooth muscle cells that are respon-

sible for peripheral resistance, the endothelium is thought

to be both victim and offender in arterial hypertension.

A clinically important consequence of endothelial dys-

function in patients with arterial hypertension is the

generation of a prothrombotic situation. The delicate

balance of endothelium-derived factors that is disturbed

in hypertension can be restored by specific antihyper-

tensive and antioxidant treatment.
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KEYPOINTS

. A complex array of natriuretic and antinatriuretic

hormones interacts with intrarenal mechanisms to

control body fluid, electrolyte balance and arterial

pressure.

. Long-term control of arterial pressure by

hormones is closely linked to their effects on

excretion of water, electrolytes and renal pressure

natriuresis.

. In all forms of chronic hypertension, renal pressure

natriuresis is reset to higher blood pressures, and

121



sodium excretion matches sodium intake despite

increased arterial pressure.

. Although the causes of impaired pressure natri-

uresis in essential hypertension is not completely

understood, abnormal hormonal control of renal

hemodynamics and tubular reabsorption play an

important role in many cases.

SUMMARY

Long-term blood pressure control is closely intertwined

with body fluid and electrolyte balances which, in turn,

are regulated by a complex array of neurohumoral and

intrarenal mechanisms. A common pathway for long-term

hormonal blood pressure control is by altering renal-

pressure natriuresis. In all forms of chronic hypertension,

including human essential hypertension, renal-pressure

natriuresis is reset to higher blood pressures so that

sodium excretion is the same as in normotension despite

increased blood pressure. Considerable evidence indicates

that resetting of pressure natriuresis plays a key role in

causing hypertension, rather than merely occurring as an

adaptation to increased blood pressure. In this chapter, we

discuss the multiple hormones that influence long-term

blood pressure regulation through their effects on renal-

pressure natriuresis and regulation of body fluid volumes.

I. INTRODUCTION

The maintenance of a stable volume and electrolyte compo-

sition of the extracellular fluid is absolutely essential for

normal cell function and overall homeostasis. Although

body fluid volume is determined by the balance between

intakes and outputs of salt and water, intakes are highly vari-

able and governed largely by dietary habits in most people.

Therefore, the burden of regulating the volume and compo-

sition of the extracellular fluid usually falls on the kidneys

which must rapidly adapt their excretion to precisely

match intake and output of salt and water under steady-

state conditions. This remarkable feat is achieved with a

complex array of intrarenal mechanisms as well as systemic

hemodynamic and neurohumoral changes that influence glo-

merular filtration and tubular reabsorption of salt and water.

A key principle in understanding long-term control of

body fluid volumes and blood pressure is that there must

always be a precise balance between the intake and

output of fluid and electrolytes under steady-state con-

ditions regardless of whether a person has normal or elev-

ated blood pressure. This balance can sometimes be

achieved mainly by intrarenal and hormonal changes that

alter renal excretion, with minimal changes in extracellular

fluid volume or systemic hemodynamics. When kidney

function is markedly impaired or when the various neuro-

humoral mechanisms malfunction, systemic hemodynamic

adjustments, such as changes in blood pressure, often

must be invoked to help re-establish salt and water balance.

In this chapter, we discuss the renal-body fluid feed-

back, one of the most powerful systems for controlling

arterial pressure and maintaining fluid balance, and its

interactions with multiple hormonal and intrarenal factors.

II. LONG-TERM CONTROL OF ARTERIAL
PRESSURE BY RENAL-BODY FLUID
FEEDBACK SYSTEM

Because arterial pressure is the product of cardiac output

and total peripheral resistance, it is easy to overlook the

role of renal excretory function in regulating arterial

pressure and to focus on factors that directly affect vascu-

lar and cardiac function in considering mechanisms of

hypertension. However, hypertension is a disturbance of

long-term blood pressure control and is closely intertwined

with regulation of extracellular fluid volume, which is

determined by the balance between fluid intake and renal

excretion. Even temporary imbalances between fluid

intake and output can alter extracellular fluid volume,

cardiac output, and eventually peripheral vascular resist-

ance via autoregulatory mechanisms (1–3).

To maintain life, there must be a precise balance

between fluid intake and output in the steady-state, a

task that is performed by multiple systems that regulate

renal excretion in response to changes in intake. In fact,

it is more critical for the body to maintain fluid balance

than a normal level of arterial pressure. Therefore,

chronic increase in blood pressure often serves as a com-

pensatory mechanism to increase renal excretion and

re-establish electrolyte and fluid balance in the face of

impaired kidney function.

A. Pressure Natriuresis as a Key Component
of the Renal-Body Fluid Feedback

The term pressure natriuresis refers to the effect of the

increased arterial pressure to raise renal sodium excretion.

This effect is especially potent with chronic changes in

arterial pressure so that sustained increases in arterial

pressure of only a few mmHg can evoke large increases

in sodium excretion, as long as kidney function is not

impaired (1,2,4,5). One of the main reasons that the

chronic pressure natriuresis mechanism is so potent is

that it is modulated by the various hormonal systems.

Renal-pressure natriuresis is a key component of a

feedback system that normally stabilizes arterial pressure

and body fluid volumes (Fig. 8.1). For example, a disturb-

ance that tends to elevate arterial pressure, such as an

122 Etiology, Physiology, and Pathophysiology



increase in peripheral vascular resistance, will provoke an

increase in sodium and water excretion via pressure

natriuresis, if kidney function is not impaired. As long

as renal excretion exceeds fluid intake, extracellular

fluid volume will continue to decrease, reducing venous

return and cardiac output until blood pressure returns

to normal and fluid intake and output are balanced

once again. The opposite occurs when blood pressure

decreases.

B. Resetting of Renal-Pressure Natriuresis
in Hypertension

A key feature of the renal-pressure natriuresis mechanism

is that it has an infinite feedback gain, which means that it

continues to operate until arterial pressure returns to the

initial set-point (1). Therefore, as long as pressure natriur-

esis is unaltered, any disturbance that tends to increase

arterial pressure, such as an increase in total peripheral vas-

cular resistance, will be counteracted by increased sodium

excretion and decreased extracellular fluid volume. For

sodium balance to be maintained in the face of sustained

hypertension, there must be a concomitant shift of pressure

natriuresis to higher blood pressures.

Although renal-pressure natriuresis is clearly reset in all

forms of hypertension, the precise causes of impaired

kidney function have remained elusive, especially for

human essential hypertension. Measurements of many

indices of kidney function, such as serum creatinine, glo-

merular filtration rate, or renal blood flow, after hyperten-

sion is established, or even during the slow insidious

development of hypertension, often do not reveal major

abnormalities. The reason for this is that these

measurements represent a summation of the pathophysio-

logical processes that cause hypertension and compensa-

tory mechanisms that alter renal function and usually

restore fluid balance to nearly normal. In some patients

with essential hypertension, certain indices of kidney func-

tion, such as renal plasma flow and glomerular filtration

rate, are actually increased, suggesting that the impairment

of pressure natriuresis may be due primarily to increased

renal tubular reabsorption rather than renal vasoconstric-

tion. In other patients, glomerular filtration rate and renal

plasma flow may be normal or reduced. It therefore

seems likely that multiple aberrations of renal function

may contribute to impaired pressure natriuresis in different

patients with essential hypertension. The one measure of

renal function, however, that is impaired in all patients

with hypertension is renal-pressure natriuresis.

An important characteristic of renal-pressure natriur-

esis in normotensive and hypertensive subjects is that it

is modulated by multiple neurohumoral systems that

control renal hemodynamics and tubular reabsorption. It

is through these effects that the various hormone systems

have their most important effects on long-term blood

pressure regulation. The rest of this chapter will, therefore,

be devoted to some of the hormone systems that have a

major influence on renal-pressure natriuresis and long-

term blood pressure regulation.

III. RENIN–ANGIOTENSIN SYSTEM

The renin–angiotensin system is perhaps the body’s most

powerful hormone system for regulating body fluid

volumes and arterial pressure. Angiotensin II, the major
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Figure 8.1 Renal-body fluid feedback mechanism for long-term regulation of arterial pressure and body fluid volumes.
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active component of this system, is a potent vasoconstrictor

but its long-term effects on arterial pressure are closely

related to its direct and indirect effects on the kidneys (6–9).

Figure 8.2 shows the powerful influence of angiotensin

II on long-term renal-pressure natriuresis. When the

renin–angiotensin system is fully functional, the chronic

relationship between arterial pressure and sodium

excretion is extremely steep, so that minimal changes in

arterial pressure are needed to maintain sodium balance

over a wide range of sodium intakes (10). A major

reason for the steepness of the normal pressure natriuresis

curve is that angiotensin II levels are suppressed when

sodium intake is raised and, conversely, angiotensin II

levels are increased when sodium intake is restricted.

These changes in angiotensin II, in turn, alter renal hemo-

dynamics and tubular sodium reabsorption, helping to

adjust renal sodium excretion appropriately during

changes in sodium intake without the need to invoke

large changes in arterial pressure to maintain sodium

balance. In other words, when the renin–angiotensin

system is functioning normally, blood pressure is rela-

tively salt-insensitive in most cases.

If the renin–angiotensin system cannot respond effec-

tively to changes in salt intake, either because of a very

low, fixed angiotensin II or because of a high, fixed angio-

tensin II, blood pressure becomes very salt-sensitive. For

example, if angiotensin II is infused at a low rate, which

initially has no major blood pressure effect, but it

prevents angiotensin II levels from being suppressed, this

impairs pressure natriuresis, thereby necessitating greater

increases in arterial pressure to maintain sodium balance

when salt intake is raised (10). Blockade of angiotensin II

formation, with angiotensin II receptor antagonists or angio-

tensin-converting enzyme (ACE) inhibitors also makes

blood pressure very salt-sensitive, although it increases

renal excretory capability so that sodium balance can be

maintained at lower blood pressures (9,10).

Thus, the inability to suppress angiotensin II forma-

tion greatly attenuates the effectiveness of pressure

natriuresis and causes blood pressure level to be very

salt-sensitive. This is true whether angiotensin II levels

are inappropriately elevated or whether they are inappro-

priately reduced; in either case, the inability to decrease

angiotensin II formation as salt intake is increased

causes blood pressure to increase as salt intake is

raised and to decrease as salt intake is reduced below

normal. However, inappropriately high levels of angio-

tensin II obviously cause blood pressure to be regulated

at an elevated level.

The extreme importance of the interrelationships between

arterial pressure, sodium excretion, and angiotensin II can

be illustrated if renal perfusion pressure is servo-controlled

to prevent pressure natriuresis during chronic angiotensin

II hypertension. Infusion of angiotensin II normally

usually causes a transient decrease in sodium excretion

lasting for 1–2 days, followed by a rapid return of

sodium excretion to normal (11). This is similar to the

“escape” from sodium retention associated with mineralo-

corticoid excess (12). However, when renal perfusion

pressure was servo-controlled at the normal pressure

Figure 8.2 Steady-state relationships between arterial pressure and sodium intake and excretion. Sodium intake and excretion is shown

under normal conditions with a functional renin–angiotensin system, after blockade of angiotensin II formation with an ACE inhibitor,

and after angiotensin II infusion at a low dose to prevent angiotensin II levels from being suppressed when sodium intake is increased. The

numbers in parentheses are estimated angiotensin II levels expressed as times normal. [Adapted from Hall et al. (10).]
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during angiotensin II hypertension, escape from sodium

retention did not occur and cumulative sodium balance

continued to increase until symptoms of pulmonary

edema developed after only a few days (Fig. 8.3) (11).

We also found similar results in other models of hyper-

tension caused by chronic infusion of antinatriuretic or

antidiuretic hormones, such as aldosterone, vasopressin,

norepinephrine, and adrenocorticotrophic hormones

(ACTH) (2,13). In each case, pressure natriuresis played

a dominant role in maintaining sodium and water

balance when excretory function of the kidneys was

impaired by excessive levels of antinatriuretic hormones.

A. Renal Hemodynamic Actions of
Angiotensin II

The sodium-retaining effect of angiotensin II and its

modulation of pressure natriuresis could occur as a result

of decreased glomerular filtration rate or increased

tubular reabsorption. However, considerable evidence

indicates that physiologic levels of angiotensin II, such

as those that occur when the renin–angiotensin system is

activated by sodium depletion or renal artery stenosis, do

not usually reduce glomerular filtration rate, but rather

increase tubular reabsorption and help to prevent

decreases in glomerular filtration rate (8,9).

1. Angiotensin II-Mediated Constriction of

Efferent Arterioles

Activation of the renin–angiotensin system usually occurs

as a compensation for conditions associated with

decreased arterial pressure and underperfusion of the

kidney, such as severe sodium depletion, renal artery ste-

nosis, or congestive heart failure. In these instances, block-

ade of intrarenal or circulating angiotensin II, by infusion

of angiotensin II antagonists or ACE inhibitors, may

reduce glomerular filtration rate even though renal blood

flow is preserved (6,9). The impairment of glomerular fil-

tration rate (glomerular filtration rate) caused by angioten-

sin II blockade in these situations appears to be related to

inhibition of the constrictor effects of angiotensin II on

efferent arterioles as well as the reduced blood pressure.

The renin–angiotensin system usually works coopera-

tively with other autoregulatory mechanisms, such as tubu-

loglomerular feedback and myogenic activity, to maintain a

relatively constant glomerular filtration rate during reduced

perfusion of the kidney. The effect of angiotensin II appears

to be the most important when renal perfusion pressure is

reduced to very low levels, near the limits of autoregulation,

or when other disturbances such as sodium depletion are

superimposed on low renal perfusion pressure (6,9). The

importance of the angiotensin II constrictor effect on effer-

ent arterioles becomes especially important in patients with

bilateral renal artery stenosis or stenosis of a solitary

kidney; in these cases, ACE inhibition or angiotensin II

blockade may cause severe decreases in glomerular fil-

tration rate (14,15). The vasoconstrictor effect of angioten-

sin II on efferent arterioles also helps to prevent decreases in

glomerular filtration rate during congestive heart failure,

Bartter’s syndrome, severe sodium depletion, or when

high plasma protein concentration is reduced because of

cirrhosis or hypoalbuminemia [see Refs. (6,9) for review].

By stabilizing glomerular filtration rate, the constrictor

effect of angiotensin II on efferent arterioles helps to main-

tain normal excretion of metabolic waste products that

depend primarily upon glomerular filtration rate for their

renal clearance. At the same time, angiotensin II causes

sodium and water retention through multiple mechanisms

that increase renal tubular reabsorption.

2. Increased Angiotensin II Exacerbates

Glomerular Injury in Overperfused Kidneys

Although blockade of the constrictor action of angiotensin

II on efferent arterioles can cause a further decline in glo-

merular filtration rate in underperfused nephrons, renin–

Figure 8.3 Effects of angiotensin II infusion. Effects of

infusion in a dog in which renal perfusion pressure was servo-

controlled at a normal level. After 4 days, severe sodium and

water retention resulted in pulmonary edema. [Adapted from

Hall et al. (11).]
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angiotensin system blockade is beneficial when the

kidneys are overperfused and angiotensin II formation is

not appropriately suppressed, as occurs in diabetes melli-

tus and in certain forms of hypertension that lead to pro-

gressive glomerulosclerosis. In these instances, renin–

angiotensin system blockade reduces efferent arteriolar

resistance as well as arterial pressure, and therefore

lowers glomerular hydrostatic pressure and wall stress in

the overperfused and overstretched glomerular capillaries.

Experimental and clinical studies suggest that renin–

angiotensin system blockers may be more effective than

other antihypertensive agents in preventing glomerular

injury and in slowing the progression of renal disease

probably due, at least in part, to greater reductions in glo-

merular hydrostatic pressure (16,18).

3. Does Angiotensin II Cause Renal

Injury via Nonhemodynamic Effects?

There is little doubt that renin–angiotensin system block-

ade, with ACE inhibitors or angiotensin II receptor antag-

onists, can slow progression of renal disease in patients

with diabetes and hypertension. What has been less clear

is whether the deleterious renal effects of excessive

renin–angiotensin system activation are mainly due to

direct tissue specific actions of angiotensin II or to hemo-

dynamic effects of angiotensin II, including increased

blood pressure and efferent arteriolar constriction, which

both raise glomerular hydrostatic pressure.

Physiological studies do not support the concept that

moderate increases in angiotensin II, in the absence of

increased arterial pressure, promote renal injury. For

example, activation of the renin–angiotensin system by

sodium depletion does not cause renal injury. Also, there

does not appear to be any evidence of glomerular injury

in the clipped kidney of the 2-kidney, 1-clip model of

Goldblatt hypertension, which is chronically exposed to

very high levels of angiotensin II but protected from

increased arterial pressure by the clip on the renal artery

(19). In contrast, the unclipped kidney which is exposed

to high blood pressure and only moderate increases in

angiotensin II has severe renal injury (19).

The belief that angiotensin II contributes to target organ

damage by directly promoting tissue fibrosis is largely

based on two main lines of evidence: (1) In vitro studies

have shown that angiotensin II can directly cause vascular

hypertrophy and increase collagen formation in various

tissues, including mesangial cells; (2) Some experimental

studies suggest that renin–angiotensin system blockade

may reduce renal injury and proteinuria through mechan-

isms that are independent of reductions in blood pressure

(20). Most in vitro studies, however, are limited because

of the high concentrations of angiotensin II (often

1026 moles/L or higher) needed to produce tissue fibrosis.

Many of the in vivo experimental studies are compli-

cated by the fact that blood pressure has usually been

measured intermittently with indirect methods. Studies in

rats in which blood pressure was measured directly by

radio-telemetry, 24 h/day, suggest that reductions in

blood pressure may be primarily responsible for the

renal protection associated with renin–angiotensin

system blockade (21).

Clinical trials in both diabetic and nondiabetic nephro-

pathy have shown some benefit of renin–angiotensin

system blockade, compared with other antihypertensive

therapies, in slowing progression of renal disease.

However, most of these studies have not assessed blood

pressure throughout the day to determine accurately the

hemodynamic load on the kidneys. Results from two

major clinical trials, the Reduction of Endpoints in

NIDDM with the Angiotensin II Antagonist Losartan

(RENAAL) and Irbesartan Diabetic Nephropathy

(IDNT), illustrate the limitations of the usual approach

in assessing the role of blood pressure in renal disease

(17,22). Patients with diabetic nephropathy who were

treated with angiotensin receptor antagonists had a

decline in glomerular filtration rate of �5 mL/min per

year, whereas diabetic patients treated with other antihy-

pertensive drugs had a decline in glomerular filtration of

�6 mL/min per year. Because the usual rate of decline

in glomerular filtration rate in patients with diabetic

nephropathy and untreated hypertension is �12 mL/min

per year, all antihypertensive therapies that effectively

lowered blood pressure appear to protect the kidneys

(23). The further glomerular filtration rate protection of

1 mL/min per year observed with angiotensin II receptor

blockade, compared to other therapies, was modest and

might be explained by the slightly greater reductions in

blood pressure observed in this group (23). Therefore,

results from clinical trials and from animal studies in

which very accurate measurements of arterial pressure

have been made, 24 h/day, suggest that reductions in sys-

temic arterial pressure and glomerular hydrostatic pressure

may explain most, if not all, of the beneficial renal effects

of renin–angiotensin system blockade.

4. Effects of Inability to Suppress Angiotensin II

Formation in Overperfused Kidneys

We have already noted that the lack of an appropriate

reduction in angiotensin II formation may cause salt-

sensitive hypertension as well as increased glomerular

pressure which itself tends to cause renal injury. The

glomerulus initially responds to increased pressure and

wall stress with mesangial cell proliferation and increased

collagen which helps to prevent the glomerular capillaries

from being overstretched. Over the long-term, however,

the continued structural fortification impinges on the
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lumen of the capillary and, along with increased thicken-

ing of basement membranes, eventually causes loss of

glomerular capillary function if the increased capillary wall

stress is not relieved by reduction of glomerular pressure.

The loss of glomerular capillary function tends to cause

sodium and water retention and further impairment of

pressure natriuresis, causing additional increase in blood

pressure. Although higher blood pressure serves the

immediate need of restoring sodium balance, it also

causes further glomerular injury. Thus, glomerular over-

perfusion, especially in the presence of increased levels

of angiotensin II and systemic hypertension, may initiate

a slow insidious cycle that causes more and more

nephron loss, a greater shift of pressure natriuresis, and

higher and higher blood pressures that are needed to main-

tain sodium and water balance (8) (Fig. 8.4). Blockade of

the renin–angiotensin system can break this cycle not only

by lowering arterial pressure, but also by reducing efferent

arteriolar resistance that lowers glomerular capillary

hydrostatic pressure and wall stress.

B. Angiotensin II Promotion of
Sodium Reabsorption

The antinatriuretic actions of angiotensin II are mediated

mainly by increased renal tubular reabsorption, except in

pathophysiological conditions in which angiotensin II con-

tributes to progressive glomerulosclerosis and loss of

nephron function.

Angiotensin II increases tubular sodium reabsorption

by intrarenal as well as extrarenal effects, such as stimu-

lation of aldosterone (8,9). The direct intrarenal actions

of angiotensin II occur at very low concentrations, con-

siderably below those needed for extrarenal effects such

as peripheral vasoconstriction. For example, angiotensin

II constricts isolated efferent arterioles at concentrations

as low as 10212 M, whereas peripheral arterioles are

much less sensitive to angiotensin II (6,9). angiotensin II

also directly increases tubular transport at concentrations

as low as 10213 M (24,25). Thus, two intrarenal effects

of angiotensin II that occur at very low concentrations

and that contribute to sodium and water retention

include constriction of efferent arterioles and direct stimu-

lation of tubular sodium transport.

1. Altered Peritubular Capillary Dynamics and

Medullary Blood Flow

Angiotensin II-mediated constriction of efferent arterioles

reduces renal blood flow and peritubular capillary hydro-

static pressure, while raising peritubular colloid osmotic

pressure as a result of increased filtration fraction (8,9).

These changes reduce renal interstitial fluid hydrostatic

pressure (RIHP) and raise interstitial fluid colloid

osmotic pressure, thereby increasing the driving force for

fluid reabsorption across the tubular epithelium and by

diminishing backleak of sodium actively transported into

the intercellular spaces (8,9).

Angiotensin II-mediated reductions in renal medullary

blood flow, either as a result of efferent arteriolar constric-

tion or direct effects on the vasa recta contractile elements,

may also contribute to increased reabsorption in the loop

of Henle and collecting ducts (8,9). Thus, there are

several potential mechanisms by which subtle changes in

renal hemodynamics, with little or no change in glomeru-

lar filtration rate and filtered sodium load, could enhance

sodium reabsorption.

2. Increased Proximal Tubular

Sodium Reabsorption

Multiple studies indicate that angiotensin II, at very low,

physiologic concentrations of angiotensin II (10213–

10210 M), directly increases proximal tubular reabsorption

(8,24,25). On the luminal membrane of the proximal

tubule, angiotensin II stimulates hydrogen ion secretion

and sodium bicarbonate reabsorption via activation of

the sodium–hydrogen antiporter (26) (Fig. 8.5). On the

basolateral membrane, angiotensin II stimulates sodium–

potassium ATPase activity as well as sodium bicarbonate

co-transport (27,28). At least part of the stimulatory effect

of angiotensin II on proximal sodium transport appears to

be coupled to inhibition of the adenylyl cyclase and

increased phospholipase C activity (26,29). Thus, angio-

tensin II, at physiologic concentrations, increases proximal

reabsorption by multiple mechanisms that enhance sodium

entry into the epithelial cells as well as sodium extrusion
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Figure 8.4 Postulated effect of inappropriately increased

angiotensin II. Figure illustrates possible chronic effects of

greater increases in angiotensin II on pressure natriuresis, shifting

it to higher and higher arterial pressures.
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into the interstitial fluid and then into the peritubular

capillaries.

3. Increased Sodium Reabsorption in

Distal Parts of the Nephron

Specific binding of angiotensin II has been demonstrated

at almost all sites along the distal nephron, including the

thick ascending loop of Henle, distal convoluted tubule,

and cortical and medullary collecting tubules (30,31).

Autoradiographic studies also indicate a high level of

angiotensin II binding in the renal medulla.

Whole kidney studies, using the lithium clearance tech-

nique suggest that physiological concentrations of angio-

tensin II increase reabsorption in the distal nephron,

although this method does not allow assessment of specific

sites at which angiotensin II may increase reabsorption

(8,9). In vivo microperfusion studies indicate that angio-

tensin II, at physiological concentrations, increases bicar-

bonate reabsorption in the loop of Henle (32). Also,

angiotensin II stimulates sodium–potassium-2 chloride

transport in the medullary thick ascending loop of Henle

(33). Angiotensin II also stimulates amiloride-sensitive

sodium channels in the initial part of the collecting tubule

(34). In sodium chloride-restricted rats administration of

an angiotensin receptor antagonist markedly decreased the

abundance of the alpha-subunit of the epithelial sodium

channel, which suggests that angiotensin II regulates

epithelial sodium channel abundance and collecting duct

function (35).

One of the strongest pieces of evidence suggesting that

angiotensin II has powerful effects on distal sodium reab-

sorption is the fact that angiotensin II is capable of redu-

cing sodium excretion to virtually zero without decreases

in glomerular filtration rate. Thus, angiotensin II increases

sodium reabsorption at multiple sites, including the distal

parts of the nephron, where final processing of the urine

takes place.

4. Increased Macula Densa Feedback Sensitivity

One distal tubular site that is particularly important in

determining the final urinary excretion of sodium chloride

is the macula densa. The macula densa is a crucial com-

ponent of tubuloglomerular feedback that operates as

follows: when there is an increase in sodium chloride

delivery to the macula densa, this causes (through mechan-

isms that have not been fully elucidated) constriction of

afferent arterioles, which reduces glomerular hydrostatic

pressure and glomerular filtration rate, thereby helping to

return macula densa sodium chloride delivery toward

normal (36). The signal sensed by the macula densa

appears to be closely related to sodium chloride transport

by these cells rather than tubular fluid sodium chloride

delivery or concentration per se because inhibition of

sodium chloride reabsorption in the loop of Henle dis-

sociates distal tubular sodium chloride concentration and

tubuloglomerular feedback (36,37).

There are angiotensin II AT1 binding receptors on

macula densa cells and multiple studies have demonstrated

that angiotensin II increases tubuloglomerular feedback

sensitivity (31,36,37). It is unlikely that angiotensin II

influences tubuloglomerular feedback by directly increas-

ing afferent arteriolar tone because other vasoconstrictors,

such as norepinephrine, which have even greater effects on

afferent arterioles, do not markedly enhance tubuloglo-

merular feedback sensitivity. On the basis of experimental

studies and results of mathematical modeling of renal

hemodynamics and the renin–angiotensin system, we

suggested almost 20 years ago that angiotensin II increases

tubuloglomerular feedback sensitivity by stimulating

macula densa sodium chloride transport (9,38) (Fig. 8.6).

Bell and co-workers (39,40), using isolated, perfused

macula densa preparations, have more recently shown

that angiotensin II directly stimulates Naþ22Hþ exchange

as well as Naþ222Cl222Kþ co-transport in the apical

membrane of macula densa cells. Thus, angiotensin II

stimulated sodium chloride transport by the macula

densa shifts the relationship between the distal sodium

Figure 8.5 Increased proximal tubular reabsorption through

action by angiotensin II. Angiotensin II binds to receptors in

the luminal and basolateral membranes and stimulates the

Naþ/Hþ antiporter, Naþ/HCO3
2 co-transport, and Naþ/Kþ

ATPase activity. Angiotensin II also increases reabsorption by

increasing interstitial fluid colloid osmotic pressure and by

decreasing interstitial fluid hydrostatic pressure.
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chloride delivery and the macula densa transport, thereby

increasing tubuloglomerular feedback sensitivity; for any

given level of sodium delivery, a greater rate of transport

and a greater degree of afferent arteriolar constriction

would occur in the presence of increased angiotensin II

(8,9).

From a physiological point of view, a stimulatory effect

of angiotensin II on macula densa sodium chloride trans-

port and increased tubuloglomerular feedback sensitivity

are highly beneficial because this permits decreased

distal sodium chloride delivery to be maintained without

a compensatory increase in glomerular filtration rate. A

maintained reduction in distal sodium chloride delivery,

due to increased proximal tubule and loop of Henle reab-

sorption and the resetting of the macula densa feedback,

can then combine with a stimulatory effect of angiotensin

II on reabsorption in more distal sites to provide a very

powerful mechanism for conserving sodium. However,

excessive formation of angiotensin II could impair renal-

pressure natriuresis and cause hypertension by stimulating

sodium reabsorption at the macula densa as well as other

sites in the renal tubule.

IV. ALDOSTERONE AND PRESSURE
NATRIURESIS

Aldosterone is a powerful sodium-retaining hormone,

exerting multiple effects on the collecting ducts to stimu-

late sodium reabsorption and potassium secretion (1,7).

These effects are due, in large part, to binding of aldoster-

one with intracellular mineralocorticoid receptors (MR)

and activation of transcription of target genes which, in

turn, increase synthesis or activation of the Naþ22Kþ

ATPase pump and activate amiloride-sensitive Naþ chan-

nels on the luminal side of the epithelial membrane. These

effects are termed “genomic” because they are mediated

by activation of gene transcription and require 30–

60 min to occur after administration of aldosterone.

Recent studies suggest that aldosterone may also elicit

more rapid nongenomic effects (42). For example, in prin-

cipal cells of the cortical collecting tubule, aldosterone has

been reported to increase the sodium current through the

amiloride-sensitive channel in ,2 min after application

(43). Aldosterone also rapidly stimulates Naþ22Hþ

exchange in kidney epithelial cells (42,43). The putative

membrane receptor responsible for these rapid non-

genomic actions of aldosterone has not yet been cloned

and the cell signaling mechanisms involved have not

been fully elucidated. Therefore, the importance of the

nongenomic effects of aldosterone in long-term regulation

of renal-pressure natriuresis and blood pressure are still

unclear.

The overall effects of aldosterone on renal-pressure

natriuresis are similar to those observed for angiotensin

II, except they are somewhat less potent. Excess aldoster-

one secretion decreases the slope of pressure natriuresis so

that blood pressure becomes very salt-sensitive. Although

raising plasma aldosterone 6–10-fold may cause marked

hypertension when sodium intake is normal or elevated,

very little effect on blood pressure occurs when sodium

intake is low (1).

Because angiotensin II is a major physiological regula-

tor of aldosterone secretion, some of the effects of

angiotensin II on tubular reabsorption are mediated by

aldosterone. However, several other factors besides

angiotensin II also regulate aldosterone secretion and it

is increasingly recognized that blockade of MR may

provide additional reductions in blood pressure even

after blockade of the renin–angiotensin system. For

example, the combination of a renin–angiotensin system

blocker (e.g., ACE inhibitor) and a MR blocker is more

effective than either alone in lowering arterial pressure

in hypertensive patients (43).

The role of excess aldosterone in human hypertension

has been a topic of renewed interest in recent years, with

some investigators suggesting that hyperaldosteronism

may be more common than previously believed, especially

in patients with resistant hypertension. For example, the

prevalence of primary hyperaldosteronism was reported

to be almost 20% among patients referred to a hyperten-

sion specialty clinic for resistant hypertension (44). The

resistant subjects in that cohort were generally obese

(53), as is true for many patients with primary (essential)

hypertension (45).

Studies in experimental animals and in humans have

provided evidence that antagonism of aldosterone may

provide an important therapeutic tool for attenuating
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Figure 8.6 Postulated relationships among macula densa

sodium chloride delivery, macula densa sodium chloride trans-

port, and afferent arteriolar resistance. Relationships illustrated

for normal conditions and for conditions when angiotensin II

levels are increased by sodium depletion.
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target organ injury as well as for lowering blood pressure

in experimental and human hypertension (46). We have

shown, for example, that antagonism of aldosterone mark-

edly attenuated sodium retention, hypertension, and glo-

merular hyperfiltration in obese dogs fed with a high fat

diet (47) (Fig. 8.7). This finding was somewhat surprising

in view of the fact that obesity causes only small increases

in plasma aldosterone concentration (45,47). However,

even modest increases in plasma aldosterone

concentration may contribute to increases in arterial

pressure when accompanied by marked sodium retention

and volume expansion as occurs in obesity hypertension.

The attenuation of sodium reabsorption and hypertension

by aldosterone antagonism was especially impressive con-

sidering the fact that PRA, and presumably angiotensin II

formation, was several fold higher after aldosterone antag-

onism. This suggests that combined blockade of aldoster-

one and angiotensin II might be even more effective in

preventing obesity-induced sodium retention and

hypertension.

The fact that aldosterone antagonism markedly attenu-

ated glomerular hyperfiltration associated with obesity

may have important implications for renal protection.

Although there are no studies, to our knowledge, which

have tested this concept directly in hypertensive subjects,

previous studies in various experimental models of hyper-

tension have provided evidence that aldosterone antagon-

ism attenuates hypertension induced renal injury as well

injury in other organs (46). These observations suggest

that aldosterone antagonism may be an important thera-

peutic tool for treatment or preventing target organ

injury in hypertension, although the precise mechanisms

by which aldosterone antagonism protects against renal

and cardiovascular disease have not been fully elucidated.

V. ATRIAL NATRIURETIC PEPTIDE

Atrial natriuretic peptide is a 28 amino acid peptide syn-

thesized and released from atrial cardiocytes in response

to stretch. After atrial natriuretic peptide is released from

the atria, it enhances sodium excretion through extrarenal

and intrarenal mechanisms (48,49) (Fig. 8.8). Atrial natriure-

tic peptide increases glomerular filtration rate, while having

no effect on renal blood in flow. However, an increase glo-

merular filtration rate is not a prerequisite for atrial natriure-

tic peptide to enhance sodium excretion. Atrial natriuretic

peptide may alter tubular sodium reabsorption either

directly by inhibiting the active tubular transport of

sodium or indirectly via alterations in medullary blood

flow, physical factors, and intrarenal hormones (49).

Whole-kidney clearance and micropuncture studies

have provided evidence for an effect of atrial natriuretic

peptide in the proximal tubule (48). However, this effect

of atrial natriuretic peptide in the proximal tubule is

caused mainly by antagonizing angiotensin II-stimulated

sodium transport (48). Biochemical and physiological

data indicate that the collecting tubules and ducts are

also important nephron sites for direct actions of atrial

natriuretic peptide. Results from microcatheterization

studies suggest that atrial natriuretic peptide lowers frac-

tional sodium reabsorption in the medullary collecting

ducts (48). Administering atrial natriuretic peptide to

Figure 8.7 Changes (D) in mean arterial pressure (mmHg),

cumulative sodium balance (mmol), and glomerular filtration

rate (mL/min). Changes shown in control, untreated dogs and

in eplerenone-treated (10 mg/kg, twice daily) dogs that were

fed a high-fat diet for 5 weeks to develop obesity. [Adapted

from de Paula, da Silva, and Hall (47).]
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inner medullary collecting duct cells decreased oxygen

consumption, which mainly reflects active sodium trans-

port in these cells. Atrial natriuretic peptide has also

been reported directly to inhibit sodium and water absorp-

tion in the cortical collecting duct (48). Thus, it appears

that atrial natriuretic peptide directly inhibits sodium

transport in the outer and inner medullary collecting ducts.

Atrial natriuretic peptide also has important actions at

several sites of the renin–angiotensin system cascade (48).

Intrarenal or intravenous infusion of atrial natriuretic

peptide reduces renin secretion rate, presumably by a

macula densa mechanism because atrial natriuretic

peptide failed to reduce renin secretion in nonfiltering

kidneys. The reduction in renin secretion would decrease

intrarenal levels of angiotensin II, which could contribute

to atrial natriuretic peptide-induced natriuresis. When

intrarenal levels of angiotensin II were prevented from

decreasing, the natriuretic effects of atrial natriuretic

peptide were blunted (48).

Atrial natriuretic peptide also decreases aldosterone

release from the adrenal zona glomerulosa cells (48,49).

Two mechanisms for atrial natriuretic peptide-induced

suppression of aldosterone release have been suggested:

a direct action on adrenal glomerulosa cells and reduced

circulating levels of angiotensin II that are a result of sup-

pressed renin secretion under in vivo conditions (48).

Although the suppression of aldosterone release would

not play a role in mediating the acute natriuretic responses

to atrial natriuretic peptide, decreases in circulating levels

of aldosterone could contribute to the long-term actions of

atrial natriuretic peptide on sodium balance and arterial

pressure regulation.

Plasma levels of atrial natriuretic peptide are elevated

in numerous physiological conditions associated with

enhanced sodium excretion (48,49). Acute saline of

blood volume expansion consistently elevates circulating

levels of atrial natriuretic peptide. Some, but not all, inves-

tigators have reported that chronic increases in dietary

sodium intake raise circulating levels of atrial natriuretic

peptide. Several studies have reported that infusions of

exogenous atrial natriuretic peptide at rates that result in

physiologically relevant plasma concentrations, compar-

able to those observed during volume expansion, have sig-

nificant renal and cardiovascular effects (48,50). Infusion

of atrial natriuretic peptide at a rate that causes a

twofold increase in plasma atrial natriuretic peptide

elicits significant natriuresis, especially in the presence

of other natriuretic stimuli, such as high renal per-

fusion pressure (48). Long-term physiological elevations

in plasma atrial natriuretic peptide also shift the renal-

pressure natriuresis relationship and reduce arterial

pressure (50).

The development of genetic mouse models that exhibit

chronic alterations in expression of the genes for atrial

natriuretic peptide or its receptors (NPR-A, NPR-C)

have also provided compelling evidence for a role of

atrial natriuretic peptide in chronic regulation of renal-

pressure natriuresis and blood pressure (51). Transgenic

mice overexpressing atrial natriuretic peptide gene are

hypotensive relative to the nontransgenic littermates,
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Figure 8.8 Mechanisms whereby atrial natriuretic peptide enhances sodium excretion in response to increases in sodium intake.
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whereas mice harboring functional disruptions of the atrial

natriuretic peptide or NPR-A genes are hypertensive. The

atrial natriuretic peptide gene knockout mice develop a

salt-sensitive form of hypertension associated with

failure to adequately suppress the renin–angiotensin

system. These findings suggest that genetic deficiencies

in atrial natriuretic peptide or natriuretic receptor activity

could play a role in the pathogenesis of salt-sensitive

hypertension.

VI. RENAL PROSTAGLANDINS

Renal prostaglandins are thought to be important

mediators of vascular function, sodium and water homeo-

stasis, and renin release (48,52). Cyclooxygenase metab-

olizes arachidonic acid into prostaglandin G2 and

subsequently to PGH2, which is then further metabolized

by tissue-specific isomerases to prostaglandins and

thromboxane.

Although the kidney produces many types of prosta-

glandins with multiple functions, the major renal prosta-

glandin controlling sodium excretion is probably PGE2

(48,52). However, production of other arachidonate acid

metabolites, such as prostacyclin, thromboxane, and

20-HETE, may also influence renal-pressure natriuresis

and blood pressure regulation. The largest production of

PGE2 occurs in the medulla with decreasing synthesis in

the cortex. PGE2 is synthesized and rapidly inactivated

and, after it has been synthesized, is released and not

stored. After being released, PGE2 could influence

sodium transport by several intrarenal mechanisms (48).

Support for a possible role for renal prostaglandins in

regulating sodium excretion initially came from studies

that demonstrated a potent natriuresis and diuresis during

intrarenal infusion of PGE2 (48,52). Intrarenal infusion

of PGE2 produces a natriuresis that is associated with

increased renal hemodynamics. Thus, prostaglandins

may reduce sodium reabsorption by a hemodynamic

mechanism and/or through a direct action on tubular

sodium chloride transport. Evidence for a role of endogen-

ous renal prostaglandins in regulating sodium excretion

derives from investigations of the renal effects of nonspe-

cific prostaglandin synthesis inhibitors such as indometha-

cin and meclofenamate. Administration of indomethacin

and meclofenamate in anaesthetized animals undergoing

saline volume expansion significantly attenuates sodium

excretion (52). Furthermore, prostaglandin synthesis

inhibitors significantly blunt the acute pressure natriuretic

response.

Despite numerous reports that prostaglandins may

contribute to the natriuresis of acute physiological pertur-

bations, the importance of endogenous renal prostaglandins

in the long-term regulation of sodium balance remains

unclear (48). Increases in dietary sodium intake have

little or no effect on urinary prostaglandin excretion. In

addition, nonspecific cyclooxgenase inhibitors do not

affect the sodium excretory or blood pressure responses

to chronic alterations in dietary sodium intake. Thus, it

appears that endogenous renal prostaglandins may not

play a major role in regulating sodium excretion during

chronic changes in sodium intake (48).

Although long-term administration of prostaglandin

synthesis inhibitors has very little effect on volume and/
or arterial pressure regulation under normal physiological

conditions, renal prostaglandins may be important in

pathophysiological states associated with enhanced

activity or the renin–angiotensin system (48). In vitro

and in vivo studies indicate that renal prostaglandins

protect the preglomerular vessels form excessive angioten-

sin II-induced vasoconstriction (48). In the absence of this

protective mechanism in pathophysiological states, the

renal vasculature could be exposed to the potent vasocon-

strictor actions of angiotensin II. This could lead to signifi-

cant impairment of renal hemodynamics, reduced

excretory function and hypertension.

It is now known that there are at least two distinct

cyclooxygenases, COX-1 and COX-2 (52). COX-1 is

called the constitutive enzyme because of its wide tissue

distribution; COX-2 has been termed as inducible

because of its more restricted basal expression and its

upregulation by inflammatory or proliferative stimuli

(52). On the basis of the concept that COX-1 performs cel-

lular housekeeping functions for normal physiological

activity and that COX-2 acts at inflammatory sites, it

was initially hypothesized that the renal effects of nonster-

iodal anti-inflammatory drugs (NSAIDS) might be linked

to COX-1 inhibition (52). However, increasing experimen-

tal and clinical evidence has indicated that COX-2 metab-

olites may play a role in the regulation of renal function

under various physiological and pathophysiological con-

ditions (52). COX-2 inhibition has been shown to decrease

urine sodium excretion and induce mild to moderate

increases in arterial pressure. Moreover, blockade of

COX-2 activity can have deleterious effects on renal

blood flow and glomerular filtration rate. In addition to

physiological regulation of COX-2 expression in the

kidney, increased renal cortical COX-2 expression is

seen in experimental models associated with altered

renal hemodynamics and progressive renal injury.

Long-term treatment with selective COX-2 inhibitors

ameliorates functional and structural renal damage in

these conditions (52).

In addition to renal prostaglandins generated via the

COX pathway, other eicosanoids that inhibit tubular

sodium transport are produced by cytochrome P450

(CYP) monooxygenase metabolism of arachidonic acid

(53). CYP enzymes metabolize arachidonic acid primarily
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to 20-HETE and EETs. 20-HETE is a potent constrictor of

renal arterioles that may have an important role in auto-

regulation of renal blood flow and tubuloglomerular

feedback (53). 20-HETE and EETs also inhibit sodium

reabsorption in the proximal tubule and TALH. Com-

pelling evidence suggests that the renal production of

CYP metabolites of arachidonic acid is altered in genetic

and experimental models of hypertension and that this

system contributes to the resetting of pressure natriuresis

and the development of hypertension. In the SHR,

the renal production of 20-HETE is increased and inhibitors

of the formation of 20-HETE decrease arterial pressure (53).

Blockade of 20-HETE synthesis also reduces blood pressure

or improves renal function in deoxycorticosterone acetate

(DOCA)-salt, angiotensin II-infused, and Lyon hypertensive

rats (53). In contrast, 20-HETE formation is reduced in the

thick ascending limb of Dahl S rats and this contributes to

elevated sodium reabsorption (53). Enhanced 20-HETE

synthesis improves pressure natriuresis and lowers blood

pressure in Dahl S rats, whereas inhibitors of 20-HETE

production promote the development of hypertension in

Lewis rats (53).

Studies in humans also suggest that CYP meta-

bolites may play a role in sodium homeostasis. Urinary

20-HETE excretion is regulated by salt intake and is

differentially regulated in salt-sensitive vs. salt-resistant

subjects (54). Moreover, there appears to be a strong nega-

tive relationship between the excretion of 20-HETE and

body mass index, which suggests that some factor

related to obesity may be responsible for decreased syn-

thesis or excretion of this eicosanoid in hypertension

(55). These observations support the possibility that

impaired renal production of 20-HETE could contribute

to impaired renal-pressure natriuresis in human hyperten-

sion, especially when associated with obesity. However,

further mechanistic studies are needed to test the import-

ance of 20-HETE in human hypertension.

VII. ENDOTHELIN

In 1988, Yanagsawa and co-workers characterized an

endothelial-derived vasoconstrictor, a 21 amino acid

peptide subsequently called endothelin (56–58). Endothe-

lin-1 is derived from a 203 amino acid peptide precursor,

preproendothelin, which is cleaved after translation to

form proendothelin. In the presence of a converting

enzyme located within the endothelial cells, proendothelin

or big endothelin is cleaved to produce the 21 amino acid

peptide, endothelin. Increased synthesis of endothelin has

been reported in various diseases associated with cardio-

vascular abnormalities such as hypertension, diabetes,

and chronic renal failure (56–58).

Endothelin receptor binding sites have been identified

throughout the body with the greatest number of receptors

in the kidneys and lungs (56,58). Although the biochemical

and molecular nature of endothelin has been well character-

ized, the physiological importance of endothelin in the regu-

lation of renal and cardiovascular function in disease

processes is still unclear. ETA receptors are primarily

located on vascular smooth muscle cells. These receptors

are thought to be involved in mediating endothelin-1

vasoconstriction and cellular proliferation in various

cardiovascular disease states (56–58). Endothelin-1, via

ETA-mediated vasoconstriction, has been shown to play a

role in various rat models of hypertension including the

DOCA-salt, Dahl salt-sensitive, stroke-prone spontaneously

hypertensive, and angiotensin-infused models (56–60).

More recent studies have focused on the potential phys-

iological and pathophysiological roles of ETB receptor

activation (61,62). ETB receptors are located on multiple

cell types in the brain, on vascular endothelial cells, and

renal epithelial cells. Although the location and the

signal transduction pathways for ETB receptors have

been well characterized, the physiological role of these

receptors has not been fully elucidated. ETB receptors

appear to play a role as clearance receptors, removing

endothelin from the circulation and interstitial spaces

(57,61). A significant role for ETB receptors in the devel-

opment of enteric neurons and melanocytes has been

established. Loss of ETB receptors result in failure of

melanocytes and enteric neurons to develop resulting in

abnormal development of the gastrointestinal tract and

megacolon (58). Activation of vascular ETB receptors by

endothelin-1 or other ligands results in vasodilation,

however, the physiological importance of ETB-mediated

vasodilatation is still unclear.

Experimental evidence suggests that endothelin-1,

acting through the ETB receptors, is involved in the

regulation of sodium balance (57,61,62). The kidneys are

important sites of endothelin-1 production and ETB recep-

tors are expressed at important renal sites of endothelin

synthesis, particularly in the renal medulla. Some of the

first studies using synthetic endothelin-1 demonstrated

that nonpressor doses of endothelin-1 produced significant

natriuresis and diuresis, effects that may be mediated by

activation of ETB receptors (57). It is now known that

ETB receptors are located in various parts of the nephron

including the proximal tubule, medullary thick ascending

limb, collecting tubule and the inner medullary collecting

duct. The highest concentration of ETB receptors appears

to be on the inner medullary collecting duct in the renal

medulla (57). Activation of ETB receptors has been

reported to inhibit sodium and water reabsorption along

various parts of the nephron. Taken together, these data

indicate that endothelin-1, via ETB receptors, may influ-

ence the renal handling of sodium and water.
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In order for the renal endothelin system to be an import-

ant control system for the regulation of sodium balance,

the production of renal endothelin must change in response

to variations in sodium intake. Although there are ample

data showing that endothelin-1 can influence sodium reab-

sorption, there is a paucity of data in the literature examin-

ing the relationship between sodium intake and renal

production of endothelin-1 (57,61). The most compelling

evidence that the endothelin system may play a significant

role in regulating sodium balance and arterial pressure is

the report that transgenic rat deficient in ETB receptors

develop a severe form of salt-sensitive hypertension

(62) (Fig. 8.9). In addition, long-term infusions of

endothelin-1 in rats produce significant chronic hyper-

tension, which was extremely salt-sensitive. Additional

evidence comes from studies indicating that pharmaco-

logical antagonism of ETB receptors produces significant

hypertension in rats (61). The fact that ETB receptor block-

ade produces greater elevations in blood pressure in rats

maintained on a high sodium intake than those on a

normal sodium intake indicates that ETB receptor block-

ade produces a salt-sensitive form of hypertension.

Although endothelin-1 clearly plays a significant role in

the pathogenesis some forms of experimental hyperten-

sion, especially salt-sensitive models, its role in human

primary hypertension is unclear. Bosentan, a combined

ETA/ETB receptor antagonist, significantly lowered

blood pressure in a large, double-blind clinical trial,

which indicates that endothelin system plays a role in

maintaining blood pressure in human hypertension (63).

However, the magnitude of the blood pressure reduction

by bosentan was almost the same as that observed in

normotensive humans. This observation suggests that

endothelin probably does not play a major role in contri-

buting to increased blood pressure in most patients with

essential hypertension. Nevertheless endothelin-1 could

be more important in severe, salt-sensitive hypertension,

a possibility that deserves further investigation.

VIII. NITRIC OXIDE

In 1980, Furchgott and Zawadzki reported that the vascu-

lar endothelium releases a short acting substance which

induces local relaxation of preconstricted arterial rings.

Palmer and co-workers and Ignarro et al. independently

demonstrated that this endothelial-derived relaxing factor

was nitric oxide. Intravenous infusion of competitive

inhibitors of the enzyme responsible for nitric oxide pro-

duction (nitric oxide synthase) induced rapid increases in

blood pressure in various species of animals (64–71).

These effects were rapidly reversed with intravenous infu-

sion of L-arginine, the substrate for nitric oxide synthase.

These studies suggested that tonic release of nitric oxide

by vascular endothelium may be important for regulation

of vascular function. To investigate this concept further,

the long-term effects of nitric oxide synthase inhibition

were examined in normal dogs and rats (64–68). Continu-

ous administration of a competitive inhibitor of nitric

oxide production caused sustained hypertension associated

with reductions in renal hemodynamic function. In the

dog, the magnitude of the increase in blood pressure was

dependent on the dietary sodium intake. The increase in

blood pressure was prevented by simultaneous adminis-

tration of L-arginine despite maintenance of a high

sodium intake. These studies suggest that nitric oxide is

an important factor for the long-term regulation of blood

pressure in normotensive animals and is in some way

related to renal sodium handling.

The renal effector mechanisms whereby reduced nitric

oxide synthesis alters pressure natriuresis can be divided

into hemodynamic and tubular components each of

which may be modulated by processes which are intrinsic

and extrinsic to the kidney (Fig. 8.10). For example,

reductions in nitric oxide synthesis could lead to a

decrease in renal sodium excretory function by directly

increasing basal renal vascular resistance or tubular reab-

sorption or indirectly by activating the renin–angiotensin
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Figure 8.9 Salt-sensitive hypertension in endothelin-B receptor-deficient rats. [Adapted from Gariepy et al. (62).]
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system or by enhancing the renal vascular responsiveness

to vasoconstrictors.

Significant increases in renal vascular resistance,

reductions in renal plasma flow, and reductions in glomer-

ular filtration rate were the earliest changes recognized

in kidneys during inhibition of nitric oxide synthesis

(64–68). Acute intravenous administration of nitric

oxide synthesis inhibitor to normal rats also reduced glo-

merular plasma flow, single nephron glomerular filtration

rate, and glomerular ultrafiltration coefficient, while

increasing afferent and efferent renal arteriolar resistances

and glomerular capillary pressure (64). In the conscious

dog, inhibition of nitric oxide synthesis caused a reduction

in renal plasma flow, while having no effect on glomerular

filtration rate (72). Thus, the effect of nitric oxide synthesis

inhibitors on renal hemodynamics may be species depen-

dent or dependent upon the physiological status of the

animal.

Direct effects of nitric oxide synthesis inhibition on the

renal afferent arteriole have been confirmed in vitro (64).

The effects of nitric oxide synthesis inhibition on renal

hemodynamics may also involve potentiation of endogen-

ous vasoconstrictors such as angiotensin II and norepi-

nehrine (64,71). Inhibition of nitric oxide synthase

potentiates the action of angiotensin II on the afferent

arteriole in microperfused isolated glomeruli. Inhibition

of nitric oxide synthesis potentiates the renal hemody-

namic effects of exogenously administered angiotensin II

in rats and dogs. Under normal conditions, a low intrarenal

dose of angiotensin II or norepinephrine had no effect on

glomerular filtration rate in dogs. In sharp contrast, the

same dose of angiotensin II or norepinephrine decreased

glomerular filtration rate by 30–40% in dogs pretreated

with a nitric oxide synthesis inhibitor (64,71). Thus, it

appears that nitric oxide can oppose the preglomerular

actions of angiotensin II and norepinephrine. Loss of this

protective mechanism in diseases associated with endo-

thelial dysfunction could lead to reductions in glomerular

filtration rate, impaired pressure natriuresis and

hypertension.

There is also evidence for an interaction between nitric

oxide and the sympathetic nervous system (64,73). Several

studies have shown that renal sympathetic nerve activity is

suppressed following stimulation of nitric oxide pro-

duction and increased after systemic administration of

nitric oxide synthesis inhibitors (64). As changes in sym-

pathetic nervous system activity are known to alter both

renal hemodynamics and renal sodium reabsorption,

changes in renal sympathetic nerve activity might also

contribute to the blunted pressure natriuresis observed in

conditions of abnormal nitric oxide production. In favor

of this concept, the development of hypertension follow-

ing nitric oxide synthesis inhibition has been shown to

be both delayed and attenuated in renal denervated rats

(64). In contrast, we have found that bilateral renal dener-

vation in dogs does not alter the renal or hypertensive

effects of chronic systemic nitric oxide synthesis inhibition

(73). Thus, the importance of the interaction between nitric

oxide and the sympathetic nervous system in long-term

blood pressure control is unclear.

Another mechanism whereby nitric oxide synthesis

inhibition may reduce pressure natriuresis is via activation

of the renin–angiotensin system (64,70). Inhibition of

nitric oxide production enhances renin release from rat

cortical kidney slices. Inhibitors of nitric oxide synthesis

also increase plasma renin activity in vivo when there

are changes in renal perfusion pressure and adrenergic

activity. We have shown that intrarenal inhibition of
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Figure 8.10 Mechanisms whereby a decrease in renal nitric oxide synthesis reduces renal-pressure natriuresis and causes

hypertension.
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nitric oxide increased renin release in dogs, an effect that

depends on the macula densa mechanism (71). These find-

ings indicate that nitric oxide may have a direct effect in

suppressing renin release. The effects of nitric oxide that

is derived from various sources within the kidney,

however, may be complex (64).

Reductions in nitric oxide synthesis may also reduce

sodium excretory function either through direct effects

on tubular transport or through changes in intrarenal phys-

ical factors such as renal interstitial hydrostatic pressure or

medullary blood flow (64). Inhibition of nitric oxide syn-

thesis leads to marked reductions in RIHP and urinary

sodium excretion (68). Furthermore, normalization of the

blunted pressure natriuretic response in Dahl S rats pro-

duced during stimulation of nitric oxide production

results from improvement in the kidney’s ability to gener-

ate RIHP in response to changes in renal perfusion

pressure (64). Thus, changes in RIHP appear to be an

important component of the effect of nitric oxide on

sodium reabsorption in vivo.

Most investigators attribute the alterations in RIHP to

changes in flow and pressure in the medullary circulation

(64). Consistent with this hypothesis are observations

that the acute infusion of a v synthase inhibitor directly

into the renal medulla significantly reduces papillary

blood flow, RIHP, and decreases urinary sodium and

water excretion without affecting glomerular filtration

rate or systemic pressure (66). Chronic medullary intersti-

tial infusion of nitric oxide synthase inhibitors in con-

scious rats results in sustained reductions in medullary

blood flow, sustained sodium and water retention, and

hypertension which are reversed when the infusion is dis-

continued (66). These findings demonstrate that reductions

in medullary blood flow may be another important mech-

anism whereby inhibition of nitric oxide in the kidney

leads to a hypertensive shift in pressure natriuresis.

Inhibition of nitric oxide synthesis may have direct

effects on renal tubule transport. Nitric oxide has direct

effects on sodium uptake in cultured cortical collecting

duct cells by altering apical sodium channels (66). Sodium

transport in the cortical collecting duct in vivo is mediated

through changes in cyclic guanosine monophosphate.

Micropuncture studies have shown nitric oxide synthase

inhibitors decrease proximal tubule reabsorption in anesthe-

tized rats (65). This effect has been attributed to antagonism

of angiotensin II-mediated sodium transport. An effect of

nitric oxide on proximal reabsorption has also been inferred

from changes in lithium clearance induced during inhibition

of nitric oxide production. Thus, nitric oxide can affect

sodium reabsorption via direct effects on tubular transport

or indirectly via alteration in medullary blood flow or

renal interstitial hydrostatic pressure.

Several lines of evidence suggest that nitric oxide may

play an important role in the regulation of sodium balance

and in pathogenesis of salt-sensitive hypertension (69).

An increase in renal nitric oxide production or release, as

evidenced by increased urinary excretion of nitric oxide

metabolites or the nitric oxide second messenger, cyclic

guanosine monophosphate, has been reported to be essential

for the maintenance of normotension during a dietary salt

challenge. Prevention of this increase in renal nitric oxide

production resulted in salt-sensitive hypertension (64).

There is also in vitro evidence demonstrating that nitric

oxide synthesis is impaired in some vascular beds in

human essential hypertension. The extent to which these

observations reflect effects of the hypertensive process or

reflect important mechanisms for the pathogenesis of the

hypertensive condition remains unclear.

IX. OXIDATIVE STRESS

Oxidative stress occurs when the total oxidant production

exceeds the antioxidant capacity. Multiple studies suggest

that reactive oxygen species may play a role in the

initiation and progression of cardiovascular dysfunction

associated with diseases such as hyperlipidemia, diabetes

mellitus, and hypertension (74,75). In many forms of

hypertension, the increased reactive oxygen species are

derived from NADPH oxidases, which could serve as a

triggering mechanism for uncoupling endothelial NOS

by oxidants (74–78).

Reactive oxygen species produced by migrating inflam-

matory cells or vascular cells have distinct functional

effects on each cell type (74). These effects include endo-

thelial dysfunction, renal tubule sodium transport, cell

growth, migration, inflammatory gene expression, and

matrix regulation. Reactive oxygen species, by regulating

vascular endothelial, smooth muscle, and renal tubule cell

function, can play a role in altering renal-pressure natriur-

esis and blood pressure regulation (74–80).

Growing experimental evidence supports a role for

reactive oxygen species in various animal models of

sodium-sensitive hypertension (74–78). The Dahl salt-

sensitive (S) rat has increased vascular and renal superox-

ide production and increased levels of hydrogen peroxide.

The renal protein expression of superoxide dismutase is

decreased in the kidney of Dahl S rats, and long-term

administration of Tempol, a superoxide dismutase -

mimetic, significantly decreases arterial pressure and

renal damage. Another salt-sensitive model, the stroke-

prone spontaneously hypertensive rats (SHRs), has elev-

ated levels of superoxide and decreased total plasma anti-

oxidant capacity. Superoxide production is also increased

in the DOCA-salt hypertensive rat. Treatment of the

DOCA-salt rats with apocynin, an NADPH oxidase inhibi-

tor, decreases aortic superoxide production and arterial

pressure.
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The importance of oxidative stress in human hyper-

tension is unclear. An imbalance between total oxidant

production and the antioxidant capacity in human hyper-

tension has been reported to occur in some but not all

studies (74). The equivocal findings in human studies are

most likely due to difficulty of assessing oxidative stress

in humans. Moreover, most of recent human studies

have found that vitamin E and vitamin C supplementation

has little or no effect on blood pressure (74).

X. LEPTIN—AN ADIPOCYTE HORMONE

The discovery of leptin, an adipocyte hormone, led to a

radical change in the view of adipose tissue which pre-

viously had been regarded mainly as a site for storing

energy. White adipocytes are now recognized as serving

endocrine and paracrine functions, secreting a large

number of proteins, including angiotensinogen, adipsin,

acylation-stimulating protein, adiponectin, retinol-binding

protein, tumor neorosis factor a, interleukin 6, plasmino-

gen activator inhibitor-1, fibrinogen-angiopoietin-related

protein, metallothionein, and resistin (81,82). Some of

these proteins play a role in lipid metabolism; others circu-

late in the blood and act as inflammatory cytokines, or they

are involved in sympathetic nervous system regulation,

vascular hemostasis, or the complement system.

One of the most widely studied hormones secreted from

adipose tissue is leptin, a 167 amino acid protein produced

by adipocytes in proportion to the degree of adiposity.

Leptin circulates in the blood and crosses the blood–

brain barrier via a saturable receptor-mediated transport

system (81–83). Leptin binds to its long-form cytokine

receptor in various regions of the hypothalamus and acti-

vates signaling pathways, especially in the arcuate

nucleus, that regulate body weight by decreasing appetite

and increasing energy expenditure (81–83). Evidence that

leptin acts as a powerful controller of body weight comes

from genetic studies of mice and humans demonstrating

that missense mutations of the leptin gene cause

extreme, early-onset obesity (84). Mutations of the leptin

gene, however, are very rare in humans and the importance

of abnormalities of leptin production or sensitivity of

leptin receptors in contributing to obesity is still unclear.

Growing evidence suggests that leptin may be also an

important link between obesity, sympathetic nervous

system activation and hypertension (84) (Fig. 8.11).

There is substantial evidence in rodents that high levels

of leptin can activate sympathetic nervous system activity

and increase arterial pressure (84–86). The rise in blood

pressure with hyperleptinemia is slow in onset and

occurs over a period of several days, despite decreased

food intake that would otherwise tend to lower blood

pressure (86). Moreover, the hypertensive effect of leptin

is enhanced when nitric oxide synthesis is inhibited (87),

as often occurs in obese subjects with endothelial dys-

function. The chronic effects of leptin to raise arterial

pressure are completely abolished by a-adrenergic and

b-adrenergic blockade, which indicates that they are

mediated by adrenergic activation (88).

An observation that favors leptin as a potential link

between obesity and hypertension is the finding that

mice with leptin deficiency and rats with mutations of

the leptin receptor usually have little or no increase in

arterial pressure despite severe obesity, when compared

with their leaner weight controls (84,89). In contrast,

animals with normal leptin production and normal leptin

receptors have substantial increases in blood pressure

during the development of dietary-induced obesity and

this is associated with marked increases in circulating

levels of leptin (84,90,91).

There have been few studies in which blood pressure has

been measured in obese children with leptin gene

mutations. In one study by Ozata et al. (92) four young

patients with homozygous missense mutations of the

leptin gene were found to have early-onset, morbid obesity

but no indication of hypertension. Each of these children

also had impaired sympathetic activity, postural hypo-

tension, and attenuated renin–angiotensin–aldosterone

system responses to upright posture (92). Moreover, the

absence of hypertension occurred in spite of severe

insulin resistance and hyperinsulinemia. These obser-

vations are consistent with those in leptin-deficient mice

and suggest that hyperleptinemia may be an important

factor in linking obesity with sympathetic nervous system

activation and hypertension in humans as well as in

rodents. However, these studies do not rule out the

Figure 8.11 Possible links among leptin and its effects on the

hypothalamus, sympathetic activation, and hypertension. Leptin

may mediate much of its effects on appetite and sympathetic

activity by stimulating other neurochemical pathways, including

alpha-melanocyte-stimulating hormone, which activates melano-

cortin 4-receptors (MC4-R).
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possibility that prolonged obesity may also activate other

mechanisms that raise blood pressure, such as renal

injury (91).

Leptin’s stimulatory effect on sympathetic nervous

system activity may be mediated, in part, by interaction

with other hypothalamic factors, especially the pro-opio-

melanocortin (POMC) pathway. Antagonism of the mela-

nocortin 3/4 receptor (MC3/4-R) completely abolished

leptin’s acute effects on renal sympathetic nervous

system activity (93). In addition, chronic blockade of the

MC3/4-R in rats caused rapid weight gain but little or no

increase in arterial pressure and a decrease in heart rate

(94). Because weight gain usually increases blood pressure

and heart rate, these findings are consistent with the pos-

sibility that a functional MC3/4-R is important in

linking excess weight gain with increased sympathetic

nervous system activity, impaired renal-pressure natri-

uresis and hypertension. However, the importance of the

POMC pathway and MC3/4-R in controlling sympathetic

nervous system activity and raising blood pressure in

obese humans has not, to our knowledge, been investigated.

Although leptin appears to be a promising link between

obesity sympathetic nervous system activation and hyper-

tension, further studies are needed to understand the

complex neurohumoral pathways by which the fat cells

signal to the kidneys and cardiovascular system, and there-

fore influence blood pressure regulation. Because obesity

may account for as much as 65–75% of the risk for

primary (essential) hypertension (90,91), understanding

the mechanisms of obesity-associated hypertension will

like provide the key to understanding the pathogenesis of

hypertension in most humans.

XI. CONCLUSIONS

A complex array of neurohumoral and intrarenal mechan-

isms interact to control body fluid and electrolyte balances

and arterial pressure in hypertension as well as in normoten-

sion. In all forms of chronic hypertension, including human

essential hypertension, renal-pressure natriuresis is reset to

higher blood pressures so that sodium excretion is the

same as in normotension despite increased blood pressure.

The causes of this resetting in human essential hypertension

are still uncertain, but many studies indicate that abnormal

hormonal control of renal hemodynamics and tubular reab-

sorption play a key role.
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KEYPOINTS

. The renin–angiotensin–aldosterone system plays a

decisive role in regulating vessel diameter and

sodium and water re-absorption. Thus, it controls

blood pressure.

. The renin–angiotensin–aldosterone system con-

tributes to cardiac and vascular hypertrophy, pri-

marily via its AT1 receptor.

. Renin regulates both systemic and tissue angioten-

sin II concentrations; and both systemic and local

angiotensin II affect blood pressure control and

cardiac and vascular hypertrophy.

SUMMARY

Over 100 years after the discovery of renin, the first com-

ponent of the renin–angiotensin–aldosterone system to be

described, knowledge about this system continues to

emerge. The renin–angiotensin–aldosterone system

plays a major role in blood pressure and volume homeosta-

sis. Most of the known biological actions of the renin–

angiotensin–aldosterone system appear to be mediated

by angiotensin II. Angiotensin II is generated through an

enzymatic cascade, and it exerts its actions primarily

through binding to the AT1 receptor. With respect to the

latter, a major advance has been made in the last few
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years in understanding of the physiopathology of the

renin–angiotensin–aldosterone system. Studies have

shown that when angiotensin II binds to AT1 receptors,

it stimulates the internalization and processing of the

ligand–receptor complex by endocytosis. Internalization

is important for controlling receptor function, because it

regulates the number of available cell surface receptors.

The renin–angiotensin–aldosterone system is a finely

regulated system, and studies of the last decade support

the idea that local plasma and tissue concentrations

of angiotensin II appear to be determined primarily by

circulating renal renin.

I. INTRODUCTION

Renin was first described by Tigerstedt and Bergmann (1)

.100 years ago. Their simple observation of increased

blood pressure in rabbits infused with rabbit kidney led

them to propose the existence of an endocrine substance,

which they named “renin”. Since then, our knowledge of

the renin–angiotensin–aldosterone system has not yet fin-

ished evolving. In fact, beyond its well-known effects

on blood pressure and on sodium and fluid homeo-

stasis, the renin–angiotensin–aldosterone system appears

to play a role in a variety of other processes such as

growth, atherosclerosis, thrombosis, hematopoiesis, and

reproduction (2–6).

II. RENIN–ANGIOTENSIN–ALDOSTERONE–
SYSTEM COMPONENTS

A. Renin and Angiotensins

Renin is a glycoprotein (aspartyl protease) of molecular

weight of�40,000 Da. It is expressed, stored, and released

in a regulated manner by the juxtaglomerular cells of the

kidneys. Renin secretion from the juxtaglomerular appar-

atus is calcium dependent. However, unlike other hor-

mones, calcium plays an inhibitory action on renin

release (7). Renin is synthesized initially as an inactive

zymogen known as prorenin that contains an additional

29-amino acid amino-terminal fragment. Prorenin is

expressed in a variety of tissues, but the only physiological

maturation into active renin takes place exclusively in the

kidneys, as demonstrated by the disappearence of angio-

tensin I and angiotensin II from plasma sampled and

tested after a nephrectomy (8). Juxtaglomerular cells are

modified smooth muscle cells located at the distal end of

the afferent arteriole of the glomerulum. Renin has exqui-

site substrate specificity, and its only known substrate is

angiotensinogen (Fig. 9.1). Angiotensinogen is an a-2

globulin of 55,000 Da and belongs to the family of the

serine-protease inhibitors, the serpins. It is coded by a

single gene and is mainly synthesized in the liver. Angio-

tensinogen is the only precursor of angiotensin peptides.

Renin cleaves the amino-terminus of circulating angioten-

sinogen to form the Ang-(1–10)decapeptide or angio-

tensin I (Figs. 9.1 and 9.2). On the basis of the results

Figure 9.1 Renin and angiotensinogen system.
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from in vitro experiments, it has been suggested that cath-

epsin D also may cleave angiotensinogen alternatively to

renin. Cathepsin D is a lysosomal enzyme that would

cleave angiotensinogen, contrary to renin, at an acidic

pH (9,10). However, evidence that cathepsin D is of

importance in vivo is currently lacking.

Angiotensin I is an inactive peptide, and no specific

receptor for this Ang-(1–10)decapeptide has so far been

established. Angiotensin I is cleaved by the endothelial

cell-associated or soluble dipeptidyl carboxypeptidase

angiotensin-converting enzyme (ACE) to form the bio-

logically active Ang-(1–8)octapeptide or angiotensin II

(Figs. 9.1 and 9.2). A minor portion of angiotensin I is

alternatively cleaved by tissue-specific endopeptidases

into the Ang-(1–7)heptapeptide, which is sequentially

converted by ACE into Ang-(1–5)pentapeptide. From

angiotensin II, aminopeptidase A or carboxypeptidase P

cleave the amino- or carboxy-terminal amino acid to

form either Ang-(2–8)heptapeptide, that is, angiotensin

III or Ang-(1–7)heptapeptide, respectively; angiotensin

III is further converted by aminopeptidase B into Ang-

(3–8)hexapeptide, which is also called angiotensin IV.

Aminopeptidases are enzymes of limited specificity and

are widely present in human tissues.

Several studies have shown that alternative pathways

exist for the production of angiotensin II. Enzymes other

than ACE (tonin, trypsin, kallikrein, cathepsin G, chymo-

trypsin, chymase) have been demonstrated to be able to

transform angiotensin I into angiotensin II (11–15).

Among all the serine-proteases, chymase has gained a

major interest (16–18); it is mainly found in the heart

and in the blood vessel wall and can be located in masto-

cytes. The pathophysiological relevance of these alterna-

tive pathways is still being debated.

B. Angiotensin-Converting Enzymes

The ACE, also known as kininase II, was first described by

Erdos and co-workers (19). ACE is a type-I membrane-

anchored dipeptidyl carboxypeptidase belonging to the

zinc metallopeptidases family. It is synthesized as a

1306 amino acid polypeptide and processed to a mature

form of 1277 residues which is heavily glycosylated

(30% by weight). ACE exists in two isoforms transcribed

from the same gene in a tissue-specific manner. In somatic

tissues, it exists as a glycoprotein that is composed of a

single, large polypeptide chain of 1277 amino acids; in

adult sperm cells, it is a lower molecular mass glycoform

of 701 amino acids. ACE is found primarily on endothelial

and epithelial cell surfaces. It can be released from endo-

thelial cells by the action of an ACE secretase that cleaves

the peptide near the transmembrane region. This soluble

form of ACE accounts for barely 1% of all physiological

ACE activities.

Recently, a homolog of ACE, ACE2, has been

described (20). This is a carboxypeptidase found primarily

in the heart, kidney, and testis. In contrast to ACE, ACE2

cleaves the carboxy-terminal leucine from angiotensin I,

giving rise to the Ang-(1–9)nanopeptide, which may

play a role in arachidonic acid production by bradykinin

(21). In addition, ACE2 degrades angiotensin II to Ang-

(1–7)heptapeptide with superior kinetics than carboxy-

peptidase P. Therefore, in tissues where ACE2 is

present, the ACE2 is the preferred angiotensinase. Interest-

ingly, ACE2 is not inhibited by many of the known ACE

inhibitors.

ACE is an enzyme of little selectivity and it catalyses

the hydrolytic cleavage of angiotensin I, bradykinin, and

Ang-(1–7). Nevertheless, bradykinin is the preferred sub-

strate of ACE with a Km of 0.18 mM and with a kcat/Km

ratio that is some 30 times higher than that of angiotensin I.

Bradykinin is a nonapeptide hormone generated from

kininogen by kallikrein, either directly or via kallidin

(Fig. 9.3). In vivo bradykinin has an extremely short half-

life of some 2 min. It is rapidly degraded by kininases such

as ACE, neutral endopeptidase (NEP), aminopeptidase P,

and the carboxypeptidases M and N (22). Bradykinin is

liberated from high or low molecular weight kininogen

by the tissue or plasma kallikrein. Bradykinin exerts its

actions via two G-protein coupled receptors: the B1 recep-

tor and the B2 receptor. B1 receptors are weakly detectable

under physiological conditions, but they are strongly

induced by inflammatory mediators and tissue damage

(23). B2 receptors are constitutively expressed in a variety

of cells, including endothelial cells, vascular smooth

muscle cells, and cardiomyocytes (24,25). Activation of

Figure 9.2 Angiotensins.
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B2 receptors results in vasodilation in part mediated by

stimulation of nitric oxide synthase and subsequent

nitric oxide generation. Furthermore, bradykinin stimu-

lates tissue plasminogen activator (tPA), which activates

fibrinolysis (26–28).

C. Angiotensin Receptors

1. AT1 and AT2 Receptors

The two main angiotensin receptors are the angiotensin II

receptor subtypes 1 (AT1) and 2 (AT2); both stem from

single genes found on chromosome 3 and X, respectively.

AT1 and AT2 are 7-transmembrane G-protein coupled

receptors. The AT1 receptor comprises 359 amino acids,

whereas the AT2 is 363 amino acids long sharing a 30%

homology with AT1. Both receptors are expressed at very

low levels, the AT1 is mainly expressed in blood vessels,

adrenal cortex, liver, and brain; the AT2 are found primarily

in fetal tissues, adrenal medulla, and uterus. Most of the

known physiological functions of angiotensin II appear to

be mediated by the AT1 receptor, whereas the AT2 receptor

appears to mediate apoptosis and growth inhibition or fetal

growth regulation (29–31).

Activation of the AT1 receptor by its ligand angiotensin

II stimulates a variety of intracellular signal pathways,

including those typically activated by G-protein coupled

receptors, growth factor receptors, and cytokines, as well

as events leading to the regulation of receptor function,

such as phosphorylation and internalization of the receptor

(32,33). Binding of angiotensin II to the AT1 receptor

activates, via the Gq/11 family of G-proteins, inositol

phosphate-induced Ca2þ signals, phospholipase C, and

protein kinase C (34). AT1 receptor activation also

regulates gene expression leading to a variety of growth-

related responses, including activation of receptor and

nonreceptor protein tyrosine kinases (epidermal growth

factor receptor, platelet-derived growth factor receptor,

insulin-like growth factor-I receptor, Janus kinases, c-Src,

focal adhesion kinase, and Ca2þ-dependent tyrosine

kinases) (32,35,36). In addition, AT1 activation by angio-

tensin II stimulates signal transducers and activators of tran-

scription pathway, small G-proteins, and expression of other

important regulatory enzymes, such as phospholipase D,

phospholipase A2, and NAD(P)H oxidase (36–39).

Angiotensin II binding to AT1 receptors also stimulates

the internalization and processing of the ligand–receptor

complex (Fig. 9.4). Although other pathways have been

implicated, internalization of the AT1 receptor occurs pre-

dominantly by endocytosis via clathrin-coated pits

(40,41). At physiological angiotensin II concentrations,

this process is dynamin-dependent and b-arrestins serve

as adaptor proteins (42,43). Internalization is important

for controlling receptor function by regulating the

number of available cell surface receptors and facilitating

resensitization of membrane receptors that have been

desensitized by GPCR kinase (GRK)-mediated phos-

phorylation (44). Dephosphorylation probably occurs

within the endosomes after receptor endocytosis; sub-

sequent recycling of the resensitized receptor to the cell

surface maintains signal generation. Recycling of interna-

lized AT1 receptors to cell surface occurs via PI 3-kinase

dependent and independent pathways (45).

Although theAT2receptorbelongs to the7-transmembrane

family, it did not reveal any functional features commonly

attributed to this class of receptors, and the signaling

of AT2 still remains largely unknown. Currently, AT2

signaling does not seem to modulate cytosolic calcium.

Furthermore, agonist binding does not induce receptor

internalization (46,47). AT2 signaling appears to activate

phosphorylases-mediated inhibition of phosphorylation
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Figure 9.3 Generation of bradykinin from kininogen.
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steps and to inactivate mitogen activated protein kinase via

the serine/threonine phosphatase PP2A activation (48).

Overall, diverse putative AT2 receptor signaling pathways

have been hypothesized; however, intense research is still

ongoing to further understand mechanisms underlying

receptor activation and signaling.

2. AT4 Receptor

The AT4 receptor was recently described (49). This was

the first receptor described in bovine adrenal membranes.

It has been demonstrated that [125I]AngIV does bind to the

AT4 site reversibly, saturably, and with high affinity. This

binding is insensitive to guanine nucleotides, which

suggests that the AT4 receptor is not G-protein linked

as the AT1 receptor is. In fact, AT4 is a type II integral-

membrane protein that consists of 1025 amino acids and

a large extracellular domain. Three isoforms of the AT4

receptor have been described, all of which are synthesized

by a single gene on chromosome 5. AT4 is expressed

primarily in the heart, placenta, kidney, small intestine,

and skeletal muscle. A certain level of AT4 also is found

throughout the brain and is concentrated particularly in

regions involved in cognition (50). The AT4 receptor

has been identified as the insulin-regulated amino-

peptidase. Angiotensin IV binds to, but is not cleaved

by this insulin-regulated aminopeptidase. Very little is

known about the regulation of the AT4 receptor (49–55).

3. AT-(1–7) Receptor

The existence of a specific Ang-(1–7) receptor that

is found primarily in the brain has been postulated

(56–58). Studies conducted in cultured rat mesangial

cells showed an Ang-(1–7) binding to the AT2 receptor

with an affinity 40-fold higher than its affinity for the

AT1 receptor. Conversely, other studies demonstrated

that Ang-(1–7) binds poorly to both AT1 and AT2 recep-

tors in human myometrium membranes. Final proof of the

existence of an AT-(1–7) receptor remains to be sought.

4. Aldosterone and Aldosterone Receptor

Aldosterone is a mineralcorticoid hormone that is syn-

thesized in the adrenal glomerulosa not only in response

to angiotensin II but also in response to adrenocortico-

tropin hormone and potassium. Aldosterone exerts its

action on epithelial cells of the distal renal tubules,

colon, salivary, and sweat glands. Its renal effects are the

best known and the most widely studied. In the kidney,

aldosterone can either diffuse directly through the cell

membrane or bind to an inactive form of mineralcorticoid

receptor. Binding to mineralcorticoid receptor leads to the

dissociation of the receptor from a multiprotein complex,

which induces a translocation of the mineralcorticoid

receptor through the nuclear pores to the chromatin. In

the nucleus, the activated mineralcorticoid receptor acts

as a positive transcription factor, modulating the

expression of multiple proteins and triggering a cascade

of events that lead to increased absorption of sodium

ions and water through the epithelial sodium channel and

that indirectly increase potassium ion excretion. The net

result is expansion of intravascular volume and elevation

in blood pressure. Recent studies have shown that miner-

alcorticoid receptors are present also in nonepithelial

tissues such as the heart, brain, and blood vessels (59–

61). A minute local production of aldosterone in these

tissues also has been postulated, which suggests a possible

Figure 9.4 Internalization and processing of the ligand–receptor complex.
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local paracrine role (62–65). However, .99% of

immunoreactive aldosterone disappears from rat cardiac

tissue after an adrenalectomy (Nussberger, unpublished

data). The adrenal glands are the main source of cardiac

aldosterone (66). There is good evidence that aldosterone

plays a key role in the pathogenesis of angiotensin II–

induced end-organ damage. Both angiotensin II receptor

antagonism (by losartan) and aldosterone synthase

inhibition (by fadrazol) as well as adrenalectomy decrease

circulating and tissue levels of aldosterone and provide

anti-inflammatory effects and cardiac and renal protection

which are at least partially independent of blood pressure

lowering in hypertensive rats (66).

III. FUNCTION OF ANGIOTENSINS

Angiotensinogen and angiotensin I are inactive peptides

for which no function has yet been described. Angioten-

sins other than angiotensin II are active peptides that are

normally produced in small amounts. Their physiological

relevance is still not completely understood, and their

role may become more significant during angiotensin II

inhibition.

A. Angiotensin II

Angiotensin II exerts most of the physiological functions

of the renin–angiotensin–aldosterone system by activat-

ing membrane-bound receptors. Almost all the known

pathophysiological effects of angiotensin II are mediated

by the AT1 receptor (Table 9.1).

1. Cardiovascular Homeostasis

Adequate function of the cardiovascular system in ver-

tebrates depends, according to Poiseuille’s law, on

physiological interplay between blood volume (and com-

position), vessel width (and quality), and blood pressure

maintained by the pump function of the heart. As long

as these three parameters remain within physiological

limits, the cardiovascular system stays adequately

balanced, homeostatic.

The renin–angiotensin–aldosterone system is inti-

mately involved in the maintenance of cardiovascular

homeostasis. Angiotensin II, the key hormone of the

renin–angiotensin–aldosterone system, plays a pivotal

role for both regulation of vessel width and sodium/
water re-absorption and it therefore importantly contrib-

utes to blood pressure control.

First, angiotensin II constricts arterioles by direct

stimulation of vascular smooth muscle cells. Indirectly,

it facilitates norepinephrine-mediated vasoconstriction by

central sympathetic stimulation and eventually by

enhanced peripheral norepinephrine release. Furthermore,

angiotensin II stimulates vascular endothelial cells to

release the potent vasoconstrictor peptide endothelin-1.

Angiotensin II also controls pituitary vasopressin release

which, in extreme cases, raises blood pressure. In the

kidneys, angiotensin II also causes vasoconstriction and

decreases renal blood flow. Acting mainly at the level of

efferent arterioles, angiotensin II prevents reductions in

glomerular filtration rate by maintaining adequate filtra-

tion pressure even at low levels of perfusion pressure.

Secondly, angiotensin II increases re-absorption of

sodium in the kidneys. In the proximal tubule, angiotensin

II promotes sodium transport at the luminal and basolateral

membranes of the epithelial cells. Indirectly, angiotensin

II increases sodium re-absorption by stimulating adrenal

release of aldosterone. Angiotensin II is the main stimu-

lator of the aldosterone synthase in the adrenal cortical

cells of the zona glomerulosa. Aldosterone mediates

sodium re-absorption mainly in the late distal tubule

including the beginning portion of the collecting tubule.

All these sodium retaining effects of angiotensin II

increase the total body volume and contribute to the main-

tenance of blood pressure. Angiotensin II participates in

increasing body water by stimulating thirst and pituitary

release of antidiuretic hormone.

Finally, angiotensin II exerts a negative feedback through

the AT1 receptor on renin release from the juxtaglomerular

cells: increased levels of angiotensin II inhibit renin secretion

and thus limit further angiotensin production. This feedback

mechanism is deficient in certain forms of hypertension

with excessive generation of angiotensin II, and blood

pressure can be reduced whenever the renin–angiotensin–

aldosterone system is blocked by either ACE inhibitors or

renin inhibitors or AT1 or aldosterone antagonists.

The primary goal of the renin–angiotensin system may

well be an appropriate function of the nephrons. Healthy

kidneys maintain this function at normal blood pressure

Table 9.1 Effects of Angiotensin II

AT1-mediated

Vasoconstriction

Sodium retention

Water retention

Activation of sympathetic nervous system

Myocyte and smooth muscle cell hypertrophy

Cardiac and vascular fibrosis

Stimulation of PAI-1

Induction of superoxide formation

Increased endothelin secretion

Atherosclerosis/inflammation

Renin suppression (negative feedback)

AT2-mediated

Antiproliferative

Apoptosis
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levels. Local disturbance of nephron function may require

locally increased angiotensin II concentrations and raised

blood pressure. Enhanced renin secretion and generation

of angiotensin II have their impact on extrarenal targets.

However, an increase in systemic blood pressure is main-

tained only after a resetting of the renin–angiotensin

system because a contralateral, well-functioning kidney

and ipsilateral, undisturbed nephrons compensate by

tuning down renin secretion and also by actually extracting

renin from the circulation and by a pressure diuresis that

reduces the circulating volume. Other neuronal mechan-

isms also are involved in maintaining cardiovascular

homeostasis. However, there is no doubt that an insuffi-

cient shutting down of renin secretion at any given circu-

lating volume will tend to cause hypertension. After more

than two decades of clinical research hypothesizing that

specific inhibition of renin should decrease blood pressure

in hypertensive patients, we have recently entered a new

era of successful cardiovascular treatment by orally

active specific renin inhibitors (67,68).

2. Cardiac and Vascular Hypertrophy

It is well known that increased blood pressure is a potent

stimulus for cardiovascular hypertrophy. However, for a

long time it has been debated whether angiotensin II, in

addition to its effect on blood pressure, could act directly

on cardiomyocytes to trigger the hypertrophic response.

Data from several in vitro and in vivo studies have demon-

strated a relationship between angiotensin II and hypertro-

phy. Angiotensin II AT1 receptors are widely distributed

on cardiomyocytes, fibroblasts, and vascular smooth

muscle cells. It has been demonstrated that genetically

determined hypertension, and its subsequent cardiac

hypertrophy, can be normalized by ACE inhibitor treat-

ment (69). Furthermore, the administration of an ACE

inhibitor completely prevented left ventricular hypertro-

phy that develops after coarctation of the abdominal

aorta or in the “two kidney one clip” model of renovascu-

lar hypertension (70,71). Angiotensin II could act on the

development of cardiac hypertrophy indirectly, via its

effect on blood pressure and/or by inducing a direct cellu-

lar response in cardiomyocytes. The latter hypothesis is

supported by several observations. For instance, the use

of direct vasodilators has beneficial effects on blood

pressure, but it does not cause regression of the cardiac

hypertrophy. Angiotensin II triggers hypertrophic

responses in pure cardiac cell cultures. Moreover, angio-

tensin II also is capable of inducing, in muscle cells,

expression of cellular oncogenes involved in cell prolifer-

ation. Finally, cultured cardiomyocytes exposed to angio-

tensin II increase protein synthesis. Taken together, this

data suggests that local angiotensin II accumulation,

through its growth factor effect, could participate in the

development of cardiac hypertrophy in vivo. It could be

demonstrated in normotensive transgenic mice with

increased cardiac angiotensin II production that locally

increased angiotensin II concentrations can induce

cardiac hypertrophy in the absence of blood pressure

changes (72). Moreover, reversal or prevention of

cardiac hypertrophy in this model was achieved by ACE

inhibition or AT1 blockade (2).

Angiotensin II also has multiple effects on vascular

smooth muscle cells. These depend on the cell phenotype,

the density of receptors on cell surface, and the environ-

ment to which cells are exposed. Binding of angiotensin

II to the AT1 receptor induces vessel contraction, hyper-

trophy, and hyperplasia; binding to the AT2 receptor has

been suggested to mediate growth inhibition (73). These

events are each mediated by unique signaling pathways.

Angiotensin II-induced vessel contraction is mediated by

rapid increase in intracellular calcium, which is released

from intracellular stores. Calcium binds to calmodulin

and associates with the myosin light-chain kinase, which

is then converted to an active form and phosphorylates

myosin light-chain, allowing the catalysis of adenosine tri-

phosphate hydrolysis and generating tension. This process

takes place in a cyclic manner for the duration of contrac-

tion. In addition to this pathway, angiotensin II stimulates

calcium influx through calcium channels that are activated

by free G-bg subunits, which seem to play a role in con-

traction of vessels that respond to angiotensin II tonically

(74). Beyond contraction, angiotensin II stimulates growth

of vascular smooth muscle cells. This hypertrophic

response depends in part on gene transcription (75).

Recent data have shown that angiotensin II-mediated

vascular smooth muscle cell hypertrophy is mediated

by intracellular production of superoxide that is par-

tially derived from membrane-bound NADH/NADPH

oxidase (37,38).

3. Atherosclerosis and Inflammation

The potential etiologic link between angiotensin II and

atherosclerosis has been suggested by several clinical

trials. The Cooperative North Scandinavian Enalapril Sur-

vival Study (CONSENSUS), Studies of Left Ventricular

Dysfunction (SOLVD), and Survival and Ventricular

Enlargement (SAVE) studies on heart failure demon-

strated that treatment with an ACE inhibitor significantly

reduced the incidence of acute coronary events in

patients with heart failure when compared with conven-

tional therapy suggesting that inhibition of the renin–

angiotensin system may prevent atherosclerosis (76,77).

Furthermore, results from the Heart Outcomes Prevention

Evaluation (HOPE) study showed that chronic ACE inhi-

bition reduces the rates of death, myocardial infarction,

and stroke in patients with atherosclerosis (77).
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Parallel with clinical trials, various experimental

studies have shown that treatment with ACE inhibitors

or angiotensin II receptor antagonists attenuates the devel-

opment of atherosclerosis. Indeed, treatment with an ACE

inhibitor inhibited atherosclerosis in the ApoE2/2 mouse

model and in the Watanabe rabbit model. Along the same

line, losartan (an AT1 antagonist) reduced atherosclerosis

in monkeys fed cholesterol (78,79).

Angiotensin II may play a role in the pathogenesis of

atherosclerosis, not only through its hemodynamic effects

but also through a direct cellular action on the vessel

wall. Interestingly, many of the proposed mechanisms of

atherogenesis show similar features with angiotensin II-

mediated events. In recent years, the renin–angiotensin

system has been shown to play a role in the inflammatory

processes. Both macrophages and T-cells express the

AT1 receptor on their surface (80). Angiotensin II may

influence recruitment and activation of both macrophages

and T-cells into the vessel wall, presumably by influencing

expression of proinflammatory chemokines. Indeed, angio-

tensin II increases monocyte chemoattractant protein-1

expression in cultured vascular smooth muscle cells and

in monocytes (81). In patients, treatment with an ACE

inhibitor lowers plasma levels of monocyte chemoattrac-

tant protein-1 after myocardial infarction (82). Moreover,

exposure of cultured vascular smooth muscle cells and

macrophages to angiotensin II induce IL-6 expression

(83). IL-6 is mainly expressed in atherosclerotic plaques

by macrophages (84). IL-6 has multiple biological activi-

ties including T-cell activation and stimulation of matrix-

degrading enzymes such as metalloproteinases. Therefore,

angiotensin II has the capacity to induce an inflammatory

response. However, the contribution of this pathway

in vivo is still unknown.

Angiotensin II also induces cellular adhesion molecules

(VCAM-1 and ICAM-1, in cultured endothelial cells and

vascular smooth muscle cells), and it increases smooth

muscle lipoxygenase activity, which itself can increase

inflammation and low-density lipoprotein (LDL) oxidation

(85,86). Angiotensin II has been shown to increase oxi-

dative stress in the vasculature by increasing both hydrogen

peroxide and free radical formation (87). Free radicals

reduce the bioavailability of nitric oxide (a potent vasodila-

tor) from the endothelium. Attenuation of endothelium-

dependent vasodilatation is a characteristic of early stages

of atherosclerosis. Angiotensin II has been shown to

behave as a growth factor by directly inducing cardiomyo-

cytes and vascular smooth muscle cell hypertrophy, as well

as fibrosis, independent of its blood pressure effect (2,72).

One of the characteristics of atherosclerotic lesions is arter-

ial wall remodeling arising from hypertrophy, prolifer-

ation, migration of vascular smooth muscle cells, and

matrix deposition. Rupture of atherosclerotic plaque and

subsequent thrombus formation are important mechanisms

that underlie the acute manifestations of atherosclerosis.

The thrombogenicity of the plaque is favored by a disturb-

ance in the balance of coagulation and fibrinolysis. Angio-

tensin II is involved in both coagulation and fibrinolysis.

Angiotensin II increases expression of tissue factor in cul-

tured endothelial and vascular smooth muscle cells. Tissue

factor is found in abundance in atherosclerotic plaques. It

initiates blood coagulation, directly stimulates smooth

muscle cell proliferation, and activates metalloproteinases.

In the same cells, Ang II induces plasminogen activator

inhibitor 1 expression, thus inhibiting also the fibrinolytic

process (88). To study the contribution of Ang II in

plaque vulnerability we generated hypertensive hyper-

cholesterolemic ApoE2/2 mice with either normal or

endogenously increased Ang II production (renovascular

hypertension models). Hypertensive high Ang II

ApoE2/2 mice developed unstable plaques while in hyper-

tensive normal Ang II ApoE2/2 mice plaques showed a

stable phenotype (89). Moreover, in mice with high

Ang II a skewed T helper type 1-like phenotype was

observed. Splenocytes from high Ang II ApoE2/2 mice

produced significantly higher amounts of interferon-g

than those from ApoE2/2 mice with normal Ang II.

Secretion of IL4 and IL10 was not different. These findings

suggest a new mechanism in plaque vulnerability demon-

strating that Ang II, within the context of hypertension

and hypercholesterolemia, independently form its hemody-

namic effect behaves as a local modulator promoting the

induction of vulnerable plaques probably via a T helper

switch.

B. Angiotensin-(1–7)heptapeptide

The Ang-(1–7)heptapeptide is the most extensively

studied among all the active angiotensin peptides besides

angiotensin II. Its plasma levels in healthy humans are

lower than those of angiotensin II. Most of the effects of

Ang-(1–7)heptapeptide are opposite to those observed

for angiotensin II, and they seem to be somehow

co-mediated by the AT1 receptor because they can be pre-

vented by AT1 blockade (90,91). In the central nervous

system, Ang-(1–7)heptapeptide behaves as a neuromodu-

lator by affecting tonic and reflex control of blood

pressure. In fact, it induces release of vasopressin, modu-

lates the baroreflex and heart rate, and it does not affect

thirst (92,93). In the kidney, Ang-(1–7)heptapeptide has

a potent natriuretic/diuretic action, probably via prosta-

glandin I2 release and inhibition of tubular sodium and

bicarbonate re-absorption (94). In the heart and blood

vessels, Ang-(1–7)heptapeptide behaves as an angiotensin

II antagonist. It generally promotes vasodilation either via

bradykinin potentiation or directly by binding to a specific

receptor other than AT1 or AT2. Ang-(1–7)heptapeptide

has also been shown to stimulate DNA synthesis in

150 Etiology, Physiology, and Pathophysiology



human skin fibroblasts and to promote growth of cardiac

fibroblasts, whereas it inhibits vascular smooth muscle

cell growth with an overall antiangiogenic effect (95).

C. Angiotensin III

The heptapeptide angiotensin III derives from angiotensin

II and it mainly exerts its effects on the central nervous

system, leading to increased blood pressure by increasing

vasopressin release and thirst (96). Vasopressin is released

from the posterior pituitary into the blood after stimulation

by neurons that originate from the supraoptic nucleus and

the paraventricular nucleus. Because there is no AT1 or

AT2 receptor mRNA in these brain areas, the stimulatory

action of angiotensin III on supraoptic nucleus and para-

ventricular nucleus might be an indirect effect involving

another neuromediator, or it might involve another Ang

receptor subtype specific for angiotensin III. In the heart

and vessels, the effects of angiotensin III are similar to

those of angiotensin II, i.e. induction of vasoconstriction

and sodium retention. Like angiotensin II, angiotensin III

also induces aldosterone release by the adrenal gland

(97–100). Angiotensin III displays other features similar

to angiotensin II proinflammatory properties. In fact in

mononuclear cells, angiotensin III regulates monocyte

chemoattractant protein-1 chemokine production and acti-

vates the transcription factors NF-kB and AP-1 (101). In

pathological situations, such as diabetes, hypertension,

and nephritis, renal aminopeptidase A, the enzyme that

degrades angiotensin II to angiotensin III is increased.

Moreover, in mesangial cells, angiotensin III induces over-

expression of growth-related, profibrotic, and proinflam-

matory genes. All these data suggest that angiotensin III

could regulate cell growth, extra cellular matrix accumu-

lation, and inflammatory cell responses and therefore con-

tribute to the progression of kidney damage. Angiotensin

III-mediated intracellular signaling pathways, such as

calcium mobilization, induction of c-fos gene expression,

and the activation of various transcription factors are

similar to those of angiotensin II.

D. Angiotensin IV

Angiotensin IV is primarily produced by cleavage of angio-

tensin III. Its half-life is very short because it is converted

rapidly to inactive fragments by various enzymes (amino-

peptidases, endopeptidases, carboxypeptidases) that are

widely distributed in the various tissues. Angiotensin IV is

believed to exert its actions via a specific receptor the

AT4, which is not affected by AT1 or AT2 blockers (102).

Angiotensin IV has been postulated to be the link between

the fibrinolytic system and the renin–angiotensin–aldoster-

one system. It is believed to induce plasminogen activator

inhibitor 1 secretion, thus inhibiting fibrinolysis (Fig. 9.5)

(103). In addition, angiotensin IV has been shown in vivo

to reduce vascular resistance in renal and cerebral vascular

beds, effects that are inhibited by AT4 antagonism

(104,105). Moreover, angiotensin IV has been shown to

mediate central nervous system effects. Indeed, binding of

angiotensin IV to the AT4 receptor enhances learning and

memory in normal rodents and reverses the memory deficits

seen in animal models of amnesia (50). Angiotensin IV binds

to the AT4 receptor with high affinity. Because the AT4

receptor is identical with the insulin-regulated amino-

peptidase and because angiotensin IV is not cleaved

by insulin-regulated aminopeptidase, this peptide could

become a prototype inhibitor of insulin-regulated amino-

peptidase. Such inhibitors are of interest for the treatment

of memory loss like in Alzheimer’s disease (106).

IV. SYSTEMIC VS. LOCAL RENIN–
ANGIOTENSIN–ALDOSTERONE SYSTEM

The observation by Ganten et al. (107) of renin-like

activity in the brain led to the concept of tissue renin–

angiotensin–aldosterone system in various organs. These

systems are hypothesized to produce angiotensins inde-

pendently of renal renin. A landmark paper of Campbell

(108) in 1987 proposed the cross-talk between circulating

and vascular tissue components of the renin–angiotensin

Figure 9.5 Angiotensin IV links fibrinolytic system and renin–angiotensin–aldosterone system.
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system. Later, in addition to the well-established role of

the circulating renin–angiotensin–aldosterone system in

regulating pressure and fluid balance, it became clear

that angiotensin II also exerts local effects in various

organs that are independent of its hemodynamic effects.

The degree to which individual tissue production of angio-

tensin II is in fact independent of renal renin remains con-

troversial, but virtually all investigators agree that local

Ang II concentrations are the key issue. Furthermore,

several nonrenin enzymes (tonin, cathepsin, pepsin, etc.)

have been shown to generate angiotensin peptides from

angiotensinogen. Thus, angiotensinogen, but not necess-

arily renin, is required for the production of angiotensin

I or angiotensin II. In addition, the conversion of angioten-

sin I to angiotensin II does not depend exclusively on the

classic ACE (109); it also may be catalyzed in tissues, such

as the heart, by chymostatin-sensitive chymases (110).

Messenger RNA for angiotensinogen or renin has been

found in many organs (111). Because the corresponding

protein often localizes in tissues, the question of uptake

from plasma or local protein synthesis had to be answered.

It has been claimed that cultured rat cardiac myocytes

released angiotensin II when they were stretched, but

such results have never been confirmed. It would not be

surprising, in this context, if distinct organs, such as the

brain, ovary, and placenta, could generate angiotensin II

independently of renal renin. However, theories about

any angiotensin II-producing system in tissues should be

based on reliable measurements of tissue concentrations

of angiotensins and careful comparison with plasma con-

centrations and other components of the system. Studies

of the last decade support the idea that local concentrations

of angiotensin II appear to be determined largely by circu-

lating renal renin, possibly by the tissue uptake of angio-

tensinogen (generated in the liver) from the circulation,

and finally from the number of half-life prolonging-

specific angiotensin II receptors. A recently discovered

new renin receptor may or may not signal via angiotensin

II (112,113). In healthy volunteers who were treated with

an oral renin inhibitor, plasma levels of angiotensin II

could be predicted precisely from measured plasma

renin, angiotensinogen, and drug concentration (114).

This predictability could not be expected, if a nonrenal

tissue source of renin contributed to plasma angiotensin

II in a nonsynchronized manner. Similar observations

were made in human volunteers during a study of ACE

inhibition (115).

In various animal experiments (rat, mouse, pig), a linear

correlation exists between plasma and tissue concen-

trations of angiotensin II in various organs (116). In these

animals, tissue concentrations of angiotensin II could not

be explained by plasma contamination (values that are

too high), and the slope of the correlation of tissue to

plasma angiotensin II was quite different in various

organs (1–1000 fmol/g per fmol/mL), thus excluding

simple plasma uptake. In a rodent model of renovascular

hypertension (the two-kidneys, one-clip hypertension),

circulating renin and angiotensin II levels are high. Inter-

estingly, these animals show equally increased tissue

levels of angiotensin II in the heart, adrenal glands, liver,

and other organs, and thus this also suggests a major

impact of the enhanced circulating renal renin. The same

increased angiotensin II levels were found in the tissues

of salt-depleted rats with very high circulating renal renin

(116). One of the most convincing pieces of evidence for

the predominant role of renal renin is the fact that angio-

tensin II virtually disappears from the plasma and tissues

after a bilateral nephrectomy (116,117). Angiotensin II

levels fell from the normal value of 4 to ,2 fmol/mL

within 2 days after a binephrectomy. Similar results have

been obtained in binephrectomized rats and pigs; in these

animals, angiotensin II and renin disappeared from the

plasma and from the tissues. Of six anephric patients who

were on dialysis treatment for months or years, we found

no plasma angiotensin II in three of the patients

(,0.1 fmol/mL) and�10% of normal plasma angiotensin

II levels in the other three patients.

These observations emphasize the important role of

renal renin in the regulation of both plasma and tissue

angiotensin II concentrations.

V. CONCLUSIONS

The renin–angiotensin–aldosterone system (RAAS) plays

a major role in regulating blood pressure and fluid homeo-

stasis. In addition, more recent findings demonstrate that

the RAAS is also a major contributor to processes such

as cardiovascular remodelling, inflammation, and athero-

sclerosis. The RAAS can no longer be questioned as a

pivotal player in physiology and pathophysiology.
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KEYPOINTS

. Autonomic imbalance may play a causative factor

in initiating hypertension.

. Sympathetic overactivity is a feature of the estab-

lished hypertensive state.

. The autonomic nervous system and many mol-

ecules such as insulin, leptin, nitric oxide, reactive

oxygen species, vasopressin, cytokines and many

other substances that interact with neural mechanisms

affect blood pressure, cardiovascular homeostasis,

and hypertensive complications.

SUMMARY

Altered autonomic modulation of cardiac output, peri-

pheral vascular resistance and renal water, and sodium

handling may contribute to the genesis of high blood

pressure. Derangements in neural cardiovascular control

have been documented in human hypertension as well as

in experimental hypertensive models. Gaining mechanistic

insight into such derangements is challenging because

along with the autonomic nervous system, numerous non-

neural systems such as insulin, leptin, nitric oxide, reactive

oxygen species, vasopressin, cytokines, and many others,

powerfully affect cardiovascular homeostasis by acting

either directly or by interacting with neural mechanisms.

Finally, sympathetic influences are clearly involved in the

genesis of hypertensive complications including myocar-

dial hypertrophy and fibrosis, left ventricular dysfunction

and failure, myocardial infarction, and atherogenesis.

I. INTRODUCTION

Arterial blood pressure and cardiovascular function at

large are controlled by the autonomic nervous system

157



whose parasympathetic and sympathetic divisions mediate

inhibitory and excitatory influences, respectively. Even

minute variations of the modulatory activity of either auto-

nomic division may in the long run promote physiologi-

cally and clinically important cardiovascular alterations.

In the frame of the multifactorial origin of high blood

pressure, the hypothesis that hypertension may indeed rep-

resent one such alteration, that is at least in a sizeable pro-

portion of the hypertensive population, the rise in blood

pressure depends upon an abnormal autonomic cardiovas-

cular regulation, has long been investigated, although its

experimental confirmation has been far from complete.

Because limitations in our methodological armamentar-

ium have certainly represented one of the major difficulties

encountered along this line of research, it is fortunate that

recent technical advances allowed more and more cogent

evidence in this direction to be collected.

At the same time, however, autonomic function was

shown to be affected by complex interactions of diverse

nonneural influences and in turn to exert a regulatory

role on nonneural functions such as growth processes,

cell metabolism, fluid and electrolyte balance, immune/
inflammatory responses, the coagulatory cascade, and so

on. Considering the strict dependence of blood pressure

on autonomic neural activity, a contemporary picture

about the autonomic origin of hypertension has to be

outlined in the framework of the multifold earlier men-

tioned factors; each of them having the potential to play

a causative role via modulation of autonomic influences.

In the present discussion, we will summarize the status

of our knowledge about (i) the available methods to assess

autonomic function, (ii) the physiological mechanisms of

short-term and long-term autonomic regulation of blood

pressure, (iii) the role of autonomic imbalance as a causa-

tive factor in initiating hypertension, (iv) sympathetic

overactivity as a feature of the established hypertensive

state, (v) the possible mechanisms underlying autonomic

imbalance, and (vi) autonomic involvement in the

genesis of hypertensive complications.

II. METHODS TO STUDY AUTONOMIC
FUNCTION IN MAN

The time-honored measurement of plasma concentrations

of norepinephrine and epinephrine provides a somewhat

rough estimate of the extent of sympathetic activity (1);

although still employed to this purpose, it has serious

limitations especially because of low sensitivity and

because of its inability to provide information on differen-

tial activation of the sympathetic system in different terri-

tories. Furthermore, plasma norepinephrine concentrations

do not by definition directly reflect sympathetic firing and

neurotransmitter release but are also dependent on plasma

clearance of this substance.

A much refined biochemical method to assess sympath-

etic activity is the measurement of tritiated norepinephrine

spillover rate by which the appearance rate of the neuro-

transmitter (in mixed venous blood or in blood from

single regional beds) can be accurately measured (2,3);

this approach overcomes some of the most significant

limitations of systemic venous plasma norepinephrine

concentrations but obviously suffers from the inconve-

niences of being a time consuming, invasive (regional

venous catheters have to be implanted), and costly pro-

cedure: in addition, only a few determinations can be

performed in a given session.

A quite different approach has been represented by

clinical microneurography. This now well-established

technique provides direct measurement of efferent sym-

pathetic nerve firing by means of thin tungsten electrodes

inserted in neural trunks accessible through the skin,

usually the peroneal or the median nerve (4,5). It has the

advantage of being minimally invasive and of allowing

prolonged recordings to be performed, so that neural

responses to physiological stimuli can be evaluated; it

has however the limitations of not permitting measure-

ments in nonsuperficial nerves (splanchnic, renal,

cardiac) and of involving almost complete patient’s

immobility.

Analysis of the variability of cardiovascular signals,

heart rate, and, to a lesser extent, blood pressure and

regional blood flows has been widely used to gain infor-

mation on sympathetic and parasympathetic influences

(6): time domain as well as frequency domain computer

analysis allows overall variability or different frequency

variability components in given spectral bands to be quan-

tified. It is believed that the extent of parasympathetic

or sympathetic outflows to the heart and to the blood

vessels is quantitatively related to the magnitude of given

variability parameters, namely, overall variability or its

high-frequency spectral component reflecting the para-

sympathetic and the mid-frequency spectral component

reflecting the sympathetic influences; although as for any

indirect approach, the reliability of the various parameters

as autonomic indices is far from being optimal (7,8). It is

also to be mentioned, although it will not be reviewed in

detail, that even more sophisticated mathematical proces-

sing of cardiovascular signals aimed at dissecting out auto-

nomic modulation has been performed and is continuingly

advanced.

Recent advances in nuclear techniques made it possible

to visualize the release of norepinephrine from adrenergic

nerve endings by administration of a radio-iodinated

compound chemically homologous to catecholamines,

metaiodo-benzylguanidine. This approach may be utilized

at sites rich in adrenergic endings, mainly the heart (9,10).
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III. AUTONOMIC REGULATION OF
BLOOD PRESSURE

Arterial baroreceptors work to buffer any blood pressure

fluctuations by sensing mechanical carotid sinus and

aortic arch distension and reflexly promoting reciprocal

variations of cardiovascular sympathetic outflows, as

well as consensual variations of cardiac parasympathetic

outflow. In contrast, the same autonomic effectors also

work to generate marked blood pressure variations when

their modulation is part of specific patterns associated

with everyday life behavior such as exercise, emotion,

sleep, and so on (11). Thus, a peculiar feature of

autonomic influences is that they may either favor or

oppose short-term blood pressure modifications, accor-

ding to whether they are driven by reflex or by central

influences (12).

Other reflex systems contributing to blood pressure

control include the vagal cardiopulmonary reflex (13):

mechanoreceptors sensing the distension of multiple

central circulatory structures (atria, ventricles, pulmonary

veins) reach the central nervous system via vagal afferent

fibers and mediate in the short-term sympathetic inhibition

(similar to the arterial baroreflex), but in the longer term

also mediate neurohumoral changes majorly involved in

water and sodium handling by the kidney.

Autonomic influences on blood pressure homeostasis

are not confined to modulate vascular tone and cardiac

function and rather extend to control a number of humoral

systems, which may ultimately affect blood pressure via

the control of vasomotor tone, sodium balance, cardiac per-

formance, and cardiovascular trophic effects (14). These

include the renin–angiotensin–aldosterone system, vaso-

pressin, adrenomedullary epinephrine, insulin, cortisol,

and others.

Renal handling of salt and water has long been known

to be under neural control with both direct sympathetic

modulation of renal blood flow and of proximal tubular

sodium reabsortion and with effects mediated via the sym-

pathetic control of renin secretion (15) and hence of angio-

tensin-mediated changes in systemic arterial pressure,

intraglomerular pressure, aldosterone release, and distal

tubular sodium reabsortion (16,17).

Autonomic cardiovascular influences are also signifi-

cantly affected (via so far only partially understood mech-

anisms) by body’s energy/nutritional balance. There is

now substantial evidence that overeating and fat accumu-

lation are associated with increased sympathetic activity,

especially that directed to the kidney (18). As most

obese subjects live a sedentary lifestyle—a feature also

known to be associated with increased sympathetic

activity (19), it remains to be clarified whether the two

factors, overweight/obesity and physical inactivity,

work in concert or independently in determining

sympathetic overactivity and its cardiovascular homeo-

static consequences.

Among the behavioral factors associated with increased

sympathetic activity, alcohol consumption and cigarette

smoking are well known to be accompanied by sympath-

etic activation (20), again with only limited understanding

of the exact underlying mechanisms. We have also limited

knowledge of the importance and mode of contribution of

autonomic effects to the adverse cardiovascular conse-

quences of excess alcohol and tobacco use.

A number of heterogeneous nonneural mechanisms

may at least partly act via autonomic cardiovascular influ-

ences and include leptin, insulin, endothelin, nitric oxide,

reactive oxygen species, interleukins, tumor necrosis

factors, complement fractions, and many others (21,22).

IV. AUTONOMIC IMBALANCE AND THE
GENESIS OF HYPERTENSION

A. Animal Models

Extensive research efforts attempted to demonstrate, on one

hand, that in various genetic hypertension models, sympath-

etic overactivity is the primary derangement underlying the

blood pressure elevation, and on the other hand, to

“produce” neurogenic forms of hypertension by altering

neural cardiovascular control mechanisms via different

experimental approaches. Clear-cut indications of neural

overactivity have been obtained in the spontaneously hyper-

tensive rat (SHR) model originally developed by Okamoto

and Aoki (23): in this strain, which is unanimously viewed

as the best rat model of human essential hypertension, there

is an increased efferent sympathetic activity, especially that

supplying the kidney; furthermore, the neurogenic vasocon-

strictor responses to a variety of excitatory stimuli are exag-

gerated and the turnover of norepinephrine in pressor areas

of the central nervous system is accelerated (24). This is

of considerable interest inasmuch as similar alterations

have been documented in human hypertension (discussed

subsequently). Notably, in SHRs, the development of

hypertension can be prevented or delayed by chemical sym-

pathectomy or even by just denervating the kidneys (25).

The crucial hypertensinogenic role of neural mechan-

isms was also supported by Henry et al. (26), using a

totally different approach, namely, by exposing mouse

colonies to heavily stressful psycho-social stimuli

(animals had to compete for space, access to food and

water as well as for mating) for prolonged periods of

time: besides demonstrating marked blood pressure

elevations during the stressful stimulus application, this

author could document the persistence of high blood

pressure values in many of the stressed mice even long

after stimulus removal, that is, when normal environmental

conditions had been restored; furthermore, these animals
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also displayed the well-known features of the chronic

hypertension syndrome such as myocardial fibrosis, coron-

ary lesions, renal involvement, and so on.

The neural origin of high blood pressure was also sup-

ported by a furtherly different strategy, on the basis of

experimental manipulations of cardiovascular reflexo-

genic areas or of neural pathways involved in cardiovascu-

lar homeostasis. In virtually all species tested, surgical

denervation of sino-aortic baroreceptors or lesioning of

the first central relay station of the baroreflex, that is, the

nucleus tractus solitarii, was followed by immediate (and

sometimes fulminating) blood pressure rises. Less univo-

cal evidence was obtained as to the blood pressure levels

prevailing in the later stages of sino-aortic denervation,

with some groups reporting sustained, although less

marked hypertension and some others reporting restor-

ation of virtually normal average blood pressure levels in

spite of larger than normal blood pressure fluctuations

(27–30).

B. Human Hypertension

Addressing the primary role of autonomic mechanisms

in human hypertension is an exceedingly difficult task

considering that blood pressure elevation usually develops

over years or decades; thus, preventing pathophysiological

assessment to be performed in a truly prehyperten-

sive stage. This would be essential in order for abnormal-

ities responsible for initiation of the hypertensive process

to be documented. A variety of alternative strategies

have nonetheless been pursued. These include examin-

ation of normotensive offspring of hypertensive patients,

in whom neurally mediated cardiovascular responses to

excitatory stimuli were shown to be enhanced when com-

pared with age-matched offspring of normotensive parents

(31). In addition, studies conducted in the 70s by

Julius et al. (32) could provide in young borderline

hypertensive subjects evidence of reduced parasympa-

thetic and enhanced sympathetic drive to the heart,

whereas later studies using the tritiated norepinephrine

method could document enhanced neurotransmitter

release (especially to the heart and kidney) in younger

hypertensive patients (33,34); the peculiar approach

employed by these authors allowed them to show that on

the other hand, the augmented circulating norepine-

phrine levels typical of older hypertensive subjects

depends on a reduced clearance rather than by enhanced

release (33).

Along a quite different conceptual line, other investi-

gators addressed the blood pressure effects of null or

very limited exposure to stressful stimuli as it may occur

in secluded nuns: their unique observations showed lack

of age-related increase in lifetime blood pressure,

urinary norepinephrine excretion, and hypertension

incidence (35). Taken together, these albeit indirect obser-

vations concur to support the notion that autonomic mech-

anisms may play a primary role in the genesis of blood

pressure elevation in at least a subset of the hypertensive

population.

Since the initial documentation of insulin resistance in

essential hypertension in 1987 (36), a new line of investi-

gation on the etiology of hypertension was started.

Because of the multifaceted properties of insulin, this

may involve a number of possible mechanisms, including

altered autonomic function: the sympathoexcitatory effect

of insulin is well recognized (37) and may trigger vasocon-

striction and enhanced peripheral vascular resistance. On

the other hand, vasoconstriction may per se interfere

with glucose uptake, especially in skeletal muscles, thus

giving rise to a vicious circle (38). This is a still open

and controversial area in which the primary vs. secondary

nature of given alterations may not be easily demonstrated;

whatever the exact sequence of pathophysiological events,

derangements involving insulin action—the so-called

metabolic syndrome—may be relevant hypertensinogenic

factors in a significant subset of hypertensive patients such

as those characterized by obesity or overweight, overt

diabetes, and dyslipidemia.

V. SYMPATHETIC OVERACTIVITY IN
ESTABLISHED HYPERTENSION

Both the neurochemical and the electrophysiological

approaches mentioned earlier (2–6) applied to assess

whether sympathetic overactivity is a feature of human

hypertension have undisputably demonstrated this to be

the case: renal and cardiac norepinephrine spillover have

been found to be enhanced in most essential hypertensive

patients (33), as clearly documented in Fig. 10.1; it is

worth remarking that the extent of the sympathetic acti-

vation was inversely related to the subject’s age, with

the highest spillover values in the 20–40 year age range,

more modest elevations between 40 and 60 years and no

longer detectable enhancement in the .60 year age range.

Accordingly, microneurographic studies from different

groups have all reported increased skeletal muscle sym-

pathetic firing in subjects with established hypertension,

borderline hypertension, and even in the normotensive off-

spring of hypertensive parents (39–41). An example of the

findings obtained by the electrophysiological studies is

provided in Fig. 10.2; it is notable that the authors could

show a parallel increase of sympathetic activity and of

blood pressure values, that is, a progressive increase in

sympathetic discharge on going from normotensive to

moderate and severe hypertensive subjects; they could

also exclude that sympathetic overactivity was nonspecifi-

cally associated with high blood pressure values inasmuch
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as the study’s protocol included the assessment of second-

ary hypertensive patients as well, in whom no evidence of

sympathoexcitation could be detected.

Albeit limited to the cardiac territory, evidence of

sympathetic activation in human hypertension has been

further supported by studies based on 123I-MIBG injec-

tion in which compared with normotensive subjects, the

radionuclide washout rate from the heart was enhanced

in early and even more so in established hypertensive

patients (42).

VI. MECHANISMS UNDERLYING
AUTONOMIC IMBALANCE IN
HYPERTENSION

The contribution of cardiovascular reflex dysfunction and

of exposure to psychological stress have been discussed

earlier as possible primary etiologic factors in hyper-

tension and will no longer be referred to. On the other

hand, intensive investigation of the central neural mechan-

isms regulating autonomic outflows led to the demon-

stration of significant alterations in hypertensive humans

as well as experimental animal models: neurochemically

evaluated norepinephrine release from subcortical struc-

tures, including the hypothalamic paraventricular nucleus,

was shown to be markedly enhanced in hypertensive vs

normotensive subjects (43). In the brainstem of both

genetically and DOC-salt hypertensive rats, the adrena-

line-forming enzyme, phenylethanolamine N-methyltrans-

ferase (PNMT) was abnormally elevated, the elevation

being probably of etiologic importance because adminis-

tration of a specific PNMT inhibitor normalized blood

pressure values (44). Furthermore, in the same rat

models, the number of catecholamine-containing brain-

stem neurons was found to be enhanced (45). This was

also implicated as an important etiologic factor because

the destruction of these neurons prevented the develop-

ment of hypertension. Significant alterations identified in

the SHR relate to metabolism of central peptides such as

angiotensin, endothelin, and natriuretic peptides, as well

as of excitatory amino acids such as GABA, glutamate,

and aspartate (46). Compared to normotensive control

Wistar-Kyoto (WKY) rats, the SHRs were also shown to

carry augmented number and cell body volume in

various hypothalamic nuclei. It was even reported that

hypothalamic transplantation from SHR to WKY

embryos was followed by sizeable increases in blood

pressure postnatally (47) in the recipient rats.
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Figure 10.2 Progressively increased sympathetic discharge

(MSNA: muscle sympathetic nerve activity) on going from

normotensive subjects to moderate and severe essential hyperten-

sive patients, but not in secondary hypertensive patients (SH).

Single (p , 0.05) and double (p , 0.01) asterisks indicate sig-

nificant difference. [Data from Grassi et al. (41).]

Figure 10.1 Renal norepinephrine spillover in normotensive

and essential hypertensive subjects. Mean values (bars) and indi-

vidual figures (circles, triangles) are separately shown in three

age subgroups. Note the markedly enhanced renal norepinephrine

spillover rate from the kidneys of young hypertensive patients,

but not of healthy individuals or older hypertensives. Single

(p , 0.05) and double (p , 0.01) asterisks indicate significant

difference. [Reproduced from Esler et al. (3).]
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It is important to emphasize that due to the multifactor-

ial origin of hypertension, the range of “candidate” etiolo-

gic factors has been very wide. This helped investigators

(including those interested in autonomic mechanisms) to

recognize that alterations of different nature may impor-

tantly affect each other; thus, neural controllers may be

significantly modulated by a variety of nonneural (hormo-

nal, trophic/hemodynamic, metabolic, nutritional) influ-

ences. Because a thorough analysis of all possible

interactions between neural and nonneural mechanisms

is beyond the scope of this chapter, some among the

most relevant examples will be discussed herein.

An important contribution on the role of structural

factors in initiating or maintaining hypertension was

given by the seminal work of Folkow (48) in the 70s.

These authors observed that in the spontaneously hyper-

tensive rat, the pressor and tachycardic responses to a

stressful stimulus are exaggerated. The concept they

developed and experimentally supported to explain this

alteration is that the hemodynamic effect of sympa-

thetically mediated vasoconstriction may be sizeably

enhanced in the presence of vascular hypertrophy,

especially in the case of inward remodeling of resistance

vessels. Interestingly, they could document that the struc-

tural adaptive response may be triggered by short-lived,

repeated blood pressure elevations such as those occur-

ring in daily life in response to stressful stimuli. It is to

be emphasized that at the time these investigations were

conducted, the currently well established notion of the

pro-hypertrophic effect of sympathetic (over)activity

(49) was unknown, although it would fit well in the

picture these authors envisaged. Indeed, based on their

premise, progressive blood pressure elevation would in

the long run almost invariably develop and one might

somewhat provocatively wonder how normotension can

be maintained in most individuals. The (far from exhaus-

tive) answer is that genetically determined interindividual

differences, on one hand, in autonomic responsiveness to

stressful stimuli and, on the other hand, in the propensity

to develop a cardiovascular hypertrophic response

underlie the long-term setting of blood pressure levels

in any given subject.

A further and well known “nonneural” factor involved

in blood pressure homeostasis is sodium intake. A major

contribution to the pro-hypertensinogenic effect exerted

by dietary salt in a subset of the hypertensive population

unquestionably depends on extracellular fluid and intra-

vascular volume expansion. It is less often considered,

however, that this is by no means the only mechanism in

play and that dietary salt has multifold links with cardio-

vascular autonomic influences. In humans, the usual

response to a high salt diet is characterized by a reduction

in peripheral vascular resistance and in circulating cate-

cholamines, whereas an opposite pattern is observed in

hypertensive patients (50,51). In the most commonly

used animal model of sodium-dependent hypertension,

the Dahl salt-sensitive rat, variations of salt intake have

been associated with prominent changes in neural cardio-

vascular control mechanisms and impaired cardiovascular

reflex function was also shown to be present in the pre-

hypertensive stage before the animals are exposed to the

high salt diet. In addition, even in the established phase

of salt-dependent hypertension, acute removal of sympath-

etic cardiovascular drive by administration of a ganglion

blocker abolishes the difference in blood pressure

between the salt-sensitive and salt-resistant rat strain

(52). Finally, it was also demonstrated that in the geneti-

cally salt-resistant strain, the increase in dietary salt not

only fails to impair but also indeed potentiated barorecep-

tor function and cardiovascular reflexes responses from

both the sino-aortic and cardiopulmonary reflexogenic

areas (53–56) (Fig. 10.3).

If the earlier-mentioned observations clearly document

the influences of salt intake on neural cardiovascular

control mechanisms, there may be a reciprocal aspect of

this relationship due to the sympathetic dependence of

major components of renal function (discussed earlier)

(15–17).

Moving from strictly nutritional to metabolic factors

able to interact with autonomic function, obesity/
overweight is undoubtedly of major pathophysiological

relevance (and is nowadays of growing epidemiological

relevance also). Obesity is associated with enhanced sym-

pathetic activity, even in absence of hypertension, but

there is evidence that the more marked degrees of sym-

pathetic overactivity are observed when the two alterations

coexist (57). Because it is also well established that obesity

or overweight are more prevalent among hypertensive

compared with normotensive individuals, the question

arises whether an “upstream” alteration shared by the

two conditions may contribute to the sympathetic acti-

vation observed in both; a hypothesis currently given

strong consideration identifies insulin as such a common

factor. One of the physiological actions of insulin (prob-

ably via its effects on thermogenesis) is to mediate the

modulation of sympathetic nerve activity exerted by

changes in caloric intake, namely, the sympathoexcitation

associated with feeding and the sympathoinhibition

associated with fasting. Thus, a disregulation of these

mechanisms may play a causative role in hypertension,

in particular, in the case of coexisting overweight/
obesity/type II diabetes mellitus. According to this

hypothesis, a genetically determined reduction in the

tissue sensitivity to insulin action or an excessive caloric

intake, or even more likely a combination of both, may

trigger a sustained increase in insulin release, an attendant

exaggeration of sympathetic activity, and eventually the

development of high blood pressure (36,58).
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Among the nonneural mechanisms implicated in sym-

pathetic activation in hypertension, a final mention is to

be devoted to inflammatory phenomena. Two among the

major inflammatory cytokines, tumor necrosis factor-

alpha (TNF-a) and interleukin 6 (IL-6) were found to be

produced in excessive amounts in hypertensive animal

models, as well as in human hypertension (59–61),

although not all studies came to unanimous conclusions

(62), and there is evidence that these substances can acti-

vate the central nervous system and enhance efferent

Figure 10.3 (A) Afferent arterial baroreceptor function evaluated from the aortic nerve (ADN) discharge/systemic pressure relationship

in Dahl salt-resistant (DR) and Dahl salt-sensitive (DS) rats eating low-salt (LS, open symbols) or high-salt (HS, filled symbols) diets. Note

the defective baroreceptor function in the salt-sensitive animals even before dietary salt loading and the opposite effect of high-salt diet in

the resistant vs. sensitive animals. [Data from Ferrari and Mark (53).] (B) Baroreflex-mediated changes in vascularly isolated hind limb

resistance (mmHg mL21 min21 10 g21) elicited by arterial baroreceptor stimulation and deactivation via respectively phenylephrine and

nitroprusside iv infusions in Dahl salt-resistant (DR) rats eating low-salt (LS, open symbols) or high-salt (HS, filled symbols) diets. Note

the salt-induced potentiation of the reflex responses, quantified as slopes (b) of the stimulus–response relationship. [Data from Ferrari

and Mark (54).]
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sympathetic activity (63,64). Interestingly, epidemiologi-

cal studies showed that enhanced inflammatory markers

predict the development of diabetes and insulin resistance

(65), and the recent IRAS study (66) suggests that sub-

clinical, low grade inflammation is one of the features of

the insulin-resistance syndrome. Moreover, both hyperten-

sive and insulin-resistant individuals show enhanced

acute-phase inflammatory responses (67,68). Although a

mechanistic relationship between the earlier-mentioned

observations and sympathetically mediated hypertension

is far from being established, it is to be reminded that

distinct similarities characterize IL-6 and leptin, a known

sympatho-excitatory peptide which was lately very much

studied as a possible etiologic factor in hypertension,

especially in obese/overweight hypertensives. Both leptin

and IL-6 are largely produced by adipose cells, and leptin

was shown to exert part of its influences by modulating

inflammatory phenomena and by binding to receptors

that belong to the IL-6 receptor family (69–71). A sche-

matic representation summarizing the interplay of meta-

bolic, inflammatory, and neural mechanisms believed to

contribute to the genesis of hypertension and athero-

sclerosis is illustrated in Fig. 10.4.

VII. AUTONOMIC INVOLVEMENT IN THE
GENESIS OF COMPLICATIONS

Besides participating in the initiation and maintenance of

the hypertensive state, autonomic imbalance significantly

contributes to the genesis of major complications of hyper-

tension, ranging from well-known acute cardiovascular

events such as myocardial infarction, cardiac arrhythmias,

and sudden death to more slowly developing entities such

as left ventricular hypertrophy, congestive heart failure,

and atherogenic/thrombotic processes.

High blood pressure levels and sympathetic overactiv-

ity work in concert to enhance systolic wall stress, heart

rate, and myocardial contractility, thus increasing myo-

cardial oxygen demand; on the other hand, epicardial

coronary artery disease and exaggerated small vessel con-

striction may curtail oxygen delivery to the heart. Such an

imbalance may precipitate myocardial ischemia, causing

further activation of sympathetic reflexes and establishing

a vicious circle. Furthermore, sympathetic overactivity is

clearly implicated as a crucial “trigger” of sudden

cardiac death (72,73), mainly via its arrhythmogenic

effects (74,75). Its influences on platelet function and on

pro-coagulant/antifibrinolytic mechanisms (76,77) may

further precipitate acute ischemic events (78).

Sustained sympathetic overactivity favors the develop-

ment of left ventricular hypertrophy both directly through

the well-known hypertrophic effect of cardiomyocyte

adrenergic receptor stimulation (79) and indirectly

through the facilitatory action of catecholamines on the

local effects of angiotensin II (80). This has been convin-

cingly documented by various reports that noradrenaline

or isoproterenol chronically administered at subpressor

doses induce cardiac hypertrophy in experimental

animals (81), which implicates both alpha- and beta-

adrenoceptors as the mediators of this effect. Needless to

say, sympathetic overactivity may also directly promote

left ventricular hypertrophy via its hemodynamic actions

affecting both absolute blood pressure levels and blood

pressure variability (82).

Sympathetic stimulation also profoundly influences

arterial blood vessels with both structural and functional

effects. Pressure-independent pro-hypertrophic actions of

catecholamines are known to be exerted on the arterial

wall (49,83), whereas arterial mechanical properties are

also under direct sympathetic control as documented by

the marked increase in arterial distensibility following

removal of tonic sympathetic influences in both humans

(84,85) and in experimental animals (86) (Fig. 10.5). A

further albeit less direct way an autonomic imbalance

may affect the arterial tree is via its ability to induce

tachycardia, which was shown to per se exert an arterial

stiffening effect (87). If one additionally considers the

known ability of catecholamines to also unfavorably

affect lipid metabolism and cholesterol synthesis (88),

there is little question that sympathetic activation may

exert significant proatherogenic effects; in conjunction

with the adverse mechanical influence of high blood

pressure, the overall impact of such effects may not be

trivial, which makes it tempting to speculate that sympath-

etic overactivity may at least in part contribute to the

facilitation of atherosclerosis notoriously associated with

hypertension.

Although sympathetic activation was long believed to

represent a compensatory response “helping” the heart to

CHRONIC SUBCLINICAL INFLAMMATION

SNS STIMULATION

ATHEROSCLEROSIS

Intraarterial
inflammation

Extravascular
stimuli

   Proinflammatory cytokines

IL-6 
TNF-α

HYPERTENSION

INSULIN RESISTANCE
SYNDROME

Figure 10.4 Interactions among heterogeneous mechanisms

potentially acting as hypertensinogenic factors.
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sustain an abnormally elevated mechanical load such as it

occurs in chronic hypertension, growing experimental evi-

dence challenges this notion and indicates that the overall

effects of cardiac sympathetic drive are detrimental to the

heart and facilitate rather than prevent cardiac decompen-

sation. Along this line we could recently show that in a rat

model of aortic banding-induced pressure overload cardiac

hypertrophy, sympathectomy had beneficial effects on the

course of the disease inasmuch as it markedly attenuated

and delayed the transition to left ventricular dysfunction

and failure; even more importantly, heart failure-related

mortality was strikingly reduced (89). These observations

demonstrate that sympathetic (over)activity favors the

development and accelerates the progression of cardiac

dysfunction in hypertensive heart disease; although the

underlying mechanisms are not fully elucidated, they

may include noxious effects to both the cardiomyocyte

(necrosis/apoptosis) and the cardiac interstitium (fibrosis).

VIII. CONCLUSIONS

Having followed the above discussion, which touched

upon some of the multifold factors relevant to the patho-

physiology of hypertension, the reader should have rea-

lized that most if not all of them, including high salt

intake, insulin-resistance, low-grade inflammation, over-

weight, dyslipidemia, physical inactivity are strongly

interrelated in a sort of network in which activation of

any element directly or indirectly calls in play the other

ones. In the setting of our topic it may be important to

recall that sympathetic overactivity makes no exception,

although it may at present be difficult to tell whether it

has to be viewed as just one of the elements in play or

as the one ultimately giving rise to the hemodynamic land-

mark of most hypertensive conditions, that is the exag-

gerated peripheral vascular resistance, no matter which

was (were) the primary derangement(s) that triggered the

hypertensive process. It was additionally outlined that

beside providing a significant contribution to the etiology

of hypertension in at least a proportion of patients, auto-

nomic mechanisms have a strong impact in the develop-

ment and course of the major and often fatal

complications of the hypertensive disease.
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KEYPOINTS

. Multiple dietary factors affect blood pressure level.

. There is an expanding body of evidence suggesting

that protein intake, specifically plant protein, may

lower blood pressure.

. A high intake of omega-3 fatty acids can reduce

blood pressure in individuals with hypertension.

. Consumption of an overall healthy diet pattern,

such as the DASH Dietary Pattern or a vegetarian

diet, has emerged as an effective means to lower

blood pressure.

SUMMARY

High blood pressure is a significant public health problem,

but one that is potentially controllable or preventable. One

means of control and prevention is by dietary modifi-

cation. A large body of evidence has shown that many
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dietary factors affect blood pressure. Current knowledge

supports reducing salt intake, increasing potassium

intake, controlling weight, moderating of alcohol intake

(among those who drink) and consuming an overall

healthy dietary pattern as appropriate modifications to

help lower blood pressure. Additional emerging evidence

has shown that increased protein intake, particularly

plant protein, and high intake of omega-3 fatty acids can

also reduce blood pressure. Whether increased fiber

intake lowers blood pressure is remains unproven. For

other macronutrients, as well as for cholesterol, evidence

is currently limited or equivocal.

I. INTRODUCTION

Multiple dietary factors affect blood pressure. Reduced

salt intake, increased potassium intake, weight loss, mod-

eration of alcohol intake (among those who consume

alcohol), and an overall healthy diet, termed the “Dietary

Approaches to Stop Hypertension (DASH) diet,” are effec-

tive dietary strategies that lower blood pressure. The

DASH diet emphasizes fruits, vegetables, and low-fat

dairy products and is reduced in saturated fat, total fat,

and cholesterol. A very high intake of omega-3 fatty

acid (fish oil) from pill supplements also lowers blood

pressure in hypertensive individuals, but at doses that are

commonly associated with side effects.

A variety of evidence suggests that other dietary factors

affect blood pressure. This chapter reviews evidence with

respect to the effects of macronutrients (fat, protein, and

carbohydrate), fiber, cholesterol, and dietary patterns on

blood pressure. Table 11.1 provides a summary of this evi-

dence and Table 11.2 provides an overview of relevant

findings from two major observational studies.

II. FAT

Cross-cultural (ecologic) studies, as well as migration

studies, have documented that individuals who live in

economically developed industrialized countries have

higher blood pressure and a steeper age-related rise in

blood pressure than those who live in nonindustrialized

countries (1). Nonindustrialized societies are characterized

by less meat and lower fat consumption. Within industrial-

ized societies, vegetarians tend to have lower blood

pressure than nonvegetarians. Although many components

of the diet may differ between nonindustrialized and

industrialized countries and between vegetarians and non-

vegetarians, dietary fat, particularly saturated fat, has been

associated with atherosclerosis and dyslipidemia. There-

fore, it seemed plausible to explore the effects of fat

intake on blood pressure.

Different study designs have been used to investigate

the relationship of fat intake with blood pressure. Cross-

sectional studies have examined associations between

tissue levels of fat and blood pressure, and cohort studies

have assessed the effects of dietary fat intake on blood

pressure change or incident hypertension. Clinical trials

have tested the effects of different levels and/or types of

fat intake on blood pressure. A review by Morris (1) has

summarized this vast and complex literature.

A. Total Fat

Total fat includes saturated fat, monounsaturated fat,

omega-3 polyunsaturated fat, and omega-6 polyunsatu-

rated fat. It has been hypothesized that saturated fat

increases blood pressure, polyunsaturated fat lowers

blood pressure, a high polyunsaturated fat/saturated fat

(P/S) ratio lowers blood pressure, and monounsaturated

Table 11.1 Summary of the Effects of Nutrients, Fiber,

Cholesterol, and Dietary Patterns on Blood Pressure

Dietary component Direction of effect Evidence

Electrolytes

Sodium chloride (salt) Direct þþ

Potassium Inverse þþ

Calcium Inverse þ/2

Magnesium Inverse þ/2

Weight Direct þþ

Alcohol Direct þþ

Fatsa

Saturated Direct þ/2

Omega-3 polyunsaturated Inverse þþ

Omega-6 polyunsaturated Inverse þ/2

Monounsaturated Inverse þ/2

Proteinsa

Total Inverse þ

Vegetable Inverse þ

Animal Uncertain þ/2

Carbohydratesa

Total Uncertain þ/2

Simple sugars Direct þ/2

Starch Uncertain þ/2

Fibera Inverse þ

Cholesterola Direct þ/2

Vitamin C Inverse þ/2

Dietary patternsa

Vegetarian Inverse þþ

Mediterranean-style Inverse þ/2

DASH diet Inverse þþ

aDiscussed in chapter.

Note: þþ, convincing evidence, typically from clinical trial; þ/2,

limited or equivocal evidence; þ, suggestive evidence, typically from

observational studies and some clinical trials.
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fat lowers blood pressure. Hence, the net effect of fat

intake on blood pressure may depend on the distribution

of types of fat consumed. However, as documented by

Morris (1), there is little evidence to support an effect of

total fat intake on blood pressure.

B. Saturated Fat

Many observational studies and a few clinical trials have

examined the effect of saturated fat on blood pressure. In

most observational studies, saturated fat intake was not

associated with elevations in blood pressure. For

example, in the Nurses’ Health Study and the Health

Professionals Follow-Up Study (HPFS), there was no

association among saturated, polyunsaturated, or total fat

intake and incident hypertension during 4 years of

follow-up in analyses that controlled for potential dietary

and nondietary confounders (2,3). In these studies, food

frequency questionnaires were used to assess fat intake,

expressed as a percentage of total kilocalories (kcal). In

contrast, in observational analyses of the Multiple Risk

Factor Intervention Trial (MRFIT), there was a significant

direct association between saturated fat intake, as

measured by replicate 24 h dietary recalls, and diastolic

blood pressure. The investigators also reported a signifi-

cant inverse association between P/S ratio and diastolic

blood pressure (4).

Clinical trials have documented that diets reduced in

saturated or total fat intake have no effect on blood

pressure. Some trials tested diets that were reduced in

both total and saturated fat; other trials increased polyun-

saturated fat intake and reduced saturated fat intake in

order to hold total fat constant. Over a 1 year period, the

National Diet Heart Study (5), with 1007 subjects, tested

four diets, all with 30–37% of total calories from fat,

but with varied P/S ratios (0.3, 1.5, 2.0, and 4.5). A

Medical Research Council (MRC)-supported trial, with

393 subjects and five years of follow-up, tested two diets

with different P/S ratios (0.2 and 2.0), but the same

percent of kcal as fat (45%) (6). In these two large trials,

as well as in several smaller trials, a reduction in saturated

fat had no impact on blood pressure. The diets that were

tested in these trials had increased levels of polyunsatu-

rated fat; therefore, the lack of effect on blood pressure

by these diets also suggests no beneficial effect from poly-

unsaturated fat.

Even well-controlled clinical trials have limitations,

most of which would lead to false negative results. Poten-

tial limitations include enrollment of large numbers of

nonhypertensive individuals and inadequate measurement

of blood pressure. In addition, if the biological effects of

saturated fat on blood pressure result from long-term

exposure (for e.g., effects on arterial stiffness rather than

vascular resistance), then a trial of even 5 years duration

might not be long enough.

Table 11.2 Overview of Major Findings from Two Observational Studies That Assessed the Effects of Macronutrients, Fiber, and

Cholesterol on Blood Pressurea

Description Multiple Risk Factor Intervention Trial Chicago Western Electric Study

Type of dietary assessment 24 h dietary recalls (5 or 6 times) Interviews (to assess eating patterns

over previous 28 days)

Significant direct association Starch Cholesterol (SBP only)

Saturated fat (DBP only) Keys dietary lipid score (SBP only)

Cholesterol (DBP only) Alcohol use

Keys dietary lipid score (DBP only)

Significant inverse association Fiber Vegetable protein

Protein (DBP only in usual care; SBP only in

special intervention group)

Polyunsaturated fat (DBP only)

P/S ratio (DBP only)

Simple carbohydrates (DBP only)

Adjustment factors Age Age (baseline)

Race Time

Education Height

Serum cholesterol Weight

Smoking Education

Body mass index Alcohol use

Diet status (intervention or usual care) Cigarette use

Alcohol intake

aSee Stamler et al. (4), Slattery et al. (60), Yamori et al. (64), and Miura et al. (163) for further information regarding associations.

Note: DBP, diastolic blood pressure; SBP, systolic blood pressure; P/S, polyunsaturated fat/saturated fat.
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C. Monounsaturated Fat

Few studies have investigated the relationship between

monounsaturated fat and blood pressure. Most cross-

sectional studies did not detect any relationship (1).

Likewise, two prospective studies did not find an effect of

monounsaturated fat on incident hypertension (2,3). Early

clinical trials did not support the hypothesis that monounsa-

turated fat had an effect on blood pressure. However, these

trials were small and included nonhypertensives (1); hence,

the trials may have been underpowered.

Two recent trials documented an inverse relationship

between monounsaturated fat intake and blood pressure.

In a trial of persons with type 2 diabetes, replacing carbo-

hydrate with monounsaturated fat significantly lowered sys-

tolic blood pressure and ambulatory daytime diastolic blood

pressure (7). In a cross-over trial, replacement of saturated

fat with monounsaturated fat (as olive oil) significantly

reduced blood pressure and the need for antihypertensive

medication when compared with replacement with sun-

flower oil (polyunsaturated fat, mostly linoleic acid) (8).

Overall, it is unclear whether an increased intake of mono-

unsaturated fatty acids lowers blood pressure.

D. Omega-6 Polyunsaturated Fat

Omega-6 polyunsaturated fat is consumed mainly as lino-

leic acid in Western diets (9). In observational studies,

there was no clear relationship between tissue or blood

levels of omega-6 polyunsaturated fat and blood pressure

(1). One small, randomized cross-over trial of elderly

hypertensive subjects (n ¼ 44) found that both fish oil

(omega-3) and corn oil (omega-6) lowered systolic and

diastolic blood pressure; however, these reductions were

only significant during the first diet period (10).

E. Omega-3 Polyunsaturated Fat

Laboratory studies, observational epidemiologic studies,

and clinical trials have documented that an increased

intake of omega-3 polyunsaturated fat lowers blood

pressure. In these studies, omega-3 polyunsaturated fat is

usually consumed from fatty fish (e.g., mackerel, lake

trout, herring, sardines, albacore tuna, and salmon) or

from pill supplements, termed “fish oil.”

There are many plausible mechanisms for an effect of

omega-3 polyunsaturated fat on blood pressure. One

mechanism is the inhibition of vasoconstrictor prostaglan-

dins (e.g., thromboxane A2) (11). Another study found that

in rats, supplementation with docosahexaenoic acid

(DHA), one type of omega-3 fatty acid, altered the

amount of adenosine triphosphate (ATP) released from

the vascular endothelial cells (12). In a clinical trial that

enrolled of 59 overweight, mildly hyperlipidemic men,

DHA—but not eicosapentaenoic acid (EPA)—enhanced

vasodilator responses and attenuated constrictor responses

in the forearm microcirculation (13). Other potential

mechanisms include a decrease in vascular contractility

and platelet aggregation (14), attenuation of vascular

responses to sympatho-adrenal stimulation (15), an

increase in systemic arterial compliance and reduction in

pulse pressure (16), an increase in vasodilatory prostaglan-

dins (e.g., prostacyclin) (9), and an increase in endothelial

nitric oxide release. Various studies have shown that DHA

may be the principal active component conferring cardio-

vascular protection rather than EPA (13,17).

1. Observational Studies

The low incidence of cardiac death in Greenland Eskimos,

who consume a diet high in fat (mainly from seal and

whale blubber), sparked interest in the health effects of

omega-3 polyunsaturated fat (18). Several subsequent

studies demonstrated an association among increased

consumption of omega-3 fatty acid and decreased risk of

coronary heart disease (19) and sudden death (20,21).

Few observational studies examined the effects of

omega-3 fatty acid intake on blood pressure.

2. Clinical Trials

Clinical trials have documented that high doses of omega-

3 polyunsaturated fat can reduce blood pressure, at least in

hypertensive individuals. In a trial of 156 Norwegian men

and women with untreated mild hypertension, supplemen-

tation with 6 g/day of 85% EPA and DHA significantly

lowered systolic blood pressure by 6.4 mmHg and

diastolic blood pressure by 2.8 mmHg, net of control. A

number of other clinical trials have shown similar benefit

from supplementation with high dose fish oil supplements

in hypertensive individuals (22–28). The effects of low

dose fish oil have been disappointing. A recent trial

tested a supplement containing a 4:1 ratio of EPA to

gamma linoleic acid (GLA); GLA is an omega-6 polyun-

saturated fatty acid that might act synergistically to

lower blood pressure and allow for a reduced dose of

EPA and hence, reduced side effects. However, this

supplement had no significant effect on blood pres-

sure (29). In other trials, consuming fish, which are

rich in omega-3 polyunsaturated fat, reduced blood

pressure (30). There was an additive effect of fish oil

combined with weight loss (31), and DHA appeared to

be a more effective omega-3 polyunsaturated fat than

EPA (32).

Three meta-analyses of clinical trials confirmed that

high doses of omega-3 polyunsaturated fat supplemen-

tation (typically at levels of �3 g/day) can reduce blood

pressure, especially in hypertensive individuals (33–35).

In each meta-analysis, fish oil supplementation was
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effective in untreated hypertensives. However, side effects

were frequent, the most common being a fishy taste and

belching. The most recent meta-analysis found that fish

oil supplementation (median dose of 3.7 g/day) signifi-

cantly reduced systolic blood pressure by 2.1 mmHg

(95% CI: 1.0–3.2 mmHg) and diastolic blood pressure

by 1.6 mmHg (95% CI: 1.0–2.2 mmHg) (34). Reductions

in blood pressure tended to be larger in older subjects

(.45 years of age) and in hypertensives (defined as indi-

viduals with a pretrial blood pressure .140/90 mmHg).

The authors concluded that the effect seen in older subjects

was only partly explained by their higher initial blood

pressure levels. The effect appeared to be stronger in

females, but there were not enough female subjects to

make adequate statistical comparisons.

In summary, a very high intake of omega-3 fatty acid

(fish oil) from pill supplements lowers blood pressure in

hypertensive individuals, but at doses that are commonly

associated with side effects.

III. PROTEIN

A paradigm shift has occurred regarding the effects of

protein on blood pressure. The prevailing belief regarding

protein’s effect on blood pressure has been that there is

either no association (36) between protein consumption

and blood pressure, or that increased protein intake

raises blood pressure (37–39). As discussed subsequently,

the best available evidence is that increased protein intake,

particularly from plant sources, can lower blood pressure.

Evidence for a direct association is based on several

types of data. For example, individuals with protein mal-

nutrition often have low blood pressure (40), and diets

that are low in protein also appear to retard the progression

of renal-insufficiency (41). The Kempner rice diet, which

was a low-protein (20 g/day), low-sodium (150 mg/
day), and high-carbohydrate (420–570 g/day) diet, suc-

cessfully treated severe hypertension before the introduc-

tion of pharmacologic therapy (42,43). However, it is

not known whether the blood pressure-lowering effect

resulted from the low protein aspect of the diet. Veg-

etarians tend to have lower blood pressures when com-

pared with nonvegetarians, although factors other than

the intake of animal protein, such as lower body mass

index in vegetarians (44), also differ between the two

groups.

The contemporary view is that protein intake is inver-

sely related to blood pressure (45–47). Recent studies,

both observational and clinical trials, have shown that

increasing protein intake, especially protein from

nonmeat sources, may reduce blood pressure and prevent

cardiovascular disease (48). New findings build upon

observations from the 1970s and 1980s in Asian countries,

especially Japan and China, in which there was an inverse

association between protein intake in certain parts of these

countries and rates of hypertension and stroke (49,50). In

addition, experimental data [e.g., the response to salt

loading in salt-sensitive rats (50)] has shown that diets

high in protein can slow the rise in blood pressure and

reduce stroke rates in laboratory animals.

The mechanism by which protein may lower blood

pressure is uncertain. One potential set of mechanisms is

through the actions of constituent amino acids. Synthesis

of catecholamines in the central nervous system is affected

by the intake of tyrosine and phenylalanine (51). Tyrosine

(52) and tryptophan (53) lower blood pressure when

injected intraperitoneally in animals. Histidine (a precur-

sor for the synthesis of histamine) contributes to regulatory

activity on the sympathetic nervous system (54) and

dilation of peripheral vessels (55). Arginine is the meta-

bolic precursor of nitric oxide, a potent vasodilator that

acts on the endothelium (56). Moncada and Higgs (56)

have hypothesized that increased ingestion of arginine

may reverse vascular reactivity changes and reduce

intimal thickness in atherosclerosis, reduce the excessive

proliferation of smooth-muscle cells in hypertension, and

lower blood pressure. Taurine may exert a blood pressure

lowering effect by natriuretic and diuretic effects in the

kidney or inhibitory effects on the renin–angiotensin

system (57). Alternatively, or in tandem, biologically

active peptides (e.g., peptides with angiotensin-converting

enzyme inhibitor activity) may lower blood pressure (58).

There may be additional mechanisms by which soy protein

operates.

A. Epidemiologic Studies

Both cross-sectional and longitudinal studies have been

performed to assess the relationship between protein and

blood pressure.

1. Cross-Sectional Studies

Of the available 18 cross-sectional studies, two found no

association between protein intake and blood pressure

(59,60), eight found a significant inverse association in

at least one analysis (4,61–71), two found a direct associ-

ation (72,73), and four found either an inverse association

(74–77) or no association (78–80). One of the largest and

most rigorous of these studies is the INTERSALT study,

which documented a significant inverse association of sys-

tolic blood pressure and diastolic blood pressure with total

nitrogen and urea nitrogen (measured by 24 h urine collec-

tions as a biomarker for total protein intake) in fully

adjusted models; a direct association was seen when the

model was adjusted only for age and sex (81). A study

by Pellum and Madeiros (82) also found opposite
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associations depending on the adjustment procedures; the

association of systolic blood pressure and pulse pressure

with protein intake was inverse in multiple regression ana-

lyses, but in univariate analysis in males, a direct associ-

ation for diastolic blood pressure and an inverse

association for pulse pressure was found. A recent study

conducted in Japan documented an inverse relationship

between protein intake (estimated by the daily urinary

excretion of urea nitrogen) and blood pressure in men

(83). In women, a similar pattern was observed, but the

relationship was not statistically significant.

An important concern in assessing the relationship

between protein intake and blood pressure is the variation

in reported energy intake (84). Blood pressure and excess

body weight are positively associated, however, over-

weight individuals are more likely to underreport energy

intake (85,86). Because of this underreporting of energy

intake a spurious direct association between low protein

intake and blood pressure may result. This phenomenon

may be responsible for some of the discordant findings,

including those from the first National Health and Nutri-

tion Examination Survey (NHANES-I) (75,77), the Hono-

lulu Heart Program (HHP) (61,63), and perhaps the

Caerphilly Study (74). Other studies typically adjusted

for energy intake or expressed protein intake as a percen-

tage of kilocalories in statistical models.

2. Longitudinal Studies

Six reports of longitudinal analyses from five studies are

available. Stamler et al. (4,87) reported on men in the

MRFIT cohort. Among 11,000 men with 6 years of

follow-up, a significant inverse association was observed

between change in protein intake (as a percentage of

kcal) and change in blood pressure. This association was

seen in both the special intervention group (for systolic

blood pressure) and the usual care group (for diastolic

blood pressure). Twenty-four hour dietary recall infor-

mation was collected from all men four to five times in

the trial. In the Chicago Western Electric Study (88),

there was an inverse association between intake of veg-

etable protein and change in systolic blood pressure and

diastolic blood pressure, with up to 9 years of follow-up.

There was also the suggestion of a direct association

with animal protein. However, this study did not adjust

for known determinants of blood pressure such as

sodium and potassium intake. In a 10 year follow-up

analysis of NHANES-I data (89), there was an inverse

association between protein intake and incidence of hyper-

tension in unadjusted analysis. Investigators of the Coron-

ary Artery Risk Development in Young Adults (CARDIA)

cohort, at 7 and 10 years of follow-up, found no associ-

ation between protein intake and change in blood pressure

(90,91). Similarly, a study by Morris et al. (92) found no

statistically significant association between protein and

blood pressure in pregnant women.

In a study of children (93), there were small differences

in blood pressure between groups that varied in protein,

fat, and carbohydrate intake, but these differences were

confounded by body size and maturity. A statistically sig-

nificant association between diastolic blood pressure and

protein intake was found among 9-year-olds (94), but the

significance diminished once the authors adjusted for

energy intake. A statistically significant inverse relation-

ship between protein intake (measured with three 24 h

dietary recalls) and blood pressure was found in one

study with three years of follow-up in 7–10-year-olds.

The relationship was no longer significant when many

other dietary variables (including calcium, magnesium,

potassium, carbohydrates, total fat, saturated fat, polyun-

saturated fat, monounsaturated fat, dietary cholesterol,

and total dietary fiber) were added to the model (95).

The final study found no association between protein

intake and blood pressure (96).

B. Clinical Trials

Results of early trials of protein supplementation, protein

restriction, or substitution of meat for vegetarian products

have been inconsistent, perhaps because of design limit-

ations including small sample size (39,46). In a series of

randomized trials, Sacks and colleagues (97–100)

examined the short-term (2–6 weeks) effects on blood

pressure of beef consumption, low vs. high protein

intake, soy protein, and eggs. The only significant

finding was that systolic blood pressure increased when

beef was added to the diet (97).

Recent trials tested the effects of soy protein sup-

plementation (101–107), and despite some variation,

these trials tend to show a blood pressure-lowering

effect. A 2 � 2 factorial study by Burke et al. (101) that

tested the effects of high vs. low fiber and high vs. low

protein on blood pressure, documented significant

reductions in systolic and diastolic blood pressure of 5.9

and 2.6 mmHg, respectively, from a 66 g/day soy

protein supplement. However, most of the benefit was

seen in the high protein, high fiber arm of the study. He

et al. (103) and Teede et al. (105) reported significant

decreases in blood pressure with 40 g/day of soy

supplementation.

Soy supplements also provide isoflavones; hence, there

is the possibility that the observed reductions in blood

pressure result from these bioactive compounds.

However, two trials have shown that isolated isoflavones

have no effect on blood pressure (108,109). A third trial

by Jenkins et al. (110) varied the soy protein and isofla-

vone content in diets fed to hyperlipidemic men and post-

menopausal women. Systolic blood pressure in men was
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significantly lower after administration of the diets high in

soy protein, regardless of isoflavone status. No significant

difference was seen in the women.

In spite of some inconsistencies, data from both epide-

miological studies and clinical trials support the hypoth-

esis that increased intake of protein, especially from

vegetable sources, lowers blood pressure. However, this

relationship has not been adequately tested in a clinical

trial with size and rigor. Hence, available evidence is not

yet sufficient to establish a relationship between protein

consumption and blood pressure.

IV. CARBOHYDRATE

Carbohydrates include simple sugars, such as monosac-

charides (glucose and fructose) and disaccharides

(sucrose, maltose, and lactose) and complex carbo-

hydrates, which are called polysaccharides (starch, cellu-

lose, and glycogen). Starch is found in cereal grains,

corn, legumes, and potatoes. Interest in the effects of

carbohydrates results largely from their possible associ-

ations with insulin resistance, the metabolic syndrome,

obesity, and, most recently, the glycemic index

(111,112). A review by the National Research Council in

1989 (113) on diet and health (in relation to chronic dis-

eases) made no mention of the possible effects of carbo-

hydrates on blood pressure. A 1983 review (114) and

more recent reviews (45,111) focused on simple sugars

in relation to glucose tolerance and the well-known

acute pressor effect of sucrose and fructose intake in

animal models (115–118). Some of the mechanisms

suggested for this acute direct effect on blood pressure

include interactions with salt intake, promotion of salt

retention (119,120), and increased catecholamine pro-

duction or release with stimulation of the sympathetic

nervous system (121–124). In contrast to the direct associ-

ation found in animal studies, the Kempner rice diet that

previously was used to treat severe hypertension was

high in carbohydrate. A recent review by Hung et al.

(125) concluded that diets high in carbohydrates, con-

sumed as fruits and vegetables, together with dairy pro-

ducts, tend to lower blood pressure. However, fruits and

vegetables are also high in fiber, potassium, and vitamin

C (among other nutrients).

A. Epidemiologic Studies

Of 18 observational studies, eight studies found no signifi-

cant association of carbohydrate intake with blood

pressure. In other studies, the relationship was often

inverse. However, direct associations also have been

reported. Inverse associations were reported from

NHANES-I (75,77) and the HHP (61,63), but these

associations could be spurious because of inadequate

adjustment for caloric intake and residual confounding.

Other studies that adjusted for energy intake also found

inverse associations. The Yi Migrant Study (67),

NHANES-III (80), and the NHANES-I follow-up study

(89) all found significant inverse associations between

carbohydrate intake and blood pressure. In the MRFIT

cohort, there was a direct association between carbo-

hydrate intake and blood pressure at baseline, although

there was an inverse association of 6 year change in total

carbohydrate (and simple sugars) with change in diastolic

blood pressure in the special intervention group (87).

Direct associations of carbohydrate intake and blood

pressure (or prevalent hypertension) were also seen in

other studies (73,82). A cross-sectional analysis of

NHANES-III data evaluated the relationship of carbo-

hydrate intake and cardiovascular disease risk factors,

one of which was systolic blood pressure (126). They

found no significant relationship between carbohydrate

intake and the systolic blood pressure in men or women.

In children, an inverse association between energy-

adjusted carbohydrate intake and diastolic blood pressure

.3 years of follow-up was seen in a study by Simons-

Morton et al. (95). However, this association did not

persist when other nutrients were added to the regression

model.

B. Clinical Trials

Few trials have tested the effects of carbohydrates on

blood pressure (45,111). A trial by Rebella et al. (120)

assessed the effects of five solutions of simple sugars in

20 nonhypertensive men. Glucose and sucrose ingestion

was associated with significant increases in blood pressure

at 1 h (increase of 9–10 mmHg), as well as antinatriuresis.

In a cross-over study of 24 subjects (men and women) who

were classified as “carbohydrate-sensitive” due to their

inflated insulin response upon sucrose loading, diastolic

blood pressure significantly increased after a 6 week diet

that contained one-third of the calories as sucrose (127).

Another study found no association between blood

pressure and sodium retention (secondary to glucose

loading) (128). Sacks et al. (129) found no effect from

replacement of saturated fat with carbohydrate.

In summary, data regarding the effects of carbohydrate

on blood pressure are inconsistent. Further research is

clearly warranted.

V. FIBER

There are various definitions of dietary fiber, and none is

entirely adequate (130). The differences in definition and

measurement of fiber intake have made the interpretation
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of study findings difficult (45). In 1972, Trowell (131)

defined dietary fiber as the components of the plant cell

wall that cannot be digested by the secretions of the

human alimentary tract (cellulose, hemicelluloses,

pectin, and lignin). A refined definition includes nondiges-

tible plant materials that are not components of the cell

wall, such as gums and mucilages (132). In the year

2000, the American Association of Cereal Chemists

(AACC) (133) provided a definition of dietary fiber and

criteria for analyzing the methodology used in fiber

studies. The new definition does not greatly differ from

Trowell’s earlier definition.

Fiber can be classified as either water soluble or insolu-

ble. Soluble fibers include pectins, gums, mucilages, and

some hemicelluloses. Insoluble fibers include lignins and

most hemicelluloses (113). Soluble fibers are of interest,

as they affect gastrointestinal function by decreasing the

rate at which digestion takes place, as well as the absorp-

tion of nutrients, and by indirectly affecting glucose and

lipid metabolism (45). Animal studies have shown that

increased intake of fiber can reduce the elevation in

blood pressure that is associated with a sucrose load

(134) or a fat-enriched diet (135).

There is an interest in the effect of high-fiber diets on

insulin sensitivity and glucose metabolism, because a

potential mechanism for fiber’s effect on blood pressure

is due to its association with insulin resistance (111,112).

Another mechanism by which fiber could affect blood

pressure is absorption of short-chain fatty acids in the

large bowel by fermentable fiber components, which poss-

ibly has a beneficial effect on blood pressure (135).

A. Epidemiologic Studies

Many studies that have investigated macronutrient intake

also have examined the association of fiber intake with

blood pressure.

1. Cross-Sectional Analyses

The Caerphilly Study produced conflicting results; in two

reports there was an inverse association between cereal

fiber and systolic blood pressure (78,136), but a third

study did not show the same relationship (74). The HHP

(61), Yi Migrant Study (67), and a report from

NHANES-III (80) all found an inverse association of

dietary fiber with both systolic and diastolic blood

pressure. In a sample of men free of clinical hypertension

(137), systolic blood pressure was inversely associated

with the intake of fruit fiber (adjusted for age, body

habitus, and alcohol consumption). Diastolic blood

pressure was also associated, but failed to reach statistical

significance. Some cross-sectional studies indicate the

potential for factors such as age, gender, race, and

hypertension risk to affect the relationship between fiber

intake and blood pressure (47).

2. Longitudinal Analyses

In the MRFIT cohort (4,87), investigators found an inverse

association of change in fiber intake (g/1000 kcal) with

change in blood pressure; inverse cross-sectional associ-

ations between reported dietary fiber intake and systolic

and diastolic blood pressure were also found. The

CARDIA study was a multicenter population-based cohort

study that examined change in cardiovascular disease risk

factors .10 years. It showed an inverse association of

fiber intake at year seven (when diet history was assessed)

and a 10 year change in blood pressure in white men and

women (91). In the NHANES-I follow-up study, fiber was

inversely associated with incident hypertension (89).

In predominantly white male health professionals in the

United States, those with a fiber intake of ,12 g/day were

at greater risk for self-reported hypertension (4 year

cumulative risk) compared with men with an intake of

.24 g/day after adjustment for total energy intake. In

addition, an association with systolic blood pressure

change was found after adjustment for other dietary vari-

ables (2). In a prospective study that enrolled 58,000

predominantly white US female nurses, a 1989 (138)

report documented an inverse association between fiber

intake, adjusted for total energy consumption, and 4 year

cumulative risk of self-reported hypertension. The

increased risk was no longer significant when calcium

and magnesium were included in the statistical model.

However, another report from the Nurses’ Health Study

that had additional follow-up (3) adjusted for calcium,

magnesium, and potassiumreported an inverse association

of dietary fiber with systolic and diastolic blood pressure.

In the Baltimore Longitudinal Study of Aging, dietary

records from 380 men (three to eight records over a

period of 8 years) showed an inverse association

between dietary fiber intake and both systolic and diastolic

blood pressure (139).

Few studies have examined the association of blood

pressure with dietary fiber in children. One study found

an inverse association between energy-adjusted fiber

intake and diastolic blood pressure in 9-year-old boys

(94). Another study reported an inverse association with

both systolic and diastolic blood pressure over up to 3

years of follow-up (95). After adjustment for other

dietary variables, the relationship remained for diastolic

blood pressure only.

B. Clinical Trials

Early, nonrandomized clinical trials showed a reduction in

blood pressure after administration of dietary fiber
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supplementation (140,141); however, the trials were small.

The study by Wright et al. (141) examined the effects of both

reducing and increasing fiber intake on blood pressure. Two

trials of increasing dietary fiber showed reductions in blood

pressure. Over a 4 week period in 17 subjects, an increase

from 16.2 to 24.5 g/day led to a decrease in systolic/dias-

tolic blood pressure of 3.9/3.7 mmHg. The other trial

(n ¼ 14) showed decreases of 1.8/2.7 mmHg with an

increase in fiber consumption from 16.8 to 28.6 g/day.

A third trial, which reduced fiber intake from 30.8 to

14.8 g/day, showed an increase in blood pressure of

7.7/2.8 mmHg.

Subsequently, a large number of randomized controlled

trials involving fiber supplementation have been carried

out, several of which were well-controlled with sufficient

sample size (142–144). However, most did not measure

blood pressure as a primary outcome (47), and most did

not detect a reduction in blood pressure with increased

fiber intake.

A meta-analysis of the trials was carried out by He et al.

(145). Twenty of 47 identified trials were included in the

meta-analysis, with an average fiber intake of 14 g/day.

Studies were excluded mainly because of simultaneous

changes in dietary sodium, potassium, or fat intake in

the active treatment arm. The average reductions in

systolic and diastolic blood pressure were 1.6 mmHg

(95% CI: 0.4–2.7 mmHg) and 2.0 mmHg (95% CI:

1.1–2.9 mmHg), respectively. Trials that used concen-

trated and purified fiber showed greater reductions in

blood pressure than trials that tested fiber in foods. One

potential reason for this difference is that compliance

with fiber supplementation was higher than adherence to

dietary changes; physical or chemical differences of the

types of fiber also may have had a role.

After this meta-analysis, other studies were published.

Burke et al. (101) examined the effects of both protein

and fiber intake in a 2�2 factorial trial. They documented

a significant decrease in 24 h systolic blood pressure

(5.9 mmHg, 95% CI: 8.1–3.7) with addition of dietary

fiber (15 g psyllium/day). The effect on diastolic blood

pressure was not significant. The majority of the fiber

(and protein) effect was seen in the higher fiber/high

protein arm of the trial. A recent 12 week intervention

study of oat consumption (soluble fiber) vs. wheat con-

sumption (insoluble fiber) in men with hypertension

(n ¼ 18 in both groups) did not show a blood pressure-

lowering effect of the oats (146).

In general, there appears to be an inverse association

between dietary fiber and blood pressure (or incident hyper-

tension), in both observational epidemiological studies and

clinical trials. Interpretation of results from observational

studies are complicated because of nonstandardized fiber

definitions, suboptimal quantification of dietary fiber

intake (e.g., with 24 h food recalls or with food diaries),

and potential confounding factors. Similarly, clinical trials

have substantial problems including insufficient statistical

power, inadequate measurement of blood pressure, and

uncertain exposure (i.e., the type of fiber that was tested).

Hence, evidence of an inverse association of dietary fiber

with blood pressure, though suggestive, is not yet

conclusive.

VI. CHOLESTEROL

Very few studies have addressed the effect of dietary

cholesterol on blood pressure. In the MRFIT cohort,

there was a direct positive relationship between increasing

cholesterol intake (based on repeated 24 h dietary recalls

measured in mg/1000 kcal per day) and both systolic

and diastolic blood pressure (4,87). In addition, the Keys

score was associated with diastolic blood pressure but

not with systolic blood pressure in this cohort. In the

Chicago Western Electric Study, there was a significant

positive relationship between change in systolic blood

pressure over 8 years of follow-up with both dietary

cholesterol and Keys score (88). Both studies were able

to adjust for possible demographic, dietary, and medical

confounders. Yet, in view of the lack of available evi-

dence, the relationship between dietary cholesterol

intake and blood pressure is uncertain.

VII. DIETARY PATTERNS

The effects of dietary patterns on blood pressure and

cardiovascular risk factors are of substantial interest.

A. Vegetarian Dietary Patterns

As reviewed by Beilin (147), vegetarians tend to have

lower blood pressure than nonvegetarians, even after

adjustment for age, gender, and body weight (44,100). In

addition, vegetarians appear to have a lower age-related

increase in blood pressure than nonvegetarians

(Fig. 11.1) (37,100). Yet, it is difficult to isolate the

effects of meat consumption from the effects of other

dietary factors and lifestyle habits. Hence, some of the

observed reductions in blood pressure that can be attribu-

ted to vegetarian diets may result from other dietary

factors.

1. Observational Studies

Several cross-sectional studies have compared vegetarian

with nonvegetarian populations, and some compared

different types of vegetarians. In a study of 11,400

British adults, self-reported blood pressure of four

groups were compared—meat eaters, fish eaters,
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vegetarians, and vegans (44). The lowest prevalence of

hypertension occurred in the male vegan group, followed

by the female vegan group. The highest prevalence of

hypertension occurred in meat eaters. Vegetarians and

fish eaters had a slightly higher prevalence of hypertension

than the vegans. Mean systolic and diastolic blood press-

ures were also significantly different between the groups.

Age-adjusted systolic blood pressure differences between

meat eaters and vegans were 4.2 and 2.6 mmHg for men

and women, respectively, corresponding diastolic blood

pressure differences were 2.8 and 1.7 mmHg, respectively.

Differences in body mass index (BMI) explained much of

the differences between groups.

Another study obtained anthropometric measurements

and recorded electrolyte excretion (including sodium and

potassium) in matched pairs of vegetarians and nonvege-

tarians. The vegetarians were mainly Seventh-Day Adven-

tists. Mean blood pressure was lower in vegetarians, and

the authors concluded that these differences were not

due to dietary sodium (37).

In a study of individuals who were vegetarian for at

least 5 years, Melby et al. (148) compared vegetarians

and nonvegetarians, stratified by race. Older black veg-

etarians had significantly lower blood pressure than

black nonvegetarians, but they still had significantly

higher blood pressure than white vegetarians and nonvege-

tarians. Such findings suggest that long-term adherence to

a vegetarian diet lowers blood pressure in blacks, but that

it does not eliminate differences in blood pressure that are

attributable to racial differences.

2. Clinical Trials

Few trials have tested the effects of vegetarian diets on

blood pressure. One trial was a randomized cross-over

trial that evaluated the effect of an omnivorous diet vs.

either of two lacto–ovo vegetarian diets for 6 week

periods in 58 individuals with untreated hypertension

(149). On the vegetarian diets, systolic blood pressure

fell 5 mmHg, on average, and rose upon consumption of

the omnivorous diet.

Another trial enrolled 59 nonhypertensive, nonvegetar-

ian individuals, and randomized them either to a control

group (omnivorous diet) or to one of two experimental

diets (omnivorous diet for the first 2 weeks and a lacto–

ovo vegetarian diet for one of two 6 week experimental

periods) (150). Consumption of the lacto–ovo vegetarian

diets led to significant reductions in systolic blood pressure

(5–6 mmHg) and diastolic blood pressure (2–3 mmHg),

when compared with consumption of the nonvegetarian

diet. Blood pressure also significantly rose in the exper-

imental group that reverted to the omnivorous diet. Yet,

neither trial tightly controlled the dietary factors which

might partially account for the observed benefit of the veg-

etarian diet and which might have differed across random-

ized groups.

Overall, available evidence indicates that vegetarian

diets can lower blood pressure. However, it is possible

that established dietary factors (salt intake, potassium

intake, and weight) partially account for the effects of

these diets on blood pressure.

B. Mediterranean-Style Diets

The Mediterranean diet is not a single dietary pattern.

Rather, this term is used to describe a variety of diets con-

sumed in this region of the world. Mediterranean diets

typically emphasize fruits, vegetables, legumes, beans,

nuts, seeds, cereals, and breads. Intake of olive oil is

high, whereas intake of saturated fat is low. Fish consump-

tion is often high, but the amount depends on proximity of

the populace to the sea. The diets include dairy products,

wine, and some meat and poultry (151,152). In view of

the relatively lower coronary heart disease and total

mortality that is characteristic of several Mediterranean
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Figure 11.1 Blood pressure by age in a strict vegetarian popu-

lation in Boston and in nonvegetarian populations in East Boston

and Framingham, MA, USA. [From Sacks et al. (100), adapted

with permission.]
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regions (152), the effects of these diets on blood pressure

and other cardiovascular disease risk factors are of

considerable interest.

The seven countries study provides indirect evidence

that a Mediterranean-style diet may have beneficial

effects on blood pressure. In the part of Greece where tra-

ditional diets are eaten, the prevalence of hypertension was

half that of Western Europe and the United States (153).

Subsequently, a cross-sectional study of 1154 Greek

women and 1128 Greek men who were free of cardiovas-

cular disease documented that consumption of a Mediter-

ranean-style diet was associated with a statistically

significant (26%) decrease in prevalence of hypertension,

even after controlling for potential confounding factors

(154).

Yet, the few trials that have investigated the effect of a

Mediterranean-style diet on blood pressure have been

inconsistent. In one small study of 57 nonhypertensive

rural dwellers in Southern Italy, replacement of usual

diet with a diet increased in saturated fat and decreased

in carbohydrates and monounsaturated fats led to a sig-

nificant rise in systolic and diastolic blood pressure

(155). However, in the Lyon Diet Heart Study, a

Mediterranean-style diet had no effect on blood pressure

(156,157). The Lyon Diet Heart Study was a randomized,

single-blind secondary prevention trial that tested whether

a Mediterranean-style diet can prevent a second myocar-

dial infarction. Participants were randomized to a control

or an experimental group. The experimental group con-

sumed significantly less lipids, saturated fat, cholesterol,

and linoleic acid, but more oleic and linolenic acid, con-

firmed by plasma measurements. After a mean follow-up

at 27 months, there were fewer cardiac deaths and nonfatal

myocardial infarction events in the experimental group

(risk ratio ¼ 0.27). However, blood pressure remained

similar in both groups (157).

Overall, although consumption of traditional Mediter-

ranean-style diets are associated with reduced coronary

heart disease mortality and total mortality, there is little

direct evidence that such diets lower blood pressure.

C. DASH Dietary Pattern

The DASH trial was designed to test whether modification

of a whole dietary pattern as opposed to just one or two

nutrients might affect blood pressure. The DASH trial

tested two main hypotheses:

1. Increased intake of fruits and vegetables will lower

blood pressure (the “fruits and vegetables” diet).

2. An overall healthy dietary pattern (the “combi-

nation diet,” now referred to as the “DASH diet”)

will lower blood pressure.

The DASH trial was a controlled study; in which partici-

pants received all their food for a period of 11 weeks

from the study. Average blood pressure at baseline was

131/85 mmHg, and 29% of the participants had stage 1

hypertension. Blacks compromised 65% of the study

population; the reminder were predominantly white.

Participants were randomized to one of three diets. The

control diet was typical of what many people in the

United States eat (Table 11.3 and Fig. 11.2).

The “fruits and vegetables” diet was higher in potass-

ium, magnesium, and fiber, but otherwise similar to the

control diet. The DASH diet emphasized fruits, vegetables,

and low-fat dairy products, included whole grains, poultry,

fish and nuts, and was reduced in fats, red meat, sweets, and

sugar-containing beverages. Sodium intake levels aver-

aged 3000 mg/day in all three diets. Energy intake was

adjusted to maintain body weight. The maximum permiss-

ible alcohol intake was two or fewer drinks per day. By

controlling weight, sodium intake, and alcohol intake, the

study tested the effects of the diets independent of these

established risk factors.

Among all the participants, the DASH diet significantly

reduced blood pressure (Fig. 11.3). Systolic blood pressure

decreased by 5.5 mmHg and diastolic blood pressure by

3.0 mmHg. Blood pressure reduction from the fruits and

vegetables diet was about half of the DASH effect (158).

The dietary effect was apparent after only 2 weeks on

the two diets. In subgroup analyses, the DASH diet signifi-

cantly lowered blood pressure in all major subgroups—

men, women, blacks, nonblacks, hypertensives, and

nonhypertensives (159). The effect of the DASH diet

was significantly greater in blacks (with systolic and dias-

tolic blood pressure reductions of 6.9 and 3.7 mmHg,

respectively) than in whites (with systolic and diastolic

Table 11.3 Nutrient Profile of Diets Tested in the Dash Triala

Control

Fruits and

vegetables Combination

Nutrients

Fat (% kcal) 37 37 27

Saturated fat 16 16 6

Monounsaturated fat 13 13 13

Polyunsaturated fat 8 8 8

Carbohydrates (% kcal) 48 48 55

Protein (% kcal) 15 15 18

Cholesterol (mg/day) 300 300 150

Fiber (g/day) 9 31 31

Potassium (mg/day) 1700 4700 4700

Magnesium (mg/day) 165 500 500

Calcium (mg/day) 450 450 1240

Sodium (mg/day) 3000 3000 3000

aFor 2100 kcal energy level.

Source: From Appel et al. (158), adapted with permission.
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blood pressure reductions of 3.3 and 2.4 mmHg, respect-

ively). Hypertensive subjects had an average reduction

of 11.6 mmHg in systolic blood pressure and 5.3 mmHg

in diastolic blood pressure; nonhypertensive subjects had

net reductions in systolic and diastolic blood pressure of

3.5 and 2.2 mmHg, respectively.

A separate feeding study, the DASH-Sodium trial,

tested the effects of the DASH diet by itself and the com-

bined effects of the DASH diet and sodium reduction on

blood pressure. In brief, the DASH diet lowered blood

pressure in either case, but lowered it to a lesser extent

when the sodium intake was �1500 mg/day than when

the sodium intake was 2300 mg/day (160). Finally, a beha-

vioral intervention trial, the PREMIER study, documented

that free-living individuals outside of the confines of a con-

trolled diet studies such as DASH and DASH-sodium, can

make dietary and other lifestyle changes including weight

loss, exercise, and reduced salt intake (161).

There is considerable speculation about which com-

ponents of the DASH diet lowered blood pressure. Fruits

and vegetables are rich in potassium, magnesium, and

fiber. Potassium has been shown to effectively lower

blood pressure, particularly in individuals with a low

intake of fruits and vegetables, in individuals with hyper-

tension, and in blacks (162). Except for the “fruits and veg-

etables” food group, the DASH trial was not designed to

test the effects of specific nutrients or food groups.

Results from the DASH trial, as well as other studies, indi-

cate that increased fruit and vegetable intake can lower

blood pressure (163,164). Because the DASH diet also

Figure 11.2 Servings per day of food groups by diet in the DASH clinical trial.
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lowered blood pressure when compared with the “fruits

and vegetables” diet, some other aspect(s) of the DASH

diet contributed to lowering blood pressure.

VIII. CONCLUSIONS

Available evidence is sufficiently strong to conclude that

certain dietary patterns, specifically, following the

DASH diet or vegetarian diets, can lower blood pressure.

A very high intake of omega-3 polyunsaturated fat also

can reduce blood pressure in hypertensive individuals.

Other factors also may influence blood pressure.

Specifically, an expanding body of evidence suggests

that increased protein intake, particularly protein intake

from vegetable sources, may lower blood pressure.

Whether increased fiber intake lowers blood pressure

remains unproven. For other macronutrients and for

cholesterol, corresponding evidence is either limited or

equivocal.

Further research, especially well-designed trials with

sufficient sample size, is required. In the meantime, a

reduced salt intake, increased potassium intake, weight

control, consumption of the DASH diet, and moderation

of alcohol intake (among those who drink) remain

prudent public health recommendations to lower blood

pressure in hypertensive as well as nonhypertensive

individuals.
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KEYPOINTS

. Population studies demonstrate a close relationship

between alcohol intake and the height of the blood

pressure.

. Acute alcohol loading studies demonstrate an acute

pressor response, with no clear threshold.

. The mechanism of alcohol rotates hypertension is

unknown.

. There is no clear relationship between alcohol intake

and the cardiovascular consequence of hypertension.

. Alcohol moderation does lower blood pressure in

hypertensive patients.

SUMMARY

A close relationship exists between alcohol consumption

and the height of the blood pressure. These remain

however several unanswered questions. As yet no clear

mechanism has been demonstrated to explain how

alcohol raises blood pressure. The other problem is there

does not appear to be a close relationship between

alcohol intake and the cardiovascular complications of

hypertension, namely heart attack, stroke, peripheral vas-

cular disease and renal damage.

Reliable short-term clinical trials have shown that redu-

cing alcohol intake brings about a rapid fall in systolic and

diastolic blood pressure. Thus moderation of intake is

one component of the recommendations on the non-

pharmacological management of hypertension. There

does not appear to be any benefit from reducing alcohol

intake from moderate levels to none at all hypertensive

patients, along with the population at large, should be

advised to limit their alcohol intake to no more than 3

drinks per day in men and 2 drinks per day in women.

I. INTRODUCTION

Of all of the lifestyle factors implicated as a cause of

hypertension, alcohol has received the least attention and
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is possibly, therefore, the least well understood. Further-

more, the long-term consequences of the relationship

between alcohol intake and blood pressure and its vascular

sequelae, namely heart attack and stroke, remain contro-

versial. Finally, there is a lack of a coherent or plausible

mechanism whereby alcohol raises blood pressure, either

acutely or over the long term.

II. HISTORY

It is generally held that the first scientific paper to report an

association between high alcohol intake and hypertension

was published in Paris in 1915 by Camile Lian in his study

of French soldiers (1). He reported the prevalence of

hypertension in “les tres grands buveurs, les grands

buveurs, les moyens bouvers et les sobres.” (“Les

sobres” were those who drank ,1 L of wine per day.)

There was a direct linear relationship between alcohol

intake and prevalence of hypertension. However, in

1877, Frederick Henry Horatio Akhbar Mahomed (2),

who was working at Guy’s Hospital in London, was

measuring blood pressure with the aid of the sphygmo-

graph. He noted high-tension pulses in patients whom he

termed “alcoholists.” In 1922, Batty Shaw (3) in his text

book of hypertension (Hyperpiesia and Hyperpiesis) com-

mented that the relationship between alcohol intake and

high blood pressure was “well known.” A total of 10 of

the 47 patients he studied in detail were “addicted to

alcohol.” Be that as it may, there are almost no further

references to alcohol and hypertension for another 50

years. Notably, alcohol received no mention in Sir

George Pickering’s great textbook of hypertension that

was first published in 1955.

In 1959, Shah and Kunjannam (4) in India reported that

the blood pressures of citizens listed on the Bombay

Alcohol Register were higher than those in citizens who

were not so labeled. At this time in the city of Bombay,

a person had to register with the city before he or she

was allowed to buy alcoholic drinks.

It was not until the 1970s that large-scale epidemiologi-

cal studies appeared that showed a relationship between

alcohol intake and height of the blood pressure. Since

then, the association has been almost universally confirmed.

III. MODERN EPIDEMIOLOGICAL
RESEARCH

One of the first of the modern studies of the relationship

between alcohol intake and blood pressure was the

Copenhagen Heart Study published in 1974 (5). This

study of 5249 Danish men demonstrated a close associ-

ation between alcohol intake (primarily beer) and height

of their blood pressure, which was independent of body

mass index, physical exercise, or smoking habit.

The year 1977 was an important year; Klatsky et al. (6),

who were examining the data file of the Kaiser Permanente

multiphasic health examination survey, were able to

demonstrate a close relationship between alcohol intake

and blood pressure that held true in men, women,

Caucasians, African-Americans, and Asian-Americans of

Chinese origin. This effect also was found to be indepen-

dent of age, salt intake, obesity, and educational level as

an indicator of socioeconomic status.

Later that same year, Ramsay (7) and Beevers (8),

working independently in Glasgow, reported an association

between hypertension and abnormal liver function tests

and concluded that the most likely mechanism was the

differences in alcohol intake. Plasma alanine and aspartate

aminotransferase levels were significantly higher in hyper-

tensive men than in normotensive controls. In women, only

aspartate aminotransferase levels were significantly higher

in hypertensive patients compared with controls. In the

hypertensive individuals, reported alcohol intake corre-

lated with the reported levels of these blood tests. Since

then, however, it has become clear that part of the associ-

ation between hypertension and abnormal liver function

tests also may be seen in nondrinkers as a result of non-

alcoholic hepatic steatosis (fatty liver) or, occasionally, of

nonalcoholic steatohepatitis (9). This syndrome is associ-

ated with central obesity, insulin resistance, type 2 diabetes

mellitus, impaired glucose tolerance, hyperlipidaemia, and

hypertension in the metabolic syndrome X.

IV. ALCOHOL DOSE RESPONSE CURVE

People who drink more than six standard units of alcohol

per day (a unit corresponds to a glass of wine, a small

measure of spirits, or a half-pint of beer) appear to have

a two to three times higher prevalence of hypertension

when compared with nondrinkers or people who

consume very little alcohol (10). The question, however,

remains whether the relationship between alcohol and

blood pressure is linear. Several studies have suggested

that people who drink fewer than two drinks per day

may have slightly lower blood pressures than people

who claim to drink nothing at all (11). This trend was

seen in particular among women in the Kaiser Permanente

multiphasic health examination survey, and in a study from

London. This J-shaped relationship has been seen only

occasionally and only in men, but even in men there

appears to be no significant gradient between no drinks

per day and fewer than two drinks per day (12). Therefore,

this raises the possibility that there is a threshold above

which alcohol raises blood pressure. An alternative expla-

nation is a cynical one—that is, to question the validity of
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reports by people who claim that they consume no alcohol.

Although many of these people may have been genuine

teetotalers all of their lives, some of them also may have

been ex-drinkers—some of whom may have stopped

drinking by virtue of physical illness. Many people

simply may have succeeded in deceiving their examiners.

There also may be another threshold at the top end of the

alcohol–blood pressure relationship. In the second Kaiser

Permanent survey, published in 1986, there was a trend for

examinees who consumed more than nine drinks per day to

have lower blood pressure than those who consumed six to

eight drinks per day (12).

V. EX-DRINKERS

Ex-drinkers may represent a diverse population, including

some people who may now be too unwell to drink alcohol,

but it is important to note that ex-drinkers appear to have

the same blood pressure profile of people who have

never drunk alcoholic beverages (12). This strongly

suggests that the alcohol–blood pressure relationship is

reversible. This is of some interest because with most

other causes of high blood pressure, removing the under-

lying cause does lower blood pressure, but it does not

usually lead to complete normalization. The remarkable

reversibility of the blood pressure–alcohol relationship

is addressed later in this chapter and raises the possibility

that alcohol does not so much cause hypertension, but that

it simply causes a reversible and harmless rise in blood

pressure.

VI. TYPE OF ALCOHOLIC BEVERAGE

Epidemiological studies in different countries have all

shown an alcohol–blood pressure relationship and also

found that this relationship exists in people who drink

predominantly beer (Copenhagen), in people who drink

primarily wine (Paris), and in people who drink a

mixture of alcoholic beverages (13). Therefore, there

does not seem to be any major difference among alcoholic

beverages. These findings are borne out by acute alcohol

loading studies in normotensive volunteers and in patients

in whom alcohol-free beer was found to have no effect on

blood pressure, but in whom the same beer with alcohol

added did raise blood pressure. Furthermore, the blood

pressure rose and fell parallel to increases and decreases

in blood alcohol levels (14). There has been speculation

that the nonalcoholic constituents of some alcoholic bev-

erages, particularly of red wine, might exert a protective

effect, particularly against heart disease (15). The

problem is that the people who drink primarily red wine

are frequently from a higher socioeconomic group than

those who drink alcohol mostly in the form of beer or

spirits. Thus, the apparent protection in drinkers of red

wine may be a marker for other safe personal habits,

including a low frequency of cigarette smoking (15).

VII. PATTERN OF ALCOHOL
CONSUMPTION

It is possible that binge drinking of a specific amount of

alcohol has a greater effect than consuming the same total

amount of alcohol over several days each week. A compari-

son between people in Northern Ireland and France, where

total weekly alcohol intake was the same, showed that

drinkers in Belfast tended to drink more on the weekends,

whereas drinkers in Paris tended to drink smaller quantities

regularly everyday, with no “binge effect” (16). This raises

the possibility that binge drinking itself has a harmful effect

(17,18). The variation of blood pressure over a work-week

has been investigated in several population studies. There

was a tendency for blood pressures to be higher on

Monday after a weekend of presumed drinking. It did not

take long; however, for blood pressure to return to

normal levels during the remainder of the week.

VIII. MECHANISMS

Perhaps, the least understood issue is the mechanisms by

which alcohol might increase blood pressure. An early

study from Birmingham that involved 132 alcoholic

patients admitted to the hospital showed that during the

early detoxification process, blood pressures were elevated

(17). As the effects of the alcohol withdrawal wore off,

the patients’ blood pressures settled. Among alcoholics

who, 6 weeks later, were still not drinking, blood pressures

remained low, whereas alcoholics who had relapsed and

gone back to their former drinking habits, blood pressures

had risen again. This study also showed that there was a

significant linear relationship between the severity of

alcohol withdrawal symptoms and the height of the blood

pressure. This raises the possibility that it was not the

alcohol itself that increased blood pressure, but rather the

withdrawal from alcohol. During withdrawal, some of the

alcoholics were found to have very high levels of plasma

catecholamines, levels comparable to those seen in patients

with phaeochromocytoma (14). At this point, it was

suggested that the alcohol withdrawal mechanism might

be the explanation; but it was difficult to extrapolate this

to large-scale population studies among more moderate

drinkers. It was argued; however, that if an epidemiological

survey were carried out during the morning hours, a pressor

effect also might be observed in moderate drinkers because

of the alcohol that had been consumed on the preceding

evening—the examinee would be in a state of mild, subcli-

nical alcohol withdrawal. This possibility was backed up

Alcohol and Hypertension 189



by the Lipid Research Clinics project, where people who

had consumed alcohol within 24 h of screening had a

lower blood pressure than people who had consumed no

alcohol during this same period (18).

In sharp contrast to the alcohol withdrawal syndrome

hypothesis were the results of studies of acute alcohol

loading and withdrawal. Potter and Beevers (19) conducted

the first randomized, parallel group study of alcohol con-

sumption in hypertensive patients in an in-patient, clinical

environment in Birmingham. During three further days of

moderate alcohol consumption in hospital, blood pressures

remained elevated but then fell rapidly during three sub-

sequent days with no alcohol consumption. Conversely,

patients who were allowed no alcohol for 3 days and then

started drinking again moderately on day 4, sustained an

increase in blood pressure. Therefore, this finding was in

sharp contrast to the suggestion that the alcohol pressor

effect was owing to the withdrawal from alcohol. Similarly,

alcohol loading studies conducted both among healthy vol-

unteers and among hypertensive patients showed that an

increase in blood pressure that occurs after drinking

alcohol roughly parallels the increase in blood alcohol

levels (14,20). This strongly suggested that alcohol must

have a direct pressor effect or a rapid pressor effect that is

mediated by other hormones. During these acute alcohol

loading studies over a period of 3 h, no significant

changes were found in plasma renin or angiotensin levels,

in plasma cortisol levels, or in plasma adrenaline or nor-

moadrenaline levels (20). This also strongly suggests that

none of these hormones was involved in the pressor

response that was observed. At a later stage of these exper-

iments, plasma renin levels rose. This effect was thought to

be a result of mild, subclinical dehydration associated with

an alcohol-induced diuresis. At this stage, the blood

pressure had returned to baseline levels.

If the increase in blood pressure that is induced by

alcohol in acute experiments is not mediated by activation

of the synthetic nervous system or the renin–angiotensin

system, the possibility is that alcohol has a direct effect

on arterial vascular tone that is possibly mediated by an

increase in the intracellular calcium and intracellular

sodium that are associated with the inhibition of the

sodium potassium pump (21–23).

It remains possible that alcohol has at least two mech-

anisms by which it raises blood pressure. First, blood

pressure may be raised because of the stress of the

alcohol withdrawal syndrome, and this elevation in

pressure may well be mediated by an increase in plasma

catecholamine levels. Secondly, alcohol may have direct

pressor effect on the arteriolar wall tension, which

causes an increase in systemic pressure that parallels the

prevailing blood alcohol levels (24).

Given that alcohol does raise blood pressure both

acutely and at the time of alcohol withdrawal, the question

arises whether alcohol actually causes hypertension. The

rapid reversibility of the alcohol effect and its acute

onset are not consistent with the idea that alcohol causes

chronic hypertension with its associated end-organ

damage (25). A low-salt diet does not normalize blood

pressure in hypertensive patients, it merely reduces it.

Why is it, therefore, that the cessation of alcohol intake

normalizes blood pressure so quickly? Does alcohol

cause an innocent, transient increase in blood pressure

that is not clinically important?

IX. ALCOHOL AND END-ORGAN DAMAGE

If alcohol causes hypertension, it also should cause the

end-organ damage associated with hypertension, namely,

left ventricular hypertrophy, heart attack, stroke, and

renal damage. In addition, it also should probably cause

peripheral vascular disease. There is very little information

about renal damage or peripheral vascular disease in

association with alcohol consumption, but there is absol-

utely no evidence to suggest that alcohol causes renal

damage or that it worsens peripheral vascular disease.

Indeed, alcohol may sometimes relieve the symptoms of

peripheral vascular disease. When we look at the associ-

ation of alcohol consumption with heart attacks and

strokes, the topic becomes more complicated.

A. Alcohol and Coronary Heart Disease

There is no convincing evidence that alcohol causes coron-

ary heart disease either directly or through an increase in

blood pressure.

Long-term population studies and studies of survivors

from myocardial infarction show that alcohol has a

modest protective effect, at least in low doses, in prevent-

ing coronary heart disease (26,27). In high doses, any

association to alcohol and coronary mortality may be

explained by an arrhythmic effect rather than by the gen-

eration of coronary heart disease associated with atheroma

deposition (28). There is no doubt that alcohol in high

doses, both acutely and during the withdrawal phase, can

cause tachyarrhythmias and atrial fibrillation (29). Atrial

fibrillation, in turn, may be associated with increased

mortality and morbidity from heart failure and thrombo-

embolic stroke.

Could it be that the harmful effects of alcohol on the

heart are offset by the beneficial effects on other risk

factors? Even though alcohol increases blood pressure, it

also increases lipid levels—but in a rather unusual

manner (30). Alcohol in large quantities increases the

total plasma cholesterol, but most of this increase is

explained by an increase in plasma HDL cholesterol,

which has a protective effect against heart disease.
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Overall, one must conclude that although alcohol

causes an increase in blood pressure and might even

cause hypertension, it does not cause hypertensive end-

organ damage in the form of coronary heart disease.

B. Alcohol and Stroke

The relationship between alcohol and strokes is slightly

more consistent with a possible positive correlation. In

the Yugoslavia Cardiovascular Diseases Study, alcohol

intake and mortality were investigated (31). A possible

protective effect against coronary heart disease was con-

firmed, but a close relationship was found between

alcohol intake and stroke mortality. In the first West

Birmingham case-controlled stroke study, a close relation-

ship was found between alcohol and stroke; although there

was a threshold effect, no association observed unless the

patient had been consuming more than four drinks per day

prior to the stroke onset (32). Below that level, there was

some evidence of a protective effect in men, with a

U-shape relationship between alcohol intake and stroke.

Teetotalers, therefore, appear to have slightly higher risk

of stroke than patients who drink very small quantities

of alcohol. This study found no such effect in women, pri-

marily because of the very small numbers of women who

drank alcohol in sufficient quantities for the investigators

to draw any conclusions. Although many other population

studies have confirmed a relationship between alcohol

intake and stroke, there are some important negative

studies, in particular those that evaluate the association

between alcohol and stroke mortality (33).

The relationship between stroke and alcohol may be

complicated by the nature or by the manner of alcohol con-

sumption. There are reports of binge drinking being

associated with acute stroke, but binge drinkers usually

are also heavy drinkers, so it is not certain whether it is

the quantity of alcohol or the pattern of drinking that is

causing strokes (34). In Robert Louis Stevenson’s Treas-

ure Island, the old sea captain who resided at the

Admiral Benbow Inn consumed a very high level of

alcohol in the form of rum. The captain was attacked by

the villainous “Black Dog”, and, soon after, he collapsed.

It was thought that the captain was wounded. Dr. Livsey

was called “‘Wounded? A fiddlesticks end,’ said the

doctor, ‘no more wounded than you or I. The man has

had a stroke as I warned him’”. The captain’s rum con-

sumption remained high, and soon after he was “struck

dead by thundering apoplexy”.

The relationship between high alcohol intake and stroke

might be explained either by a dehydration effect of the

alcohol-induced disease with a rise in hematocrit or by

an increase in plasma catecholamine levels that is associ-

ated with the stress of the alcohol withdrawal in the

ensuing 24 h after ceasing to drink.

If alcohol does cause strokes, it does so only when con-

sumed in high quantities and does not demonstrate the

close linear response curve that one would find if

alcohol were a major actual cause of stroke in the popu-

lation at large (34).

X. ALCOHOL AND CLINICAL
HYPERTENSION

Despite all of the uncertainties described in the preceding

sections, the fact remains that in clinical practice there is

an observed association between alcohol intake and high

blood pressure. Furthermore, among hypertensive patients,

a reduction of alcohol intake or even total cessation is

associated with a drop in blood pressure (19,35). This

drop in pressure, therefore, should lead to a reduction in

the number of antihypertensive drugs that are required

for treatment. From an epidemiological perspective, it

had been thought that alcohol might be the cause of hyper-

tension in 5–11% of hypertensive patients, and alcohol

has been reported to be associated with 24% of untreated

hypertension in Australian men (36,37).

There are a few studies that assess the effects of a

reduction or cessation of alcohol consumption on blood

pressure in hypertensive patients. In an early study from

Birmingham, hospitalized nonalcoholic hypertensive

patients went through a period of moderate alcohol con-

sumption, followed by cessation of drinking. Twenty-four

hours after altering alcohol intake either upward or down-

ward, blood pressure had increased or decreased (22).

Two other very reliable studies were conducted in

Perth, Western Australia on a double-blind basis with

either canned and specially labeled low-alcohol content

beer or normal beer. These studies showed a close relation-

ship between alcohol and blood pressure in both hyperten-

sive patients and normotensive volunteers (37,38). Other

studies that have included both hypertensive individuals

and normotensive individuals have demonstrated that in

both groups, reduction or cessation of drinking alcohol

was associated with a decrease in blood pressure (39).

XI. ALCOHOL AND ANTIHYPERTENSIVE
DRUGS

There is evidence that the antihypertensive response to

drug therapy is reduced in people who consume a rela-

tively large quantity of alcohol (40), although one study

reported no interference of alcohol in the antihypertensive

effect of the beta-blocker metoprolol (41). In general, there

is very little consistent evidence that alcohol specifically

interacts with any particular class of antihypertensive

drugs, but this area has not been studied in detail.
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XII. EXPERIMENTATION

Just has been the case in human research, experiments

with animals have provided confusing results. Acute

alcohol loading studies in rats have shown that blood

pressures were lower with alcohol, but in dogs, intra-

venous (but not intragastric alcohol) did cause an increase

in blood pressure (42). Very little work has been done in

this area.

XIII. CONCLUSIONS

Both acute and chronic alcohol consumptions are import-

ant causes of high blood pressure. Reducing alcohol intake

is beneficial in terms of reducing blood pressure and, pre-

sumably, also in reducing the need for antihypertensive

medication. There is no convincing evidence that alcohol

causes end-organ damage of hypertension in the heart.

There is some evidence that alcohol does cause strokes,

but possibly only when alcohol is consumed in large quan-

tities (32). It would appear that the relationship between

alcohol and blood pressure differs from other lifestyle

factors in that there is a remarkable reversibility and also

a possible threshold effect with no linear dose response

curve. In practice, therefore, it is sensible to conclude

that unlike tobacco smoking, which is always harmful at

any level, alcohol intake in moderation is not harmful

and may have some beneficial effects. The recommen-

dations that the amount of alcohol intake in men should

be limited to no more than three drinks per day and in

women to no more than two drinks per day should be

emphasized as part of good clinical practice.
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KEYPOINTS

. Exercise-induced increases in blood pressure and

decreases in systemic vascular resistance are roughly

parallel in hypertensive and normotensive subjects.

. Observational studies suggest that greater physical

activity and fitness are associated with lower blood

pressure and reduced incidence of hypertension.

. Dynamic aerobic endurance training decreases

blood pressure through a reduction of systemic vas-

cular resistance, in which the sympathetic nervous

system and the renin angiotensin system appear to

be involved. The blood pressure reduction is more

pronounced in hypertensive than in normotensive

subjects.

. Moderate “resistance” training, designed to increase

muscular strength, power, and/or endurance, dec-

reases blood pressure.

SUMMARY

Acute dynamic and static exercise increase blood pressure.

The increase is roughly parallel in hypertensive and

normotensive individuals. Many epidemiological studies

have analyzed the relationship between engaging in

regular physical activity or being physically fit and blood

pressure, but the results are not quite consistent. Although

several epidemiological studies did not observe significant

independent relationships, others concluded that blood
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pressure or the incidence of hypertension is lower in indi-

viduals who are more fit or more active. Longitudinal

intervention studies are more appropriate for assessing

the effects of physical activity and training on blood

pressure. A meta-analysis of 44 randomized controlled

trials revealed that dynamic aerobic training reduces

resting blood pressure on average by 2.6/1.8 mmHg in

normotensive patients and by 7.4/5.8 mmHg in hyperten-

sive patients (P , 0.001 for all), on the basis of a

reduction in systemic vascular resistance. This type of

training also lowered blood pressure measured during

ambulatory monitoring or during exercise. It is likely

that the sympathetic nervous system, the renin–

angiotensin system, and endothelial function are involved

in the training-induced blood pressure reduction. Static

exercise (strength or resistance training) has been less

well studied than dynamic aerobic training. A meta-analy-

sis of nine randomized controlled trials revealed a

reduction of blood pressure of 3.2 (P ¼ 0.10)/3.5

(P ¼ 0.01) mmHg associated with exercise. However, it

should be noted that most exercise in these studies was

dynamic in nature.

I. INTRODUCTION

Essential hypertension is undoubtedly a multifactorial

disease, and it is very unlikely that only one causal

factor is involved. Its pathogenesis is based on the inter-

action among genetic and environmental and lifestyle

factors. The genetic variance has been shown in family

and twins studies, but the exact nature of the postulated

genetic defect remains largely unknown. Environmental

and lifestyle factors that have been suggested as factors

to explain an elevated blood pressure include sodium,

alcohol, caloric intake, stress, and physical inactivity. In

the present review, the impact of physical activity and

fitness on blood pressure is evaluated from cross-sectional

and longitudinal epidemiological data and from longitudi-

nal intervention studies in humans. But, first, we will

describe the effects of acute exercise on blood pressure.

This review is restricted to studies in adults.

II. HEMODYNAMIC RESPONSE TO
ACUTE EXERCISE

Dynamic (predominantly isotonic) and static (isometric)

efforts are the two major forms of exercise. The former

involves rhythmic contractions of flexor and extensor

muscle groups and is performed against a relatively con-

stant load. Exercise that is primarily static involves

muscle contractions with limited or no movement and is,

thus, performed at a relatively constant muscle length.

Walking, running, cycling, and swimming are examples

of dynamic activities. Blood pressure rises during such

activities; and, in general, the blood pressure during exer-

cise is proportional to the blood pressure at rest. As can be

seen in Fig. 13.1, intra-arterial systolic pressure clearly

rises with bicycle exercise in men with a normal blood

Figure 13.1 Systolic and diastolic blood pressure, cardiac output, and systemic vascular resistance at supine resting position (RS),

50 W exercise, and peak exercise (peak) in subjects with normal blood pressure, borderline hypertension, and definite hypertension,

according to intra-arterial brachial artery pressure at supine rest and the 1978 WHO criteria.
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pressure at rest. In patients with borderline or definite

hypertension, the exercise-induced increases in systolic

pressures are roughly parallel to the changes in the normo-

tensive subjects (1).

In a previous study (2), the exercise-induced change in

systolic pressure was similar in hypertensive individuals

and normotensive individuals at a young age, but the systo-

lic pressure showed a greater increase in older hypertensive

patients. The changes in intra-arterial diastolic pressure are

less pronounced, but the differences in blood pressure at

rest persist during exercise. Cardiac output behaves simi-

larly in these three groups, and the differences in blood

pressure are clearly related to systemic vascular resist-

ance—those individuals with the highest blood pressure

at rest have the highest vascular resistance during exercise

(Fig. 13.1). It is generally accepted that the increase in

blood pressure is more pronounced during predominantly

static effort, such as strength training, particularly when

the intensity exceeds 40% of the maximal voluntary con-

traction. It is noteworthy, however, that the blood pressures

achieved during maximal dynamic effort, such as cycling,

also can be quite high in hypertensive patients. Therefore,

when resting blood pressure is high, it seems logical to

control blood pressure before embarking on a training

program; furthermore, patients with uncontrolled blood

pressure are dissuaded from intense static physical exer-

cise. However, there is no convincing evidence that the

exercise-induced increase in blood pressure is harmful, at

least not in patients with no ischemic heart disease or

other cardiovascular disease.

III. EPIDEMIOLOGICAL AND
CROSS-SECTIONAL STUDIES

Many studies have analyzed the relationship between

physical activity and blood pressure. In some studies,

physical fitness was estimated from an exercise test;

other studies used questionnaires and sometimes an inter-

view relating to the subject’s physical activity at work, at

leisure, or both. It is accepted by most authors that the esti-

mation of physical activity by questionnaire and interview

is a poor but nevertheless useful, and possibly the best,

available tool. Furthermore, the relationships between

data of physical fitness tests and physical activity pattern

by interview or questionnaire are of low order. In

general, therefore, the methodology for estimating phys-

ical activity lacks accuracy. There are various confounding

variables that might affect the relationship between phys-

ical activity and blood pressure. Some of these, such as

age, weight, or indices of body fatness, can be accounted

for in the analysis. Others, such as self-selection, are

hardly controllable. Indeed, “fit” subjects may have

lower blood pressures and choose a more active lifestyle,

whereas subjects with higher blood pressures may suffer

from cardiovascular disease, which results in a lower

degree of physical activity. Another problem is that the

level of physical activity is low in most western societies,

which may hamper the finding of an association with blood

pressure. In the present review, only studies that had a

reasonable sample size and that took into account at least

age and anthropometric characteristics are considered.

A. Regular Ongoing Physical Activity
and Blood Pressure

Miall and Oldham (3) classified 2832 South Wales males

on the basis of the physical demands of their usual occu-

pations and found that blood pressure was lower in the

most physically active individuals, even after taking into

account age and arm girth. Montoye et al. (4) also demon-

strated a lower systolic and diastolic blood pressure in men

with the most active occupations in a sample of 1696 men

from Tecumseh, Michigan, but the relationship was stron-

ger when both occupational and leisure time activities

were considered; the results were adjusted for age and

weight.

Criqui et al. (5) reported on the association of blood

pressure with regular exercise in Caucasian adults (2482

men and 2298 women) in nine North American popu-

lations [the Lipid Research Clinics Prevalence Study

(LRC)]. Exercise history was determined by a yes or no

answer to the question: “Do you regularly engage in stren-

uous exercise or hard physical labor?” In men, diastolic

blood pressure was inversely and independently related

to exercise (P , 0.01), whereas the association was

weak and nonsignificant for systolic pressure. Systolic

pressure was inversely related to exercise in younger

women (P ¼ 0.03), but not in older women. The results

were controlled for age, body mass index, and several

other confounding variables.

Folsom et al. (6) measured energy expenditure in

leisure time physical activity by using the Minnesota

Leisure Time Physical Activity Questionnaire for resi-

dents 25–74 years old (738 men and 878 women) of the

seven-county metropolitan area of Minneapolis-St. Paul,

MN, USA. After controlling for age, systolic blood

pressure was found to be inversely related to heavy inten-

sity activity in women (r ¼ 20.09; P , 0.01), but not in

men. The relationship was no longer significant in multiple

regression analysis, with inclusion of body mass index and

other confounders. In addition, blood pressure was not

related to total leisure time energy expenditure.

Reaven et al. (7) studied 641 older Caucasian women

between the ages of 50 and 89 in a community-based

study. The women were classified into categories of

heavy physical activity (6%), moderate physical activity

(24%), light physical activity (58%), or no physical
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activity (12%) by the estimated metabolic rate required for

various leisure time activities in which they engaged

during the 2 week period preceding their visit. Mean

blood pressure differed significantly among the four

groups. After adjustment for age and body mass index,

systolic and diastolic blood pressure decreased stepwise

with greater reported physical activity intensity and aver-

aged 141/76, 136/75, 132/74, and 131/72 mmHg,

respectively, from the least to the most active individuals.

Staessen et al. (8) investigated what lifestyle factors

were correlated with the level and the variability of

systolic and diastolic blood pressure in a random popu-

lation sample in Flanders, Belgium. Ten blood pressure

readings were obtained at home in 405 men and

379 women (20–84 years of age). Calories expended at

work and in sports were assessed from a self-administered

questionnaire. A P10 to P90 increase in the calories

expended in sports was accompanied by a decrease in

blood pressure, averaging 1.5 mmHg for diastolic blood

pressure in men and 2.4 and 1.8 mmHg for systolic and

diastolic blood pressure in women, after controlling for

age, body mass index, and other significant covariates.

After adjustment for age, the variability of diastolic

blood pressure was inversely correlated with self-reported

physical activity in men. Calories expended at work were

not identified as a determinant of blood pressure.

Eaton et al. (9) studied the relationships between phys-

ical activity and coronary artery disease risk factors

measured in a large community sample in the Health and

Religion Project (HARP). Subjects included 381 men

and 556 women, randomly selected from membership

rolls (n ¼ 1367 members) of 20 randomly selected

Catholic, Baptist, and Episcopal churches in the state of

Rhode Island. Physical activity was established during

an interview by the following question: “In the past

month, how often on the average do you do continuous

vigorous exercise for 20 min or more?” The age-adjusted

inverse correlations for physical activity levels and blood

pressure were significant in women, but not in men. In

women, the correlation coefficients amounted to 20.10

(P , 0.05) for systolic and 20.13 (P , 0.01) for diastolic

pressure; adjusting for body mass index only moderately

attenuated these correlations.

Liu et al. (10) analyzed the influence of various lifestyle

factors on blood pressure in young African-Americans and

Caucasians, aged 18–30 at baseline, in the Coronary

Artery Risk Development in Young Adults (CARDIA)

study, which included 1154 African-American women,

853 African-American men, 1126 Caucasian women,

and 1013 Caucasian men. Baseline, self-reported regular,

ongoing physical activity derived from the CARDIA

Physical Activity History, a modified version of the

Minnesota Leisure Time Physical Activity Questionnaire,

was significantly and negatively related to average

diastolic blood pressure over four examinations in a

period of 7 years in both African-American and Caucasian

men, but not in women. Blood pressure was positively

related with baseline age and body mass index. Systolic

blood pressure was not independently related to physical

activity.

Palatini et al. (11) studied 796 hypertensive patients,

18–55 years old (592 of whom were men), who had

never been treated and took part in the Hypertension and

Ambulatory Recording Venetia Study (HARVEST).

They were classified as exercisers if they reported at

least one session of aerobic sports per week (n ¼ 169 exer-

cisers) and as nonexercisers if they did not engage in

regular sports activities (n ¼ 627 nonexercisers). Phys-

ically active men exhibited a lower 24 h and daytime

diastolic blood pressure than the inactive men, although

there were no group differences in office blood pressure

or in nighttime diastolic blood pressure and in ambulatory

systolic blood pressure. The ambulatory diastolic blood

pressure difference between groups remained statistically

significant after adjustment for age, body mass index,

alcohol intake, and smoking (P , 0.001). Adjusted 24 h

pressure averaged 81.2 mmHg in nonexercisers and

78.8 mmHg in exercisers (P ¼ 0.001); these values were

83.3 and 80.4 mmHg, respectively, for daytime diastolic

blood pressure (P , 0.001).

The goal of Wareham et al. (12) was to assess the inde-

pendent associations among energy expenditure and

cardio-respiratory fitness and blood pressure. Volunteers

were 775 participants of the Isle of Ely Study. A highly

significant negative linear trend (P , 0.001) between

increasing energy expenditure and decreasing blood

pressure was found across quintiles of the physical activity

level. The age- and treatment-adjusted difference in the

mean systolic/diastolic blood pressure between the top

and bottom quintile was 6.3/4.4 mmHg in men and

10.7/5.9 mmHg in women. These effects were indepen-

dent of obesity and cardio-respiratory fitness.

Hu et al. (13) studied the relationship between both

commuting and leisure time physical activity and a selec-

tion of cardiovascular risk factors in a cross-sectional

population survey in urban Tianjin, China. Subjects were

15–69 years old. In this group, 2002 men and 1974

women completed the survey. A commuting physical

activity or combined commuting and leisure time physical

activity of .60 min was related to the highest systolic

blood pressure in men and the highest diastolic blood

pressure and systolic blood pressure in women

(P , 0.01). Thirty-one to sixty minutes of commuting

activity only or of commuting activity plus leisure time

physical activity was associated with the lowest diastolic

blood pressure and systolic blood pressure in women.

Results were adjusted for age, body mass index,

smoking, alcohol consumption, and education.

198 Etiology, Physiology, and Pathophysiology



B. Physical Fitness and Blood Pressure

Gyntelberg and Meyer (14) determined physical fitness

from a submaximal exercise test in 5249 employed men

40–59 years old in Copenhagen and found significant

inverse relationships between physical fitness and systolic

and diastolic blood pressure that were independent of age

and weight. The regression coefficient indicated that a

10 mL/min per kg higher estimated maximal oxygen

uptake was associated with a 2 mmHg lower blood

pressure.

Sedgwick et al. (15) examined the relationships

between predicted maximal oxygen uptake and risk

factors for coronary heart disease in 1500 men and

women 20–65 years in age. After controlling for the

effects of age, physique, smoking, alcohol use, and

stress, it was found that men and women who were more

physically fit had lower blood pressure than their less fit

counterparts. However, the relationships were seen as

weak trends, probably of minor clinical importance. For

men, fitness accounted independently for 3.6% and 2.4%

of the variances of systolic and diastolic blood pressure,

respectively; similar results were found for women

(3.5% and 2.7%, respectively).

Siconolfi et al. (16) measured systolic and diastolic

blood pressure and estimated maximal oxygen uptake in

184 men and 227 women, 18–65 years in age, who were

randomly selected as part of a cardiovascular risk factor

survey conducted in two New England cities in the

United States. Initially, both measures of blood pressure

were strongly and inversely correlated with estimated

maximal oxygen uptake, expressed as mL/min per kg

(P , 0.001). However, when the results were adjusted

for age, the strength of the correlations decreased

sharply. The proportion of the variance in systolic pressure

that could be explained by differences in maximal oxygen

uptake decreased from 9.6% to 0.8% (NS) for males and

from 21.2% to 2.3% (P , 0.05) for females. Similar

decreases were demonstrated for diastolic pressure in

males [14.4–2.9% (P , 0.05)] and females [18.5–5.3%

(P , 0.01)].

In the Framingham Offspring Study (17), 2606 young

and middle-aged healthy adults (1232 men and 1374

women) participated in submaximal treadmill tests to

determine the association between exercise endurance

and cardiovascular risk factor profiles. For both men and

women, exercise endurance was inversely related to the

resting systolic blood pressure. After adjusting for age,

body mass index, and resting heart rate, the relationship

remained significant in men, but not in women.

Hartung et al. (18) categorized exercise tolerance, as

determined by maximal treadmill testing, into six age-

specific levels by gender. The participants (15,612 men

and 3855 women) were self-referred Caucasian subjects,

seen at the Cooper Clinic in Dallas, TX for preventive

medical examinations. Both systolic and diastolic blood

pressures were significantly and negatively related to exer-

cise tolerance in both men and women (r ¼ 20.21 in men

and r ¼ 20.31 in women for systolic pressure). These

relations remained after covariance adjustment for

among others age, and body mass index. For women,

there was an adjusted mean difference of 26.8 mmHg in

systolic blood pressure and 23.6 mmHg in diastolic

blood pressure from the lowest exercise tolerance group

to the highest; the corresponding differences for men

were 24.7 and 24.1 mmHg, respectively.

In the Health and Religion Project (9), maximal oxygen

uptake was estimated from a graded submaximal step test.

With adjustment for age and body mass index, systolic

blood pressure (r ¼ 20.14 in men; r ¼ 20.25 in

women) and diastolic blood pressure (r ¼ 20.10 in men;

r ¼ 20.24 in women) were significantly related to the

physical fitness level, categorized as low, moderate, and

high, according to age and gender.

IV. LONGITUDINAL OBSERVATIONAL
STUDIES

A. Physical Activity, Fitness, and
Future Blood Pressure

Paffenbarger et al. (19) assessed the incidence of hyperten-

sion in 14,998 Harvard University male alumni during a

follow-up period of 6–10 years beginning 16–50 years

after college entrance. Presence or absence of a back-

ground of collegiate sports did not influence the risk

of hypertension in this study population, nor did stair-

climbing, walking, or light sports activity by alumni,

based on physical activity information obtained through

questionnaires mailed in a postcollege health survey.

However, alumni who did not engage in vigorous sports

activity in postcollege years (59%) were at 35% greater

risk of hypertension than the 41% who did participate in

such activity (P , 0.001), and this relationship held for

all ages between 35 and 74 years of age. Lack of strenuous

exercise independently predicted increased risk of hyper-

tension. Therefore, current vigorous exercise was inver-

sely related to hypertension risk, but chiefly among

alumni overweight-for-height. In a similar study of 5463

University of Pennsylvania alumni, Paffenbarger et al.

(20) confirmed that vigorous sports activity reduced the

incidence of hypertension and that this was not the case

for collegiate sports activity and current walking, stair-

climbing, or light sports activity. Folsom et al. (21) exam-

ined the 2 year incidence of hypertension in a cohort of

41,837 women 55–69 years of age. High levels of

leisure physical activity were associated with a significant

(30%) reduction in risk of hypertension, but physical
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activity no longer contributed to hypertension risk after

adjustment for age, body mass index, waist-to-hip ratio,

and smoking history in this short-term follow-up study.

Haapanen et al. (22) studied the effect of the total

amount and intensity of leisure time physical activity on

the 10 year incidence of hypertension in a cohort of

1340 men and 1500 women 35–63 years of age. The

men’s total amount of activity and vigorous activity one

or more times in a week were inversely associated with

the age-adjusted risk of hypertension (P ¼ 0.02). After

further control for body mass index and diabetes, the

associations were only statistically suggestively significant

(P ¼ 0.08). For women, neither of these leisure time phys-

ical activity measures was significantly associated with

risk of hypertension. Hayashi et al. (23) investigated the

association of the duration of the walk-to-work and

leisure time physical activity with the 10 year risk of

hypertension in 6017 Japanese men, 35–60 years of age.

Both measures of activity were significantly associated

with a reduction in the risk for incident hypertension.

The multivariate adjusted risk for hypertension was sig-

nificantly reduced by 12% when the duration of the

walk-to-work was increased by 10 min and by 30% in

men who engaged in regular physical activity at least

once weekly. In the Atherosclerosis Risk in Communities

Study (ARIC), Pereira et al. (24) related leisure time phys-

ical activity with incident hypertension in 7459 African-

American and Caucasian adults 45–65 years of age.

After multivariate adjustment, Caucasian men in the

highest quartile of leisure activity, primarily cycling and

walking, had a 34% lower odds of developing hyperten-

sion .6 years compared with the least active men. Base-

line activity was not significantly associated with

incident hypertension in Caucasian women or in

African-Americans.

During a 10 year follow-up period (1985–1995),

Hernelahti et al. (25) investigated the incidence of hyper-

tension in old age among males who were formerly elite

athletes in endurance and mixed sports or in power

sports and among healthy male controls. The men were

athletes who represented Finland at least once in the

Olympic Games, a world or European championship in

sports, or other international sports competition between

1920 and 1965; the controls were selected from among

Finnish men who at 20 years of age had been classified

as completely healthy. The men included in the analysis

were �65 years of age, had no history of hypertension

in 1985, and had been healthy at the age of 20. To deter-

mine the level of physical activity in 1985, a leisure time

activity index was calculated. The endurance sports and

mixed sports group had a significantly lower cumulative

incidence of hypertension than both the power sports

group (P ¼ 0.014) and the control group (P ¼ 0.013).

Compared with the controls, the endurance and mixed

sports athletes had a lower age-adjusted risk (odds

ratio ¼ 0.67; P ¼ 0.019) for hypertension between 1986

and 1995. After further control for body mass index,

alcohol intake, activity index, smoking, and occupational

group, the odds ratio was 0.78 (P ¼ 0.21). When a

leisure activity index was used instead of data for the

athlete groups in the analysis, the age-adjusted odds ratio

for hypertension decreased by 14% per increasing quartile

in activity index (P ¼ 0.02). After additional adjustment

for body mass index and other confounding covariates,

the odds ratio decreased by 12% per increasing quartile,

which was no longer statistically significant.

Hu et al. (26) prospectively followed 302 Finnish men

and 9139 women 25–64 years in age without a history of

antihypertensive drug use, coronary heart disease, stroke,

or heart failure at baseline. Physical activity was measured

at baseline by a self-administered questionnaire and

included occupational, commuting, and leisure time phys-

ical activity. During a mean follow-up period of 11 years,

787 men and 813 women developed an incident of drug-

treated hypertension. Hazard ratios of hypertension associ-

ated with light, moderate, and high physical activity;

adjusted for age, body mass index, systolic blood pressure

at baseline, and other confounding factors were 1.00, 0.60,

0.59 in men and 1.00, 0.80, 0.72 in women.

Blair et al. (27) related physical fitness, assessed by

maximal treadmill testing in healthy normotensive men

(n ¼ 4820) and women (n ¼ 1219) 20–65 years in age,

to the incidence of hypertension. After a preventive

medical examination at the Cooper Clinic in Texas, the

subjects participated in a follow-up mail survey; the

follow-up interval ranged from 1 to 12 years, with a

median of 4 years. Subjects were divided into age-specific

and gender-specific categories of physical fitness. The

reference high-physical fitness category comprised those

with excellent and superior fitness (28% of the partici-

pants), whereas the comparison group comprised the

remaining participants (72%) in four physical fitness

categories (very poor to good). After adjustment for age,

gender, baseline body mass index, blood pressure, and

follow-up interval, persons with low levels of physical

fitness had a relative risk of 1.52 for the development of

hypertension when compared with the highly fit persons

(P ¼ 0.02). Sawada et al. (28) investigated the relationship

between physical fitness and incidence of hypertension

through a prospective study in 3305 Japanese men

whose blood pressure was normal when they received

their first physical examination before the age of 50. The

blood pressure of 425 subjects was diagnosed as hyperten-

sion in the fifth year. Fitness levels were divided into quin-

tiles according to estimated maximal oxygen uptake

levels. The relative risk of hypertension, after adjustment

for age, initial blood pressure, body fat, and other confoun-

ders, was 1.9 times higher in the least fit individuals when
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compared with the group of most fit individuals

(P , 0.01).

B. Changes in Physical Activity, Fitness,
and Blood Pressure

A number of studies concentrated on the relationships

between changes in physical activity or fitness and

changes in blood pressure over time. Sallis et al. (29)

studied representative samples of adults 20–35 years in

age from four northern California cities in order to

examine the relationships between a self-reported

measure of habitual vigorous physical activity and risk

factors. In the 1 year longitudinal follow-up, exercise

groups were defined as sedentary, adopter, quitter, or

maintainer. There were no significant differences in the

change in systolic blood pressure between sedentary sub-

jects and adopters or between quitters and maintainers of

vigorous activity.

Hubert et al. (30) investigated the lifestyle and beha-

vioral correlates of change in coronary heart disease risk

factors measured 8 years apart in the young adult offspring

of the Framingham Heart Study cohort, that is, in 397 men

and 497 women who were 20–29 years old at the time of

their entry in the study. Stepwise linear regression pro-

cedures were used to identify characteristics that were

independently associated with risk factor changes during

the study period. Changes in self-assessed physical

activity were not related to the changes in blood pressure

in either men or women.

Young et al. (31) assessed associations between a com-

posite self-reported physical activity change score and risk

factor change in the cohort sample of the Stanford

(University) Five-City Project, which consisted of 380

men and 427 women between the ages of 18 and 74

years. In men and in postmenopausal women, there was

no relationship between changes in physical activity and

changes in blood pressure over the 5 years of observation.

In contrast, in premenopausal women the change in systo-

lic blood pressure was inversely related to the change in

physical activity score (P ¼ 0.005).

In the CARDIA study, Liu et al. (10) found that the

changes in systolic and diastolic blood pressure over

7 years were significantly related to the change in body

mass index, but not to the change in physical activity

score. Sawada et al. (28) reported that subjects whose

maximal oxygen uptake improved �15% over a 5 year

period, showed a smaller increase in systolic (P , 0.05)

and diastolic (P , 0.01) blood pressure than the others.

Sedgwick et al. (32) aimed to assess relationships

between increased aerobic fitness sustained .4 years

and changes in blood pressure in middle-aged subjects

who were entering a fitness program. The 342 selected

men and women were either consistent fitness “gainers”

(predicted maximal oxygen uptake improved by .5%)

or “nongainers” (improved by �5%). For men, compari-

son of these groups and multiple regression analyses

failed to show significant relationships between changes

in fitness over the 4 year period. For women, gainers

improved more than nongainers in systolic blood pressure

(24 mmHg; P , 0.03); regression analyses resulted in a

significant relationship between changes in fitness and

blood pressure (P , 0.05).

V. DYNAMIC AEROBIC TRAINING AND
BLOOD PRESSURE

It remains difficult to ascribe differences in blood pressure

within a population to differences in levels of physical

activity or fitness because of the potentially incomplete

statistical correction for known confounders and because

of the possible influence of confounding factors that

were not considered or that cannot be taken into account,

such as self-selection. Therefore, longitudinal intervention

studies are more appropriate to assess the effect of physical

activity and training on blood pressure. Most investigators

assessed the effect of dynamic aerobic training on blood

pressure; others assessed static exercises. Blood pressure

was most often measured in resting conditions, but it

also was measured by using ambulatory monitoring tech-

niques or measured in response to stress, particularly

during exercise testing.

A. Blood Pressure at Rest

Many longitudinal studies have assessed the effect of

dynamic aerobic training on resting blood pressure, but

essential scientific criteria have not always been observed.

Inclusion of a control group or control phase is mandatory.

To avoid selection bias, allocation to the active or control

group or the order of the training and nontraining phases

should be determined at random. Ideally, the subjects in

the control group or in the control phase should be seen

regularly, preferably as frequently as those in the training

program; some authors even included low-level exercise

as placebo treatment. We recently presented a meta-

analysis of 44 randomized controlled trials on the effect

of dynamic aerobic or endurance exercise on blood

pressure at rest in otherwise healthy normotensive or

hypertensive individuals (33).

1. Overall Results on Resting Blood Pressure

In the 44 trials included in the meta-analysis, which

included a total of 2674 participants (65% of whom were

men), 19 studies comprised only men, four studies com-

prised only women, and the other studies comprised both

men and women. Some studies involved several groups
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of subjects or applied different training regimens in the

same participants, so that a total of 68 training groups

and programs were available for analysis. Average age in

the groups ranged from 21 to 79 years (median ¼ 44

years). Duration of training ranged from 4 to 52 weeks

(median ¼ 16 weeks) with a frequency of 1–7 weekly

sessions (median ¼ 3 sessions) of 15–70 min each

(median ¼ 50 min), including warm-up and cool-down

activities. The exercises involved walking, jogging, and

running in 69% of the studies, cycling in 50% of the

studies, swimming in 3% of the studies, and other exercises

in 23% of the training regimens. Average training intensity

in the various groups varied between 30% and 85% of

maximal exercise performance (median ¼ 65%).

Control data were collected only at the beginning and at

the end of the control period in 23 studies. Three control

groups were subjected to light dynamic or recreational

exercises; 10 groups were seen at least once in the research

facilities; and another eight groups were contacted regu-

larly by the investigators. Resting blood pressure was

measured by an automatic device in five of the 44 studies.

When pressure was measured by the use of a random zero

device (n ¼ 15 studies) or by conventional (or unspecified)

methodology (n ¼ 24 studies), the investigator was

“blinded to the treatment” in only five and three studies,

respectively. Table 13.1 summarizes the overall results.

In the 68 study groups, the changes of blood pressure in

response to training, after adjustment for the control obser-

vations, ranged from þ9 to 220 mmHg for systolic blood

pressure and from þ11 to 211 mmHg for diastolic pres-

sure. The overall net changes averaged 23.4/22.4 mmHg

(P , 0.001), that is, after adjustment for control obser-

vations and after weighing for the number of trained par-

ticipants that could be analyzed in each study group (the

total number of participants was 1529). Peak oxygen

uptake increased significantly, whereas heart rate and

body mass index decreased (Table 13.1). When expressed

as net percent change, peak oxygen uptake increased by

11.8% (95% CL: 10.3; 13.4), and heart rate and body

mass index decreased by 6.8% (5.5; 8.2) and 1.2% (0.8;

1.7), respectively. In 16 of 68 study groups in which

average baseline blood pressure was in the hypertensive

range (systolic blood pressure �140 mmHg or diastolic

blood pressure �90 mmHg), the weighted net blood

pressure decrease was significant and averaged 7.4/
5.8 mmHg. The blood pressure reduction also was signifi-

cant and averaged 2.6/1.8 mmHg in the 52 study groups in

which baseline blood pressure was normal, regardless of

the type of antihypertensive therapy. In addition, when

normotensive and hypertensive subjects followed the

same training program, the blood pressure decrease was

greatest in the hypertensive subjects (34).

In other recent meta-analyses, which included 29 (35)

and 54 (36) randomized controlled trials irrespective

of baseline blood pressure of the participants, the

training-mediated decreases of systolic/diastolic blood

pressure averaged 4.7/3.1 (35) and 3.8/2.8 mmHg (36),

respectively.

2. Influence of Other Characteristics

The conclusions of the meta-analyses were that there was

no significant effect of age (37) or of baseline body mass

index (36,37) on the exercise-induced changes in blood

pressure. The blood pressure response also was not

related to the changes in body mass index (36,37), which

ranged from approximately 21.5 to þ0.5 kg/m2 among

the various study groups. The influence of gender is

more difficult to assess because many studies included

both men and women. Kelley (38) reported a small but sig-

nificant reduction of blood pressure in studies that only

involved women, all of whom were normotensive at base-

line. Among the three ethnic groups included in the study,

African-American participants had significantly greater

reductions in systolic blood pressure and Asian-American

participants had significantly greater reductions in dias-

tolic blood pressure when compared with white partici-

pants (36). However, there were only four studies of

African-American women and six studies of Asian-

American women. With respect to the characteristics of

the training program, exercise frequency (33,35,36), type

of exercise (36,39), intensity of exercise (33,35,36)

(Fig. 13.2), and amount of time per session (33) did not

appear to have an effect on the blood pressure response.

Table 13.1 Baseline Data and Net Change in Response to Dynamic Exercise Training

Type of data n Baseline dataa Net change in responsea P-value

Blood pressure (mmHg)

Systolic 68 126.2 (123.3; 129.0) 23.4 (24.5; 22.3) ,0.001

Diastolic 68 79.9 (77.9; 82.0) 22.4 (23.2; 21.6) ,0.001

Peak oxygen uptake (mL/min per kg) 59 31.4 (29.6; 33.2) þ3.7 (þ3.2; þ4.3) ,0.001

Heart rate (beats/min) 48 71.1 (69.3; 72.9) 24.9 (25.9; 23.9) ,0.001

Body mass index (kg/m2) 64 25.6 (25.0; 26.1) 20.34 (20.46; 20.22) ,0.001

aWeighted mean value and 95% confidence limits (CL).

Note: n, number of study groups.
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However, the change of blood pressure was somewhat

smaller in studies of longer duration (33,36), most likely

because participant adherence to the intervention

program decreased over time.

B. Ambulatory Blood Pressure

Among randomized controlled trials, 12 used ambulatory

blood pressure monitoring (40). Six trials reported the

average 24 h blood pressure, nine trials the average

daytime blood pressure from early morning to late

evening, and four trials the nighttime pressure. Because

an earlier analysis based on controlled and uncontrolled

studies suggested that nighttime blood pressure is not

influenced or is much less influenced by exercise training

(34), the current analysis is based on daytime blood

pressure in nine studies and on 24 h blood pressure in

the three studies that did not report a separate full-day

ambulatory pressure. Baseline blood pressures averaged

135/86 mmHg, and the exercise-induced, weighted net

change in blood pressure averaged 23.0 (24.8;

21.3)/23.2 (24.3; 22.2) mmHg.

C. Exercise Blood Pressure

The effect of endurance training on blood pressure during

exercise can be analyzed, either by considering the data at

a fixed workload or by considering the effect at a relative

workload—that is, at a certain percentage of the pretrain-

ing maximal aerobic power and of the usually higher post-

training maximal aerobic power. In the current overview,

only the more relevant first approach will be used. In

eight randomized controlled trials (40), blood pressure

was measured during bicycle exercise at a median work

load of 100 W (range ¼ 60–140 W). Blood pressure was

measured during treadmill exercise at an energy expendi-

ture of �4 METS in two other studies. Baseline exercise

systolic blood pressure averaged 180 mmHg and heart

rate 124 beats per min (bpm). The weighted net training-

induced change in systolic blood pressure amounted to

27 (29.5; 24.5) mmHg, and heart rate decreased by

6.0 (2.7; 9.2) bpm.

D. Limitations

Several limitations of individual studies should be mentioned.

Subjects in the control group or control phase seldom were

examined as regularly as those in the training program, or

they were not followed during control. In addition, it is diffi-

cult if not impossible to blind the participants to the treatment

in training studies. Many studies did not mention that the

investigator who measured blood pressure at rest or during

exercise was not aware of the treatment group, and automated

techniques were not often used. Participants were not always

advised to keep their diet or lifestyle constant throughout the

study periods. Other shortcomings include methodological

issues, such as the methods of randomization, statistical

analysis, handling of drop-outs from the study, keeping of

log books, monitoring exercise intensity, and controlling

the time interval between the last exercise session and the

subsequent blood pressure measurement.

Figure 13.2 Changes in systolic blood pressure with training, adjusted for control data, vs. training intensity, in normotensive and

hypertensive study groups. Training intensity is expressed as percent of maximal work load, heart rate reserve, or oxygen uptake

reserve. The four sizes of the circles represent the number of analyzable trained subjects in each group, that is, less than 10, 10–19,

20–29, and greater than or equal to 30, respectively. The weighted meta-regression coefficient r ¼ 0.19 (P ¼ 0.21). [From Fagard (33).]
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E. Mechanisms of the Training-Induced
Changes of Blood Pressure

We identified 12 randomized controlled studies (17 study

groups or programs) in which blood pressure, cardiac

output, and heart rate were measured and stroke volume

and systemic vascular resistance were calculated. Baseline

mean blood pressure ranged from 85 to 121 mmHg and

averaged 101.5 mmHg. Table 13.2 summarizes the

weighted net percent changes of the hemodynamic vari-

ables. Training reduced mean blood pressure by 4.3% in

these studies. On average, there was no significant effect

of training on cardiac output, so the change in blood

pressure could be attributed to a decrease in systemic vas-

cular resistance. Heart rate decreased by 9% and stroke

volume increased by 15%.

Possible mechanisms linking blood pressure, physical

activity, and fitness have been reviewed elsewhere

(1,40,41). It is likely that the sympathetic nervous system

is involved. A meta-analysis of 13 study groups from nine

randomized controlled training studies showed a highly sig-

nificant weighted net reduction of plasma noradrenaline of

29% (95% CL: 15; 42) (P , 0.001). In addition, the lack of

an effect on blood pressure during sleep, when sympathetic

activity is low, indirectly supports the involvement of the

sympathetic nervous system in the hypotensive effect of

training. The renin–angiotensin–aldosterone system is

also potentially important through its effect on blood

volume and arterial pressure. A meta-analysis of 10

randomized controlled study groups revealed a significant

reduction of plasma renin activity with 220% (95% CL:

235; 247) (1). More recently, it has been suggested that

improvement of endothelial function contributes to the

reduction of blood pressure after training (42–44). It is

likely that the lowering of blood pressure by training is mul-

tifactorial, and further studies are needed to determine the

mechanisms (40).

VI. STATIC STRENGTH AND RESISTANCE
TRAINING AND BLOOD PRESSURE

Static strength and resistance training have been less well

studied than dynamic aerobic training. We identified nine

randomized controlled studies (12 study groups or pro-

grams) on the effect of training designed to develop

strength (45). Most of the 341 participants were men.

The average age of the groups ranged from 22 to 72

years, and the weighted mean age was 56 years. Baseline

systolic blood pressure was between 110 and 152 mmHg,

and baseline diastolic pressure was between 66 and

95 mmHg. Duration of the training ranged from 6 to 26

weeks (median ¼ 14 weeks), with a frequency of three

weekly sessions in all but two studies (n ¼ 2). The

results are shown in Table 13.3.

In the 12 study groups, the changes of blood pressure in

response to training, after adjustment for the control obser-

vations, ranged from þ2.0 to 216.8 mmHg for systolic

pressure, and from þ1.4 to 216.5 mmHg for diastolic

Table 13.2 Net Hemodynamic Change in Response to Dynamic Aerobic Endurance Training

Type of data n Net % change in responsea P-value

Mean blood pressure 17 24.3 (26.4; 22.1) ,0.001

Cardiac output 17 þ3.3 (23.1; þ9.7) NS

Stroke volume 17 þ15.4 (þ7.5; þ23.5) ,0.01

Heart rate 17 29.3 (213; 26.0) ,0.001

Systemic vascular resistance 17 27.1 (214; 21.4) ,0.05

aWeighted mean value and 95% confidence limits (CL).

Note: n, number of study groups.

Table 13.3 Baseline Data and Net Change in Response to Resistance Exercise Training

Type of data n Baseline dataa n Net change in responsea P

Blood pressure (mmHg)

Systolic 12 131.0 (123.0; 138.8) 12 23.2 (27.1; þ0.7) ¼0.10

Diastolic 12 81.1 (74.5; 87.7) 12 23.5 (26.1; 20.9) ¼0.01

VO2 max (mL/min per kg) 9 24.7 (19.2; 30.2) 6 þ2.6 (þ0.3; þ4.8) ,0.05

Heart rate (beats/min) 10 70.7 (66.9; 74.4) 8 þ1.0 (21.7; þ3.7) NS

aWeighted mean value and 95% confidence limits (CL). Results are weighted for the number of trained participants.

Note: n, number of study groups.
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pressure. The overall weighted net change averaged

23.5 mmHg (P ¼ 0.01) for diastolic pressure; however,

the 3.2 mmHg decrease in systolic pressure did not reach

statistical significance. It is important to consider the

training regimens in these studies. The change in blood

pressure cannot be attributed to pure static or isometric

training. In all but one study, most exercises were

dynamic and, therefore, involved movement of the arms,

legs, and trunk. Furthermore, training intensity was not

always high and ranged from 30% to 60% in half of the

study groups and from 70% to 80% in the others. It is note-

worthy that aerobic power increased by 11% in the six

study groups in which it was measured, which would not

be expected from static training. Finally, it should be men-

tioned that there is no evidence that strength training leads

to an increase in blood pressure.

VII. CONCLUSIONS

Greater physical activity and fitness are associated with

lower blood pressure and reduced incidence of hyperten-

sion. Therefore, exercise is a cornerstone therapy for the

primary prevention, treatment, and control of hyperten-

sion. It is recommended to exercise at moderate intensity

for at least 30 min per day on most, preferably all days

of the week; the recommended exercise comprises primar-

ily endurance physical activity supplemented by resistance

exercise (40).
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KEYPOINTS

. Hypertension is traditionally diagnosed by blood

pressure measurements in the health care office

using a mercury sphygmomanometer.

. Newer methods are increasingly being used, some

for home use, including ambulatory blood pressure

monitoring and devices that do not use liquid

mercury.

. The initial assessment of a hypertensive patient

should include a detailed history and physical

examination, but with tests limited to: serum

chemistries (including a lipid profile), urinalysis,

electrocardiogram (ECG), and hematocrit. Other

tests are warranted only when supported by an

appropriate clinical suspicion.

. These measures help limit expensive and possibly

dangerous drug therapy to those individuals who

are most likely to benefit from it.

. The follow-up interval should be inversely pro-

portional to both the patient’s absolute cardiovascu-

lar risk and whether goal blood pressure has been

attained. In worst cases, this should be 2–4

weeks; in best cases semiannually.
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SUMMARY

Elevated blood pressure (or hypertension) is typically

detected by the Korotkoff technique (appropriately-sized

cuff, stethoscope, and mercury manometer), but home

measurements (typically using oscillometric methods)

and ambulatory blood pressure monitoring are becoming

more common. Many types of technical problems can con-

found the proper estimation of blood pressure. Accurate

measurements are important to assess the absolute risk

for future cardiovascular events, and to guide the intensity

of antihypertensive therapy. The initial assessment of the

hypertensive patient includes a thorough history and phys-

ical examination, with special efforts made to detect

hypertensive target-organ damage and clinical clues that

would suggest secondary hypertension. This approach

should limit expensive testing to those who are most

likely to benefit from it.

I. INTRODUCTION

According to the Seventh Report of the Joint National

Committee (JNC 7) on Prevention, Detection, Evaluation,

and Treatment of High Blood Pressure (1), hypertension

can be diagnosed if a person is taking antihypertensive

medication or has two sets of appropriately measured press-

ures with either a systolic blood pressure�140 mmHg or a

diastolic blood pressure �90 mmHg. Outside the United

States, a higher threshold of 160/95 mmHg is sometimes

used (2). Traditionally, these blood pressures are obtained

in the medical office setting using the Korotkoff technique,

but other methods (described in detail below) are being

more commonly used.

II. DIAGNOSIS OF HYPERTENSION

Many methods have been proposed for estimating the

pressure generated by the heart during its normal contrac-

tile cycle. The standard method using a mercury column

and stethoscope has changed little in .100 years. Over

the last decade, this method has come under fire from regu-

latory authorities who have banned mercury, a recognized

health hazard, from most worksites including healthcare

environments. This led to the need for alternative

methods for measuring blood pressure. Also, the world-

wide trend favoring Système International units has led

some to recommend adoption of the kiloPascal (kPa) as

the standard, replacing the traditional “millimeter of

mercury” (1 mmHg ¼ 0.1333 kPa).

Until the late nineteenth century, it took extensive

experience to learn to palpate the pulse and appreciate

the contour and pressure within a peripheral artery. In

1906, Riva-Rocci, Janeway, and Korotkoff characterized

the sounds heard by placing a stethoscope over the com-

pressed artery, making objective measurements easier.

Korotkoff’s terminology is still used today. Systolic

blood pressure is recorded when the first of at least two

clear and repetitive tapping sounds are heard. Diastolic

blood pressure is recorded when these sounds disappear.

If Korotkoff sounds are continuously audible to

0 mmHg, in addition to the 0 mmHg (3), the clinician

records the pressure at which “muffling” of the sounds

occurs (Korotkoff phase IV). Since the early 1930s, insur-

ance companies have recognized the value of blood

pressure readings as a useful, if imprecise, predictor of

mortality. This is �25 years before healthcare epidemiol-

ogists reached the same conclusion.

III. MEASURING TECHNIQUES

The proper technique for accurate blood pressure measure-

ment is typically taught very early during medical training,

but rarely executed correctly thereafter. Many expert

panels have made recommendations regarding the meth-

odology of blood pressure measurement. These frequently

do not agree in all details, but several general principles

can be extracted (3):

. Match the size of the blood pressure cuff (newborn,

infant, child, standard adult, large adult, or thigh) to

the size of the subject’s arm. A smaller than rec-

ommended cuff on a larger arm typically results

in an overestimation of blood pressure. The large

adult-size cuff is required for all those obese or

muscular individuals with an arm circumference

of .38 cm at the mid-humerus.

. Deflate the cuff slowly. To be precise (within

2 mmHg), the observer should hear at least

one Korotkoff sound at each 2 mmHg gradation of

the mercury column. The heart rate of the subject

therefore dictates the correct deflation rate, gener-

ally 2–3 mmHg/s.

. Take several blood pressure readings on each

occasion. It has been traditional to average the

second and third in a series of measurements in a

single position, whether supine, seated, or standing,

and record this as the average blood pressure at a

given visit. More recently, the standard practice is

to record several individual readings in different

positions, especially in the standing position.

“Quality care auditors” use the lowest reading in

any position as the “blood pressure at that visit,”

and taking several blood pressure measurements

in different positions increases the likelihood of

having at least one which is acceptable.

. Measure blood pressure on several occasions in

the medical office before committing a person to
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long-term therapy. Most long-term data on hyper-

tension treatment has been derived from “casual”

measurements made with a mercury sphygmoman-

ometer and stethoscope in a healthcare provider’s

office, but in clinical trials, multiple visits are

required before enrolling the patient. Physicians

and patients often are more interested and

impressed by blood pressure readings taken with

out-of-office methods, such as home monitors or

ambulatory blood pressure monitoring devices,

both of which are discussed subsequently.

However, nearly all data linking blood pressure

measurements to adverse clinical sequelae (includ-

ing myocardial infarction, stroke, and death) have

been gathered in medical offices. Therefore, in all

but a few special situations, office readings taken

by a trained professional should be used for diag-

nosing and treating hypertension.

Blood pressure is subject to a large degree of intrinsic

variability. Several steps can be taken to minimize this

variability, including the following:

. Take multiple measurements, especially when the

pulse is irregular (e.g., atrial fibrillation). This is

necessary because ventricular filling pressures

vary considerably as a result of fluctuations in dias-

tolic filling time, especially in older persons with

elevated systolic blood pressures.

. Center the bladder of the cuff over the brachial

artery with its lower edge within 2.5 cm of the ante-

cubital fossa. This leaves enough space to apply the

stethoscope head beneath it, without touching the

cuff and generating background noise.

. Ensure that the subject abstains from tobacco, caf-

feine, or alcohol for 30 min before a blood pressure

measurement.

. Assure silent and comfortable rest of at least 5 min

(with back support, if seated) before and during

blood pressure measurement. Talking or listening,

having legs crossed, sitting with an unsupported

back, or standing with an unsupported arm all

increase blood pressure. Both the muscular work

of tensed muscles around the elbow and the hydro-

static pressure caused by a “dangling arm” increase

the pressure necessary to obliterate the pulse and

lead to overestimation of systolic blood pressure.

. Question the subject regarding the most recent meal

or evacuation of bowels or bladder. Distended

abdominal viscera can routinely cause elevated

blood pressure, presumably because of anxiety or

pain. In addition, older persons typically have a

lower blood pressure postprandially.

. Listen over the brachial artery with the bell of the

stethoscope, and minimize pressure exerted on the

skin, leaving no lasting indentations. Too much

pressure directly over the artery will likely cause

overestimation of systolic blood pressure and

underestimation of diastolic blood pressure.

. Determine the “peak inflation level” of the mercury

column by palpating the radial pulse during cuff

deflation before applying the stethoscope. Then

typically inflate the cuff 20 mmHg higher than the

pressure at which the palpable pulse at the radial

artery disappeared. This will minimize potential

loss of important prognostic information owing to

not detecting the “auscultatory gap.”

. Use a properly calibrated and clean sphygmoman-

ometer. This is less of a concern with mercury

columns, but environmental concerns about these

are increasing. All sphygmomanometers used to

measure blood pressure should be cleaned and cali-

brated frequently and routinely against a standard

(usually mercury every 6 months). Also, check for

proper cuff size and nonleaking tubing to ensure

accuracy.

. Avoid “terminal digit preference.” Traditionally,

blood pressure measurements have been made to the

nearest 2 mmHg, the typical markings on a mercury

sphygmomanometer. Theoretically, in a large col-

lection of systolic and diastolic blood pressure

measurements, there should be an equal number

of readings ending in 0, 2, 4, 6, or 8 mmHg.

However, there is a marked statistical preference

for terminal digits in inpatient medical services,

decreasing reading accuracy to +10 mmHg.

. Measure blood pressure in more than one extremity

at the initial visit. If the difference is .10/5 mmHg,

select the location with the higher blood pressure

for all future measurements. This often raises

concern about coarctation of the aorta, Takayasu’s

arteritis, or Moyamoya disease, but these are

seldom seen on ultrasonography or other confirma-

tory testing. Blood pressure measurement in a leg

should be commonplace in all young hypertensives

at the first visit and may be useful in older people as

a peripheral indicator of aortic insufficiency or

“Hill’s Sign.”

A. Mercury Columns vs. Other Devices

Technology for obtaining accurate and reproducible blood

pressure measurements outside the traditional medical

environment has improved greatly in the last 25 years.

Three major types of devices, oscillometric devices,

hand-held aneroid (“dial”) sphygmomanometers, and

wrist monitors, are convenient, inexpensive, and relatively

accurate (Table 14.1). Even persons with hearing difficul-

ties, problems with hand-eye coordination, and other
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disabilities can operate semiautomatic devices with digital

readouts and printers to estimate blood pressure. Some

authorities believe that such devices should be provided

to every person with elevated blood pressure. Others are

concerned about possible misuse and over-interpretation

of the data, as these methods have not been used in

decision-making in clinical trials, and therefore should

not be used routinely in practice to make diagnostic or

therapeutic decisions (4). Very few “professional” blood

pressure measurement devices have been as thoroughly

tested (5) and proven as reliable, accurate, and long-

lived as the mercury column. Most of the inexpensive

devices currently on the market are meant for home use

where they are activated perhaps once or twice daily.

These are neither accurate nor durable enough to be rec-

ommended for a busy healthcare facility, at which blood

pressure is measured hundreds to thousands of times

each day.

Oscillometric devices are now the most widely used

and probably the most accurate devices available. These

rely on detection of small changes in volume by the

blood pressure cuff during pulsation of the brachial

artery and can be inaccurate even when properly executed.

Several methods of improving this technology are now

commercially available, including the use of “fuzzy

logic” to improve the detection and identification of faint

or irregular signals during a constant decrease in surround-

ing pressure, for example, in a blood pressure cuff (6).

The hand-held aneroid sphygmomanometer is being

recommended to healthcare providers, particularly by

those in purchasing departments in large medical

centers, because it is small, portable, inexpensive, and

widely available. These devices have a long history of

declining accuracy with prolonged use, however, even if

they pass visual inspection.

Monitors that measure blood pressure at the wrist are

attractive for several reasons including convenience and

the fact that circumference of the wrist is fairly constant

across people of all sizes. Unfortunately, most of the tested

devices that measure blood pressure at the wrist have not

been as accurate as the more traditional arm measurement

devices (7) and are therefore not recommended.

B. Home Measurements

Home blood pressure readings are typically lower (by

�5–12/5–7 mmHg) than measurements taken in the tra-

ditional medical environment, even in normotensive sub-

jects. Home readings are more frequently correlated with

both the extent of target organ damage (TOD) and the

risk of future mortality than are readings taken in the phys-

ician’s office (8). These readings can be helpful in evalua-

ting symptoms suggestive of hypotension, especially if the

symptoms are intermittent or infrequent. Reliable home

readings can lower costs by allowing for less frequent

visits to healthcare providers. Persons who routinely

measure blood pressure at home probably have a better

prognosis than do those who do not for two reasons:

these individuals tend to be more interested in their

blood pressure than are those who refuse to purchase and

use a home blood pressure machine, and they often have

better social support, having another person involved in

blood pressure measurement and overseeing pill-taking

and appointment-keeping behaviors.

However, there are several caveats about home blood

pressure readings (4,5,9). Despite several reports of

benefit in short-term blood pressure control (10–12) and

at least two studies showing long-term prognosis to be

better predicted by home readings than by one or two

“casual” office measurements, there are no long-term clini-

cal trials that based all treatment decisions solely on home

readings. Unlike ambulatory blood pressure monitoring,

home blood pressure readings have not yet become

widely accepted for demonstrating the efficacy of

Table 14.1 Advantages and Disadvantages of Methods of Blood Pressure Measurement Available to Patients in the Outpatient Setting

Attribute

Oscillometric with

digital readout

Oscillometric with

stethoscope

Anaeroid with

stethoscope

Coordination necessary Less so Yes Yes

Affected by presbyacusis No Yes Yes

Affected by presbyopia Less so Less so Yes

Widely available Increasingly Less so Yes

Inexpensive Increasingly Less so Yes

Quality results Yes Yes, with effort Yes, with effort

Increases patients’ interest in managing blood pressure Yes Yes Yes

Battery powered Yes Yes No

Affected by impaired grip strength No No Yes

Independently validated by prospective studies Little data No No

Source: Adapted from Elliott WJ, Black HR. Special situations in the management of hypertension. In: Hollenberg NK ed. Atlas of Hypertension. 4th ed.

Philadelphia, PA: Current Medicine, Inc., 2003:257–281.
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antihypertensive drugs (13). Many of the factors that con-

tribute to blood pressure variability are more difficult to

control in the home environment, including intrinsic circa-

dian variation, food and alcohol ingestion, exercise, and

stress. There is also concern that home blood pressure

measurements will become an obsession. However,

home readings can be a useful adjunct to information

obtained in the physician’s office, especially when the

two are widely disparate (4); if they are to be taken, the

instrument should be calibrated against a mercury sphyg-

momanometer using a Y-tube and the measuring tech-

nique checked.

C. Ambulatory Blood Pressure Monitoring

Extensive research has led to a better definition of the role

of automatic recorders that measure blood pressure fre-

quently over a 24 h period during a person’s usual daily

activities including sleep (14). The use of these devices

by practitioners in the United States was limited until

April 1, 2002, when the Center for Medicare and Medicaid

Services authorized reimbursement (of approximately

$40–55 per session) for ambulatory blood pressure

monitoring only for the evaluation of “white coat hyper-

tension” (15). This decision removed a barrier to more

widespread use of this important diagnostic modality. As

a research tool, the advantages and disadvantages of

ambulatory blood pressure monitoring have been well

Table 14.2 Advantages and Disadvantages of Ambulatory Blood Pressure Monitoring

Advantages Disadvantages

Identifies white coat hypertension (for which cost is now

reimbursed by Medicare)

Cost

Many blood pressure and pulse measurements during 24 h period Limited availability of equipment

Measures diurnal variation (including during sleep)

Measures blood pressure and pulse during daily activities

No “alerting response”

No placebo effect

Better correlation with target organ damage than with other

methods of blood pressure measurement

Adds to prognostic value of clinic measurements (in a few studies)

Potential disruption of daily activities due to noise or discomfort

(e.g., sleep quality, flaccid arm during measurement)

Limited “normative” data

Limited guidelines (or consensus) for interpretation of data in

individuals

Relatively few long-term prospective studies demonstrating utility

compared with traditional (and much less expensive) blood

pressure measurements

Source: Adapted from Elliott WJ, Black HR. Special situations in the management of hypertension. In: Hollenberg NK, ed. Atlas of Hypertension. 4th ed.

Philadelphia, PA: Current Medicine, Inc., 2003:257–281.

Table 14.3 Threshold Values for Normal Blood Pressure

Source of

data

Office

measurements

(mmHg)

Home

measurements

(mmHg)

ABPM

measurements

(mmHg)

JNC 7 140/90

Ohasama 140/90 137/84

ASH 140/90 135/85 135/85

Staessen et al. 140/90 133/82

Note: ABPM, ambulatory blood pressure monitoring. JNC 7: Chobanian

AV, Bakris GL, Black HR et al. The seventh report of the Joint National

Committee on Prevention, Detection, Evaluation, and Treatment of High

Blood Pressure: The JNC 7 Report. JAMA 2003; 289:2560–2572;

Ohasama: Tsuji I, Imai Y, Nagai K et al. Proposal of reference values

for home blood pressure measurement: prognostic criteria based on a pro-

spective observation of the general population in Ohasama, Japan. Am J

Hypertens 1997; 10:409–418; American Society of Hypertension (ASH):

Pickering TG. Chair for an American Society of Hypertension Ad Hoc

Panel. Recommendations for the use of home (self) and ambulatory

blood pressure monitoring. Am J Hypertens 1996; 9:1–11; Staessen

et al.: Staessen JA, Bieniaszewski L, O’Brien ET, Fagard R. What is

normal blood pressure in ambulatory monitoring? Nephrol Dial Trans-

plant 1996; 11:241–245.

Source: Adapted from Elliott WJ, Black HR. Special situations in the

management of hypertension. In: Hollenberg NK ed. Atlas of Hyperten-

sion. 4th ed. Philadelphia, PA: Current Medicine, Inc., 2003:257–281.

Table 14.4 Situations in Which ABPM is Useful

Diagnosing office or “white-coat” hypertension, in patients with

office hypertension, but no target organ damagea,b

Diagnosis of “high normal” blood pressure without target

organ damage

Assessing refractory or resistant hypertensiona

Evaluating episodic hypertension (at least once a day)

Evaluating symptoms consistent with hypotensiona

Deciding whether drug treatment is warranted in older patients

Assuring efficacy of antihypertensive drug therapy over 24 h

Evaluating hypertension with autonomic dysfunction

Identifying nocturnal hypertensiona

Managing hypertension during pregnancy

Evaluation of efficacy of antihypertensive drugs in clinical

research

aDenotes situations for which a repeat ambulatory blood pressure moni-

toring session may be considered; some would include “after major

changes in drug therapy” to this list.
bDenotes the situation for which ambulatory blood pressure monitoring is

reimbursed by Medicare in the United States.

Source: O’Brien et al. (22).

Diagnosis and Clinical Assessment 213



documented (Table 14.2), normal values have been

defined (Table 14.3), and publications correlating abnor-

mal results of ambulatory blood pressure monitoring

with adverse outcomes have appeared (16–21). Several

expert panels have defined the special situations in

which ambulatory blood pressure monitoring is particu-

larly useful (Table 14.4) (22).

Several varieties of ambulatory blood pressure monitor-

ing devices are currently available. In the United States,

those that measure blood pressure indirectly (i.e.,

without arterial cannulation) employ either an auscultatory

or an oscillometric technique. The auscultatory type uses a

microphone placed over the artery to detect Korotkoff

sounds in the traditional fashion. The oscillometric

measures biophysical oscillations of the brachial artery.

These use a standardized algorithm to compare the oscillo-

metric measurements with those observed in previous cali-

brations using a mercury sphygmomanometer. Systolic

blood pressure is determined directly from the threshold

oscillation, mean arterial pressure is estimated, and dias-

tolic blood pressure is calculated. Both types of monitors

are small (,450 g), simple to use, accurate, relatively

quiet, and powered by two to four small batteries. The

monitors store data from 80 to 120 blood pressure and

pulse measurements in a small microprocessor and then

download it into a desktop computer, which edits the

readings and prints the report.

All of the existing ambulatory blood pressure monitor-

ing devices have drawbacks. Direct blood pressure

measurement requires 24 h of arterial cannulation, which

may be dangerous and is therefore rarely used even in

research. Indirect blood pressure measurements using aus-

cultatory techniques can be confused by ambient noise

levels, despite R-wave gating, which requires electrocar-

diographic leads attached to the chest. Oscillometric tech-

niques require that the subject keep the arm straight and

flaccid during the measurement, and the data can be

easily corrupted, if the subject has a tremor. A thorough

diary of the subject’s activities helps interpret the ambulat-

ory blood pressure monitoring readings, but these diaries

are not always completed.

Ambulatory blood pressure monitoring routinely

measures blood pressure during sleep and has renewed

interest in the circadian variation of heart rate and blood

pressure. Most normotensives and perhaps 80% of

hypertensives have a �10% drop in blood pressure

during sleep when compared with the daytime average.

Several prospective studies have shown an increased risk

of cardiovascular events among those with a nocturnal

“nondipping” blood pressure or pulse pattern such as

with blacks and the elderly (16,23–27). Type 1 diabetics

with a “nondipping” 24 h blood pressure pattern had a

greater incidence of proteinuria during follow-up than

those with the normal “dipping” profile (28). These data

support the idea that “24 h blood pressure load” is an

important factor, as individuals with the “nondipping”

pattern have a higher proportion of elevated blood press-

ures during the 24 h period. In several studies in Japan,

elderly people with .20% drop in blood pressure during

sleep (“excessive dippers”) may suffer unrecognized

ischemia in “watershed areas” (of the brain and other

organs) during sleep, if their blood pressure declines

below the autoregulatory threshold (18). They are also at

higher risk for future stroke (20,29).

The clinical importance of the circadian blood pressure

pattern determined by ambulatory blood pressure moni-

toring is complicated by several factors. The definitions

of “dipper” and “nondipper” hypertension have not been

consistent across the world’s literature. Most studies attri-

bute the increased prevalence of the “nondipping pattern”

to advancing age. The reproducibility of the “nondipping

pattern” has been poor in several studies that repeated

ambulatory blood pressure monitoring during placebo

treatment. Perhaps the most troublesome difficulty is

that one class of antihypertensive drugs has converted

individuals from a “nondipping pattern” to the more

common “dipping pattern,” even when the drug was not

expected to affect nocturnal blood pressures on the basis

of its pharmacodynamic parameters and time of

administration.

Ambulatory blood pressure monitoring readings corre-

late quite accurately with the prevalence and extent of

TOD in hypertensives. Compared with “casual” blood

pressure measurements made in the healthcare office,

ambulatory blood pressure monitoring measurements are

a better predictor of left ventricular hypertrophy, cardiac

function, and overall scores summing optic, carotid,

cardiac, renal, and peripheral vascular damage resulting

from elevated blood pressure.

Perhaps, the most important data demonstrating the

value of ambulatory blood pressure monitoring has come

from recent prospective studies that focused on cardiovas-

cular events (death, myocardial infarction, and stroke) as

the primary endpoint. In the first study on this from

Italy, ambulatory blood pressure monitoring was the best

predictor of future cardiovascular events. “Nondipper

hypertensives’” risk was approximately three times that

of hypertensives whose blood pressure dropped 10%

lower at night (“dippers”). Continued follow-up and

refinements in these analyses come to the same con-

clusions (25,26). A population-based study involving

1572 men and women comparing ambulatory blood

pressure monitoring vs. casual and home blood pressures

has been ongoing since 1987 in Ohasama, Japan. After

almost 5 years of follow-up, cardiovascular mortality

was much more strongly related to ambulatory blood pres-

sure measurements than to a single office blood pressure

reading (8). The value of ambulatory blood pressure
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monitoring in refractory hypertension was demonstrated

in another study of 86 hypertensive people taking an

average of three antihypertensive medications daily (30).

Follow-up data collected �4 years later showed that the

patients having ambulatory blood pressure monitoring

results in the lowest tertile to have significantly lower

rates of cardiovascular complications per 100 patient-

years: first tertile 2.2, second tertile 9.5, third tertile 13.5

events. These data suggest that ambulatory blood pressure

monitoring may be helpful in sorting out which patients

with elevated office blood pressure measurements who

already are taking multiple antihypertensive medications

ought to have intensified treatment. A sub-study of the

Systolic Hypertension in Europe (Syst-Eur) trial involved

808 patients who had ambulatory blood pressure monitor-

ing in addition to the usual clinic blood pressure measure-

ments before being randomly assigned to placebo or active

treatment (16). In the group placed on placebos, ambulat-

ory blood pressure monitoring was clearly a better predic-

tor of future cardiovascular events than was the office

blood pressure measurement. In the other groups, active

treatment reduced the difference in prognosis between

ambulatory and office measurements. Furthermore, the

risk of a cardiovascular event was much higher in patients

who did not display a nocturnal decline in blood pressure.

These data suggest (but do not prove) that the poor prog-

nosis seen with nondipping hypertension can be mitigated

by active antihypertensive drug treatment.

Perhaps, the most impressive study so far demonstrat-

ing the added value of ambulatory blood pressure monitor-

ing was carried out in a study of 1963 hypertensive

European patients (21). All had an ambulatory blood

pressure monitoring, and then were followed for a

median of 5 years, with treatment dictated by the office

blood pressure as usual. New cardiovascular events

occurred in 157 patients. After adjusting for all the tra-

ditional risk factors, ambulatory blood pressure (whether

24 h mean, daytime or nighttime; systolic or diastolic)

was found to be a significant independent predictor of

cardiovascular events.

D. White Coat Hypertension

Approximately 10–20% of American hypertensives have

substantially lower blood pressure measurements outside

the healthcare provider’s office than in it (31). In Italy,

this phenomenon is observed in 30% of pregnant women

(32). The name white coat hypertension has been given

to the situation in which blood pressure measurements

outside the healthcare setting are considerably lower

than those within it. Studies originally done in Italy, and

later corroborated in other countries, show that blood

pressure rises in response to an unknown physician

approaching the subject. This does not happen if a nurse

approaches the subject, even when the nurse is wearing a

white coat (33).

The clinical consequences and prognostic significance

of white coat hypertension continue to be hotly debated

in the medical literature. One school of thought suggests

that if a person has an acute rise in blood pressure

caused by stress related to an approaching physician,

similar elevations in blood pressure are likely whenever

a stressful stimulus is encountered. Thus, some literature

supports the concept that the white coat response is

merely a precursor to “more substantial and more sus-

tained hypertension.” This point of view is buttressed by

several clinical and population-based studies in which

people with “white coat hypertension” have a greater

prevalence of sub-clinical risk factors for cardiovascular

disease, including left ventricular hypertrophy, a family

history of hypertension and heart disease, hypertriglyceri-

demia, elevated fasting insulin levels, and lower high-

density lipoprotein (HDL) cholesterol levels (34–36).

A second school of thought, on the basis of careful and

more conservative definitions of the white coat effect, pro-

poses that some individuals consistently show a similar

and marked elevation in blood pressure in response to

the healthcare environment. Using more stringent criteria

than the studies cited earlier, several long-term studies

have shown a greatly reduced risk of either TOD or

major cardiovascular sequelae among people with the

white coat phenomenon (37,38). Whether the future risk

of such individuals for cardiovascular events is similar

(or even identical) to that of completely normotensive

people is open to question. Another possibility is that

white coat hypertension simply represents an unrepresen-

tative sampling (biased toward the high end) of blood

pressure levels in those with considerable blood pressure

variability.

The best approach to the treatment of white coat hyper-

tension is undetermined. Clearly, such individuals should

benefit from lifestyle modifications, which could reduce

the likelihood of progression to sustained hypertension.

Withholding antihypertensive medication from white coat

hypertensive patients appears unwise (39). The risk of

future cardiovascular events did not appear to differ

between white coat and sustained hypertensives when

both were treated with antihypertensive medications (40).

Whether intensive treatment with continuous antihyperten-

sive medication is warranted for only temporary increases

in blood pressure is debatable. The initial ambulatory

blood pressure monitoring session is cost-saving because

it limits expensive therapy in the 20% of patients with

white-coat hypertension but frequent ambulatory blood

pressure monitoring sessions would be required to monitor

such therapy, which would be cost-prohibitive. One ambu-

latory blood pressure monitoring session annually is

usually the upper limit (22). Because of the potential high
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cost, several authoritative groups have recommended that

ambulatory blood pressure monitoring be used sparingly

in the general hypertensive population. In managed care,

veterans’ hospitals, and other situations where minimal

incremental direct costs are involved, ambulatory blood

pressure monitoring could be performed more widely (22).

E. White Coat Normotension

A relatively small proportion of individuals (61 of 234 or

26% of the original series from New York City) have

hypertension-related target-organ damage, despite office

blood pressures that are consistently below the “normal”

threshold. These individuals have been called white coat

normotensives, and this diagnosis can really only be

made with ambulatory blood pressure monitoring. These

individuals would have not been given potentially useful

antihypertensive therapy if they had not had carotid ultra-

sound examinations that showed carotid wall thickening

similar to that usually seen in sustained hypertensives;

echocardiograms that showed left ventricular hypertrophy;

and ambulatory blood pressure monitoring sessions that

disclosed the higher out-of-office blood pressures (41). It

is unclear whether these individuals have greater stresses

and resulting blood pressure elevations outside the

medical office than in it. One would expect that if they

were not diagnosed with white coat normotension then

their prognosis should be similar to untreated hyperten-

sives, but this has not yet been proven.

F. Isolated Systolic Hypertension

Prior to 1997, isolated systolic hypertension could be diag-

nosed when the systolic blood pressure was elevated,

but the diastolic blood pressure was below threshold

(�140/,90 mmHg in the United States; often �160/
,95 mmHg in other countries). This pattern is seen in

�60–70% of older hypertensives and is thought to

derive pathophysiologically from “stiff” arteries and

reduced vascular compliance. Three large-scale clinical

trials specifically enrolled patients with isolated sys-

tolic hypertension, defined as systolic blood pressure

.160 mmHg with a normal diastolic blood pressure:

Systolic Hypertension in the Elderly Program (SHEP) in

the USA, Systolic Hypertension (Syst-Eur) in Europe,

and Systolic Hypertension in China (Syst-China). Each

independently showed that older individuals with blood

pressure elevations only in the systolic have a reduced

risk of cardiovascular events if given pharmacologic

treatment. In a meta-analysis of 15,693 patients with iso-

lated systolic hypertension enrolled in eight clinical

trials, drug therapy reduced the initial blood pressure

(174/83 mmHg) on average by only 10.4/4.1 mmHg.

However, large clinical benefits were observed: 30%

reduction in fatal and nonfatal stroke, 23% reduction in

fatal and nonfatal coronary heart disease, 26% reduction

in cardiovascular events, and 13% reduction in all-cause

mortality (42). As a result, there is no longer any debate

about the wisdom of lowering blood pressure in patients

with isolated systolic hypertension.

The high risk of untreated isolated systolic hyperten-

sion prompted investigations of pulse pressure, the

numerical difference between systolic and diastolic

blood pressure, as a cardiovascular risk factor, particularly

in older individuals. Although many studies found that a

widened pulse pressure was associated with lower survival

rates, the Prospective Studies Collaborative Group gath-

ered data from 61 prospective trials involving nearly 1

million people and found that pulse pressure was a much

poorer predictor of future cardiovascular events than sys-

tolic blood pressure (43). In other words, a blood pressure

of 180/130 mmHg does not have the same prognosis as

130/80 mmHg, even though both have a pulse pressure

of 50 mmHg. This has led some to rely less on pulse

pressure as an independent cardiovascular risk factor,

although as a secondary factor, prognosis is generally

poorer for a higher pulse pressure at any given systolic

blood pressure. This may simply be a reflection of the

decreased vascular compliance seen in individuals with a

wide pulse pressure.

IV. ASSESSMENT OF THE
HYPERTENSIVE PATIENT

During the initial office evaluation of a person with elev-

ated blood pressure readings, six important issues must

be addressed:

. Documenting an accurate diagnosis of hypertension

(discussed earlier).

. Defining the presence or absence of TOD related to

hypertension.

. Screening for other cardiovascular risk factors that

often accompany hypertension.

. Assessing future risk for cardiovascular disease,

which suggests the appropriate intensity of

treatment.

. Assessing whether the person is likely to have an

identifiable cause of hypertension (secondary

hypertension) and should have further diagnostic

testing to confirm or exclude the diagnosis.

. Obtaining data that may be helpful in the initial and

subsequent choices of therapy.

There are many possibilities that might explain a

single set of elevated blood pressure readings (Table 14.5).

Elevated blood pressure does not necessarily correspond
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to hypertension. Except for people who take one of several

types of drugs known to elevate blood pressure

(Table 14.6), many individuals with only one elevated

blood pressure reading will have their blood pressure

return to the normal range over time. This is the reason

for recommending at least two or three sets of blood

pressure measurements before diagnosing hypertension.

A. Routine Assessment in Hypertensive
Patients

The recommendations of JNC 7 (1) and other national and

international expert panels (2) limit the number of and the

expense related to initial tests for the routine evaluation of

every hypertensive patient (Table 14.7). Tests that are used

in assessing the presence or absence of TOD include phys-

ical examination, serum creatinine, urinalysis, and an

ECG. Assessing the number of cardiovascular risk

factors can be accomplished with the medical history,

chemistry panel (glucose, lipid profile), and urinalysis.

Although the EXPRESS version of JNC 7 no longer

includes a formal risk stratification system, other expert

panels have very elaborate systems for linking the assess-

ment of cardiovascular risk and the intensity of antihyper-

tensive treatment (44,45).

In general, direct the physical examination toward clues

that might indicate an identifiable secondary cause of

hypertension. These might include an abdominal or flank

bruit, which is a sign of renal artery disease, or an abdomi-

nal or flank mass, which is consistent with either pheo-

chromocytoma or polycystic kidney.

Table 14.5 Causes of Hypertension

I. Systolic and diastolic hypertension

A. Primary, essential or idiopathic

B. Secondary

1. Renal

a) Renal parenchymal disease

(1) Acute glomerulonephritis

(2) Chronic nephritis

(3) Polycystic disease

(4) Diabetic nephropathy

(5) Hydronephrosis

b) Renovascular

(1) Renal artery stenosis

(2) Intrarenal vasculitis

c) Renin-producing tumors

d) Renoprival

e) Primary sodium retention (Liddle’s syndrome,

Gordon’s syndrome)

2. Endocrine

a) Acromegaly

b) Hypothyroidism

c) Hyperthyroidism

d) Hypercalcemia (hyperparathyroidism)

e) Adrenal

(1) Cortical

(a) Cushing’s syndrome

(b) Primary aldosteronism

(c) Congenital adrenal hyperplasia

(d) Apparent mineralocorticoid

excess (licorice)

(2) Medullary pheochromocytoma

f) Extra-adrenal chromaffin tumors

g) Carcinoid

h) Exogenous hormones

(1) Estrogen

(2) Glucocorticoids

(3) Mineralocorticoids

(4) Sympathomimetics

(5) Tyramine-containing foods and

monoamine oxidase inhibitors

3. Coarctation of the aorta

4. Pregnancy-induced hypertension

5. Sleep apnea

6. Neurologic disorders

a) Increased intracranial pressure

(1) Brain tumor

(2) Encephalitis

(3) Respiratory acidosis

b) Quadriplegia

c) Acute porphyria

d) Familial dysautonomia

e) Lead poisoning

f) Guillain–Barré syndrome

7. Acute stress, including surgery

a) Psychogenic hyperventilation

b) Hypoglycemia

(continued )

Table 14.5 Continued

c) Burns

d) Pancreatitis

e) Alcohol withdrawal

f) Sickle cell crisis

g) Postresuscitation

h) Postoperative

8. Increased intravascular volume

9. Alcohol and drug use

II. Systolic hypertension

A. Increased cardiac output

1. Aortic valvular insufficiency

2. Atrioventricular fistula, patent ductus arteriosus

3. Thyrotoxicosis

4. Paget’s disease of bone

5. Beriberi

6. Hyperkinetic circulation

B. Rigidity of aorta or small arteries

III. Iatrogenic hypertension

Source: Adapted from Kaplan NM. Systemic hypertension: mechanisms

and diagnosis. In: Braunwald E ed. Heart Disease. 5th ed. Philadelphia,

PA: W.B. Saunders Company 1997:807–839.
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B. Ophthalmic Assessment

A thorough examination of the optic fundus is a valuable

tool for evaluating hypertensive patients. Before effective

antihypertensive drug therapy became available, the most

important predictor of future cardiovascular events was

not the blood pressure level, but the appearance of the

optic fundi. The prognosis of hypertensive patients has

improved greatly since that time, but the appreciation of

hypertension-related changes in the optic fundus is still a

valuable clue to both the severity and the duration of the

elevated blood pressure. The optic fundus is the only site

in the entire body where blood vessels can be examined

Table 14.6 Partial List of Drugs Known to Elevate Blood Pressure

Chemical elements and other industrial chemicals Venoms and toxins

Lead Spider bites (especially the brown recluse or

“fiddleback” spider)

Mercury Scorpion bites

Thallium and other heavy metals Snake bites

Lithium salts, especially the chloride Prescription Drugs

Chloromethane Cortisone and other steroids (both corticosteroids and

mineralocorticoids)a

Carbon disulfide Estrogens (usually oral contraceptive agents with high estrogenic

activity)a

Polychlorinated (and polybrominated) biphenyls Nonsteroidal antiinflammatory drugs (including cyclooxygenase-2

inhibitors)a

Parathion and other insecticides Phenylpropanolamines and analogsa

Food substances Cyclosporine and tacrolimusa

Sodium chloridea Erythropoietin

Licorice Naloxone

Caffeine Ketamine

Tyramine-containing foods (with MAO-I) Desflurane

Ethanol Carbamazepine

Street Drugs and other “Natural Products” Bromocryptine

Anabolic steroids Metoclopramide

Cocaine (“?”) (and cocaine withdrawal) Antidepressants (especially venlafaxine)

Heroin withdrawal Buspirone

Methylphenidate Disulfuram

Phencyclidine Clonidine, b-blocker (and maybe calcium antagonist) withdrawal

g-hydroxybutyric acid (and withdrawal from it) Pheochromocytoma: b-blocker without a-blocker first; glucagon

Ma Huang, “herbal ecstasy,” and other phenylpropanolamine

analogsa
Pentagastrin

Nicotine (“?”) (and nicotine withdrawal) Digitalis

Ketamine Thyrotropin-releasing hormone (Protirelin)

Ergotamine and other ergot-containing herbal preparations Synthetic ACTH (Corticotropin)

St. John’s Wort Sibutramine

Alkylating agents (typically used for cancer chemotherapy)

Clozapine

Orlistat?

aSubstances of greatest current clinical importance.

Table 14.7 Tests Recommended by JNC 7 for the Initial

Evaluation of a Hypertensive Patient

Serum chemistries (glucose, potassium, creatinine, calcium)

Urinalysis

Hematocrit

ECG

Lipid profile (including HDL-cholesterol, triglycerides, and

calculated LDL-cholesterol, preferably obtained in the

fasting state)

An estimate of urinary albumin excretion (24 h urine or urinary

albumin/creatinine ratio); optional, but quite helpful in

patients with diabetes or chronic kidney disease

Source: Chobanian et al. (1).
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directly. Patients with Keith–Wagener–Barker (KWB)

grade III or IV fundi, characterized by hemorrhages or

exudes, or papilledema, generally have long-term hyper-

tension as opposed to a recent onset.

With prolonged hypertension, the normal yellowish-

white color of the retinal arteries gradually changes to a

reddish-brown tone (“copper wire”), and the ratio of

artery/vein diameters is reduced from the normal 2:3 to

less than 1:3. Gradually over months to years, the

column of blood within the artery gradually diminishes,

and the artery is reduced to a whitish thread (“silver

wire”) despite persistent blood flow. Atrioventricular

nicking is perhaps the most easily recognized ocular

abnormality in hypertensive retinopathy. When the

thickened artery containing blood at elevated pressure

compresses a low-pressure, thin-walled vein within the

shared adventitial sheath, the vein disappears. Hyperten-

sion is therefore both epidemiologically and pathophysio-

logically a risk factor for retinal vein occlusion. When

arterial blood flow is reduced sufficiently to cause infarc-

tion of underlying retinal tissue, this forms round or oval

white patches with fluffy borders called cytoid bodies or

cotton–wool spots. Intraretinal “flame-shaped” hemor-

rhages occur after breakdown in the blood-retinal barrier

caused by a ruptured aneurysm, neovascularization (typi-

cally in diabetics), or “blowout” hemorrhages resulting

from hypertension. A leakage of plasma into the macular

space often precedes an acute reduction in visual acuity

and is followed by the “macular star figure” which is

visible for many years thereafter. Increased intraocular

or intracranial pressure and diminished axoplasmic flow

in the optic nerve fibers can cause ischemia in the optic

nerve circulation. This can lead to papilledema from

either a retinal vein occlusion or a hypertensive emer-

gency. An alternative cause for papilledema should be

sought if both the fundi are otherwise free of hypertensive

retinopathy and there is no evidence of acute, ongoing

damage to other target organs.

The importance of controlling hypertension to prevent

ophthalmic endpoints such as vision loss, retinal hemor-

rhages, and laser photocoagulation procedures has not

received much attention in recent medical literature.

There are nonetheless several reports of improved blood

pressure control reducing the risk of these problems in

large prospective clinical trials, especially in diabetics.

C. Cardiac Assessment

Two major prognostic factors associated with the heart can

be obtained in the initial physical examination in hyperten-

sive patients. These include both left ventricular hypertro-

phy and aortic sclerosis. A murmur of aortic sclerosis can

be auscultated in�21–26% of adults .65 years of age. In

the Cardiovascular Health Study, 29% of the 5621 subjects

older than 65 years of age had this valvular abnormality

detected on echocardiography; it was found much more

commonly among hypertensives and those with left ventri-

cular hypertrophy. Perhaps most important, its presence

was associated with a highly significant 50% increase in

cardiovascular events during 5 years of follow-up. Much

of this increased risk was due to concomitant hypertension,

however; after adjustment for baseline differences in risk

factors (between those who had or did not have aortic

sclerosis), only one of four studied endpoints remained

statistically significant. An atrial (S4) gallop is common

in hypertensive patients, and may be the first sign of hyper-

tensive heart disease, but has little prognostic importance

(particularly in older people).

An ECG is recommended during the initial evaluation

of all persons with hypertension. The ECG is used to

document previously undetected myocardial infarction,

myocardial ischemia, and cardiac rhythm disturbances,

and it is possibly the most cost-effective way to screen

for left ventricular hypertrophy. The ECG is not the

most sensitive or specific method of detecting left

ventricular hypertrophy, but it is less expensive than echo-

cardiography, computed axial tomographic (CAT) scan-

ning, or magnetic resonance imaging (MRI) of the heart.

The “limited echocardiogram” that accurately calculates

left ventricular size and assesses ventricular geometry at

a very affordable price has been recommended and

implemented in some centers in Canada, but not yet in

the United States.

Left ventricular hypertrophy is perhaps the most

important indicator of prognosis in hypertensive patients.

It is often considered the “hemoglobin A1c of blood

pressure” because it objectively measures both the severity

and the duration of elevated blood pressure. In the

Framingham Heart Study, ECG evidence of left ventricu-

lar hypertrophy has been associated with an approximately

three-fold increase in the incidence of cardiovascular

events when compared with those without it. Echocardio-

graphically detected left ventricular hypertrophy has

proven an even better predictor of cardiovascular events.

The geometry of the enlarged ventricle also plays a

role. Concentric hypertrophy of the left ventricle is most

commonly seen in hypertension, perhaps as a result of con-

centric remodeling. In one series, concentric left ventricu-

lar hypertrophy carried a four-fold increased risk of

cardiac morbidity and mortality when compared with indi-

viduals with nonhypertrophied hearts. Eccentric hyper-

trophy, most commonly seen in athletes, imparted only a

two-fold increased risk of events in the same series. In a

variety of reports, left ventricular hypertrophy has been

the most influential of all traditional cardiovascular risk

factors in predicting not only death or myocardial infarc-

tion, but also stroke, heart failure, and other cardiovas-

cular end points (46). Echocardiographically determined
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left ventricular mass is an important predictor of progno-

sis; however, there is sufficient intrinsic variability in a

single echocardiogram (perhaps 10–15%) that serial

determinations are imprecise, which makes it an inefficient

screening test. An exception might be a person with

uncomplicated stage 1 hypertension and a normal ECG,

where the presence of concentric left ventricular hyper-

trophy would usually require antihypertensive drug

treatment.

Left ventricular hypertrophy is associated both epi-

demiologically and pathophysiologically with intimal

hyperplasia of the epicardial coronary arteries, increased

coronary vascular resistance, increased severity and fre-

quency of ventricular dysrhythmias, decreased flow

reserve, and reduced diastolic relaxation. Heart failure

with preserved left ventricular function often manifests

clinically as “flash pulmonary edema” and carries a poor

prognosis even when carefully treated (47). Hypertension

probably plays a major role in the pathogenesis of this syn-

drome, which has been identified in up to 40% of patients

admitted to the hospital with heart failure (48). The new

Cornell voltage-duration criteria show the status of left

ventricular hypertrophy as a powerful risk factor for cardi-

ovascular events, making it the major inclusion criterion

for the recent Losartan Intervention For Endpoint

reduction (LIFE) study. In this important clinical trial

where nearly all of the benefit was in stroke reduction

(49), an angiotensin receptor blocker with or without a

diuretic was more effective at reducing both the degree

of left ventricular hypertrophy and the overall cardiovas-

cular risk than a b-blocker with or without a diuretic.

The most contentious aspect of left ventricular

hypertrophy lies in its treatment and possible reversal.

Short-term clinical studies that evaluated changes in left

ventricular hypertrophy show different conclusions about

which class of antihypertensive drug best regresses left

ventricular hypertrophy. The LIFE study is currently the

only outcome study to show a correlation between

reduction in left ventricular hypertrophy and prevention

of cardiovascular events. Because left ventricular hyper-

trophy is unlikely to regress without reducing blood

pressure, most authorities recommend allocating resources

to blood pressure control, rather than on serial echocardio-

grams, to see whether the left ventricular mass index is

returning to normal during treatment.

D. Renal Assessment

JNC 7 recommends only a serum creatinine and a dipstick

for proteinuria in the evaluation of renal function,

although performing either a “spot” urine protein/creati-

nine ratio or a 24 h urine test is optional. The US National

Kidney Foundation recommends screening for micro-

albuminuria, which is defined as an albumin excretion of

30–300 mg/d. This level is below the detection limit

for the conventional dipstick. Because the traditional

24 h urine collection is cumbersome and potentially inac-

curate in many patients, an early morning “spot” urine for

protein/creatinine ratio is recommended. This method-

ology has been widely validated in several clinical

studies (e.g., LIFE, AASK, IRMA-2, and RENAAL).

Microalbuminuria has been strongly associated with the

risk for future cardiovascular events, in both diabetics

and nondiabetics. There is concern about whether it is

simply a marker for increased cardiovascular risk or is

an independent predictor of cardiovascular events,

especially in younger individuals and those with earlier

stages of hypertension (50). The prevalence of microalbu-

minuria ranges from 12% to 36% (averaging 20%) in type

2 diabetics and is slightly lower in nondiabetics (5–40%)

and becomes more common after age 55. Important con-

founders include various types of dyslipidemia, duration

of hypertension, degree of blood pressure control, and a

“nondipping” circadian pattern of blood pressure. All

monotherapies except dihydropyridine calcium antagon-

ists and central or peripheral sympathetic blockers can

reduce albuminuria. Both ACE-inhibitors and angiotensin

II receptor blockers have been shown in prospective

studies to retard the progression from microalbuminuria

to proteinuria (�300 mg/day of protein in a 24 h collec-

tion) in type 2 diabetics.

E. Assessment of the Vasculature

One of the hallmarks of hypertensive circulation is

decreased vascular compliance. When blood pressure is

acutely elevated, the elastic behavior of both large and

small arteries changes. The muscular layers of the arterial

wall become unable to relax as quickly or transmit pressure

waves as easily and reproducibly as they did when blood

pressure was lower. This is a passive and reversible

phenomenon that typically lasts minutes to hours.

However, when the blood pressure is continually elevated,

the internal elastic lamina of blood vessels becomes

gradually infiltrated with thinned, split, and frayed elastic

fibers, and a new intercellular matrix is created. In

extreme cases, medial necrosis develops within the arterial

wall. This process of arteriosclerosis is often attributed

to aging, hypertension, or a combination of both and

leads to chronic, irreversible stiffening of the arterial tree.

There are several methods of assessing arterial com-

pliance (Table 14.8), but most are invasive, expensive,

or not widely used in clinical medicine. Large clinical

studies are now using new methods of calculating total

arterial compliance that are based on pulse contour

analysis (51,52).

Pseudohypertension is the name given to the rarely diag-

nosed circumstance in which blood pressure measurements
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by indirect sphygmomanometry are much higher than direct

intra-arterial measurement. These differences are usually

attributed to very stiff and calcified arteries that are nearly

impossible to compress with the bladder in the usual

blood pressure cuff. Palpating the walls of the brachial

artery when blood flow is stopped by inflating the cuff

higher than systolic pressure, or the “Osler Maneuver,” is

a simple way to diagnose this condition. Note that this tech-

nique is less accurate than initially reported. Perhaps

because repeated intra-arterial measurements would be

required to document and then calibrate the difference

between indirect and direct blood pressure measurements,

few physicians diagnose pseudohypertension routinely.

F. Assessment of Other Organs

Generally, few other blood or urine tests are necessary. In

specific circumstances, plasma renin activity, 24 h urine

collections, and sometimes serum insulin levels can be

useful during a specialized evaluation for a specific

patient. Some newly appreciated markers of cardiovascu-

lar risk, such as C-reactive protein and homocyteine,

have not yet been shown to be sensitive or specific

enough to warrant routine testing, but interest in these

markers is growing (53,54).

G. Assessment for Identifiable Causes
of Hypertension

There are many identifiable causes of hypertension (second-

ary hypertension, Table 14.5). In some of these, the elevated

blood pressure can be improved with specific treatment such

as angioplasty or surgery or by removing the agent that

caused the hypertension. By far, the most common

identifiable cause is chronic renal failure. Although

chronic renal disease is mostly incurable, the hypertension

associated with it can often be controlled with adequate

volume regulation using diuresis or dialysis. In contrast,

renal artery stenosis, pheochromocytoma, and some

mineralocorticoid-excess states are potentially curable.

These conditions are sufficiently common to warrant

specialized tests to screen for and confirm the diagnosis. If

a secondary cause of hypertension is suspected, a referral

to a hypertension specialist may be appropriate (1,2).

1. Renovascular Hypertension

Patients with renovascular hypertension often have very

elevated blood pressures despite multiple-drug therapy,

considerable TOD, and are at high risk of losing renal

function due to ischemic nephropathy (55). Atherosclero-

tic renal artery stenosis is found in �90% of those with

renovascular hypertension, and primarily affects older

people who had easily controlled primary hypertension,

but then developed refractory hypertension after age 55.

Many have evidence of atherosclerotic disease in other

vascular beds (carotids, coronaries, and peripheral

arteries) and are or were heavy cigarette smokers. Most

of the remainder is due to fibromuscular dysplasia, most

common in 10- to 25-year-old Caucasian women with

very high blood pressures, and is particularly well

treated with angioplasty. Although more common in

Caucasians, African Americans also develop renovascular

hypertension. A simple and relatively accurate “clinical

prediction rule” can estimate the pretest probability of

renovascular disease (Tables 14.9 and 14.10) based on

clinical information gathered at the initial evaluation (56).

The goal of laboratory testing in patients suspected of

renovascular hypertension is to demonstrate the presence

Table 14.8 Methods for Determining Arterial Compliance

Type of method Measured in Invasive Drawbacks

Direct

Angiography Aorta Yes Expensive

Echocardiography Aorta No Expensive

Intravascular ultrasound Peripheral or coronary arteries Yes Expensive

Echo-tracking Peripheral arteries No Not widely available

Venous occlusion plethysmography Peripheral arteries Not always Time- and operator-intensive

Indirect

Stroke volume/pulse pressure ratio Total arterial compliance No Reproducibility questionable

Pulse wave velocity Segmental arteries No Limited to large arteries

Fourier pulse analysis Peripheral arteries No Reproducibility questionable

Total compliance Total arterial compliance No Expensive

Pulse contour analysis Total arterial compliance No Time- and operator-intensive

Source: Adapted from Elliott WJ, Black HR. Special situations in the management of hypertension. In: Hollenberg NK ed. Atlas of Hypertension. 4th ed.

Philadelphia, PA: Current Medicine, Inc., 2003:257–281.
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of renal artery stenosis and also determine whether the

lesions are in fact the cause of the patient’s hypertension

(55). However, before testing, it is useful to discuss with

the patient the possible results. Further investigation is prob-

ably unwarranted if the patient is unwilling to consider or

unsuitable for surgery, which might be required if the

renal artery is damaged during angiography. Recent data

from the Netherlands and the Mayo Clinic suggest that con-

tinued medical therapy (including ACE-inhibitors and

ARBs) may be as useful in the long term as revasculariza-

tion. This suggests that only patients with uncontrolled

hypertension need be evaluated. Such individuals with a

high (.70%) pretest probability for renovascular hyperten-

sion should have an angiogram without a screening test.

Screening tests for those at moderate risk should be based

on either biochemical or imaging techniques (Table 14.11).

Two newer imaging modalities are of particular

importance:

. Ultrasonic visualization of the renal arteries, with

interrogation of flow by Doppler measurements, is

widely available, but its usefulness varies greatly.

When an experienced, dedicated technician exam-

ines a properly prepared patient, the sensitivity

and specificity of the test are well in excess of

90%, and the cost is reasonable. Unfortunately, in

obese patients and those with much intestinal gas,

the test is much less useful with the rate of renal

artery localization only �60%. However, some

centers still prefer this screening test.

. Magnetic resonance angiography (with gadolinium)

may soon become the best choice. It is very accu-

rate with pictures nearly the quality of a standard

angiogram, noninvasive, and the patient needs no

specific preparation. However, its limited avail-

ability and expense currently outweigh these

major advantages.

In many centers, the screening test of choice is captopril

scintigraphy. Only ACE-inhibitors and ARBs need to be

stopped before performing the test, and adverse reactions

from the single dose of captopril are rare. Some centers

perform a baseline scan without captopril, and then an

hour later another with it, which doubles the cost, but it

may be more convenient for the patient. A normal capto-

pril scan often precludes the need for further investigation.

A “captopril-induced change in the renogram” (especially

a change in the distribution of tracer between kidneys)

Table 14.9 Clinical Information for Estimating the Probability

of Renovascular Hypertension

Clinical characteristic

Never

smoked

Current or

former

smoker

Age (years)

20–29 0 0

30–39 1 4

40–49 2 8

50–59 3 5

60–69 4 5

�70 5 6

Female gender 2 2

ASCVDa 1 1

Hx HTNb
�2 years 1 1

BMIc ,25 kg/m2 2 2

Abdominal bruit 3 3

Serum creatinine (mg/dL)

0.5–0.75 0 0

0.75–1.0 1 1

1.0–1.2 2 2

1.2–1.65 3 3

1.7–2.2 6 6

� 2.3 9 9

Hypercholesterolemia

(.250 mg/dL or drug-treated)

1 1

aASCVD, signs, symptoms, or clinical evidence of atherosclerotic cardi-

ovascular disease.
bHx HTN, history of hypertension.
cBMI, body mass index [weight in kg/(height in cm)2].

Note: To estimate the prior-probability of renovascular hypertension,

compare the sum of the point score from Table 14.9 the points column

in Table 14.10.

Source: Adapted from Krijnen P, van Jaarsveld BC, Steyerberg EW et al.

A clinical prediction rule for renal artery stenosis. Ann Intern Med 1998;

129:738–740.

Table 14.10 Clinical Prediction Rule for Estimating the

Probability of Renovascular Hypertension

Points

(from Table 14.9)

Probability of Renovascular

Hypertension (95% CI)

�5 ,2 (0–5)

6 3 (1–8)

7 5 (2–10)

8 8 (3–12)

9 11 (5–20)

10 15 (7–28)

11 25 (14–40)

12 37 (18–55)

13 47 (28–65)

14 62 (40–80)

15 72 (46–84)

16 80 (62–86)

17 87 (72–92)

18 89 (78–95)

19 90 (82–97)

20 �90 (92–100)

Note: CI, confidence interval.
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may predict lower blood pressure after revascularization.

Most centers use 99mTc-DTPA, a radioisotope of techni-

cium chelated to diethylenetriaminepenta-acetic acid, but

the more expensive MAG-3 is more accurate in detecting

bilateral renal artery stenosis. Following femoral artery-

approached DSA with angioplasty and stenting success-

fully opens .95% of stenosed renal arteries, especially

those with ostial lesions. Screening high-probability

patients with captopril scintigraphy and following with

angioplasty and stenting is the most cost-effective

approach. One analysis finds that if the pretest probability

of renovascular disease is .30%, this approach saves

money overall.

2. Pheochromocytoma

Patients with pheochromocytoma are nearly always symp-

tomatic, usually with a cluster of complaints that occur in

paroxysms or “spells” (57), the description of which is

usually the same in each patient. An attack may be preci-

pitated by eating, pain, postural changes, or urination, and

hypertension is often exacerbated during a spell. The most

common symptoms include headache, diaphoresis, and

palpitations; but others such as anxiety, weakness, and tre-

mulousness are also frequently found. Although most

patients do not have a heredo-familial reason for their

pheochromocytoma a skin examination and screening for

other tumors related to multiple endocrine neoplasia syn-

dromes are recommended.

Diagnostic testing for pheochromocytoma generally

involves two steps: demonstrating that excess catechol-

amines are produced and localizing the tumor (58). Cur-

rently, there are multiple possibilities for each step

(Table 14.12). Seek biochemical confirmation of an

increase in catecholamine production if a pheochromocy-

toma is suspected. Despite recent enthusiasm for plasma

metanephrines in some centers (59), the slightly less sen-

sitive and specific measurement of 24 h urinary excretion

of total catecholamines (norepinephrine, epinephrine, and

dopamine) or their metabolites (vanillylmandelic acid or

metanephrines) costs much less. Whether assaying urine

Table 14.11 Screening Tests for Renovascular Hypertension

Type of tests Sensitivity Specificity Invasive? Availability Costa

Biochemical tests

Serum potassium �70% �5% No Widespread $20–35

Plasma renin activity (PRA) �80% �60% No Widespread $25–155

Captopril challenge test 60–70% �80% No Widespread $100–300

Renal vein renin activity ratio �75–90% �80% Yes: Fb; vein Variable .$2500

Imaging Tests

Rapid-sequence intravenous pyelography 74% 80–86% Ab or Fb vein Widespread $300

Renal scintigraphy (99mTc-DTPA) 74% 77% Ab vein Widespread $350

Renal scintigraphy with captopril

(or enalaprilat); 99mTc-DTPA or MAG-3

85% 90% Ab vein Most major

medical

centers

$400

Intravenous digital subtraction

angiography (DSA)

80% 88% Ab vein Variable $750

Intra-arterial DSA 95% 99% Fb Limited $1500

Standard angiography .99% .99% Fb artery Widespread $4000

Duplex ultrasound of renal arteries Operator-

dependent

(50–99%)

Operator-

dependent

(50–99%)

No Highly

variable

$600

MRI Perhaps �90% Perhaps �90% No Limited $2000

aCosts vary over time and from institution to institution. These are approximate and derived from purveyors at RUSH University Medical Center, Chicago,

in late 2003.
bF, femoral; A, antecubital.

Table 14.12 Diagnostic Tests for Pheochromocytoma

Biochemical

† Urinary free catecholamines

† Urinary vanillylmandelic acid

† Urinary metanephrines

† Plasma catecholamines (or metanephrines)

† Clonidine suppression test

† Glucagon stimulation test

Imaging Studies

† Computerized axial tomographic (CAT) scan

† Magnetic resonance imaging (especially T2-weighted images)

† 131I-meta-iodobenzylguanidine

† Abdominal ultrasound

† Adrenal vein or vena caval drainage

† Angiography
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or plasma, pay attention to the conditions under which the

sample is collected. Measure creatinine in the same urine

sample to verify that there was a full 24 h collection. To

minimize false-positive results, the patient should be in a

nonstressful situation when the sample is obtained.

When urinary values are nondiagnostic, the measure-

ment of plasma catecholamines and/or metanephrines

can be very useful (59). If plasma catecholamines (norepi-

nephrine plus epinephrine) levels exceed 2000 pg/mL

in the basal state, the presence of a pheochromo-

cytoma is highly likely. If the levels are between 1000

and 2000 pg/mL, a clonidine suppression test is often rec-

ommended (57). If plasma catecholamine levels do not

suppress after the administration of 0.3 mg of oral cloni-

dine, the patient warrants a more aggressive search for a

pheochromocytoma. Individuals with plasma catechol-

amine levels ,1000 pg/mL can undergo glucagon stimu-

lation testing concurrently with a-blockade, which blunts

the blood pressure response but not the diagnostic increase

in serum norepinephrine.

Choosing which initial imaging procedure to obtain is

also controversial. Computed arial tomographic (CAT)

scanning is a highly sensitive imaging modality that will

locate nearly all pheochromocytomas, especially those in

the adrenal gland or in the abdomen. MRI does not

require contrast material, which is sometimes necessary

with CAT scanning, and is also helpful in localizing non-

adrenal or nonabdominal pheochromocytomas. Enhancing

MRI T2-weighted images of pheochromocytomas and

adrenal carcinomas helps distinguish adrenal masses that

are not biochemically active (incidentalomas) from meta-

bolically active or malignant tumors. Meta-iodobenzyl-

guanidine scanning is particularly helpful when a

pheochromocytoma is suspected, but not clearly located

with CAT or MRI. This radiopharmaceutical is a guanethi-

dine analog that is concentrated in pheochromocytomas

and other neural crest tumors. Total-body scanning helps

localize the tumor, if the initial CAT or MRI scans are

negative or equivocal. The sensitivity of this test exceeds

90%, but it is not widely available.

3. Mineralocorticoid-Excess States

The symptoms of these forms of secondary hypertension

that may help the clinician are related to hypokalemia

(60). Usually prominent are muscle weakness, cramps,

polyuria, and even nocturia, although many who are just

becoming hypokalemic do not have these complaints.

Target organ damage is typically less severe and less

extensive than often seen with similar levels of blood

pressure in primary hypertension. The majority of patients

(50–60%) with this syndrome have a benign adrenal

adenoma that secretes aldosterone autonomously; some

(30–50%) have bilateral (idiopathic) adrenal hyperplasia.

Rarer causes include adrenal carcinomas, glucocorticoid-

suppressible hyperaldosteronism, and licorice ingestion.

Recent research has shown that both glycyrrhizic acid

(the active agent in licorice) and its hydrolyzed product,

glycyrrhetinic acid, inhibit peripheral (e.g., intrarenal)

11-b-hydroxysteroid dehydrogenase (the enzyme

responsible for inactivation of cortisol to cortisone).

This leads to an excessive mineralocorticoid action of

cortisol, which has clinical manifestations similar to

hyperaldosteronism.

A low serum potassium level discovered as part of the

routine evaluation of a hypertensive patient may be the

only clue that a mineralocorticoid-excess state is present.

Hypokalemia, especially a serum level �3.2 mEq/L,

when not secondary to diuretic therapy suggests that

mineralocorticoid-excess hypertension may be present.

There are three major steps in the diagnostic evaluation

of primary hyperaldosteronism: demonstrating the auton-

omous overproduction of mineralocorticoids, distinguish-

ing between the several causes, and monitoring the

chosen therapy (61). The best test for identifying patients

with normal renal function and primary aldosteronism is

the measurement of a 24 h urinary aldosterone excretion

during salt loading. After 3 days of salt loading

(.200 mEq/day), an excretion rate of .14 mcg of

aldosterone within 24 h distinguishes �93% of patients

with primary aldosteronism from those with essential

hypertension. Typically, all drugs that interfere with the

renin–angiotensin–aldosterone system are discontinued

for at least a week before this urine collection. Because

�7–38% of patients with primary aldosteronism do not

present with hypokalemia, the plasma aldosterone/renin

ratio has been proposed to define the appropriateness

of peripheral renin activity (PRA) for the circulating

levels of aldosterone. Some authorities recommend this

calculation as an initial screening tool, but its specificity

as a screening test is low. Direct genetic testing of

DNA or a dexamethasone challenge test can diagnose

glucocorticoid-suppressible hyperaldosteronism.

Although a number of hormonal tests can distinguish

aldosterone-producing adrenal adenomas from bilateral

adrenal hyperplasia, a more direct approach is to

perform a thin-cut (every 5 mm) adrenal CAT scan. This

is simple, noninvasive, and efficient. The success of high

resolution CAT scanning for adenomas exceeds 90%,

and is close to 100% for those .1.5 cm in diameter,

which is slightly better than iodocholesterol scintigraphy.

Adrenal venous aldosterone levels are very expensive

and risky to obtain by inexperienced hands, and are

needed only when the biochemical findings are highly sug-

gestive of an adenoma, but the thin-cut CAT scan is not

diagnostic.

Chronic medical therapy is necessary in patients suffer-

ing from adrenal hyperplasia, adenoma with high surgical
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risks, and bilateral adrenal adenomas that may require

bilateral adrenalectomy (62). Potassium-sparing diuretics

and calcium antagonists are currently the most useful treat-

ments and eplerenone will be very important in the near

future. Surgical excision of an aldosterone-producing

adenoma usually reverses hypertension and biochemical

defects. However, 1 year postoperatively, �70% of

patients are normotensive, and 5 years postoperatively,

only 53% remain normotensive. The restoration of

normal potassium homeostasis is usually permanent.

Patients should receive drug treatment for 8–10 weeks

before surgery to decrease blood pressure and correct

metabolic abnormalities. Potassium deficiencies must be

corrected preoperatively because hypokalemia increases

the risk of cardiac dysrhythmias during anesthesia.

4. Other Forms of Secondary Hypertension

Symptoms characteristic of sleep apnea, thyroid disorders,

hyperparathyroidism, and Cushing’s syndrome should be

noted, as these disorders may indicate hypertension that

responds to therapy directed at the primary disease.

Physical examination is generally sufficient to exclude

acromegaly and coarctation of the aorta, especially if the

peripheral pulses are palpated (searching for radio-

femoral delay). A thigh blood pressure measurement will

exclude this possibility in all newly diagnosed young

hypertensive patients. An echocardiogram can identify

�95% of aortic coarctations through the first 8 cm of the

descending aorta.

V. FOLLOW-UP

The patient’s absolute cardiovascular risk and achieve-

ment of blood pressure goals determine the schedule for

follow-up visits. The maximum follow-up time for a

treated hypertensive should be 6 months, as prescriptions

are often not honored .6 months after the date written.

Whenever medication is initiated or changed, a return

visit in 2–4 weeks is reasonable. Today’s long-acting

medications take five to seven serum half-lives to

achieve a steady state plasma level and probably twice

that to attain a stable pharmacodynamic effect. A

quicker visit may also send the unwarranted message to

the patients that they are at higher risk and that the phys-

ician is concerned.

VI. CONCLUSIONS

The diagnosis of hypertension is traditionally based on

blood pressure measurements obtained in a physician’s

office, using a mercury sphygmomanometer. Newer

methods are being increasingly used, including home

measurements, ambulatory blood pressure monitoring,

and alternative devices that do not use liquid mercury.

The initial assessment of a hypertensive patient should

include a detailed history and physical examination, but

a limited number of tests: serum chemistries (including a

lipid profile), urinalysis, ECG and hematocrit. Other tests

are warranted only when supported by an appropriate

clinical suspicion. These measures help limit expensive

and possibly dangerous drug therapy to individuals who

are most likely to benefit from it.
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KEYPOINTS

. Exertional pain, breathlessness, palpitations, pre-

syncope or syncope in hypertensive patients are

not sensitive markers of concomitant disease but

still require further investigation.

. Rest electrocardiography has a poor sensitivity and

specificity for cardiac target organ damage in
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hypertension. Signal-averaged P wave electro-

cardiography may indicate structural atrial

remodeling.

. Voltage left ventricular hypertrophy (LVH) has a

separate prognostic impact from echocardiographic

LVH.

. Exercise electrocardiography often yields false

positive and false negative results. Pharmacological

stress echocardiography is more sensitive and

specific for identification of coronary disease in

hypertensives.

. Symptoms of exercise limitation mandate assess-

ment of ventricular function by echocardiography

or radionuclide ventriculography. Echocardio-

graphic back scatter techniques may differentiate

hypertensive changes from those seen in obstructive

cardiomyopathy.

. Asymptomatic and symptomatic atrial fibrillation is

powerfully linked to LVH and poor blood pressure

control.

. QT interval dispersion is commonly linked to mor-

tality. However, there is little evidence of a specific

linkage of increased QTd to LVH or sudden death

in hypertension.

SUMMARY

The investigation of symptoms attributable to heart disease

is a critical aspect of hypertension management. The use of

various cardiac technologies to define cardiac structure and

function and their clinical utility in hypertension is affected

by disease specific processes and multiple clinical associ-

ations such as ischaemic stroke; coronary artery disease;

atrial fibrillation; and diabetes and obesity.

Simple electrocardiography remains a valid technique

yet with reduced sensitivity and specificity for the defi-

nition of ischemia or past infarction. It retains a role in

defining electrocardiographic ventricular hypertrophy.

Both signal averaging technology and ambulatory electro-

cardiography may be under utilised in hypertension. Exer-

cise electrocardiography maintains a basal role, but where

available either stress echocardiography or scintigraphy

have better utility and are preferred for the definition of

myocardial ischemia. Coronary arteriography retains its

pivotal role in the definition and management of epicardial

coronary disease. Newer MR and PET techniques for

ischemia and functional myocardial assessment are still

in evolution alongside screening systems such as electron

beam calcification. Hypertension specific application of

these technologies is limited. Echocardiography maintains

its pivotal role in the cardiovascular risk stratification of

hypertension. While this remains outside standard assess-

ment of asymptomatic patients it is critical in symptomatic

subjects where imaging must be integrated with quantified

functional exercise capacity.

I. INTRODUCTION

The link among the function of the heart, coronary circu-

lation, and hypertension is intimate. The epidemiologist

finds many independent statistical associations in popu-

lation study between the presence of hypertension and

cardiac disease. It comes to the individual physician to

take these associations and define the presence of cardiac

disease in the individual hypertensive patient. It is

widely accepted that controlling hypertension can reduce

the relative risk of future cardiac events. In particular,

the detailed associations between the hypertension and

occlusive coronary artery disease have been highlighted

�30 years (1). In this section, we consider the investi-

gation of many of the well-described aspects of cardiac

structure and function associated with hypertension, and

how these can be best defined in practice. There are

several key areas of cardiac function of importance.

A. Coronary Ischemia

The relationship between coronary disease and hyperten-

sion is a complex one. Clearly, the sequence of events

starts in the pathology of atherosclerosis and vascular

degeneration that in the presence of hypertension will gen-

erate accelerated symptomatic and asymptomatic coronary

artery disease and both fatal and nonfatal coronary events.

As coronary disease does not “cause” hypertension, often

the onset of symptomatic coronary disease allows the

clinical recognition of hypertension at the same time

which may have been present in asymptomatic individual

patients for many years previously. Thus, the diagnosis or

rather recognition of hypertension has a confounding

association with the onset of symptomatic coronary

artery disease. In a proportion of cases, death from a

fatal first coronary occlusion can occur before hyperten-

sion is diagnosed or recognized as a primary factor in

the development of coronary atherosclerosis in the index

case. This is not a new association (2) and the temporal

sequence of these critical events has long been a source

of concern (3).

B. Valvular Function

There are clear associations of hypertension with degen-

erative valvular heart disease and, in particular, with left

heart valve function and the aortic valve. As with coronary

artery atheroma, the coming together of degenerative

change in valve structure along with changes in vascular

compliance and structure with an increased pressure
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after load in the arterial system is well accepted as a

detrimental phenomenon.

C. Restrictive Myocardial Changes and
Ventricular Hypertrophy

Restrictive cardiac filling abnormalities primarily due to

myocardial hypertrophy associated with hypertension are

a feature which often confused with cardiac muscle

disease; the range of hypertrophic cardiomyopathy in

particular or clinically with restrictive changes in the

pericardium.

D. Ventricular Function Assessment

Systolic contractility of the left ventricle is of great import-

ance and powerfully defines outcome in hypertensive

patients. The evolution of hypertensive heart disease

from the state of hypertrophic changes with generally pre-

served systolic contractility is a complex one through to

the phase of ventricular dilatation and systolic impairment.

Generally, these patients would tend to have unrecog-

nized, untreated or persistently uncontrolled hypertension

and individually the progression is not often recognized.

The population association of hypertension to systolic

ventricular impairment suggests the presence of such a

progressive change regardless of intervening coronary

occlusion and infarction.

E. Rhythm Assessment

The primary changes in cardiac structure in hypertensive

heart disease are associated with changes in cardiac con-

duction and instability of cardiac rhythm. These can

occur with or without the impact of intervening intermittent

cardiac ischemia or prior myocardial infarction (MI). Much

of the rhythm instability of hypertensive heart disease is

asymptomatic until late in the disease where there are

major myocardial changes linked to hypertensive left

ventricular hypertrophy. Both resting conduction and

ambulatory cardiac rhythm need to be considered.

II. SYMPTOMATIC STATE

A. Symptoms in Hypertensive Patients

. Symptoms in hypertension are not sensitive

markers of diagnosis or concomitant disease.

. Concomitant symptoms can represent drug adverse

events.

. The emergence of typically cardiac symptoms such

as exertional pain or breathlessness; palpitation; and

presyncope or syncope require a coherent pattern of

targeted investigation.

The investigation of the heart in hypertensive patients

starts either at the detection of asymptomatic hypertension

at chance screening or on the presentation of linked or

unlinked cardiac or general symptoms. The presence of

symptomatic complaints among patients with hyper-

tension is commonly the subject of population investi-

gation. These do not often indicate a causal link and

separating these on the basis of clinical presentation

alone can often be problematic. In the interpretation of

cardiac symptoms in hypertensive patients’, similar pro-

blems apply.

A good example is the association between hyperten-

sion and headache. Although the association may be

more direct in the case of patients with severe uncontrolled

or untreated hypertension, most studies have conclusively

shown that mild hypertension and headache are not cau-

sally associated. However, this is a frequent association

by the patient and some clinicians and such a symptom

is due to the presence of hypertension. In a large sample

of 1763 hypertensive patients, Fuchs et al. (4) used logistic

regression models to explore the association between

severity of hypertension and pulse pressure with the pre-

sence of headache at the point of diagnosis of hypertension

while controlling for the potential confounders. Inter-

mittent headache was present in 903 subjects (51.3% of

whole sample) and from these 378 of the patients

(21.4%) were classified as having moderate to severe

hypertension (stage III of the JNC-VI classification

system). However, the diagnosis of moderate to severe

hypertension was clearly not independently associated

with headache [odds ratio (OR) 1.02, 95% confidence

intervals (CI) from 0.79 to 1.30] and arterial pulse pressure

and headache were inversely associated (OR 0.91, 95% CI

from 0.86 to 0.97, for 10 mmHg).

Many studies are directed at the impact of concomitant

drug therapy on the symptomatic state of hypertensive

patients. In this regard, the quality of life of untreated

patients with hypertension is complex and dealt with else-

where in the book. However, some symptoms due to treat-

ment are of the orthostatic variety (dizziness, postural

light-headedness, and presyncope). Syncope is relatively

rare but among those with a documented episode of true

syncope hypertension is a common co-morbidity repre-

senting around the population prevalence of hypertension

at �25% of patients (5). There are simple biological links

among syncope, hypertensive vascular disease, and

cardiac function. For example, syncope is common

among elderly hypertensive patients with pre-existent or

coexistent sinus node disease (6) or carotid sinus disease

(7). Furthermore, orthostatic symptoms are more

common in patients with white coat hypertension yet

normal ambulatory blood pressure and receive treatment.

In addition, patients with neuro-degenerative diseases

affecting the dentate-rubro-spinothalamic pathways that
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produce a spectrum of disorders from primary autonomic

failure through to more mixed effects characterized by

supine hypertension and orthostatic hypotension. The indi-

vidual composition and origin of blood pressure effects in

these often elderly patients can, therefore, be complex and

require detailed assessment to define autonomic, arterial

vasodilator, or cardiogenic (mostly a vagal dromotropic

response) elements (8).

The link between chest pain symptoms and hyperten-

sion is probably the most important one for the patient

and the clinician. There is a worsening outcome for

patients with chest pain who have hypertension and a

greater prevalence of coronary disease and, underlying

myocardial ischemia as a cause of this symptom. There

is a clear-cut profile of elevated risk particularly with an

acute symptom onset (9). Yet, symptomatic presentation

alone is neither sensitive nor specific enough to define

the emergence of coronary disease in the hypertensive

patient. This is where the investigational aspects of the

diagnostic process become essential. The first tool of

assessment is the electrocardiograph (ECG/EKG), which

can contain many valuable observations but at the same

time is inherently a limited test strategy. Although at one

point this may have been the start and end of cardiac

assessments in “uncomplicated” hypertension (with or

without the obligatory yet largely fruitless chest radio-

graph), this is now rarely the case.

III. INVESTIGATION OF THE HEART IN
HYPERTENSIVE PATIENTS

A. Electrocardiography

. Rest electrocardiography has poor sensitivity and

specificity for structural or functional change in

hypertension.

. Signal averaged P wave electrocardiography may

better indicate structural atrial remodelling in HBP.

. QT dispersion does not necessarily improve on the

detection of LVH by voltage criteria.

. Voltage LVH has separate prognostic impact from

echocardiographic LVH.

. While the prevalence of electrocardiographic LVH

varies with ethnicity, the diagnostic sensitivity and

specificity is similar.

B. Ischemia Detection in Hypertension

. The sensitivity nor specificity of rest ECG changes

in hypertension does not further degrade the utility

of exercise electrocardiography.

. False positive and false negative results make

alternative diagnostic imaging studies necessary.

. Pharmacological stress echocardiography (by either

dobutamine or Dipyridamole) where available is a

more sensitive and specific technique for the defi-

nition of clinically significant epicardial coronary

disease.

The surface electrocardiograph has been a fundamental

part of basic cardiac assessment for over a century. Its

utility comes from the ease of use and simplicity. Its

value is amplified by repeated recordings made in a con-

sistent fashion and particularly where performed during

a symptomatic episode either pain or palpitation or breath-

lessness. In hypertensive patients as in other patient

groups, its primary drawback used at rest, continuously

or during exercise stress, has been its relatively low sensi-

tivity (failing to identify disease where this is present) and

low specificity (suggesting disease when none is present)

to define the common cardiac processes. The key aspects

in hypertension are to assess reversible ischemia, evolving

infarction, or patterns of cardiac hypertrophy. There is no

doubt that recent more sensitive and specific tools which

are described here have correctly overshadowed its

importance. However, increasing this understanding is

not a detriment to use this standard test within its limit-

ations and its routine use in the initial assessment of hyper-

tensive patient, whether symptomatic or not, is likely to

continue for many decades.

C. Resting Electrocardiogram

The utility of the baseline electrocardiogram (ECG) has

been defined in large population surveys. The prevalence

of any electrocardiographic abnormality is increased in

patients with hypertension compared with normotensive

controls. For example, in 1190 hypertensive patients

from the WHO Community Control Program for Hyper-

tension in Italy, a standard 12-lead ECG was recorded

for all subjects (10). The overall prevalence of any electro-

cardiographic abnormalities (i.e., all Minnesota codes)

was 40.8% with a slightly higher prevalence in males

than in females at 42.4% vs. 39.4%. Electrocardiographic

left ventricular hypertrophy (discussed succeedingly) was

more frequent in males (21.2%) than in females (14.5%)

but not for ECG changes indicative of ischemia (4:1–4:3

or 5:1–5:3). The prevalence of ECG abnormalities

increased with age with the exception of electrocardio-

graphic criteria suggestive of left ventricular hypertrophy.

Predictably younger males in the age class 20–29 years

showed these more often 11.1–17.5% (where these

findings may represent a false positive finding) of the

subjects compared with the frequency in the oldest age

group (60–64 years) which were 15.2% and 12.4%,

respectively. These are markedly higher than in normoten-

sive well subjects. The prevalence of electrocardiographic
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abnormalities is in part due to the high rate of nonspecific

false positive results for ischemia, infarction, or hypertrophy.

1. P-Wave Changes in Hypertension

P-wave morphology may reflect, in part, atrial dimensions

and structure (11), and can therefore readily be seen as a

reasonable point of interest on the surface ECG in hyper-

tension, either in sinus rhythm or in the phase, before

persistent atrial fibrillation is established in susceptible

hypertensive patients. However, studies in hypertension,

in general, show a complex link between P-wave mor-

phology on the rest ECG and cardiac structure.

In several surveys of hypertensive patients, the most fre-

quent rest ECG abnormality is an abnormal P-wave (23%).

This compares the much lesser prevalence of abnormal

repolarization (10%), increased limb lead or chest lead

QRS voltage (5.4%), or one or other patterns of abnormal

intraventricular conduction (10%) (12). In general, there

is no simple correlation between abnormal P-wave and

other ECG abnormalities, although patients with an abnor-

mal P-wave are often shown to have higher systolic blood

pressure and heart rate. The electrocardiographic findings

are, in general, unresponsive to blood pressure treatment

although this may simply be due to lack of sensitivity

rather than reflecting underlying structural change.

Genovesiebert et al. (13) from Pisa explored the link

between abnormal P-waves and structure in 53 untreated

hypertensive patients. Although abnormal P-wave confor-

mation was predictably common in their sample, they

could not relate simple P-wave morphology (duration

and voltage) to left atrial size as measured by echo-

cardiography. However, they did show some relationship

between abnormal P-wave morphology and transmitral

Doppler indices of left ventricular filling. Thus in patients

with hypertension, they suggest that simple P-wave

changes indicative of LA abnormality were perhaps

more likely to be indicative of increased left atrial work,

possibly secondary to an impaired ventricular filling,

rather than due to more simple left atrial enlargement.

In order to further address, this lack of sensitivity of the

P-wave in hypertension some investigators have turned

to the use signal-averaging technology. This is similar in

principle to the technology employed for many years in

the assessment of ventricular conduction, defining the

presence of after potentials on repeatedly averaged and

combined high sensitivity ECG recordings, and linking

this to susceptibility to ventricular arrhythmia. In this

setting, studying a P-wave signal averaged ECG

(P-SAelectrocardiogram) has been analyzed in patients

with hypertension. In 234 normotensive, 84 white hyper-

tensive and 34 black hypertensive patients undergoing

P-SAelectrocardiogram analysis Madu et al. (14) were

able to show that mean filtered P-wave duration and total

P-wave time–voltage area for normotensives of either

ethnic group were similar. However, hypertensive black

patients had greater increase in P-wave duration

(138+ 16 vs. 132 + 12 ms; P , 0.01) and total P-wave

time–voltage area (922+ 285 vs. 764 + 198 mV ms;

P , 0.001) than white hypertensives. In addition, the

P-wave duration and total P-wave voltage integral increased

with severity of hypertension.

Thus, the early stages of hypertension are associated

with prolonged atrial conduction as defined using a

resting P-SAelectrocardiogram and this index may better

reflect the electrical remodeling of the atria. The changes

seen in black hypertensive patients seem to be greater

than those in white patients with hypertension and may

link in with the greater cardiac structural changes seen in

hypertension in black patients.

The role of the PR interval as an index of autonomic

tone reflecting atrial electrical conduction velocity has

been confirmed in hypertensive patients (15). However,

the role of this in predicting, for example, the degeneration

of sinus rhythm to either atrial fibrillation or atrio-

ventricular block has not been tested prospectively.

2. QT Intervals and QT Dispersion

Heart rate-corrected QT interval is another important and

well-studied general ECG marker of ventricular repolari-

zation. It is generally susceptible to the prevailing level

of autonomic tone in hypertensive patients. Prior to treat-

ment, a prolonged heart rate-corrected QT interval is

associated with higher risk of mortality in patients with

coronary heart disease and in the general population.

Although unaffected by age, there is possibly a confound-

ing effect of female gender (16) on this measure and as

with many ECG measures some ethnic variance among

patients of African descent (e.g., African-American or

Afro-Caribbean) (17). Xiao et al. (18) in a detailed if

small cohort of hypertensive patients with pathological

ventricular hypertrophy [14/42 due to the effects of

hypertension, the remainder due to atrio ventricular

defects (AVD) or hypertropic obstructive cardioyopathy

(HOCM)] suggested that QRS duration had a bimodal

distribution and correlated with measured mass only if

the QRS duration was ,135 ms.

The association between QRS duration and ventricular

mass was lost above that figure and correlated more with

the onset of a proximal left bundle branch block and

associated uncoordinated left ventricular activation/
contraction. The presence of electrocardiographic intra-

ventricular conduction delay and broad QRS duration is

well documented in patients with hypertension. Although

these are often automatically associated with the presence

of epicardial coronary artery disease and prior infarction,

they have a strong association with hypertension in the
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absence of coronary artery disease (19) and more often

with the effect of echocardiographic ventricular hypertro-

phy on intra ventricular conduction (20). Thus the

interpretation of these findings becomes more complex

in separating structural change (hypertrophy) from func-

tional changes (ischemia/infarction or intrinsic conduc-

tion disease) both of which coexist in the hypertensive

population making conclusions from the individual of

reduced value in the hypertensive patient.

QT prolongation in the form of an analysis of the spatial

dispersion of the QT interval (QT dispersion, corrected QT

dispersion, or QT dispersion index) across the heart (most

commonly a simple subtraction of maximal and minimal

measured QT interval in millisecond across standard

chest ECG leads) is a similar marker of adverse risk in

hypertension (21,22), heart failure (23), and coronary

disease and even in the general population (24,25). The

changes in QT dispersion again appear to track with

changes in ventricular hypertrophy in hypertension

(being elevated in untreated hypertrophy and at least in

part reversed by management of ventricular hypertrophy);

in the valvular pressure overload of aortic stenosis and in

endurance athletes with exercise related ventricular

hypertrophy, the latter group being regarded as physio-

logical (26).

However, QT dispersion indices are not better than

simple voltage criteria at detecting ventricular hypertrophy

(27). The relationship of variability in QT dispersion as

with RR interval may be linked to autonomic tone in

hypertension and pathological hypertrophic cardiomyo-

pathy (28). A recent small pilot study (29) has suggested

that a minor adjustment to record QT interval to peak

voltage, rather than the asymptote of the T-wave and the

isoelectric line (a strategy previously well analyzed in

clinical pharmacology), might improve the ability of QT

interval measures to predict left ventricular hypertrophy.

This might deserve closer examination in a larger cohort

again mostly due to the cost effectiveness and potential

for automation and cut-offs afforded by of simple

12-lead ECG analyses. Similarly, the use of time–

voltage area measures for the ventricular complex in hyper-

tension particularly that derived from all 12 leads might

also afford better sensitivity for the definition of left

ventricular hypertrophy from the simple ECG (30).

3. The Definition of Ventricular Hypertrophy Using

Electrocardiography in Hypertension

The electrocardiographic definition of ventricular hyper-

trophy has been well established for many decades and

examined closely in population studies because of its

ease of use, albeit with varied criteria (31). The patterns

seen in hypertensive patients are not easily nor reliably

distinguished from patients with coronary artery disease

on the basis of the ECG appearance alone. This can be

readily appreciated from studies completed in patients

who show normal coronary angiographic imaging but

marked left ventricular hypertrophy and strain patterns

on the rest ECG (32). Notwithstanding this difficulty in

interpretation, there is no doubt about the link between

electrocardiographic left ventricular hypertrophy and

future vascular events in hypertensive patients (33).

Electrocardiographic left ventricular hypertrophy as

defined by the most widely used criteria (those of Sokolow

Lyon ¼ SV1þ RV5 or RV6 � 35 mm) have been reliably

and independently related to untreated clinic blood pressure

levels, male gender and Afro-Caribbean racial origin and

inversely associated with body mass index (34).

It is accepted that echocardiography and the rest ECG

simply give different information with respect to the pre-

sence of left ventricular hypertrophy and that their diag-

nostic reliability (sensitivity and specificity) can be

different, whether they are positive or negative. It is

clear that ECG defined left ventricular hypertrophy is sig-

nificantly less sensitive than echocardiographic assess-

ment of left ventricular mass (35) and is also prone to

being less specific particularly in younger patients and in

nonwhite patients (where false positive results are more

common) (36). Just as body fat is associated with high

electrical resistance, obesity markedly confounds the accu-

racy of surface ECG voltage and limits the ability of

voltage-based criteria to reliably identify left ventricular

hypertrophy (37). A lack of specificity can be particularly

problematic where a blood pressure treatment decision is

being made on the basis of elevated clinic blood pressure

readings and electrocardiographic left ventricular hypertro-

phy is taken as the sole confirmation of end organ damage.

The prevalence of ECG-left ventricular hypertrophy

may be upto six times higher in African-American patients

with hypertension than in white patients, depending on the

criteria used (given a range of 6–24% in blacks vs. 1–7%

in whites). However, this observation is due in part to a

lack of specificity as the difference in the prevalence of

echocardiographic left ventricular hypertrophy is less

striking (26% in blacks and 20% in whites; P . 0.2).

The sensitivity of the rest ECG is generally low (range,

3–17%) and does not differ significantly between

African-Americans and whites for any conventional cri-

teria (Sokolow Lyon; Cornell adjusted score). Specificity

is lower in blacks for all criteria (range, 73–94% vs.

95–100% for whites; P ¼ 0.0001 to 0.09). The predictive

value of an ECG positive for left ventricular hypertrophy

is therefore consistently lower in black subjects even

outside the USA (38). Black ethnic groups are associated

with the strongest independent predictor of decreased

ECG specificity in multiple logistic regression analysis

considering age, gender, body mass index, left ventricular

mass index, and smoking (35).
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Recent observations from another UK cohort suggest

that the apparent differences in electrocardiographic

voltage and the prevalence of left ventricular hypertrophy

between ethnic groups may be dependent on the ECG-left

ventricular hypertrophy criteria chosen and may simply be

secondary to differences in body mass index (39). Unlike

Afro-Caribbean patients, South Asians (those of Indian

subcontinent origin) do not apparently demonstrate

significant differences in ECG voltage compared with

Caucasians.

Several attempts have been made to adjust the criteria

used to define left ventricular hypertrophy on the basis

of rest electrocardiography by modifying the voltage

criteria (40) to account for the impact of obesity (41)

and/or age (42). In general, these often help improve

sensitivity but often leave unacceptably low rates particu-

larly in the elderly and in females. In the CASTEL study of

447 subjects (all of whom shared perfect echocardio-

graphy) the sensitivity, specificity, positive and negative

predictive value of the most commonly used ECG tests

of left ventricular hypertrophy were calculated and com-

pared. All ECG calculations had a very low sensitivity in

the elderly (43). Furthermore, except for the Cornell

index and the Minnesota code, they were unable to demon-

strate the higher prevalence of echocardiographic left ven-

tricular hypertrophy in elderly females in comparison with

males. The predictive value of the rest ECG for echo left

ventricular hypertrophy appears consistently better in

elderly males than females whether negative or positive.

Some criteria were more predictive in males, some in

females, and in others, equally predictive in both sexes.

Overall, these authors felt that the rest ECG, however,

a voltage left ventricular hypertrophy calculation is

derived is not a reliable method for screening left

ventricular hypertrophy in the elderly.

D. Exercise-Based Studies in
Hypertensive Patients

Exercise protocols using either step testing, shuttle

walking, upright or supine bicycle exercise, or a variety

of treadmill-based structures is generally used in many

cardiovascular testing protocols. In the hypertensive popu-

lation, diagnostic exercise stress testing gives information

from both the blood pressure and the electrocardiographic

aspects of the response to exercise.

The cardiac prognostic significance of exercise blood

pressure rise in the hypertensive population has been

recognized for some time (44). Blood pressure measure-

ments of course form part of any routine diagnostic exer-

cise testing protocol. Simplified submaximal exercises

testing using step tests have been tested in the assessment

of hypertensive patients (45). These have the value of

added safety where blood pressure overshoot may cause

anxiety for patients or technicians supervising tests and

appear to have some value showing associations with the

presence of endothelial dysfunction (46), predicting

levels of ambulatory blood pressure (47), and predicts

maximal QT interval dispersion on the rest ECG

(discussed earlier) although not left ventricular mass

(48). In contrast in a small study of maximal treadmill

exercise testing Gottdeiner et al. (49) in Washington in

normotensive male subjects suggested that they could

demonstrate a correlation between echocardiographic left

ventricular mass and a blood pressure over shoot on exer-

cise testing (defined as measured systolic blood pressure

.210 mmHg). All these studies suggest a pathological

significance to exercise blood pressure loads for the

heart in hypertension or pre-hypertensive states and under-

lines the general utility of exercise-based protocols in the

hypertensive population.

However, with respect to the definition of myocardial

ischemia in unselected subjects with a blood pressure

overshoot during the performance of a maximal exercise

perfusion scintigram, Campbell et al. (50) found their sub-

jects with blood pressure over shoot (peak systolic blood

pressure �210 mmHg in men and �190 mmHg in

women) are less likely to have a scintigraphic perfusion

defect (transient, fixed, or reversible). Moreover, during

6 years of prospective follow-up, they were able to

analyze 283 deaths and in this subset and could find no

association between the exercise blood pressure overshoot

and any mortality risk. Thus, they felt their larger study

suggested that exercise induced blood pressure rises

were associated with a lower likelihood of myocardial per-

fusion abnormalities and thus were not associated with any

increased mortality rate.

The limitations of exercise stress electrocardiography for

the definition of myocardial ischemia in unselected patients

are well recognized and like the rest ECG is summarized by

a generally low sensitivity (false negative rates of .30%)

and low specificity (false positive rates of .30%) in

groups such as the elderly; women and patients with dia-

betes. An ability to exercise fully is essential although

there may be some value in submaximal testing (discussed

earlier). Although there is an additional value in other

aspects of exercise testing such as the definition of work

achieved, heart rate and blood pressure response are the

key issues for most subjects, as is the electrocardiographic

response, and whether this is indicative of ischemia.

In the hypertensive patient, the presence of electrocardio-

graphic changes at rest (the strain pattern) would be expected

to influence the predictive capacity of an exercise test.

However, in testing this Marwick et al. (51) recently saw

little impact (either positive or negative) on the sensitivity

of exercise electrocardiography although specificity was

slightly reduced in the presence of ventricular hypertrophy

(74% vs. 69%) in a group of 68 hypertensive patients.
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Given the frequency of normal epicardial coronary

angiographic studies in patients with a positive noninvasive

test for ischemia, it is often suggested that hypertension by

its association with a poor coronary flow reserve (indepen-

dent of epicardial coronary artery disease), left ventricular

hypertrophy and possibly microvascular disease, would

indicate that different diagnostic strategies are required to

define tissue ischemia in these patients as compared to

epicardial flow limiting stenoses (52). Although stress-

induced (physical; mental, or pharmacological) cardiac

wall motion abnormalities (e.g., detected at echocardiogra-

phy) are generally highly specific for angiographic epicar-

dial coronary artery disease, ST segment depression and/or

scintigraphic myocardial perfusion abnormalities are often

found in the presence of angiographically normal coronary

arteries where there is coexistent hypertensive left ventricu-

lar hypertrophy or microvascular disease.

The value of exercise stress electrocardiography in

hypertensive patients has been portrayed by some as its

negative predictive value, which is at least comparable

in both normotensive and hypertensive patients. That is

where the test is negative for inducible ischemia it reliably

defines an absence of epicardial coronary disease. Unfor-

tunately, the overall negative predictive value of exercise

electrocardiography in hypertensive patients is poor pro-

viding false negative rates in the region of 50% (low sen-

sitivity) even if there is effective blood pressure control

(53). Thus, whether exercise-electrocardiography stress

test is positive or negative, uninterpretable or ambiguous,

generally another imaging stress test is warranted if there

is a genuine high level of clinical suspicion of coronary

artery disease to reliably identify significant flow limiting

epicardial coronary disease and to allow ischemia-guided

revascularization.

E. Continuous Ambulatory Electrocardiogram
Studies in the Definition of Ischemia in
Hypertension

Despite its general utility in the definition of ambulatory

ischemia (54), continuous ST segment monitoring has

not been studied greatly in the assessment of patients

with hypertension. Pringle et al. (55) have produced the

most significant contribution in reporting a detailed assess-

ment of 90 hypertensive patients with left ventricular

hypertrophy and abnormal 48 h ambulatory ECG studies

suggestive of ischemia. From 68 men and 22 women

(mean age 57, range 25–79 years) they completed 48 h

ambulatory ST segment monitoring (in all patients), and

additional exercise electrocardiography (n ¼ 79), stress

thallium scintigraphy (n ¼ 80), coronary arteriography

(n ¼ 35) to finalize diagnoses. They found that 48% of

their sample (43 patients) had at least one episode of ST

segment depression on ambulatory electrocardiographic

monitoring. These were frequent (median number of epi-

sodes 16, range 1–84), protracted (median duration of

8.6, range 2–17 min) but in the vast majority asympto-

matic. Twenty-six of the patients went on to show positive

exercise electrocardiography and 48 patients showed

reversible stress thallium perfusion defects despite chest

pain having occurred in only five of the patients during

exercise. Eighteen of the 35 patients (20%) who pro-

gressed to coronary arteriography had clinically significant

epicardial coronary artery disease. Of these, seven had

given no history of chest pain at any time. Thus, sympto-

matic and asymptomatic myocardial ischemia were shown

to be common in hypertensive patients with left ventricular

hypertrophy, even in the absence of epicardial coronary

artery disease. These patients could be reliably detected

on Holter monitoring and continuous ECG analysis; yet

this remains a poorly applied, simple and effective tech-

nique in the routine assessment of hypertensive patients.

Similar studies by Asmar et al. (56) in Paris on unse-

lected hypertensive patients looking for ambulatory

ischemic change as defined by electrocardiographic cri-

teria (a horizontal or down sloping ST depression

(.1 mm and .60 s)) found ST-segment depression

together with concomitant blood pressure (blood pressure)

and heart rate variations to be common and follow

a diurnal variation. In 100 hypertensive patients

(male:female ratio ¼ 1:1) 23 patients (15 men and 8

women) had 72 episodes of ST depression with two peaks:

on awakening and in the late afternoon periods. The mean

ambulatory blood pressure load was greater in the patients

with ST-segment depression than without for both systolic

and diastolic blood pressure (135 + 14 vs. 129 + 15 and

84 + 8 vs. 79 + 10 mmHg, respectively; P , 0.01),

plasma glucose (5.83 + 0.70 vs. 5.46 + 0.71 mmol/L;

P ¼ 0.04), and self-rated work-related stress levels (22%

vs. 13%; P ¼ 0.03) were also higher in patients with

ambulatory ST-segment depression regardless of symp-

toms suggestive of ischemia. There was no difference

between the patient groups with or without ambulatory

electrocardiographic ischemia on the basis of clinical par-

ameters, left ventricular mass index, and other general car-

diovascular risk factors (gender, smoking, lipids, etc.).

Thus, this group also found 24 h ambulatory electrocardio-

graphic monitoring to have utility even in unselected

hypertensive patients. They suggested that those hyperten-

sive patients showing ambulatory ST depression episodes

had a higher ambulatory blood pressure load. Thus, by this

technology, electrocardiographic ischemia was common

regardless of symptoms or the presence of left ventricular

hypertrophy. Finally, Siegel et al. (57) studied the role of

diuretic induced potassium depletion in affecting the diag-

nostic utility of ambulatory ECG studies in 186 male sub-

jects. They treated their patients to ensure repletion of

potassium following control of blood pressure using
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diuretic therapy. Siegel, found a 27% prevalence of silent

ambulatory ST segment depression compatible with ische-

mia. The episodes followed a similar pattern to that seen

by both Asmar and Pringle with peaks in the early

morning hours between 0000 h (mid-night) and 0600 h

(6:00 am).

Thus, ambulatory ECG studies are distinct from rest or

exercise studies in the hypertensive population and have a

better profile in the assessment of both symptomatic or

asymptomatic hypertensive patients regardless of the pre-

sence of either electrocardiographic or echocardiographic

left ventricular hypertrophy. Why such simple and reliable

technology remains poorly applied in the routine assess-

ment of hypertensive patients is unclear, but this may

simply relate to the time and effort required to complete

such a detailed analysis.

F. Stress Myocardial Perfusion Studies

As stated earlier, a positive exercise electrocardiography

test has a low diagnostic specificity in hypertensive

patients with or without rest changes and warrants a comp-

lementary imaging test to further explore the diagnosis of

coronary artery disease. As an initial investigation to sup-

plement symptomatic clinical assessment, nuclear cardiac

studies are generally accepted as more sensitive and

specific than exercise electrocardiography in the definition

of significant epicardial coronary artery disease.

Symptom limited bicycle exercise stress test in con-

junction with either 99mTc technetium, sestamibi, or

tetrofosmin single photon emission computed tomography

(SPECT) imaging provides similar levels of diagnostic

accuracy; sensitivity and specificity whether or not the

patient is normotensive or hypertensive for the detection

of fixed or reversible perfusion defects (58). Abnormal

cardiac function in patients with positive exercise electro-

cardiography and normal coronary angiography is well

recognized and hypertension is a common finding (59).

However, neither the presence of hypertension per se nor

hypertensive left ventricular hypertrophy (60) in the

absence of coronary disease appears to increase the pre-

valence of perfusion abnormalities for a given level of

cardiovascular risk (61).

Generally, comparative studies in hypertension show

that the sensitivity of pharmacological stress perfusion is

greater than that achieved by exercise electrocardio-

graphy, and result specificity is also improved (62). The

features of a false positive test (a perfusion study

suggesting ischemia still with a normal coronary angio-

graphy) may relate to the presence of small vessel coro-

nary disease visualized as a slow angiographic run off.

The optimal agent to provide either flow/vasodilator or

rate stress or the best perfusion tracer are not specifically

identified for the assessment of hypertensive patients.

G. Stress Echocardiography

In some studies of patients with hypertension, there is

evidence to suggest that the incidence of coronary artery

disease can be overestimated by both stress electrocardio-

graphy and stress perfusion scintigraphy because of false-

positive results (symptomatic patients who have test

results suggestive of epicardial coronary disease and yet

have unequivocally normal coronary angiography).

Stress echocardiography has been suggested to be a

more sensitive and specific technique than the earlier

testing modalities.

This strategy is particularly useful in patients who have

limited exercise capacity or in those who cannot (or will

not) reach adequate levels of exercise stress to achieve a

diagnostic outcome. This technique is clearly more oper-

ator dependent than electrocardiography or nuclear scinti-

graphy and is influenced by the echocardiographic image

quality of the patient studied. A similar range of tech-

niques to those used in scintigraphy can be used to place

the heart under stress. The key differences are that

imaging is generally completed at baseline and immedi-

ately after completion of physical exercise and that no

graded assessments during exercise are generally possible.

The exercise protocols are generally similar to those

familiar in exercise electrocardiography. Pharmacological

stress commonly using dobutamine (with or without

atropine); adenosine; dipyridamole or a range of less

commonly used agents has advantages in that patients

are not physically moving and graded imaging can be

completed during the infusion protocol.

The endpoint of analysis is the detection of stress

induced reversible wall motion impairment of con-

tractility. Segmental wall motion analysis allows broad

anatomical location of the ischemic response and the

definition of these wall motion abnormalities has prognos-

tic significance in terms of subsequent coronary events.

Thus, anterior/LAD abnormalities are associated with a

significantly increased risk of cardiac death and nonfatal

MI. This added prognostic risk of events is independent

of the resting left ventricular ejection fraction and the

perceived extent of wall motion abnormalities identified

during stress echocardiography in hypertension (63).

Echocardiographic imaging is normally acquired by the

transthoracic route but can also be completed by the

transoesophageal route where either a direct pacing

stress or pharmacological stress can be employed with

reasonable comparability to pharmacological transthoracic

stress echocardiography (64). While pharmacological

stress is generally preferred to minimize motion artefact

during echocardiography, this is associated with some

adverse effects and in early studies safety was an issue par-

ticularly for hypertensive patients where an abrupt pressor

response is more often seen during pharmacological stress
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protocols (65,66). As with exercise electrocardiography,

there are composite endpoints for the test including symp-

toms; concomitant electrocardiographic changes and most

centrally the definition of reversible regional wall motion

abnormalities suggestive of flow limiting myocardial

ischemia.

Using an exercise echo technique in hypertensive

patients without electrocardiographic left ventricular

hypertrophy who had already undergone coronary angio-

graphy, Senior et al. (67) from Northwick Park Hospital

could show improved sensitivity and specificity even in

a relatively small sample of 43 patients of which only 29

had coronary disease. Maltagliati et al. (53) tested the

role of exercise echocardiography as an alternative to exer-

cise electrocardiography for coronary artery disease

detection in hypertension, before and after adequate

blood pressure control. In a parallel group, case–control

comparison of 59 hypertensive and normotensive patients

undergoing coronary angiography for chest pain, they used

upright bicycle exercise ECG and post exercise stress

echocardiographic tests in each group. The hypertensive

patients had a further test after blood pressure control (in

this study using sublingual nifedipine). Coronary artery

disease (defined as .1 angiographic lumenal narrowing

.50%) was found in 22 hypertensive and 41 normotensive

patients. The sensitivity, specificity, and diagnostic accu-

racy of the two techniques were not statistically different

(95%, 94%, and 94%) in hypertensives or (82%, 77%,

and 83%) normotensives, but were significantly better

than for the exercise ECG test (68%, 70%, and 69%).

Blood pressure lowering had little impact on exercise

echocardiography slightly decreasing sensitivity (91%),

whereas the sensitivity of exercise ECG decreased even

more markedly (45%).

In 1164 hypertensive patients, Elhendy et al. (68) from

Rotterdam demonstrated the hemodynamic profile, safety,

and feasibility of Dobutamine (up to 40 mg/kg per min)-

atropine (up to 1 mg) stress echocardiography in patients

with “limited exercise capacity” (age, 60 + 12 years;

761 men). In this large overall study, 446 of the patients

were known to have hypertension. Using an 85% of the

maximal heart rate cutoff and/or an ischemic end point

(new or worsened wall motion abnormalities, ST

segment depression, or angina) was achieved. They saw

no procedure related MIs or deaths in their sample. Predic-

tably, dobutamine induced a significant increase of heart

rate in patients with and without hypertension (59 + 25

and 63 + 23 beats per minute, respectively). A hypoten-

sive response (.40 mmHg systolic blood pressure drop)

was more frequent in older hypertensive patients with

higher baseline blood pressure treated with calcium

channel blockers (7% vs. 4%). Protocol related ventricular

tachycardia was not infrequent but similar (4.1%) in both

normotensive or hypertensive patients and terminated

promptly by intravenous metoprolol administration. This

form of testing proved feasible in 91% of patients with

and 92% of patients without hypertension. Reasonably,

they concluded this technology was safe, effective, and

reliable in the assessment of hypertensive patients where

evaluation for myocardial ischemia was indicated.

Perfusion imaging has been directly compared with

stress echocardiography in other reports. Astarita et al.

(69) studies 53 patients with hypertension (n ¼ 53), (29

males, aged 58 + 10 years) and normal left ventricular

function with a positive exercise test and further investi-

gated these patients with dipyridamole–atropine stress

echocardiography (DASE) and thallium-201 stress/rest

myocardial SPECT. All patients had additional coronary

angiography. Coronary angiography revealed .50% epi-

cardial coronary artery disease in 23 of the 53 patients

(43%). Sensitivity for the detection of coronary artery

disease was significantly higher for perfusion scintigraphy

compared with echocardiography (DASE ¼ 78% vs.

SPECT ¼ 100%, P , 0.05) whereas specificity was

higher for echo (DASE ¼ 100% vs. SPECT ¼ 47%,

P , 0.00001). Diagnostic accuracy was also higher for

echo (DASE ¼ 91% vs. SPECT ¼ 70%, P , 0.01).

Thus, this group felt that in the further assessment of

hypertensive patients with exercise-induced ST segment

depression, as both dipyridamole/atropine stress echo

and SPECT perfusion scintigraphy were good diagnostic

options, dobutamine–atropine stress echo was character-

ized by a higher specificity but slightly lower sensitivity

than stress perfusion SPECT.

In a later and equally useful comparative study,

Elhendy et al. (68) compared their pharmacological

stress echocardiography protocol with stress perfusion

scintigraphy (by a sestamibi SPECT protocol) in hyperten-

sive patients with or without left ventricular hypertrophy

where the presence of coronary stenoses at angiography

was defined as more than one .50% lesion. From a total

of 88 patients in whom epicardial coronary disease was

defined in 66 of these two techniques were largely compar-

able without statistically significant differences in sensi-

tivity or specificity. Both techniques appeared to lack

sensitivity compared with an angiographic standard

(63% and 51%, respectively, for echocardiography and

scintigraphy). The presence of echocardiographic left ven-

tricular hypertrophy had no impact on either technique.

Dipyridamole echocardiography has similar value in

the assessment of hypertensive patients with undiagnosed

chest pain symptoms and can give reliable prognostic

information. In a relatively small prospective study of

257 hypertensive patients with chest pain (110 men, age

63 + 9 years), Cortigiani et al. (70) had no major com-

plications with a stepped dipyridamole infusion protocol

successfully completed in 98% of symptomatic hyper-

tensive patients. A positive echocardiographic response
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suggestive of ischemia was found in 72 patients (27 during

the low-dose (�0.56 mg/kg) and 45 during the high-dose

(.0.56 mg/kg)) dipyridamole infusion. During follow-up

(32 + 18 months), 27 cardiac events occurred: 3 deaths, 8

infarctions, and 16 cases of unstable angina and 27 patients

underwent coronary revascularization. At multivariate

analysis, the positive echocardiographic result (OR, 5.5;

95% CI, 1.4–16.6) was the only predictor of cardiac

events (death and infarction). A positive stress echocardio-

graphic study (OR, 4.2; 95% CI, 1.8–9.6) and family

history of coronary artery disease (OR, 4.2; 95% CI,

1.5–6.9) were both independently associated with progno-

sis. The 5 year survival rates for the negative and the posi-

tive populations were, respectively, 97% and 87%

(P ¼ 0.0019) for cardiac events. In a more recent study,

these same workers assessed the relative value of dipyrida-

mole stress echo or exercise electrocardiography in

patients with right bundle branch block and hypertension

(35) or normal blood pressure (36). They found less con-

cordance of testing in hypertension (69% cf. 92%) com-

pared with the normotensive patients, although overall

sensitivity was similar. The accuracy, positive and nega-

tive predictive value was much higher with dipyridamole

stress echocardiography (66%, 61%, and 75% for exercise

electrocardiography, and 86%, 87%, and 84% for stress

echo) (71).

However, this comparability of performance was not

found in a further study in 101 patients with hypertension,

chest pain, and positive exercise EGG by Fragasso (72)

completed in Milan. Using stress/rest SPECT with

99mTc-MIBI, dipyridamole and dobutamine stress echo-

cardiography and coronary angiography in hypertensive

patients all of whom had normal global ventricular func-

tion (57 had left ventricular hypertrophy). They observed

no side-effects during perfusion scintigraphy but dose-

limiting side-effects in 5 patients during dipyridamole

and 7 patients during dobutamine stress echo. The sensi-

tivity, specificity, accuracy, positive and negative predic-

tive values for angiographic coronary disease were,

respectively, 98%, 36%, 71%, 67%, and 94% for perfusion

scintigraphy, 61%, 91%, 74%, 90%, and 64% for dipyrida-

mole, and 88%, 80%, 84%, 85%, and 83% for dobutamine

stress echocardiography. Thus, dipyridamole performed

less well in this series than dobutamine stress applied to

symptomatic hypertensive patients.

Marwick et al. (73) have completed and published an

important stepwise analytical approach to define the

added value of stress echocardiographic assessment from

a large study of 2363 hypertensive patients followed up

for 10 years. They found that while the majority of their

cohort had normal studies (63%), ischemia identified by

stress echocardiography independently predicted mortality

in those able to complete an treadmill exercise echo

protocol (hazard ratio (HR) 2.21; 95% CI, 1.10–4.43,

P ¼ 0.0001) as well as those undergoing dobutamine

echo (HR, 2.39; 95% CI, 1.53–3.75, P ¼ 0.0001). The

other major predictors of events were age, the presence

of resting left ventricular systolic dysfunction, heart

failure symptoms, and the Duke treadmill score. Using a

stepwise model to replicate the sequence of clinical evalu-

ation (applied after exercise electrocardiography), stress

echocardiography added prognostic power to models

based on clinical and stress-testing variables. Thus, they

suggested that stress echocardiography (exercise or

pharmacological) were an independent predictor of

cardiac death in hypertensive patients with known or sus-

pected coronary artery disease incremental to clinical risks

and exercise results alone.

If conduction defects are present, these influence

interpretation of stress echocardiography, making not quite

so straightforward as with stress perfusion scintigraphy.

Hypertensive patients with conduction defects undergoing

stress echocardiography that do not have studies indicative

of ischemia have little excess mortality. However, the

combination of RBBB and anterior hemi-block has been

associated with adverse outcomes even where the study

does not suggest coronary ischemia is present (74). Yuda

et al. (75) in a small sample of 161 hypertensive patients

stratified on the basis of ventricular geometry have

suggested that the accuracy of dobutamine stress echocar-

diography is reduced in patients with concentric remodel-

ing (61%) compared with hypertensive patients with

normal geometry (85%, P , 0.05) or concentric hypertro-

phy (86%, P , 0.05). Accuracy with eccentric hypertro-

phy (64%, P , 0.05) was lower than with concentric

hypertrophy and similar to that found with concentric

remodeling.

Patients with chest pain symptoms and completely

normal angiography often remain symptomatic and

cause concern. However, Zouridakis et al. (76) in

London examined 33 such patients with exertional

anginal chest pain, a positive exercise stress ECG, and a

completely normal coronary arteriogram. They were

often hypertensive (17) and female (14) and relatively

young. Conducting ambulatory ECG monitoring, dobuta-

mine stress echocardiography; and thallium-201 SPECT,

they found that all patients had normal left ventricular

systolic function at rest and none fulfilled echocardio-

graphic criteria for left ventricular hypertrophy. Eight of

the normotensive patients and ten of the hypertensive

patients had perfusion abnormalities on thallium SPECT

(P ¼ 0.61). As dobutamine infusion reproduced anginal

pain and ST segment changes in some patients, none

developed regional wall motion abnormalities indicative

of ischemia. They concluded that the high prevalence

of scintigraphic perfusion defects in both normotensive

and hypertensive groups were in fact false positive

results or less likely that dobutamine stress
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echocardiography is insensitive to ischemia caused by

microvascular dysfunction.

H. Coronary Angiography

Coronary angiography is frequently performed in patients

with hypertension caused by the presence of equivocal or

positive noninvasive testing for myocardial ischemia to

define the nature of epicardial coronary flow. It is particu-

larly appropriate in hypertension where the implications of

the presence (or indeed absence) of epicardial coronary

disease are prognostically important.

Although the appearance at angiography is not equival-

ent to the absence of subintimal coronary atherosclerosis

nor indeed a guarantee of no future coronary disease,

there is general agreement that the presence of unequivo-

cally normal coronary arteries is a useful and good prog-

nostic indicator even in the presence of hypertension

and/or hypertensive left ventricular hypertrophy (77).

Even though the morbidity of patients remains high

[many have symptoms of chest pain both typical and aty-

pical of inducible ischemia), mortality (in the absence of a

documented MI at any point (78)] is consistently low.

The prognostic significance of nonobstructive coronary

disease seen at coronary angiography in hypertensive

patients is less easy to predict. In unselected patients with

noncritical lesions do have significantly lower (albeit only

slightly) 10-year survival rates (85.8%) than those with

normal coronary arteries (90.1%). The difference in survi-

val rate in population studies of nonobstructive coronary

atheroma detected at angiography is generally attributed

to more advanced age, frequent male gender and higher

prevalence of cigarette smoking, diabetes mellitus, and

most significantly, hypertension. However, the presence

of noncritical coronary stenoses is not a statistically signifi-

cant independent determinant of survival. Long-term survi-

val rates of the patients with one or more critical lesions

were equivalent to that of patients with critical stenoses

plus one or more noncritical lesions (79).

De Cesare et al. (80) in a relatively small comparative

case control study in 320 patients with a positive treadmill

exercise test with and 320 without hypertension showed

that only in the sixth and seventh decade did the patients

with hypertension have a greater prevalence of triple

vessel coronary disease (40% and 50% cf. 25% and 31%)

than the normotensive comparator group. This appeared

unrelated to standard cardiovascular risk factor distri-

bution (age, gender, smoking, lipids, etc.) demographics.

I. Vascular Calcification and Electron
Beam Studies in High Blood Pressure

In the last 10 years, the longstanding association of vascu-

lar calcification with the process of endo-lumenal stenoses

(81) has been explored using the developing technology of

noninvasive electron beam tomography. The measure-

ments have been applied to a variety of sites but the

most relevant to the heart of the hypertensive patient is

on the assessment of the calcification occurring in associ-

ation with the coronary circulation (CAC). The improving

resolution and data interpretation of this noninvasive tech-

nology gives the technique (to some) future potential. It

has been suggested to provide independent predictive

information on vascular occlusive event rates at least

over and above that provided by a traditional demographic

cardiovascular risk factor analysis (82).

Although the technique appears to show an independent

relationship to the severity of coronary stenosis, there are

associations with age, hyperlipidaemia, diabetes, smoking

status, and gender. African-American ethnicity and inter-

estingly hypertension do not appear to link coronary

disease well with the appearance of coronary calcification

using electron beam computed tomography (EBCT) (83).

However, in the largest study so far of 30,908 asympto-

matic individuals undergoing EBCT, report that for both

men and women, all conventional risk factors (including

hypertension) were significantly associated with the pre-

sence of any detectable CAC and the mean CAC score

increased in proportion to the number of coronary artery

disease risk factors. In age-adjusted (multivariable)

logistic regression analysis, cigarette use, histories of

hypercholesterolaemia, diabetes, and hypertension were

each significantly associated with mild to extensive CAC

scores (�10.0). Thus, they felt that coronary artery

calcification scores were associated with presumed

higher atherosclerotic plaque burden in both men and

women.

In a relatively small early one-to-one case-control

study, Megnien et al. (84) did find a relationship of the

extent of coronary calcification scoring to the duration of

high blood pressure in a sample of 73 male hypertensive

patients. However, they found no link with the extent of

blood pressure elevation in this cohort. They did show a

weak link of CAC scores to age that was demonstrable

in other reports at that time in asymptomatic normotensive

subjects (81). However, at angiography in subjects with

diagnosed coronary artery disease, hypertension is less

strongly linked to the extent of coronary calcification or

stenosis scoring at angiography, than other conventional

atherosclerosis risk factors in some studies (85) and not

in others (86).

Turner et al. (87) in Minnesota have recently

re-examined the relationship of blood pressure to coronary

calcification in a sample of 298 hypertensive patients

(male and female) using repeated blood pressure measures

in the form of ambulatory blood pressure recordings. In

this analysis, they were able to demonstrate a link

between ambulatory diastolic blood pressure and CAC
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scoring. More recently, in a logistic regression analysis of

CAC in the presence of hypertensive left ventricular

hypertrophy, Altunkan et al. (88) have suggested that

body mass index and age were the main independent

factors affecting the presence and amount of coronary cal-

cification in patients with left ventricular hypertrophy.

IV. CARDIAC STRUCTURE AND FUNCTION
IN HYPERTENSION

A. Assessment of Cardiac Structure and
Function in Hypertension

. Systolic ventricular function assessment requires

mandatory direct imaging by echocardiography or

radionuclide ventriculography in hypertensive

patients with symptoms of exercise limitation.

. Echocardiographic abnormalities of diastolic filling

in hypertension require careful integration with

ventricular composition and structure before con-

cluding symptoms are due to diastolic heart failure.

. Echocardiographic back scatter techniques may

differentiate hypertensive changes from those seen

in obstructive cardiomyopathy.

Aspects of cardiac structure and function that are most

relevant in hypertension are valvular, ventricular, and

contractile function.

B. Valvular Associations and Hypertension

There are known associations between cardiac valvular

dysfunction and hypertension. Several are confounded

by the presence of concomitant disease. For example,

secondary valvular dysfunction following ischemia or

infarction with or without dilatation of the heart would

be a well-accepted but separate pathological process.

Left heart valvular function has received the most atten-

tion in hypertensive patients.

The coexistence of hypertension and stenosis of the

aortic valve is well recognized and a common clinical

association in surveys of symptomatic aortic stenosis

(32% of symptomatic cases of aortic stenosis in some

series (89)). It is readily defined in population surveys of

patients who come forward for valve replacement

surgery. Recent figures suggesting that hypertension is

coexistent in 21% of patients with any grade of aortic

stenosis and alternately that aortic stenosis affects 1.1%

of hypertensive patients (90). Theoretically, there is a

simple hypothesis to link the increased valve shear stress

caused by hypertension as a possible mediator or at the

very least an accelerating factor in the development of

aortic valve stenosis. However, the exact inter-relationship

of these two conditions is less clear-cut.

Degenerative aortic valve disease is common in the

elderly where hypertension is equally more prevalent.

For example, in the 5201 subjects over 65 years enrolled

in the Cardiovascular Health Study, echocardiographic

aortic valve sclerosis was evident in 26% and aortic

valve stenosis in 2% of subjects. In those over 75 years,

the prevalence of aortic sclerosis rose to 37% and aortic

stenosis rose slightly to 2.6%. On multiple logistic

regression analysis, the independent predictors of this

change included age (twofold increased risk for each

10 year increase in age), male gender (twofold excess

risk), smoking (35% increase in risk), and a history of

hypertension (20% increase in risk) (91). However, despite

this association, hypertension does not independently

influence the natural course of aortic valve disease (92).

Although a higher left ventricular outflow tract velocity,

common in hypertension (93), is associated with more

rapid degeneration in aortic valvular stenosis it is not a

statistically independent predictor of progression (94).

Studies in patients with the two conditions are not fre-

quent, but recent reports suggest that although there are

no significant differences between hypertensive and

normotensive aortic stenosis patients with respect to age,

gender, symptom class, ventricular function, or remodel-

ing patterns in hypertensive patients, symptoms present

with larger aortic valve areas and lower stroke work

(89). This may be because of the additional overload due

to hypertension.

Data on the spontaneous detection of echocardio-

graphic valvular regurgitation, in general, is not extensive

and that with respect to associations with arterial hyperten-

sion is scant. However, in the normal population, the

presence of regurgitation at the mitral position has been

shown to have a weak association with coexistent hyper-

tension in the Framingham longitudinal cardiovascular

follow-up project. In 1696 men and 1893 women who

had acceptable echocardiographic imaging, a multiple

logistic regression analysis defined the association of clini-

cal variables to mitral regurgitation or tricuspid regurgita-

tion (more than or equal to mild severity) and aortic

regurgitation (AR) (more than or equal to trace severity).

Mitral regurgitation of more than mild severity was seen

in 19.0% of men and 19.1% of women, with AR of more

than or equal to trace severity in 13.0% of men and

8.5% of women. On statistical testing, the demographic

associations with the finding of echocardiographic mitral

regurgitation were increased age (OR, 1.3/9.9 years;

95% CI, 1.2–1.5), hypertension (OR, 1.6; 95% CI,

1.2–2.0), and body mass index (OR, 0.8/4.3 kg/m(2);

95% CI, 0.7–0.9). The determinants of AR were only

age (OR, 2.3/9.9 years; 95% CI, 2.0–2.7) and male

gender (OR, 1.6; 95% CI, 1.2–2.1). In the hypertension

genetic epidemiology study (95) conducted in 1496 hyper-

tensive patients free of diabetes, the occurrence of aortic
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and mitral regurgitation was 246/1496 (16.5%) and 75/
1496 (5%), respectively. Thus, this hypertensive patient

sample provides an estimate of prevalence of left-sided

valvular regurgitation that is not markedly different from

the population estimate provided from the Framingham

Project. In short, the role of hypertension in the evolution

of echocardiographic or symptomatic valvular regurgita-

tion seems to be dependent on factors other than hyperten-

sion per se.

C. Ventricular Function Assessment

Left ventricular assessment is one of the more crucial

aspects of hypertension care both in the definition of

hypertrophy and in functional assessment of ventricular

contraction and to some extent relaxation.

1. Role of Rest Echocardiography in Routine

Management (Asymptomatic)

The most widespread mode of diagnostic assessment for

ventricular function is the use of transthoracic echocardio-

graphy. The definition of ischemia as a cause of symptoms

or in the asymptomatic hypertensive patient can also be

addressed at least in part by an echocardiographic

technique.

As with chest pain symptoms, there is little evidence

to suggest that ventricular function can be adequately

addressed by a process of structured symptomatic enquiry

whether alone or supplemented by examination; or sup-

plemented by basic tests such as electrocardiography or

chest radiography. This is not possible in the assessment

of systolic function in normotensive cardiac patients (96)

and is, therefore, less likely to be acceptable in hyper-

tension given the more subtle nature of the changes

involved in these patients, many of whom do not voice

symptoms of any form (97).

The use of a variety of technical assessments in hyper-

tension is the subject of a similar regional and/or national

guideline statements. In virtually all of these, echocardio-

graphy is not routinely recommended for all hypertensive

subjects to stratify cardiovascular risk. However, the appli-

cation of this technology clearly allows more precise defi-

nition of ventricular hypertrophy than would be possible

on the basis of examination and routine chest X-ray and

electrocardiography.

For example, in 1074 hypertensive patients Cuspidi

et al. (98) combined echocardiography with ultrasono-

graphic carotid media thickness assessments and were

able to show reclassification of hypertensive patients as

defined by population risk scoring alone. The proportion

of patients, originally defined as low-risk, decreased to

11.1%, and that of medium risk patients also fell to

35.7%. The largest change was that .50% of the patient

sample, previously classified at low risk or medium risk

were deemed to be at high risk of subsequent vascular

events following the use of these two ultrasonographic

technologies to assess left ventricular hypertrophy and

IMT. A similar conclusion was reached in a separate

study by Schillaci et al. (99) in their in reclassification of

792 untreated adult hypertensive patients with and

without echocardiographic data. Again, the main change

in classification they saw was that the proportion of low-

risk subjects were reclassified as at higher vascular event

risk and linked to that were candidates for antihypertensive

drug therapy. Thus, echocardiography appears to have a

valuable role in the routine and initial assessment of hyper-

tension that has not yet been incorporated into current

guidelines statements.

Echocardiographic assessments performed at the diag-

nostic phase of hypertension assessment may be of value

in the classification of a white coat response and in the sig-

nificance of white coat hypertension by putting blood

pressure changes in the context of accurate end organ

assessments of the heart.

Furthermore, the spectrum of ventricular change, which

can be defined in hypertensive patients, can extend to the

period before the appearance of fixed blood pressure

elevation. For example, diastolic function appears to

become abnormal within a normal blood pressure range

in the offspring of hypertensive subjects. Aeschbacher

et al. (100) performed serial echocardiographic assess-

ments in normotensive male offspring of hypertensive

and normotensive parents. Over a 5 year period, blood

pressure had not altered overall, but five offspring of

hypertensive parents went on to develop mild sustained

hypertension. Although overall left ventricular mass was

not different between the two groups at follow-up

(92 + 17 vs. 92 + 14 g/m2) and diastolic assessments

had been similar at baseline, at follow-up, mitral E-wave

deceleration time and pulmonary vein reverse A-wave

duration were both prolonged. These changes were asso-

ciated with significantly higher transmitral A-wave

velocities (54+7 vs. 44+ 9 cm/s, hypertensives vs. normo-

tensives, P , 0.05), a lower E/A ratio (1.31 + 0.14 vs.

1.82 + 0.48, P , 0.05), increased systolic-to-diastolic

pulmonary vein flow ratio (1.11 + 0.3 vs. 0.81+ 0.16,

P , 0.005), longer myocardial isovolumic relaxation times

(157+ 7 vs. 46 + 12 ms, P , 0.05) as well as smaller

myocardial E-wave velocity (10 + 1 vs. 13+ 2 cm/s,

P , 0.05) and E/A ratio (1.29+ 0.25 vs. 1.78+ 0.43,

P , 0.05), despite similar left ventricular mass (91 + 16

vs. 93 + 18 g/m2). Thus, normotensive men with a

moderate genetic risk for hypertension, develop echocardio-

graphic alterations of left ventricular diastolic function

before any appreciable rise in left ventricular mass.

There is still some debate as to the best means of

echocardiographic definition of diastolic relaxation in
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hypertension. Transmitral Doppler filling indices are com-

monly abnormal but the independent relationship of these

changes to hypertension and/or ventricular remodeling

independent of aging is not absolutely clear. It is clear

that the aging process and response to hypertension

differs depending on gender.

Recent investigations of the utility of ultrasonic tissue

backscatter have shown some linkage to structure in vivo

and suggested that these relate to the abnormal restrictive

filling patterns seen in hypertensive heart disease. Maceira

et al. (101) defined real-time integrated backscatter analy-

sis in 109 patients with essential hypertension. Backscatter

cyclic variation and maximal intensity measured in six

regions throughout the left ventricle were compared with

transmitral filling patterns and subjects classified as

showing normal blood pressure and normal diastolic func-

tion (29, group 1), hypertension with normal diastolic

function (18, group 2), or hypertension with a delayed

relaxation pattern (47, group 3). In addition, they found

11 hypertensive patients with a pseudonormal filling

pattern (group 4), and 4 hypertensive patients with a

restrictive filling pattern (group 5). The highest cyclic vari-

ation was found in group 1 and group 2, the lowest in

group 4 and group 5 (5.7 + 0.2 dB in group 1 and

5.7 + 0.2 dB in group 2 vs. 2.9 + 0.3 dB in group 4 and

2.1 + 0.4 dB in group 5; P , 0.001), with intermediate

values within group 3 (5.2 + 0.2 dB). In correlation

studies, they found that left ventricular chamber stiffness

was inversely related to the cyclic variation of backscatter

signals (P , 0.05) and directly correlated with mid-wall

fractional shortening (P , 0.02) in all patients with high

blood pressure. These results suggest a link between back-

scatter indices and diastolic function in hypertensive heart

disease. Whether this parameter can be applied in routine

assessment of diastolic dysfunction in asymptomatic

hypertension has yet to be established; but this seems a

very useful approach.

As an alternative, left atrial chamber dimensions or

volume estimates can be readily defined by using echocar-

diography (102). As indicated earlier, electrocardiographic

indices of atrial conduction tend to link in best with simple

diastolic filling parameters. Thus, atrial echocardiographic

assessment might also hold useful indirect indices of dias-

tolic function. Tsang et al. (103) in Minnesota have shown

that an echocardiographic atrial volume index has

additional value in the retrospective cardiovascular event

rate of elderly subjects referred within the Olmstead

County survey. In a separate report from 140 subjects

showed left atrial volume to correlate closely with age,

ventricular dimensions and mass in patients without evi-

dence of atrial arrhythmia or valvular heart disease

(104). Left atrial volume appeared to be closely associated

with the severity of echocardiographic a range of indices

of diastolic dysfunction in these patients.

The white coat effect has little relationship to the struc-

ture or function of the left ventricle, (105) although there

are changes to transmitral flow reported in some series

(106), these are of uncertain clinical significance in the

absence of ventricular hypertrophy or changes in systolic

function despite signs of vascular dysfunction in these sub-

jects (107).

Studies in normotensive subjects also show small

declines in resting left ventricular systolic function and

mid-wall contractility with aging. In a cross-sectional

study of 272 asymptomatic, adults (25–80-years-old)

with untreated hypertension Slotwiner et al. (108) saw

no change in endocardial or mid-wall stress-corrected

left ventricular fractional shortening. Neither cardiac

index nor total peripheral resistance changed with age in

either gender as age-related increases in systolic pressure

were offset by increased concentric remodeling in the

female patients or enhanced systolic contractility in the

males. Thus, in mild hypertension, although cardiac

index and peripheral resistance change with respect to

age alone, there are age-related increases in concentricity

of ventricular geometry in women and increased ventri-

cular performance indexes in hypertensive men.

Systolic function in patients with hypertension may

also need more detailed assessment in hypertensive

patients than in the more straightforward studies designed

to define contractility following infarction, to rule out

abnormal systolic function as a cause of symptoms in

hypertension. Occult ischemia is a common cause of

both systolic and diastolic impairment and as a cause of

symptoms in the hypertensive population. Long-axis con-

traction of the left ventricle can be analyzed using a variety

of echocardiographic techniques either by using simple

M-mode mitral annular movements alone or in con-

junction with transmitral color flow studies or by tissue

Doppler analyses (109). The more recent application of

myocardial tissue Doppler imaging can reveal more

subtle long-axis systolic ventricular impairment in patients

previously presumed to have diastolic dysfunction (109).

By defining the heart in a range of parasternal projections

and combining these with studies of annular motion, again

from a variety of sites, long-axis function can be quanti-

fied. The impact of hypertension is to change long-axis

measures of contractility and these appear more sensitive

in hypertensive patients than indices based on transmitral

filling (110).

The geometric pattern of ventricular remodeling seen in

individual patients with hypertension can have an impact

on cardiac function by influencing both systolic and dias-

tolic mechanics differently at rest or during exercise.

Stroke volume is higher in patients with eccentric hyper-

trophy (83 mL/beat) and lower in patients with concentric

left ventricular hypertrophy (68 mL/beat) compared with

matched normotensive adults (73 mL/beat) (111). In
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keeping with these changes, cardiac output is higher in hyper-

tensive patients with eccentric left ventricular hypertrophy

and lower in concentric left ventricular hypertrophy. These

changes occur independently of achieved blood pressure. In

multivariate analysis, left ventricular mass is predictably

independently related to higher systolic pressure, older age,

stroke volume, male gender, and body mass index. Stroke

volume and cardiac output are lower in patients with low

stress-corrected mid-wall shortening (112).

D. Role in Symptomatic Assessment

Although echocardiographic technology is constantly

improving, the role of this in routine care has not been fre-

quently addressed in symptomatic hypertensive patients. It

is feasible to complete rapid assessment at least of overall

systolic function using portable machines. By using a

hand-held device and comparing this with a standard

fully functional echocardiography platform, Senior et al.

(67) found a sensitivity of only 72% and positive and nega-

tive predictive values of 73% and 90% in 183 patients

reviewed within a community systolic heart failure

(SHF) screening project.

The subject of diastolic ventricular impairment in hyper-

tension has been debated for many years. It has been marred

by a lack of definitions and importantly a link to demon-

strable exercise impairment in patients who voice heart

failure symptoms (typically breathlessness on exertion

and/or undue fatigue), and who still may have normal sys-

tolic (generally short axis echocardiographic) ventricular

function. The technical assessment is perhaps the least con-

troversial aspect of this area which is critically important in

the assessment of symptoms in hypertensive patients.

There is now general agreement that in the routine

assessment of patients with heart failure symptoms of

whatever origin that many will have no demonstrable

abnormality of systolic function, however, assessed.

Some may be accounted for by abnormal long-axis systo-

lic function (discussed earlier) (109), by valvular disease,

pulmonary hypertension, intermittent occult arrhythmia by

(such as PAF common in conjunction with hypertension),

or by parenchymal lung disease. Often diastolic heart

failure (DHF) is arrived at by the exclusion of other

causes and the presence of indicators of impaired ventricu-

lar relaxation in conjunction with symptom. A substantial

proportion of these patients are female, many are over-

weight and specifically there is a clear association with

hypertension and echocardiographic left ventricular hyper-

trophy. In support of this, in the Olmsted County survey

those patients (n ¼ 83) with a new clinical diagnosis of

heart failure and subsequent normal systolic function

were generally very elderly (mean age 79 years) female

(76%) and had hypertension or coronary disease (85%)

(113). Given the age range, it is perhaps not surprizing,

therefore, that the 3 year mortality rate was high (60%).

However, in this type of report, only half of these patients

met broader ESC echocardiographic criteria for an associ-

ation of the presenting symptoms with a diagnosis of DHF.

Symptomatic heart failure without systolic contractile

dysfunction remains an important and for some observers

even a dominant form of heart failure presentation particu-

larly in the elderly (114). The knowledge base regarding

the epidemiology, pathophysiology, natural history, and

therapy of these patients is still limited. There is a

complex interaction between a number of age-related

changes in the heart and vascular system that predispose

to the appearance of the clinical presentation. Some popu-

lation-based observational studies suggest that .50% of

persons over 65 years who have heart failure symptoms

will have normal left ventricular systolic function. Of

these, roughly half will have no other confounding vari-

ables (coronary, valvular, or pulmonary disease) and

could meet suggested criteria for isolated DHF. This is

substantially more common in older women than men

and hypertension with echocardiographic left ventricular

hypertrophy are almost invariably present. Although

short-term mortality rates are �50% lower than in SHF

in stable patients, in acutely hospitalized or very elderly

patients, the mortality rate is similar in both systolic and

potential DHF. Furthermore, because of its higher preva-

lence, the total mortality in the older population attribu-

table to DHF in fact exceeds that of SHF.

Morbidity in DHF is therefore substantial and

approaches that of SHF. In the chronic setting, DHF

patients can have severe exercise intolerance related to

failure of the Frank–Starling mechanism with reduced

peak cardiac output, heart rate, and stroke volume and

increased left ventricular filling pressure. DHF patients

also appear to have increased vascular stiffness, acceler-

ated systolic blood pressure response to exercise, neuro-

endocrine activation, and reduced quality of life.

It is possible and may be essential to define DHF by

showing either impaired weight corrected exercise

capacity using expired gas analysis at cardiopulmonary

testing (115) or even elevated pulmonary wedge pressures

at rest or during exercise in patients with symptomatic

patients with echocardiographically normal systolic ven-

tricular function (116).

Stress echocardiographic studies of potential diastolic

filling abnormalities in hypertension show that coronary

flow reserve (the difference between color tissue Doppler

of myocardial segments at baseline and during pharmaco-

logical stress), in hypertensive left ventricular hypertrophy

is reduced. In one survey of thirty patients free of epicar-

dial coronary disease and after adjusting for the left ventri-

cular mass and body mass transmitral filling indices

remained in dependently associated with impaired coron-

ary flow reserve linking the two areas directly (117).

This may translate to impaired diastolic filling during sub-

clinical ischemia.
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The role of transoesophageal echocardiography (TEE)

in the definition of diastolic relaxation is generally com-

plimentary to other techniques. Klein et al. (118) from

Cleveland have reported a large sample (n ¼ 181) from

their practice where TEE was used primarily to assess for

potential cause of diastolic dysfunction. A large number in

this selected group were found to have unsuspected restric-

tive cardiomyopathy (71) and a further substantial number

(55) were had features consistent with constrictive pericar-

ditis, subsequently confirmed at surgery. Only a minority

in this series (32%) had idiopathic diastolic dysfunction

and surprisingly only a very small number were found in

association with hypertension.

There is no doubt that the technical assessment of dias-

tolic filling has progressed rapidly in recent years since the

concept of symptomatic isolated DHF has emerged. The

population prevalence of this patient group is under

represented by studies in hospital populations, which

tend to be dominated by systolic ventricular dysfunction.

In community-based surveys, prevalence figures of

15–20% are common in the elderly.

Using only an echocardiographic point of analysis

Fischer et al. (119) examining the MONICA cohort in Augs-

burg used the ESC definitions for DHF which are based on

an age dependent impairment of ventricular isovolumic

relaxation time (95–105 ms and early and late ventricular

filling wave reversal 1–0.5). On this basis, they found a

15.8% prevalence of these characteristics in their patients

over 65 years from a sample of 1274 individuals. In this

study, these echocardiographic abnormalities were more

common in men than women, but they were associated

with hypertension; left ventricular hypertrophy, coronary

artery disease, high body fat mass/body mass index, and

diabetes. Abnormalities of diastolic filling were rare (only

1–4% prevalence) in the absence of these features.

Despite such surveys and prospective follow-up

studies, there remains debate as to the validity of diastolic

filling abnormalities as the cause of heart failure symptoms

in patients with normal ejection fractions, whether hyper-

tensive or normotensive. The optimal means of the contri-

bution of diastolic filling assessment to the definition of

these patients does still remain controversial.

As with the assessment of coronary involvement and

ischemia invasive measures, calculating the rate of

decline in ventricular pressures in early diastole is often

regarded as a gold standard by some cardiologists, but in

fact one can only reliably evaluate the active process of dias-

tolic relaxation (120). Changes in the more detailed end

diastolic pressure volume filling loop is the most detailed

physiological measure, but this is generally approximated

in clinical practice rather than measured directly.

Estimates of ventricular stiffness can be used as a sur-

rogate for a pressure volume study but this parameter is

affected by any condition which will increase in ventricu-

lar filling pressure and the assumption that ventricular

hypertrophy is related to changes in passive diastolic

filling is not entirely valid. For example, an acute ischemic

stress will cause the upward shift in end-diastolic pressure–

volume (EDPV) relationships, as will pericardial constric-

tion and abnormal mechanical ventricular interaction. In

some surveys of DHF-EDPV curves are normal both at

rest and during exercise (121), whereas in others they are

abnormal. This divergence of findings has further fuelled

questions as to the nature of the abnormality in patients

with heart failure symptoms and a preserved ejection frac-

tion (122). The key issue is in the clinical definition of the

patients themselves and there is no doubt in almost every

published survey in community or hospital clinic setting

these patients are predominantly older female hypertensive

patients with echocardiographic ventricular hypertrophy

(123). The presence of obesity and hypertensive ventricular

hypertrophy is common in many surveys. This association

alone would seem to draw logic and many clinicians

toward a cardiac cause for their symptoms, but it is still

unclear if the linkage is indeed causal.

There is no doubt that echocardiographic parameters of

diastolic filling and altered wall tension or echo back-

scatter are different between physiological and patholo-

gical hypertrophy and that the latter is what is associated

with isolated DHF whereas the former is associated with

enhanced physical capacity. In this respect, the eccentric

hypertrophic remodeling pattern of hypertensive heart

disease should be differentiated from that seen with hyper-

trophic cardiomyopathy. Although hypertensive eccentric

hypertrophy is generally a less severe pattern than con-

centric remodeling in terms of its prognostic impact

(124). Clearly, HOCM has separate prognostic impli-

cations and differing molecular mechanisms that are not

responsive to measures lowering blood pressure that will

predominantly reverse eccentric or concentric hyperten-

sive ventricular remodeling (125). The coexistence of

hypertension and HOCM can occur and predictably

causes confusion unless based on a molecular analysis.

These are generally not available in routine practice.

Recent useful data looking at the value of BNP

measurements confirm that this parameter commonly

seen as of diagnostic value in the definition of systolic dys-

function is not in itself a good enough marker to allow

reliable triage at least of echocardiographic indices of

diastolic ventricular function. Mottram et al. (126) in 72

hypertensive patients with heart failure symptoms

defined a range of appropriate echocardiographic indices

of diastolic filling (including transmitral Doppler; color

M-mode flow propagation velocities and pulmonary

venous flow and systolic strain rates). They found that,

although BNP did relate independently to ventricular and

atrial systolic parameters, it was normally only within

the high normal range in patients with echocardiographic

diastolic dysfunction and therefore has limited positive

diagnostic value in patients.
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E. Contractile Function and
Nonechocardiographic Methods

1. MRI Studies

The role of magnetic resonance and positron emission

tomography (PET) studies in the assessment of the hyper-

tensive patient continues to emerge. This powerful tech-

nology has been applied to the human heart in

hypertensive heart disease and hypertensive ventricular

hypertrophy for .10 years. It has paid dividends in a

number of areas by linking metabolism to very accurate

estimates of structure and function. For example,

Akinboboye et al. (127) from Columbia University defined

that myocardial oxygen demand in the hypertensive,

hypertrophied ventricle is best calculated using 11C-

labeled acetate. Using this technique, they found that

hypertensive left ventricular hypertrophy was most

closely related to the physical wall stress as approximated

by the stress mass heart rate product.

The analysis of diastolic function by cardiovascular

magnetic resonance can be completed to combine esti-

mates of 3D chamber volume, filling velocity and flow

as well as myocardial strain and energy content (128).

These technologies can focused on specific regions of

the myocardium (e.g., a hypertrophied septum) and

provide a real-time analysis of function applicable in clini-

cal practice. Lamb et al. (129) from Leiden, using phos-

phorus-31 magnetic resonance spectroscopy, were able

to readily define impaired left ventricular filling in hyper-

tension by an analysis of wall thinning; peak filling rates

with normal systolic contractility. In association with

these changes, atropine dobutamine stress levels of myo-

cardial phospocreatinine/ATP ratios were lowered from

those values seen in normotensive controls. Although not

all studies agree with these observations (130), given the

accuracy of the technology and their ability to link

energy metabolism with contractile function and much

more accurate morphological data than are possible with

echocardiography (131) might mean that this is the key

area where the origins and significance of diastolic

filling abnormalities in hypertension will finally be

defined. As echocardiographic measures are strongly cor-

related to MRI studies in selected echogenic patients, mag-

netic resonance protocols still allow more accurate

planimetry and resultant reduced measurement variance

of left ventricular mass estimates by �40% (21–13%)

(132). This reproducibility of assessment on repeated

measures is now widely accepted.

PET can similarly map fatty acid oxidation and

turnover in the heart accurately. From a group based

in St Louis, data has been derived across a range of

ventricular remodeling showing that myocardial fatty

acid uptake, oxidation, and metabolism can be directly

correlated to left ventricular mass in hypertension as

well as in other states such as ischemic cardiomyopathy

(133).

Equally, coronary blood flow reserve (the maximal rise

in coronary blood flow above its resting auto regulated

values for a given perfusion pressure) can be accurately

measured using N13 labeled ammonia in hypertensive

patients (134). For example, the impact of blood pressure

lowering therapy on the rest or stressed CFR of individual

patients can be seen to be improved in response to treat-

ment (135). This type of study is regarded by some as

the only truly quantitative noninvasive technique for the

definition of coronary flow. These studies do not under-

estimate flow as occurs with coronary sinus sampling.

2. PET Studies

Gimelli et al. (136) from Pisa used the flexibility of PET

studies of [13N]ammonia labeling (both at rest and follow-

ing dipyridamole flow stress) to study the influence of ven-

tricular hypertrophy on regional perfusion patterns in 50

hypertensive patients. Using this technology, they were

able to show that patients with regional defects in per-

fusion were more likely to have ventricular hypertrophy

but that overall myocardial blood flow was not simply

related to total ventricular mass estimates. During pharma-

cological stress hypertensive patients who preserved a

homogenous pattern of perfusion showed, however,

reduced coronary flow.

In the same way as MRI techniques have differentiated

the structure of the septum in HOCM from asymmetrical

septal hypertrophy of hypertension, PET studies of

glucose uptake show altered metabolism. F18 (2), deoxy-

glucose fractional uptake rations for the septum and pos-

terior left ventricular wall are similar in patients with

HOCM or hypertensive heart disease but that the regional

uptake is more heterogeneous in HOCM (137).

V. CARDIAC RHYTHM IN HYPERTENSION

A. Cardiac Rhythm Assessment in HBP

. The detection of atrial flutter and atrial fibrillation is

critical in hypertension to facilitate appropriate

management.

. Symptomatic complaint are not a reliable guide to

the presence of significant arrhythmia.

. Asymptomatic and symptomatic atrial fibrillation is

powerfully linked to LVH and/or poor blood

pressure control.

. While QT interval dispersion is commonly linked to

mortality there is little evidence of a specific

linkage of increased QTd in hypertension linked

to LVH and sudden death in hypertension.
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B. Assessment and Relevance of
Arrhythmia in Hypertension

The definition of cardiac arrhythmia in asymptomatic and

symptomatic patients with hypertension is facilitated by

ambulatory recordings either of a continuous nature or

intermittent (where patients are symptomatic). This

allows a basic link to be made between symptoms (gener-

ally of palpitation but more realistically these can be very

variably described) and rhythm. The key factor in hyper-

tensive heart disease is an assessment of ventricular struc-

ture (generally echocardiographic) allowing both systolic

and diastolic contractility; intercurrent valve function

and hypertrophy to be established. Although, the presence

of baseline conduction abnormalities has been alluded to

earlier investigation of these generally relates to the

linked processes of defining hypertrophy, ischemia, and

valve function described previously. Two major areas

require specific mention in the analysis of cardiac

rhythm in hypertensive patients, namely, atrial fibrillation

and ventricular arrhythmia.

C. Atrial Flutter and Fibrillation

The etiological link between atrial fibrillation, hyperten-

sion, and stroke disease is a critical one. Nonrheumatic

atrial fibrillation is associated with an approximately five-

fold increase in the risk of ischemic stroke and a 5–7%

yearly risk that increases with age. In addition, atrial fibril-

lation is associated with an increased incidence of silent

cerebral infarction and increased mortality. Treating

hypertensive patients’ stroke risk must take into account

the definition of atrial fibrillation and to a lesser extent

atrial flutter coexistent with hypertension.

Unfortunately, few specific studies of atrial flutter and

hypertension and its association to hypertension have

been completed. In patients with atrial flutter, there is cer-

tainly a lesser prevalence of thromboembolic events, but

atrial flutter does not have a benign association with con-

comitant hypertension. Using multivariate analysis, Seidl

et al. (138) (following only 191 patients with atrial

flutter) found that the only independent risk factor on

multivariate analysis for predicting thromboembolic

events was a history of hypertension (OR, 6.5; 95%

CI, 1.5–45). Atrial flutter cannot be ignored in the hyper-

tensive patient even if it is asymptomatic.

In population studies, the relative risk ratio for acute

atrial fibrillation is strongest at the onset of ischemic

heart disease but diminishes in these patients over time.

The rate of atrial fibrillation is �1.42 times increased in

hypertensive men compared with normotensive men, and

although congestive heart failure, valvular heart disease,

and cardiomyopathy are important risk factors for the

development of AF, they are relatively uncommon in AF

patients (139). Atrial fibrillation and hypertension are

prevalent, and frequently coexistent, conditions in the

elderly. The incidence of both increases with advancing

age and independently they can create significant burden

of morbidity and mortality (140). Although the inter-

relationship of these two conditions has long established

(141), the details are not yet well-defined. Hypertension

is associated with left ventricular hypertrophy, impaired

ventricular filling, left atrial enlargement, and a slowing

of atrial conduction velocity. Such simple independent

changes in cardiac structure favor the loss of sinus

rhythm and the development of atrial fibrillation. They

also increase the risk of thromboembolic complications

in both states. Left atrial diameter by M-mode echo-

cardiography does not predict stroke in patients with

AF (142).

The pathological linkage of atrial fibrillation to hyper-

tension is strong and simple although dependent on a pro-

gression of several factors. Multifactorial changes alter left

atrial size which in turn alters left atrial conduction and

contributes to promoting the onset of paroxysmal atrial

fibrillation. This links directly to the presence of increased

left ventricular mass in hypertensive atrial fibrillation

(143) and as with ventricular arrhythmia is generally unre-

lated to concomitant epicardial coronary disease (144).

Verdecchia et al. (145) have recently described

follow-up in 2482 hypertensive patients all of whom

were in sinus rhythm at presentation and excluding sub-

jects with known valvular heart disease, coronary artery

disease, ventricular arrhythmia, thyroid, or lung disease.

In this large cohort of hypertensive patients, the incidence

of a first episode of atrial fibrillation was 0.46 per 100

person-years (61 patients). The affected patients at entry

were older (59 vs. 51 years), had higher office and 24 h

mean systolic blood pressure (165 and 144 vs. 157 and

137 mmHg, respectively), had a greater left ventricular

mass [58 vs. 49 g/height (m) (2.7)], and echocardio-

graphic left atrial diameter (3.89 cm vs. 3.56 cm). In a

multivariate logistic regression analysis, only age and

left ventricular mass predicted the evolution of a first

episode of AF in hypertension. They calculated that for

every 1 standard deviation increase in left ventricular

mass, the risk of atrial fibrillation was increased 1.20

times (95% CI, 1.07–1.34). Interestingly, atrial fibrillation

became chronic in only 33% of the subjects in the study

during the follow-up period. Similarly, age, left ventricular

mass, and on this occasion left atrial diameter were inde-

pendent predictors of chronic atrial fibrillation. The

ischemic stroke rate was 2.7% and 4.6% per year for par-

oxysmal and chronic atrial fibrillation, respectively. The

interesting aspect of this study was that increased left

atrial size predisposed to the degeneration of PAF to

chronic or persistent AF. Thus echocardiographic assess-

ment may play a role in this hypertensive patient subgroup.
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The general population prevalence of AF in the elderly

is associated with clear structural changes in the heart

definable at echocardiography. In the Framingham Study,

subjects routinely evaluated with M-mode echocardio-

graphy (n ¼ 1924, age 59–90 years), provided data to

analyze the association of echocardiographic features

with atrial fibrillation risk after adjustment for age, sex,

hypertension, coronary heart disease, congestive heart

failure, diabetes, and valvular heart disease (146). Over a

mean follow-up of 7.2 years, 154 subjects (8.0%) devel-

oped atrial fibrillation. Multivariable stepwise analysis

identified left atrial size (HR per 5 mm increment, 1.39;

95% CI, 1.14–1.68), left ventricular fractional shortening

(HR per 5% decrement, 1.34; 95% CI, 1.08–1.66), and

sum of septal and left ventricular posterior wall thickness

(HR per 4 mm increment, 1.28; 95% CI, 1.03–1.60) as

independent echocardiographic predictors of atrial fibril-

lation. The likelihood of atrial fibrillation grew markedly

when these changes occurred together giving cumulative

8 year, age-adjusted atrial fibrillation rates were 7.3% and

17.0%, respectively, when one and two or more highest-

risk-quartile features were present, compared with 3.7%

when none was present. These echocardiographic precur-

sors offer prognostic information beyond that provided by

traditional clinical atrial fibrillation risk factors.

Although conventional therapy of AF has focused

on interventions to control heart rate and/or rhythm

and the prevention of stroke through the use of antithrom-

botic anticoagulant medications, in patients with hyperten-

sion and atrial fibrillation, aggressive management of blood

pressure by reversing structural change in the heart, can

reduce the likelihood of thromboembolic complications,

and retard or prevent the occurrence of atrial fibrillation.

The restoration of sinus rhythm by DC cardioversion is

feasible in hypertensive atrial fibrillation but the main-

tenance of sinus rhythm is lowest in patients with ventricu-

lar hypertrophy or concomitant ventricular dysfunction

(147). Such former strategies are currently being re-

evaluated as the benefits of rhythm control seem limited

and the risks may outweigh benefit. Although the manage-

ment issues will be dealt with elsewhere, the key features

for the development of atrial fibrillation are clear. The

integrated risk of stroke in the hypertensive patient with

atrial fibrillation is such that anticoagulation should be a

priority (148).

D. Ventricular Arrhythmia

The presence of significant ventricular arrhythmia in

hypertension is well established, as is the increased inci-

dence of sudden death frequently assumed to represent

serious ventricular arrhythmia. The key mediators are

the involvement of ischemia (silent or symptomatic)

prior infarction and left ventricular hypertrophy

(149,150). However, there is often confusion over the

sequence of events and the primary mediator in individual

hypertensive patients. The link among serious arrhythmia,

ventricular hypertrophy, arterial pressure/wall stress,

ischemia, and sudden death is clearly complex and interde-

pendent. The co-incident occurrence of silent ischemia and

left ventricular hypertrophy is a particularly powerful but

independent combination in hypertensive patients for

future ventricular arrhythmia (151).

Holter studies of the prevalence of ventricular

arrhythmia show simple ectopy to be common (.70%),

but this is confounded by age and many other factors

leading to little prognostic validity whether applied to

uncomplicated or symptomatic patients with hypertension.

Complex ventricular arrhythmia is less frequent, again age

and pressure dependent, and appears responsive in part to

blood pressure control (152). Some studies suggest the fre-

quency of arrhythmia is graded and related to the severity

of left ventricular hypertrophy even in the absence of

angiographic coronary disease (144). Thus, again the elec-

trocardiographic definition of arrhythmia is perhaps less

significant than the definition of ventricular structure, pre-

sence of inducible ischemia, and function.

Prospective studies of arrhythmia and sudden death in

restricted to hypertensive heart disease are rare. There

seems to be little evidence of a link between abnormal QT

dispersion in left ventricular hypertrophy and risk

of arrhythmia in hypertension (153). This is despite exten-

sive investigations of the utility of QT dispersion over

the last 10 years in unselected ischemic cardiomyopathy

as a predictor of significant arrhythmia (154). The impact

and linkage of QTc dispersion to ventricular arrhythmia

may be stronger in nonischemic dilated cardiomyopathy

than in hypertensive left ventricular hypertrophy (155).

The lack of association to left ventricular hypertrophy is

similar to some studies in hypertension. Saadeh and Vann

Jones prospectively found only the left ventricular hypertro-

phy and documented Holter complex arrhythmia associated

with sudden (presumed arrhythmic) death in their cohort of

hypertensive patients. Unfortunately, their study was very

small with only six sudden deaths from a long-term study

of 54 hypertensive patients over nearly 10 years, but it

remains a valuable observation.

Thus, a simplistic account of hypertensive left ventri-

cular hypertrophy leading directly to fatal arrhythmia

even in patients with documented rhythm abnormalities

does not realistically integrate the factors appropriately.

VI. CONCLUSIONS

There is little doubt that patients with hypertension present

a challenge to effective diagnostic cardiac evaluation.

Hypertention assessment extends beyond the definition
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of blood pressure alone, particularly in symptomatic

patients. In addition, there is some evidence that initial

assessment of asymptomatic patients should encompass

some routine cardiac assessment beyond simplistic

traditions of resting electrocardiography and chest radi-

ology. A variety of factors affect the hypertensive

patient population—the impact of aging, obesity, conco-

mitant diabetes and vascular disease, drug therapy, and

ethnicity—and complicate cardiac diagnostic evaluation.

Although hypertensive patients are traditionally viewed

as asymptomatic, sophisticated investigational assessment

using both stress and at-rest studies are required to obtain a

true overall cardiac risk assessment. When hypertensive

patients start experiencing cardiac symptoms, investi-

gation of the symptoms often is not well served by nonin-

vasive standards of practice. In particular, the definition of

symptoms that are a result of impaired diastolic relaxation

are focused very clearly in the elderly hypertensive popu-

lation in the community. The complexity of this patient

group may be better analyzed by using the evolving mag-

netic resonance-based technology than by invasive physio-

logical measurements. However, in the near future in the

definition of myocardial ischemia, the confounding

impact of hypertension means that noninvasive testing

protocols still lag behind a simple approach of progressing

rapidly toward invasive angiographic risk stratification,

provided that blood pressure control has been achieved

and that functional cardiac assessment is not ignored.
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KEYPOINTS

. Sustained BP . 140/90 mmHg over years causes

kidney damage.

. Maintenance of BP , 130/80 mmHg maximally

protects against injuries from high blood pressure

or diabetes.

. BP , 120/80 mmHg may be needed if proteinuria

(�1000 mg/d) is present.

. Kidney disease is an independent risk factor for

cardiovascular events and is asymptomatic until

.70% of kidney function is lost. Thus, annual

biochemical screening is necessary.

SUMMARY

To optimally protect kidney function in those with

hypertension: (a) Achieve goal ,130/80 mmHg;

255



,120/80 mmHg if proteinuria (.1000 mg/d) present;

(b) Avoid excessive use of NSAIDs or COX-2 agents;

and (c) Have annual biochemical screening age �40 for

kidney function including check for albuminuria.

I. INTRODUCTION

Hypertension affects 50 million individuals in the USA,

and approximately 1 billion worldwide (1). Hypertension

secondary to underlying renal parenchymal disease is by

far the most frequent form of secondary hypertension

and accounts for �5% of all hypertension (2). There is a

unique and distinctive relationship between the kidney

and blood pressure (BP). On one hand, renal dysfunction

can cause an increase in BP; likewise, high BP can accel-

erate loss of kidney function. One particularly interesting

observation is that the prevalence of hypertension

increases with decreasing renal function; it is estimated

that 80–90% of patients with end-stage renal disease are

affected with hypertension (3) (Fig. 16.1). Although only

a small proportion of patients with primary hypertension

develop progressive renal insufficiency, the incidence of

renal insufficiency increases progressively with every

10 mmHg increment in systolic pressure (4).

In chronic renal parenchymal disease, hypertension is

often sustained and associated with a greater risk of cardi-

ovascular morbidity and mortality compared with that in

the absence of kidney disease. Hypertension-induced vas-

cular or target organ injury can be prevented or delayed by

reducing systolic arterial pressure in the range

,140 mmHg with a striking benefit observed for those

with any level of proteinuria or macroalbuminuria and

chronic kidney disease, if BP is reduced to levels ,130/
80 mmHg. Hypertension in patients with chronic renal

parenchymal disease of either diabetic or nondiabetic

etiology markedly accelerates the loss of renal function,

as well as other processes such as atherosclerosis.

This chapter will cover both the pathogenesis and the

treatment of hypertension in people with kidney disease.

It will discuss how high BP contributes to renal injury as

well as perpetuating injury due to other concomitant dis-

eases such as diabetes.

II. PATHOGENESIS

The mechanisms for BP increase in renoparenchymal

disease are complex and interactive, often comprising of

the following four components.

Both, 5.9

High BP 
Only, 
17.6

Albuminuria 
Only, 

5.7

Unaffected
70.9%

High BP Only, 
12.2

Both, 3.3

Unaffected, 
78.7  Albuminuria 

Only, 
5.9

Both, 7.7

Unaffected, 
61.2

High BP Only, 
26

Albuminuria 
Only,
 5.2

Both, 32.8
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20.2
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All–n=177 million Stage 1 Nephropathy
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Stage 2 Nephropathy
GFR > 60–89 n=55.3 million

Stage 3 Nephropathy
GFR > 30–59 n=7.6 million

Stage 4 Nephropathy
GFR > 15–29 n=363 thousand

Figure 16.1 Prevalence of albuminuria and high BP in the USA. Data obtained from NHANES III database-numbers represent (%) of

the total group. [Adapted from the KDOQI Blood Pressure Guidelines (63).]
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A. Salt Retention

There is a direct correlation between the degree of plasma

volume expansion, sodium retention, and the degree of

hypertension (5). The progressive loss of functioning

nephrons reduces the ability of the diseased kidney to

excrete sodium and water. The result is extra cellular

fluid (ECF) volume expansion leading to the release of

an endogenous ouabain-like hormone (6), which impairs

the renal tubular reabsorption of NaCl in an attempt to

normalize ECF volume. The inhibition of Naþ/Kþ-

ATPase in vascular smooth muscle, however, leads to an

increase in cytosolic Ca2þ with resultant vasoconstriction

and an increased sensitivity to circulating vasoactive

agents. Hypervolemia occurs in the arterial and venous

vascular bed with an increase in the cardiac output and

consequent increase in arterial BP.

B. Inappropriate Activity of Sympathetic
Nervous System

The sympathetic nervous system is activated in renal

failure (7), leading to increased cardiac output, enhanced

renal salt retention, an interference of pressure natriuresis,

as well as an enhanced systemic and renal vasoconstric-

tion. It has been observed that plasma norepinephrine

levels are higher in hypertensive patients with early

renal failure compared with normal control subjects or

normotensive patients with a similar degree of renal insuf-

ficiency (8).

C. Impaired Endothelial Cell-Mediated
Vasodilatation

Arterial wall stiffness is increased in chronic renal failure

(9). It is hypothesized that, in both essential hypertension

and chronic renal failure, there is a defective regulation

of systemic and renal vascular tone due to diminished

production of an endothelium-relaxing factor (nitric

oxide) with an increased production of the endothelium-

constricting factor (endothelin) (10–12).

Peripheral resistance can also be increased by reflex

vasoconstriction secondary to increased organ flow (13).

There is increased vascular responsiveness secondary to

thickening of the vascular wall (14) and impairment of

the endothelial-vascular smooth muscle paracrine

system (10–12). Insulin resistance develops in chronic

renal failure, while the higher insulin levels lead to

hypertrophy of vascular smooth muscle and renal NaCl

retention (15).

D. Abnormal Responses of Renin–
Angiotensin–Aldosterone System

Suppression of the renin–angiotensin–aldosterone system

(RAAS) in chronic renal failure by ECF volume expansion

appears to be impaired (5,16). Thus, plasma renin activity

(PRA) levels are inappropriately high for the degree of

ECF volume expansion. Furthermore, there is also an

increased formation of angiotensin II, which has a strong

vasoconstrictive property as well as an increased respon-

siveness of the vascular smooth muscle to angiotensin II.

III. ROLE OF HYPERTENSION IN
PROGRESSION OF RENAL FAILURE

Kidney function declines at different rates depending on

the etiology, for example, diabetes mellitus vs. membra-

nous nephropathy vs. IgA nephropathy. Moreover, the

timing of achieving BP goal is critically important in the

prevention of the catastrophic effect of renal disease pro-

gression. Specifically, intervention to a BP goal of

,130/80 mmHg during the very early stages of renal dys-

function, that is, glomerular filtration rate (GFR)

.85 mL/min, is very likely to stop disease progression,

whereas intervention when GFR is ,50 mL/min will

only slow its progression (Fig. 16.2). Early intervention

will impact GFR loss when one looks at the rate of

decline in kidney function amongst the various clinical

trials (Fig. 16.2). In studies where participants had lost

more than half their GFR at the beginning of the study,

average rate of loss was in the range of 3–5 mL/min per

year, normal being about 1 mL/min per year. In those

who had lost �10–20% at baseline, the average rate of

loss was �1.6–2.5 mL/min per year. Thus, early aggres-

sive BP intervention results in substantial preservation of

kidney function.

This concept is exemplified by the results from the

Appropriate Blood Pressure Control in Diabetes (ABCD)

trial, where the average levels of GFR were .80 mL/
min at the start of the trial vs. other diabetes trials where

the GFR is generally ,50 mL/min at baseline (17).

GFR decline was virtually stopped with early BP interven-

tion in the ABCD trial, whereas in other trials of more

advanced renal disease GFR, loss occurred at a rate of

2–7 mL/min per year (18). Furthermore, BP levels

attained in the ABCD trial averaged ,130/80 mmHg.

Thus, results of clinical trials among participants with

advanced renal disease should not be extrapolated to

patients with very early disease, because rates of decline

in renal function are not uniformly linear.

An analysis of randomized clinical trials of renal

disease progression that included antihypertensive drugs

that block the renin angiotensin system, that is, ACE
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inhibitors, showed that a rise in serum creatinine limited to

30% given a baseline or initial serum creatinine level of

3 mg/dL (265 mmol/L) and age �65 years, within the

first 4 months of starting therapy correlated with marked

preservation of renal function over a mean follow-up

period of �3 years (18). In addition, Ramipril Efficacy

in Nephropathy (REIN), Angiotensin Converting

Enzyme Inhibitor and Progressive Renal Insufficiency

(AIPRI), and Modification of Dietary Protein in Renal

Disease (MDRD) trials, as well as other smaller trials,

have established the ability of antihypertensive therapy

in slowing the progression of renal disease (19–21).

These studies and a meta-analysis by Jafar et al. clearly

show that level of BP is not only important but also critical

for patients with proteinuria of .1 g per day, (Fig. 16.3).

Thus, attainment of the recommended goal BP , 130/
80 mmHg, is critical for the preservation of renal function

in such individuals.

Figure 16.3 Relationship between BP range and relative risk of progression of nondiabetic kidney disease in the context of proteinuria.

(From Jafar T et al. Ann Intern Med 2003.)

Figure 16.2 Impact of early intervention on decline in kidney function. Four trials were randomized to two levels of BP on kidney

outcomes; >a 10 mmHg lower BP slowed progression by 50% between BP 130 and 149 mmHg; and baseline GFR in MDRD, REIN,

and AASK (all nondiabetic renal failure studies) was �45 mL/min whereas in ABCD (diabetic renal disease study) GFR was

84 mL/min. Slowest rate of decline was in group with earliest intervention. (Parving HH et al. Br Med J 1988; 297:1086–1091;

Viberti GC et al. JAMA 1994; 271:275–279; Klahr S et al. (MDRD) N Eng J Med 1994; 330:877–884; Lewis EJ et al. N Engl J

Med 1993; 329:1456–1462; Hebert L et al. Kidney Int 1994; 46:1688–1693; Lebovitz H et al. Kidney Int 1994; 45:S150–S155;

Maschio G et al. (AIPRI) N Engl J Med 1996; 334:939–945; Bakris GL et al. Kidney Int 1996; 50:1641–1650; Bakris GL. Hypertension

1997; 29:744–750; GISEN Group. (REIN) Lancet 1997; 349:1857–1863; Estacio R et al. (ABCD) Diabetes Care 2000;

23(suppl 2):B54–B64; Brenner BM et al. (RENAAL) N Engl J Med 2001; 345:861–869; Lewis EJ et al. (IDNT) N Engl J Med

2001; 345:851–860; Wright JT Jr et al. (AASK) JAMA 2002; 288:2421–2431.)
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IV. CAUSES OF RENOPARENCHYMAL
HYPERTENSION

A. Primary Renal Disease

Hypertension is much more common and manifests itself

earlier in glomerular-vascular disease as compared to

tubulointerstitial disease. In one series the frequency of

hypertension was 73% for glomerular-vascular disease

and 15% for tubulointerstitial disease (22).

1. Glomerulonephritis

The overall incidence of hypertension in primary chronic

glomerulonephritis (GN) reported in different series

varies from 42% to 62% (23–25). Hypertension is more

frequent and severe in patients with sclerotic, proliferative,

and extra/endocapillary GN. These patients are more

prone to progress to end-stage renal disease in contrast

to patients with “minimal change” disease for which

hypertension is rare and kidney function is well preserved.

In an analysis of 310 cases reported by Danielsen et al.

(25), the frequency of hypertension in various types of

GN is as shown in Table 16.1.

Renal involvement from multisystemic diseases, for

example, scleroderma, systemic lupus, polyarteritis

nodosa, hemolytic-uremic syndrome, and atheroembolic

renal disease, are classified as secondary glomerulonephri-

tides. The frequency of hypertension in these diseases

varies between 10% and 50%.

2. Polycystic Kidney Disease

Hypertension is a common early finding in polycystic

kidney disease (PKD), occurring in 50–70% of cases

before any significant reduction in GFR or elevation of

serum creatinine is seen (26). The changes develop

slowly, and they frequently become clinically relevant

only in middle age. Hypertension is an important factor

in the progression of PKD to end-stage renal disease

(27). In advanced stages, the destruction of the renal

tissue leads to rapid deterioration of renal function, even-

tually requiring dialysis treatment.

3. Tubulointerstitial Diseases

Hypertension occurs relatively late and sometimes may

not appear before end-stage renal disease. In a series of

1921 patients with different nephropathies and hyperten-

sion, the incidence of hypertension associated with

chronic pyelonephritis was 63% and chronic interstitial

nephropathy was 62% (24). Analgesic nephropathy is

associated with hypertension in 50% of the cases.

4. Diabetes

Hypertension is common and is closely related to the devel-

opment of renal disease in patients with diabetes. African-

American patients with diabetes have a higher likelihood of

developing progressive renal disease than the general popu-

lation (28). In Type I diabetes, the incidence of hyperten-

sion rises from 5% at 10 years to 33% at 20 years, and it

is a staggering 70% at 40 years, but hypertension is

present in only 2–3% of those without clinically evident

renal involvement. Such patients may have underlying

essential hypertension. Of the total patients with Type II

30% diabetes have hypertension at the time of diagnosis

of diabetes; when nephropathy develops, almost 70%

have high BP (29). The relationship between arterial hyper-

tension and diabetic nephropathy in Type II diabetes is not

as clear as in Type I diabetes (30). Involvement of the

kidney in diabetes is usually asymptomatic.

Patients with diabetes who are at risk of developing

nephropathy can be identified by the detection of microal-

buminuria (MA). MA is defined as a urinary albumin

excretion rate of 30–300 mg per 24 h (or 20–200 mg/
mL) on two of three measurements. MA is also a marker

of impaired endothelial responsiveness and a predictor of

both overall cardiovascular morbidity and risk of kidney

disease progression (31–33). BP control using all agents

can reduce MA; however, in some studies dihydropyridine

calcium antagonists (CA), that is, nifedipine, amlodipine,

and others, may not consistently reduce MA (34). MA

increases with age and is more common in Type II than

in Type I diabetes and is supplanted by macroalbuminuria

or proteinuria as nephropathy advances (Fig. 16.1) (35).

The prevalence of MA in Type II diabetics is about 20%

(range: 12–36%), and is more common (�30%) in those

older than 55 years of age (32,36). The prevalence of

MA ranges from 5% to 40% in nondiabetic hypertensives

(36) with the degree of MA proportional to the severity of

systolic, diastolic, and mean BP elevation as measured by

either clinic or 24 h ambulatory BP monitoring (38–40).

Circadian abnormalities of BP seen in nondippers, who

are known to be at higher risk for cardiovascular events,

also have a higher prevalence of MA.

Table 16.1 Summary of Glomerular Disease and Frequency of

Hypertension

Histological form of

glomerulonephritis

Frequency of

hypertension (%)

Sclerosing 88

Membranoproliferative 75

Extracapillary 65

Segmental sclerosing 63

Focal proliferative 57

Mesangioproliferative 50

Endocapillary 50
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MA is a marker of vascular injury and, quite possibly,

inflammation as evidenced by recent findings of a strong

correlation between C-reactive protein levels and MA.

MA develops secondary to defective podocyte function

in the glomerulus coupled with an increased intraglomer-

ular pressure and reflects an enhanced vascular per-

meability and, hence, altered barrier function of the

epithelial/endothelium areas in the kidney (37,73,74). It

has been postulated by Remuzzi et al. that MA is patho-

genic itself within the kidney and contributes to free

radical generation and cytokine production, hence acceler-

ating processes that lead to interstitial fibrosis. Although

an attractive hypothesis it remains to be shown in

humans. More than 35% of patients with diabetes progress

on further to diabetic nephropathy developing macroalbu-

minuria (.300 mg/day) or proteinuria, a decline in GFR,

and an increased arterial pressure. The presence of diabetic

nephropathy is associated with increased morbidity and

mortality due to both increased cardiovascular events

and end-stage renal failure (32). Risk factors for the devel-

opment of diabetic nephropathy in Type II diabetes

include increasing age, long duration of diabetes, poor gly-

cemic control, hypertension, and smoking (35,40).

Those with diabetes and macroalbuminuria are 20 times

more likely to die of cardiovascular disease than those

without albuminuria. Hence, the treatment should be

aimed at both lowering arterial pressure to a stated goal

as well as reducing proteinuria by at least 30–50% from

baseline (32,41). Patients with diabetes should be started

on antihypertensive medications even if the BP is in the

high normal range (.135/85 mmHg) because of the

heightened cardiovascular and renal risk (1).

Subjects with MA and Type II DM have an annual total

mortality and cardiovascular mortality that is about four

times higher than those of diabetics without MA (32). In

several series, the cardiovascular event and mortality

rates in nondiabetic hypertensives with MA was 2–4-

fold higher than in those without MA (42,43). MA is

also associated with other types of hypertension-related

target organ damage (TOD), including left ventricular

hypertrophy (LVH). These associations are not as com-

monly seen in younger individuals, or in those with

Stage 1 hypertension, suggesting that the association of

MA and LVH may be related to a higher BP load.

B. Unilateral Renal Disease

Hypertension from unilateral renoparenchymal disease is

considered to be potentially curable. The most frequent

causes of unilateral renal parenchymal disease

accompanied by hypertension are for example, reflux

nephropathy, hydronephrosis, renal tumors, renal tubercu-

losis (unilateral), and solitary renal cysts.

C. Evaluation of a Patient with Renal
Parenchymal Hypertension

The evaluation of a hypertensive patient with possible

renoparenchymal etiology includes a urinalysis, blood

urea nitrogen (BUN), serum creatinine, dipstick for protei-

nuria, spot urine albumin to creatinine ratio reported as

milligram of albumin per gram of creatinine (A/C),

renal ultrasound, and occasionally renal biopsy.

1. Laboratory Diagnostics

Abnormalities in the urinalysis such as microhematuria,

red cell casts in the sediment with concomitant proteinuria,

are indicative of GN. Pyuria, bacteuria, and white blood

cell casts are seen in pyelonephritis.

Protein excretion .300 mg/day or .200 mg/min rep-

resents overt proteinuria (32). The urine dipstick is a rela-

tively insensitive marker for proteinuria, not becoming

positive until protein excretion exceeds 300–500 mg/
day. By using a conventional dipstick, which can only

detect higher levels of urinary protein (.300 mg/day),

the opportunity to characterize a patient’s prognosis

more precisely, earlier in the disease process, may be

missed. Dipsticks that detect MA are now available and

fairly inexpensive. It is recommended that all patients

with hypertension and “trace” proteinuria by conventional

dipstick have a spot urine to quantify urinary protein

excretion; this is best assessed by the albumin to creatinine

(mg/g) ratio in a spot urine specimen (32). These values

have been demonstrated to correlate with 24 h urine col-

lections and are much more practical (44). Routine assess-

ment of MA for diabetic patients is well advised, but in

hypertensives without DM, its value is still debatable. In

part, this is due to the relatively low prevalence of MA

and the uncertainty of the significance of its modification

in the nondiabetic population (45).

2. Ultrasonography

Renal ultrasonography is the most important imaging test

in cases of suspected renoparenchymal disease. It is useful

to compare the renal size, identify cysts, and screen for

obstructive uropathy. Small dense “echogenic” kidneys

on ultrasound indicate diffuse renoparenchymal disease.

In diabetes and amyloidosis, renal size is often increased.

3. Renal Biopsy

Percutaneous renal biopsy should be performed only when

the information will contribute to the treatment of the

patient (i.e., alter therapy or provide critical prognostic

information), for example, when laboratory tests indicate

the presence of GN as the cause of hypertension.
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V. RENOVASCULAR HYPERTENSION

Renovascular hypertension is the most frequent curable

form of hypertension (Table 16.2). Its prevalence is esti-

mated to be between 0.2% and 5% of the entire hyperten-

sive population (2,46). Patients with this form of

secondary hypertension often have considerable TOD

and are at risk of losing renal function. At least 90% of

renovascular hypertension is due to renal artery athero-

sclerosis, with only 10% being due to fibromuscular dys-

plasia or unusual causes (47). Atherosclerotic renal

artery stenosis is a disease of older individuals and

usually involves the ostium, proximal third of main renal

artery, and the perirenal aorta (Fig. 16.4). At advanced

stages of the disease, segmental and diffuse intrarenal

atherosclerosis may be observed, mainly in patients with

ischemic nephropathy. Characteristically, these patients

develop hypertension after age 50 or have a history of

hypertension that had been relatively easy to control and

became refractory. Atherosclerotic renal artery stenosis

is a progressive disease. A large proportion of these

patients are diabetic and frequently have evidence of vas-

cular disease elsewhere (carotids, coronaries, and periph-

eral circulation, in particular); and the majority

are cigarette smokers. Although it is more common in

Caucasians, African-Americans also can develop athero-

sclerotic renovascular hypertension (47). Fibromuscular

dysplasia tends to affect young white women in whom

BP tends to rise abruptly to Stage 2 during the third

decade of life (Fig. 16.5). Abdominal or flank bruits are

heard commonly, and renal function is usually normal

when the diagnosis is entertained. It frequently involves

distal two thirds of the renal artery and its branches, and

is characterized by a beaded, aneurysmal appearance on

angiogram (47). Clinical hints for renovascular hyper-

tension are summarized in Table 16.3.

A. Pathophysiology of Renovascular Disease

A decrease in renal perfusion pressure activates the renin–

angiotensin system, which leads to release of renin and the

production of angiotensin II. Angiotensin II elevates the

BP by increased aldosterone secretion from adrenal

cortex with consequent sodium retention that in turn

expands the intravascular volume. Stimulation of sym-

pathetic nervous system, increased intrarenal prostaglan-

din concentrations, and decreased nitric oxide production

are other mechanisms involved in the pathogenesis of

renovascular hypertension (48–50).

B. Diagnosis of Renovascular Hypertension

The objective of screening patients suspected of having

renovascular hypertension is not only to verify that arterial

lesions are present, but also to determine that the lesion

discovered is in fact the cause of the patient’s hypertension

(47). The tests used to confirm the clinical suspicion that a

patient has renovascular hypertension are either biochemi-

cal or depend on a variety of imaging techniques.

1. Biochemical Test in Renovascular Hypertension

Evidence suggests that increased creatinine or low potassium

(indicating hyperreninemia causing hyperaldosteronism)

Table 16.2 Identifiable Secondary Causes of Hypertension and Screening

Test Recommended

Diagnosis Diagnostic test

Chronic kidney disease Estimated GFR

Coarctation of the aorta CT Angiography

Cushing’s syndrome and other

glucocorticoid excess states

including chronic steroid therapy

History/dexamethasone

suppression test

Drug-induced/related

[see Table 17 from ref. (1)]

History; drug screening

Pheochromocytoma 24 h urinary metanephrine

and normetanephrine

Primary aldosteronism and

other mineralocorticoid

excess states

24 h urinary aldosterone level or

specific measurements of

other mineralocorticoids

Renovascular hypertensiona Doppler flow study; MRA

Sleep apnea Sleep study with O2 saturation

Thyroid/parathyroid disease TSH; serum PTH

aMost common curable cause of secondary hypertension.

Source: Adapted from JNC 7 (1).
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play no role in case finding for renovascular hypertension

because the sensitivity and specificity are too low (51). It is

observed that the baseline peripheral PRA is elevated

because of the activation of RAS in 50–80% of patients

with proven renovascular hypertension. Measurement of

the PRA after captopril (captopril test) has a sensitivity of

75% and specificity of 89% although better results have

been obtained in some series (52,53), thus not as good as

one would want for a diagnostic test. Measuring the concen-

tration and activity of renin simultaneously from each renal

vein and computing the renal vein renin ratio was once a

very popular approach, but the sensitivity and specificity

for detection of renovascular hypertension with this test are

both �75%, unacceptably low for an invasive procedure

that requires special expertise and sophisticated measure-

ments. It has been proposed that the accuracy of these

measurements can be enhanced by prior administration of

an ACE inhibitor, which will increase the renin secretion

on the affected side. Renal vein renin ratio may still be

useful to help prove that an anatomic lesion is the cause of

a patient’s hypertension, but should not be used as a screen-

ing tool because of relatively high cost and many false nega-

tive results (54,55). In short, biochemical screening for

renovascular hypertension is not a useful or cost-effective

exercise.

2. Imaging for Renovascular Hypertension

Rapid-sequence intravenous pyelography (IVP) was the

earliest imaging study used for diagnosing renovascular

hypertension. IVP has a sensitivity of 75% and specificity

of 86%. Owing to its unreliability in detecting either

branch stenosis or bilateral stenosis, together with high

dose of dye and radiation exposure, it is not used in the

diagnostic approach any longer. Renal duplex ultrasound

has the advantage of being noninvasive and widely avail-

able. In some laboratories, the sensitivity of this test

approaches 90–95% (56,57). However, abdominal gas or

fat may make it difficult to visualize the renal arteries,

compounded by the fact that this test is very operator-

dependent and time-consuming. In many settings, little is

gained by using this technique. However, in specialized

Table 16.3 Clinical Features and Pointers to the Diagnosis of

Renal Artery Disease

Severe or refractory hypertension

Young hypertensive patients with no family history

(fibromuscular dysplasia)

Peripheral vascular disease

Deteriorating BP control in compliant, long standing

hypertensive patients

An acute elevation in serum creatinine after administration of

ACE inhibitor or angiotensin II receptor blocker

Repeated episodes of flash pulmonary edema

.1.5 cm difference in kidney size on ultrasonography

Secondary hyperaldosteronism (low plasma sodium and

potassium concentrations)

Systolic–diastolic bruit (not very sensitive)

Figure 16.5 Angiogram of renal artery stenosis due to fibro-

muscular dysplasia of renal artery. Lesions typically affect the

main renal artery, are beaded in appearance, and may have

multiple stenosis. [From Stimpel M et al. (75).]

Figure 16.4 Atheromatous lesions of renal artery stenosis.

The commonest site effected is at the ostium of the renal

artery. [From McLaughlin et al. (70).]
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centers with special expertise and in selected patients, it is

a useful test. Gadolinium-enhanced magnetic resonance

angiography (MRA) and spiral computed tomography

with intravenous contrast (CT angiography) are more

expensive approaches for visualization of the renal

arteries, becoming more widely available and noninvasive.

Both these modalities have sensitivity and specificity of

over 90% in detecting stenosis of the main renal arteries

but are not as successful at detecting branch lesions (58).

Technical improvements are being made to enhance the

image quality (59–63). These findings, taken together

with the recent 2004 recommendations by the National

Kidney Foundation for evaluation of RVH, support the

concept that MRA is the diagnostic test of choice to evalu-

ate renal arterial disease (63) (Figs. 16.6 and 16.7).

Isotopic renography with labeled diethylenetriamine pen-

taacetic acid (a measure of glomerular filtration) or

MAG-3 (a measure of renal blood flow) with captopril is

a minimally invasive test that detects a discrepancy

between perfusion and function of the kidneys. The

overall sensitivity and specificity are 90% when done care-

fully, especially in patients whose prior probability of

having renovascular hypertension is high (64,65). Only

ACE-Is and ARBs need to be discontinued before the

test is performed, and adverse reactions from the single

dose of captopril are rare. Isotopic renography with

captopril also provides functional information. If the time

to peak activity is initially normal and becomes abnor-

mal after captopril (“captopril-induced changes”), the

likelihood of cure or improvement after revascularization

is high.

Intra-arterial digital subtraction angiography is most

frequently performed to define the renal artery anatomy

and determine whether an arterial narrowing is present.

In addition, the type of lesion (ostial, nonostial, or

branch) can be determined. Its disadvantages are the

intra-arterial puncture, high cost, and the risk of contrast-

induced renal impairment. In many centers, percutaneous

renal angioplasty is done at the same time if indicated

(Fig. 16.8).

A recent clinical trial and meta-analysis of smaller

studies demonstrate little benefit to routine revascu-

larization of renal arteries for treatment of hypertension

as compared to medical treatment (66,67). Generally

Figure 16.8 Aortogram illustrating relatively high-grade,

bilateral atherosclerotic lesions located at the ostia of the renal

arteries in a 63-year-old man (76).

Figure 16.7 Gadolinium-enhanced MR angiogram displays

high-resolution illustration of the renal arteries significantly

better than duplex ultrasound and captopril nuclear scintigraphy.

Figure 16.6 Gadolinium-enhanced MR angiogram. Magni-

fied view of the renal arteries shows a “string of beads” appear-

ance (arrows) in the middle-to-distal aspect of both renal arteries

characteristic for fibromuscular dysplasia.
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revascularization is not helpful, unless kidney function is

at risk as evidenced by declining kidney function in spite

of BP control. The criteria for a good outcome in regard

to preservation of renal function are indicated by the

following prognostic factors (Table 16.4).

Note: You need 80% stenosis or more of the renal artery

to affect either function and less clear BP. Stenosis smaller

than this are not associated with declines in kidney func-

tion and do NOT merit stenting or angioplasty, in part,

because of the risk of atheroembolic disease.

The presence of anatomic renal artery stenosis does not

mean that the lesion is responsible for the elevation in BP

(functional renal artery stenosis).

When considering whether to proceed with screening

for renovascular disease, the clinician must consider how

the data will be used. At present there is no sufficiently

accurate, noninvasive radiologic or biochemical screening

test that if negative, will completely exclude the presence

of renal artery stenosis (52,68). Thus, clinical index of sus-

picion and the presence or absence of renal insufficiency

are the primary determinants of the degree and type of

evaluation.

VI. TREATMENT OF HYPERTENSION IN
KIDNEY DISEASE

Management of hypertension in patients with kidney

disease is challenging and should focus not only on lower-

ing BP but also reducing or normalizing MA and/or pre-

venting the development of or a rise in macroalbuminuria

or proteinuria. This generally requires multiple and comp-

lementary acting antihypertensive agents to achieve the

recommended BP goal by the JNC 7 guidelines of

,130/80 mmHg. (Figs. 16.9 and 16.10) (1). The most

recent guidelines for management of hypertension in

people with kidney disease are shown in Table 16.5.

These recommendations are in concert with all

Table 16.4 Clues to Viability of the Kidney with Renal Artery

Stenosis

Angiographic evidence of collaterals distal to the occlusion

Kidney size .8.5 cm on US

Biopsy (if available) shows well-preserved glomeruli and

tubules

Kidney function on isotope renogram

Serum creatinine ,4 mg/dL

Source: Adapted from Uzzo RG et al. Transplant Proc 2002;

34(2):723–725.

(if systolic BP >20 mmHg above goal)
START with ACEI or ARB/thiazide diuretic*)

If BP Still Not at Goal (130/80 mmHg)

If BP Still Not at Goal (130/80 mmHg) 

If used CCB, Add Other Subgroup of CCB
(ie, amlodipine-like agent if verapamil or diltiazem already being used and the converse)

OR if b blocker used add CCB

Add Vasodilator (hydralazine, minoxidil) OR
Refer to a Clinical Hypertension Specialist

If BP Still Not at Goal (130/80 mmHg)

Add Long Acting Thiazide Diuretic* 

If Blood Pressure >130/80 mmHg in Diabetes or Chronic 

Kidney Disease with Any Level of Albuminuria

Recheck within 2–3 weeks

Recheck within 2–3 weeks

Recheck within 4 weeks

(if systolic BP< 20 mmHg above goal)
Start ARB or ACE Inhibitor titrate upwards

Add CCB or b–bllocker** (titrate dose upward)

Figure 16.9 Integrated algorithm of American Diabetes Association, 2005; KDOdc-BP guidelines 2004 for treatment of hypertension

in someone with kidney disease or diabetes. �Thiazide diuretic should only be used if eGFR � 50 mL/min otherwise loop diuretic should

be substituted. ��The preferred b-blocker is carredilol since it has a neutral metabolic profile compared to other agents in the class.
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international recommendations including the American

Diabetes Association, the JNC 7, and the European Guide-

lines. The goal should be to get to or below 130/80 mmHg

to protect against renal and cardiovascular events and

reduce organ injury. The data from an analysis of the

NHANES III show that only 11% of people being treated

for hypertension with diabetic kidney disease achieve the

old BP goal of ,130/85 mmHg, (69).

A few general rules need to always be considered when

treating someone with kidney disease. These include

keeping an eye on the BP goal and trying to achieve it; tol-

erating up to a 30% rise in serum creatinine with ACE

inhibitors or ARBs if serum [Kþ] is ,6 mEq/L and BP

is at or close to goal; if diabetes is present, ensure that

blood glucose is aggressively controlled with HbA1c

,6.5%; all such patients should be on a low dose aspirin

75–150 mg/day along with a statin, if indicated by

LDL cholesterol ,100 mg/dL. In addition, ARBs or

ACE inhibitors should be used as part of the regimen

unless prohibited by difficult to manage anemia or potass-

ium in Stage 4 nephropathy, but only after initiation of

dialysis. Other blockers of the RAAS as well as beta-

blockers and calcium channel antagonists can be used to

achieve BP goal.

Lastly, proteinuria or macroalbuminuria should be

monitored annually to ensure that reductions are being

achieved. One should expect about a 30–35% reduction

in proteinuria with an ACE inhibitor or ARB at

maximal doses. The addition of an aldosterone receptor

antagonist or an ARB to ACE inhibitor or vice versa

should provide for another 30–40% reduction in protei-

nuria independent of further BP reduction (71,72). Use

of a dihydropyridine CA is contraindicated in the

absence of an ACE inhibitor or ARB in people with

advanced disease as it has failed to show a benefit on

slowing renal disease progression for those with Stage 3

nephropathy or higher when used in the absence of such

agents (63).

This approach taken together with maximizing cardio-

vascular risk reduction will lead to marked prolongation

of kidney function in people with hypertension pharma-

cology, pitfalls, and dangers.

CONCLUSION

It should be noted that ACE inhibitors and ARBs increase

serum potassium in those with renal insufficiency but

when used with appropriately dosed diurectics this is

minimal. Values of [Kþ] upto 5.6 mEq/L should be

tolerated. Other concerns include angiocdema for this

class of agents especially ACE inhibitors, although rare.

1                       2                        3                      4
Number of BP Meds

INVEST  (138 mmHg)
ALLHAT (138 mmHg)
IDNT       (138 mmHg)
RENAAL (141 mmHg)
UKPDS   (144 mmHg)
ABCD     (132 mmHg)
MDRD    (132 mmHg)
HOT       (138 mmHg)
AASK     (128 mmHg)

Figure 16.10 Average number of antihypertensive agents needed per patient to achieve target systolic BP goals.

Table 16.5 NKF-K/DOQI Guidelines on Blood Pressure Management and Use of Antihypertensive Agents in Chronic Kidney Disease

Type of kidney disease

Blood pressure

target (mmHg)

Recommended agents

for CKD, with or

without hypertension

Other agents to reduce CVD risk

and reach blood pressure target

Diabetic kidney disease ,130/80 ACE Inhibitor or ARB Diuretics preferred, then BB or CCB

Non-diabetic kidney disease with

proteinuria (�200 mg/g)

,130/80 ACE Inhibitor Diuretics preferred, then BB or CCB

Non-diabetic kidney disease without

proteinuria (,200 mg/g)

,130/80 No preference Diuretics preferred, then ACE

inhibitor, ARB, BB, or CCB

Disease in the kidney transplant ,130/80 No preference CCB, Diuretic, BB, ACE inhibitor, ARB
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KEYPOINTS

. Stroke is the third leading cause of death and a

leading cause of disability worldwide.

. Hypertension is the most prevalent modifiable risk

factor for both ischemic and hemorrhagic stroke.

. The role of antihypertensive therapy for the primary

and secondary prevention of fatal and nonfatal

stroke is established.

. Ongoing trials will inform the therapeutic manage-

ment of acute stroke blood pressure changes.

. Vascular dementia is the second most common

cause of dementia worldwide.

. Vascular dementia includes a number of clinical

syndromes, including multi-infarct, strategic

infarct, white matter, and lacunar disease.

. Midlife hypertension is clearly associated with late-

life vascular cognitive impairment and dementia.

. Addressing vascular risk factors, including hyper-

tension, is part of the management of vascular

dementia.

SUMMARY

Hypertension is a cause of significant morbidity and mor-

tality as a consequence of its effects on the extracranial

and intracranial blood supply. This chapter will focus on

two conditions, stroke and dementia, which have

important consequences for total and disability-free life

expectancy. In particular, the clinical assessment of hyper-

tensive patients with suspected stroke, and dementia will

be discussed. Furthermore, the role of antihypertensive

therapy in the management of these common conditions

will also be considered.
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I. INTRODUCTION

Previous chapters have examined the importance of the

central nervous system in cardiovascular autonomic

control, particularly as it relates to the central control of

the afferent and efferent components of the baroreceptor

reflex arc and consequent changes in blood pressure

level and variability. Despite these changes in systemic

blood pressure, the brain has an intrinsic ability to main-

tain a constant cerebral blood flow over a wide range of

perfusion pressures; this is called cerebral autoregulation.

Cerebral autoregulation may occur in the static state,

where change in cerebral blood flow follows steady-state

alteration in blood pressure, or in the dynamic state,

where cerebral blood flow changes in response to an

acute (5–10 s) increase or decrease in blood pressure.

The changes that hypertension invokes in cerebral blood

vessel morphology resulting in altered blood vessel and

increased cerebrovascular resistance have also been con-

sidered, particularly as they apply to the hypertensive

adaptation of the cerebral autoregulatory curve. Nonethe-

less, in severely hypertensive states above the upper

limit of cerebral autoregulation, cerebral blood flow is

altered with severe consequences for cerebral function.

Hypertensive encephalopathy is the subject of a later

chapter.

Hypertension is also important as a risk factor for ather-

osclerosis. The progression of atherosclerotic plaques in

large and medium-sized arteries through a process of

necrosis, ulceration, and thrombosis with complete or

partial vessel occlusion or distal embolization has also

been considered. At the level of smaller arteries, such as

the single, deep-perforating end-arteries of the deep cer-

ebral white matter, we have learned that hypertension

also produces vessel occlusion by microatheroma and

hypertensive lipohyalinosis. Thus, hypertension has

important consequences for the brain.

This chapter will focus on the evidence for the role of

hypertension, as well as its assessment and management

in two common conditions: stroke and vascular dementia.

II. STROKE

The World Health Organization (WHO) defines stroke as

the rapid development of clinical signs of focal or global

disturbance of cerebral function, with symptoms lasting

24 h or longer or resulting in death from no obvious

cause other than a vascular one. It affects nearly 20

million individuals annually worldwide, of whom one-

quarter will die, making stroke the third leading cause of

death (1). Of the 15 million stroke survivors, one-third

will remain disabled and, importantly, more than one in

six will suffer recurrent stroke within 5 years.

Hypertension is the most prevalent modifiable risk

factor for ischemic and hemorrhagic stroke. This section

will focus on its management for both primary and second-

ary prevention of stroke, as well as in the immediate post-

stroke period. However, it is first necessary to discuss the

initial clinical assessment of stroke patients.

A. Clinical Assessment

In the clinical assessment of a patient presenting with a

suspected stroke or transient ischemic attack, the first pri-

ority is to establish whether the symptoms are those of a

stroke or whether stroke mimics need to be considered.

An accurate clinical history from the patient, caregiver,

relative, or witness at the earliest opportunity after

symptom onset is vital. Important questions relate to:

Symptom onset: What day and time did the symptoms

start? What was the patient doing at the time? Was

the onset sudden? Was the neurological deficit

maximal at the time of onset or has it progressed

or fluctuated?

Symptom location: Which parts of the body were

affected?

Symptom nature: What happened—focal or nonfocal?

Negative (e.g., loss of power or sensation) or posi-

tive (e.g., jerking, hallucinations)?

Symptom association: What else happened—headache,

focal or global seizure activity, vomiting, altered

conscious level, cardiac symptoms, and so on?

Typically, stroke onset is sudden, although symptoms

may or may not worsen gradually or in a stepwise

fashion, and focal neurological symptoms result; that is,

nonfocal symptoms of faintness, dizziness, confusion,

and generalized weakness are unlikely to be caused by a

stroke. Although there are many stroke mimics, it is

obviously important to exclude conditions that are

serious or treatable, for example, hypoglycemia and

other metabolic disorders, subdural hemorrhage, benign

structural intracranial lesions, infections including

encephalitis or abscess, epilepsy, and so on.

The history is supported by a physical examination to

define the neurological deficit. A plethora of neurological

scales are available. Undoubtedly, the advent of intrave-

nous thrombolysis with rt-PA will result in the increasing

use of the National Institutes of Health Stroke Scale, not

least because it defines patients unsuitable for thromboly-

sis but there are also validated teaching packages available

for training (2).

There is also merit in using the information gained from

the neurological examination to group patients by various

constellations of findings into clinical syndromes, such as

the total anterior circulation, partial anterior circulation,

and lacunar and posterior circulation stroke syndromes
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of the Oxfordshire Community Stroke Project classifi-

cation, which correlates well with subsequent neuroradio-

logical findings and guides prognostication (3).

Of course, neuroimaging is the definitive investigation,

excluding nonstroke diagnoses and distinguishing an

ischemic from hemorrhagic stroke. Although brain com-

puted tomography (CT) is the modality in most wide-

spread use, it is likely to become increasingly displaced

by magnetic resonance imaging, with the opportunities

that this provides for distinguishing acute and subacute

disease and lacunar and white matter disease, as well as

for assessing perfusion.

It is important that the medical history, examination,

and investigation also focus on defining stroke etiol-

ogy—at one level, in distinguishing ischemic from hemor-

rhagic disease, but also another level in establishing large

vessel, small vessel, cardioembolic, and other causes of

ischemic stroke. This relies on a complete exploration of

nonmodifiable (age, gender, genetic) and modifiable (pre-

vious stroke or transient ischemic attack, hypertension,

dyslipidaemia, cardiac disease including atrial fibrillation,

peripheral vascular disease, diabetes, smoking, alcohol,

exercise, diet) vascular risk factors on clinical history

and examination. It may also indicate the need for more

specialist avenues of investigation, such as:

Hematological (protein C, protein S, antithrombin III,

lupus anticoagulant, anticardiolipin antibody).

Biochemical (homocysteine, drug screen).

Cardiological (24 h electrocardiography, transthoracic

and transoesophageal echocardiography, carotid

and transcranial ultrasound).

Neurological [cerebrospinal fluid (CSF) examination,

electroencephalography].

B. Primary Prevention

Confining the discussion to the role of hypertension in

stroke, the largest meta-analysis of over 1 million individ-

uals from 61 prospective observational studies has demon-

strated a clear relationship between increasing systolic and

diastolic blood pressure and stroke mortality (Fig. 17.1).

In individuals aged 40–69, each reduction of 20 mmHg

systolic blood pressure or 10 mmHg diastolic blood

pressure halved the risk of stroke mortality across the

blood pressure range 185/115–115/75 mmHg. The risk

associated with a 20 mmHg difference in usual systolic

blood pressure over the ages of 40–89 was similar world-

wide, with age-standardized hazard ratios for stroke mor-

tality of 0.49 (95% confidence level 0.48–0.51) in

Europe, 0.50 (0.47–0.53) in the United States or Australia,

and 0.42 (0.39–0.46) in Asia. Age-standardized hazard

ratios are also similar for hemorrhagic and ischemic

stroke (4).
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Figure 17.1 Stroke mortality rate in each decade of age vs.

usual blood pressure at the start of that decade for: (A) Systolic

blood pressure, (B) Diastolic blood pressure. [From Prospective

Studies Collaboration (4).]
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Isolated systolic hypertension increases in a curvilinear

fashion with increasing age. It reflects a rise in systolic

blood pressure due to decreased large arterial elasticity,

which is not accompanied by a rise in mean arterial

pressure or peripheral resistance. Therefore, the best

component of blood pressure measurement to predict car-

diovascular risk may change across a range of age groups.

For example, the Framingham Heart Study found that cor-

onary artery disease risk was best predicted by diastolic

blood pressure in individuals younger than 50 and by sys-

tolic blood pressure and pulse pressure in individuals over

60, with all three measures being comparable between 50

and 59 years of age (5).

However, there is convincing evidence from many

placebo-controlled intervention studies dating back .20

years that pharmacological treatment significantly

reduces the risk of fatal and nonfatal stroke in both com-

bined systolic–diastolic and isolated systolic hypertension

by 42% (6) and 30% (7), respectively. Furthermore, data

from the Systolic Hypertension in the Elderly Program

(SHEP) confirms that this benefit is seen in all stroke sub-

types, including ischemic, hemorrhagic, and lacunar.

The initiation of pharmacological treatment in hyper-

tensive individuals is based on a combination of blood

pressure level and cardiovascular risk. The assessment of

blood pressure level is based on a series of readings in

an appropriate environment with a validated measurement

device over a defined time period. These criteria are

clearly laid out in a number of recent guidelines (8,9).

It is noted that consideration may be given to introdu-

cing antihypertensive treatment at “normal/prehyperten-

sive” blood pressure levels; for example, systolic levels

of 120–139 mmHg and diastolic levels of 80–89 mmHg.

This is based on the publication of a number of recent

trials highlighting the potential benefits of antihypertensive

therapy in normotensive individuals at high cardiovascular

risk because of associated stroke [Perindopril pROtection

aGainst REcurrent Stroke Study (PROGRESS)], coronary

artery disease [Heart Outcomes Prevention Evaluation

study (HOPE)], or diabetes (ABCD-Normotensive). Fur-

thermore, the Framingham Heart Study reports that male

and female subjects with high normal blood pressure

(130–139/85–89 mmHg) have a risk-factor-adjusted

hazard ratio for 10 year cardiovascular disease of 1.6

(1.1–2.2) and 2.5 (1.6–4.1), respectively, compared with

individuals with optimal blood pressure control (10).

After the exclusion of secondary causes of hyperten-

sion, assessing cardiovascular risk depends on the presence

of risk factors and the evaluation of target organ damage

and associated co-morbid conditions. Cardiovascular

disease risk factors include blood pressure level, age,

gender, smoking, dyslipidaemia, family history of prema-

ture cardiovascular disease, abdominal obesity, and

C-reactive protein. Target organ damage is based on the

assessment of left ventricular hypertrophy by electrocar-

diographic voltage criteria or elevated echocardiographic

left ventricular mass index, carotid ultrasonographic

intima-media thickening or atherosclerotic plaque, elev-

ated serum creatinine, and microalbuminuria. Important

co-morbid conditions include diabetes mellitus, cerebro-

vascular disease, heart disease, renal disease, peripheral

vascular disease, and advanced retinopathy.

Depending on the degree of cardiovascular risk deter-

mined by the above assessments, a number of treatment

strategies are recommended. However, lifestyle measures

should be instituted in all patients, including smoking

cessation, alcohol moderation (2–4 mmHg), weight

reduction (5–20 mmHg/10 kg weight loss), physical

exercise (4–9 mmHg), reduced salt intake (2–8 mmHg),

and dietary modifications to reduce total and saturated

fat and increase fruits and vegetables (8–14 mmHg)—

the figures in parentheses relate to approximate systolic

blood pressure reduction (9).

Education is also an important component of nonphar-

macological management. The Health Survey of England

has shown that only 50% of hypertensive patients are

aware of their condition, with even poorer uptake of treat-

ment and control (11). Regarding pharmacological treat-

ment, this should be initiated promptly in all high-risk

and very high-risk individuals, although a further period

of blood pressure observation over at least 3 months is rec-

ommended in subjects at moderate or low risk. In those

subjects at moderate risk who remain hypertensive (systo-

lic �140 mmHg or diastolic �90 mmHg), antihyperten-

sive treatment should subsequently be initiated though

intervention at other levels may be guided by patient pre-

ference and local resource issues.

Of course, the ultimate goal of the therapeutic manipu-

lation of blood pressure is to reduce long-term total cardi-

ovascular morbidity and mortality. Two specific questions

arise in relation to stroke prevention:

What is the blood pressure target?

What antihypertensive agents provide the best

protection?

1. Blood Pressure Target

There have been only a very few trials that compare inten-

sive vs. less intensive blood-pressure-lowering regimes,

and these appear to favor more intensive strategies for

blood pressure lowering, particularly in reducing the risk

of fatal and nonfatal stroke by 23% (5–37), as well as

reducing all major cardiovascular events by 15% (5–24)

(12). Assuming the benefits in reduced stroke arise only

from the blood pressure level achieved rather than from

the antihypertensive agent used, the PROGRESS trial

has shown that a blood pressure level of 132/79 mmHg

in the active arm compared with 141/83 mmHg in the
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placebo arm (where 51% of patients received antihyper-

tensive treatment) significantly reduced recurrent stroke

rates. In addition, the lower systolic blood pressure

achieved in the chlorthalidone-treated subject in the Anti-

hypertensive and Lipid-Lowering Treatment to Prevent

Heart Attack Trial (ALLHAT) study compared to either

the doxazosin- or lisinopril-treated subjects in this study

suggests that levels of 134 mmHg rather than 136 mmHg

may be safer in terms of reduced stroke rates.

Overall, more intensive strategies may result in a 23%

greater relative reduction in stroke risk, a benefit obtained

with relatively moderate additional systolic and diastolic

blood pressure reductions of 4/3 mmHg (12). Therefore,

current guidelines recommend that blood pressure be

lowered to a target of ,140/90 mmHg (,130/
80 mmHg in diabetics), although they acknowledge that

these targets may be difficult to achieve, particularly in

the elderly (8,9).

2. Choice of Antihypertensive Agent

More recently, a number of clinical trials have compared

different classes of antihypertensive therapy, in particular

old (diuretics, b-blockers) vs. new (calcium channel

antagonists, angiotensin converting enzyme inhibitors,

angiotensin receptor antagonists, a-blockers).

In a recent meta-analysis of nine trials randomizing

67,435 patients, calcium antagonists may provide slightly

better protection compared with older drugs, with an odds

ratio for fatal and nonfatal stroke of 0.92 (0.84–1.01) (13).

In a further analysis of five trials comparing 46,553

patients receiving an angiotensin-converting enzyme

(ACE) inhibitor compared to older drugs, slightly less pro-

tection was provided by the ACE inhibitor, with an odds

ratio of 1.10 (1.01–1.20), although this may have reflected

the 40% higher stroke risk in African-American individ-

uals and the lower blood pressure reduction in the lisino-

pril arm of ALLHAT. However, the Second Australian

National Blood Pressure trial found that in Caucasian

men on an ACE inhibitor compared to a diuretic-based

regime, there were better cardiovascular outcomes, with

a hazards ratio of 0.83 (0.71–0.97) (14).

Furthermore, other trials of antihypertensive agents

acting on the renin–aldosterone system have published

in favor of these agents. The Losartan Intervention for

Endpoint (LIFE) reduction in hypertension study reported

a significant 25% reduction in fatal and nonfatal stroke in

hypertensive patients with left ventricular hypertrophy

treated with losartan compared to atenolol over a 4.8

year follow-up period. The Study on Cognition and Prog-

nosis in the Elderly (SCOPE) trial also reported a 28%

reduction in nonfatal stroke only in elderly hypertensive

patients receiving candesartan compared to a placebo,

although 84% of placebo treated patients were receiving

antihypertensive therapy (diuretics, b-blockers, or

calcium antagonists).

The most recent Blood Pressure Lowering Treatment

Trialists’ Collaboration of over 162,000 patients has

concluded an odds ratio for fatal and nonfatal stroke

of 1.09 (1.00–1.18) for ACE inhibitors vs. diuretics or

b-blockers, 0.93 (0.86–1.00) for calcium antagonists vs.

diuretics/b-blockers, and 1.12 (1.01–1.25) for ACE

inhibitors vs. calcium antagonists (12).

In summary, the current guidelines recommend that

treatment should be commenced with low-dose monother-

apy. Provided the agent is tolerated, it is likely that most

patients will require the dose to be increased or alternative

therapy added to achieve target blood pressure.

Although specific antihypertensive drug classes may

benefit special patient groups—for example, congestive

cardiac failure, diabetic and nondiabetic nephropathy, pre-

vious cerebrovascular disease—the overriding principle of

antihypertensive treatment is that lowering blood pressure

per se rather than starting with a particular agent is import-

ant. In most cases, thiazide-type diuretics should be used

in drug treatment for most patients with uncomplicated

hypertension, either alone or in combination (8,9).

C. Acute Stroke

Blood pressure changes are a recognized complication of

acute stroke, with .50% of patients having hypertensive

(�160 mmHg) levels and �5% having hypotensive

(,120 mmHg) levels (15). In addition, up to 40% of

acute stroke patients are already receiving antihypertensive

therapy on hospital admission. However, the management

of post-stroke blood pressure changes has remained a

matter of some debate, and significant differences in clini-

cal practice have been reported, most notably in the conti-

nuation of antihypertensive therapy, the initiation of new

antihypertensive therapy, and the use of inotropic support.

Nonetheless, post-stroke blood pressure changes may

not be benign. The International Stroke Trial Collaborative

Group analysed blood pressure data from some 17,398

ischemic stroke patients within 48 h of ictus, and they

reported an increased risk of early (2 weeks) death by

17.9% for every 10 mmHg fall in systolic blood pres-

sure ,150 mmHg and by 3.8% for every 10 mmHg

.150 mmHg.

However, there are theoretical reasons against thera-

peutic interventions to manipulate blood pressure in the

acute stroke period (16). The natural history is for a spon-

taneous reduction in blood pressure levels over a period of

4–10 days. There are also impairments in dynamic cer-

ebrovascular autoregulation post-stroke, such that cerebral

blood flow becomes dependent on systemic blood pressure

levels, and any reduction in the latter may have potential

adverse consequences for penumbral viability. Finally,
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there is mounting evidence for impaired autonomic

nervous system control of the cardiovascular system fol-

lowing acute stroke, which further adversely affects the

physiological responses to systemic blood pressure

changes and may again affect penumbral viability.

Equally, sustained or therapeutically induced hypertension

may also be harmful by increasing cerebral edema and the

likelihood of symptomatic hemorrhagic transformation.

Unfortunately, there is currently only limited evidence

from controlled clinical trials of blood pressure manipu-

lation in the acute stroke period, and this has been recently

reviewed (16–18).

The most extensively examined hypotensive agents are

the calcium antagonists, which may have a cerebroprotec-

tive effect by limiting post-ischemic intracellular calcium

influx, the result of which is increased cerebral blood flow

by a preferential vasodilatory action on cerebral blood

vessels. Horn et al. identified 47 trials assessing calcium

antagonist use in acute ischemic stroke, including 29

trials of 7,665 patients in their systematic review. No

effect of calcium antagonists on poor outcome (1.04,

0.98–1.09) or death (1.07, 0.98–1.17) at the end of

follow-up was reported (19).

Although b-blockers theoretically may be of benefit by

limiting catecholamine-induced cardiac and neurological

damage and by reducing the metabolic demands of

ischemic brain, in a placebo-controlled trial of 302 patients

within 48 h of a stroke, Barer and colleagues reported a

nonsignificant increase in mortality and decrease in neuro-

logical and functional outcome at 6 months with atenolol

and propranolol compared to a placebo.

There is preliminary evidence to support the further

assessment of three classes of antihypertensive therapy.

Agents acting on the renin–angiotensin system shift the

lower limit of cerebrovascular autoregulation and, there-

fore, can also improve regional cerebral blood flow at low

perfusion pressures. The Acute Candesartan Cilexetil

Therapy in Stroke Survivors (ACCESS) study evaluated

the use of an angiotensin receptor antagonist in hypertensive

(.180/105 mmHg) acute ischemic stroke patients, com-

paring acute (,72 h) vs. delayed (.7 days) intervention.

This study reported a significant reduction in 12 month mor-

tality and cardiovascular events in favor of candesartan,

odds ratio 0.48 (0.25–0.90) (20). Labetalol, a combined

a- and b-adrenergic antagonist, can be administered both

intravenously and orally, producing minimal changes in

heart rate and cardiac output without rebound hypertension

on discontinuation and without producing tachyphylaxis.

Preliminary data from the National Institute of Neurological

Disorders and Stroke (NINDS) trial reported a significant

reduction in the odds ratio of death at 3 months in treated

when compared with untreated hypertensive patients

(�185/110 mmHg) in the placebo arm of this intravenous

thrombolysis trial (0.1, 0.1–0.7) (21).

Finally, nitrates have many actions that may potentially

reverse a number of the detrimental pathophysiological

changes associated with acute stroke: cerebral vasodilata-

tion, antiplatelet, antileucocyte, and N-methyl-D-aspartate

receptor antagonism. A small study with transdermal

nitrate has demonstrated a significant blood pressure

reduction when compared with placebo in acute ischemic

stroke patients.

These agents are the subjects of ongoing clinical trials

(16). The Efficacy of Nitric Oxide in Stroke (ENOS)

trial aims to recruit up to 5000 patients within 48 h of

ischemic and hemorrhagic stroke. This study will assess

the effects of transdermal glyceryl nitrate vs. placebo

and the continuation vs. the discontinuation of current

antihypertensive therapy during the first week following

ictus.

Whether or not current antihypertensive therapy should

be continued or stopped, a problem in 40% of acute stroke

patients, is also being assessed in the Continue or Stop

post-Stroke Antihypertensives Collaborative Study

(COSSACS) over a 2 week treatment period. This study

aims to recruit 2900 patients within 24 h of the onset of

an ischemic or hemorrhagic stroke. The study also will

assess the effects of age in two age groups (patients ,75

years in age vs. patients .75 years in age).

Finally, the Controlling Hypertension and Hypotension

Immediately Post Stroke (CHHIPS) Trail will assess both

nondysphagic and dysphagic hypertensive (systolic blood

pressure �160 mmHg) patients recruited within 24 h of

ischemic or hemorrhagic stroke onset in a randomized,

double-blind, placebo-controlled, step-therapy trial with

lisinopril (given orally or sublingually) or labetalol

(given orally or intravenously) treatment for a 2 week

period. The effects of stroke type, stroke severity, and

time to treatment will be assessed.

The CHHIPS trial also will assess the effects of blood

pressure elevation on outcome in hypotensive (systolic

blood pressure �140 mmHg) patients recruited within

12 h of nonhemorrhagic stroke and treated with intrave-

nous phenylephrine or placebo for up to 24 h after onset.

Although a less common clinical problem, post-stroke

hypotension is associated with increased mortality.

Induced hypertension is a standard treatment for cerebral

ischemia in patients with vasospasm after subarachnoid

hemorrhage, and increasing blood pressure levels in

stroke patients with low systemic blood pressure could

reduce focal cerebral injury by increasing intraluminal

hydrostatic pressure, opening collateral channels, and

improving perfusion to penumbral ischemic tissue.

However, there is limited evidence using hypervolaemia

or inotropic therapy with dobutamine, phenylephrine,

and noradrenaline in acute stroke patients. In addition,

increased odds of combined death and disability have

been reported in a placebo-controlled study of 85 patients
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treated with diaspirin cross-linked hemoglobin to increase

blood pressure for 72 h following ischemic stroke (22).

Therefore, current guidelines recommend introducing

acute antihypertensive therapy for only a few specific indi-

cations following acute stroke (23):

Hypertensive encephalopathy (This condition, whether

in the context of acute stroke or not, is a medical

emergency. Its management is considered separately

in a later chapter).

Cardiac urgencies (e.g., acute myocardial infarction,

unstable angina, severe left ventricular failure).

Vascular urgencies (e.g., aortic dissection).

Severe hypertension (.200/120 mmHg) in association

with intracerebral hemorrhage.

D. Secondary Prevention

In individuals surviving stroke, the risk of recurrent fatal

and nonfatal stroke and other cardiovascular events (cardi-

ovascular death, nonfatal myocardial infarction) is high. In

particular, community studies of patients post-stroke have

demonstrated that hypertension is associated with an

increased risk of stroke recurrence, although other

studies have reported either no relationship or a J-shaped

relationship. Rodgers et al. (24) reported that each

10 mmHg reduction in systolic blood pressure was associ-

ated with a 28% lower risk of stroke in 2435 clinically

stable individuals with a history of minor ischemic

stroke or transient ischemic attack.

Nonetheless, although the management of acute stroke

blood pressure changes remains the subject of ongoing

study, the prevention of recurrent stroke by blood pressure

reduction has now been clearly established from a number

of trials assessing the relative merits of antihypertensive

therapy following stroke (Table 17.1).

Initial studies focused on exclusively hypertensive

patients; later studies have included both hypertensive

and normotensive stroke survivors. The secondary preven-

tion of recurrent cerebrovascular disease [Fig. 17.2(A)] and

other major cardiovascular events [Fig. 17.2(B)] by anti-

hypertensive therapy is increasingly established in both

patient groups. The larger, more recent, trials have

assessed a number of antihypertensive strategies, inclu-

ding b-blockers alone [the Dutch TIA trial (Dutch TIA),

Tenormin after Stroke and TIA study (TEST)], a diuretic

alone [Post-Antihypertensive Treatment Study (PATS)],

and an ACE inhibitor alone (HOPE, PROGRESS) or an

ACE inhibitor with a diuretic (PROGRESS) (16,25).

The PATS study assessed the diuretic indapamide in a

placebo-controlled trial of 5665 normotensive and hyper-

tensive Chinese patients .4 weeks after transient ischemic

attack (12%), ischemic (71%), or hemorrhagic (16%)

stroke onset. Significant reductions were reported: 29%

in fatal and nonfatal stroke recurrence and 23% in major

cardiovascular events. At this stage, the Individual Data

Analysis of Antihypertensive intervention trials

(INDANA) Project Collaborators were able to include in

their meta-analysis data from stroke and transient ischemic

attack patients recruited to a number of hypertension trials,

including the European Working Party on High Blood

Pressure in the Elderly (EWPHE), Coope & Warrender-

1986 (Coope), Hypertension Detection and Follow-up

Program (HDFP), Multiple Risk Factor Intervention

Trial (MRFIT), SHEP, and Swedish Trial in Old Patients

with Hypertension (STOP-Hypertension) trials, as well

as the Carter and the Hypertension-Stroke Cooperative

Study Group (HSCS) data (26). They concluded that anti-

hypertensive therapy reduced the risk of stroke recurrence

Table 17.1 Placebo-Controlled Trials of Blood Pressure Reduction Following Stroke

Trial Year n

Mean entry

blood pressure

(mmHg)

Time

post-stroke

(weeks)

Mean blood

pressure change

(mmHg)

Active

treatment

Mean

follow-up

(years)

Carter 1970 97 .160/110 .2 ? D/MD/GB 4

HSCS 1974 452 167/100 .4 25/12 D/Des 3

Dutch TIA 1993 1473 158/91 .1 8/3 BB 2.6

TEST 1995 720 161/89 .1 4/3 BB 2.3

PATS 1995 5665 154/93 .4 6/3 D 2

HOPE 2000 1013 138/79 .4 3/2 ACE 4.5

PROGRESS 2001 6105 147/86 .4 12/5 (ACEþD)

5/3 (ACEI)

ACE + D 3.9

Note: TIA, Transient ischemic attack; D, Thiazide diuretic; MD, methyldopa; GB, ganglion blocking agent (debrisoquine, bethanidine); Des, deserpidine;

BB, b-blocker; ACE, Angiotensin-converting enzyme inhibitor; Dutch TIA, Dutch transient ishemic attack; HSCS, Hypertension-Stroke Cooperative

Study Group; TEST, Tenormin after Stroke and TIA study; PATS, Post-Antihypertensive Treatment Study; HOPE, Heart Outcomes Prevention Evaluation

study; PROGRESS, Perindopril pROtection aGainst REcurrent Stroke Study.
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by 28% in stroke survivors, but it was unclear whether

such benefit depended on initial blood pressure level.

However, subsequent trials have addressed the issue of

managing blood pressure in normotensive stroke survi-

vors, as well as the role of alternative antihypertensive

agents. The Dutch TIA trial of 1473 patients who experi-

enced either a transient ischemic attack (32%) or a nondi-

sabling ischemic stroke (68%) assessed the effects of

atenolol 50 mg vs. a placebo within 3 months of

symptom onset, although only 20% of patients were

assigned to active treatment within 1 week of ictus. A non-

significant 16% reduction was seen in fatal and nonfatal

stroke recurrence, but there was a 4% increase in major

cardiovascular events during the mean 2.6 year follow-

up period. The TEST study also assessed the effects of

50 mg of atenolol vs. the effect of a placebo on major car-

diovascular events and on fatal and nonfatal stroke recur-

rence in 720 hypertensive (.140/80 mmHg) patients

within 3 weeks of ischemic (58%) and hemorrhagic

(4%) stroke or transient ischemic attack (19%), reporting

a nonsignificant 15% reduction and 1% increase over a

mean 2.3 year follow-up period. The PROGRESS trial

assessed the ACE inhibitor, perindopril, with or without

indapamide compared to placebo in 6105 normotensive
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Figure 17.2 Meta-analysis of the effects of antihypertensive therapy following stroke: (A) Fatal and nonfatal stroke recurrence,

(B) Major cardiovascular events (nonfatal stroke, nonfatal myocardial infarction, vascular death). [From Robinson and Potter (16)

with permission.]
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and hypertensive patients with ischemic (71%) or hemor-

rhagic (11%) stroke or transient ischemic attack (22%),

although only 25% of patients were recruited within 2

months of the index event. Overall, there was a relative

risk reduction of 28% in stroke and 26% in major vascular

events during a 4 year period of follow-up. Although these

benefits remained significant for important subgroups,

including hypertensive vs. nonhypertensive and ischemic

vs. hemorrhagic patients, patients who received an ACE

inhibitor alone realized only a benefit of a 6% reduction

in stroke and a 5% reduction in major cardiovascular

events. Similarly, the HOPE study of the ACE inhibitor

ramipril demonstrated only a nonsignificant reduction of

15% in fatal and nonfatal stroke recurrence in the sub-

group of 1013 patients with a history of stroke .4

weeks previously.

Therefore, a number of trials now point to the singular

advantages of agents acting on the renin–angiotensin

system in stroke patients. The HOPE study achieved a sig-

nificant risk reduction in all cardiovascular outcomes in

the entire study population, although only modest blood

pressure reductions were seen. This observation may be

explained by the prevention of angiotensin-II mediated

effects on the promotion of atherosclerosis (increased

smooth muscle cell lipoxygenase activity, hypertrophy

and proliferation, macrophage activation, cytokine pro-

duction, inflammatory cell adhesion, chemotaxis, fibro-

blast growth) and thrombosis (increased plasminogen-

activator inhibitor type 1 and platelet activation and aggre-

gation), although doubts have been expressed about the

timing of blood pressure measurement in relation to treat-

ment within the HOPE study. However, the LIFE and

SCOPE studies with the angiotensin receptor antagonists

losartan and candesartan, respectively, have similarly

reported a 25% all stroke and 28% nonfatal stroke

reduction, respectively. PROGRESS, the largest trial that

consisted exclusively of stroke patients, clearly indicates

the importance of the additional use of a diuretic, with a

6% reduction in total stroke in the group treated with peri-

ndopril alone compared with a 45% reduction in the group

treated with the perindopril-diuretic combination.

Further trials are ongoing and will provide more evi-

dence regarding specific blood pressure-lowering treat-

ment strategies in stroke patients. The SHARK trial

recruited 3883 hemorrhagic and acute-phase stroke

patients between 1995 and 1999, although the trial sub-

sequently enrolled only 65 hypertensive patients .1

month after ischemic stroke. Patients received either nilva-

dipine, cilazapril or no antihypertensive therapy; only

four patients had an outcome event by the end of

follow-up in 2002. The final data are still unavailable.

The ONTARGETTM trial will assess cardiovascular end-

points in 23,400 symptomatic atherothrombotic patients,

including stroke patients, randomized to telmisartan

(80 mg), ramipril (10 mg), or a combination over a

follow-up period of 5.5 years. The sister study of the

latter trial, the TRANSCENDTM trial, will examine 6000

patients who are ACE inhibitor-intolerant. The Morbidity

and Mortality After Stroke—Eprosartan Compared with

Nitrendipine in Secondary Prevention (MOSES) study

will assess all cardiovascular outcomes in up to 4000

patients treated with eprosartan or nitrendipine for

2 years and recruited within 24 months of ischemic or

hemorrhagic stroke. The PRoFESSw trial started recently;

it compares telmisartan to a placebo and aspirin to

dipyridamole MR twice daily vs. aspirin and clopido-

grel in a randomized, parallel group, double-blind,

double-dummy, placebo-controlled study of 15,500

patients recruited within 90 days of ischemic stroke. The

primary outcome measure will be the time to first recurrent

stroke.

In the light of the results from current trials, it is rec-

ommended that patients with a history of stroke or transi-

ent ischemic attack should have their blood pressure

reduced, provided there is no contraindication to anti-

hypertensive therapy. However, therapy should not be

started until at least one week after stroke onset (25).

Furthermore, blood pressure reduction should be attem-

pted in both normotensive and hypertensive patients, pro-

vided such blood pressure reduction is tolerated by the

patient (12). A number of antihypertensive agents have

been studied in these clinical trials, but there seems to be

particular benefit in the use of a combination of diuretic

and ACE inhibitor.

Although it is not the subject of this chapter, it is also

important to mention the importance of addressing other

risk factors in the secondary prevention of stroke, includ-

ing lifestyle factors, atrial fibrillation, carotid artery steno-

sis, dyslipidaemia, and other co-morbidities. In addition,

the role of antithrombotic therapy is critically important

in the secondary prevention of recurrent stroke in ischemic

stroke patients. Readers are referred to the plethora of

international and national guidelines on these issues (27).

III. COGNITIVE IMPAIRMENT AND DEMENTIA

The WHO definition of dementia describes “a syndrome

due to disease of the brain, usually of a chronic or pro-

gressive nature in which there is disturbance of multiple

higher cortical function including memory, thinking,

orientation, comprehension, calculation, learning capacity,

language, and judgment. Consciousness is not clouded.

The impairments of cognitive function are commonly

accompanied, and occasionally preceded by deterioration

in emotional controls, social behavior or motivation.”

Although this definition has been adapted in various state-

ments and by various associations, it is essential to
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recognize that dementia has a detrimental influence on

activities of daily living, and it is this factor that dis-

tinguishes dementia from cognitive impairment per se.

Furthermore, although there are a number of key elements

common to all diagnostic criteria, the importance of some

components may differ. For example, disturbances of con-

sciousness may be present in vascular dementia; early cog-

nitive changes may be focal rather than global. Not all

cases of dementia progress. However, dementia is one of

the leading causes of disability in developed countries,

and it is likely to become a significant and increasing

burden for health and social service providers with the

increasing age of the global population. An estimated 29

million individuals worldwide are affected, with an

annual incidence rate of 2.6 million cases (28).

The Framingham Heart Study cohort provided the first

clear evidence of a relationship between hypertension and

cognition in an aging population. Over a follow-up period

of up to 15 years, subjects .75 years of age were more

likely to have better cognitive performance if they did

not have combined systolic–diastolic hypertension or iso-

lated systolic hypertension (29). These findings have been

supported by the 25 year observational Honolulu-Asia

Aging Study (HAAS), which confirmed an association

between increased midlife systolic blood pressure and

late-life cognitive impairment. In a 15 year longitudinal

population study of 973 subjects who were 70-year old,

Skoog and colleagues (30) were able to comment on

the relationship between blood pressure and dementia

subtypes. Subjects developing dementia at the ages of

79–85 had higher blood pressure at age 70 than

those not developing dementia: 178/101 mmHg vs. 164/
92 mmHg, respectively. Furthermore, both subjects devel-

oping Alzheimer’s disease and vascular dementia exhib-

ited diastolic hypertension compared with those not

developing dementia: 101 mmHg at age 70 and

101 mmHg at age 75, respectively. Therefore, longitudinal

studies do support an association between mid-life hyper-

tension and late-life cognitive decline.

The role of hypertension as a risk factor for stroke has

already been considered; and stroke may be associated

with cognitive impairment, dementia, and other psychiatric

manifestations (e.g., depression) as a consequence of mul-

tiple cortical infarcts, a single “strategic” infarct, or multiple

lacunar infarcts. Furthermore, hypertension and, indeed,

aging may also produce partial and complete small-vessel

occlusion resulting in white matter lesions and lacunar

infarcts with associated cognitive impairment and dementia.

In the following sections, we will review the recognized

clinical syndromes, in particular the relationship with

hypertension, and the clinical assessment of the patient

with cognitive impairment. Then we will review the role

of antihypertensive therapy in managing cognitive impair-

ment and dementia. Finally, we will briefly consider the

role of hypertension and antihypertensive therapy in

other dementias, including Alzheimer’s disease.

A. Clinical Syndromes

The term vascular cognitive impairment can be used to

define cognitive impairment, including vascular dementia,

in which vascular pathology either causes or makes a sub-

stantial contribution to the cognitive impairment. Vascular

dementia is the second most common type of dementia,

accounting for some 10–50% of cases depending on

geography, patient population, and ascertainment

methods. A number of distinct syndromes can then be

identified, although the clinical and neuroradiological cri-

teria to distinguish between specific subtypes of vascular

cognitive impairment remain the subject of ongoing

review and harmonization. However, in all cases, it is

important to recognize these syndromes at the earliest

possible stage, when modification of risk factors may

influence long-term outcome (31).

Multi-infarct dementia reflects the traditional view that

stroke-related dementia is a consequence of multiple cor-

tical infarcts [Fig. 17.3(A)]. The typical pattern, originally

described by Hachinski et al. (32) is manifested by a

sudden onset with a fluctuating course thereafter, with an

overall progressive stepwise decline. In particular, there

is a history of stroke and vascular risk factors, especially

hypertension, with the presence of focal neurological

symptoms and signs associated with complaints of noctur-

nal confusion, depression, and emotional lability, but rela-

tive preservation of personality. However, cognitive

performance may also be affected following stroke by a

single infarct in a brain structure critical for memory,

termed a strategic or bottleneck infarct [Fig. 17.3(B)].

More typically, vascular cognitive impairment is

related to chronic, diffuse, partial, or occlusive small-

vessel disease resulting in predominantly subcortical

white matter ischemia [Fig. 17.3(C)], Binswanger type)

reflecting areas of focal arteriosclerosis, demyelination,

and astrogliosis, which may progress to frank lacunar

infarction(s) [Fig. 17.3(D), lacunar state type]. This

reflects loss of brain tissue in order of its susceptibility

to ischemia: neuron, oligodendrocyte, myelinated axon,

astrocyte, and endothelial cell. The clinical onset is fre-

quently insidious, and it is often difficult to define the tem-

poral relationship between symptoms, neuroimaging

changes, and stroke. These subcortical changes frequently

damage fronto-subcortical circuits, leading to clinical

manifestations confined to specific cognitive deficits,

such as attention, concentration, and loss of executive

function (slowing of motor performance, information pro-

cessing, decision-making, or self-perception), as well as

symptoms and signs of depression, emotional lability,
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and apathy. Episodic memory is often relatively well

preserved compared with Alzheimer’s disease patients.

It should be noted that white matter lesions are fre-

quently identified on brain magnetic resonance imaging

of asymptomatic individuals. The prevalence of such

lesions increases dramatically with age, such that they

are a common finding in the elderly, where 70% of the

population may be affected. Their etiology in this context

is unclear, but they often occur in the context of recognized

vascular risk factors—for example, hypertension—where

they may relate to poorer clinic and 24 h blood pressure

control (33) and increase the likelihood of future cognitive

impairment (30). They also have important noncognitive

consequences, including depression, gait disorder, imbal-

ance, and urinary symptoms.

Hemorrhagic dementias are recognized but uncommon.

Hypertensive hemorrhage typically occurs in subcortical

regions (basal ganglia, thalamus). The cerebral amyloid

angiopathies are characterized by amyloid deposition in

the leptomeningeal and cerebral cortical blood vessel

wall. Clinical features include recurrent or multiple lobar

hemorrhages and cognitive deterioration, with neuroima-

ging evidence of focal hemorrhagic and ischemic lesions

with diffuse white matter changes. Cerebral hypoperfu-

sion, particularly in the context of coronary artery

bypass grafting, has also been recognized as a cause of

vascular cognitive decline and may affect up to 40% of

patients (34). This may be related to reduced cerebral per-

fusion during cardiac manipulation or to release of micro-

embolic plaque material following aortic unclamping.

Finally, mixed dementias, which are characterized by a

combination of Alzheimer’s disease with stroke often are

the rule rather than the exception. These, together with

the importance of vascular risk factors in Alzheimer’s

disease, will be considered later in this chapter.

B. Clinical Assessment

There are two main aspects to the clinical evaluation

of patients with vascular cognitive impairment and

Figure 17.3 Magnetic resonance imaging scans of patients with vascular dementia showing: (A) Multiple cortical infarcts (axial T2

sequence), (B) Single “strategic” cortical infarct (axial DWI sequence), (C) Extensive white matter lesions (axial T2 sequence),

(D) Lacunar infarction (axial T2 sequence).
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dementia: the symptomatic diagnosis and the etiological

diagnosis. The traditional clinical skills required to under-

take a detailed clinical and neurological history and exam-

ination are central to evaluating the type and extent of

cognitive impairment, the symptomatic diagnosis. These

should include an assessment of social functions and per-

sonal and domestic activities of daily living, as well as an

assessment of psychiatric and behavioral symptoms. In

particular, the importance of a history provided by a care-

giver or relative cannot be overestimated. However, a

more detailed mental state and neuropsychological exam-

ination is also clearly indicated. The Folstein Mini-Mental

State Examination (MMSE) is commonly used, but it has

some limitations because of its emphasis on language and

its insensitivity for mild deficits, and it also is influenced

by age and education. Other tests commonly rec-

ommended are a four- to ten-word memory test with

delayed recall, a cube drawing test, a verbal fluency test,

and a letter cancellation test. More detailed neuropsycho-

logical testing may also be required, which should cover

the main cognitive domains of short- and long-term

memory, abstract thinking, judgment, aphasia, apraxia,

agnosia, orientation, attention, executive functions, and

speed of information processing.

Aspects of the clinical history and examination, includ-

ing neurological and cardiovascular, will also contribute to

the evaluation of the vascular cause and related factors, the

etiological diagnosis. The calculation of specific scores

(e.g., the Hachinski Ischemic Score) has previously been

recommended. However, vascular dementia has more

causes than a multi-infarct state, and these scores cannot

distinguish Alzheimer’s disease patients with stroke from

vascular dementia; therefore, their utility is increasingly

limited. Neuroradiological imaging, preferably with mag-

netic resonance imaging unless there is a contraindication,

is essential as part of the diagnostic work-up. White matter

changes include extensive periventricular and deep

lesions, typically affecting the genu or anterior limb of

the internal capsule, anterior corona radiata, and anterior

centrum semiovale. Lacunar infarcts are typically ident-

ified in the caudate nucleus, globus pallidus, thalamus,

internal capsule, corona radiata, and frontal white matter.

Other routine laboratory tests, including chest radiology

and electrocardiography, are important in assessing vascu-

lar risk factors, but also to exclude other causes of demen-

tia. Individual cases may require CSF examination,

electroencephalography, single photon emission computed

tomography, and more detailed cardiac investigation

(echocardiography, 24 h electrocardiography, and ultra-

sound examination of the extra-cranial and intra-cranial

arterial circulation).

C. Role of Antihypertensive Therapy in
Managing Cognitive Impairment
and Dementia

The Framingham Heart Study cohort reported that there

was a stronger association between hypertension and cog-

nitive dysfunction in untreated hypertensive subjects than

in treated elderly hypertensive subjects after a 20-year

follow-up period. The Epidemiology of Vascular Aging

(EVA) study observed 1389 patients over a 4-year

follow-up period. The study reported that untreated hyper-

tensive subjects were more likely to exhibit cognitive

decline, as measured by a greater than four-point deterio-

ration in the MMSE score when, compared with normoten-

sive subjects with a reported relative risk of 4.3 (2.3–8.0).

This compared to a relative risk of 1.3 (0.3–3.9) for treated

hypertensive subjects compared to normotensive subjects.

Subsequently, a number of placebo-controlled trials

have assessed the role of antihypertensive therapy in arrest-

ing cognitive decline in hypertensive subjects (Table 17.2).

The Systolic Hypertension in Europe (Syst-Eur) trial

reported a 50% reduction in dementia cases in the active

treatment compared with the placebo group over a 3.9

year follow-up period, quoting a reduction from 7.4 to

3.3/1000 patient-observation years. The Kungsholmen

Project also reported a nonsignificant reduction in the

Table 17.2 Placebo-Controlled Trials of the Effects of Blood Pressure Reduction on Cognitive Function

Study Year

Number of

patients

Entry criteria

Treatment

Follow-up

(years)Age (years) BP (mmHg)

SHEP 1994 4736 �60 �160/,90 D, BB 5

MRC Older People 1996 2583 �65 �160/,115 D, BB 4.5

Kungsholmen Project 1999 1810 �75 �160/95 D 3

PROGRESS 2001 6105 No specified criteria D, ACE 4

Syst-Eur 2002 2418 �60 �160/,95 CCB, D, ACE 3.9

SCOPE 2003 4964 �70 �160/90 A-II 3.7

Note: MRC Older People, Medical Research Council; SHEP, Systolic Hypertension in the Elderly Program; PROGRESS, Perindopril pROtection

aGainst REcurrent Stroke Study; Syst-Eur, Systolic Hypertension in Europe; SCOPE, Study on Cognition and Prognosis in the Elderly; D, Thiazide diure-

tic; BB, b-blocker; ACE, Angiotensin-converting enzyme inhibitor; CCB, Calcium channel blocker; A-II, Angiotensin receptor antagonist.
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relative risk of dementia of 0.6 (0.3–1.2) in active subjects

compared to placebo-treated hypertensive patients over a 3

year follow-up period. However, the majority of trials have

not demonstrated significant differences in cognitive per-

formance or dementia rates in treated hypertensive subjects

compared to placebo controls, although this may reflect the

age of subjects who were recruited, the duration of treat-

ment and follow-up, the cognitive tests used, and the

blood pressure changes achieved (35).

The effects of diuretic, predominantly thiazide, antihy-

pertensive therapy on cognitive function have been exten-

sively studied in about 8000 patients recruited to 13 trials.

However, diuretics were rarely used alone; they were often

used in combination with an ACE inhibitor, b-blocker, or

calcium antagonist therapy. Although well tolerated,

diuretic therapy appeared to have no positive or negative

effects on cognitive function and is, therefore, not the anti-

hypertensive drug therapy of choice to prevent cognitive

impairment. Similarly, b-blockers have been studied in

13,000 patients in 19 trials without overall significant

effect, although some improvement has been noted with

selective b-1 therapy and deterioration with propranolol

(35). Improvements in MMSE scores were initially

reported with angiotensin receptor antagonists in a trial

of 69 elderly hypertensive patients comparing losartan

with hydrochlorothiazide, although the subsequent assess-

ment of candesartan in the larger placebo-controlled

SCOPE trial did not demonstrate the same benefit.

However, the use of other classes of antihypertensive

therapy is associated with positive effects on cognitive

performance. The calcium antagonists have been assessed

in 13 trials of 10,000 patients, and the positive effects of

nitrendipine on dementia rates in the Syst-Eur trial have

already been discussed. Interestingly, these agents may

have positive cognitive effects in nonhypertensive sub-

jects, but the exact mechanisms in both hypertensive

patients and nonhypertensive patients require further

assessment (36). Finally, the PROGRESS trial has been

the largest trial to assess the effects of ACE-inhibitor

therapy on cognition in recurrent stroke patients. It

reported a 34% reduction in the risk of dementia and a

19% reduction in the risk of severe cognitive decline fol-

lowing recurrent stroke defined by the Diagnostic and Stat-

istical Manual of Mental Disorders (4th Edition) and an

MMSE decline by 3 or more points, respectively (37).

At present, it would appear that calcium antagonists and

ACE inhibitors are more effective than other antihyperten-

sive agents in their effects on cognitive domains in hyper-

tensive patients, though ongoing trials will provide further

insights. In particular, the DEmentia Prevention in HYper-

tension (DEPHY) trial has been specifically designed to

assess the effects of a diuretic vs. a calcium antagonist-

based antihypertensive regime in preventing dementia as

a primary endpoint in older hypertensive patients (38).

It is also important to briefly consider the role of other

treatments. Aspirin has been evaluated in the treatment of

vascular dementia. Meyer and colleagues studied 70 multi-

infarct dementia patients treated with aspirin 325 mg com-

pared to placebo over a 3-year follow-up period, and found

that the aspirin-treated group were more likely to demon-

strate improved or stable cognitive function. This may

reflect the beneficial effects of aspirin on cerebral per-

fusion, as trials of other agents (e.g., pentoxyfilline) that

improve cerebral perfusion have also reported an improve-

ment in global, intellectual, and cognitive function in vas-

cular dementia patients. However, the most recent

Cochrane review suggests that further research is required

to investigate the effects of aspirin on cognition, behavior,

and quality of life in patients with vascular dementia (39).

Finally, cholinergic deficits have been reported in patients

with vascular dementia, and there is preliminary evidence

of cognitive benefit with the use of cholinesterase inhibi-

tors (31). The use of galantamine, a cholinesterase inhibi-

tor, compared to placebo over a 26 week period was

associated with improved cognitive performance, beha-

vioral symptomatology, and activities of daily living in a

placebo-controlled trial of probable vascular dementia

patients with and without concurrent Alzheimer’s

disease. Donepezil also improved cognition and global

function in a 24 week placebo-controlled trial of patients

with possible or probable vascular dementia.

D. Mixed Dementia and Vascular Factors in
Alzheimer’s Disease

Alzheimer’s disease and vascular dementia are the most

common causes of dementia, showing similar increases

with age; unsurprisingly, there is a considerable overlap

between them. There is also evidence of interaction

between these two pathologies, not the least of which is

that episodes of stroke will precipitate further cognitive

decline in known Alzheimer’s disease patients and may

result in the expression of a dementia syndrome in patients

with pre-existing Alzheimer lesions. In addition, up to

one-third of vascular dementia patients will have

changes consistent with a diagnosis of Alzheimer’s

disease at post-mortem. Epidemiological studies suggest

an association between risk factors linked to stroke in

the elderly, increasing the risk of Alzheimer’s disease,

specifically atherosclerosis (particularly carotid artery

plaques), hypertension, smoking, dyslipidaemia, hyperho-

mocysteinaemia, diabetes, coronary artery disease, and

atrial fibrillation (40).

Certainly, genetic factors with vascular effects play an

important role in elderly dementia. The APOE 14 allele is

unequivocally linked to nonautosomal dominant forms of

Alzheimer’s disease, and several-fold increased frequency

of this allele has been reported in middle-aged individuals
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with coronary artery disease and atherosclerosis. ApoE,

the product of the APOE gene, has a role in the progression

and the regression of atherosclerotic lesions, as well as

cholesterol metabolism. Furthermore, APOE 14 allele fre-

quency is linked to dementia risk in stroke survivors and to

extensive white matter changes on neuroimaging. Interest-

ingly, macro- and microscopic changes consistent with

hypertension-related vascular disease have been reported

in Alzheimer’s disease patients, including large and

microcerebral infarcts, periventricular white matter

lesions, cerebral amyloid angiopathy, and microvascular

degeneration, although it is uncertain whether these

changes are incidental or contribute to the pathophysiol-

ogy of Alzheimer’s disease. Further research is needed

to assess whether the modification of vascular risk

factors will alter the clinical presentation or the pro-

gression of Alzheimer’s disease directly or only through

the prevention of further strokes.

IV. CONCLUSIONS

Hypertension is a cause of significant morbidity and mor-

tality as a consequence of its effects on the extracranial and

intracranial blood supply to the brain. This chapter has

focused on two conditions, stroke and vascular dementia,

which have important consequences for total and disabil-

ity-free life expectancy. These conditions will remain a

significant consumer of health and social services

resources, particularly given the increasingly elderly popu-

lation. However, there is growing evidence for the role of

antihypertensive therapy in the primary and secondary

prevention of stroke, although questions remain about

the management of blood pressure changes common in

the acute stroke period. Furthermore, challenges remain

to improve the control of hypertension at both an individ-

ual and population level. More questions remain in

patients with vascular dementia.

The overall control of vascular risk factors superficially

appears sensible at a patient level, but significant further

research needs to be conducted to better define subtypes

of vascular dementia, the role of vascular risk modification

on disease progression and regression, the development

of disease-modifying therapies, the overlap between

Alzheimer’s disease and vascular dementia pathologies,

and in particular, the benefits of vascular risk modification,

including antihypertensive therapy, in preventing the

progression to dementia of cognitively impaired patients.
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KEYPOINTS

. Evaluation of the peripheral circulation requires

simultaneous recordings of blood pressure and

flow patterns (e.g., impedance).

. Standardized working definitions to define stiffness

indices are mandatory.

. Arterial stiffness indices should be interpreted with

caution taking into account actual, local pressure

and relevant physiological parameters: aging,
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heart rate, stroke volume, body morphology, and

reflected waves.

. Arterial stiffness indices do not only reflect intrinsic

structural vessel wall characteristics but also

changing haemodynamic conditions.

. Cardiovascular interaction (coupling) parameters

such as elastance integrate the systemic arterial

(peripheral resistance, total compliance) and left

ventricle (stroke volume and end-systolic pressure)

load.

. A high central pulse pressure and pulse wave

velocity seem to have prognostic implications for

incident hard cardiovascular endpoints over and

above classical risk factors in selected populations

of hypertension.

. It is still a matter of debate whether noninvasive

estimation of central systolic or pulse pressure start-

ing from peripheral sites requires complex transfer

functions.

. Hypertension complicated by peripheral vascular

disease implies a worse prognosis vs. uncompli-

cated hypertension.

. An even borderline reduced ankle to arm systolic

blood pressure ratio is associated with a higher

incidence of cardiovascular events.

SUMMARY

The peripheral circulation plays a key role in the process of

essential hypertension. Blood vessels may be a target

organ secondary to longstanding elevated blood pressure,

but they also harbor some of the mechanisms causing or

accelerating hypertension. In this chapter, we will deal

with vessel properties relevant to hypertension. Theoreti-

cally, description of the peripheral circulation should

imply simultaneously recorded patterns of blood pressure

and flow. In part one, we will focus on noninvasive

methodologies to define impedance, extending peripheral

resistance, and global, regional, and segmental arterial

stiffness indices of the peripheral circulation. Potential

clinical applications and limitations will be discussed

based on a background of technological aspects. For

some of the most important stiffness parameters such as

pulse pressure, pulse wave velocity, augmentation, the

relation with classical risk factors, and relevant physio-

logical parameters such as heart rate, stroke volume, and

body morphology will be analysed in more detail. For

specific settings of hypertensive populations, evidence

that central pulse pressure and pulse wave velocity are

prognostic for hard cardiovascular events, even after

adjustments for multiple risk factors, will be evaluated.

A section will be devoted to the field of cardio-vascular

interactions and coupling parameters (e.g., elastance)

integrating systemic arterial parameters (resistance and

total arterial compliance) and cardiac parameters (stroke

volume and end-systolic pressure). Additionally, we will

address noninvasive estimation of central systolic blood

pressure and central pulse pressure starting from periph-

eral observations.

In part two of this chapter, we will demonstrate that

hypertensive patients complicated by atherosclerotic occlu-

sive vascular disease (PVD) are at greater risk and empha-

size that arterial stiffness and PVD are by no means

equivalent concepts. The bad prognostic implications of

an even moderate reduction of the ratio between ankle

and brachial systolic blood pressure will be highlighted.

I. INTRODUCTION

Interest in peripheral circulation, particularly palpation of

the peripheral arterial pulse, goes back to ancient Chinese

medicine and to Galen in the 2nd century A.D. In the

16th and 17th centuries, physicians renewed their interest

in palpation of peripheral pulses and it became a core

area of medicine. But it was not until the late 19th

century that exploration of the peripheral pulses reached

the height of its popularity as a result of the development

of a device called a sphygmograph. Developed primarily

by Marey, Mahomed, Dudgeon, and MacKenzie, this

device graphically recorded peripheral pulse data (1).

Investigators strove to describe and explain cardiovascular

disorders including “hypertension,” in terms of “pathologi-

cally altered peripheral pulses.”

In 1827, William Bright was trying to define “hyperten-

sion” in terms of “hardness of the pulse” rather than in

terms of the absolute height of blood pressure. The pressure

that was needed to extinguish the pulse was a measure of

the “hypertension.” Between 1872 and 1884, Mahomed

was the first to scientifically describe the normal arterial

pulse wave at the radial and carotid arteries, and the

marked differences existing between them. He associated

“hypertension” with morphological changes in the wave-

forms occurring after the first peak of the curve, but ignor-

ing the information provided by the extremes (top and

bottom) of the curve. By the end of the 19th century, insur-

ance companies used the amplitude of this “tidal” wave to

identify individuals at high cardiovascular risk.

During the 20th century, it became obvious that

Mahomed had been describing the process of “pressure

augmentation” and the effect of aging on the morphology

of pressure curves.

II. ARTERIAL STIFFNESS

The term arterial stiffness is generally used to describe the

global buffering properties of the arterial system or
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regional or local segments of that system. Correct method-

ologies should contain simultaneous recordings of intra-

arterial pressure, changes in flow and changes in vessel

diameter. The aortic pulse pressure is the simplest indi-

cator of arterial stiffness. Increased aortic pulse pressure

together with premature timing of reflected peripheral

waves increases the load on the left ventricle and large

arteries. This may lead ultimately to ventricular and

arterial hypertrophy and fibrosis (5). This abnormal ventri-

cular–arterial interaction may help to refine the epide-

miological relation between a high brachial artery pulse

pressure and cardiovascular morbidity and mortality.

In general, arterial stiffness is considered a dynamic

property of peripheral circulation which is determined by

the vascular structure (intrinsic vessel wall characteristics)

and cardiovascular function (hemodynamic properties,

muscle tone, etc.). It is influenced by many physiological

conditions such as age, gender, heart rate, blood pressure,

and body mass index. In general, high blood pressure is

associated with stiffer arteries. Dynamic changes that

lead to increased pressure, such as higher ventricular ejec-

tion, higher heart rate, greater resistance, and earlier wave

reflections, should be taken into account in addition to

intrinsic wall properties. Standardized procedures

(working definitions) to measure arterial stiffness are

imperative. Because arterial stiffness is highly dependent

on pressure, the operating pressure should always be

clearly defined (4).

All noninvasive methodologies to address stiffness

have some significant shortcomings, which makes reliable

interpretation difficult. Drawbacks include (a) intrinsic

problems with the use of Windkessel (WK) models (see

further for global and regional stiffness indices), (b) the

incorrect use of brachial rather than local blood pressures,

(c) input of not well-validated cardiac output data, (d) no

adjustment made for heart rate or contractility parameters,

and (e) moreover, there is a nonlinear relationship between

vessel diameter and arterial pressure, the influence of

smooth muscle tone (autonomic nervous system, endo-

thelium, hormones), the nonhomogeneity of intrinsic arter-

ial properties along the arterial tree (collagen, elastin

content), and the spontaneous variability of all physiologi-

cal parameters (blood pressure, heart rate, vessel diam-

eter); all of them complicating correct interpretation of

an arterial stiffness index. Indices of arterial stiffness

should be defined under strict working conditions and

adjusted for important confounders.

Impedance is defined as the ratio of pressure to flow

(Z ¼ P/Q, units mmHg s/mL—or in older literature,

dyn s/cm5). When measured at the entrance of the sys-

temic or pulmonary circulation, it is termed input impe-

dance (Zin). Under certain conditions, pressure (P) and

flow (Q) waves can be decomposed in a Fourier analysis.

Z can be considered as consisting of a steady component

(mean pressure to mean flow ratio) and a series (S) of pul-

satile components Zn (for nth harmonic). Mathematically,

P and Q can be represented in their complex “modulus jZnj

and phase F” notation. For a nth harmonic:

Zn ¼ jZnje
iFz with jZnj ¼

jPnj

jQnj

and Fz ¼ FP �FQ

By convention, the steady component (at 0 Hz) is called

the total peripheral resistance (R, measured in the same

units as impedance) and the fundamental frequency

equals the subject’s heart rate. For each measured pressure

and flow signal at the entrance of the circulation, a

frequency plot of jZinj and FZ in (modulus and phase) can

be made. Mostly, for higher harmonics (.3), jZinj does

not vary much and is referred to as the characteristic impe-

dance Zc (sometimes also denoted as Zo). The physiologi-

cal meaning of Zc is the impedance of a heart with a very

long, reflection-free aorta of uniform structure. It has been

shown by Womersley that under such conditions Zc is pro-

portional with wave velocity over the aorta and also with

blood density, and is inversely proportional with its

cross-section. In the laboratory, Zc is calculated either as

the slope of the regression between central (carotid)

pressure and aortic flow in early systole or as the

average of the moduli of the 4–10th harmonics of input

impedance.

Classical biomechanical theories in animal models link

abnormal aortic function with accelerated breakdown of

elastin, subsequent dilatation of the lumen, and replace-

ment of elastin with the much stiffer collagen. Recently,

Mitchell et al. demonstrated that this paradigm should be

reconsidered. In systolic hypertension (elevated pulse

pressure), they demonstrated that, particularly in women,

the elevated pulse pressure was attributable primarily to

increased Zc and a reduced effective diameter of the prox-

imal aorta, independent of mean blood pressure (6).

Elevation of Zc was clearly out of proportion to the

elevation of pulse wave velocity at comparable mean

blood pressures. Their data in systolic hypertension

suggested an abnormality in proximal aortic diameter,

rather than a difference in the material properties of the

aortic wall as an underlying cause of high, central pulse

pressure. By using an invasive methodology, Nichols

et al. (7) also had previously found increased Zc in associ-

ation with hypertension. Moreover, Vasan et al. (8)

observed that the aortic root diameter determined

through echography was inversely related to systolic

blood pressure and brachial pulse pressure in hypertensive

subjects from the Framingham Heart Study cohort. The

indication is that, particularly in hypertensive women,

high pulse pressure is associated with high Zc and

reduced effective aorta diameter (rather than aortic root
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dilatation) despite lower peak flow; thus leading to an

abnormal pressure–diameter relationship. Endothelial

dysfunction, increased aorta tone, and myocyte hyper-

trophy, or primary abnormalities of aortic diameters and

resting tone may lead to a functional imbalance between

aortic flow and diameter. Abnormal large artery function

(stiffness) should not always be viewed as an irreversible

structural problem because there might also be a reversible

hemodynamic aspect of arterial stiffness.

A. Aging Effects on Arterial Stiffness

The complexity and discontinuity of the arterial elastic

behavior along the arterial tree may complicate the preced-

ing concepts. The proximal part of the arterial tree (the

aorta and major branches) has a relatively low stiffness,

particularly at young age. The aorta is composed of vascu-

lar smooth muscle cells from the neural crest, which

secrete primarily elastin and collagen. The elastin:collagen

ratio and its gradient along the aorta are believed by many

investigators to determine the proximal aorta elasticity in

young subjects. The contractile properties of aorta vascu-

lar smooth muscle cells are less important; whereas in the

distal parts of the arterial tree, the contractile properties of

the vascular smooth muscle cells become very important.

These cells are sensitive to many endothelial vasoactive

substances.

Although most of the preceding evidence are from

animal models, several investigators have extended these

relationships to humans. Findings show that in middle-

aged controls, the gradient between carotid and radial dis-

tensibility is about 25%. As the subjects get older, their

central arteries become stiffer, the artery diameters

enlarge at the same time pulsatile diameters are reduced,

and the extracellular matrix of large arteries increases.

Thus for older subjects, both pulse pressure amplification

toward the periphery and distensibility gradient between

carotid artery and radial artery decrease. On the other

hand, central pulse pressure increases as people age. As

the aortic diameter becomes greater with age, proximal

compliance is less dependent on age than proximal disten-

sibility. From these observations, it seems obvious that age

is the most important determinant of arterial stiffness,

wave reflection, and pulse pressure in an healthy individ-

ual. In the case of hypertension in younger patients, the

large arteries also may become stiff because of the high

distending blood pressure and the impaired hemody-

namics. To allow an inter-subject comparison, the use of

isobaric stiffness indices of central arteries (or appropriate

adjustment for blood pressure) is recommended. Of

course, in elderly hypertensive patients, intrinsic vascular

wall abnormalities also interfere.

B. Genetic Factors Affecting Arterial Stiffness

Genetic background is becoming a topic of increasing

interest with respect to arterial stiffness. Monogenic dis-

orders, such as Marfan disease, are of interest as they

allow studying the effects of an isolated gene abnormality.

Because age and an elevation in blood pressure are import-

ant determinants of arterial stiffness, it is likely that (as for

hypertension) the genetic background is polygenic and

may involve many genes, polymorphisms, and environ-

mental factors. The interplay among these factors and

their effects on blood pressure control mechanisms may

be even more important than the classical cardiovascular

risk factors.

Durier et al. studied levels of gene expression in aortic

specimens in relation to aortic pulse wave velocity in sub-

jects who were undergoing coronary artery bypass grafting

(57). The study focused on two groups of transcripts: genes

that determine mechanical properties (cytoskeletal–cell

membrane–extracellular matrix) and cell signalling

genes. They used the Affymetrix GeneChip with U95

Av2 arrays. Thirty-two transcripts in the field of the

connection between the cytoskeleton, cell surface, and

extracellular matrix were differentially expressed in

aortas that were “stiffer.” Among them, the integrins

a2b, a6, b3, and b5 transcript levels differed, as well as

some transcripts of the proteoglycans and related families

(decorin, osteomodulin, aggrecan-1, neuroglycan-C, and

dermatopontin). Interestingly, osteopontin and vitronectin

were not differentially expressed. In addition to the genes

that are related to mechanical regulation, a large number of

transcripts that are related to signalling/communication or

gene expression (PPP1CB, Yotiao, p85-a, synaptojanin,

PKCb1, and RGS16) were associated with pulse wave vel-

ocity. Very importantly, the study also identified many

other transcripts of still unknown function that are associ-

ated with pulse wave velocity. Thus, we are only at the

beginning of an exciting new area and need to conduct

further functional genomic studies.

The link between telomere biology (mean and individ-

ual telomere length and attrition) and biological aging

(e.g., vascular aging), as opposed to chronological aging,

is becoming a key factor in fundamental research on arter-

ial stiffness. The use of telomere size as a marker of the

replicative history of cells has been advocated (58). Telo-

mere length seems to be a molecular record of biological

aging. In the study of young twin pairs of the Danish

Twin Registry (59), the mean length of the terminal

restriction fragments in white blood cells was found to

be inversely associated with pulse pressure. The study

suggested that both pulse pressure and terminal restriction

fragments have a high degree of heritability and individ-

uals with longer telomeres manifest smaller pulse press-

ures. Benetos et al. (60) studied terminal restriction
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fragments length in older French subjects, noting age-

adjusted longer telomere lengths in women. In both

sexes, terminal restriction fragment length decreased

with age. In men, age-adjusted shorter telomere length

was associated with stiffer arteries (higher pulse pressure

and higher pulse wave velocity). Both studies suggest

that a subset of the population with shorter telomere

length and subsequently stiffer arteries, particularly men

with higher pulse pressures, exists with increasing biologi-

cal age (61).

Important underlying assumptions are that the relation-

ship between telomere length, arterial stiffness, and sub-

sequent higher pulse pressure and pulse wave velocity

not only holds true for brachial artery pulse pressure, but

also for central pulse pressure, and not only for white

blood cell telomeres, but also for all replicating cells.

Cell types such as vascular endothelial cells and vascular

smooth muscle cells play a pivotal role in blood pressure

control and vascular aging. There is also some evidence

that the variation in terminal restriction fragment length

of subpopulations of somatic cells is smaller than the

age-adjusted inter-individual variations. Research is

ongoing to authenticate these theories. Accelerated telo-

mere attrition over time is also a point of interest; telomere

attrition accelerates in childhood and slows down during

adolescence. Whether it increases with vascular aging

and arterial stiffness including raised pulse pressure

remains to be proven. Attention should further focus on

telomere length of individual chromosomes.

In general, large-scale studies using a multivariate

setting are needed in healthy subjects, in which genetic,

environmental, and cardiovascular risk factors, including

aging, are evaluated against hard endpoints (cardiovascu-

lar morbidity and mortality). These factors may modulate

pulse pressure, arterial stiffness, and wave reflections, or

other parameters derived from the complete blood

pressure curve.

III. PULSE PRESSURE, WAVE PROPAGATION,
AND WAVE REFLECTIONS

In a classic view of physiology, the blood pressure curve is

the result of a steady component [mean blood pressure

(MAP) � cardiac output (CO) � total peripheral resist-

ance (TPR), which remains almost constant over the arter-

ial tree] and a pulsatile component (pulse pressure is

tracked with ventricular ejections). Pulse pressure is

closely related to the cushioning function of large arteries

(compliance of primarily aorta and major branches) and to

the timing and intensity of reflected waves. Wave reflec-

tions are closely related to the (micro)-vascular network

which causes peripheral vascular resistance.

Important contributors to the genesis of reflected waves

are the geometry and branching (numbers, angles, and

diameters) of small muscular arteries and smaller arter-

ioles (resistance vessels), pathological conditions of

these vessels comprising hypertrophy, altered matrix com-

position, remodelling and rarefaction, influences of

cations, endothelium-dependent vasodilatation, and vaso-

motor tone (endothelial and vascular smooth muscle

cells). Large arteries do not add significantly to wave

reflection unless there are pathological changes such as

calcified plaque, tortuosities, or aneurysms. Opinions

differ on how far from proximal aorta one or more “func-

tional discrete reflecting site(s)” should be defined, with

figures varying from 15 to 75 cm downstream from the

heart. Gender differences in wave reflection can be

ascribed in part to the length and geometry of the vascular

tree and possibly other factors such as hormones (32,33).

Thus, a blood pressure curve can be seen as the sum of

forward waves (propagating at a certain pulse wave

velocity) and backward (reflected) waves. In young indi-

viduals at rest, the reflected wave travels back in the

diastolic phase, which leads to a higher peripheral pulse

pressure than central pulse pressure. However, as individ-

uals become older and arteries become stiffer, waves travel

faster (higher pulse wave velocity) along the arterial tree.

The earlier return of reflected waves in older individuals

leads to an augmentation of the central (aortic) pressure,

which superposes with the forward incident wave during

systole, increasing systolic and pulse aortic pressure

and somewhat decreasing aortic diastolic pressures.

However, ventricular ejection tends to be reduced in the

elderly, which leads to some blunting of central PP. In

1980, Murgo defined an “inflection point” on the pulse

wave curve (site of interaction between forward and back-

ward waves). Pressure waves could be classified as Murgo

type C (young controls) waves with an inflection point

after systolic blood pressure and Murgo type A (aged

persons) where the inflection points precede systolic

blood pressure.

The augmentation index (AIx) is defined as the incre-

ment in pressure from the inflection point to the peak

pressure of the aortic pressure waveform expressed as a

% of the peak pressure. Recently, alternative definitions

have been introduced replacing inflection point with the

top of the schoulder of the curve. With Pinf as the blood

pressure at the inflection point (shoulder), AIx is defined

as: AIx ¼+(SBP 2 Pinf)/(SBP 2 DBP), where SBP is

local systolic blood pressure and DBP is diastolic blood

pressure. Conventionally, in a C-type wave, AIx is nega-

tive and in an A-type wave, mostly AIx . 0.12. Shoulder

peak detection is based on zero-crossings of the fourth

derivative of the waveforms (first positive-to-negative

crossings for A-type waves and second negative-

to-positive crossings for C-type waves). Theoretically,
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true inflection points can be approximated by second

derivative cross-overs. In commercial devices, automated

detection algorithms for primary and secondary peaks on

the curves are based on first- and third-order derivatives.

Following these working definitions, the AIx

theoretically should depend on the timing of the reflected

wave (most probably related to factors such as gender,

height of the individual, amplitude of reflection, and

stiffness) and to the shape of the forward wave (which is

related to left ventricular outflow and elasticity of the

ascending aorta). Factors most likely affecting left

ventricular outflow are prolonged ejection, decreased

heart rate, reduced contractility, mitral incompetence, and

aortic stenosis. Most of these expected determinants of aug-

mentation have been confirmed in observational studies.

Physiological factors that affect augmentation and

reflection indices include age, height of the individual,

heart rate, and other risk factors.

A. Age

In animal models, aging implies an increase in arterial wall

thickness secondary to hyperplasia of the intima and

replacement of elastin by collagen in the media. Although,

the pathophysiology in humans is less clear, greater aug-

mentation with age has been observed. As people’s age

and their blood pressure increase, the C-type Murgo

wave turns into an A-type Murgo wave—a wave whose

inflection point precedes systolic blood pressure. A defi-

nition of the AIx is derived from this principle.

Pulse pressure amplification decreases with age as well,

and thus elderly people lose the difference between central

and peripheral pulse pressure.

B. Height of the Individual

Augmentation and the height of the individual are inversely

related. In individuals of shorter stature, the increase of aug-

mentation might be due to the shorter distance from the

origin of the waveform to the site of reflections, leading

to a quicker return of the reflected wave for a given pulse

wave velocity. Thus, height may be in part a surrogate for

gender difference in stiffness parameters. Shorter stature

is related to other known risks such as decreased forced

expiratory volume and peak expiratory flow. Moreover,

Elzinga and Westerhof (34) associated reduced length of

the arterial tree with faster heart rate, shorter diastolic

period, shorter diastolic time constant, and a lower arterial

compliance to better match ventricular and arterial loads.

C. Heart Rate

With a faster heart rate, the reflected wave is more likely to

arrive in diastole and thus reduce augmentation. In paced

heart rates, augmentation decreases by about 4–6% for

each 10 beats per min (bpm) increase. This is somewhat

counter-intuitive because a reduction in heart rate (e.g.,

such as the one produced by beta-blocking agents) is

expected to be a beneficial matter, but it would in fact

be associated with increased augmentation, according to

this reasoning. Another statistical observation is that

amplification of pulse pressure is less with slower heart

rates.

D. Other Risk Factors and Target
Organ Damage

Increased augmentation might be expected in populations

with prevalent risk factors such as high blood pressure,

hypercholesterolemia, and hypertriglyceridemia and in

type 2 diabetes mellitus. However, data is scarce and con-

tradictory. For example, no increase in augmentation has

been seen in diabetes mellitus type 2 after controlling for

confounders. An increase in augmentation not adjusted

for heart rate was observed in patients with increased

left ventricular mass.

Recently, Nuernberger et al. (35) demonstrated that the

AIx derived from carotid applanation tonometry in 216

patients with and without cardiovascular disease was

related to age, gender, height of the individual, blood

pressure, heart rate, smoking, cholesterol, body mass

index, and global risk scores. These include the

Framingham Heart Study risk score in subjects without

events and SMART (categorical risk), and EPOZ (continu-

ous risk) scores in patients with pre-existing cardio-

vascular disease (35). Global risk scores (Framingham,

SCORE) are a powerful way to target high-risk individuals

toward life style changes and drug therapy in primary pre-

vention. Such conditions warrant studies of the role of

pulse wave velocity, wave reflection, and augmentation

indices in selecting individuals at high risk for cardio-

vascular disease. Future studies should focus on these

parameters as some of them relate to worse outcome in

hypertension or in related cardiovascular diseases,

beyond the classic risk factors such as systolic and dias-

tolic blood pressure readings.

IV. MEASURES OF ARTERIAL STIFFNESS

The first historical approaches to describe arterial system

function used two- or three-element Windkessel (WK)

models; these elements included: resistance, capacitance,

and impedance. Such models may be realistic in very old

and very hypertensive subjects with stiff, inelastic arteries,

but in most subjects elastic behavior is distributed along

the aorta and all major arteries. Moreover, WK models
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do not explain wave reflections and frequency-depen-

dence, therefore their value is limited.

More realistic models assume tubes that are more dis-

tensible, at the ends of which are resistant elements that

create reflected waves. A pressure wave is the resultant

of the incident waves from the heart and the reflected

waves from the periphery. In very stiff arteries, reflected

waves travel faster over the arteries and merge with the

systolic instead of the diastolic part of the incident

waves, which causes higher blood pressure during

systole (augmentation) and somewhat lower pressure

during diastole (3). Several investigators have tried to

derive arterial stiffness parameters from WK models,

which will be reviewed later in this chapter.

Another historical evolution came when researchers

such as Millar and Drzwiecki developed more accurate

and reliable apparatuses than sphygmographs for register-

ing peripheral waves, called tonometers, and these are now

used in clinical settings. The O’Rourke Group extended

peripheral tonometry to “central noninvasive aortic pulse

wave analysis.” Tonometric signals are recorded at the

radial artery and calibrated against brachial artery blood

pressure. The resulting radial waveform is then trans-

formed by computer algorithm to a central aortic wave-

form by using a generalized transfer function (2,3). The

algorithm is set to generate calculated values for central

pressures, time intervals, and augmentation.

A. Measures of Segmental or Regional
Arterial Stiffness

Several noninvasive surrogate parameters of segmental or

regional arterial stiffness have been documented and some

have been implemented in commercial devices. These par-

ameters are based on three different principles of measure-

ments: methods directly derived from pressure pulse wave

morphology, methods based on measurements of pulse

transit time, and methods derived from measurements of

arterial diameter (changes). In this context, the term

compliance (C ) is currently used as a surrogate for arterial

stiffness, with C ¼ DV/DP.

1. Analysis of the Arterial Pressure Pulse

This type of analyses includes stiffness parameters derived

from subclavian pulse tracing, proximal and distal compli-

ance from modified WK models, second derivative finger

plethysmography, and the AIx.

Subclavian Pulse Tracing

In subclavian pulse tracing (9), compliance is calcu-

lated from the pressure, measured with a strain-gauge

transducer at the subclavian artery, and from the flow

derived from the aortic annulus diameter and velocity

measured by Echo–Doppler.

Proximal and Distal Compliance from a

Modified WK Model

Proximal (large artery) and distal (small artery) com-

pliances are calculated from a modified WK model. The

input is a radial artery tonometer signal that is calibrated

with an oscillometric blood pressure. In older literature,

proximal compliance was denoted as “capacitative,”

and distal compliance denoted as “oscillatory”. A

recent semi-automated, commercially available device

(HDI/PulseWave CR-2000, Research Cardiovascular

Profiling System from Hypertension Diagnostics, Inc.)

makes use of an algorithm that calculates a large-artery

compliance index (C1) and a small-artery compliance

index (C2� C1). Whether C1 and C2 describe clear phys-

iological entities remains a matter of debate. Despite this

debate, the CR-2000 has recently been advocated as a

screening tool because C2 might be a marker of functional

or structural alterations that occur in early endothelial dys-

function. In this sense, selectively reduced C2 has been

associated with a smoking habit, diabetes mellitus, hyper-

tension, and documented coronary artery disease (10). In

addition, C1 may serve as a marker of vascular aging (11).

Second Derivative Finger Plethysmography

A device from Fukuda Electric Company takes the

measure of arterial compliance at the finger. Second

derivative finger plethysmography uses the ratio of the

second to first inflections of the photoplethysmographic

(SDPTG) signal’s second derivative (12).

Augmentation Index

An average ascending aorta pressure waveform is

mathematically constructed from transformed, ton-

ometer-recorded, peripheral artery waveforms (Millar

tonometer), and then a central augmentation index

(c-AIx) is calculated (2). The c-AIx is relative to the per-

centage of the central pulse pressure that can be attributed

to the reflected wave and is considered a “global surrogate

index of arterial behaviour.” It also comprises other factors

such as blood pressure, the height of the individual, heart

rate, and ventricular arterial coupling. Atcor’s Sphygmo-

Cor device is commercially available with an in-built

generalized transfer function.

2. Calculations from Measurement of the Pulse

Transit Time

Calculations from measurement of the pulse transit time

rely on the Moens–Korteweg and Bramwell–Hill for-

mulas, which show the relationship between the pulse
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wave velocity (PWV) and relative changes in volume (DV)

and pressure (DP).

½PWV�2 ¼
(DPV)

(DVr)

with r representing blood density.

Because pulse wave velocity is a velocity, it can be

measured as the ratio of a distance (Dx) and a transit time

(Dt): PWV ¼ Dx/Dt. The time delay between the feet of

the wave front measured at two locations is Dt and the dis-

tance measured on the body surface between the two

locations is Dx (attention for the true pathway in elderly

patients with tortuous arteries!). Another point of care is

when the proximal and distal pulse waves are recorded

from two different sites where pulse waves propagate in

opposite directions. For instance, Dx for carotid-femoral

PWV is measured either directly or by subtracting the dis-

tance from the carotid location to the sternal notch from the

distance between sternal notch to the femoral site or by sub-

tracting it from the total distance. It leads to different refer-

ence values! The formula is a rude simplification and

supposes among many others assumptions (such as constant

velocity and diameters and straight vessels) that the foot of

the waveform is not influenced by wave reflections. Wave

foot measured by tonometry is seldom influenced by

wave reflection because it is made up of components

.10 Hz. Lower frequency components (1–5 Hz) are

more affected by wave reflection. Theoretically, pulse

wave velocity should be minimally affected by changing

heart rates. Nevertheless, in a number of studies higher

heart rates were associated with higher pulse wave vel-

ocities, particularly in males.

With increasing age, the aortic pulse wave

velocity increases from about 5 to 12 m/s and the aortic

diameter increases by about one-fourth. In general, males

have the highest pulse wave velocity, but gender differences

are controversial, especially the influence of menopause.

The Dt can be assessed from either recorded arterial

pulses or simultaneous recording of Doppler ultrasound

patterns. Recorded arterial pulses are taken from dedicated

mechanotransducers (for carotid–radial and carotid–

femoral sites) or ECG-triggered subtraction of two

tonometric signals. The proximal and distal pulses are

recorded by means of a high-frequency applanation tono-

meter, and transit time is related to the R-wave of a stable

ECG signal. PWV can be calculated between sites such as

the carotid–femoral artery, the subclavian–femoral artery,

the subclavian artery–abdominal aorta, the carotid–radial

artery, and others. There are several methods that can be

used for calculating pulse wave velocity.

The Complior System

Colson has commercialized an automated system

which measures pulse wave velocity with dedicated

mechanotransducers, called the “Complior System” (13).

It selects adequate pressure waves through a built-in

quality control system and automatically calculates pulse

wave velocity from at least 10 consecutive waveforms.

This device is very accurate because it measures beat-

to-beat time delay between the two ends of the segment

under study. The determination of the waveform foot

depends on registration techniques, sampling rate, and so

forth, remains a critical step for correct calculation of

PWV. Proprietary algorithms in the Complior System there-

fore try to identify the whole of the rising limb of the pulse

wave. In the more recent Complior 2 System, pressure

transducers are fixed instead of handheld, which makes

the technique even more user-friendly.

The SphygmoCor PWV System

The SphygmoCor PWV System (2) also offers an

option to determine transit times. The Millar tonometer

records both proximal and distal waveforms, but not sim-

ultaneously (which is a disadvantage). The time delay

between recorded stable ECG R waves and the proximal

(carotid) flow wave feet is subtracted from the time

delay between stable ECG R waves and the distal

(common femoral) flow wave feet. The apparatus provides

us with a choice of four algorithms for a reference point on

the curve.

The Doppler Ultrasound Method

In the Doppler ultrasound method (14), the transit time

between the root of the left subclavian artery and

abdominal aorta bifurcation can be calculated from simul-

taneous recordings of flow by continuous Doppler probes.

Distance is measured from the suprasternal notch to the

umbilicus.

The Wall Track System

The Wall Track System (WTS) commercialised by Pie

Medical is a high-resolution, echo-tracking device that

measures and tracks changes in the internal diameters of

superficial arteries at diastole. It also measures intima-

media thickness and aortic pulse wave velocity. The

vessel wall movement detector system calculates the

time delay from the R-top of the ECG to the 10% level

of the ascending limb of the distension waveform. The

difference between the delay times to the femoral and

carotid arteries is used as an estimate of the carotid–

femoral transit time (15).

The QKd System

Noninvasive measurement of ambulatory blood

pressure by automated inflation of a brachial cuff allows
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for the calculation of a brachial pulse wave velocity.

Transit time is calculated from diastole at the brachial

artery and from the onset of ventricular activity (the

latter is traced by a cutaneous electrode). Novacor uses

this system commercially in their Diasys device.

3. Calculations from Measurements of Changes

in Diameter

Various models can be used to calculate related stiffness

parameters (beta index, incremental elasticity and other

moduli, compliance and distensibility coefficients).

Beta Index Models

The proximal parts of the aorta and large arteries are

elastic, and the diameter may change .10% over one

cardiac cycle. There is an “elastic tapering” toward the

more distal parts of the artery. Local vasoreactivity is an

important confounder in diameter changes during the

cycle. The Langewouters et al. (16) studied the mechanical

behaviour of aortic segments. The “pressure–area” (A)

relation was found to be nonlinear and is described by

the arc-tangent model.

A(P) ¼ Am

1

2
þ

1

p
tg�1 P� Po

P1

� �� �
,

where Am, Po, P1 parameters are derived from curve-

fittings.

An alternative is the “pressure–diameter” (d) relation

of Hayashi:

P ¼ Ps eb(do�ds)=ds ,

with a reference pressure (Ps) and with its associated outer

diameter (ds), and with the outer diameter (do) at pressure

P, where b is the beta index, or stiffness coefficient (17),

and for aortas, b may vary between 5 and 20.

When applying beta index models, pressures are obtained

from automated brachial oscillometry, and diameters are

obtained from ultrasonic, phase-locked, echo-tracking

devices at different superficial arteries. The variability of

site location for pressure and diameter measurements is a

drawback; however, several methodologies have been

developed to estimate local pressures. Thoracic aorta stiff-

ness indexes may be defined by using suprasternal echocar-

diography instead of vascular echography (18).

Echo-tracking Combined with Langewouters’ Model

The pressure–diameter relationships between end-

diastolic and end-systolic limits can be studied by using

high-resolution, ultrasound echo-tracking of the (radial)

artery internal diameter and wall thickness, combined

with simultaneous finger plethysmography (Finapres).

Specific software corrects for time delays between the

measurement sites. Compliance and distensibility are

calculated according to the Langewouters model. A com-

mercial device was available, the NIUS 2 from Asulab.

Several parameters of intrinsic vascular wall properties

can be measured (19,20). The incremental elasticity

modulus (Einc) is defined from experimental stepwise

variation of the pressure and is usually expressed in

kilopascal (kPa).

Einc � 2R2
i

(1� y2
p)

(R2
o � R2

i )

DP

(DRo=Ro)

� �
,

where Ri and Ro represents inner and outer vascular radius

and yp the Poisson ratio of the wall material (�0.5).

As Einc increases with pressure (higher at the peri-

phery than at the aorta), the parameter is usually expressed

at a predefined pressure (e.g., 100 mmHg) called the

isobaric Einc .

The ratio DP/(DRo/Ro) is termed the Peterson incre-

mental elasticity modulus. Such an elasticity modulus is

related to the intrinsic mechanical properties of the vascu-

lar wall. Historically, the commonly used intrinsic mech-

anical property parameter has been Young’s modulus (E ).

E ¼
DP

DD

� �
D2

(1� y2
p)

2h

" #

with diameter changes (DD) corresponding to pressure

(DP) changes and the wall thickness (h).

Echo-Tracking Combined with Local Pulse

Pressure Assessment

As mentioned earlier, high-resolution ultrasound echo-

tracking of superficial arteries allows the study of pulsatile

changes of the internal arterial diameter and intima-media

thickness. Local blood pressure can be assessed from

either transfer functions or local tonometer signals appro-

priately calibrated by pressure–time integrals of brachial

blood pressures. The WTS delivers diameters (d ) and

changes in arterial diameter (Dd). Introducing local

pulse pressure (DP), the following estimates of local arter-

ial stiffness can also be generated: local arterial compli-

ance coefficient (CC)

CC ¼
p(2d � Dd þ Dd 2)

4DP
,

and local distensibility coefficient (DC) (15)

DC ¼
(2d � Dd þ Dd 2)

(DP � d 2)
:

CC is the compliance per unit of length—the change in

cross-sectional area per unit of local pressure. DC is

the relative change in cross-sectional area per unit of

local pressure. Common carotid compliance but not
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distensibility seems to be gender dependent, with a higher

compliance in men. Low compliance in women may lead

to lower diastolic pressure.

A modification at the brachial artery by using a

transmural pressure modulation device and radial artery

tonometry has been introduced into the Phase 2 from Bio-

sound Inc. At the digital arteries an index of small artery

distensibility has been proposed: time-to-peak divided by

total time (PT/TT) on a digital artery pressure curve. It

is questionable whether the distensibility of smaller

arteries can be adequately measured.

Aortic Stiffness by Transesophageal Echocardiography

Local aortic elastic modulus can be calculated from

diameter changes and wall thickness measured by trans-

esophageal echocardiography (21). Subclavian mecha-

nical air transmission against brachial blood pressure

calibration is used as “local blood pressure.” Measurement

of stiffness by cine-magnetic resonance imaging is cur-

rently being researched.

Frame Grabber Processing

Off-line measurement on a high-resolution video

display of carotid artery diameters and intima-media thick-

ness, combined with local tonometry (22) or even brachial

blood pressure (23) has been used to assess stiffness.

B. Measures of Global Arterial Stiffness

Global arterial stiffness (total arterial compliance) can be

addressed by different methodologies starting from a

simple stroke volume to pulse pressure ratio next to calcu-

lations of impedance from lumped parameter WK models

or via the pulse pressure method. Other methodologies

comprise decay–time curves, and more sophisticated

evaluations by input impedance spectra or parameters of

cardio-vascular interactions that combine resistance,

compliance, and time intervals.

1. Ratio of Stroke Volume to Pulse Pressure

The simplest, although very crude, estimate of total arter-

ial compliance (Ct) is the steady-state ratio of stroke

volume (SV) to pulse pressure (PP) (Ct ¼ SV/PP) (24).

The concept of SV/PP does not take into account the

WK principles; it assumes that the complete stroke

volume is buffered in the large central elastic arteries

and that any flow passes to the peripheral circulation. In

fact, the volume increase in the aorta is only a fraction

of stroke volume; therefore, SV/PP is an overestimation

of true compliance.

2. Lumped Parameter Models

Lumped parameters models can be used to assess arterial

compliance. Two- (R, C ), three- (R, C, Zc), and four-

(R, C, Zc, L) element WK models are currently used for

the estimation of aortic pressure (Pest). R is the total

peripheral resistance, C is the total arterial compliance,

Zc is the characteristic impedance, and L is the blood

inertia.

Input impedance can be derived from simultaneously

measured aortic pressure and flow signals [Zin ¼ Pao/Qao].

C can be estimated by calculating the parameters of a

chosen WK model so that modelled and measured Zin

matches with each other. Using automated algorithms

(e.g., Marquardt–Levenberg), the difference (Pest 2 Pao)2

can be minimized by adjusting the parameters of the model

to reach an acceptable agreement, resulting in good

estimates of total arterial compliance.

3. The Decay–Time Method

In a simplified two-element WK model, the time constant t

of diastolic aortic decay equals RC. Thus, total arterial

compliance is approximated as the ratio between time

constant and total peripheral resistance (C ¼ t/R). The

parameter t is mono-exponentially fitted from the last

two-thirds of diastolic decay.

This method has been criticized for oversimplification

because circulation cannot be viewed as a two-element

WK model and pressure decay is not mono-exponential.

It shows oscillations at the end.

4. The Area Method

By applying an “area-under-curve” variant of the decay–

time method between the dicrotic notch and end diastole

on the pressure–time curve (25), C can be calculated as:

C ¼
(
Ð

Pdt)

R(Pt1
� Pt2

)
:

R may come from mean flow (cardiac output). The result

may vary with the interval (t1 2 t2), and it extends the

decay–time method to nonlinear pressure-volume

relationships.

5. The Pulse Pressure Method

One of the most useful methodologies is Stergiopulos’

pulse pressure method (26); it is an iterative calculation

on a two-element (RC ) WK model with simultaneously

measured instantaneous flow (echo–Doppler) and pulse

pressure often measured by appropriately calibrated

carotid tonometry (9). R is derived from mean pressure

and flow, and C is changed in the RC WK model until

measured and predicted pulse pressures satisfactorily
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agree. Pulse pressure is essentially a low-frequency

characteristic of the arterial system and can be reasonably

well described by a two-element RC model. Multiple com-

parisons show that the pulse pressure method generates

values of total arterial compliance in agreement with

invasive methodologies (27). RC models are relevant to

hypertension because both R and C contribute to high

arterial load (28).

6. Effective Arterial Elastance

A more precise evaluation of the hydraulic load (left ven-

tricular afterload) requires input impedance spectra or par-

ameters such as the effective arterial elastance (Ea) that

incorporates total peripheral resistance, characteristic

impedance (Zc), total lumped arterial compliance, and

systolic and diastolic time intervals. The Kass group

showed that Ea is impaired in hypertension and can be

approximated by the steady-state left ventricular end-

systolic pressure/stroke volume ratio or “index of vascular

load” (29). Ea tends to lump the steady and pulsatile com-

ponents of arterial load. Segers et al. (30), using a hydrau-

lic model, observed a mathematical relation between Ea, R,

and C by using a four-element WK model with fixed

values for inertia (inertance) and characteristic impedance.

Ea ¼ 1:023
R

T
þ

0:314

C
� 0:127,

where T is the cardiac cycle length. Recently, Chemla et al.

were able to confirm such relationships in both normoten-

sive and hypertensive subjects, and they also found that 0.9

(SAP) was an acceptable estimate of LVESP, leading to a

simple estimation of Ea:

Ea ¼ 0:9
HR� SAP

CI
,

where HR is the heart rate, SAP represents systolic aortic

pressure, and CI represents cardiac index (31).

Ea belongs to the field of cardiovascular interactions,

the interactions between left ventricle and systemic arterial

load. It combines total peripheral resistance and total arter-

ial compliance, and is a ratio of the cardiac parameters

end-systolic pressure and stroke volume.

V. RELATIONSHIP OF ARTERIAL STIFFNESS
PARAMETERS WITH RISK FACTORS,
TARGET–ORGAN DAMAGE,
AND HARD ENDPOINTS

Hypertension, particularly in the aged, is associated with

higher systolic blood pressure and higher pulse pressure

(an elementary marker of stiffer arteries). Several papers

also describe stiffer large arteries in hypertensive individ-

uals in general, documented by abnormalities in all of the

earlier-mentioned indices of global, regional, or segmental

arterial stiffness. For example, compliance and distensibil-

ity at the common carotid artery are reduced and the

incremental elasticity modulus higher in hypertensive

individuals.

Because high blood pressure is associated with many

other generally accepted common risk factors, it is not sur-

prising that significant relationships between stiffness

indices and other risk factors have been described as

well. A number of these univariate correlations should

be viewed with caution. When they are adjusted appropri-

ately for age, height of the individual, heart rate, and other

risks or when they are recalculated at isobaric pressure or

for comparable wall stress, the differences in large artery

stiffness between normotensive and hypertensive patients

are minimized or lost.

Thus, when discussing and comparing mechanical

properties of large (peripheral) arteries in hypertension

along with the intrinsic vascular wall characteristics and

hemodynamic properties, such as working pressure and

cardiovascular interaction, take into account concomitant

risk factors and the nonlinearity of the pressure–volume

relations.

Remarkably, in smaller peripheral arteries such as the

radial artery, some largely unexplained observations

have been made; hypertensive subjects seem to have

higher isobaric distensibility and compliance with a

lower incremental elasticity modulus (36,37).

A. Pulse Pressure

Increased peripheral pulse pressure has been associated

with target-organ damage, particularly with increased

intima-media thickness. In the Kuopio study of middle-

aged men, the risk factors of age, smoking, higher systolic

blood pressure, higher ambulatory pulse pressure, and

higher low-density lipoprotein (LDL) cholesterol as well

as the presence of diabetes mellitus and a history of

ischemic heart disease, were associated with common

carotid artery intima-media thickness (38). Until recently,

the prognostic value of arterial stiffness for future cardio-

vascular events was restricted to the pulse pressure

recorded at peripheral sites (brachial pulse pressure

measured either by casual blood pressure readings or by

ambulatory blood pressure readings). In group studies in

which blood pressures of subjects were observed over

several years, brachial pulse pressure predicted hard end-

points in hypertension (39,40), isolated systolic hyperten-

sion (41,42), and in a cohort of French males (43). Only in

some of these studies, brachial pulse pressure was a prog-

nostic factor independent of mean blood pressures (40).

As mentioned earlier, brachial pulse pressure may not

reflect central (aortic, or its very close surrogate carotid)

pulse pressure. A key question is whether central pulse
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pressure or other noninvasive measures related to stiffness,

such as pulse wave velocity, are better indicators of future

cardiovascular events than that of peripheral pulse

pressure. At this time the answer is uncertain, but some

evidence from particular patient settings and selected end-

points has been gathered.

Boutouyrie et al. demonstrated that central pulse

pressure (carotid pulse pressure as surrogate marker) was

a strong and independent determinant of carotid artery

enlargement and wall thickening, whereas mean blood

pressure and brachial pulse pressure were not. The

authors interpreted their data as a contribution of cyclic

stretching to pulse–pressure-induced arterial remodeling

(44). The Safar group also addressed pathophysiological

aspects (45). They found that in end-stage renal disease,

the level of carotid pulse pressure (measured by local tono-

metry without transfer function) and particularly the disap-

pearance of the pulse pressure amplification (the ratio of

carotid to brachial pulse pressures) are strong predictors

of all-cause mortality, including cardiovascular mortality.

After adjusting for age at inclusion, time on dialysis before

inclusion and previous cardiovascular events, brachial

pulse pressure had no predictive value. However, disap-

pearance of the aortic–brachial pulse pressure amp-

lification was a significant predictor, independent of all

standard confounding factors. The authors concluded

that the disappearance of pulse pressure amplification is

caused principally by an increase in large artery arterial

stiffness and wave reflections; thus, by an increased

central systolic blood pressure but not by an increase of

peripheral systolic blood pressure. As a consequence, the

ratio of brachial to carotid pulse pressure will approxi-

mately be equal to unity in these patients.

B. Pulse Wave Velocity

The most studied parameter of arterial stiffness after pulse

pressure with regard to patient outcomes is pulse wave vel-

ocity, which is measured at the aorta or along the aortoiliac

pathway. Increased pulse wave velocity is considered a

strong indicator of increased pulse pressure. Pulse wave

velocity is an independent predictor of future cardiovascu-

lar events in end-stage renal disease (46), hypertension

(47–49), and in elderly subjects (50).

In a 10-year follow-up of glucose intolerance and type 2

diabetes mellitus, aortic pulse wave velocity was a power-

ful independent predictor of mortality, displacing systolic

blood pressure in Cox Proportional Hazard Models (51).

There have been few studies regarding whether treatment

(for instance by renin–angiotensin–aldosterone blockers

or nitric oxide donors) for reduction of pulse wave velocity

influences morbidity and mortality independent of mean

blood pressure.

In a study of end-stage renal disease, patients were

treated with several drugs including angiotensin-

converting enzyme (ACE) inhibitors. Age, left ventricular

mass, and pre-existing cardiovascular disease were predic-

tors of mortality independent of blood pressure changes

as well as the absence of a decrease in pulse wave

velocity in response to a lowering blood pressure. Admi-

nistration of ACE-inhibitors was positively associated

with survival (52).

C. Large-Artery and Small-Artery
Compliance Parameters

Cohn et al. has associated selectively reduced C2 (small

artery elasticity index) with smoking, diabetes mellitus,

hypertension, and coronary artery disease—conditions

all closely related to endothelial dysfunction (53,54).

Studies of the prognostic value of C1 or C2 are in progress

[e.g., Multi-Ethnic Study of Atherosclerosis (MESA)].

Recently, Grey et al. (10) demonstrated that reduced C2,

but not reduced C1, was a marker of cardiovascular

events independent of age in subjects studied at the

University of Minnesota; however, this study was not a

prospective study.

D. Distensibility Parameters

Significantly reduced large artery distensibility (i.e.,

changes in vessel diameter by pulse pressure normalized

for the initial diameter) versus controls has been docu-

mented for large and middle-size arteries in hypercho-

lesterolemia, acute smoking, high blood pressure, and in

conditions such as type 1 and type 2 diabetes mellitus.

In several studies, distensibility was inversely proportional

to vessel wall thickness. In congestive heart failure, mark-

edly lower aortic, carotid, and radial distensibility were

observed (55). For hypertension, the effect of age is par-

ticularly important, even more than the effect of blood

pressure. In the Hoorn population of elderly patients,

after adjusting for age, gender, and mean blood pressure,

type 2 diabetes mellitus was associated with reduced

carotid, femoral, and brachial distensibility and reduced

compliance coefficients. Impaired glucose metabolism

was associated with reduced femoral and brachial distensi-

bility and reduced compliance coefficients (56).

Drug classes such as statins, ACE inhibitors, and angio-

tensin II receptor antagonists can help reverse distensibil-

ity that has been reduced by cardiovascular risk factors

(aging, blood pressure, cholesterol, diabetes). In some

cases of isolated systolic hypertension, no such reduction

is observed.

The whole issue is complicated by repeated obser-

vations that smaller artery (such as for the radial artery)
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distensibility is unchanged or even increased in younger

subjects with essential hypertension.

Hypothyroidism is also associated with increased dis-

tensibility. In some cases, the vessel may be more disten-

sible even when thickness is increased, particularly when

the thickened wall contains mucopolysaccharide material.

Physical exercise increases distensibility as well. This is

consistent with the visco-elastic behavior of the arterial

wall; increased heart rate reduces carotid and radial

artery distensibility.

E. Augmentation

Studies on the prognostic value of central augmentation

are still lacking, but are planned for future research.

VI. NONINVASIVE ESTIMATION OF
CENTRAL AORTIC PRESSURES FROM
MEASUREMENTS OF THE
PERIPHERAL CIRCULATION

A recent and highly interesting side-effect of the progress

made in large artery arterial stiffness is the possibility of

noninvasive assessment of central systolic and pulse

blood pressure. Under normal conditions and in young

individuals, central systolic pressure measured close to

the heart (aortic or carotid) is lower than the peripheral

pressure at the brachial or radial artery because of the

amplification of pulse pressure in peripheral arteries.

Still to be determined is whether central and peripheral

systolic pressures and pulse pressures are interrelated

through simple (approximated by linear or nearly linear

algorithms) formulas, or by highly sophisticated complex

functions needing phase and amplitude transformations

(transfer functions). Several methodologies claim nonin-

vasive estimation of central pressures within acceptable

limits.

The Atcor’s SphygmoCor tracks tonometer signals on

the radial artery, and uses a generalized transfer function

to estimate central aortic pressure, but calibrates by bra-

chial artery blood pressure (62). The device shows good

inter-observer reproducibility, but it has been recently cri-

ticized because of lack of accuracy when compared with

catheter-based blood pressure measurements. The appar-

atus was said to underestimate systolic central blood

pressure and to overestimate diastolic central blood

pressure vs. invasive measurements. Even noninvasive

brachial pressures were closer estimators than the Sphy-

moCor (63). One possible problem might be that pulse

pressure amplification from brachial to radial sites is not

negligible. Davies et al. (64) evaluated the ability of the

transfer function of the SphygmoCor to predict ascending

aortic blood pressures. According to these authors, the

transfer function was no better than oscillometric periph-

eral blood pressure measurements to predict central

pressure, and underestimated central systolic and overesti-

mated central diastolic pressures. They question the use of

a generalized (or any other) transfer function. Further

studies are needed to clarify this.

Chemla et al. (65) demonstrated that using high-fidelity

pressure catheters in resting humans, the mean arterial

pressure at the aortic root level (MAPa) can be written

accurately as:

MAPa � DBPa þ
PPa

3
þ 5 mmHg,

where both DBPa (aortic root diastolic blood pressure) and

MAPa are close to peripheral values.

Thus,

PPa

3
� MAPp � DBPp � 5 mmHg:

In peripheral arteries, peripheral mean arterial pressure

(MAPp) can be expressed as usual: MAPp � DBPpþ

PPp/3, with DBPp denoting peripheral diastolic blood

pressure and PPp denoting pulse pressure.

The Chemla formula agrees with Pauca et al. (66) that

radial artery pulse pressure (PPp) is about 15 mmHg higher

(pulse pressure amplification) than aortic pulse pressure

(PPa). Remarkably, wave reflection parameters (augmen-

tation) and heart rate did not seem to play a major role.

One important implication is that because of pressure

redundancy, two distinct pressure-powered functions

[(systolic blood pressure, diastolic blood pressure) or

(pulse pressure, mean arterial pressure)] are enough to

characterize the classic four-pressure set. Another impli-

cation is that the Chemla formula may be helpful in

calibrating carotid artery applanation tonometry. It

would offer an easy and elegant way to estimate central

aortic pressures.

VII. LOWER LIMB ARTERIAL DISEASE
IN HYPERTENSION

Hypertension has been implicated as a risk factor for

development of peripheral artery disease. Hypertensive

subjects with clinically overt arterial disease of the lower

limbs are known to be at considerable risk of future cardio-

vascular complications. It is generally believed that

changes in wave reflection (augmentation) are associated

with vascular disease and aging. Vasoactive drugs have

little direct effect on large elastic arteries, but they can

markedly change wave reflection amplitude and AIx by

altering stiffness of the muscular arteries and modifying

transmission velocity of the reflected wave from the

periphery to the heart (67). The exact role of arterial
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stiffness in hypertension, which is complicated by lower

limb arterial disease, needs further study.

Duprez et al. (68) studied C1 and C2 in patients with

lower limb arterial disease vs. age and blood pressure

matched subjects (elderly with isolated systolic hyperten-

sion) without peripheral arterial disease. C1 and C2

correlated with peripheral pulse pressure and with the

ratio of systolic blood pressure measured respectively at

the ankle and at the upper arm (ankle–brachial index

discussed subsequently), but did not differ between the

groups. In (normotensive) patients with lower limb vascular

disease, impaired carotid visco-elastic properties have been

described after adjustments for risk factors: lower compli-

ance, and higher Peterson incremental elasticity modulus

and beta stiffness index. But at the level of the femoral

arteries, no significant differences were observed (69).

Impaired regional (femoral) lower limb stiffness by

itself probably is not causing clinical symptoms, unless

it is accompanied by a pronounced narrowing of the arter-

ial lumen. Even with significant stenosis or occlusion of

the lumen, subjects may remain asymptomatic. If symp-

toms occur, they are characterized by intermittent

claudication (aching pain in the calves or buttocks)

while walking, which is relieved when the patients stop

walking. At this time, there is no evidence from a con-

trolled trial that hypertensive subjects with impaired

lower limb stiffness indices should develop more symp-

toms of claudication in the future, or be characterized by

lower ankle–arm systolic blood pressure index. When

treating hypertension that is complicated by lower limb

artery disease, the physician should be aware of the

importance of local perfusion pressure. In the past, an

old controversy regarding the effect of beta-blockers in

this type of patient has led physicians to withhold these

drugs. Evidence to support this practice is poor. In a

recent meta-analysis from the Cochrane group, no definite

recommendation with respect to the use or avoidance of

drugs could be made for this specific condition.

Ankle–brachial index (ABI), defined as the ratio of

noninvasively assessed ankle to brachial (arm) systolic

blood pressure, is generally considered a meaningful par-

ameter in the evaluation of peripheral arterial disease

(70). When applying the principles of peripheral amplifi-

cation of systolic and pulse pressure, the ABI ratio

should be .1.0 in younger individuals and at least equal

unity in elderly subjects. Sensitivity of a resting index of

,0.9 approaches 95% in detecting angiogram-confirmed

disease. A ratio ,0.9 is associated with the presence of

�50% stenosis in at least one major lower limb vessel.

ABI is almost 100% specific in excluding the disease in

healthy individuals (71).

In the Cardiovascular Health Study (CHS) Collabora-

tive Research Group that enrolled 5084 elderly

(.64-year-old) participants, the modest (asymptomatic)

reductions in ABI (0.8–1.0, 16.2% of the group) were

associated with increased risk of cardiovascular disease

(72). Generally, in subjects initially free of cardiovascular

disease, ABI is inversely related to a history of hyperten-

sion and to the level of systolic blood pressure, as well

as to most other classic cardiovascular risk factors. The

association is an inverse dose–response relation for most

risk factors. A follow-up of about 6 years showed that an

ABI of ,0.9 was an independent risk factor (after adjust-

ment for cardiovascular risk factors) for incident cardio-

vascular mortality. The relative risk was 1.52 (95% CI:

1.05–2.22) for prevalent cardiovascular disease at base-

line and even 2.03 (95% CI: 1.22–3.37) with no prevalent

cardiovascular disease at baseline (73). In fact, there was a

statistically significant decline in survival for each 0.1

reduction in the ABI. Incident clinical (need for hospital-

isation) peripheral arterial disease, as expected, is best pre-

dicted (even after adjustments for risk factors) by a low

ABI (,0.9) at baseline. Relative risk was 6.04 (95% CI:

3.23–11.28) for prevalent cardiovascular disease at base-

line and 5.55 (95% CI: 3.08–9.98) with no prevalent car-

diovascular disease at baseline. Interestingly, male gender

and ABI ,0.9, but not hypertension, were independent

predictors of total and cardiovascular mortality and inci-

dent clinical peripheral arterial disease in Cox proportional

hazards models, including all relevant risk factors.

In the Systolic Hypertension in the Elderly Program

(SHEP) prospective study, an ABI of ,0.9 was present

in 25.5% of the 1537 subjects and was a major predictor

of morbidity and mortality in systolic hypertension.

After adjustments for age, gender, classic risk factors,

and baseline cardiovascular disease, relative risk for total

mortality was 4.1 (95% CI: 2.0–8.3) and 2.4 (95% CI:

1.3–4.4) for all cardiovascular disease (74). In a later

ancillary SHEP study of 190 participants at Pittsburgh,

the definition of peripheral atherosclerosis was broadened

to either low ABI or stenoses at the internal carotid artery

by Duplex scanning. Also in the same study, individuals

with systolic hypertension and evidence of peripheral

atherosclerosis were found to be at high risk for future car-

diovascular events (75).

Ankle blood pressure, measured by the Doppler tech-

nique, should be interpreted with caution as calcification

of the arteries decreases compressibility and thus may

lead to overestimation of pressure. This is particularly

true in elderly and diabetics with stiff vessels. In addition,

one should be aware that changes in ABI often do not

reflect the effectiveness of preventive measures or of

medical treatment.

These facts indicate that symptomatic and even asy-

mptomatic (characterized by modest decreases in ABI)

peripheral vascular disease in combination with hyperten-

sion carries important risks for future cardiovascular

morbidity and mortality.
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VIII. CONCLUSIONS

In this chapter, we first reviewed definitions and techno-

logical aspects of some of the most frequently used charac-

teristics of the peripheral circulation: impedance extending

peripheral resistance, global, regional and segmental

arterial stiffness indices comprising proximal and distal

compliance, augmentation indices, pulse wave velocity,

distensibility, elasticity moduli, and global compliance

derived from mathematical modelling of the arterial circu-

lation. We discussed both limitations inherent to the differ-

ent technologies and potential clinical applications of the

parameters. We tried to interpret stiffness parameters in

relation to actual, local blood pressure and physiologically

relevant determinants: aging, heart rate, reflected waves

and body morphology, and stroke volume. Some of the

studied stiffness indices (central pulse pressure, pulse

wave velocity) have independent prognostic value for

hard cardiovascular endpoints in selected settings of

hypertension. The possibility of noninvasive estimation

of central systolic or pulse pressure starting from periph-

eral sites has been explored.

Critical and in-depth analysis of haemodynamics and

stiffness indices of the peripheral circulation should

encourage investigators to challenge classical pathophy-

siology of onset of hypertension. Several novel and

alternative hypotheses need to be tested, such as the role

of a reduced effective aortic diameter in association with

increased characteristic impedance in women with essen-

tial hypertension. Moreover, there is a strong need of

large well-organized community-based studies addressing

in a multivariate setting (over and above classical risk indi-

cators) both cross-sectional and longitudinal aspects of

well-defined clinically relevant phenotypes integrating

cardiac and vascular haemodynamics and stiffness

indices characterizing the peripheral circulation and the

ventriculo-arterial coupling. The population-based

ASKLEPIOS project that has already enrolled more than

2500 subjects in Belgium, is a good example of such a

study design. It will help to unravel the complex role of

the peripheral circulation in the onset and further evolution

of the process of essential hypertension.
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KEYPOINTS

. Hypertensive retinopathy, optic neuropathy, and

choroidopathy represent target organ damage in

hypertension.

. The recognition of hypertensive retinopathy is

important for cardiovascular risk stratification,

especially in severe hypertension, hypertensive

urgencies/emergencies, and in diabetes.

SUMMARY

Systemic hypertension is a common condition associated

with significant morbidity and mortality. Hypertension

confers cardiovascular risk by causing target organ

damage that includes retinopathy in addition to heart

disease, stroke, renal insufficiency, and peripheral vascular

disease. The recognition of hypertensive retinopathy is

important in cardiovascular risk stratification of hyperten-

sive individuals especially in malignant hypertension.

This chapter re-evaluates the changing perspectives in

the pathophysiology, classification, and prognostic signifi-

cance of the fundal lesions in hypertensives. Other

common ocular diseases precipitated by systemic hyper-

tension are also discussed.

I. INTRODUCTION

Hypertension produces cardiovascular risk by causing

target-organ damage that includes retinopathy (1). Poorly

controlled systemic hypertension causes worsening of

microvascular disease of the eye such as diabetic retino-

pathy (2). In a population of hypertensive patients

who had no coexisting systemic vascular disease, the

overall incidence of hypertensive retinopathy was

�15%. Specifically, 13% showed arteriolar narrowing,

8% showed retinopathy signs, and 2% showed artero-

venous nicking (3).

The prevalence of hypertensive retinopathy is reported to

be higher in the women, among Afro-Caribbeans, and in the
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smoking population (4,5). Recently, there has been specu-

lation that certain specific genotypes are linked with an

increased risk of hypertensive retinopathy (6–8). Other

hypertension-related complications may also exacerbate

retinopathy, such as the presence of microalbuminuria,

left ventricular hypertrophy, and renal disease (9–11).

II. PATHOPHYSIOLOGY

Pathologically, the retinal arterioles in hypertensives are

narrower, with thickened walls as a result of intimal hya-

linization and medial and endothelial hypertrophy. The

additional disadvantages are the branching geometry in

the retinal vasculature, with reduced circulatory efficiency

and microvascular rarefaction (12).

The ocular blood flow is directly related to the per-

fusion pressure (mean arterial pressure minus intraocular

pressure) and inversely related to the resistance to flow

(13). Resistance to blood flow depends on the state and

caliber of the ocular arteries and is influenced by hyperten-

sive arterial changes and efficiency of the autoregulation of

the blood flow (13).

Autoregulation maintains a constant ocular blood

flow to tissues during changes in perfusion pressure.

Endothelial-derived molecules (i.e., endothelins, throm-

boxane A2, prostaglandins, and nitric oxide) play a role

in autoregulation by modulating vascular tone (14). Break-

down of autoregulation occurs with the rise or fall of

perfusion pressure beyond a critical range. In hypertensive

individuals, in whom the autoregulation range is set to

higher levels, episodic hypotension (spontaneously, as

during sleep, or as a result of overtreatment), changes in

the tone of the precapillary arterioles (mediated by

angiotensin or by antihypertensive drugs), and vascular

endothelial changes (leading to reduced nitric oxide

synthesis) lead to breakdown of autoregulation (15).

The tight junctions of the retinal endothelium and the

retinal pigment epithelium form the inner and outer

blood-retinal barriers. Acute hypertension causes disruption

of the blood-retinal barriers (13). Unlike the retinal and

optic nerve head vascular beds, the choroidal vascular bed

has no blood-ocular barrier and, therefore, no autoregula-

tion (13). The retinal vessels are devoid of an autonomic

nerve supply, but the choroidal vessels are richly supplied

by both sympathetic and parasympathetic nerves. The

different anatomical and physiological properties of the

retinal, optic nerve head, and choroidal blood vessels, there-

fore, produce three distinct and unrelated manifestations,

that is, retinopathy, optic neuropathy, and choroidopathy.

III. CLASSIFICATIONS OF HYPERTENSIVE
RETINOPATHY

The classification of hypertensive retinopathy has proven

to be complex because of the interrelationship between

hypertensive and arteriosclerotic changes and because of

the high variability of clinical findings.

The two most widely accepted classifications are the

Keith–Wagener–Barker and Scheie classifications (16,17)

(Table 19.1). The Scheie classification defines the hyper-

tensive and arteriosclerotic changes separately. In recent

years, attempts had been made to introduce a prognostic-

significance classification by using the retinopathy find-

ings for risk stratification and therapeutic decision-

making (18). This classification is now commonly

adopted in clinical practice and has been simplified to a

two-grade classification of retinopathy nonmalignant

(nonaccelerated) vs. malignant (accelerated) (the

Dodson–Lip classification). This two-grade classification

system provides useful correlation between clinical fea-

tures and prognosis (18,19).

IV. CLINICAL FEATURES

The primary response of the retinal arterioles to systemic

hypertension is vasoconstriction. Sustained hypertension

leads to disruption of the blood-retinal barrier, increased

Table 19.1 Classifications of Hypertensive Retinopathy

Retinopathy grading Arteriosclerosis grading

Grade Features Grade Features

N/A N/A 0 No changes

I Mild generalized arteriolar narrowing 1 Barely detectable light reflex changes

II Definite focal arteriolar narrowing 2 Definite increased light reflex changes

III Grade II plus retinal hemorrhages,

exudates, and cotton–wool spots

3 Grade 2 plus copper wiring of arterioles

IV Severe grade III and papilloedema 4 Grade 3 plus silver wiring of arterioles

Note: Keith–Wagener–Barker classification (grades I–IV) was based on the level of severity of the retinal findings. Scheie

attempted to quantify the changes of both retinopathy (grades I–IV) and arteriolosclerosis (grades 0–4).
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vascular permeability, and secondary arteriolosclerosis,

which leads to a variety of clinical signs commonly detect-

able with ophthalmoscopy.

The clinical features of hypertensive retinopathy can be

divided into two categories, according to the kinds of

changes observed in the eye. Grades I and II hypertensive

retinopathy comprise changes in the retinal arterioles. The

arterioles show initial generalized narrowing, changing to

focal attenuation in more chronic hypertensive damage.

Focal arteriolar narrowing is easier to assess clinically

than generalized narrowing, but with new computer-

assisted quantification, generalized retinal arteriolar nar-

rowing can be ascertained reliably by using standardized

photographic grading methods (20).

Grades III and IV hypertensive retinopathy comprise

changes that involve the retina, optic disc, and choroids.

These include microaneurysms, intraretinal hemorrhages,

cotton–wool spots, hard exudates or macular stars

[deposition of lipid around the fovea, Fig. 19.1(A)], and

papilloedema. Flame-shaped hemorrhage is the hallmark

of hypertension [Fig. 19.1(A)], the appearance of which

is quite distinct from the dot- and blot-hemorrhages of dia-

betic retinopathy. In acute hypertension, obstruction of the

precapillary arterioles leads to the development of nerve

fiber layer infarcts (cotton–wool spots) and papilloedema.

Less commonly, macular stars or papilloedema may be the

lone presentation (Fig. 19.2) in grade IV hypertensive reti-

nopathy. Complications of severe untreated hypertension

include hemorrhagic detachment of the internal limiting

membrane of the retina and subhyaloid and vitreous

hemorrhages [Fig. 19.1(B)].

Secondary arteriolosclerosis of the common vascular

adventitial sheath at the level of the arteriovenous crossing

produces compression of the venule. The increased

Figure 19.1 (A) A 35-year-old Caucasian woman presented with severe malignant hypertension. Fundoscopy revealed bilateral papil-

loedema with macular hard exudates (partial macula star, indicated by the thin arrow), cotton–wool spots (indicated by the wide arrows),

and flame-shaped retinal hemorrhages. (B) Fundoscopy after 4 months of good blood pressure control, which shows resolution of almost

all the retinopathy. Bilateral disc pallor and residual hard exudates remain.
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arteriolar light reflex correlates with hyalinization of the

arteriolar wall. Obscuring of the red blood cell column

by the “copper wire” or “silver wire” appearance of the

light reflex has classically been described in grade III or

grade IV retinopathy, respectively.

V. HYPERTENSIVE OPTIC NEUROPATHY

Papilloedema, or bilateral disc swelling, represents

grade IV hypertensive retinopathy. If left untreated, it is

considered to be a poor prognostic sign for survival (19).

Figure 19.2 Lone papilloedema. A 27-year-old male initially presented with malignant hypertension with gross papilloedema and a

blood pressure of 180/130. Following further investigation, he was found to have co-existing benign intracranial hypertension.
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The pathogenesis of papilloedema secondary to systemic

hypertension is controversial. The possible causes

include ischemia, raised intracranial pressure, or hyperten-

sive retinopathy or encephalopathy. Experimental studies

in animals and clinical studies that used visual evoked

potentials and electroretinogram recordings indicated

ischemia as the possible underlying mechanism (21).

The World Health Organization (WHO) clinical cri-

terion for malignant hypertension is the presence of

severe hypertension in association with bilateral retinal

hemorrhages and exudates, with or without papilloe-

dema. Conversely, isolated (lone) papilloedema without

retinopathy could represent a variant of malignant hyper-

tension (22). Other differential diagnoses such as neuror-

etinitis, Leber’s stellate maculopathy, papilloedema

secondary to increased intracranial pressure, or space-

occupying lesions might need to be excluded if there is

no resolution of clinical signs following good hyperten-

sion control.

Despite the alarming fundal features, patients with

malignant hypertension have minimal ocular complaints.

Headaches may be the only symptom, and the majority of

patients maintain normal visual acuity, with full recovery

of color perception and visual field. Most features of

acute hypertensive retinopathy regress over 6–12 months

with timely antihypertensive therapy. Retinal hemorrhages

are likely to resolve first, followed by cotton–wool spots,

retinal exudates, and disc swelling. Longstanding chronic

hypertension may result in retinal nerve fiber loss and

disc pallor. The electroretinogram recordings may remain

abnormal for as long as 2–4 years following an acute

episode (23).

VI. HYPERTENSIVE CHOROIDOPATHY

Choroidal lesions secondary to elevated blood pressure

are less well recognized than retinopathy in the current

literature. The underlying mechanism relates to choroidal

ischemia and its effects on the retinal pigment epithelium

and retina.

The more commonly described features of hypertensive

choroidopathy are choroidal vascular sclerosis, Elschnig’s

spots representing focal areas of degenerative retinal

pigment epithelium (Fig. 19.3), and diffuse patchy atrophic

retinal pigment epithelial degeneration of chronic hyper-

tension. Siegrist’s streaks, linear retinal pigment epithelial

changes, are the sequelae of acute hypertensive choroido-

pathy and generally indicative of a poor prognosis (24).

VII. OCULAR DISEASES SECONDARY TO
SYSTEMIC HYPERTENSION

Systemic hypertension is recognized as responsible for

a number of ophthalmic complications, potentially

leading to blindness. Often, ocular manifestation was

Figure 19.3 Retinal pigment epithelial changes of the peripheral fundus after an episode of malignant hypertension. (Elschnig’s spots

are indicated by arrow.)
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the initial presentation that led to the diagnosis of sys-

temic hypertension. Prompt attention to hypertension

control could prevent recurrence or involvement of the

other eye.

A. Retinal Vein Occlusion

Systemic hypertension is associated with an increased risk

of developing retinal vein occlusions (57–75%) (24). Other

frequent systemic associations are cardiovascular disease

and diabetes in the elderly population. In younger patients,

the causes for retinal vein occlusions are less clear and

require more extensive investigation (25).

The hallmark of an ophthalmoscopy finding of acute

retinal vein occlusion is the distribution of superficial

flame-shaped hemorrhages along a retinal vascular

branch (Fig. 19.4).

The extent and location of involved retina depend on the

site of obstruction. The site is almost invariably at an arter-

iovenous crossing point for branch retinal vein occlusion

(involving a quadrant of the retina along a major retinal vas-

cular arcade), at the lamina cribosa for hemispheric vein

occlusion (involving the superior or inferior half of the

retina), or at the central retinal vein occlusion (involving

all four quadrants of retina). Other signs may include engor-

gement and tortuosity of the obstructive retinal vein, retinal

edema, exudation, cotton–wool spots, and disc swelling.

Patients commonly present with sudden painless visual

loss of varying degrees depending on the severity of the

retinal ischemic changes and the involvement of the

foveal region. In the presence of persisting retinal nonper-

fusion, neovascularization may develop on the disc, the

peripheral retina, or the iris. Panretinal scatter photo-

coagulation is effective therapy in ischemic cases (with

established neovascularization) in order to prevent sight-

threatening complications such as vitreous hemorrhage

and secondary rubeotic glaucoma.

B. Retinal Arterial Macroaneurysm

Retinal arterial macroaneurysms are acquired focal aneur-

ysmal dilatations of the retinal arterioles, usually occurring

in the first three orders of the arteriolar tree (26). They are

commonly associated with hypertensive retinopathy,

giving rise to star-shaped exudations and are more fre-

quently complicated by retinal, preretinal, or intravitreal

hemorrhage. Laser photocoagulation may be applied

around a macroaneurysm if spontaneous resolution with

thrombosis within the macroaneurysm fails to occur

(Fig. 19.5).

C. Nonarteritic Anterior Ischemic
Optic Neuropathy

Nonarteritic anterior ischemic optic neuropathy (AION) is

infarction of the optic nerve head. It manifests as a sudden

unilateral painless loss of vision. The cause of nonarteritic

AION is less clear, but hypertension is associated in�40%

Figure 19.4 Inferior hemispheric retinal vein occlusion with deep, dark retinal hemorrhages (ischemic sign) that involve the inferior

half of the fundus.
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of all cases (27). The mechanism may be chronic hypoper-

fusion of the small end-arterial optic nerve head vessels

caused by overtreated hypertension or abnormal vascular

autoregulation (28).

Vision loss is often partial because only a sector of the

optic disc undergoes infarction and edema. Visual field

defect is therefore characteristically altitudinal. Spon-

taneous improvement of vision (partial) may occur in up

to 43% of cases, and recurrence is rare. No treatment is

proven to be effective (including steroids), but systemic

hypertension must be addressed to avoid involvement of

the other eye in �25% of all cases (29).

Patients with nonarteritic AION tend to be younger than

patients with giant cell arteritis. The latter may be differen-

tiated from the specific symptoms and signs with abnormal

blood tests. In contrast to patients with retinal artery

disease (retinal artery occlusion and amaurosis fugax),

patients of nonarteritic AION have only a slightly

increased incidence of cerebrovascular events, and life

expectancy is not significantly shortened (30).

D. Cranial Nerve Palsies

Sudden onset of painless diplopia (pupil-sparing) in

middle-aged or elderly patients is almost always second-

ary to hypertension or diabetes. Often, the patient’s

medical history suggests microvasular damage as the

cause of the pathology. The symptoms may include an iso-

lated palsy or combined palsies and frequently involve the

sixth, third, fourth, and seventh cranial nerves (31). Other

ocular examinations, including vision and visual field

examinations, are otherwise normal. Neuroimaging may

not be indicated in the absence of other neurological

signs or pupillary abnormalities. The symptoms usually

resolve spontaneously within 3 months.

E. Diabetic Retinopathy

Diabetic retinopathy shows a similar pathological process

of microvasculopathy, in which endothelial cell malfunc-

tion and impaired regulation of retinal perfusion occur as

a result of chronic glucotoxicity. The UKPDS 50 report

showed that the incidence of diabetic retinopathy was

associated strongly with higher blood pressure (32).

Indeed, UKPDS, EUCLID, and other studies have shown

retardation in the progression of diabetic retinopathy

with improved control of blood pressure. Many studies

also have shown that it is both safe and beneficial to

further lower blood pressure with ACE inhibitors in

patients whose blood pressure is already within the

“normal” range but who have known vascular risk

factors such as left ventricular dysfunction, hypertension,

or diabetic microalbuminuria (33,34).

VIII. CONCLUSIONS

Hypertensive retinopathy, neuropathy, and choroidopathy

represent target organ damage in patients with systemic

Figure 19.5 Fundoscopy of the right eye showing a macroaneurysm (indicated by arrow) arising from the superotemporal retinal

arteriole. The macroaneurysm bled into the surrounding retina.
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arterial hypertension. Hypertensive retinopathy, in particu-

lar, is a recognized cardiovascular risk stratification factor.

Prompt recognition and accurate diagnosis of these stages

have important implications for both the ocular health and

the general health of the individual.
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KEYPOINTS

. The global burden of hypertension is tremendous.

. Hypertension awareness, treatment, and control in

many world regions are low.

. Several domains are in association with higher rates

of hypertension awareness, receipt of anti-hyperten-

sive treatment, and blood pressure control.

. Positive trends in hypertension control have been

noted in several world regions.

. Implementation of population-based programs

aimed at increasing hypertension awareness, treat-

ment, and control may be beneficial.

SUMMARY

Blood pressure control in the context of a patient with

hypertension is a function of detection and treatment

(pharmacologic and lifestyle modification). While great

accomplishments have been made, rates of hypertension

control remain low in all world regions. The first step in

achieving blood pressure control in the hypertensive

patient is disease detection. While rates of hypertension

awareness have increased over the past several decades

in many countries, awareness remains low. Once hyperten-

sion has been detected and the need to initiate treatment

has been determined, achieving high rates of treatment is

a function of patient monitoring, encouragement, and

adherence. Given the success of blood pressure education

programs in several countries, similar programs adapted to

the need of specific world regions may have a tremendous

positive impact in increasing rates of hypertension aware-

ness, treatment and control of hypertension, and reducing

the burden of cardiovascular disease.

I. INTRODUCTION

When a patient develops hypertension, controlling it is a

function of detection and treatment (pharmacologic and

lifestyle modification). Increasing detection and treatment

of high blood pressure has been a central focus of blood

pressure education programs in the United States for

.25 years (1–3). Similar initiatives have been imple-

mented in several countries and have been proposed for

enhancing awareness and control of the burden of hyper-

tension in others (4–7). The purpose of this chapter is

twofold: first, rates of hypertension awareness, treatment,

and control from several national studies are reviewed;

second, an overview of factors associated with higher

rates of hypertension awareness, treatment, and control

is discussed in the context of the hypertensive patient.

Although the prevention of hypertension is an essential

element in reducing the incidence of cardiovascular

disease, increasing the rate of detection, treatment (both

pharmacological treatment and lifestyle modification),

and control of hypertension is a prerequisite to reduce

the burden of cardiovascular disease outcomes that are a

result of high blood pressure.

II. DEFINITIONS

The criteria used to define hypertension, and the detection,

awareness, and control of hypertension have varied over

time and between countries. To provide context for the

current chapter and comparability across regions, a

common set of definitions were used in collecting and

analyzing these data. Hypertension was defined as a systo-

lic blood pressure .140 mmHg and/or a diastolic blood

pressure .90 mmHg and/or the current use of blood

pressure lowering medications. Hypertension detection

refers to the diagnosis of hypertension by a healthcare pro-

vider and hypertension awareness refers to the patient’s

knowledge of this diagnosis. These terms are not synon-

ymous; many patients may have their hypertension

detected but remain unaware of this diagnosis. In popu-

lation-based surveys, limited data are available on the

previous detection of hypertension. Therefore, in this

chapter, hypertension detection and awareness were used

interchangeably and defined as a patients’ knowledge

(i.e., awareness) of their diagnosis of hypertension.

Finally, hypertension control was defined as systolic and

diastolic blood pressure ,140 mmHg and ,90 mmHg,

respectively.

III. GLOBAL BURDEN OF HYPERTENSION

Published rates of hypertension prevalence vary widely

from 3.4% in rural Indian men and to 72.5% in Polish

women (8,9). In most economically developed countries,

the prevalence of hypertension is 20–50%. For example,

according to data from the United States National Health

and Nutrition Examination Survey of 1999–2000, the

prevalence of hypertension was 27.1% in men and

30.1% in women in the US general adult population

(10). In contrast, the prevalence in the Spanish National

Blood Pressure Study was 49.4% in rural and 43.2% in

urban residents (11). Although it has been generally

thought that the prevalence of hypertension is substantially

lower in economically developing regions, recent data

show that this is not uniformly true (12,13). Results from

the Egyptian National Hypertension Program identified a

prevalence of hypertension close to 30% in four of the

regions surveyed (13). Data from InterASIA, the most

recent national study conducted in China, estimated the

prevalence of hypertension among men and women in
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the age group of 35–74 years to be 28.8% (N ¼

129,824,000 Chinese persons) among the population

aged 35–74 (14). The prevalence of hypertension in South

African adults was estimated to be 22.9% in men and

23.4% in women (15). The highest prevalence of hyperten-

sion in Sub-Saharan Africa was reported in a study from

urban Zimbabwe with rates as high as or higher than

those in economically developed countries (15,16).

IV. HYPERTENSION DETECTION
(HYPERTENSION AWARENESS)

Hypertension detection, referred to as awareness herein,

begins with proper blood pressure measurement. The

National High Blood Pressure Education Program of the

National Institutes of Health in the United States rec-

ommends that blood pressure measurements should be

obtained in a standard fashion at each healthcare encounter

(3,17). Similar guidelines recommending the measurement

of blood pressure at every healthcare encounter have been

published by the World Health Organization (6). The goal

of this chapter is not to review the recommended tech-

niques for measuring blood pressure as reviews of these

methods are provided elsewhere (18). However, a key

aspect of the blood pressure measurement is accomplished

after the readings have been obtained. Specifically, it is

critical for clinicians to communicate the meaning of

their patients’ blood pressure readings and to advise

them of the importance of follow-up visits and future peri-

odic blood pressure readings. The American Heart

Association and National Heart, Lung, and Blood Institute

of the National Institutes of Health have guidelines for the

monitoring of blood pressure in the outpatient setting (1).

These guidelines should assist the clinician in detecting,

confirming, and monitoring hypertension.

Hypertension detection remains a critical component

for reducing the burden of the adverse outcomes of high

blood pressure (19). Evidence has overwhelmingly

demonstrated that, among patients with hypertension, the

incidence of many of these diseases can be lowered

through adequate control of blood pressure (20). Only

those who are aware of their hypertension are in position

to receive treatment and counseling that will enable

them to reduce and control their high blood pressure. To

raise awareness of the dangers of high blood pressure, pro-

grams have been developed in many countries. Although

impressive progress has been observed, there is still

much room for improvement. For example, although the

awareness of hypertension in the USA increased from

51% to 73% between the 12-year interval from

NHANES II (1976–1980) and NHANES III (1988–

1994), it did not increase any further by NHANES

1999–2000 (10,21). As such, continued and bolstered

efforts are needed to achieve high rates of hypertension

awareness.

A. Hypertension Awareness Rates

In previous epidemiological studies and literature reviews,

awareness of hypertension has been defined most fre-

quently as a self-report of any prior diagnosis of hyperten-

sion by a healthcare professional among the population

with hypertension. A recent published review provides

the most comprehensive data on the rates of hypertension

awareness from world regions (22). The level of hyper-

tension awareness varies considerably between and

within world regions (Fig. 20.1) (8–11,13–15,23–37).

In economically developed countries, approximately

one-half to two-thirds of patients with hypertension are

aware of their diagnosis. For example, in the USA in

1999–2000, 68.9% of patients with hypertension,

�18 years, were aware of this diagnosis. In contrast,

only 44.5% of patients with hypertension in Spain were

aware of their diagnosis of hypertension (10,11). Rates

of hypertension awareness were generally, but not

always, lower in economically developing countries. In

Latin American countries, including the Caribbean, aware-

ness of hypertension was similar to the USA (30). In the

other economically developing countries, approximately,
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Figure 20.1 Rates of hypertension awareness in several
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one-quarter to one-half of patients with hypertension were

aware of their diagnosis. For example, data from InterA-

SIA in China indicated a hypertension awareness rate of

44.7% (14).

B. Factors Associated with Higher
Hypertension Awareness

Studies from several countries have investigated factors

associated with hypertension awareness (11,13,38–40).

Although these studies do not uniformly report the same

factors to be associated with higher rates of hypertension

awareness, common themes have emerged. The following

discussion will focus on these common patterns.

1. Geographic Differences

Rates of hypertension awareness not only vary greatly

across but also within regions and countries (11,13,37).

For example, hypertension awareness has been reported

to be higher in urban vs. rural regions of several countries

(9,14). Rates of hypertension awareness in urban and rural

areas were 46.8% and 39.9%, respectively, in Spain,

52.5% and 44.7%, respectively, in China (11,37). Further-

more, regional variation in rates of awareness is also pro-

minent. Reynolds and colleagues reported higher rates of

hypertension awareness in Northern (50.2%) compared

with Southern (46.5%) China. In addition, in the Egyptian

National Hypertension Project, higher rates of awareness

were present in the Coastal Region and Cairo (56.5%

and 56.0%, respectively) compared with Northern

(20.3%) and Southern (31.8%) Upper Egypt (13).

2. Healthcare

A key factor in the detection of hypertension is access to

healthcare. This domain encompasses several facets

including health insurance, continuity of care, and fre-

quency of blood pressure measurements. Because each

of these characteristics may be more applicable in some

countries than others, each component needs to be con-

sidered in the context of each independent setting when

assessing methods for improving the detection of high

blood pressure.

3. Patient Care

Although data from NHANES III indicated that having

health insurance and a usual source of healthcare were

not associated with higher rates of hypertension aware-

ness, having a physician visit within the previous year

was associated with a higher likelihood of being aware

of one’s hypertension (38,41).

4. Frequency of Blood Pressure Measurement

Several studies have reported higher rates of hypertension

awareness among patients with more frequent blood

pressure measurements (40,41). Although not directly

reported in NHANES III, one can assume the higher

rates of hypertension awareness associated with more

recent physician visits may be the result of more recent

and possibly more frequent blood pressure measurements.

More direct data are available from the InterASIA study in

China. Specifically, 67.1%, 33.6%, and 6.6% of patients

with hypertension who had their blood pressure measured

,12 months, 1–5 years, and �5 years prior to their study

visit, respectively, reported having been previously told of

their hypertension diagnosis (40). A strong association was

present between a more recent blood pressure measure-

ment and higher hypertension awareness even after adjust-

ment for several potential confounders including age,

gender, urban vs. rural, and north vs. south residence. It is

worth noting that despite the strong association between

more recent blood pressure measurements and a higher

likelihood of hypertension awareness, adults in China are

substantially less likely to have had their blood pressure

measured within the previous year when compared with

their counterparts in the USA (Table 20.1) (40).

Among the population age 35–74 years, 32.5% of the

Chinese population compared with 3.4% of the US popu-

lation had not had their blood pressure measured within

the past 5 years. To our knowledge, little data from other

world regions have been published, and the frequency at

which blood pressure measurements are made is not

entirely known. In addition, whether the greater frequency

of blood pressure measurement explains higher awareness

rates has not been directly shown. However, conducting

standard blood pressure measurements at every healthcare

encounter is a critical component of hypertension detec-

tion and may help improve rates of hypertension

awareness.

Table 20.1 Patient Awareness and Time Elapsed Since Last

Blood Pressure Measurement

Parameters

USA

(NHANES)

China

(InterASIA)

Subjects aware of their

hypertension diagnosis (%)

69.7 43.0

Time elapsed since last blood

pressure measurement

�5 years 3.4 32.5

1–5 years 16.0 8.0

,12 months 80.6 59.5

Source: From Ref. (40).
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5. Cigarette Smoking

Studies from the USA, Europe, and Asia have found ciga-

rette smokers significantly less likely to be aware of their

hypertension diagnosis when compared with nonsmokers

(11,38,40). For example, data from NHANES III reported

that current smokers were 22% less likely to be aware of

their hypertension diagnosis when compared with their

nonsmoking counterparts (P ¼ 0.04). Additionally, data

from InterASIA in China showed that after adjustment

for age, gender, urban vs. rural, and North vs. South resi-

dence, current smokers were 21% less likely to be aware

of their diagnosis of hypertension. Whether hypertension

detection among smokers is lower than among nonsmo-

kers because of less frequent measurements of blood

pressure is not known. In addition, compared with patients

who continue to smoke, patients who quit or have never

smoked may be more health conscious and visit their phys-

icians more often. In InterASIA, cigarette smokers had

less frequent blood pressure measurements. Specifically,

current smokers were less likely than never smokers to

have had their blood pressure measured in the past 5

years (29% vs. 41%, respectively) and less likely (50%

vs. 64%, respectively) to have had their blood pressure

measured in the previous 12 months. Unpublished data

indicate that the lower rates of hypertension awareness

among current smokers are mediated by less frequent

blood pressure measurements.

6. Cardiovascular Disease

When individuals with cardiovascular disease are com-

pared with their counterparts who do not have cardio-

vascular disease, they are substantially more likely to be

aware of their hypertension than their counterparts.

Studies also have found that people with other major car-

diovascular disease risk factors, including obesity, high

cholesterol, and diabetes, are more likely to have had

their hypertension detected and be aware of this condition.

In Spain and China, people who had a body mass index

�30 kg/m2 were 1.88 and 2.94 times, respectively, more

likely to be aware of their hypertension compared with

persons with a body mass index ,25 kg/m2 (each

P , 0.01). A higher percentage of these patients may be

aware of their hypertension because of their more frequent

contacts with the healthcare system. Alternatively, phys-

icians may pay more attention to patients with hyperten-

sion and other major cardiovascular disease risk factors

because these patients are at greater risk for cardiovascular

disease. The higher detection of hypertension in over-

weight or obese patients may represent a “high-risk”

approach to the detection of hypertension. Ideally, all

patients with hypertension, not just those with other

co-existent risk factors, will be aware of their diagnosis

of hypertension.

7. Other Factors

Several other factors enable awareness, including having a

social support network, a higher education level, and a

higher household income. In InterASIA, after adjustment

for age, gender, and area of residence, participants who

were married were 1.43 times more likely to be aware of

their hypertension diagnosis compared with their nonmar-

ried counterparts (40). How being married and having a

social support network increases the awareness of hyper-

tension is not entirely known. It has been hypothesized

that companionship may increase awareness of health-

related issues and attendance at doctor appointments.

Household income may increase hypertension awareness

through greater access to health care and, in turn, a more

recent blood pressure measurement. Finally, InterASIA

data show a graded association of higher rates of hyperten-

sion awareness at higher education levels. This raises the

important question as to whether physicians are communi-

cating the diagnosis of hypertension at a level where

patients can understand. Alternative explanations for

higher awareness rates among persons with a higher edu-

cation level include greater access to healthcare and a

tendency for patients with a higher education to be more

health conscious.

8. Summary

The first step in achieving blood pressure control in the

hypertensive patient is disease detection. Even though

the rate of hypertension awareness has increased over

the past several decades in many countries, awareness

remains low (22). Furthermore, rates of hypertension

detection are substantially lower in economically develop-

ing countries. For example, data from a recent report in

China show that hypertension awareness rates in 1999–

2000 were similar to those observed in the USA in

1976–1980 (40). In both economically developed and

developing countries, a broader population-based

approach of identifying all patients with hypertension is

needed. Furthermore, methods for physicians to clearly

communicate the diagnosis of hypertension to the patient

need to be developed and disseminated. Given the high

burden of hypertension worldwide, such an approach

will provide a mechanism to achieve better care for the

large segment of the population that is unaware of their

hypertension.

V. TREATMENT FOR HYPERTENSION

Primary prevention of hypertension provides an ideal

opportunity to interrupt and prevent the continuing and

costly cycle of managing hypertension and its compli-

cations (42). However, once present, hypertension needs
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to be treated with all available means, including lifestyle

modification and pharmacological therapy (1). The ulti-

mate goal of any blood pressure lowering treatment is

the reduction of cardiovascular and renal disease morbid-

ity and mortality. In clinical trials, pharmacological anti-

hypertensive therapy has been associated with 35–40%,

20–25%, and 50% reductions in stroke, myocardial infarc-

tion, and heart failure incidence, respectively (20). In the

presence of cardiovascular disease and hypertension,

only nine patients need to be treated with antihypertensive

therapy to prevent one death (43). The benefits of pharma-

cologic therapy have been observed in various countries,

age, race, gender, and socioeconomic groups and little

doubt remains as to the benefit of such treatment.

Although a great emphasis needs to be placed on the

primary prevention of hypertension, many of the lifestyle

modification approaches recommended for hypertension

prevention can and should be applied as first-line and

conjunctive treatment of the hypertensive patient. The

current discussion will provide an overview of the bene-

fits of several lifestyle modification approaches and

pharmacological therapy in treating hypertension, review

rates of pharmacological treatment and lifestyle modifi-

cation usage in the context to the hypertensive patient,

and finally discuss factors associated with the receipt of

pharmacological treatment of hypertension.

A. Lifestyle Modification

Dozens of clinical trials have documented the blood

pressure lowering benefits of lifestyle modification includ-

ing sodium reduction, weight loss, physical activity, and

alcohol reduction. The findings from these trials have

been summarized in recent meta-analyses, which provide

a means to formally pool and quantify findings from indi-

vidual trials in a standardized and objective manner (44).

1. Sodium Reduction

Over the past 30 years, more than 80 randomized control-

led trials have been conducted to explore the efficacy and

effectiveness of reductions in dietary sodium on blood

pressure in hypertensive and normotensive patients. The

findings from these trials have been summarized in four

recent meta-analyses (45–48). When compared with the

control groups, the reported mean reduction in blood pres-

sure was 23.9 to 25.9 mmHg for systolic blood pressure

and 21.9 to 23.8 mmHg for diastolic blood pressure in

hypertensive patients (each P , 0.05). Additionally, in

the Trial of Nonpharmacologic Interventions in the

Elderly, conducted in 875 participants 60–80 years old

with well-controlled hypertension, the percentage of

persons who were able to discontinue antihypertensive

medication and remain drug-free while maintaining their

blood pressure ,150/90 mmHg and remaining free of a

hypertension-related clinical complication was signifi-

cantly higher among those assigned to a sodium reduction

group than in their counterparts who were assigned to

the usual care (38% vs. 24%, P , 0.001) (49). No safety

concerns have been noted with the modest reduction in

sodium intake that forms the basis for the national US rec-

ommendations and Institute of Medicine’s reports (50,51).

2. Weight Loss

A meta-analysis of 25 randomized controlled trials of

weight loss and blood pressure that were conducted

between 1966 and 2003 was performed to estimate the

effect of weight reduction on blood pressure (52). An

average net weight reduction of 25.1 kg by means of

energy restriction, increased physical activity, or a com-

bined intervention was associated with a significant

reduction in systolic blood pressure of 24.44 mmHg

(95% CI: 25.93 to 22.95) and a significant reduction in

diastolic blood pressure of 23.57 mmHg (95% CI:

24.88 to 22.25). When subgroups were compared on

the basis of initial blood pressure level (,140/90 mmHg

vs. �140/90 mmHg), there was no difference in systolic

blood pressure response, but reductions in diastolic

blood pressure were approximately twice as great in

hypertensive subjects, although this difference was not

statistically significant [24.92 (95% CI: 26.73 to

23.12) vs. 22.35 (95% CI: 24.05 to 20.65)].

3. Physical Activity

Whelton et al. (53) recently published a meta-analysis of

54 trials showing that previously sedentary adults could

decrease systolic blood pressure with regular aerobic exer-

cise. Reductions in systolic and diastolic blood pressure

associated with regular aerobic exercise were 24.9

(27.2 to 22.7) mmHg and 23.7 (25.7 to 21.8) mmHg

among patients with hypertension.

4. Alcohol Reduction

Xin et al. (54) conducted a meta-analysis of 15 randomized

controlled trials of alcohol reduction conducted between

1984 and 1996. Overall pooled estimates of the effect of

alcohol reduction on systolic and diastolic blood pressure

were 23.31 (95% CI: 22.52 to 24.10) mmHg and 22.04

(95% CI: 21.49 to 22.58) mmHg, respectively

(P , 0.001 for both). Reductions in systolic and diastolic

blood pressure associated with alcohol reduction were

nonsignificantly greater [23.9 mmHg (95% CI: 25.0 to

þ0.5) and 22.4 mmHg (23.3 to 20.4), respectively]

among patients with hypertension.
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5. Overall Dietary Approach

The Dietary Approaches to Stop Hypertension (DASH)

clinical trial randomized 459 adults with systolic blood

pressure ,160 mmHg and diastolic blood pressure

between 80 and 95 mmHg to receive one of three diets:

(i) A control diet that was considered to be low in fruits

and vegetables with a fat content typical of the American

diet; (ii) A diet rich in fruit and vegetables but retaining the

same fat intake as the control diet; or (iii) A “combined”

diet rich in fruits and vegetables with reduced saturated

and total fat (55). Within each of the three study arms,

three meals a day, and in-between meal snacks were pro-

vided to each study participant (55). Sodium intake and

body weight were maintained at constant levels during

follow-up. The relative reduction in systolic and diastolic

blood pressure was 25.5 (27.4 to 23.7) and 23.0 (24.3

to 21.6) mmHg greater for those receiving the “combi-

nation” diet when compared with their counterparts

receiving the control diet. The effect of these diets was

larger in magnitude among persons with hypertension.

When compared with hypertensive subjects in the

control group, hypertensive subjects who were receiving

the fruits and vegetables and “combination” diet had a

27.2 (211.4 to 23.0) and 211.4 (215.9 to 26.9)

larger reduction in systolic blood pressure and 22.8

(24.7 to 20.9) and 25.5 (28.2 to 22.7) larger reductions

in diastolic blood pressure (55).

6. Rates of Lifestyle Modification

Despite overwhelming evidence favoring lifestyle modifi-

cation, only 50.0%, 57.4%, and 43.3% of nonHispanic

whites, nonHispanic blacks, and Mexican-Americans,

respectively, with hypertension in the USA reported

undertaking lifestyle modification as part of their hyper-

tension treatment (41). The most common of these

approaches reported was sodium reduction which was

undertaken by 43.4%, 53.3%, and 39.9% of nonHispanic

whites, nonHispanic blacks, and Mexican-Americans,

respectively. In contrast, increased exercise was under-

taken by only 10–15% of patients with hypertension.

The low rates of lifestyle modification are especially dis-

concerting given that hypertension control is 6.02 times

greater among NHANES III participants who reported

undertaking lifestyle modification due to their diagnosis

of hypertension (41).

The prevalence of lifestyle modification to lower blood

pressure is similar in the USA and China (12). Specifically,

in China, 50.2% of InterASIA participants who were

aware of their hypertension diagnosis were undertaking

lifestyle modification. In China, sodium reduction was

the most common lifestyle modification approach to

control blood pressure and was undertaken by 33.2% of

patients aware of their hypertension diagnosis. Other

common lifestyle modifications among patients aware of

their hypertension diagnosis reported in InterASIA

include weight loss (21.5%), increased exercise (29.2%),

and reduced alcohol consumption (32.1%) and other

complementary and alternative methods (13.5%) (40).

B. Pharmacological Treatment
of Hypertension

Treatment of systolic and diastolic blood pressure to levels

,140 mmHg and 90 mmHg, respectively, is associated

with a decrease in cardiovascular disease incidence.

However, the decision to initiate pharmacologic treatment

of hypertension requires consideration of several factors

including the degree of blood pressure elevation, the pre-

sence of end-organ damage, and the presence of cardiovas-

cular disease risk factors (1). The goal of controlling blood

pressure is to reduce cardiovascular disease morbidity and

mortality. The JNC7 report from the National Heart Lung

and Blood Institute of the USA recommends thiazide-type

diuretics be used as initial therapy for most patients with

hypertension (56,57). Studies have showed that most

patients can achieve adequate blood pressure control

(56). However, most patients who are hypertensive will

require two or more antihypertensive medications to

achieve their blood pressure goals (58). Adoption of a

healthy lifestyle by all persons is also critical for the

prevention of hypertension-related cardiovascular disease.

Combining multiple lifestyle modification approaches

and/or lifestyle modification in conjunction with pharma-

cological blood pressure lowering therapy may increase

the likelihood of achieving blood pressure control (49).

1. Rates of Hypertension Treatment

Despite effective therapy, pharmacological therapy for the

treatment of hypertension remains under-utilized in essen-

tially all regions of the world (Fig. 20.2) (8–11,13–

15,23–37). In economically developed countries, the

rates of pharmacological treatment for hypertension

ranged from rates of 31.8% of hypertensive patients in

UK to 58.4% of those in the USA. The lowest rate of

pharmacological treatment of hypertension was observed

in Mexico where only 14.6% of women and 6.5% of

men (overall rate, 10.7%) with hypertension were receiv-

ing pharmacological therapy. On a more positive note,

rates of treatment for hypertension have increased in

economically developed and developing countries. For

example, in the Health Survey for England, the rate of

hypertension treatment increased from 31.8% in 1994

to 38.0% in 1998. In China, the rates of hypertension

treatment increased from 12.1% in 1991 to 28.2% in

1999–2000.
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2. Factors Associated with Treatment

Several studies have investigated factors that increase the

likelihood that patients with hypertension will receive

blood pressure lowering treatment. In epidemiological

studies, several factors have been observed to be associ-

ated with a higher likelihood of receiving pharmacological

therapy for hypertension.

3. Age

The likelihood of receiving treatment for hypertension is

higher at older age. In NHANES III, the mean age of

acknowledged and untreated hypertension; acknowledged,

treated, and uncontrolled hypertension; and acknowl-

edged, treated, and controlled hypertension was 55.3,

64.9, and 58.6 years of age, respectively. In China, 53%,

64%, and 68% of patients aged ,50, 50–64, and �65

years, respectively, who aware of their hypertension

reported receiving treatment (each P , 0.001 comparing

older age groups to those 35–49 years of age). Data ascer-

taining reasons for not treating younger patients with

hypertension were not collected in these large national

surveys. Given the excess risk of cardiovascular disease

risk associated with hypertension, even in these younger

age groups, reasons for not treating young- to middle-

aged adults need to be investigated.

4. Gender

Data consistently show that men are less likely than

women to receive treatment for hypertension. In the

USA, only 37–40% of males who acknowledge having

hypertension report receiving treatment compared with

54% of women with hypertension report receipt of treat-

ment (10). Similarly, in China, men were 24% less likely

than women to receive treatment for their hypertension

despite being aware of this condition (12).

5. Access to Healthcare

Not surprisingly, access to healthcare confers a strong

advantage for receiving pharmacological treatment for

hypertension. However, large cross-sectional studies gene-

rally only obtain data about whether the patients have

health insurance and about the frequency of physician

visits. Although these factors to a certain extent provide

an indication of access to healthcare, future studies need

to collect data about the ability of patients to talk with

their healthcare providers regarding treatment and treat-

ment-related issues. One such tool to collect these data is

the GHAA Consumer Satisfaction Survey.

6. Concurrent Risk Factors

Patients with other cardiovascular disease risk factors

including diabetes and high cholesterol may be more

likely to receive pharmacological therapy for their hyper-

tension diagnosis. In addition, patients with a history of

cardiovascular disease are more likely to receive pharma-

cological therapy for their hypertension.

7. Other Factors

Current smokers have been reported to be less likely and

former smokers more likely to receive treatment for

hypertension. When compared with patients who con-

tinue to smoke, patients who quit smoking may be more

health conscious and visit the physician more often

after a diagnosis of hypertension. In addition, physicians

may pay more attention to patients with hypertension

who have taken an active role in their health as indica-

ted by giving up smoking. Chinese adults with hyper-

tension who consume �2 alcoholic beverages a day

also were 54% less likely to receive treatment for their

hypertension.

8. Summary

Treatment of patients with hypertension remains low.

Most of the published data on treatment rates of hyper-

tension comes from cross-sectional studies and there-

fore, whether low treatment rates is a result of

never receiving treatment or patient noncompliance, not
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Figure 20.2 Rates of hypertension treatment in several

countries.
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tolerating treatment, or poor medical follow-up is not

known. After hypertension has been detected in a patient

and the need to initiate treatment has been determined,

achieving high rates of treatment is a function of patient

monitoring, encouragement, and adherence. The JNC7

guidelines recommend most patients should be seen

within 1–2 months after initiation of therapy to determine

the adequacy of hypertension control, the degree of patient

adherence, and the presence of adverse effects. Pharma-

cists also should be encouraged to monitor patients’ use

of medication.

VI. HYPERTENSION CONTROL

In reporting results, the prevalence of hypertension control

is usually presented, separately, for all patients with hyper-

tension and for patients being treated for hypertension. By

definition, the rates of hypertension control are higher

among patients receiving treatment as this is simply a sub-

group of all patients with hypertension. However, even

among patients on blood pressure lowering treatment,

rates of hypertension control remain low. In this section,

we will provide an overview of the rates of hypertension

control from different countries and world regions and

then discuss factors associated with adequate blood

pressure control in the hypertensive patient.

A. Control Among All Hypertensive Patients

Data about the extent of adequate blood pressure control

within the population of hypertensive patients are avail-

able from several countries. Of patients with hypertension

in the USA, 31.0% have achieved adequate blood pressure

control (Fig. 20.3) (8–11,13–15,23–37). These reported

rates are higher than other countries that comprise the

emerging market economies (EME). In other EME

countries, rates of controlled hypertension ranged from a

low of 5.0% in Spain to a high of 27.0% in Greece

(11,26). Large variation in hypertension control rates

were observed in Latin American Countries, which

included the highest worldwide rates of hypertension

control (Barbados, with 38%) and one of the lowest rates

(Mexico, with 2.3%) (30,31). In all other world regions

(Middle Eastern Crescent, China, Other Asia Islands,

and Sub-Saharan Africa), fewer than one in five patients

with hypertension achieve adequate blood pressure

control (15,34–36).

B. Control Among Hypertensive Patients
Treated with Medications

Although hypertension control rates are substantially

higher among patients treated for their hypertension,

compared with all patients with hypertension, only in a

few countries did hypertension control rates among this

group exceed 50% (Fig. 20.3) (8–11,13–15,23–37).

Among the treated population, the highest rates of hyper-

tension control (ranging from 50% to 65%) were reported

for the USA, Japan, Barbados, Jamaica, and St. Lucia. In

contrast, in several countries hypertension control rates

in the treated population was ,20%. The lowest rates of

hypertension control, among those receiving pharmaco-

logical treatment, were reported for Spain, Venezuela,

Turkey, Korea, and Taiwan.

C. Trends in Hypertension Control Rates

Although little data are available on the trends in hyper-

tension control, the published literature shows substantial

improvements have been made over the past 30 years

(Table 20.2). For example, in the USA between

NHANES II (1976–1980) and NHANES III (1988–

1994), the overall percentage of treated hypertensive

patients with controlled blood pressure increased from

32% to 55% (14,21). Improvements in hypertension

control have also been reported in economically develop-

ing countries. Rates of hypertension control in China

Figure 20.3 Rates of hypertension control in several

countries.
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improved significantly between the 1991 Chinese National

Hypertension Survey and 1999–2000 InterASIA (14).

Specifically, hypertension control among all patients

with hypertension increased from 2.8% to 8.1%.

D. Factors Associated with Hypertension
Control

Obstacles to the achievement of hypertension control exist

and include social and economic factors. Many investi-

gations have studied the association between demo-

graphic, socio-economic, clinical, and geographic factors

and higher rates of hypertension control. Although the

majority of studies have been conducted in economically

developed countries, data from economically developing

countries are beginning to identify similar themes for the

achievement of hypertension control. This section will

review the epidemiological evidence regarding factors

associated with higher rates of hypertension control.

E. Medication Adherence

Low rates of hypertension control may be a function of

poor antihypertensive medication adherence. Approxi-

mately, one-half of patients adhere to prescribed medi-

cations (59). Although patients on medication with

uncontrolled hypertension are often considered to have

“refractory hypertension,” a significant factor contributing

to poor blood pressure control is patient nonadherence to

prescribed therapy (60). The asymptomatic and lifelong

nature of hypertension are two key factors that undoubt-

edly contribute to poor patient adherence to drug

regimens. Several other modifiable factors impact medi-

cation adherence in hypertensive patients: side effects of

medication; convenience of drug dosing; cost, number,

and complexity of medications; patients’ knowledge,

beliefs and attitudes about hypertension and its treatment;

patients’ involvement with their care; patient demo-

graphics; health care system issues (61,62). A recent

meta-analysis of six studies and 814 subjects showed

that the odds ratio of blood pressure control among

patients who adhere to their antihypertensive medication

regimens, compared with those who were nonadherent,

was 3.44 (95% CI: 1.60 to 7.37) (63).

F. Lifestyle Modification

Studies have found participants aware of their hyperten-

sion who undertook lifestyle modification are more

likely to have controlled their hypertension to a systolic

and diastolic blood pressure ,140 mmHg and

,90 mmHg, respectively (40,41). The findings of better

blood pressure control among persons undertaking life-

style modification is important but not surprising. As

mentioned previously, salt reduction, increased physical

activity, potassium supplementation, and moderation in

alcohol consumption have been shown to reduce blood

pressure in randomized controlled trials. Lifestyle modifi-

cation is also associated with higher rates of hypertension

control in population-based surveys. In InterASIA, the

odds ratio of achieving controlled blood pressure was

1.59 for persons undertaking any lifestyle modification

and 1.72, 1.64, 1.78, and 1.62 for those attempting to

lose weight, reducing their salt intake, exercising, reducing

their alcohol consumption, respectively, because of their

diagnosis of hypertension (Fig. 20.4) (40). Data from

population-based surveys are reassuring because it

suggests that these lifestyle modifications are effective in

controlling hypertension when applied in settings outside

the controlled environment of a randomized trial.

Finally, it should be noted that complications from life-

style modification are minimal and may enfranchise

patients to take control of their health (64).

G. Income

In several studies from the USA, socioeconomic status,

including higher education and income, have been associ-

ated with access to healthcare and hypertension control

(65,66). For example, in the Atherosclerosis Risk in Com-

munities Study, lower education and household income

were associated with poor blood pressure control (67). In

contrast, in the NHANES III, no association was present

between education level or higher quartile of income and

blood pressure control (41). In China, among all patients

with hypertension in InterASIA, higher income was

associated with higher rates of hypertension control (40).

In contrast, no association was present between higher

income and hypertension control when considering

Table 20.2 Trends in the Pharmacological Treatment for

Hypertension

Country

Patients receiving

pharmacological

treatment

(%)

USA

1976–1980 (NHANES II) 31.0

1999–2000 (NHANES 1999–2000) 58.4

UK

1994 (Health Survey for England) 31.6

1998 (Health Survey for England) 38.0

China

1991 (Chinese National Hypertension

Survey)

8.1

1999–2000 (InterASIA) 28.8
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InterASIA participants who were aware of and treated for

their diagnosis of hypertension. As such, we can conclude

higher income may be a mediator and a marker for greater

access to health care and treatment for hypertension.

H. Health Behaviors

Several studies have found that former smokers and light/
nondrinkers with hypertension are more likely to have

controlled their blood pressure (66,67). Patients who quit

smoking may be more health conscious and take a more

active in their health when compared with patients who

continue to smoke. Additionally, NHANES III and

InterASIA patients who were heavy drinkers (three or

more drinks in NHANES and two drinks per day in Inter-

ASIA) were less likely to have achieved adequate control

of their blood pressure (40,41). Although many health

behaviors are difficult to change, patients who actively

do so may also be more willing to undertake maneuvers

that result in blood pressure control (68).

I. Overweight

Among all patients with hypertension, physicians may pay

more attention to patients who are overweight or obese

because they are at greater risk of cardiovascular disease

(69). In a previous report from NHANES III, patients

with hypertension who were overweight/obese were

more likely to have controlled their hypertension.

Overweight or obese hypertensive patients in InterASIA

also were more likely to have achieved adequate hyperten-

sion control. In contrast, among InterASIA participants

who were aware of their hypertension, rates of hyperten-

sion control were lower among patients who were over-

weight/obese. These results indicate that overweight/
obese participants are more likely to achieve hypertension

control through higher rates of detection. However, among

those aware of their diagnosis the lower rates of hyperten-

sion control for overweight/obese patients are consistent

with the benefits of weight loss on blood pressure.

J. Healthcare

In the USA, studies report that lack of health insurance is

associated with poor hypertension control (41). Specifi-

cally, in the NHANES III, persons with private health

insurance were 58% more likely to have their hypertension

controlled compared with their counterparts with no health

insurance. Some researchers have concluded that access to

high-quality healthcare may be one of the most important

factors for hypertension control in the population.

VII. STRENGTHS AND LIMITATIONS OF
THE DATA REPORTED

Most of the population data on awareness, treatment, and

control of hypertension have been derived from large

cross-sectional surveys. This study design holds strength
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for understanding the magnitude of the problem of lack of

awareness and poor rates of hypertension treatment and

control. However, in most cross-sectional studies, blood

pressure has been measured during a single visit. Accord-

ing to both World Health Organization and National

Institute of Health guidelines, hypertension should be

defined on the basis of the average of at least two or

more blood pressure readings taken at two or more visits

after an initial screening (6,17). Another limitation of

data on hypertension awareness, treatment, and control

that exists in cross-sectional studies is a lack of longitudi-

nal follow-up. Studies following incident patients would

provide more accurate data on rates of hypertension

awareness, treatment, and control and a better setting for

assessing the mediating factors for increasing rates of

hypertension awareness, treatment, and control. Finally,

most studies have relied on patient self-reporting in

defining the detection of hypertension in large epidemio-

logical studies. Although a chart review of each partici-

pant’s medical record would provide a more accurate

indication of whether hypertension was detected, such

methods are time consuming and not feasible in cross-

sectional studies that frequently include 10,000–20,000

participants.

On a more positive note, most of the data from cross-

sectional studies have been derived from large, representa-

tive population-based samples. The studies we have

described used sampling techniques that ensure the data

collected provided valid estimates for the reference popu-

lation (usually a country as a whole). Additionally, studies

on hypertension awareness, treatment and control are

available from several regions of the world. As such, the

results are applicable to the general population with hyper-

tension in many world regions. Additional strengths of the

data we report here include the use of a standardized

protocol with stringent quality control procedures for the

measurement of blood pressure in these studies.

VIII. CONCLUSIONS

Acknowledging the global nature of hypertension is

required so that healthcare providers routinely screen for

and treat elevated blood pressure. The continuing increase

in the burden of hypertension in economically developing

regions where a majority of the world’s population resides

is worrisome. Given the success of several population-

based programs for raising the awareness, treatment, and

control rates of hypertension in economically developed

countries, similar programs implemented in world

regions currently without such programs may have a tre-

mendous positive impact in reducing the burden of

cardiovascular disease.

The public health implications of the low rates of

hypertension detection, treatment, and control that cur-

rently exist cannot be overstated. Data show that a high-

risk strategy for the detection of hypertension is being

applied in most countries and world-regions. It appears

that the identification of persons with hypertension in

many countries is limited to those with additional

co-morbid conditions. Furthermore, blood pressure

reduction therapies in many countries also are limited to

patients with other co-morbid condition, including over-

weight, high cholesterol levels, and a history of cardiovas-

cular disease. Using this approach (i.e., limiting detection

and treatment to those deemed to be at most risk) over-

looks the high burden of hypertension and the impact a

broad population approach would have in preventing the

global burden of cardiovascular disease. Given the

success of the National High Blood Pressure Education

Program in the USA, similar programs implemented in

all world regions may have a tremendous positive impact

in increasing rates of hypertension awareness, treatment,

and control of hypertension and in reducing the burden

of cardiovascular disease.

REFERENCES

1. Chobanian AV, Bakris GL, Black HR, Cushman WC,

Green LA, Izzo JL Jr, Jones DW, Materson BJ, Oparil S,

Wright JT Jr, Roccella EJ. The Seventh Report of the

Joint National Committee on Prevention, Detection, Evalu-

ation, and Treatment of High Blood Pressure: the JNC 7

report. J Am Med Assoc 2003; 289:2560–2572.

2. Roccella EJ, Ward GW. The national high blood pressure

education program: a description of its utility as a generic

program model. Health Educ Q 1984; 11:225–242.

3. Collaboration in high blood pressure control: among pro-

fessionals and with the patient. Coordinating Committee

of the National High Blood Pressure Education Program.

Ann Intern Med 1984; 101:393–395.

4. Campbell NR, Burgess E, Choi BC, Taylor G, Wilson E,

Cleroux J, Fodor JG, Leiter LA, Spence D. Lifestyle modi-

fications to prevent and control hypertension. 1. Methods

and an overview of the Canadian recommendations. Cana-

dian Hypertension Society, Canadian Coalition for High

Blood Pressure Prevention and Control, Laboratory

Centre for Disease Control at Health Canada, Heart and

Stroke Foundation of Canada. Can Med Assoc J 1999;

160:S1–S6.

5. Ramsay L, Williams B, Johnston G, MacGregor G,

Poston L, Potter J, Poulter N, Russell G. Guidelines for

management of hypertension: report of the third working

party of the British Hypertension Society. J Hum Hypertens

1999; 13:569–592.

6. 2003 World Health Organization (WHO)/International

Society of Hypertension (ISH) statement on management

of hypertension. J Hypertens 2003; 21:1983–1992.

326 Management and Treatment in General and in Special Populations



7. World Hypertension League Statement. Hypertension

control in the world: an agenda for the coming decade.

Based on the 1995 WHL Ottawa Declaration. J Hum

Hyperten 1997; 11:245–247.

8. Rywik SL, Davis CE, Pajak A, Broda G, Folsom AR,

Kawalec E, Williams OD. Poland and U.S. collaborative

study on cardiovascular epidemiology hypertension in the

community: prevalence, awareness, treatment, and control

of hypertension in the Pol-MONICA Project and the U.S.

Atherosclerosis Risk in Communities Study. Ann Epide-

miol 1998; 8:3–13.

9. Singh RB, Sharma JP, Rastogi V, Niaz MA, Singh NK.

Prevalence and determinants of hypertension in the Indian

social class and heart survey. J Hum Hypertens 1997;

11:51–56.

10. Hajjar IM, Kotchen TA. Trends in prevalence, awareness,

treatment, and control of hypertension in the United

States, 1988–2000. J Am Med Assoc 2003; 290:199–206.

11. Banegas JR, Rodriguez-Artalejo F, de la Cruz Troca JJ,

Guallar-Castillon P, del Rey CJ. Blood pressure in

Spain: distribution, awareness, control, and benefits of a

reduction in average pressure. Hypertension 1998;

32:998–1002.

12. Gu D, Reynolds K, Wu X, Chen J, Duan X, Muntner P,

Huang G, Reynolds RF, Su S, Whelton PK, He J. Preva-

lence, awareness, treatment, and control of hypertension

in china. Hypertension 2002; 40:920–927.

13. Ibrahim MM, Rizk H, Appel LJ, el Aroussy W, Helmy S,

Sharaf Y, Ashour Z, Kandil H, Roccella E, Whelton PK.

Hypertension prevalence, awareness, treatment, and

control in Egypt. Results from the Egyptian National

Hypertension Project (NHP). NHP Investigative Team.

Hypertension 1995; 26:886–890.

14. Gu D, Reynolds K, Wu X, Chen J, Duan X, Muntner P,

Huang G, Reynolds RF, Su S, Whelton PK, He J. Preva-

lence, awareness, treatment, and control of hypertension

in china. Hypertension 2002; 40:920–927.

15. Steyn K, Gaziano TA, Bradshaw D, Laubscher R, Fourie

J. Hypertension in South African adults: results from the

Demographic and Health Survey, 1998. J Hypertens

2001; 19:1717–1725.

16. Mufunda J, Scott LJ, Chifamba J, Matenga J, Sparks B,

Cooper R, Sparks H. Correlates of blood pressure in an

urban Zimbabwean population and comparison to other

populations of African origin. J Hum Hypertens 2000;

14:65–73.

17. US Department of Health and Human Services. National

High Blood Pressure Education Program. 2004. Available

at http://www.nhlbi.nih.gov/about/nhbpep/index.htm.

18. Perloff D, Grim CE, Flack JM, Frohlich ED, Hill M,

McDonald M, Morgenstern BZ. Human blood pressure

determination by sphygmomanometry. Circulation 1993;

88:2460–2470.

19. American Heart Association. Heart and Stroke Statistical

Update. Dallas, TX: American Heart Association, 2000.

20. Neal B, MacMahon S, Chapman N. Effects of ACE

inhibitors, calcium antagonists, and other blood pressure-

lowering drugs: results of prospectively designed over-

views of randomised trials. Blood Pressure Lowering

Treatment Trialists’ Collaboration. Lancet 2000;

356:1955–1964.

21. Burt VL, Cutler JA, Higgins M, Horan MJ, Labarthe D,

Whelton P, Brown C, Roccella EJ. Trends in the prevalence,

awareness, treatment, and control of hypertension in the

adult US population. Data from the health examination

surveys, 1960 to 1991. Hypertension 1995; 26:60–69.

22. Kearney PM, Whelton M, Reynolds K, Whelton PK.

Worldwide prevalence of hypertension: a systematic

review. J Hypertens 2004; 22:11–19.

23. Joffres MR, Ghadirian P, Fodor JG, Petrasovits A,

Chockalingam A, Hamet P. Awareness, treatment, and

control of hypertension in Canada. Am J Hypertens 1997;

10:1097–1102.

24. Primatesta P, Brookes M, Poulter NR. Improved hyperten-

sion management and control: results from the health

survey for England 1998. Hypertension 2001; 38:827–832.

25. Thamm M. Blood pressure in Germany—current status and

trends. Gesundheitswesen 1999; 61:S90–S93 (in German).

26. Stergiou GS, Thomopoulou GC, Skeva II, Mountokalakis

TD. Prevalence, awareness, treatment, and control of

hypertension in Greece: the Didima study. Am J Hypertens

1999; 12:959–965.

27. Bennett SA, Magnus P. Trends in cardiovascular risk

factors in Australia. Results from the National Heart

Foundation’s Risk Factor Prevalence Study, 1980–1989.

Med J Aust 1994; 161:519–527.

28. Baba S, Pan WH, Ueshima H, Ozawa H, Komachi Y,

Stamler R, Ruth K, Stamler J. Blood pressure levels,

related factors, and hypertension control status of Japanese

and Americans. J Hum Hypertens 1991; 5:317–332.

29. Singh RB, Beegom R, Ghosh S, Niaz MA, Rastogi V,

Rastogi SS, Singh NK, Nangia S. Epidemiological study

of hypertension and its determinants in an urban population

of North India. J Hum Hypertens 1997; 11:679–685.

30. Freeman V, Fraser H, Forrester T, Wilks R, Cruikshank J,

Rotimi C, Cooper RA. A comparative study of hypertension

prevalence, awareness, treatment and control rates in St.

Lucia, Jamaica, and Barbados. J Hypertens 1996; 14:495–501.

31. Arroyo P, Fernandez V, Loria A, Kuri-Morales P, Orozco-

Rivadeneyra S, Olaiz G, Tapia-Conyer R. Hypertension in

urban Mexico: the 1992–93 national survey of chronic

diseases. J Hum Hypertens 1999; 13:671–675.

32. Sulbaran T, Silva E, Calmon G, Vegas A. Epidemiologic

aspects of arterial hypertension in Maracaibo, Venezuela.

J Hum Hypertens 2000; 14(suppl 1):S6–S9.

33. Ordunez-Garcia PO, Espinosa-Brito AD, Cooper RS,

Kaufman JS, Nieto FJ. Hypertension in Cuba: evidence of

a narrow black–white difference. J Hum Hypertens 1998;

12:111–116.

34. Sonmez HM, Basak O, Camci C, Baltaci R, Karazeybek HS,

Yazgan F, Ertin I, Celik SC. The epidemiology of elevated

blood pressure as an estimate for hypertension in Aydin,

Turkey. J Hum Hypertens 1999; 13:399–404.

35. Kim JS, Jones DW, Kim SJ, Hong YP. Hypertension in

Korea: a national survey. Am J Prev Med 1994; 10:200–204.

36. Pan WH, Chang HY, Yeh WT, Hsiao SY, Hung YT.

Prevalence, awareness, treatment and control of hyperten-

sion in Taiwan: results of Nutrition and Health Survey in

Detection, Treatment, and Control of Hypertension in General Population 327



Taiwan (NAHSIT) 1993–1996. J Hum Hypertens 2001;

15:793–798.

37. Reynolds K, Gu D, Muntner P, Wu X, Chen J, Huang G,

Duan X, Whelton PK, He J. Geographic variations in the

prevalence, awareness, treatment and control of hyperten-

sion in China. J Hypertens 2003; 21:1273–1281.

38. Hyman DJ, Pavlik VN. Characteristics of patients with

uncontrolled hypertension in the United States. N Engl J

Med 2001; 345:479–486.

39. De Backer G, Myny K, De Henauw S, Doyen Z, Van Oyen

H, Tafforeau J, Kornitzer M. Prevalence, awareness, treat-

ment and control of arterial hypertension in an elderly popu-

lation in Belgium. J Hum Hypertens 1998; 12:701–706.

40. Muntner P, Gu D, Wu X, Duan X, Wenqi G, Whelton PK,

He J. Factors associated with hypertension awareness, treat-

ment, and control in a representative sample of the Chinese

population. Hypertension 2004; 43:578–585.

41. He J, Muntner P, Chen J, Roccella EJ, Streiffer RH,

Whelton PK. Factors associated with hypertension control

in the general population of the United States. Arch

Intern Med 2002; 162:1051–1058.

42. Krousel-Wood MA, Muntner P, He J, Whelton PK. Primary

prevention of essential hypertension. Med Clin North Am

2004; 88:223–238.

43. Ogden LG, He J, Lydick E, Whelton PK. Long-term absol-

ute benefit of lowering blood pressure in hypertensive

patients according to the JNC VI risk stratification. Hyper-

tension 2000; 35:539–543.

44. Greenland S. Meta-Analysis. In: Rothman KJ, and

Greenland S, eds. Modern Epidemiology, 2nd

ed. Philadelphia, PA: Lippincott, Williams & Wilkins,

1998:643–675.

45. He FJ, MacGregor GA. Effect of modest salt reduction on

blood pressure: a meta-analysis of randomized trials. Impli-

cations for public health. J Hum Hypertens 2002; 16:761–770.

46. Cutler JA, Follmann D, Allender PS. Randomized trials of

sodium reduction: an overview. Am J Clin Nutr 1997;

65:643S–651S.

47. Midgley JP, Matthew AG, Greenwood CM, Logan AG.

Effect of reduced dietary sodium on blood pressure: a

meta-analysis of randomized controlled trials. J Am Med

Assoc 1996; 275:1590–1597.

48. Graudal NA, Galloe AM, Garred P. Effects of sodium

restriction on blood pressure, renin, aldosterone, catechol-

amines, cholesterols, and triglyceride: a meta-analysis.

J Am Med Assoc 1998; 279:1383–1391.

49. Whelton PK, Appel LJ, Espeland MA, Applegate WB,

Ettinger WH Jr, Kostis JB, Kumanyika S, Lacy CR,

Johnson KC, Folmar S, Cutler JA. Sodium reduction and

weight loss in the treatment of hypertension in older

persons: a randomized controlled trial of nonpharmacologic

interventions in the elderly (TONE). J Am Med Assoc

1998; 279:839–846.

50. Whelton PK, He J, Appel LJ, Cutler JA, Havas S, Kotchen

TA, Roccella EJ, Stout R, Vallbona C, Winston MC,

Karimbakas J. Primary prevention of hypertension: clinical

and public health advisory from The National High Blood

Pressure Education Program. J Am Med Assoc 2002;

288:1882–1888.

51. Appel LJ, Baker DH, Bar-or O, Morris RC Jr, Resnick LM,

Sawka MN, Volpe SL, Weinberger MH, Whelton PK.

Institute of Medicine Report on Dietary Reference Intakes

for Water, Potassium, Sodium, Chloride and Sulfate. In:

Rothman KJ and Greenland S. Washington DC: The

National Academics Press, 2004:6-1-6.

52. Neter JE, Stam BE, Kok FJ, Grobbee DE, Geleijnse JM.

Influence of weight reduction on blood pressure: a meta-

analysis of randomized controlled trials. Hypertension

2003; 42:878–884.

53. Whelton SP, Chin A, Xin X, He J. Effect of aerobic exercise

on blood pressure: a meta-analysis of randomized, con-

trolled trials. Ann Intern Med 2002; 136:493–503.

54. Xin X, He J, Frontini MG, Ogden LG, Motsamai OI,

Whelton PK. Effects of alcohol reduction on blood

pressure: a meta-analysis of randomized controlled trials.

Hypertension 2001; 38:1112–1117.

55. Appel LJ, Moore TJ, Obarzanek E, Vollmer WM, Svetkey

LP, Sacks FM, Bray GA, Vogt TM, Cutler JA, Windhauser

MM, Lin PH, Karanja N. A clinical trial of the effects of

dietary patterns on blood pressure. DASH Collaborative

Research Group. N Engl J Med 1997; 336:1117–1124.

56. Major outcomes in high-risk hypertensive patients random-

ized to angiotensin-converting enzyme inhibitor or calcium

channel blocker vs diuretic: The Antihypertensive and

Lipid-Lowering Treatment to Prevent Heart Attack Trial

(ALLHAT). J Am Med Assoc 2002; 288:2981–2997.

57. Psaty BM, Lumley T, Furberg CD, Schellenbaum G, Pahor

M, Alderman MH, Weiss NS. Health outcomes associated

with various antihypertensive therapies used as first-line

agents: a network meta-analysis. J Am Med Assoc 2003;

289:2534–2544.

58. Cushman WC, Ford CE, Cutler JA, Margolis KL,

Davis BR, Grimm RH, Black HR, Hamilton BP,

Holland J, Nwachuku C, Papademetriou V, Probstfield J,

Wright JT Jr, Alderman MH, Weiss RJ, Piller L,

Bettencourt J, Walsh SM. Success and predictors of blood

pressure control in diverse North American settings: the

antihypertensive and lipid-lowering treatment to prevent

heart attack trial (ALLHAT). J Clin Hypertens (Greenwich)

2002; 4:393–404.

59. Haynes RB, McDonald HP, Garg AX. Helping patients

follow prescribed treatment: clinical applications. J Am

Med Assoc 2002; 288:2880–2883.

60. Burnier M, Santschi V, Favrat B, Brunner HR.

Monitoring compliance in resistant hypertension: an

important step in patient management. J Hypertens 2003;

21(suppl 2):S37–S42.

61. Neutel JM, Smith DH. Improving patient compliance: a

major goal in the management of hypertension. J Clin

Hypertens (Greenwich) 2003; 5:127–132.

62. Marentette MA, Gerth WC, Billings DK, Zarnke KB. Anti-

hypertensive persistence and drug class. Can J Cardiol

2002; 18:649–656.

63. DiMatteo MR, Giordani PJ, Lepper HS, Croghan TW.

Patient adherence and medical treatment outcomes: a

meta-analysis. Med Care 2002; 40:794–811.

64. Whelton PK, Adams-Campbell LL, Appel LJ. National

high blood pressure education program working group

328 Management and Treatment in General and in Special Populations



report on primary prevention of hypertension. Arch Intern

Med 1993; 153:186–208.

65. Kotchen JM, Shakoor-Abdullah B, Walker WE,

Chelius TH, Hoffmann RG, Kotchen TA. Hypertension

control and access to medical care in the inner city. Am J

Public Health 1998; 88:1696–1699.

66. Lang T. Factors that appear as obstacles to the control of

high blood pressure. Ethn Dis 2000; 10:125–130.

67. Nieto FJ, Alonso J, Chambless LE, Zhong M,

Ceraso M, Romm FJ, Cooper L, Folsom AR, Szklo M.

Population awareness and control of hypertension and

hypercholesterolemia. The Atherosclerosis Risk in Com-

munities study. Arch Intern Med 1995; 155:677–684.

68. Egan BM, Lackland DT, Cutler NE. Awareness, knowl-

edge, and attitudes of older Americans about high blood

pressure: implications for health care policy, education,

and research. Arch Intern Med 2003; 163:681–687.

69. Blackburn H, Grimm R Jr, Luepker RV, Mittelmark M. The

primary prevention of high blood pressure: a population

approach. Prev Med 1985; 14:466–481.

Detection, Treatment, and Control of Hypertension in General Population 329





21

Impact of Treating Blood Pressure

WILLIAM J. ELLIOTT

Rush University Medical Center, Chicago, Illinois, USA

Keypoints 331

Summary 331

I. Introduction 332

II. Economic Impact of Hypertension and

Its Treatment 332

A. Costs Associated with Cardiovascular

Disease 332

B. Costs Associated with Chronic

Kidney Disease 332

C. Costs of Adverse Clinical Events

Related to Hypertension 333

D. The Hidden Costs of Hypertension 333

III. Clinical Impact of Hypertension Treatment 334

A. Impact on Cardiovascular Disease 334

B. Impact on Chronic Kidney Disease 334

IV. Cost-Effectiveness Calculations

in Hypertension Treatment 335

A. Cost-Effectiveness Calculations

Including All Hypertensive Patients 335

B. Cost-Effectiveness Calculations for

High-Risk Hypertensive Patients 336

1. Diabetes 336

2. Chronic Kidney Disease 337

V. Improving the Cost-Effectiveness

of Hypertension Treatment 339

A. Ensuring a Correct Diagnosis 339

B. Limiting Testing During the

Initial Assessment 339

C. Choosing the Initial Drug Treatment 340

D. Enhancing Adherence to

Medication Regimens 340

E. Choosing a Follow-Up Program 340

VI. Conclusions 340

References 340

KEYPOINTS

. In meta-analyses, hypertension treatment is associ-

ated with significant reductions in cardiovascular

mortality (16%), stroke (31%), myocardial infarc-

tion (14%), heart failure (46%), major cardiovascu-

lar events (22%), and death (10%).

. Several formal cost-effectiveness analyses

(which compare costs of treatment with

discounted long-term benefits of treatment) in

both diabetics and patients with chronic kidney

disease have concluded that treating hypertension

in these high-risk groups actually saves money

overall.

. The cost-effectiveness of treating hypertension

could be improved by making sure the initial diag-

nosis is correct, limiting laboratory testing at diag-

nosis, choosing inexpensive medications,

maximizing adherence to the prescribed drug, and

limiting office visits during follow-up.

SUMMARY

In the long-term, treating hypertension reduces major,

expensive cardiovascular events; the biggest reductions,

from an economic perspective, are for stroke (231%)

and heart failure (246%). Although hypertension
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treatment is expensive (about US$88 billion in the USA in

2005), formal cost-effectiveness analyses indicate that for

diabetics and people with chronic kidney disease, lowering

blood pressure actually saves money overall, because of

the eventual reduction in expensive events (including

dialysis). The cost-effectiveness of hypertension could

be improved by treating only those at high-risk who

have truly elevated blood pressures, limiting laboratory

expenditures, using only inexpensive drug therapies,

ensuring long-term adherence to prescribed drug treat-

ment, and limiting office visits during follow-up.

I. INTRODUCTION

Hypertension (systolic blood pressure �140 mmHg, dias-

tolic blood pressure �90 mmHg, or taking drugs to lower

blood pressure) is a major reversible risk factor for cardio-

vascular disease across the world (1,2). According to the

World Health Organization (WHO), hypertension is

responsible for about two-thirds of strokes and half of

the coronary heart disease on earth (3), and its importance

in global public health will increase dramatically (3). The

human cost of hypertension is therefore great (4), but

reliable estimates of the economic costs of hypertension

are available only for a few nations. For some developing

countries (e.g., Mexico), controlling blood pressure is a

challenge because it would require much of the national

healthcare budget to be allocated for antihypertensive

pills.

II. ECONOMIC IMPACT OF HYPERTENSION
AND ITS TREATMENT

Treating hypertension carries a large economic burden

worldwide, but the best country-specific data about its

costs come from Sweden and United States. In Sweden,

nearly all healthcare delivery occurs in a highly organized

socialized medical care system, and essentially all costs

are borne by the national government. As a result,

Swedish public health officials have excellent “real-life”

data about the true costs of hypertension. They can esti-

mate (in their population) quite precisely the real costs

and the potential benefits of hypertension treatment on

the basis of the many randomized clinical trials performed

with Swedish research subjects (5).

The United States spends a greater proportion of its

gross domestic product on healthcare than any other

nation on earth. Much effort is therefore spent to quantify

the monies spent for various diagnoses, including hyper-

tension, which (since 1995) is the most common chronic

clinical condition for which Americans visit a healthcare

provider. In 2005, the United States is expected to spend

about US$88 billion on the treatment of hypertension,

�37% of which will be payment for antihypertensive

drugs. The diagnosis-specific expenditures for hyperten-

sion in the United States derive, in large part, from two

voluntary health organizations, which focus on different

target organs: the American Heart Association and the

US National Kidney Foundation.

A. Costs Associated with Cardiovascular
Disease

Each year, the American Heart Association provides an

estimate of the expected expenditures for hypertension

treatment that is based on an initial study done in 1988

by the Centers for Medicare & Medicaid Services (for-

merly the Health Care Financing Administration), an

agency of the US Department of Health and Human Ser-

vices. Each year since then, the figures are augmented

by the annual inflation rate for each component of

medical care. According to this model, in 2005, hyperten-

sion costs approximately US$59.7 billion [Fig. 21.1(A)];

the greatest proportion (US$22.3 billion or 37% of the

total) was for drug therapy (6).

This sum is of great concern to many, because the rate

of increase in expenditures for antihypertensive medi-

cations in the United States was about seven times that

of inflation from 1997 to 2002 (22% vs. 3%, annualized).

In 2005, about US$15.5 billion (26%) was spent on “indir-

ect costs” (disability payments to individuals who survived

heart attacks or strokes, social security payments to survi-

vors, and “lost productivity” for individuals who visited

physicians’ offices for hypertension treatment). About

US$10.4 billion (15%) was spent for healthcare provider

services and another US$9.9 billion (17%) was paid to

hospitals and nursing homes for hypertension-related

sequelae. These expenditures pale when compared with

expenditures for cardiovascular disease as a whole,

which cost about US$393.5 billion in 2005 [Fig. 21.1(B)].

The two largest costs for cardiovascular disease were

indirect costs (39%) and hospitals and nursing home care

(38%); only 12% went for drug therapy. Because more

effective hypertension control has contributed to the

recent decrease in cardiovascular deaths, it may be

argued that the recent increase in expenditures for antihy-

pertensive drugs has reduced both death and disability

from heart disease and stroke (6).

B. Costs Associated with Chronic
Kidney Disease

A different accounting system tracks costs related to

kidney disease in the United States. By law, the United

States Renal Data System (USRDS) reports on annual

expenditures for chronic kidney disease (7). The Medicare
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program covers most individuals who begin dialysis or

who receive a kidney transplant in the United States;

as a result, very precise estimates are available (usually

2–3 years in arrears) for the cost of renal replacement

therapy. Unfortunately, even the National Kidney Foun-

dation is unable to provide estimates of the cost of

stages 1–4 chronic kidney disease (the stages before dialy-

sis or kidney transplant becomes necessary), so the total

amounts are imprecise. Assuming that US$5.0 billion is

spent for end-stage renal disease related to hypertension

[25.5% of end-stage renal disease was attributed to hyper-

tension in the 2004 USRDS report (7)] and another

US$11.6 billion can be attributed to hypertension-related

chronic kidney disease that does not yet require renal

replacement therapy (7), and the proportion of indirect

costs is identical for renal and cardiovascular diseases,

the total cost of hypertension-related renal disease in the

United States in 2005 would be more than US$28.0

billion. These costs are of great concern to the nation’s

budget planners, because (since 1991) the number of

Americans with end-stage renal disease has increased by

95%, but the expenditures for their care has increased

(on a per-patient basis) by 123%. The total cost for hyper-

tension-related cardiovascular and renal disease in 2005

amounted to US$87.7 billion.

C. Costs of Adverse Clinical Events Related
to Hypertension

It is useful to consider the estimated costs (in constant

1999 US$) of the most common expensive sequelae of

hypertension. According to the USRDS, hemodialysis

costs about US$54,917 per patient per year; kidney trans-

plantation is a little less expensive (US$51,096), but only

5% of end-stage renal disease patients are currently treated

with this option (7). According to the American Heart

Association (6), a myocardial infarction costs approxi-

mately US$10,336 per initial hospitalization, but this is

followed by about US$9920 in the first year for direct

medical costs (6). The initial hospitalization for stroke is

less expensive (US$5692) but has a much higher direct

medical cost during the first year (US$28,400), primarily

due to the probability of a very expensive rehabilitation

or nursing home stay (US$45,000 annually). Heart

failure, which costs only US$5456 for the initial hospital-

ization, adds approximately US$11,210 in direct medical

costs for the first year because of increased medication

and a high probability of a readmission for heart failure.

D. The Hidden Costs of Hypertension

The estimates reviewed earlier allocate a relatively large

percentage of the total expenditures for hypertension to

“indirect costs,” including the amount of money the

patient would have contributed to the economy had it

not been necessary to spend time in medical care facilities,

at the pharmacy, and for transportation. In addition,

several “hidden” costs of hypertension usually are not

considered in such analyses. But these hidden costs add

to the very high and very real costs of the sequelae of

hypertension, apart from the emotional and other human

Figure 21.1 Components of the cost of care for hypertension (A) and for cardiovascular disease (B) for the United States in 2005. If

these pie charts were drawn to scale, pie chart (A) would be nearly sevenfold smaller in area than that of pie chart (B). These estimates

largely exclude the cost of end-stage renal disease because they were compiled by the American Heart Association. [From AHA (6).]
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costs. There are five major types of hidden costs of

hypertension.

. The cost of healthcare provider visits to evaluate

adverse effects of antihypertensive medications,

which sometimes transform asymptomatic people

into people with “complaints.”

. The cost of laboratory studies and tests done to

investigate other perceived adverse effects of

treatment.

. The administrative costs of healthcare benefit plans

(which typically add�20% to the overall cost in the

United States).

. The indirect costs that result from preventable

adverse events (including heart attack, stroke, and

hospitalization).

. Last, and perhaps specific to the United States, the

cost of the tort system used to compensate those

who suffer adverse outcomes that can be attributed

to a specific source, for example, medication, phys-

ician, or hospital.

The population-based (and epidemiologically sound)

recommendations of the New Zealand Consensus

Committee on the treatment of hypertension work very

well in that country, but would likely have major

adverse medico-legal consequences in the United States,

if it were to be adopted in that country. On the basis of

local pharmacoeconomic calculations and other consider-

ations, the New Zealand Expert Panel on Hypertension

recommended treatment only if the absolute risk of an

adverse event (e.g., stroke, myocardial infarction, and

death) exceeded 10% in the next 8 year period (8). All

persons with the lower stages of hypertension and insuffi-

cient other risk factors have an absolute risk .10% over

8 years were told to adopt lifestyle modifications and not

to receive pharmacological therapy. Although this strategy

appropriately targets high-risk individuals, there will be

about a 1% incidence of cardiovascular events in those

from whom drug treatment is withheld. If only 10% of

this number were successful in litigation (minimum

award of US$3 million per verdict in the United States),

it would be far more cost-effective to simply treat all

hypertensive patients with medication. The remaining

lawsuits could then be defended using this argument:

“All that could be done medically was done.” In addition

to the potential medico-legal costs of denying drug treat-

ment to low-risk patients, the human costs of pain, suffer-

ing, and mental and emotional distress to families and

patients who suffer cardiovascular events may be even

greater. If a monetary value could be assigned to this

“utility,” one might paraphrase Oscar Wilde, “The only

thing worse than the cost of treating hypertension is the

cost of not treating hypertension.” However, this statement

has not been verified by formal cost-effectiveness

analyses, which unlike juries, do not affix monetary

amounts to human pain and suffering (9).

III. CLINICAL IMPACT OF HYPERTENSION
TREATMENT

There is now little doubt that treating hypertension reduces

the overall incidence of expensive adverse cardiovascular

and renal events (myocardial infarction, stroke, or end-

stage renal disease). This has been well substantiated in

randomized clinical trials, several observational studies,

and even in the vital statistics information of many

countries. What is somewhat less clear is the long-term

economic value of the clearly beneficial effect of antihy-

pertensive treatment on subclinical endpoints, including

left ventricular hypertrophy, doubling of serum creatinine,

and proteinuria. Similarly, effective antihypertensive

therapy appears to reduce the age-associated increase in

blood pressure to some extent, as well as the cost and fre-

quency of visits to healthcare providers, even apart from

visits directly related to hypertension (10).

A. Impact on Cardiovascular Disease

Recent overviews have provided useful estimates of the

benefits of drug therapy in reducing expensive cardiovas-

cular events in clinical trials (11,12). These trials nearly

always underestimate the true benefit of active drug

therapy (because some patients decline to take the

assigned treatment over the long-term, which reduces

the true effectiveness of the active drug, but improves

the apparent effectiveness of the placebo). Nonetheless,

in a recent meta-analysis, drug therapy was associated

with significant reductions in all endpoints (measured as

the mean + standard deviation) (11): coronary heart

disease (14% + 3%), stroke (31% + 2%), heart failure

(46% + 5%), major cardiovascular events (22% + 2%),

cardiovascular mortality (16% + 3%), and all-cause

mortality (10% + 3%).

B. Impact on Chronic Kidney Disease

Unfortunately, there is no corresponding all-inclusive

meta-analysis of clinical trials that examines the effect

of antihypertensive drugs vs. no treatment on end-stage

renal disease. When the results of 11 studies that included

1860 nondiabetic patients with chronic kidney disease ran-

domized to either placebo or angiotensin converting

enzyme (ACE)-inhibitor treatment groups were combined,

there was a 37% + 8% reduction in end-stage renal

disease, but all patients received effective antihypertensive

drug therapy in addition to the randomized drug (13).

When the results of two recent studies of angiotensin II

receptor blockers in type 2 diabetics with chronic kidney
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disease [Irbesartan Diabetic Nephropathy Trial (IDNT)

and Reduction of Endpoints in Non Insulin Dependent

Diabetes Mellitus with the Angiotensin II Antagonist

Losartan (RENAAL)] are combined in a meta-analysis,

the angiotensin receptor blocker was associated with a

27% + 6% reduction in end-stage renal disease, but

again all patients received some blood pressure lowering

treatment. For ethical reasons, we do not have data on

which to base an estimate of the effectiveness of drugs vs.

no treatment to prevent end-stage renal disease. But

current estimates indicate that lowering blood pressure to

,130/80 mmHg in the “average” American person with

stage 2 chronic kidney disease should delay dialysis by

�1.5 years. Given the high annual cost of renal replacement

therapy, this is still quite beneficial economically, for the

patient, for the health plan, and for the society at large.

IV. COST-EFFECTIVENESS CALCULATIONS
IN HYPERTENSION TREATMENT

In simple terms, a cost-effectiveness calculation attempts

to determine for a particular treatment the (discounted)

cost to save 1 year of life. The cost-effectiveness ratio is

the aggregated, discounted cost of treatment, divided by

the overall number of years of life saved that are attributed

to the treatment strategy. In economics, as in real-life,

“discounting” is required because a monetary unit (or a

year of life at the current age) is typically “worth” more

now (both in purchasing power and in “quality of life”

for the individual) than in the future. Cost-effectiveness

calculations therefore differ from both “cost-minimization

analyses” and “cost-utility analyses.” Cost-minimization

analysis compares the cost of similar therapies over a

defined period of time—for example, the cost of using

four initial antihypertensive therapies for a year. Cost-

utility analysis is a more complex calculation that attempts

to “discount” each year of life gained after a nonfatal

adverse event—for example, a year of living after a hemi-

plegic stroke is valued a good deal less than an identical

year without a stroke.

Most cost-effectiveness calculations are performed by

using a computerized (or “actuarial”) model. In a typical

model, a large number of theoretical “patients” are

assigned various states of health (e.g., stroke, myocardial

infarction, end-stage renal disease, and eventually

death); these are based on transition probabilities derived

from epidemiological or clinical trial information. The

effects of an intervention can be incorporated into the

model, and for each time period (usually a year) different

numbers of “patients” appear in each health state. Even-

tually, all “patients” die. Then estimates can be made for

the overall number of years of life saved with a given treat-

ment. The cost of treatment also is simultaneously calcu-

lated (and discounted for the passage of time). The

uncertainties associated with this type of modeling (vari-

able effectiveness of treatment over time, stability of

discount rate, and so on) can be investigated by “sensi-

tivity analyses,” in which the “base-case assumptions”

are systematically changed and the effects on the cost-

effectiveness ratio are examined.

Some cost-effectiveness calculations are solely based

on clinical trial information and are somewhat less

affected by the discounting process because the time of

observation of each patient in a clinical trial is usually

short (typical maximum is 5 years). A recent example

was the Hypertension Optimal Treatment (HOT) Study,

which randomized 18,790 hypertensive patients to one of

three diastolic blood pressure targets (14). After 3.8

years of follow-up, those randomized to a diastolic blood

pressure target �80 mmHg had higher treatment costs

(for medications and office visits) by about 3000

Swedish kronor per patient. The overall cost of hospitaliz-

ations in this group was also slightly higher (by about 50

Swedish kronor per patient), leading to a negative cost-

effectiveness ratio with wide confidence limits. The

authors therefore concluded that the extra expense of

achieving a diastolic blood pressure of �80 mmHg was

not economically justified when compared with a target

diastolic blood pressure of �90 mmHg.

Nearly 30 years ago, Weinstein and Stason published

the first of several cost-effectiveness analyses regarding

screening and treatment for hypertension. Other investi-

gators have since corroborated their major conclusions

by using many different methods. Hypertension treatment

has a more attractive cost-effectiveness ratio (i.e., lower

cost per year of life saved) for higher risk individuals.

This important principle is illustrated in Fig. 21.2, which

shows the correlation between absolute risk of stroke

and the number of strokes prevented per 1000 patient-

years of therapy (a surrogate for cost of treatment). The

patients at highest risk for stroke are older [e.g., 76

years, on average in the Swedish Trial in Old Patients

with Hypertension (STOP-Hypertension)] or are those

with a prior history of a neurological event [Perindopril

pROtection aGainst Recurrent Stroke Study (PRO-

GRESS)]. In these high-risk patients, 14 strokes in the

STOP-Hypertension and 11 strokes in the PROGRESS

were prevented for every 1000 patient-years of therapy.

In the younger, low-risk patients of the first Medical

Research Council (MRC1) trial, only one stroke was pre-

vented with the same amount of treatment.

A. Cost-Effectiveness Calculations Including
All Hypertensive Patients

Because of the high cost of hypertension treatment and the

relatively low absolute incidence of expensive major car-

diovascular and renal events in the general hypertensive

population, the treatment of hypertension costs money
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overall (15). Even nondrug therapies to lower blood

pressure seldom result in cost-savings. In several studies,

single-patient instruction by nutritionists and exercise

physiologists has been more costly than drug treatment.

In the recent National Heart, Lung, and Blood Institute

PREMIER study, adoption of the Dietary Approaches to

Stop Hypertension (DASH) diet for 3 or 6 months did

not lower blood pressure significantly better than tra-

ditional lifestyle modifications alone (16).

The cost-effectiveness of hypertension treatment in

Sweden is the easiest to understand when analyzed by

demographic subgroups (Table 21.1). For low-dose diure-

tics or b-blockers as initial antihypertensive drugs, higher

risk individuals (older people with higher diastolic blood

pressures) actually have a negative cost-effectiveness

ratio, whereas young women with stage 1 hypertension

have a very high cost to add a year of life (5).

B. Cost-Effectiveness Calculations for
High-Risk Hypertensive Patients

Many more recent cost-effectiveness analyses have been

performed for high-risk patients, who have (by definition)

a higher absolute risk for expensive adverse cardiovascular

and renal events. In the subset of high-risk individuals

(e.g., older people with higher diastolic blood pressures

in Table 21.1), overall cost-savings are realized because

the cost of antihypertensive drug treatment is outweighed

by the reduction in expensive heart attacks, strokes, and

end-stage renal disease therapies. In the long run, for

both diabetics and people with chronic kidney disease,

blood pressure lowering drug therapy prevents more

expenditures than it generates.

1. Diabetes

At least three recent cost-effectiveness analyses of antihy-

pertensive drug therapies for diabetics have reached the

Figure 21.2 Correlation between absolute risk of stroke

(stroke rate per 1000 patient-years in the placebo group) and

the number of strokes prevented in placebo-controlled trials of

antihypertensive drug therapy. pt, Patient; PROGRESS, Perindo-

pril pROtection aGainst REcurrent Stroke Study; STOP, Swedish

Trial in Old Patients with Hypertension; Coope, Coope & War-

render; Sys-China, Systolic Hypertension in China; EWPHE,

European Working Party on Hypertension in the Elderly;

SHEP, Systolic Hypertension in the Elderly Program; Syst-Eur,

Systolic Hypertension in Europe; ANBP, Australian National

Blood Pressure Trial; MRC-E, Medical Research Council trial

in Elderly; MRC-1, Medical Research Council trial of treatment

of mild hypertension. The clinical trials included were: Perindo-

pril pROtection aGainst REcurrent Stroke Study (PROGRESS,

Lancet 2001; 358:1033–1041); Swedish Trial in Old Patients

with Hypertension (STOP, Lancet 1991; 338:1281–1285);

Coope & Warrender (Coope, BMJ 1986; 293:1145–1151); Sys-

tolic Hypertension in China (Sys-China, J Hypertens 1998;

16:1823–1829); European Working Party on Hypertension in

the Elderly (EWPHE, Lancet 1985; 1:1349–1354); Systolic

Hypertension in the Elderly Program (SHEP, J Am Med Assoc,

1991; 266:3255–3264); Systolic Hypertension in Europe

(Sys-Eur, Lancet 1997; 360:757–764); Australian National

Blood Pressure Trial (ANBP, Lancet 1980; 1:1261–1267);

Medical Research Council trial in Elderly (MRC-E, BMJ 1992;

304:405–412); Medical Research Council trial of treatment of

mild hypertension (MRC-1, BMJ (Clin Res) 1985; 291:97–104).

Table 21.1 Cost for Diuretic or b-Blocker Therapy to Add 1 Year of Life

Initial diastolic

blood pressure

(mmHg)

Cost for men in Sweden (in constant 1992 US$) Cost for women in Sweden (in constant 1992 US$)

Age ,45

(years)

Age 45–70

(years)

Age .70

(years)

Age ,45

(years)

Age 45–70

(years)

Age .70

(years)

90–94 $118,375 $8500 $3125 $313,250 $26,875 $2625

95–99 $97,500 $4250 $1750 $236,750 $16,625 $875

100–104 $79,500 $8500 $375 $173,500 $7375 —a

�105 $55,000 —a —a $93,250 —a —a

aIndicates that antihypertensive drug treatment in this group saves money overall.

Source: Johannesson (5).
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same conclusion: in general, lowering blood pressure in

diabetics saves money overall. The first of these was a

cost-effectiveness analysis based on the United Kingdom

Prospective Diabetes Study (UKPDS). Despite more use

of antihypertensive drugs and more frequent visits for

blood pressure monitoring, type 2 diabetics randomized

to the lower blood pressure goal (,150/85 mmHg) had

44% fewer strokes, 24% fewer diabetes-related endpoints

(including amputations), and 37% fewer microvascular

endpoints (including intraocular hemorrhage). The

reduction in these expensive clinical endpoints was so

great that it more than offset the cost of extra pills and

visits to healthcare providers. Even with discounting

both costs and benefits, the overall cost-effectiveness

ratio was negative (2£720 per year of life gained),

meaning that each year of life saved by blood pressure

lowering treatment actually saved money overall (17).

A second, independent cost-effectiveness calculation

was based on a computerized Markov model that com-

pared blood pressure lowering in diabetics according to

the Joint National Committee on the Detection, Evalu-

ation, and Treatment of High Blood Pressure (JNC VI)-

recommended target (,130/85 mmHg) and according to

the previous and traditional goal keeping the blood

pressure at ,140/90 mmHg. This analysis used transition

probabilities derived from the Framingham Heart Study

and clinical trial data and was based on the United States

population-based data and costs extant in 1996, with all

monetary amounts in stable 1996 US$. The base-case

was calculated for a 60-year-old person (the average age

of type 2 diabetics in the United States at the time). The

lower blood pressure goal (of ,130/85 mmHg) was

associated with a projected increase in longevity of 0.48

(discounted) years and a cost-savings of 2US$3070 per

year of life gained (18). When compared with the costs

associated with achieving the traditional blood pressure

target of ,140/90 mmHg, an incremental increase in life-

time expenditures (about US$4000) for more medications

plus a 4% increase in the cost of healthcare provider visits

for the lower blood pressure goal was outweighed by

reduced costs for expensive disease events. The lower

blood pressure goal was associated with a 31% projected

decrease in stroke costs, a 6% decrease in costs of myocar-

dial infarction, an 18% reduction in the cost of heart

failure, and a 15% reduction in the cost of end-stage

renal disease. Because economists worry about the critical

time-dependence of the amortization of any potential cost-

savings, further calculations were done to show that after

6 years of lower blood pressure, the extra cost for pills

and office visits to control blood pressure at the lower

level were more than offset by the reduced costs for

clinical sequelae of hypertension.

The third cost-effectiveness calculation for diabetics

was performed by the United States Department of

Health and Human Services Centers for Disease Control

and Prevention Cost-Effectiveness Group (19). This analy-

sis included a hypothetical population of all United States

diabetics .25 years of age and compared treatment of

blood pressure, cholesterol, and hyperglycemia. The

results were expressed in 1997 US$, and changes in life-

expectancy were expressed in quality-adjusted life years,

to account for the reduced quality of life associated with

survival after cardiovascular events and end-stage renal

disease. The authors concluded that intensified blood

pressure treatment in diabetics resulted in a prolongation

of life of 0.47 (discounted) years (amazingly similar to

the previous study!) and a cost-saving of about

2US$1959 per quality-adjusted life year gained. In

contrast, lipid-lowering and glucose-lowering therapies

cost more than US$41,000–52,000 per quality-adjusted

year of life gained. These data should reassure those

concerned that lowering blood pressure in diabetics to

the recently recommended target of ,130/80 mmHg is

good public policy. It improves the length and quality

of life for diabetics and over time decreases total health-

care costs.

The UKPDS investigators reached a somewhat

different conclusion about the cost-effectiveness of ACE

inhibitors in high-risk patients (20). They performed a

comparative cost-effectiveness analysis of initial treatment

of hypertensive type 2 diabetics with either atenolol or

captopril. Overall, there was no significant difference in

life expectancy between groups, but the cost of atenolol

was much lower than the cost of captopril. In addition,

there were significantly fewer and shorter hospital stays

in the diabetics randomized to the atenolol treatment

group. This economic benefit outweighed the higher cost

of more hypoglycemic drugs that were used in the atenolol

group, as compared to those used in the captopril group.

Overall, the lower initial cost of atenolol led to a signifi-

cant 14% lower cost of care.

2. Chronic Kidney Disease

Several recent economic analyses of antihypertensive drug

therapy in patients with chronic renal impairment also

have shown net benefits of different treatment strategies.

In general, these calculations compare the costs and

benefits of treatment with either an ACE inhibitor or an

angiotensin II receptor blocker vs. antihypertensive drug

treatment without these drugs.

The first clinical trial that examined the effectiveness of

an ACE inhibitor to prevent expensive renal complications

was done in type 1 diabetics, comparing captopril with any

other antihypertensive drug therapy (excluding an ACE

inhibitor; no angiotensin receptor blocker was available

at the time). After .3 years of average follow-up, the

group receiving captopril had a 50% reduction in death,
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dialysis, or renal transplantation (P ¼ 0.006). On the basis

of the results for this clinical trial, the cost-effectiveness

ratio for captopril treatment (over 4 years) is

2US$30,300 per year of life gained. Approximately

US$4850 is saved for each 0.16 years of life saved with

captopril because the cost of end-stage renal disease

therapy prevented is greater than the cost of captopril

and medical care (21). If one calculates the cost per year

of life gained off dialysis instead, the cost-effectiveness

ratio (for preventing end-stage renal disease, not death)

is even better: 2US$33,680 per year of life year of dialysis

(21). To put it another way, providing captopril to type 1

diabetics with chronic kidney disease reduced the overall

cost of care per patient for 4 years by about US$4850

and (with the same treatment) one patient in seven post-

poned dialysis for a year (21).

A recent cost-effectiveness analysis was based on the

Ramipril Efficacy In Nephropathy (REIN) study, in

which ramipril was compared with a placebo as initial

drug therapy for patients with (mostly) nondiabetic

chronic kidney disease (22). The costs and benefits were

those extant in Germany in 1999, and the perspective

was that of the national health insurance plan. Overall,

ramipril therapy for 3 years had a cost-effectiveness ratio

of 2DM81,900 (about 2US$45,000) per patient-year of

chronic dialysis that was avoided. Even when extensive sen-

sitivity analyses were performed, varying the baseline con-

ditions over a wide (but reasonable) range, there were

major cost-savings with 3 years of ramipril treatment.

Because of concerns about large, early costs of extra medi-

cation and monitoring visits, the authors calculated the

overall cost-effectiveness even at 1 year of treatment; a

smaller but still very impressive negative cost-effectiveness

ratio was found. The authors concluded that, despite its rela-

tively high cost (compared with other antihypertensive drugs

available), ramipril treatment should result in a major cost-

savings to the Federal health insurance plan in Germany.

A somewhat similar cost-effectiveness calculation was

based on 7 year follow-up in the Angiotensin-Converting

Enzyme Inhibition in Progressive Renal Insufficiency

(AIPRI) study (23). In the original 3 year clinical trial,

only 88 of the 583 European patients reached the

primary endpoint (doubling of serum creatinine or end-

stage renal disease), but follow-up was continued for a

further 3.6 years (on average), resulting in 93 more indi-

viduals reaching the primary endpoint. This allowed a

more precise, long-term estimate of the absolute benefit

of benazepril on delaying the progression of renal

disease than had been possible in other studies. The

costs, benefits, and utilities related to therapy were based

on the United States 1999 estimates from the USRDS.

Overall, individuals who received benazepril had a cost-

effectiveness ratio of 2US$142,000 per quality-adjusted

year of life saved, resulting from a lifetime net savings

of US$12,991 per patient and an extension of 0.091

quality-adjusted life years. During the first year of treat-

ment, the costs of drugs and additional office visits out-

weighed economic benefits, but each year thereafter, the

reduction in expensive end-stage renal disease therapy

was far greater than the cost of treatment. These con-

clusions held for many changes to the baseline assump-

tions about the rates of starting dialysis and other factors

that differ between the United States and the Europe.

The importance of the initial lower purchase price of an

antihypertensive drug in determining public policy regard-

ing drug choice was probably clearest in the recent Antihy-

pertensive and Lipid-Lowering Treatment to Prevent

Heart Attack Trial (ALLHAT). After an average of 4.9

years of follow-up, the group randomized to generically

available chlorthalidone had an incident coronary heart

disease rate that was not statistically different from the

rate for patients randomized to either lisinopril or

amlodipine, the most popular ACE inhibitor or calcium

antagonist, respectively (24). The ALLHAT investigators

therefore concluded that a thiazide-like diuretic should be

the preferred first-line choice for hypertension because of

its lower cost, although the full cost-effectiveness analysis

had not been completed.

However, data from some economic analyses indicate

that the cost of the initial drug plays but a small part in

the total cost of care. In a now-classic cost-minimization

analysis (which compares treatment costs per patient per

unit time), there was no significant difference in the total

cost of a year’s care for hypertension in a large series of

patients from Omaha, Nebraska across five initial classes

of antihypertensive drugs in 1993 (25). The cheaper

initial cost of the generic diuretic was, in this instance,

balanced by the greater expenditures for laboratory

testing (e.g., serum potassium measurements) and more

physician evaluations of perceived adverse effects of the

drug. It is unlikely that the comparative cost-effectiveness

analysis of the ALLHAT study will include all costs

associated with different antihypertensive drug treatments

because many of the recommendations for treatment have

changed since ALLHAT was designed and that protocol

finalized. For example, future drug treatment costs for dia-

betes that derive from the 41% increased risk of diabetes

may or may not be included in the cost-analysis of the

chlorthalidone arm. It is unlikely that the analysis will

include increased utilization of antihypertensive medi-

cations and cholesterol lowering drugs needed to achieve

the recommended targets for diabetics (blood pressure

,130/80 mmHg and low-density lipoprotein (LDL)

cholesterol ,100 mg/dL). These lower treatment goals

were not in place in 1993–1994, when ALLHAT was

designed, and the protocol for cost-effectiveness could

not be expected to include them. This difficult issue

reinforces previous suggestions that a proper and credible
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cost-effectiveness analysis must be all-inclusive when

determining the overall cost of care.

V. IMPROVING THE COST-EFFECTIVENESS
OF HYPERTENSION TREATMENT

Many authors have made different suggestions either for

reducing the total cost of care for hypertension or for

increasing its effectiveness (26). Some of these recom-

mendations have been incorporated into national or inter-

national guidelines. At the local and regional levels, other

policies have been implemented primarily by pharmacy

benefits managers, who often have the greatest financial

stake in reducing prescription drug costs.

A. Ensuring a Correct Diagnosis

Because blood pressure has a large degree of intrinsic vari-

ation (Chapter 15), a single blood pressure measurement is

usually insufficient for diagnosis and proper assessment of

prognosis. The number of low-risk patients needed to be

treated for 5 years to prevent one major cardiovascular

event is large, meaning that many will take treatment

without benefit. One obvious way to make treatment

more effective is to be certain that the person committing

to therapy really has hypertension and would therefore be

more likely to reap the benefits of expensive therapy. Cur-

rently, nearly all guidelines recommend multiple blood

pressure measurements on different days before instituting

long-term drug therapy. Some authors (and some national

guidelines) recommend ambulatory blood pressure moni-

toring as a step in the diagnosis. This procedure typically

identifies individuals with white coat hypertension (who

appear to be less likely to benefit from long-term drug

therapy) and also provides a large number of blood

pressure readings throughout the day (thereby minimizing

the chance that a diagnosis will be based on one erroneous

measurement). More than 10 years ago, several cost-

effectiveness analyses of ambulatory blood pressure moni-

toring in the algorithm for diagnosis of hypertension

showed cost-savings overall when ambulatory blood

pressure monitoring is used (typically as a last step) in

this way. The cost-savings come from the presumption

that �20–25% of individuals with elevated blood press-

ures in the medical office are really only white coat hyper-

tensives and can avoid treatment if they are properly

identified through ambulatory blood pressure monitoring.

This was the basis for the decision of the Centers for Med-

icare & Medicaid Services to approve ambulatory blood

pressure monitoring for reimbursement in 2002 (27). It

is, however, unlikely that using ambulatory blood pressure

monitoring will save money if it is required more than

once per year for an individual patient.

Some have advocated a wider role for ambulatory

blood pressure monitoring in deciding whether to intensify

treatment because office readings are not always represen-

tative of everyday levels of blood pressure. One well-done

randomized clinical trial compared blood pressure control

when treatment decisions were based either on three con-

ventional office blood pressure readings or on a daytime

(10 a.m. to 8 p.m.) ambulatory blood pressure monitoring

session (28). A physician blinded to the method of blood

pressure measurement made decisions about treatment

for 419 patients, primarily on the basis of achieving a dias-

tolic blood pressure target of 80–89 mmHg. Over �6

months of treatment, more patients in the ambulatory

blood pressure monitoring group stopped taking drug

treatment (26% vs. 7%, P , 0.001) and fewer required

multiple-drug treatment (27% vs. 43%, P , 0.001). At

the end of the study, there were no differences in blood

pressure (whether measured in the office or by ambulatory

blood pressure monitoring), echocardiographically deter-

mined left ventricular hypertrophy, or symptom score.

Although the cost of treatment was but a secondary end-

point, the cost of ambulatory blood pressure monitoring

offset the savings that resulted from fewer physician

visits and less intensive drug treatment. This experience

suggests that basing treatment decisions solely on ambu-

latory blood pressure monitoring is too costly and that

less expensive methods of routine blood pressure monitor-

ing should be studied.

B. Limiting Testing During the
Initial Assessment

Unlike decades ago, when every hypertensive patient had

an extensive battery of tests at diagnosis, current guide-

lines limit initial testing. The JNC7 guidelines suggest

that only serum biochemistries (including lipids), a hem-

atocrit, an electrocardiogram, and a urinalysis be included

in initial testing. More expensive tests (e.g., echocardio-

gram) are generally reserved for those rare individuals in

whom the results might alter initial therapy. Some

groups favor screening all hypertensive patients (particu-

larly diabetics) for microalbuminuria, but this is controver-

sial (29). A recent cost-effectiveness analysis suggested

that the most economical approach was simply to treat

all diabetics (at diagnosis .50 years of age) with an

ACE inhibitor, as long as the annual cost of the drug is

lower than US$320 (30). This approach saves the inconve-

nience and cost of urine collections, costs only US$300

over a lifetime, and results in the greatest gain in

quality-adjusted life-years (30).

Screening for secondary hypertension can be rec-

ommended when it saves money (typically in younger

patients). This requires a sensitive and specific test, a high

pre-test probability of the disease, and a high likelihood of
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saving money after treatment; for example, both adrenalect-

omy for primary hyperaldosteronism (31), and captopril

renography for screen high-risk individuals for renovascu-

lar hypertension (32) can save money in long-term.

Additional information about screening tests for diagnosing

secondary hypertension is provided in Chapter 14.

C. Choosing the Initial Drug Treatment

Economic considerations are very important in the choice

of initial drug therapy because this is a major (and recently

increasing) part of the cost of hypertension treatment.

When an individual has a “compelling indication” for a

specific antihypertensive drug, it makes both clinical and

economic sense to use that drug because it is likely to

not only lower blood pressure, but also improve prognosis

in the second condition. This nearly always costs less than

using one drug to lower the blood pressure and a second to

treat the second condition.

When there is no compelling indication to use a specific

antihypertensive drug, the JNC7 guidelines recommend a

thiazide-type diuretic as the drug of first choice “for

most people” (1). In ALLHAT, the cheapest drug to pur-

chase was chlorthalidone, and outcomes were no worse

with this drug than the more expensive alternatives (24).

Adopting this recommendation will presumably lower

healthcare costs and potentially improve blood pressure

control. In the United States Department of Veterans

Affairs Medical Centers, healthcare providers were

exhorted to adhere to the recommendations of JNC VI,

and this resulted in a change in prescribing habits (33).

Use of expensive calcium antagonists decreased by 11%;

use of inexpensive diuretics increased by 11%; and use

of b-blockers increased by 10%. These relatively small

changes resulted in an overall US$6 million savings in

1999 and were temporally associated with a major

improvement in blood pressure control.

The JNC7 guidelines recommended for the first time that

individuals with stage 2 hypertension (blood pressure

�160/100 mmHg) be treated initially with a two-drug com-

bination. This approach should decrease the cost of follow-

up visits because two drugs are much more likely than a

single drug to control blood pressure. It should also lead

to greater use of combination antihypertensive agents,

which are generally less expensive to purchase (both for

the pharmacy and for the consumer, who pays only a

single co-payment) than two separate prescriptions (34).

D. Enhancing Adherence to
Medication Regimens

One of the major challenges in the treatment of any

chronic condition is that �50% of people stop taking the

recommended therapy after 1 year. Individuals who do

not adhere to the prescribed regimen have an infinite

cost-benefit ratio—they incur all of the costs of the medi-

cation and treatment plan, but enjoy none of the benefits

when they stop taking the pills. Approximately 10% of

the total cost of care for hypertension in the United

States is wasted because of nonadherence to the treatment

regimen. According to a recent analysis, the greatest econ-

omic benefit in hypertension treatment would derive from

improving adherence to the medication regimen rather

than stratifying treatment by stage or by routinely using

only the least expensive medication (35). The available

clinical evidence suggests that current methods of improv-

ing adherence to the prescribed medication are inadequate

and that new, innovative approaches to assisting patients

in taking medication as directed should be developed (36).

E. Choosing a Follow-Up Program

In medicine, as in most businesses, personnel costs typi-

cally account for the largest share of expenditures. An

appealing target for cost-reduction in hypertension is the

outlay for frequent healthcare provider visits for blood

pressure monitoring, particularly because other less

expensive methods of blood pressure assessment exist.

Ambulatory blood pressure monitoring is too expensive

to replace routine office blood pressure measurements

(28). Home blood pressure monitoring (37), home visits

by trained personnel (38), pharmacist visits (39), and

other methods (40) have shown promise in some studies

and are likely in the near future to play a larger role in

determining when medication doses should be titrated.

VI. CONCLUSIONS

Formal cost-effectiveness analyses have shown that, for

some groups of high-risk hypertensive patients (especially

diabetics and patients with chronic kidney disease), the

cost of treating hypertension is less than the cost of pre-

vented myocardial infarctions, strokes, heart failure, and

end-stage renal disease. Simple methods of improving

the cost-effectiveness of hypertension treatment include:

1. Ensuring that the initial diagnosis is correct.

2. Performing limited laboratory studies after diagnosis.

3. Choosing inexpensive medications where possible.

4. Maximizing adherence to the prescribed medi-

cation regimen.

5. Limiting the number of office visits during fol-

low-up.
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KEYPOINTS

. The choice of drug regimen in mild to moderate

hypertension should not affect the patient’s well

being.

. Overall antihypertensive drugs do not produce any

significant improvement in health-related quality

of life (HRQoL).

. Angiotensin receptor blockers, ACE inhibitors,

newer b-blockers, and low-dose diuretics have

few, if any, adverse effects on HRQoL.

SUMMARY

The effectiveness of antihypertensive treatments depends

on the need to minimize or avoid symptomatic side

effects and to exert positive effects on quality of life

(QoL). Since the publication of the pioneering work by

Croog et al. (1) on QoL in patients using captopril,

propranolol, and methyldopa, many clinical trials have

tried to include QoL measures, to examine this domain

in greater depth in hypertensive patients. Some of the dis-

crepancies in the effects of antihypertensive agents on

QoL in clinical trials may be explained by small

numbers of patients, short duration of studies, differences

in blood pressure entry criteria, population composition,

endpoints chosen, compatibility of QoL measures, and

other subjective and objective factors (2). The most

recent classes of antihypertensives and some drugs in

older classes may have fewer side effects and improve

general well-being. This in turn is likely to improve com-

pliance with drug regimens, one of the most decisive

factors in evaluations of drug efficacy and QoL. Low-

dose diuretics, b-blockers other than propranolol, angio-

tensin-converting enzyme (ACE) inhibitors, and angioten-

sin receptor blockers have many trials supporting their

short-term benefits in terms of QoL. The same may be

true for some calcium channel blockers such as verapamil

and amlodipine.
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I. INTRODUCTION

Hypertension is a preventable disease, and there is over-

whelming evidence from clinical trials which indicates

that its treatment is beneficial because it reduces cardio-

vascular mortality and morbidity at least up to the age of

79 years. A meta-analysis reported a risk reduction of

30% for strokes, 23% for coronary events, and 13% for

all-cause mortality (3). Despite this evidence and although

awareness about the disease has improved in the last two

decades, many people remain untreated in practice and

,50% of treated patients are adequately controlled (4).

Many antihypertensive treatments decrease cardio-

vascular events and mortality to a similar extent. A recent

meta-analysis of 15 trials which compares old drugs

(diuretics or b-blockers) to new drugs [calcium channel

blockers, a-blockers, ACE inhibitors and angiotensin

receptor blockers (ARBs)] revealed that both old and new

agents offered similar protection against total cardiovas-

cular mortality and nonfatal and fatal myocardial infarction

(5). These drugs are safe, well tolerated, and efficacious,

which means that outcome indicators of QoL, alongside

contra-indications and side effects, should aid and may

even determine the choice of medication.

Although 15 years ago little was known about the

assessment of QoL, in the past decade not only the interest

in QoL has increased sharply, but also it has become a

common practice to integrate QoL as part of outcome

measures of clinical trials in the drug evaluation process

(6,7). According to Sanders et al. (8) reporting on QoL

increased during 1980–1997 from 0.63% to 4.2% for

trials from all disciplines and from 0.34% to 3.6% for

cardiovascular trials.

As hypertension is a chronic disease, which usually

requires life-long treatment, the success of treatment will

depend on the effects of the drug regimen on the patient’s

well-being (9). Therefore, the assessment of the thera-

peutic burden on QoL of hypertensive patients is becom-

ing increasingly more recognized as an important

outcome measure in clinical trials (10).

II. ASSESSMENT OF
QoL—METHODOLOGICAL
CONSIDERATIONS

The concept, QoL, is difficult to define, and also to measure

in a scientific way (11). Although no consensus has been

achieved regarding an exact definition of QoL, it has been

suggested that QoL is the discrepancy between the individ-

ual’s expectations and the reality (12). It has been argued

that it is impossible to provide an exclusive definition of

the concept, because QoL as perceived by an individual is

not only complex, but also subjective and it is influenced

by a multitude of factors (11). Health-related quality of

life (HRQoL), a further concept, was created in the 1980s,

and this term has been developed to cover certain areas of

the concept of QoL; that concerns physical or mental

health (13,14). Although no unanimous definition exists

for HRQoL, a consensus has been achieved that measures

in hypertensive patients should include symptomatic and

psychological well-being, activity (work, leisure, sleep,

sexual activity, and social participation), cognitive function,

and life satisfaction (15).

Within the context of clinical practice, clinicians are

usually guided by the findings of clinical trials when

choosing medication for the treatment of hypertensive

patients. However, it is important when extrapolating

data relating to QoL from clinical studies, to bear in

mind that the design and duration of the trial, sample

size, validity and reliability of the instruments used, and

other factors should be considered (16). In terms of ascer-

tainment, measurements of HRQoL should comply with

the principles of good design and when comparing differ-

ences between treatment groups, a randomized, double-

blind trial is to be preferred (17).

To be of value to clinicians, instruments chosen to

assess HRQoL should be valid, reliable, and sensitive.

There has been a lot of research effort put into developing

valid instruments to assess and to quantify the different

domains, which comprise the concept of HRQoL. The

choice of instruments will depend on the HRQoL dimen-

sions which will be assessed. Other important practical

consideration when evaluating HRQoL is how the instru-

ment is going to be administered (17). The instruments

developed have been mainly questionnaire-based, either

to be self-completed or to be administered by an inter-

viewer. The choice of an instrument and the method to

assess HRQoL will depend on different factors such as

the cost, the complexity of the study, respondent’s

burden, among others. It has been argued that self-

completion questionnaires are preferable because the input

of the person being assessed is mandatory (18); neverthe-

less, these assessments should be carried out under stan-

dard conditions—that is, for hypertensive patients, the

questionnaires should be completed in a quiet area at the

medical center, before seeing the doctor and having their

blood pressure measured. This method would be particu-

larly advantageous to employ in multicenter trials, where

it would be costly to train and to organize interviewers.

One of the disadvantages of this method is that people

who are illiterate are excluded automatically, and some

groups of patients, such as the elderly, may not be able

to complete self-administered questionnaires because of

reduced visual acuity, lack of understanding, or inability

to write or draw. Therefore, in these cases interview-

administered questionnaires may be preferable (19).

However, using an interviewer can introduce bias

because it is always possible that the perception of the

patient differs from that of the interviewer (16).
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Hypertension is a risk factor, rather than a disease per se

(17), which makes its treatment complex. Clinicians

should be aware of the issues discussed earlier, so that

they can critically evaluate the findings from clinical

studies. The recognition of valid results will aid the

choice of treatment for a particular patient.

Many studies have reported on the effects of different

antihypertensive treatments on HRQoL, and the results

have shown that overall these drugs do not produce any

significant improvement in QoL (10). Also, the majority

of these studies are characterized by short to moderate dur-

ation (12–28 weeks), lack of a placebo group, and a non-

representative sample of low-risk hypertensive patients

(20). These are some of the limitations and pitfalls of the

data available from clinical trials that assess HRQoL;

they will be discussed in more detail later in this chapter.

First, we will give an overall view of the evidence

accrued from clinical trials of the effects on HRQoL of

different antihypertensive drugs. To facilitate this

process, the next section has been divided into two sub-

sections: the first describes the findings from long-term

clinical trials and the second describes the findings from

short-term trials.

III. MONITORING QoL: EVIDENCE FROM
CLINICAL TRIALS

A. Long-Term Clinical Trials of
Antihypertensive Treatments and
the Effects on QoL

There are several long-term trials that have assessed the

effects of antihypertensive treatment in reducing cardio-

vascular morbidity and mortality, but only a few have

included the assessment of QoL.

One of the first long-term trials to report on the effects

of antihypertensive treatment on QoL was the Systolic

Hypertension in the Elderly Program (SHEP). This trial

was designed to determine if treatment with a diuretic

and a b-blocker-based antihypertensive treatment would

satisfactorily control isolated systolic hypertension and,

if so, whether it would reduce cardiovascular compli-

cations or it would produce new adverse events (21). Of

particular concern was the possibility of any antihyperten-

sive medication having a negative impact on cognition or

mood in older persons, especially as previous studies, cited

by Applegate et al. (22), had shown conflicting findings

about the adverse effects of antihyperternsive treatment

on the QoL and function of older people in comparison

to the effects on middle-aged persons.

The trial was a randomized, multicenter, double-blind,

placebo-controlled trial of patients 60 years or older with a

systolic blood pressure �160 mmHg/diastolic blood

pressure ,90 mmHg. The 4736 participants were

randomized to either an actively treatment group or a

group given matching placebo and followed up for an

average of 5 years in 16 academic clinical trial centers.

Active treatment consisted of chlorthalidone (12.5–

25 mg), +atenolol (25–50 mg), or reserpine (0.05–

0.10 mg). The trial was also designed to provide a straight-

forward look at the effects of a specific drug regimen on

measures of cognitive, emotional, and physical function

and leisure activities. The behavioral evaluation was admi-

nistered after randomization and before treatment was

started, and cognitive impairment, depression and mood

disorders of all participants were assessed twice a year

for 20 min, and once a year participants answered ques-

tions about their activities of daily living (ADL) and

social networks. Additionally, participants in six of the

16 centers (n ¼ 2034) received a more detailed assessment

of cognitive function every year, which included: psycho-

motor speed, attention span, visual scanning, mental calcu-

lation, expressive language function, verbal memory, and

hypothesis testing (21). The questionnaires were adminis-

tered by behavioral raters, who were centrally trained, and

the procedures were standardized.

The findings at baseline showed that there were no

differences between active treatment and the placebo

groups in cognitive function, depressive symptoms, or

mood disorder. Some modest difference was found in the

basic and moderate ADLs; more participants in the

placebo group had some impairment in these two levels

of ADL. However, no differences were noted between

the two groups, when all three levels of ADL were taken

into account. During the trial there were some small

changes in ADL in favor of the treatment group. Also,

the changes in cognitive function and depression symp-

toms, although they were not significant, favored the treat-

ment group (Table 22.1).

In the six centers, where participants did more exten-

sive evaluations, there were no differences in the partici-

pant’s global assessment of QoL in the two treatment

groups. The results also showed a small increase in the

active treatment group of some symptoms such as faint-

ness, falls, fatigue, sexual dysfunction, muscle weakness,

and trouble with memory (self-reported). The findings

from the SHEP trial clearly demonstrated that the chosen

drug regimen decreased the incidence of cerebro- and

cardiovascular events, without causing deterioration on

measures of cognition, emotional state, physical function,

or leisure activities (21–22).

The Systolic Hypertension in Europe (Syst-Eur) trial,

was a randomized, double-blind, placebo-controlled trial,

which also included as a side project the measurement of

HRQoL (23). To be included in the trial, patients had to

be 60 years and older, with an average sitting systolic

blood pressure of 160–219 mmHg, a diastolic blood

pressure ,95 mmHg, and a standing systolic pressure of

�140 mmHg. Patients were randomized to either active
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treatment, which consisted of nitrendipine (10–40 mg

daily) plus enalapril (5–20 mg daily) and hydrochlorothia-

zide (HCTZ) (12.5–25 mg daily) if necessary, or to

matching placebos.

A total of 4695 patients were recruited during an 8-year

period. The trial was discontinued in February 1997 after

the second interim analysis, which showed that the bound-

ary for stroke events was crossed in favor of active treat-

ment (24).

For the QoL side project, 33 centers in 12 countries

took part, and a total of 610 patients completed the base-

line questionnaire and at least one follow-up assessment.

The questionnaire was administered by a trained inter-

viewer under standard conditions, that is, in a quiet area

at the medical center before the patient saw the doctor

and had his or her blood pressure measured. The question-

naire included cognitive function tests (Reitan Trail

Making A and B), the Brief Assessment Index (BAI),

which is a measure of depressed mood and four subscales

from the Sickness Impact Profile (SIP): ambulation, social

interaction, sleep and rest, and housework (25).

For the intention to treat analyses no differences in the

SIP and BAI scores were found between the two treatment

groups from baseline to the two timepoints: at 6 months

and at 2 years (Table 22.2).

Similar results were found for the on randomized treat-

ment analyses. However, when data from all timepoints

over the 4 years of follow-up were analyzed, a significant

between group difference was found for social interaction

where patients in the active treatment group reported pro-

blems in this dimension. These may be attributed to the

side effects of treatment, such as flushing, edema and

headache with nitrendipine, and cough with enalapril. It

was reassuring to notice that no adverse effects on

measures of depression were found from active treatment

(25). In relation to the Reitan Trail Making tests (TMTs),

the findings revealed a slower rate of learning for patients

in the active treatment group, with the largest difference

reported in the first 6 months.

It has been argued that as patients were allocated at

random to a drug regimen not to an individual drug, it

would be difficult to attribute these negative effects to a

particular drug. However, the negative effects reported

on Reitan TMTs for the actively treated group may

relate to the nitrendipine medication, because 57% of

patients were taking this drug alone in the first 6 months.

The findings from the QoL side project of the Syst-Eur

trial suggested that when compared with placebo, active

treatment had some adverse effect on QoL. However, as

pointed out by Fletcher et al. (25), these results have to

be considered within the context of the positive benefit

from active treatment in reducing stroke by 42% and all

cardiovascular endpoints by 31%.

The Treatment of Mild Hypertension Study (TOMHS)

was a randomized, double-blind, placebo-controlled clini-

cal trial, which was conducted in four hypertension screen-

ing and academic centers in the United States (26). A total

of 902 patients, with stage 1 hypertension and without

clinical evidence of cardiovascular disease, were fol-

lowed-up for a minimum of 4 years. Participants between

the ages of 45 and 69 years, were randomized to five differ-

ent antihypertensive drugs: b-blocker (acebutolol),

calcium-antagonist (amlodipine maleate), diuretic (chlorth-

alidone), a-antagonist (doxazosin), and ACE (enalapril) or

Table 22.1 The Systolic Hypertension in the Elderly Program (SHEP)

Active Placebo

N Baseline Last N Baseline Last Differences

Score

Cognitive impairment 2317 0.37 0.26 2291 0.37 0.32 þ0.05

Depressive symptom 2264 3.13 2.95 2229 3.11 3.09 þ0.16

CES-D score 2131 4.13 4.33 2117 4.01 4.59 þ0.38

% �16 — 4.6 5.5 4.6 6.9 P ¼ 0.050 last visit

Activity

Any basic ADLs 2263/2260 4.5% 18.6% 2205/2200 5.7% 20.1% þ0.20

Any moderate ADLs 2232/2040 11.1% 22.1% 2154/1968 12.4% 23.4% þ0.30

Any advanced ADLs 2260/2203 26.6% 48.6% 2196/2138 27.0% 49.1% þ0.72

Note: Mean cognitive, depressive and center for epidemilogic studies-depression scale (CES-D) scores and activities of daily living (ADL) at baseline and

last evaluation by treatment group. ADL: Needs help or unable to do at baseline/any deterioration to last visit. Basic self-care items included: bathing,

personal grooming, dressing, eating, ambulation, using the toilet, and transferring from bed to chair. Moderate ADLs included writing/handing small

objects, walking up and down the stairs, extending the arms above shoulder level, walking 0.5 mile; whereas advanced ADLs included the ability to

perform tasks such as: carrying groceries, moving furniture, lifting and carrying weights (,4.5 kg), pulling or pushing large objects or crouching or kneel-

ing. A positive value indicates that that the result was better in the active treatment group. Although the trend continually favors the active treatment group,

the only difference that was statistically significant was in the CES-D score. High scores indicate worse QoL.

Source: Adapted from Appelgate et al. (22).
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placebo. In conjunction with the medication, patients were

given lifestyle intervention to reduce weight, dietary

sodium intake, and alcohol intake and to increase physical

activity.

In order to assess QoL, patients were given a 35-item

questionnaire at baseline, at 3 months and thereafter at

yearly intervals. The questionnaire comprised seven QoL

indexes: general health, energy or fatigue, mental health,

general functioning, satisfaction with physical abilities,

social functioning, and social contacts

The results showed that at baseline, the mean QoL

indexes for the participants were high, which indicated

they had good health and functional ability. There were

some associations between some of the QoL indexes and

gender, sex, age, smoking status, body weight, physical

activity, and socioeconomic status. Patients more phys-

ically active and less obese had higher QoL. An interesting

finding was that older patients (�55) reported higher QoL

for three indexes: energy, mental health, and social func-

tioning than participants ,55 years of age.

As a whole, participants reported an improved QoL

from baseline, in all randomized groups, including the

placebo group, during the 4-year follow-up, except for

the general functioning index, which decreased in doxa-

zosin and placebo groups; for social functioning, which

decreased on average in the placebo group, and social

contacts which fell in the chlorthalidone group. The

results were thought to be directly or indirectly linked

to the lifestyle change program and greater improve-

ments were observed for participants with greater

weight loss and increase in physical activity. Compared

with the placebo group, participants in the actively

treated groups reported more favorable changes in most

QoL indexes, “with significantly greater relative

improvement for mental health, general functioning,

and social functioning indexes, and the global statistic”

(Table 22.3).

For the general health index, patients in the acebutolol

group reported significantly greater QoL than patients on

the amlodipine maleate and enalapril maleate (P , 0.01).

Similarly, QoL was significantly greater for acebutolol and

chlorthalidone groups compared with the enalapril maleate

group (P , 0.01) for the mental health index and for the

acetubolol group compared with the doxazosin group for

the social contacts index. The greater improvement for

the active treatment compared with placebo was first

observed at 3 months and this was maintained throughout

the trial. Also, there was a correlation between the global

QoL score and the side effect score, and a lower QoL was

associated with more side effects.

The conclusions of the TOMHS trial demonstrated that

the treatment of stage I hypertension using one of the five

Table 22.2 The Systolic Hypertension in Europe (Syst-Eur) Trial

Differences from baseline at

6 monthsa 2 yearsa

Placebo

(n ¼ 232)

Active treatment

(n ¼ 263) P-Valueb
Placebo

(n ¼ 236)

Active treatment

(n ¼ 264) P-Value

SIP

Ambulation

Median 0 0 0 0 0.44

5th–95th PI 213 to 11 211 to 13 0.50 212 to 15 213 to 15

Social interaction

Median 0 0 0 0 0.38

5th–95th PI 213 to 14 213 to 7 0.48 217 to 14 219 to 9

Home work

Median 0 0 0 0 0.46

5th–95th PI 216 to 11 213 to 17 0.10 214 to 16 213 to 24

Sleep and rest

Median 0 0 0 0 0.14

5th–95th PI 223 to 19 214 to 14 0.69 225 to 14 216 to 14

BAI

Median 0 0 0 0

5th–95th PI 214 to 10 214 to 10 0.97 214 to 14 219 to 14 0.41

aA negative score denotes improvement.
bP-Value for difference in medians.

Note: Within-treatment changes in quality of life measures from baseline to 6 months and 2 years (intention-to-treat analysis). SIP, sickness impact profile;

BAI, brief assessment index; PI, percentile interval.

Source: Reproduced with permission from Fletcher et al. (25).
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different antihypertensive drugs used in the trial does not

cause deterioration in the QoL indexes assessed. The

two drugs that appeared to improve QoL the most were

the diuretic and the b-blocker. An important point was

that lifestyle changes, especially loss of weight and

increase in physical activity were associated with higher

QoL scores, and therefore these interventions, not only

can assist with blood pressure control, but they have a

positive impact on the individual’s well-being (26). Unfor-

tunately, this may be due simply to the knowledge that

they have lost weight or exercised or lowered their blood

pressure, rather than any causative mechanism.

The Medical Research Council Trial in the Elderly was a

randomized, placebo-controlled, single-blind trial (27). A

total of 4396 patients ranging in age from 65 to 74 years,

with a systolic blood pressure between 160 and

209 mmHg and a diastolic blood pressure �114 mmHg,

were randomized to receive a placebo, amiloride hydro-

chloride with HCTZ, or atenolol. A sub-study was designed

to assess cognitive function and 2584 patients were

recruited from the 4396, who took part in the main trial.

The outcome measures were the rate change in paired

associate learning test and the Reitan TMT part A scores.

These tests were administered at entry and at 1, 9, 21,

and 54 months. The results did not reveal an association

between antihypertensive treatment and cognitive

outcome over a period of 54 months. No difference was

found in the mean learning test coefficients (rate of

change of score over time) among the diuretic (20.31),

b-blocker (20.33), and placebo (20.30) groups. Similarly,

there was no difference in the average Reitan Trail Making

coefficients: 22.73, 22.08, 23.01 for diuretic, b-blocker,

and placebo, respectively. The conclusion of this sub-study

was that the treatment of moderate hypertension in older

people does not appear to have an influence, either negative

or positive, on cognitive function (27).

Another trial, conducted in Japan, also looked at the

effect of antihypertensive treatment on QoL over a

5-year period. However, it did not include a placebo

arm; it compared the effects of a calcium antagonist and

a diuretic. Patients were recruited from outpatients in

108 medical institutions in Japan. Participants had to be

at least 60 years old, with a systolic blood pressure

�160 and ,220 mmHg and a diastolic blood pressure

,115 mmHg. A total of 429 patients were recruited into

the trial; 215 were randomized to the nicardipine group

and 214 to the trichlormethiazide group (28).

QoL was assessed at baseline and every 6 months for 5

years, and the patients were assessed by an interviewer.

The questionnaire included questions on the following

domains: physical symptoms, life satisfaction symptoms

and well-being, work performance and satisfaction,

general symptoms, sleep scale, sexual function, emotional

state, cognitive function, and social activity. The resultsTa
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found that the two different antihypertensive drugs had

similar effects on the QoL in elderly hypertensive patients,

and no deteriorating effect on QoL was observed with

either drug. Although there was no significant difference

in mean scores in terms of total QoL or in degrees of

change between the two groups; a trend to a lower score

in three different categories (general symptoms, sleep

scale, and sexual function) was observed for the diuretic

group. A lower score for cognitive function was observed

for the calcium antagonist group (28).

It is important to highlight that apart from the TOMHS

trial, all of the other trials mentioned above recruited

people who were at least 60 years old, and although there

is overwhelming evidence of the benefits of treating hyper-

tension in people aged 60–79 years, the benefit of treating

people over the age of 80 years is still not clearly demon-

strated. However, clinical trials are being carried out,

targeting this age group, including HRQoL measures and

should provide a definite answer for or against treatment

for the very elderly (29).

B. Short-Term Clinical Trials

In this subsection, common antihypertensive agents

including “newer” treatment regimens in trials conducted

for a maximum period of 1 year are reviewed to

examine the short-term effects of antihypertensive drugs

on patients’ QoL. Studies on diuretics, b-blockers,

calcium channel blockers, ACE inhibitors, and ARBs

will be scrutinized for their effects on symptoms, mental

health, general functioning, energy and satisfaction with

physical abilities, and social contacts.

1. Diuretics

Thiazide diuretics remain one of the most commonly pre-

scribed antihypertensive drugs despite being associated

with various biochemical changes (e.g., hypokalaemia,

hyperglycaemia, and hyperuricaemia), most of which

appear to be dose related (30). Greater sexual dysfunction

is a common side effect, in particular in older hypertensive

patients taking diuretics compared with placebo (31).

Nonetheless, there seems to be general agreement that

thiazides do not have marked adverse effects on cognitive

function and behavior in hypertensive patients, as shown

in studies which have reported no differences in mood,

general sense of well-being, social activities, and recrea-

tion following diuretic treatment (31,32).

The results of the effects of diuretics on QoL in older

hypertensive patients have not been as extensively pub-

lished as for other types of antihypertensive agents. Thus,

conclusions for this age group are not consistent. In some

trials, this may in part result from low sensitivity of

measures used to tap QoL domains. Trials of multiple

treatment which have compared the effects of different

diuretics and diuretics in combination with a b-blocker,

ACE inhibitor, or calcium channel blocker have shown

identical results in QoL, irrespective of the use of thiazides

at various QoL dosages, both lower and higher. A cross-

over comparison of 6 weeks treatment with HCTZ

(25 mg) or clopamide (5 mg) in 17 patients with an

average age of 62 years showed similar blood pressure

control, plasma biochemical values, and well-being in a

comprehensive QoL questionnaire in both treatment

groups, despite a significantly expressed preference

among patients for clopamide over HCTZ (33). A 1-year

maintenance study in patients with mild and moderate

hypertension who were receiving placebo or HCTZ

(25 mg twice daily or 50 mg once or twice daily), or hydra-

lazine, methyldopa, metoprolol, or reserpine in addition to

a diuretic, showed similar improvements on psychometric

tests designed to assess cognitive function, motor skills,

memory and affect, both in patients whose blood pressure

was treated and the placebo–control group (34). The study

comprised people over 60 years of age, and the authors

concluded that blood pressure reduction per se does not

seem to affect cognitive and behavioral function in

elderly hypertensives, despite the finding of some quali-

tative differences with respect to side effects between the

treatment groups. A further trial that compared HCTZ

and doxazosin, an a-1 antagonist, in 107 patients reported

no significant differences in overall QoL between treat-

ment groups, despite increased mental health and psycho-

logical well-being found in patients taking doxazosin from

baseline, and improved energy and decreased fatigue levels

in patients on HCTZ (35). However, addition of a diuretic

(HCTZ) to three treatment groups (i.e., captopril, methyl-

dopa, and propranolol) was associated with negative

effects on various QoL measures in patients from the

ages of 21 to 65 years in a 24-week trial. However, these

subjects knew that their blood pressure was not well con-

trolled and this may have had an adverse effect on their

QoL (1). Given the limitations of short-term clinical

trials, data from long-term trials is usually referenced as

an indication of a low overall risk of side effects of diure-

tics and maintenance of QoL in hypertensive patients

treated with these drugs.

2. b-Adrenergic Neurone Blockers

Improvements in symptoms, including reduction in

anxiety, and other favorable changes in QoL have been

reported in patients treated with b-adrenergic blocking

drugs. New generation b-blockers show a more consistent

enhancement of QoL, including fewer adverse symptoms

(15). Propranolol administered to 212 hypertensive male

patients with uncomplicated essential hypertension led to

a deterioration in general well-being, physical symptoms
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and sexual dysfunction compared with those 213 receiving

an ACE inhibitor over 24 weeks (1). Patients on proprano-

lol showed more favorable changes in work performance

than those on methyldopa. However, those on propranolol

also had significantly more complaints about shortness of

breath and slow heart beat than patients on methyldopa,

and complaints of slow heart beat, shortness of breath,

and fatigue than patients on captopril. Increased frequency

of weak limbs and also headaches and slower walking pace

have been reported following propranolol treatment in 47

patients compared with 47 receiving verapamil (36).

Three-hundred and six black patients were randomized

to atenolol, captopril, or verapamil over an 8-week treat-

ment period (37). The rate of withdrawal from therapy as

a result of adverse effects was low and did not differ by

drug treatment or titration level. QoL measures did not

differ between the three groups. Vanmolkot et al. (38)

did not find any differences in the health index status,

total psychiatric morbidity, anxiety, depression, somatic

symptoms, and hostility in subjects given bisoprolol

(5 mg daily) compared with bendrofluazide (2.5 mg

daily) administered to 81 patients for only 8 weeks in a

double-blind, two-way crossover trial. The average age

of participants was 61 years, with a mean duration of

hypertension of 2.9 years. In a larger trial of 24 weeks, sig-

nificant improvements in tension or anxiety, anger or hos-

tility, vigor and activity, and confusion or bewilderment, as

assessed by the Profile of Mood States (39), were found fol-

lowing administration of bisoprolol (5–10 mg) to 368

patients compared with nifedipine retard (40–80 mg) to

379 patients. HCTZ (25 mg) was added in both groups to

reach goal pressure (40). There were no significant differ-

ences in QoL after 8 weeks of treatment. The SIP and

objective tests of cognitive function did not differ statisti-

cally between the two groups, and QoL was maintained

at a good level in both treatments, with advantages for biso-

prolol in certain areas. These included a lower dropout rate

and fewer side effects. In their discussion, which included a

review of several trials, which had used the same or similar

QoL instruments, the authors concluded that bisoprolol had

advantages over nifedipine retard in symptomatic and

psychological well-being. Some beneficial effects for b-

blockers on QoL have also been reported in patients with

ischemic heart disease, cardiac arrhythmias, and conges-

tive heart failure (41).

3. Calcium Channel Blockers

High rates of ankle and pedal edema are found in open and

double-blind trials following use of calcium channel

blockers (42). Some studies show improvements in QoL

parameters, and others tend to conclude an absence of

adverse effects following reduction in blood pressure

with calcium channel blockers (43–45).

In a 4-week clinical trial, 128 patients were randomized

to diltiazem (120–360 mg) or metoprolol (50–200 mg as

a daily dosage) (46). The authors concluded that diltiazem

given as a monotherapy to hypertensive patients did not

impair QoL. A study of nifedipine and amlodipine admi-

nistered to older people during 16 weeks (30–60 and

5–10 mg once daily, respectively) found no significant

differences in QoL between these treatments (47).

However, nifedipine was associated with more adverse

events and a higher discontinuation rate than cilazapril

and atenolol in a 6-month, double-blind trial in 540

patients with an average age of 54 years (43). Flushing

and edema were the adverse events more often cited as a

reason for discontinuation of therapy in the nifedipine

group. Coughing was more common with cilazapril, but

fatigue was more commonly reported with atenolol

(Table 22.4). Serious clinical events were uncommon.

The effects of low-dose, long-acting verapamil on 24 h

ambulatory blood pressure and QoL were examined in

hypertensive subjects over 60 years of age, in which 28 of

whom received 120–240 mg once daily for 8 weeks and

28 received a placebo. As expected, patients treated with

verapamil had a significantly lower mean whole-day

blood pressure, but no differences were reported in QoL

and digit span testing scores (48). Another small study com-

pared verapamil and nifedipine retard in 81 patients with a

mean age of 55 years, and it showed a significant increase

in flushing and edema and a deterioration in the subjective

cognitive score in the nifedipine group (49). A higher

HRQoL with verapamil than propranolol treatment also

Table 22.4 The Cilazapril, Atenolol, Nifedipine Trial

Adverse event

Cilazapril

(n ¼ 179)

Atenolol

(n ¼ 182)

Nifedipine

(n ¼ 179)

Cough 11 3 4

Fatigue 7 19 7

Flushing 4 4 30

Headache 10 20 23

Edema 1 5 40

Palpitations—

tachycardia

6 1 13

Vertigo 13 14 8

Total events (No) 161 194 242

Total patients with

one or more

events (No)

93 112 115

Total patients

withdrawn due

to events (No)

9 15 31

Note: Adverse events spontaneously reported by more than ten patients

in any one treatment group.

Source: Adapted from Fletcher et al. (43).
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was observed in patients followed up for a longer

period (36).

Positive effects for felodipine extended-release (ER) on

QoL were found for patients with stage 1 isolated systolic

hypertension compared with placebo in a 1-year, double-

blind, parallel-group multicenter trial in 171 patients

(average age 66 years). Participants on felodipine scored

significantly better on anxiety and depression, but not on

indices of positive well-being, self-control, health, or

total vitality (44). Although the study lacked power to

show a significant difference in clinical events between

treatments, adverse effects in patients treated with felo-

dipine ER were similar in frequency compared with

placebo. However, many authors agree that ankle swel-

ling, headaches, and flushing are frequent side effects of

calcium channel blockers. Moreover, compared with

other classes of antihypertensive agents, the position of

calcium channel blockers with respect to maintenance of

QoL in hypertensive patients is uncertain (50–52).

4. ACE Inhibitors

ACE inhibitors are commonly recognized as one of the

first-line choices for the treatment of hypertension,

despite an increased risk of treatment-associated dry

cough and, very rarely, angioedema. One of the earliest

randomized double-blind trials on ACE inhibitors in

hypertensive males (aged 21–65 years) aimed at determin-

ing the comparative effects of captopril, methyldopa, and

propranolol on QoL (1) were discussed earlier. The trial

showed that patients taking captopril had significantly

higher scores on measures of general well-being, fewer

adverse effects (i.e., lethargy, dry mouth, dizziness,

nausea, and muscle cramps) and better work performance

and life satisfaction scores than those on methyldopa.

Patients on captopril reported fewer side effects, greater

improvement in general well-being, and less sexual dys-

function compared with propranolol after 24 weeks of

treatment (Table 22.5). No differences were observed in

sleep function, visual memory, and social participation

between the groups (1). One crossover trial of captopril

and atenolol in 265 patients failed to detect any differences

between the groups in QoL measures and concluded that

important differences had been excluded (53).

A comparison between captopril and atenolol, propra-

nolol, and enalapril in 360 men with mild to moderate

hypertension failed to reveal any differences in QoL in

psychometric measures between captopril, atenolol, and

enalapril, but did detect a deterioration with propranolol

after 4–8 weeks of therapy (54). There were no significant

changes in cognitive function. One large trial compared

the ACE inhibitor cilazapril with atenolol and nifedipine.

The authors concluded that cilazapril and atenolol have

equivalent effects on QoL, but nifedipine retard was

associated with more symptomatic complaints and a

higher discontinuation rate (43).

Reviews on the effects of ACE inhibitors in clinical trials

have shown more beneficial or, at least, similar effects on

QoL compared with other antihypertensive drugs (15). In

particular, ACE inhibitors have been associated with a

better QoL than patients receiving methyldopa, propranolol,

or nifedipine. These groups do not necessarily represent

Table 22.5 The First Croog et al. Trial

Change in patients (%)

Quality of life measure Improvement None Worsening P-Valuea

General well-being

Captopril (n ¼ 181) 51.4 17.7 30.9

Methyldopa (n ¼ 143)b 39.2 9.8 51.0 ,0.01

Propranolol (n ¼ 161)b 39.1 15.5 45.4

Physical symptoms

Captopril (n ¼ 181) 29.3 45.3 25.4

Methyldopa (n ¼ 142)b 19.7 43.4 36.6 ,0.05

Propranolol (n ¼ 160)b 17.5 45.6 36.9

Sexual dysfunction

Captopril (n ¼ 181) 18.2 63.0 18.8

Methyldopa (n ¼ 141)b 9.2 66.7 24.1 ,0.05

Propranolol (n ¼ 160)b 8.8 65.6 25.6

aP-Value based on chi-square test (3 � 3) for independence with four degrees of freedom.
bVariations in the numbers of subjects in the methyldopa and propranolol treatment groups are due to incomplete

responses to the assessment measures.

Note: Changes in quality of life measures in the three treatment groups.

Source: Reproduced with permission from Croog et al. (1). Copyright # 200x (1986) Massachusetts Medical

Society.
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their pharmacological drug classes. A multicenter, double-

blind trial of amlodipine and enalapril in 461 patients,

followed up for 52 weeks showed no differences in QoL

parameters, tolerability of drugs, and reduction in the risk

of coronary heart disease. The major side effects were

cough with enalapril and edema with amlodipine, respect-

ively (55). A double-blind, active control randomized

trial in 57 Chinese hypertensives (mean age 53 years)

showed that the ACE inhibitor captopril (25–50 mg twice

daily) and imidapril (5–10 mg daily) given for 12 weeks,

induced similarly significant improvements in the mental

health component scores in the SF-36 scale from baseline.

There were no differences between the two treatments in

changes in blood pressure, withdrawal of patients from

the study, and frequency of adverse events, despite border-

line significance for increased drug-related coughing with

captopril (56). However, there is currently no evidence

that common side effects of ACE inhibitors (such as

cough and sore throat), have a greater impact on QoL

than those associated with newer b-blocker agents,

namely atenolol (e.g., fatigue, cold fingers) or even

calcium channel blockers such as verapamil (e.g., consti-

pation). These three groups seemed to be the most effective

antihypertensive agents leading to a better QoL and lower

rates of discontinuation from therapy as a result of

adverse effects in reviews of short-term clinical trials (15).

5. Angiotensin Receptor Blockers

ARBs produce a more complete blockade of the effects of

angiotensin II through a combination of ACE-dependent

and non-dependent pathways. They lack some of the

effects of ACE inhibitors such as inhibition of bradykinin

degradation (57). Patients who cannot tolerate ACE inhibi-

tors appear to tolerate ARBs relatively well. However, the

possibility that use of ARBs may lead to a reduction of

morbidity and mortality in patients intolerant to ACE

inhibitors is also recently being explored in clinical trials.

Short-term clinical trials have been conducted on the

effects of ARBs on QoL. Telmisartan (20–80 mg) was

at least as effective as enalapril (5 to 10–20 mg) in lower-

ing blood pressure over a 24-h dosing interval, as deter-

mined by ambulatory blood pressure monitoring (58) in

a 26-week, double-blind, parallel-group trial in 275

patients aged over the age of 65 years who had mild-

to-moderate hypertension. Both regimens were well toler-

ated, although patients on enalapril had more than double

the incidence of drug-related cough. QoL, as assessed by

the SF-36, did not change in either group. Breeze et al.

(59) included additional QoL measures related to

anxiety, self-control, depression, general health, positive

well-being, vitality, and incidence of dry persistent

cough in hypertensive patients (aged 18 years and over)

in a 26-week, double-blind trial following use of eprosar-

tan and enalapril for 12 weeks, with the addition of a

thiazide, if needed, for the remaining 14 weeks. The

study showed a small improvement in self-control and

total psychological well-being scores in enalapril-treated

patients, but the use of eprosartan was associated with sig-

nificantly less coughing (60). Dahlof et al. (60) random-

ized 898 patients to 50–100 mg of losartan, 50 mg of

losartan with or without 12.5 mg of HCTZ or 5–10 mg

of amlodipine. Dizziness was reported more frequently

in patients who were taking the two losartan regimens,

and discomfort and swollen ankles in the comparative

group of patients taking amlodipine for 12 weeks. The

incidence of drug-related adverse events and number of

withdrawals from therapy were higher following amlodi-

pine than losartan treatment. Similar results on tolerability

and adverse reactions were observed in 140 patients,

average age 65 years, with diastolic hypertension who

were taking losartan with or without added HCTZ or,

nifedipine gastro-intestinal therapeutic system during a

12-week, parallel-group trial. The regime with losartan

alone or with added HCTZ showed similar efficacy to nife-

dipine gastro-intestinal therapeutic system, with greater tol-

erability and lesser symptoms of swollen ankles (61). The

percentages of patients reaching goal blood pressure (dias-

tolic blood pressure ,90 mmHg) were comparable in the

study, that is, 81% for losartan and 90% for nifedipine.

IV. PITFALLS, DANGERS, AND
SIDE EFFECTS

The aim of treating hypertension is to “reduce cardiovas-

cular morbidity and mortality by the least intrusive

means possible” (62). However, the difficulty in so doing

is the fact that for the majority of sufferers the disease

has no impact on their HRQoL and all current antihyper-

tensive treatments may have a negative impact on patient’s

HRQoL owing to varying degrees of side effects.

As mentioned earlier, there is a lack of a conceptualiz-

ation of HRQoL, which contributes to the inconsistency

in selecting the dimensions to be measured. However,

this inconsistency may be attributed to the fact that each

antihypertensive treatment has different side effects and

mechanisms of action, resulting in the need to assess

different dimensions and will have an influence on the

choice of the instruments to be used. In any case, the

choice of dimensions and instruments should happen

within a perspective of a HRQL framework (20). It was

the need to look at the relationship between the side

effects of drug therapy and patient’s adherence to treat-

ment that generated the interest in the evaluation of

HRQoL for patients receiving antihypertensive treatment

(63). Patients sometimes discontinue therapy because of

a single troublesome side effect such as: edema, cough,

constipation, and within this context QoL instruments
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that can expose the important effects on patient’s adher-

ence are particularly relevant (63).

Another important issue that must be highlighted is that

assessment of symptoms has been presented as equating to

the measurement of HRQoL, and although a symptoms

checklist is an important component of the outcome

measures of drug intervention, especially considering the

side effects of drug therapy, the assessment of HRQoL is

much more complex. The choice of instruments also

needs careful consideration, and the use of reliable, valid

instruments, which evaluate HRQoL domains that are rel-

evant to the patient and to intervention being assessed, is

crucial (7). A review of 76 clinical trials looking at the val-

idity, reliability, and QoL domains of instruments used in

the evaluation of antihypertensive drug therapy (7)

revealed that the information on the psychometric proper-

ties of the instruments used was usually inadequate,

especially when the instruments used were created specifi-

cally for the study. In these cases, only 4% and 13% of the

studies offered any information on reliability and validity

of the instruments, respectively.

The success in treating hypertension relies on the

patient’s acceptance of the drug regimen, however, the

reality is that although hypertension is a preventable con-

dition and for which treatment is readily available, its

management often appears inadequate. Studies in Europe

and North America, cited by McInnes (4), have shown

that only �50% of hypertensive patients have their

blood pressure controlled. Reasons for this apparent man-

agement failure are multifactorial, but nonadherence to

treatment, usually caused by deterioration in the patient’s

QoL as a result of the side effects of the drug regimen, is a

major contributor (63). About 50% of the patients who

begin treatment for the main antihypertensive drugs,

usually drop out of care within 6 months (64). However,

as pointed out by McInnes (4), if we look at the evidence

from long-term trials, such as the TOMHS, there was a

reduction on the incidence of side effects after a

12-month period, so it seems that antihypertensive treat-

ment is not unavoidably related to unfavorable experi-

ences. Also, the findings from the trial revealed that side

effects reported by the patients in the treatment group

were not more frequent or severe than by those in the

placebo group. Similarly, in the Hypertension Optimal

Treatment (HOT) study (65), the incidence of side

effects was low for the three target groups, also the

improvement in well being was better for patients with

the lower diastolic blood pressure, which demonstrates

that it is possible to achieve blood pressure control

without undesirable side effects even if the improvement

may have been due to the patient’s knowledge of their

good pressure control (4).

The assessment of the factors that establish patients’

acceptance of treatment is very complex and it has been

suggested that the new terminology “concordance”

instead of adherence may better depict what is required

for treatment acceptance. In practice, is not easy to

assess patient’s concordance with treatment and although

there are various techniques, none have proven to be accu-

rate (4). In the HOT trial, cited by McInnes (4), a recently

developed electronic dispensing method was used to

assess the patient’s concordance with treatment. The

results of a subset analysis showed that concordance was

not affected by age or sex, and �80% of the patients

took their medication as prescribed, and no difference

was found between groups of patients who reached goal

blood pressure and those who did not. This is particularly

interesting because it implies that the fact that goal blood

pressure is not achieved may not be attributed exclusively

to nonconcordance with treatment, but it is more likely due

to a reluctance of physicians to increase treatment (4).

Although many clinical trials have investigated the

effects of antihypertensive treatment on HRQoL, a

recent review (20) of the literature described the process

of amalgamating the findings from previous research as

challenging, as the results were inconsistent due to the

following limitations: a wide variety of instruments used

and dimensions studied, small sample sizes, short to

moderate duration, and not accounting for missing data.

Because of these limitations, short-term trials have

relatively low statistical power to test for differences

between treatments. Within this context, comparisons are

difficult to make for long-term clinical trials because the

methods differ in terms of entry criteria, study population,

endpoints, and the use of different instruments to assess

HRQoL (42).

Another important point is that trials frequently exclude

people over 80 years of age and include very few people

under 50 years of age, which makes conclusions about

the cost/benefit of treatments with antihypertensive

agents relevant only to middle-aged and young elderly (2).

From the evidence accrued from clinical long-term

trials mentioned earlier, there is no antihypertensive medi-

cation that decisively improves QoL, but on the other

hand, apart from in the Syst-Eur trial, these medications

do not cause any deterioration in QoL. However, in spite

of the difficulties in assessing HRQoL, a review by Idler

and Beyamini that is cited by Bremner (42) reported that

self-rated health in 27 international studies was a strong

independent predictor of morbidity and mortality, regard-

less of the various health status indicators and other

covariates that predict mortality.

V. CONCLUSIONS

Mild to moderate hypertension is often asymptomatic and

treatment usually is life long, therefore, the choice of drug

regimen should not affect patient’s well being. Within this

context the assessment of HRQoL has become a very
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important variable in selecting which hypertensive therapy

should be used.

A number of long and short-term clinical trials have

addressed quality of life issues with different antihyperten-

sives and the results have shown that these drugs are safe,

well tolerated and efficacious, but overall they do not

produce any significant improvement in HRQoL. In the

meantime, ARBs, ACE inhibitors, and newer b-blockers

and low-dose diuretics, have few, if any, adverse effects

on HRQoL.
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KEYPOINTS

. The blood pressure goal is ,140/90 mmHg in all

people with hypertension.

. Those with hypertension and either chronic kidney

disease and/or diabetes have a blood pressure target

of ,130/80 mmHg.

. Selection of a blood pressure lowering agent in

someone with proteinuria (.300 mg/day) should

focus not only on achievement of BP target but

also reduction in proteinuria.

. Initial lowering of BP within the first week post

stroke needs to be done gingerly and should

not be lowered beyond a systolic BP of 160–

170 mmHg.

. Initiation of combination antihypertensive therapy

should be done in all people who are .20 mmHg,

systolic, above the respective goal.
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SUMMARY

Use of antihypertensive medications with complementary

mechanisms that have proven achievement of BP targets

should be preferred initial agents. Physicians should

focus on achievement of BP goals by using agents that

are least intrusive (very few side effects).

I. INTRODUCTION

Treatment and management guidelines for hypertension

have evolved since their inception in the 1970s. The

primary purpose of guidelines was to establish a set of

general principles that could be applied to the population

at large to help reduce cardiovascular morbidity and mor-

tality. However, over the past few decades they have

become a sort of “holy grail” for some as the only way

to do things. It should be remembered that, in general,

the conclusions reached and statements made by such

committees are derived from a combination of well

designed, published, clinical trials, opinion, derived from

experience and knowledge of the specific area and

general gestalt. In the end, these ingredients are brought

by each of the people on the committee and a consensus

is reached and agreed to by all the members. Hence, guide-

lines are not the stone tablets on Mount Sinai but rather a

set of general principles, subject to change over time as

more data becomes available.

With that in mind, this chapter reviews the general

guidelines in the Western world including those of the

Seventh Joint National Committee on Prevention, Detec-

tion, Evaluation, and Treatment of High Blood Pressure

(JNC-7), the American Diabetes Association, the National

Kidney Foundation, the Canadian Guidelines, and the

European Hypertension Guidelines. The review focuses on

similarities and differences with regard to approach (1–5).

II. COMPARISON OF GUIDELINES
FOR MANAGEMENT

In general, all guidelines have a number of principles in

common; these are summarized in Table 23.1.

A. Approaches to Treatment

The focus of blood pressure (BP) lowering should be to

prevent or reduce the risk of cardiovascular and renal

events. To that end, the JNC-7 has tried to alert both

patients and physicians to the risks of even small

elevations in BP. Individuals with prehypertension

defined by a systolic BP of .120 and ,140 mmHg

should receive lifestyle modifications unless they have

diabetes or kidney disease. If either of these conditions

is present, treatment with pharmacological agents should

be initiated at BP 130/80 mmHg. In all situations, if

there is a “compelling indication” for the use of a specific

type of antihypertensive drug, it should be utilized,

Table 23.2. The reason for a compelling indication is

that the drug recommended has been shown in clinical

trials to markedly reduce the risk of a specific event(s) in

a given disease, such as angiotensin receptor blockers, in

diabetic nephropathy (1).

The staging of BP beyond this range remains similar

among all guidelines and is divided by 20 mmHg incre-

ments in systolic BP and 10 mmHg increments in diastolic

BP, as represented by the JNC-7 in Table 23.3. Patients

with stage 1 hypertension should receive lifestyle modifi-

cations and pharmacologic therapy beginning with a thia-

zide-type diuretic, if appropriate; unless goal BP is

achieved without drugs (1). Patients with confirmed

JNC-7, stage 2 hypertension should be strongly considered

for initiation with two different antihypertensive medi-

cations usually in combination (Tables 23.3 and 23.4).

Table 23.1 Common Principles and Differences Among Various Guidelines

Similarities

All emphasize achievement of a specific BP goal (,140 mmHg, in the general population and, ,130/80 mmHg, if diabetes or chronic

kidney disease is present).

All support use of two or more agents if BP not achieved after reasonable dose adjustment of a single agent.

All focus on reduction of cardiovascular morbidity and mortality as an endpoint of BP reduction.

All focus on special populations and specific goals, if any, in those groups.

All emphasize lifestyle intervention.

Differences

Definitions of risk for various BP levels differ, especially at the lower end of the scale (pre-hypertension, JNC-7 and other guidelines).

Approaches to care: although all support use of ACE-Is or angiotensin receptor blockers for those with kidney disease or diabetes and

b-blockers for those with CAD, the JNC-7 specifically supports thiazide diuretics as initial agents for achieving goal in most

people in the general population, defined as those .55 years of age.
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B. Lifestyle Modifications

All guideline statements highlight the need for lifestyle

intervention as a primary mode of lowering BP although

the adherence and compliance with such measures

outside of formal trials has been unsatisfying. This

section will briefly highlight the high points of controlled

studies on BP of effects of lifestyle modification, which are

summarized in Table 23.5.

Most guideline reports recommend weight loss for

obese hypertensive patients, modification of dietary

sodium intake to �100 mmol/day (2.4 g sodium or 6.0 g

sodium chloride), and modification of alcohol intake to

no more than two drinks per day (1,6). In addition, they

Table 23.2 Clinical Trial and Guideline Basis for Compelling Indications for Individual Drug Classes

Compelling indicationa

Recommended drugsb

Clinical trial basiscDiuretic BB ACE-I ARB CCB Aldo ANT

Heart failure † † † † † ACC/AHA Heart Failure Guideline, MERIT-HF,

COPERNICUS, CIBIS SOLVD, AIRE, TRACE,

Val HEFT, RALES, CHARM

Post myocardial infarction † † † ACC/AHA Post-MI Guideline, BHAT, SAVE,

Capricorn, EPHESUS

High coronary disease risk † † † † ALLHAT, HOPE, ANBP2, LIFE, CONVINCE,

EUROPA, INVEST

Diabetes † † † † † NKF-ADA Guideline, (1) UKPDS, ALLHAT

Chronic kidney disease † † NKF Guideline, Captopril Trial, RENAAL,

IDNT, REIN, AASK

Recurrent stroke prevention † † PROGRESS

aCompelling indications for antihypertensive drugs are based on benefits from outcome studies or existing clinical guidelines; the compelling indication is

managed in parallel with the BP.
bDrug abbreviations: BB, b-blocker; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker;

Aldo ANT, aldosterone antagonist.
cConditions for which clinical trials demonstrate benefit of specific classes of antihypertensive drugs used as part of an antihypertensive regimen to achieve

BP goal to test outcomes.

Note: A dot in the box means this class of drugs was tested as part of an armamentarium of BP lowering drugs in the given condition. It was shown to

reduce either CV events or in the case of kidney disease presence, progression of nephropathy.

Source: Modified from the JNC-7 guidelines (1).

Table 23.3 Stages of BP, Risk Stratification, and Treatment Approach

Risk-stratified drug choices

SBPa

(mmHg)

DBPa

(mmHg)

Lifestyle

modification

No condition

specific indication other

than hypertension

Other condition

specific indications

Normal ,120 OR ,80 —

Prehypertension 120–139 OR 80–89 Yes No antihypertensive

drug indicated

Drug(s) for compelling

indicationsb

Hypertension

Stage 1 140–159 OR 90–99 Yes To be discussed—three

options provided

subsequently

Appropriate drug therapy

for compelling indicationb

and diuretic

Stage 2 �160 OR �100 Yes Initiate two drugs for

mostc: diureticþ one

of either ACE-I, ARB,

BB, or CCB

aTreatment determined by highest BP category.
bCompelling indications (Table 23.2).
cConsider two drugs or low dose fixed dose therapy (caution in brittle elderly).

Source: Adapted from the JNC-7 (1).
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also recommend an increase in physical activity for all

patients with hypertension who have no specific condition

that would make such a recommendation not applicable or

safe (7). For many patients, however, these suggestions are

not feasible or already are being implemented; therefore,

drug therapy may be indicated even sooner in these

situations.

Three recent studies have combined the two most suc-

cessful lifestyle modifications (weight loss and Naþ

restriction) in prospective, randomized, and well-con-

trolled trials (8–10). The shortest was the PREMIER

Clinical Trial that randomized 810 adults with BPs

between 120–159 and 80–95 mmHg to one of three inter-

vention groups. After a period of 6 months, those who

received a behavioral intervention with exercise, weight

loss, and sodium restriction reduced BP by 3.7/
1.7 mmHg; P , 0.001/0.002, compared with an “advice

only” group. Individuals who received advice about the

Dietary Approaches to Stop Hypertension (DASH) diet

in addition to their behavioral intervention had an even

greater fall in BP (4.3/2.6 mmHg; P , 0.001/0.001) (9).

In an earlier, but longer term trial, the Trials of Hyper-

tension Prevention-2 (TOHP-2) studied the value of

weight loss and Naþ restriction in a 2 � 2 factorial

design against usual care (10). At 6 months, the group

assigned to both Naþ reduction and weight loss did the

best (BP fell 4.0/2.8 mmHg, with usual care subtracted),

whereas those receiving a single modality did not experi-

ence as much of a BP reduction (3.7/2.7 mmHg for the

weight loss only group, 2.9/1.6 mmHg for the Naþ

reduction only group, also usual care subtracted). During

the 3 year follow-up, however, BP reductions were

greatly attenuated; the combined treatment had a BP

reduction of only 1.1/0.6 mmHg. This finding highlights

Table 23.4 Fixed-Dose Combination Antihypertensive Drugs

Combination typea Fixed-dose combinationb (mg) US trade name

ACE-Is and CCBs Amlodipine-benazepril hydrochloride (2.5/10, 5/10, 5/20, 10/20) Lotrel

Enalapril-felodipine (5/5) Lexxel

Trandolapril-verapamil (2/180, 1/240, 2/240, 4/240) Tarka

ACE-Is and diuretics Benazepril-hydrochlorothiazide (5/6.25, 10/12.5, 20/12.5, 20/25) Lotensin HCT

Captopril-hydrochlorothiazide (25/15, 25/25, 50/15, 50/25) Capozide

Enalapril-hydrochlorothiazide (5/12.5, 10/25) Vaseretic

Fosinopril-hydrochlorothiazide (10/12.5, 20/12.5) Monopril/HCT

Lisinopril-hydrochlorothiazide (10/12.5, 20/12.5, 20/25) Prinzide, Zestoretic

Moexipril-hydrochlorothiazide (7.5/12.5, 15/25) Uniretic

Quinapril-hydrochlorothiazide (10/12.5, 20/12.5, 20/25) Accuretic

ARBs and diuretics Candesartan-hydrochlorothiazide (16/12.5, 32/12.5) Atacand HCT

Eprosartan-hydrochlorothiazide (600/12.5, 600/25) Teveten-HCT

Irbesartan-hydrochlorothiazide (150/12.5, 300/12.5) Avalide

Losartan-hydrochlorothiazide (50/12.5, 100/25) Hyzaar

Olmesartan medoxomil-hydrochlorothiazide (20/12.5,40/12.5,40/25) Benicar HCT

Telmisartan-hydrochlorothiazide (40/12.5, 80/12.5) Micardis-HCT

Valsartan-hydrochlorothiazide (80/12.5, 160/12.5, 160/25) Diovan-HCT

BBs and diuretics Atenolol-chlorthalidone (50/25, 100/25) Tenoretic

Bisoprolol-hydrochlorothiazide (2.5/6.25, 5/6.25, 10/6.25) Ziac

Metoprolol-hydrochlorothiazide (50/25, 100/25) Lopressor HCT

Nadolol-bendroflumethiazide (40/5, 80/5) Corzide

Propranolol LA-hydrochlorothiazide (40/25, 80/25) Inderide LA

Timolol-hydrochlorothiazide (10/25) Timolide

Centrally acting drug

and diuretic

Methyldopa-hydrochlorothiazide (250/15, 250/25, 500/30, 500/50) Aldoril

Reserpine-chlothalidone (0.125/25, 0.25/50) Demi-Regroton,

Regroton

Reserpine-chlorothiazide (0.125/250, 0.25/500) Diupres

Reserpine-hydrochlorothiazide (0.125/25, 0.125/50) Hydropres

Diuretic and diuretic Amiloride-hydrochlorothiazide (5/50) Moduretic

Spironolactone-hydrochlorothiazide (25/25, 50/50) Aldactazide

Triamterene-hydrochlorothiazide (37.5/25, 75/50) Dyazide, Maxzide

aDrug abbreviations: BB, b-blocker; ACE-I, angiotensin converting enzyme inhibitor; ARB, angiotensin receptor blocker; CCB, calcium channel blocker.
bSome drug combinations are available in multiple fixed doses. Each drug dose is reported in milligrams.

Source: Adapted from the JNC-7 (1).
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another difficulty with lifestyle modifications; the high

recidivism rate seen in virtually all long-term studies.

A second long-term, randomized, and well-controlled

study directly assessing the value of lifestyle modifications

was the Trial of Nonpharmacologic Interventions in the

Elderly (TONE) (8). This study also evaluated the efficacy

of weight loss and Naþ reduction, but in a different popu-

lation and with a somewhat different objective. Only

hypertensive patients 60–80 years of age were enrolled,

and all were already taking single-drug pharmacologic

treatment. The objective of TONE was to see whether

the imposition of a formal lifestyle approach, again

taught by highly trained professionals, would allow hyper-

tensives to stay healthy and go off their medications. The

results were equally disappointing. After 30 months when

the study ended, 44% of the actively treated subjects were

able to stay well without antihypertensive drugs when

compared with 38% of those not receiving active lifestyle

modifications. Although this was statistically significant

(P , 0.001), it means that 56% of successfully treated

hypertensives needed to resume drug therapy, even when

given the best possible lifestyle regimen available

administered by experts.

The value of alcohol reduction and consumption on BP

has been addressed in a number of studies (11,12). A

reduction in alcohol intake to two drinks per day, from

five to six drinks, markedly reduces the BP (1). A recent

meta-analysis of trials of alcohol reduction on BP con-

cluded that the effect size is smaller than weight reduction,

dietary sodium restriction, and physical activity, but is

statistically significant �2.5–4.0/0.9–1.2 mmHg (13).

Appel et al. (14) showed in the DASH trial that a diet rich

in fruit and vegetables lowered BP by 2.8/1.1 mmHg more

than did the control diet. The fruit and vegetable diet was

designed to contain Kþ and Mg2þ at the 75th percentile

of the usual American diet, whereas the control diet was

at the 25th percentile. The “combination” diet also con-

tained foods rich in Ca2þ and was lower in total and satu-

rated fat content, lowering BP by 5.5/3.0 mmHg more

than did the control diet. In hypertensive subjects in

DASH (n ¼ 133 of 459), the BP reduction was impressive

(11.4/5.5 mmHg). Although this study was only 8 weeks

short and may not be generalizable to the population as it

was carried out in four centers with special expertise, this

approach offers great promise for using nutritional manage-

ment to prevent hypertension in individuals with high-

normal BP. The DASH diet provides high amounts of Kþ,

Mg2þ, and Ca2þ in the food eaten, not as supplements,

and also limits the dietary fat and saturated fat intake.

Even more impressive results were obtained in the

DASH-Sodium Study (15). Those who received the low-

salt control diet also had a very significant 6.7/2.5 mmHg

lower BP than those randomized to the high-salt control

diet; for the DASH diet, the difference was smaller, 3.0/
1.6 mmHg. Further studies done over longer periods in a

less highly selected cohort will be needed to verify these

results and determine whether the DASH and/or DASH-

sodium diets will be valuable therapeutic tools for the

general population.

All recommendations for lifestyle modifications

include smoking cessation and tobacco avoidance (1,16).

The reason for inclusion of this recommendation was

improvement of CV health, rather than proven direct

relationship between smoking and hypertension. No

direct relationship between smoking and BP has been

demonstrated in epidemiologic studies; of note, BP is

Table 23.5 Summary of Lifestyle Modifications to Prevent and Manage Hypertensiona

Modification Recommendation

Approximate

SBP reduction

(range)b

Weight reduction Maintain normal body weight (body mass index 18.5–24.9 kg/m2) 5–20 mmHg/10 kg

Adopt DASH eating plan Consume a diet rich in fruits, vegetables, and low-fat dairy products

with a reduced content of saturated and total fat

8–14 mmHg (74)

Dietary sodium reduction Reduce dietary sodium intake to no .100 mmol/day

(2.4 g sodium or 6 g sodium chloride)

2–8 mmHg (74)

Physical activity Engage in regular aerobic physical activity such as brisk walking

(at least 30 min/day, most days of the week)

4–9 mmHg

Moderation of alcohol

consumption

Limit consumption to no more than two drinks;

(e.g., 24 oz beer, 10 oz wine, or 3 oz 80-proof whiskey) per day

in most men and to no more than one drink per day in

women and lighter weight persons

2–4 mmHg

aFor overall cardiovascular risk reduction, stop smoking.
bThe effects of implementing these modifications are dose and time dependent and could be greater for some individuals.

Note: DASH, Dietary approaches to stop hypertension.

Source: Adapted from JNC-7 (1).
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lower in smokers than in nonsmokers (17). It is now clear,

however, that cigarette smoking increases BP and HR tran-

siently (�15 min) and this effect is gone by 30 min. This

mediated via an increase in catecholamine secretion

induced by smoking. As the authors recommend that

office readings be taken no sooner than 30 min after

smoking or caffeine ingestion (another substance that tran-

siently raises BP), one may very well miss the elevation of

BP caused by smoking if it is measured when the patient

has not smoked. Indeed, ABPM studies have shown that

smokers have significantly higher BP on days when they

smoke compared with days when they do not (18).

Perhaps, the most important long-term clinical trial that

included lifestyle modifications as a randomized choice

was the Treatment of Mild Hypertension Study

(TOMHS) (19). This study compared five classes of anti-

hypertensive agents (diuretics, CAs, ACE-inhibitors (Is),

a-blockers, and b-blockers) to placebo in middle-aged

subjects with only minimal elevations of BP (average BP

of 140/91 mmHg when the study started) and superim-

posed these pharmacologic treatments on a comprehensive

lifestyle regimen that included weight loss, Naþ restric-

tion, alcohol reduction, and exercise. One arm of the

study received lifestyle modifications and a placebo (i.e.,

no drug therapy). In TOMHS, the nutritional advice and

the exercise program were monitored by certified nutri-

tionists and trained exercise physiologists. Subjects were

seen frequently in both group and individual sessions.

The placebo group reduced BP from 140/91 to 132/
82 mmHg (a reduction of 9.1/8.6 mmHg) and sustained

that level for the 4.4 years of study follow-up, even

though the reduction in Naþ intake, amount of weight

loss, and increase in exercise diminished over time.

Perhaps, the most important finding in TOMHS was the

statistically significantly fewer number of CV events

(P , 0.03), in the group given pharmacologic treatment

plus lifestyle modifications, compared with those who

received no active drug. Those who received drug

therapy, in aggregate, achieved an average BP of 125/
79 mmHg, a reduction of 16/12 mmHg. Even though the

lifestyle modifications were successful in reducing BP,

the group given drugs had significantly fewer CV events,

probably because their BP was lower. The inevitable con-

clusion from this trial is that even successful lifestyle

modifications that bring BP to goal do not reduce morbid-

ity and probably mortality as well as the combination of

drugs and therapeutic lifestyle changes that lower BP

even further.

The lack of proof for lifestyle modifications to reduce

CV events does not mean that physicians should

abandon nondrug treatments. The suggested lifestyle

changes may well prevent or delay the virtually inevitable

rise in BP that occurs especially in those over age 40 who

are prehypertensive (systolic BP . 120 , 139 mmHg).

These recommendations also apply to many hypertensives

who will be able potentially to reduce BP further than

might be achieved with drugs alone.

C. Therapeutic Approaches

The ultimate goal of hypertension treatment is to reduce

cardiovascular and renal morbidity and mortality; the

short-term goal is to achieve the recommended goal BP

by using the least intrusive means possible. Intrusive has

several interpretations: economic, office visits, adverse

effects, and convenience. The choice of the drug with

which to begin therapy is probably the most important

decision, the clinician must make when treating hyperten-

sive patients. Approximately, one-third of patients will

respond to the first choice and can tolerate most rational

options. The remainder, however, will need additional or

different treatment. The “preferred” first-line antihyper-

tensive drug class for most patients has now been

defined by data from clinical trials (1).

D. Classification of Antihypertensive Agents

Antihypertensive agents are classified by pharmacologic

class and their defined primary mechanism of action,

Table 23.6. There are more than 100 effective antihyper-

tensive drugs and 50 fixed-dose combinations from

which to choose, Table 23.4 (1).

1. Surrogate vs. Clinical Endpoints

Physicians should no longer be willing to simply look at

the degree of BP reduction when making the choice

about antihypertensive therapy. Clinical endpoints are

the events that physicians are ultimately trying to

prevent in treating hypertension. The so-called surrogate

(or intermediate) endpoints are factors that may contribute

to clinical endpoints and can be affected either favorably

or unfavorably by treatment. Some surrogate endpoints

do not correlate well with mortality/morbidity endpoints,

such as changes in serum lipid values or glucose or choles-

terol changes (20). BP reduction is a surrogate or inter-

mediate endpoint, because the primary purpose for

treating hypertension is to reduce the morbidity and

mortality associated with elevated BP and not simply to

lower BP. Data from large, prospective clinical trials

designed to evaluate the ability of a drug to reduce hyper-

tension-related CV events as well as or better than an

otherwise reasonably alternative drug are the most reliable

means to use in choosing from among the, otherwise,

bewildering number of options.
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Table 23.6 Oral Antihypertensive Drugsa

Class Drug (Trade name)

Usual dose range

in mg/day

Usual daily

frequencya

Thiazide diuretics Chlorothiazide (Diuril) 125–500 1–2

Chlorthalidone (generic) 12.5–25 1

Hydrochlorothiazide

(Microzide, HydroDIURILb)

12.5–50 1

Polythiazide (Renese) 2–4 1

Indapamide (Lozolb) 1.25–2.5 1

Metolazone (Mykrox) 0.5–1.0 1

Metolazone (Zaroxolyn) 2.5–5 1

Loop diuretics Bumetanide (Bumexb) 0.5–2 2

Furosemide (Lasixb) 20–80 2

Torsemide (Demadexb) 2.5–10 1

Potassium-sparing diuretics Amiloride (Midamorb) 5–10 1–2

Triamterene (Dyrenium) 50–100 1–2

Aldosterone receptor blockers Eplerenone (Inspra) 50–100 1

Spironolactone (Aldactoneb) 25–50 1

BBs Atenolol (Tenorminb) 25–100 1

Betaxolol (Kerloneb) 5–20 1

Bisoprolol (Zebetab) 2.5–10 1

Metoprolol (Lopressorb) 50–100 1–2

Metoprolol extended release

(Toprol XL)

50–100 1

Nadolol (Corgardb) 40–120 1

Propranolol (Inderalb) 40–160 2

Propranolol long-acting

(Inderal LAb)

60–180 1

Timolol (Blocadrenb) 20–40 2

BBs with intrinsic

sympathomimetic activity

Acebutolol (Sectralb) 200–800 2

Penbutolol (Levatol) 10–40 1

Pindolol (generic) 10–40 2

Combined a- and b-blackers Carvedilol (Coreg) 12.5–50 2

Labetalol (Normodyne, Trandateb) 200–800 2

ACE-Is Benazepril (Lotensinb) 10–40 1

Captopril (Capotenb) 25–100 2

Enalapril (Vasotecb) 5–40 1–2

Fosinopril (Monopril) 10–40 1

Lisinopril (Prinivil, Zestrilb) 10–40 1

Moexipril (Univasc) 7.5–30 1

Perindopril (Aceon) 4–8 1

Quinapril (Accupril) 10–80 1

Ramipril (Altace) 2.5–20 1

Trandolapril (Mavik) 1–4 1

Angiotensin II antagonists Candesartan (Atacand) 8–32 1

Eprosartan (Teveten) 400–800 1–2

Irbesartan (Avapro) 150–300 1

Losartan (Cozaar) 25–100 1–2

Olmesartan (Benicar) 20–40 1

Telmisartan (Micardis) 20–80 1

Valsartan (Diovan) 80–320 1–2

CCBs-non-DHPs Diltiazem extended release

(Cardizem CD, Dilacor XR, Tiazacb)

180–420 1

Diltiazem extended release (Cardizem LA) 120–540 1

Verapamil immediate release (Calan, Isoptinb) 80–320 2

(continued )
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E. An Approach to Treatment

A general approach to achieve BP goals has been put forth

by all guideline committees. A summary paradigm for those

with kidney disease or diabetes is shown in Fig. 23.1. Other-

wise, a paradigm put forth by the JNC-7 is certainly appro-

priate for people age 50 or older, Table 23.3. In younger

populations, a recent meta-analysis clearly demonstrates

that use of any antihypertensive drug class lowers cardio-

vascular risk as long as it achieves BP goals (21).

III. SPECIFIC INDICATIONS FOR
PHARMACOLOGICAL AGENTS:
COMPELLING INDICATIONS

All guidelines recognize that hypertensive patients often

present with concomitant illnesses or conditions that

benefit from therapy with specific antihypertensive drugs.

Agents used to lower BP with such conditions have been

derived from clinical trials and are shown in Table 23.2.

A. Efficacy vs. Placebo in Preventing Events

Prior to 1997, only initial diuretics and b-blockers have

been shown to reduce morbidity and mortality in clinical

trials against placebo in hypertension. Dihydropyridine

calcium antagonists (DHPCA) were later added to this

list after the Syst-EUR trial was completed (22). This

trial used the DHPCA, nitrendipine, followed by enalapril

(or captopril), and then hydrochlorothiazide (if needed) to

get BP to goal. An initial ACE-I (+diuretic) was more

effective than an initial placebo (or two) for reducing

CV events in the perindopril pROtection aGainst REcur-

rent Stroke Study (PROGRESS) (23). An initial ARB

was more effective in preventing a composite renal end-

point than an initial placebo in both the Irbesartan Diabetic

Nephropathy Trial (IDNT) and the Reduction of Endpoints

in Noninsulin Dependent Diabetes Mellitus with the

Angiotensin II Antagonist Losartan (RENAAL) studies

(24,25). For stroke risk reduction, initial treatment with a

b-blocker was significantly more effective than placebo/
no treatment in preventing only stroke; a similar con-

clusion was reached in an earlier and smaller meta-

analysis of trials involving only older patients (21).

B. Efficacy of Different Classes of Initial
Drugs in Preventing Events

Only a very important few of the recent clinical trials about

different initial antihypertensive treatments involving

Table 23.6 Continued

Class Drug (Trade name)

Usual dose range

in mg/day

Usual daily

frequencya

Verapamil long acting (Calan SR, Isoptin SRb) 120–480 1–2

Verapamil—Coer, Covera HS, Verelan PM 120–360 1

CCBs-DHPs Amlodipine (Norvasc) 2.5–10 1

Felodipine (Plendil) 2.5–20 1

Isradipine (Dynacirc CR) 2.5–10 2

Nicardipine sustained release (Cardene SR) 60–120 2

Nifedipine long-acting (Adalat CC, Procardia XL) 30–60 1

Nisoldipine (Sular) 10–40 1

a-1 blockers Doxazosin (Cardura) 1–16 1

Prazosin (Minipressb) 2–20 2–3

Terazosin (Hytrin) 1–20 1–2

Central a-2 agonists and

other centrally acting drugs

Clonidine (Catapresb) 0.1–0.8 2

Clonidine patch (Catapres-TTS) 0.1–0.3 1 weekly

Methyldopa (Aldometb) 250–1000 2

Reserpine (generic) 0.1–0.25 1

Guanfacine (Tenexb) 0.5–2 1

Direct vasodilators Hydralazine (Apresolineb) 25–100 2

Minoxidil (Lonitenb) 2.5–80 1–2

aIn some patients treated once daily, the antihypertensive effect may diminish toward the end of the dosing interval (trough effect). BP should be measured

just prior to dosing to determine if satisfactory BP control is obtained. Accordingly, an increase in dosage or frequency may need to be considered. These

dosages may vary from those listed in the “Physicians’ Desk Reference, 57th ed.”
bAvailable now or soon to become available in generic preparations.

Source: Physicians’ Desk Reference. Medical Economics. 57th ed. New Jersey: Oradell, 2003.
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ACE-Is or CAs showed significant differences between

initial drug strategies in preventing major adverse CV

events. To summarize these data, many meta-analyses

have been published (21). A recent paper suggested a

slight benefit with CAs on stroke, but an increased risk

for MI and HF (22). Perhaps most importantly, this paper

also contains the results of a meta-regression analysis

across 27 trials involving 136,124 patients, suggesting

that the differences among the drug classes could be

easily explained by achieved differences in systolic BP.

The major problem with the interpretation of large

clinical trials involving comparisons across drug classes

involves the attribution of the observed difference(s) in

endpoints. When there are differences in achieved BPs

across randomized groups, most authors attribute this to

an inferiority of the drug, rather than its BP-lowering

ability, as the “cause” of the poor results. Fairer and

easier comparisons result when the BP-lowering effect is

equivalent across randomized treatments. When a particu-

lar strategy starting with a specific drug is found to be

inferior (in either BP-lowering efficacy or CV endpoints)

to another, we can more easily adopt the strategy with

better results. Five clinical trials are of special interest

because of their size and importance of findings. In the

Second Australian National Blood Pressure Trial, an

initial ACE-I was not significantly better in preventing

the first cardiovascular event or death when compared

with an initial diuretic (26). An initial ARB (+diuretic)

was superior to an initial b-blocker (+diuretic) in patients

with left venticular hypertrophy (LVH) for reducing major

cardiovascular events in the Losartan Intervention For

Endpoint reduction (LIFE) trial, although the group

given losartan had both lower systolic BP and a major

reduction in stroke, but not in CHD events or death (27).

Two separate trials with a combined participant cohort

of over 38,000 dealt with the issue of noninferiority in

CV outcomes between a b-blocker and a non-DHPCA,

verapamil. The Controlled ONset Verapamil INvesti-

gation of Cardiovascular Endpoints (CONVINCE) trial

was stopped prematurely, and failed to demonstrate

“equivalence” for a regimen beginning with a novel

formulation of verapamil to a traditional regimen begin-

ning with the physician’s choice of either a diuretic or a

b-blocker (28). The International verapamil/trandolapril

Study (INVEST) looked at over 22,000 participants with

hypertension and documented coronary artery disease

(CAD) and found after a mean follow-up of 2.7 years

that no difference in CV outcomes existed between

initial therapy with verapamil vs. atenolol (29). Moreover,

the incidence of new-onset diabetes was significantly

lower in the verapamil group.

Perhaps most importantly, the recent ALLHAT study

directly compared the thiazide-like diuretic, chlorthali-

done, with three newer antihypertensive drugs: amlodipine

(a CA), doxazosin (an a-blocker), and lisinopril (an

ACE-I). The doxazosin arm was stopped early, as it

showed a significant increase (compared with the diuretic)

in CVD, an endpoint that included CHD, heart failure, and

(if systolic BP >20 mmHg above goal)
START with ACEI or ARB/thiazide diuretic*)

If BP Still Not at Goal (130/80 mmHg)

If BP Still Not at Goal (130/80 mmHg) 

If used CCB, Add Other Subgroup of CCB
(ie, amlodipine-like agent if verapamil or diltiazem already being used and the converse)

OR if b bllocker used add CCB

Add Vasodilator (hydralazine, minoxidil) OR
Refer to a Clinical Hypertension Specialist

If BP Still Not at Goal (130/80 mmHg)

Add Long Acting Thiazide Diuretic*

If Blood Pressure >130/80 mmHg in Diabetes or Chronic 

Kidney Disease with Any Level of Albuminuria

Recheck within 2–3 weeks

Recheck within 2–3 weeks

Recheck within 4 weeks

(if systolic BP< 20 mmHg above goal)
Start ARB or ACE Inhibitor titrate upwards

Add CCB or b–bllocker** (titrate dose upward)

Figure 23.1 Algorithm for treating patients with diabetes or kidney disease to goal BP of ,130/80 mmHg. This figure represents an

integration of the National Kidney Foundation-BP, JNC-7 and American Diabetes Association guidelines. �Refers to thiazide-type diure-

tics, specifically chlorthalidone as this is the agent used in the majority of outcome trials showing benefit of diuretics. Note use of two

different subclasses of CAs well documented to have additive/synergistic effects on BP lowering (55,79).
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peripheral arterial disease (30). Although there were no

significant differences between the diuretic and either of

the two remaining newer drugs in the primary endpoint

(CHD death or nonfatal MI), chlorthalidone was signifi-

cantly better at preventing heart failure than the other

two drugs, and also better in reducing BP, stroke, and

CV events than lisinopril (20). Because of its superiority

in preventing one or more CV complication of hyperten-

sion in people over the age of 55 years and its lower

cost, a thiazide-type diuretic was recommended as initial

antihypertensive drug therapy by JNC-7 for most people

with stage 1 hypertension and without compelling indi-

cations for other agents.

Although there are many possible confounders and

interpretations of the ALLHAT data, it is difficult to over-

look the many strengths of this large, randomized, double-

blind and well-done study. It is likely that, for individuals

without any specific medical reason to use another antihy-

pertensive agent, a thiazide-type diuretic should be the first

choice for patients over 55 years of age. Whether the

benefits of the diuretic used in ALLHAT (chlorthalidone)

are applicable to others in the class, such as hydrochlor-

othiazide, cannot be answered definitively, but is likely

to be true. However, it clears that they have different phar-

macodynamic and kinetic properties that distinguish

chlorthalidone from other thiazide diuretics (31). Thus,

“hydrochlorothiazide is not your mothers” chlorthalidone.

It should be noted that in the recent World Health

Organization/International Society of Hypertension’s

Blood Pressure Lowering Treatment Trialists’ Collabor-

ation meta-analysis of all clinical CV outcome trials,

including the ALLHAT, demonstrate that the diuretic,

ACE-I, ARB, and CA classes of antihypertensive agents

all reduce CV events and one class is not superior to the

others—it is the level of BP reduction achieved that influ-

ences outcome (21), Fig. 23.2.

C. Sequence of Additional Drugs in
“Antihypertensive Cocktail”

For those older individuals started on a diuretic, most

people would consider an ACE-I, ARB, b-blocker, or

CA to be a reasonable second choice. b-blockers have

been the conventional second-line treatment in many

previous clinical trials that used a diuretic as the initial

treatment. An ARB (candesartan) was more effective

than placebo and/or other treatments (not including an

ACE-I) following the initial diuretic in the recently com-

pleted Study on COgnition and Prognosis in the Elderly

(SCOPE) trial, which showed significant stroke reduction

(SCOPE) (32). The most successful trial of ACE-I therapy

in CV event protection was the Heart Outcomes Preven-

tion Evaluation (HOPE), for which ramipril or placebo

was given in addition to other required antihypertensive

therapy (i.e., as “add-on” treatment) (33). Although the

overall BP reduction with ramipril was said to be only

3/2 mmHg when compared with placebo, some patients

were not hypertensive at enrollment, and this (as well as

Figure 23.2 Meta-analysis comparing various drug regimens on a variety of cardiovascular outcomes. [From Turnbull et al. (21).]
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the possible addition of other antihypertensive drugs to the

placebo arm) may have diluted the BP changes. A recent

report on the major BP differences across randomized

groups in a small subset of patients who underwent ambu-

latory BP monitoring suggests a much larger BP difference

between the groups, especially at night (34). Nonetheless,

this trial showed significant reductions in the composite

CV endpoint (stroke, MI, or CV death), as well as in

each its individual components, in both diabetics and

nondiabetics.

A number of fixed-dose combinations with diuretics

exist including those with b-blockers, ACE-Is, and

ARBs such combinations, either the individual agents or

in fixed-dose are suggested as second-line therapy by all

major guideline groups (1,3). Moreover, although there

are no outcome trials with such combinations, as yet, the

JNC-7 and guidelines by the American Diabetes Associ-

ation and National Kidney Foundation recommends their

use for those who are .20/10 mmHg above the BP

goal. The first data from a CV outcome trial to compare

two different fixed dose combinations will be completed

in 2008, the ACCOMPLISH trial.

D. BP Goal

In a majority of hypertensive patients, the goal should be a

SBP ,140 mmHg and a DBP ,90 mmHg. The primary

clinical trial evidence for the recommendation for 140/
90 mmHg comes from the Hypertension Optimal Treat-

ment (HOT) Study, which randomized 18,790 hyperten-

sives to three different diastolic BP targets; the optimal

achieved BP to reduce major CV events was 138.5/
82.6 mmHg. No significant CV benefit was obtained

with further BP reduction, whereas the number and cost

of extra pills were greater (35).

For patients with diabetes, the recommended goal is

lower (SBP ,130 mmHg and DBP ,80 mmHg) (1,36).

This is based on results of multiple studies including the

United Kingdom Prospective Diabetes Study (UKPDS),

which randomized 1148 Type-2 diabetics to a BP of

either ,180/105 or ,150/85 mmHg. After an average

follow-up of 8.4 years, those treated to the lower BP

goal had an average BP that was 10/5 mmHg lower than

subjects randomized to the higher goal, with a significant

24% reduction in diabetes-related endpoints, as well as

other major CV benefits (37). In addition, many retrospec-

tive analyses demonstrate a marked reduction in risk of

CV events and kidney disease progression in those with

diabetes when a lower BP, that is, ,130 mmHg, systolic

is achieved, Fig. 23.3 (38).

This lower level of BP can lead to major cost savings as

noted in a cost-effectiveness analysis of American epide-

miological and clinical trial data concluded that, for

diabetics over age 60, achieving a BP goal of ,130/
85 mmHg saved money overall, as long as the annual

cost to lower BP from 140/90 mmHg was less than

$414. Again this was due to a reduction in high-cost com-

plications of hypertension, including MI, stroke, ESRD,

and HF (39). The recommendation to achieve a diastolic

BP ,80 mmHg in diabetics is supported by the HOT

study, in which the best reductions in major CV events

was seen in those patients randomized to the diastolic

BP target of �80 mmHg.

For patients with kidney disease, JNC-7 also rec-

ommends the BP target of ,130/80 mmHg. Data from

meta-analyses of people with nondiabetic kidney disease,

especially those with albuminuria .300 mg/day demon-

strate that achieving a systolic BP of ,130 mmHg is

associated with optimal preservation of kidney function,

Fig. 23.4. This relationship is not as strong for people

with stage 1 or 2 kidney disease and microalbuminuria,

Figure 23.4 Relative risk for progression of nondiabetic

kidney disease progression based on current levels of systolic

BP and urine protein excretion. [From Jafar et al. (43).] Note

that the current recommended BP level of ,130 mmHg is very

much supported for those with .1 g of proteinuria.
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Figure 23.3 Association between level of systolic BP

achieved in clinical outcome trials with renal endpoints and

rate of kidney function loss. Note ideal achieved range between

130 and 139 mmHg.
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in which case a BP level between 130 and 139 mmHg is

quiet reasonable based on data from the African-American

Study of Kidney Disease (AASK) and Appropriate Blood

pressure Control in Diabetes (ABCD) Study (40,41).

One of the perceived limitations to achieving these

lower levels of BP was the fear that lowering BP too far

might be harmful, the concept of the “J” curve. Several

investigators had pointed out that subjects treated to dias-

tolic BP level ,85 mmHg had higher rates of MI than

those whose on-treatment diastolic BP was between 85

and 90 mmHg. An increased risk with low diastolic BP

is also evident in populations and in the placebo groups

of several trials. Furthermore, the Systolic Hypertension

in the Elderly Program (SHEP) treated individuals to an

average diastolic BP of 67 mmHg and prevented MIs

compared with those treated to an average of 71 mmHg.

Similarly, analysis of SHEP provided no evidence for an

increase in the risk of stroke with decreasing levels of

on-treatment systolic BPs (42). Moreover, both HOT

and UKPDS 38 studies provided proof that intensive BP

lowering was not harmful.

This “J curve” effect is also present for kidney disease

especially for those with markedly increased levels of pro-

teinuria. A systolic BP of .110 mmHg, but ,130 mmHg

should be maintained in such individuals or the benefits of

lower BP are diminished (43), Fig. 23.4.

IV. FACTORS TO CONSIDER WHEN
CONSTRUCTING AN ANTIHYPERTENSIVE
DRUG REGIMEN

The following factors should always be considered when

antihypertensive drug therapy is chosen: efficacy, comor-

bidities, safety, patient demographics, special situations

(e.g., pregnancy), dosing schedule, drug interactions,

adherence, mechanism(s) of action, and cost. These con-

siderations are important not only in choice of initial

therapy, but also for subsequent antihypertensive agents.

In recent clinical trials, most patients required a

minimum of two and in many cases three drugs to

achieve goal BP; a recent meta-regression analysis

suggested that there is only a 2.5% chance of achieving

target BP with monotherapy when the initial DBP is

.10 mmHg higher than goal.

A. Efficacy

Five classes of medications (thiazide diuretics, b-blockers,

long-acting CAs, ACE-Is, and ARBs) have been shown to

reduce CV or renal endpoints when used as initial therapy

as part of a group of medications to lower BP in app-

ropriately designed and implemented clinical trials.

Other drugs, such as peripheral sympatholytics (reserpine

and guanethidine), centrally acting a-agonists (a-

methyldopa), and vasodilators (hydralazine), have also

been used in clinical trials as the second, third, or even

fourth agent added to achieve BP control. None of these

medications is an option for initial therapy because they

are relatively poorly tolerated or need to be taken together

with other drugs to lower BP effectively in the long term.

a-blockers are valuable adjunctive therapy, but not as

initial therapy, based on the findings of ALLHAT (30).

a/b-blockers are well tolerated and effective as monother-

apy, but have yet to be shown to reduce clinical endpoints

in hypertensive patients without heart failure.

B. Comorbidities and Other Risk Factors

The results of event trials conducted in subjects with

hypertension and other medical conditions led to the

genesis of compelling indications in the JNC-7,

Table 23.2. The JNC Committee recognized that individ-

ual patients may have certain comorbid conditions for

which a specific agent may be appropriate, even though

no clinical trial data exist to prove it. These “specific” indi-

cations try to codify clinical judgment, which any reason-

able clinician would use to care for all the health needs of

his or her patients. For the most part, these recommen-

dations do not add classes of drugs to the list of those

that are already favored because of a reduction in clinical

endpoints, but instead alter the choice of which class

should be selected for initial therapy. Thus, other risk

factors and active clinical problems can sometimes influ-

ence the choice of specific therapy for individual patients.

This approach, differently stated, was also adopted by the

British Hypertension Society in their guidelines (44).

1. Dyslipidemia

Hypertensive patients with lipid abnormalities (which may

represent as many as 50% of treated hypertensives) may

also wish to avoid drugs that worsen their particular dysli-

pidemia. Although it has not been proven that changes in

serum lipids caused by certain classes of antihypertensive

agents are harmful, it is certainly reasonable to choose a

drug that, all things being equal, is lipid-neutral or may

improve the lipid profile. In large doses (.25 mg/day),

thiazide diuretics and related compounds, such as

chlorthalidone, raise total cholesterol (TC) and LDL-C

5–10% and may increase serum triglycerides 15–30%,

whereas lowering HDL-C 2–4%. With currently rec-

ommended doses (up to 25 mg of chlorthalidone or equiv-

alent), the long-term changes are less troublesome (20).

b-blockers that do not have intrinsic sympathomimetic

activity lower HDL-C even more (10%) and also raise

triglycerides (�20%) without affecting TC or LDL.

b-Blockers that have intrinsic sympathomimetic activity
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and a-/b-blockers are lipid-neutral. a-blockers reduce TC

and LDL cholesterol �8–10%, triglycerides 15%, and

HDL-C 10–15%. Other sympatholytics do not affect the

lipid profile, whereas direct vasodilators (e.g., hydrala-

zine) raise HDL-C and lower triglycerides and TG, even

when combined with thiazide diuretics. ACE-Is generally

do not affect serum lipids. ARBs and CAs are also lipid-

neutral (45).

Glucose, Insulin, and New-Onset Diabetes Mellitus

Some antihypertensive drugs, namely, diuretics and

b-blockers, affect glucose handling and can either

worsen or improve insulin sensitivity (30,46,47). The

magnitude and direction of the drug-induced changes

seen in glucose and insulin are very similar to what

occurs with lipids. Peripheral a-blockers and some ACE-

Is (captopril, enalapril, trandolapril, and perindopril)

improve insulin sensitivity (48,49). Every ACE-I and

ARB so far studied reduces urinary protein excretion,

which may potentially contribute to the renal benefit

seen in diabetic patients treated with these drugs. In

HOPE, the Captopril Primary Prevention Project

(CAPPP), LIFE and ALLHAT, incident diabetes was

less common when an ACE-I or ARB was the randomized

choice (20,27,50). Patients at high risk of developing dia-

betes, that is, those who are obese with glucose intolerance

or other components of the metabolic syndrome, may

reduce their risk of new-onset diabetes using ACE-I or

ARB treatment.

Hypertensives with Diabetes Mellitus

As discussed earlier, the combination of hypertension

and DM confers a much greater risk for CV events and

renal failure than either one alone. According to all guide-

line statements, Type-1 diabetics with renal impairment

and proteinuria should receive a blocker of the renin–

angiotensin system, which reduces ESRD by 50%. Little

other information is available about optimal treatment of

hypertension in Type-1 diabetes (1,3,36).

All recently published guidelines for treatment of

hypertension in Type-2 diabetics, which include a lower-

than-usual goal for BP during treatment (,130/
80 mmHg, as discussed earlier), and a recommendation

for a blocker of the renin–angiotensin system to be a com-

ponent of the antihypertensive drug regimen (i.e., initial

drug therapy) (1,3,36). An ARB has been beneficial in

two studies with renal endpoints (IDNT, RENAAL) and

for CV event prevention in the diabetic subset of LIFE

(24,25,27). An ACE-I provided impressive CV event

reduction in micro-HOPE, although the number of sub-

jects reaching ESRD was only 18, and the data from

outcome studies in people with established nephropathy

is restricted to surrogate markers (51,52). In UKPDS 38,

there was no significant difference between captopril and

atenolol as initial therapy, whereas the group achieving

the lower BP did much better. These results must also be

viewed in the context of achievement of BP goal. Some

argue that BP control, rather than how it is accomplished,

is the key factor in reducing CV and renal events in

patients with Type-2 diabetes.

The role of CAs in treatment of hypertension in diabetic

patients has been controversial although some clear infor-

mation is now available. The following statements about

CA use in diabetes are defensible. First, differences in

outcome exist between the two subclasses of CAs. Use

of DHPCAs in the absence of ACE-Is or ARBs to

reduce CV risk in people with normal kidney function in

those diabetes is warranted as evidenced by data from

ALLHAT and in the subgroup of those with diabetes and

stage 2 nephropathy, that is, GFR 60–89 mL/min, in

Syst-Eur (53). However, in those with advance nephropa-

thy, that is, stage 3 and beyond, GFR ,60 mL/min,

DHPCAs were significantly less effective in reducing

renal events (but not CV events) when compared with an

ARB in IDNT. This has also been observed in post hoc

analyses of other clinical trials (54). Use of DHPCAs,

however, if used with an ACE-I or ARB does not distract

from the benefit of the renin–angiotensin system blocking

agents and further lowers BP with resultant benefit of

stroke reduction. Both the National Kidney Foundation

and the American Diabetes Association recommend that

DHPCA be used as third-line therapy after a diuretic and

either an ACE-I or an ARB (36,38), favoring non-

DHPCAs over DHPCAs, because they reduce proteinuria

and slow the progression of diabetic nephropathy (54).

In those with diabetes, reducing BP to goal may be a

more important factor in reducing mortality and preser-

ving renal function than the initial drug chosen to do so,

as it usually takes several drugs to achieve the target BP

,130/80 mmHg.

Left Ventricular Hypertrophy

LVH results from chronic elevations in arterial pressure

that cause cardiac myocyte hypertrophy and remodeling of

the coronary resistance vessels. This leads to perivascular

fibrosis of the intramyocardial arteries and arterioles. Over

time, these changes in the myocardium contribute to the

development of ventricular wall stiffness and diastolic

dysfunction. LVH is a robust independent risk factor for

CV and premature mortality, probably because it reflects

the degree of BP control over the long-term. It is especially

common in the elderly, particularly in elderly women, and

is often associated with diastolic dysfunction. All antihy-

pertensive agents except direct vasodilators reduce LV

mass. In meta-analyses, agents that block the renin–

angiotensin–aldosterone system reduce LV mass better
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or quicker than other antihypertensive agents. However,

both the TOMHS and the Veterans Administration (VA)

study of monotherapy found no differences among

antihypertensive agents in their ability to regress LVH.

Moreover, in TOMHS, nutritional hygienic measures,

such as weight loss, reduced Naþ and alcohol intake,

and exercise, were effective by themselves in regressing

LV mass. Perhaps, the most important factor responsible

for regression of LVH is the prolonged reduction of

systolic BP.

So far, the only completed clinical trial to enroll only

patients with LVH was the LIFE study. The group ran-

domized to losartan (+diuretic) had a significant

reduction in LVH and composite CV events (mostly due

to stroke) when compared with the group receiving ateno-

lol (+diuretic), despite a BP difference between groups of

only 1.3/0.4 mmHg. Significant differences in cardiac

events among randomized groups were seen best in

diabetics. These are the first randomized, prospective

data to suggest that reducing LVH prevents CV events.

Heart Failure

Hypertension is also a major risk factor for the sub-

sequent development of HF, typically many years later

(55). For many under- or untreated hypertensives, LVH

is an important intermediate step, resulting in “hyperten-

sive heart disease” with impaired LV filling and increased

ventricular stiffness. This type of HF (commonly seen in

up to 40% of hospitalized patients with an antecedent

history of hypertension) is now called HF with preserved

systolic function (56). The more common type of “systolic

dysfunction” associated with a reduced LV ejection frac-

tion is often due to previous MI (for which hypertension

is also an important risk factor). In a meta-analysis of

placebo-controlled clinical trials in hypertension, there

was a 42% reduction in HF incidence among hyper-

tensives randomized to either a low-dose diuretic or a

b-blocker (57).

Distinguishing between the two subtypes of HF is most

easily done by estimation of the LV ejection fraction with

the results dictating therapy (58). Patients with low ejec-

tion fractions (systolic HF) improve both their BP and

long-term prognosis with ACE-Is and diuretics, to which

can be added b-blockers, spironolactone, and/or other

drugs, as needed (59,60). Two trials directly comparing

an ARB with an ACE-I showed significant differences

mainly in better tolerability of the ARB. In the valsartan

in heart failure (Val-HeFT) trial, an ARB or placebo was

given to HF patients taking “conventional therapy”

(which included an ACE-I in 93%, but a b-blocker in

only 13%). Although there were no differences between

the randomized groups in terms of mortality, the group

receiving valsartan had a significant 13% reduction in

HF-related morbidity or mortality, mostly due to a 27%

reduction in HF hospitalization (61). Valsartan received

FDA approval for HF because of the very significant

reduction in morbidity and mortality in the 366 patients

who did not take an ACE-I in Val-HeFT. However, for

patients who took a b-blocker in addition to the ACE-I,

valsartan had a significantly higher morbidity or mortality

rate. This limits the enthusiasm for valsartan as a third-line

HF drug. The recently completed Candesartan in Heart

failure Assessment of Reduction in Mortality and morbid-

ity (CHARM), candesartan demonstrated a hazard ratio of

0.77 for CV death and CHF hospitalization when com-

pared with placebo for patients with symptomatic

chronic heart failure and intolerance of ACE-I (62).

Effects of candesartan in patients with chronic heart

failure and reduced left-ventricular systolic function intol-

erant to ACE-Is: the CHARM-Alternative trial. Similarly

in the Valsartan in acute myocardial infarction trial

(VALIANT), valsartan was as effective as captopril or

their combination in myocardial infarction complicated

by heart failure, left ventricular dysfunction, or both

(63). The utilization of DHPCAs in the absence of ACE-

Is or ARBs while appropriate remains controversial as

no study has shown a benefit in heart failure or kidney

disease progression outcomes with DHPCAs in the

absence of an ACE-I or ARB (64). Moreover, the

DHPCAs are associated with the highest incidence of

new HF in hypertension trials (19). Hydralazine is used

in conjunction with nitrates for the treatment of CHF

due to systolic dysfunction in patients who cannot tolerate

ACE-Is or ARB. It confers a favorable effect on LV func-

tion and mortality. Authorities recommend these drugs as

adjunctive therapy (after diuretics, maximum doses of

ACE-Is and/or ARBs, a b-blocker, and sometimes spiro-

nolactone), if BP continues to be elevated.

The treatment of hypertension in patients with HF and

preserved systolic function has not been as well studied,

and with the exception of the CHARM trial, which

trended but failed to show a benefit of the ARB, no specific

therapy is recommended. Most authorities recommend

using drugs that reduce HR, increase diastolic filling

time, and allow the heart muscle to relax more fully: b-

blockers or non-DHP-CAs. In the third arm of the

CHARM trial (CHARM-Preserved) evaluating CHF

patients with EF .40%, data suggested that candesartan

can prevent CHF hospitalizations and the development

of diabetes mellitus with a hazard ratio of 0.89 (62).

2. Microalbuminuria and Proteinuria

MA is an independent predictor of CV risk in patients with

diabetes, Table 23.7. Achievement of BP goal with all

commonly prescribed first-line drugs tends to reduce

MA; however, ACE-Is and ARBs have the most data
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showing reductions in MA and delaying its progression to

proteinuria (1,52). Both ACE-Is and non-DHPCAs reduce

albuminuria and together have additive anti-albuminuric

effects (65,66). The effects of different classes of antihy-

pertensive agents on proteinuria in the context on kidney

disease progression are summarized in Table 23.8.

The ACE-Is and ARBs are the antihypertensive agents

that most consistently reduce proteinuria. A high Naþ

intake blunts the antiproteinuric and antihypertensive

effects of ACE-Is and diltiazem, so restricting dietary Naþ

is recommended for patients with MA or proteinuria (67).

Kidney Dysfunction

Lowering BP will slow the progression of nephropathy,

but the recommended target BP is controversial. The

recent African-American Study of Kidney disease and

hypertension showed no additional benefit to lowering sys-

tolic BP to ,130 mmHg for nondiabetic renal disease,

when compared with ,140 mmHg, but many of these

people had MA not proteinuria. On the basis of current

guidelines, the greater the level of proteinuria, the more

important it is to achieve the currently recommended BP

goal. ARBs and ACE-Is will slow the progression of dia-

betic and nondiabetic nephropathy, assuming they are

given with sufficient other drugs to reduce BP ,140/
90 mmHg as has been in shown in the RENAAL trial (64).

In spite of the preponderance of evidence from many

long-term clinical trials, there is a general hesitancy

among some clinicians to prescribe ACE-Is (or ARBs)

for patients with serum creatinine .1.4 mg/dL, because

it often rises after the drug is given. Analysis of long-

term clinical trials has confirmed that this reduction in

renal function plateaus within a month (68). If the serum

creatinine increases by .30% or continues to rise after

3 months of therapy, volume depletion, unsuspected LV

dysfunction, or bilateral renal artery stenosis should be

considered. There are also concerns about hyperkalemia

associated with an ACE-I or ARB; this should be worri-

some only if the serum Kþ rises �0.5 mEq/L and the

baseline level is already .5 mEq/L.

Thus, although any class of antihypertensive agent may

be used to achieve this new recommended lower level of

BP to preserve renal function, certain principles should

be kept in mind.

. BP will seldom, if ever, be controlled adequately in

patients with significant renal impairment (serum

creatinine .1.8 mg/dL) without the use of a loop

diuretic.

. A long-acting loop diuretic (such as torsemide) is

preferred; furosemide or bumetanide should given

twice daily.

. Combinations of antihypertensive medications will

be needed to achieve goal BP. One of these drugs

should be an ACE-I or ARB. Some authors rec-

ommend both an ACE-I and an ARB simul-

taneously, but this has been shown to consistently

further lower proteinuria not further lower BP if

maximal doses of both are used.

Coronary Artery Disease

As hypertension is a major risk factor for CAD, it is not

surprising that a large number of patients have both

conditions. It is unlikely on ethical grounds that a

placebo-controlled trial will be done with any single antihy-

pertensive drug in such patients. The presence of CAD in a

patient with hypertension is likely to influence both the

choice of drugs used to treat the patient and the BP goal

to be achieved. Because bothb-blockers and CAs are effec-

tive antihypertensive agents with major anti-anginal effi-

cacy, they are often the preferred agents for initial

treatment, especially in the common setting of unstable

angina pectoris (69). A recent meta-analysis suggested

that the former are more effective, although the latter are

more commonly used (70). The recent HOPE trial

showed a large survival benefit for high-risk hypertensives

(most of whom had known CAD) treated with ramipril.

None of the participants in HOPE had known HF at

Table 23.7 Cardiovascular Risk Factors

Major risk factors

Hypertension�

Age (older than 55 for men, 65 for women)‡

Diabetes mellitus�

Elevated LDL (or total) cholesterol or low HDL cholesterol�

Estimated GFR ,60 mL/min

Family history of premature cardiovascular disease

(men , age 55 or women , age 65)

Microalbuminuria

Obesity� (body mass index �30 kg/m2)

Physical inactivity

Tobacco usage, particularly cigarettes

�Components of the metabolic syndrome.

Source: Adapted from JNC-7 (1).

Table 23.8 Relationship Between Changes in Proteinuria and

Kidney Disease Progression with BP Treatment

Increased time to

dialysis (30–35%

proteinuria reduction)

No change in time to

dialysis (no proteinuria

reduction)

Captopril trial DHPCCB arm-IDNT

AASK trial DHPCCB arm-AASK

RENAAL

IDNT

COOPERATE trial
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enrollment, for which this degree of benefit would have

been expected. Likewise in the EURopean trial On

reduction of cardiac endpoints with Perindopril in stable

CAD (EUROPA), the perindopril group had a relative

risk reduction of 20% in the primary endpoint of composite

CV death, nonfatal MI, and cardiac arrest with successful

resuscitation (71). These findings have been interpreted

by some as evidence in favor for this class of medications

in the management of all hypertensive patients with CAD.

The issue of how low to reduce BP in the setting of

CAD has been controversial until the results of the

INVEST. In this trial, a strategy of a non-DHP-CA, vera-

pamil was compared to a b-blocker, atenolol, for CV

events and death. Both received ACE-Is, although the ver-

apamil group received significantly greater percentage of

trandolapril. The results demonstrated no difference in

outcome with lower morbidity and less new-onset diabetes

in the verapamil group. As coronary artery filling occurs

during diastole, reducing perfusion pressure at this time

might increase coronary ischemia, thus agents such as ver-

apamil or b-blocker in concert with an ACE-I should be

included in the antihypertensive regimen of such patients.

Lastly, sildenafil citrate (Viagra) appears to have no major

interactions with any antihypertensive drugs, but all

nitrate-containing preparations are contraindicated.

3. Post Stroke

Although hypertension is the risk factor for stroke with the

highest population-attributable risk, and “clinically

evident cerebrovascular disease is an indication for antihy-

pertensive treatment,” optimal BP management depends

on the nature, cause, and chronology of the neurologic

symptoms. In the immediate setting of acute stroke, most

neurologists avoid antihypertensive drugs unless is very

high (e.g., BP . 185/110 mmHg). If treatment is necess-

ary, a short-acting intravenously administered drug is pre-

ferred because it can be discontinued quickly if a patient’s

neurologic condition deteriorates acutely.

The PROGRESS proved that lowering BP in people

who had suffered a prior stroke or TIA was beneficial

not only in preventing recurrent stroke but also in reducing

CV events (23). Although a significant benefit was seen

only in the group receiving both the ACE-I, perindopril,

and the diuretic, indapamide (and not in those whose phys-

icians chose to give them only perindopril), there was

benefit in everyone, regardless of baseline BP. There

should no longer be fear in lowering BP in patients who

survive a stroke or TIA, once the acute phase has passed.

C. Safety (Adverse Reactions and
Side Effects)

The two primary types of adverse reactions and side effects

that occur with antihypertensive therapy are clinical and

biochemical. Clinical side effects are directly evident to

the patient and are perceived by the patient or the clinician

to be related to the drug. The appearance of adverse reac-

tions requires that the drug be stopped, the dose be

reduced, or the patient must be willing to remain on

therapy until they become able to tolerate the side effect

or until the side effect disappears. Generally, ARBs,

ACE-Is, and CAs are better tolerated than other classes

with ARBs having a side effect profile similar to placebo.

Biochemical side effects may lead to clinically evident

adverse reactions (e.g., hypokalemia from thiazide diure-

tics causing muscle weakness, palpitations, nocturia, or

polyuria); but these are usually are more troublesome to

the clinician than they are to the patient. The importance

of biochemical side effects is usually not that they result

in clinically evident problems, but the danger that these

drug-related changes in lipids, glucose, or insulin may

aggravate other risk factors and accelerate the clinical

impact of dyslipidemias, glucose intolerance, or insulin

resistance. It is unlikely that the relatively minor changes

in glucose, triglycerides, HDL-C, or TG that result from

therapy with thiazides or b-blockers are responsible for

an increase in ischemic heart disease; the exact opposite

has been seen in secondary MI prevention studies with

several b-blockers. In ALLHAT, the biochemical profile

of the group receiving the a-blocker seemed more favor-

able (lower cholesterol, TG, and glucose and higher Kþ)

compared with the group on chlorthalidone, yet the diure-

tic prevented CV events more successfully. Similarly,

chlorthalidone prevented at least one or more serious

forms of CVD when compared with either amlodipine or

lisinopril, despite a significantly lower serum potassium,

and higher glucose and cholesterol at 4 years.

At the doses that are now recommended, these changes

and the electrolyte disturbances noted with thiazide diure-

tics are quite modest, although it is still possible that at

high doses, thiazides could reduce serum Kþ sufficiently

to cause sudden cardiac death. Whether the increases in

insulin resistance seen with thiazide diuretics and b-block-

ers and the hypokalemia associated with thiazides would

have precipitated DM sooner in patients who would not

otherwise have become diabetic is uncertain. It may be

more prudent to select another option for treatment in

patients with DM or dyslipidemia, so long as BP is

reduced to goal. Certain types of dual therapy also may

ameliorate biochemical adverse reactions. Thiazides and

either ACE-Is or ARBs, when given together, produce

few, if any, of the metabolic abnormalities associated

with thiazides alone. Several fixed-dose combinations of

these classes of drugs are available and may be appropriate

as initial therapy (7) (Table 23.4).

The incidence of clinical side effects tends to rise with

increasing doses with all classes of drugs, with the excep-

tion of ACE-Is and ARBs. Patients who develop an
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adverse reaction on a high dose of a drug or on a dose that

they previously tolerated do not necessarily need to have

the drug discontinued. Instead, the dose can be lowered

and another antihypertensive agent can be added. The

primary problems with ACE-Is are cough and angioe-

dema, both of which tend to be idiosyncratic and occur

with all representatives from that class of agents. Reducing

the dose or changing to a different ACE-I is rarely helpful.

ACE-Is should be increased to the maximum rec-

ommended dose before therapy is abandoned or another

agent is added unless a low-dose combination is felt to

be more appropriate. ARBs are the best tolerated of all cur-

rently available antihypertensive medications, and patients

persist in taking them at higher rates than other drugs.

D. Demographic Considerations

1. Blacks and Other Ethnic Minorities

Some classes of antihypertensive agents reduce BP more

or less effectively in certain ethnic groups. Thiazide diure-

tics, for example, are more effective in blacks than in

whites; in whites, ACE-Is, ARBs, and b-blockers are

more effective at lower doses. Peripheral a-blockers, a-/
b-blockers, and CAs are equally effective across all

ethnic groups. In general, the response rates to antihyper-

tensive agents in Hispanics are intermediate to that seen in

whites and blacks, whereas east Asians, but not necessarily

south Asians (patients from the Indian subcontinent), often

need lower doses than do whites.

African-Americans bear a larger population burden of

hypertension with a higher risk for hypertensive compli-

cations than whites. Because data on the benefits of treat-

ment were limited, a larger sample than was present in the

US population was recruited for ALLHAT. The signifi-

cantly poorer stroke, HF, and combined CVD rates in

blacks treated with lisinopril (compared with chlorthali-

done) may be due to the relative ineffectiveness of the

ACE-I in reducing BP, when a diuretic cannot be added

to the regimen. However, the importance of ACE-I

therapy in blacks was shown in AASK when diuretics

were used in nearly all patients. In AASK, patients ran-

domized to ramipril did much better both in loss of GFR

and in clinical events than those on either amlodipine or

metoprolol (41). Despite the slightly higher risk of angioe-

dema and cough, there is no reason to avoid ACE-I in

black hypertensive patients, but perhaps more reason to

consider concomitant therapy with a diuretic.

2. The Elderly

All classes of antihypertensive agents lower BP effectively

in older persons, although the doses needed to reach goal

are often lower than necessary for young- and middle-

aged hypertensive patients. However, certain drugs and

certain classes of drugs should be used with caution in

older hypertensives. These include agents, such as periph-

eral a-blockers, which can exacerbate the postural fall in

BP seen more frequently in older individuals with barore-

ceptor dysfunction; non-DHPCAs and b-blockers that may

aggravate subtle or subclinical conduction defects or pre-

cipitate systolic dysfunction and HF, and verapamil,

which may not be well tolerated in some older persons

already bothered by constipation. Cough from an ACE-I

is more common in older women. When compared with

placebo, both diuretics and DHPCAs reduce morbidity

and mortality in older persons with stage 2 isolated systo-

lic hypertension (72) incidentally, chlorthalidone was

more effective than amlodipine in preventing HF in

ALLHAT and is much less expensive. The benefits of

effective treatment are more evident in older hypertensives

as they have a higher absolute risk of CV events than

younger counterparts. Even hypertensive patients .80

years of age garner significant benefit from treatment,

especially in stroke prevention. Therapy should not be

withheld from the elderly for fear of toxicity or lack of

efficacy.

V. SPECIAL SITUATIONS

A. Pregnancy

Hypertension is found in �10% of pregnancies and is the

major cause of perinatal morbidity and mortality in most

developed countries. Because of the unique patient popu-

lation, hypertension in pregnancy has a special definition,

four specific types, and a treatment algorithm that recog-

nizes the need to assess outcomes for both mother and

baby. Although most pregnancies are primarily managed

by obstetricians, the majority of authoritative pronounce-

ments about this condition have been advanced by expert

panels drawn from that discipline (73). In the USA, hyper-

tension in pregnancy is defined as either BP .140/
90 mmHg on two measurements at least 4 h apart or

diastolic BP .110 mmHg at any time during pregnancy

or up to 6 weeks postpartum.

The classification of hypertension in pregnancy typi-

cally requires some knowledge of BP status before con-

ception. If there was preexisting hypertension, the

patient is said to have “chronic hypertension,” which can

be diagnosed before 20 weeks gestation and persists at

least 42 days postpartum. Preeclampsia is hypertension

appearing after 20 weeks gestation, with associated protei-

nuria (at least 300 mg per 24 h collection or 1þ on a

random dipstick without urinary tract infection), which

typically resolves within 42 days after delivery. Other cri-

teria help to make the diagnosis more likely. Preeclampsia

with superimposed chronic hypertension is a combination

of the two. Gestational hypertension is diagnosed when
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and if the BP returns to normal within 42 days after

delivery.

A large number of demographic, genetic, laboratory

parameters, and other factors have been associated with

a higher risk of preeclampsia, but none has been accepted

as the “underlying cause.” Despite many smaller studies

that low-dose aspirin or Ca2þ supplementation prevented

preeclampsia in high-risk women, large NIH-sponsored

mega trials have been unsuccessful in showing benefit

from these inexpensive preventive measures. Although

aspirin tends to delay parturition and increase the likeli-

hood of bleeding, few obstetricians routinely recommend

it. Treatment of elevated BP during pregnancy tradition-

ally begins with bed rest, followed by methyldopa as the

primary drug, based on its long history of efficacy and

lack of adverse effects on babies. However, DHPCAs

and if edema is severe diuretics have been suggested for

use. For severe hypertension (BP .160/109 mmHg) in

outpatients that are not controlled with these measures or

a diastolic BP between 90 and 100 mmHg, hydralazine

is used as a first-line agent with doses recommended at

5–10 mg IV every 20–30 min. Labetalol and nifedipine

are routinely added for additional BP control in

succession.

ACE-Is and ARBs are contraindicated because of renal

abnormalities in the fetus. It is important to achieve good

BP control at the onset of symptoms as poor maternal out-

comes are related to complications, such as cerebral

hemorrhage and seizures, if eclampsia develops. For intra-

partum management, until delivery can be achieved intra-

venous magnesium sulfate has been a mainstay for the

progression of preecalmpsia to seizures and other more

serious complications.

Hypertension during pregnancy also carries prognostic

significance for future health problems as the woman ages.

Sixty percent of women with early-onset preeclampsia

have abnormalities on renal biopsy and a higher risk of

persistent hypertension after delivery. Women who

develop hypertension during pregnancy are not only at

higher risk for hypertension later in life, but also have a

roughly twofold increase in the risk of death from CAD.

B. Hypertensive Emergencies and Urgencies

Although rare, hypertensive crises are still seen in phys-

icians’ offices and emergency rooms. Fortunately, there

are now excellent medications available for both acute,

in-hospital treatment, and outpatient management; these

improvements have led to a decrease in the 1 year mor-

tality rate after a hypertensive emergency from 80%

(1928) to 50% (1955) to ,10%, Table 23.9.

The primary pathophysiologic abnormality in patients

who experience hypertensive crises is via an alteration of

the autoregulation in certain vascular beds (especially

cerebral and renal), which often is followed by frank arter-

itis and ischemia of vital organs (74). Autoregulation is the

ability of blood vessels to dilate or constrict in order to

maintain normal organ perfusion. Normal arteries from

normotensive individuals can maintain flow over a wide

range of mean arterial pressures, usually 60–150 mmHg.

Chronic elevations of BP cause compensatory functional

and structural changes in the arterial circulation and shift

the autoregulatory curve to the right; this allows hyperten-

sive patients to maintain normal perfusion and avoid

excessive blood flow at higher BP levels. When BP

increases above the autoregulatory range, tissue damage

occurs. An understanding of autoregulation is also import-

ant for therapy, as the sudden lowering of BP to a range

that would otherwise be considered normal may reduce

BP below the autoregulatory capacity of the hypertensive

circulation and can thereby lead to inadequate tissue per-

fusion. In the later stages of a hypertensive crisis, pathol-

ogists have demonstrated cerebral edema in both acute and

chronic inflammations of the medium- and small-arteries

and arterioles, with associated necrosis.

Hypertensive crises occur in a variety of clinical set-

tings (74). The most common is a chronic and often

untreated patient with stage 3 essential hypertension

(i.e., usual BP �180/110 mmHg) whose BP rises above

the autoregulatory range, triggering the pathophysiologic

sequence outlined earlier. However, identical crises can

occur any time there is an acute or rapid rise in BP in a

normotensive or minimally hypertensive individual, such

as a child or a woman during pregnancy. Hypertensive

crises are most easily recognized by the association of

an extremely elevated BP with physical examination or

laboratory findings that indicate acute tissue organ

damage (TOD), although the actual levels of BP are of

little import.

The initial evaluation of a severely hypertensive patient

includes a thorough inspection of the optic fundi (looking

for acute hemorrhages, exudates, or papilledema); a

mental status assessment; careful cardiac, pulmonary,

and neurologic examination; a quick search for clues

that might indicate secondary hypertension (e.g., abdomi-

nal bruit, striae, radial–femoral delay); and laboratory

studies to assess renal function (dipstick and microscopic

urinalysis, serum creatinine).

There are several different types of common clinical

presentations of hypertensive emergencies; the neurologic

crises are the most difficult to distinguish from one

another. Hypertensive encephalopathy is typically a diag-

nosis of exclusion; hemorrhagic and thrombotic strokes

are usually diagnosed after focal neurologic deficits that

are corroborated by CT. Subarachnoid hemorrhage is diag-

nosed by the typical findings on lumbar puncture. The

management of each of these conditions is somewhat

different in that nimodipine may be the drug of choice
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for most neurologic crises, because of its antihypertensive

and anti-ischemic effects. Many physicians still prefer

nitroprusside or another intravenous vasodilator, such as

hydralazine, because it can be discontinued rapidly if BP

goes very low. Hydralazine causes a preferential decrease

in the vascular resistance in the coronary, cerebral, and

renal vascular beds when compared with skin and muscu-

lar beds. Because of preferential dilatation of arterioles

over veins, postural hypotension is not a common

problem. Goal BP also depends on the presenting diagno-

sis and is usually lower for encephalopathy than it is for

acute stroke in evolution, Table 23.10. For hemorrhagic

stroke and subarachnoid hemorrhage, BP lowering is

usually not recommended unless the BP is “very high”

(.180/105 mmHg).

Patients who present with hypertensive crises involving

cardiac ischemia/infarction or pulmonary edema can be

managed with either nitroglycerin or nitroprusside,

although typically a combination of drugs (including an

ACE-I when there is HF) is used in these settings.

Efforts to preserve myocardium and open the obstructed

coronary artery (by thrombolysis, angioplasty, or

surgery) are also indicated.

Patients with aortic dissection are managed in a some-

what different fashion (75). A b-blocker is added to the

intravenous vasodilator, and the goal BP is much lower: typi-

cally 120 mmHg systolic is recommended, but 100 mmHg

systolic may be even better. Pharmacologic therapy is only

a temporary adjunct to definitive surgical therapy, which

should be planned with dispatch, although long-term

medical therapy may be more appropriate in some patients.

Hypertensive crises, involving the kidney, are com-

monly followed by a further deterioration in renal function

even when BP is lowered properly. Some physicians prefer

fenoldopam to nicardipine or nitroprusside in this setting,

because of its lack of toxic metabolites and specific renal

vasodilating effects (76). BP should be reduced �10%

during the first hour and a further 10–15% during the

next 1–3 h. The necessity for acute dialysis often is preci-

pitated by BP reduction, but many patients are able to

avoid dialysis in the long term if BP is carefully and

well controlled during follow-up.

Hypertensive crises resulting from catecholamine

excess states (pheochromocytoma, monoamine oxidase

inhibitor crisis, cocaine intoxication, etc.) are best

managed with an intravenous a-blocker (phentolamine),

with a b-blocker added later, if needed. Many patients

with severe hypertension caused by the sudden withdrawal

of antihypertensive agents (e.g., clonidine) can be easily

managed by reinstituting the previous therapy.

Table 23.10 Types of Hypertensive Crises with Suggested Drug Therapy and BP Targets

Types of crises Drug of choice BP target

Neurological

Hypertensive encephalopathy Nitroprussidea 25% reduction in mean arterial pressure .2–3 h

Intracranial hemorrhage or Acute

stroke in evolution

Nitroprussidea (controversial) 0–25% reduction in mean arterial pressure

.6–12 h (controversial)

Acute head injury/trauma Nitroprussidea 0–25% reduction in mean arterial pressure

.2–3 h (controversial)

Subarachnoid hemorrhage Nimodipine Up to 25% reduction in mean arterial pressure

in previously hypertensive patients,

130–160 mmHg systolic in normotensive

patients

Cardiac

Ischemial/infaction Nitroglycerin or nicardipine Reduction in ischemia

Heart failure Nitroprussidea or nitroglycerin Improvement in failure (typically 10–15%

decrease in BP)

Aortic dissection b-blockerþ nitroprussidea 120 mmHg systolic in 30 min (if possible)

Renal

Hematuria or acute

renal impairment

Fenoldopam 0–25% reduction in mean arterial pressure

.1–12 h

Catecholamine excess states

Pheochromocytoma Phentolamine To control paroxysms

Drug withdrawal Drug withdrawn Typically only one dose necessary

Pregnancy-related

Eclampsia MgSO4, methyldopa, hydralazine Typically ,90 mmHg diastolic, but often lower

aSome physicians prefer an intravenous infusion of either fenoldopam or nicardipine, neither of which has potentially toxic metabolites, over nitroprusside.

Recent studies have also shown improvements in renal function during therapy with the former when compared with nitroprusside.

Source: Adapted from Elliott (74).

376 Management and Treatment in General and in Special Populations



Hypertensive crises during pregnancy must be managed

in a more careful and conservative manner because of the

presence of the fetus. Magnesium sulfate, methyldopa, and

hydralazine are the drugs of choice, with oral labetalol and

nifedipine being drugs of second choice in the United

States. Delivery of the infant often assists in the manage-

ment of hypertension in pregnancy and often is hastened

by the obstetrician under these conditions.

Hypertensive urgencies are situations in which acute

TOD is not present; they require somewhat less aggressive

management and can nearly always be treated with oral anti-

hypertensive agents without hospital admission. Nifedi-

pine, clonidine, captopril, labetalol, and several other

short-acting antihypertensive drugs have been used for

this problem. Nifedipine has been reported to cause precipi-

tous hypotension, stroke, MI, and death, according to the US

Food and Drug Administration, and “should be used with

great caution, if at all.” None of these drugs seems to have

a major advantage over all the others, and all are effective

in most patients (77). The most important aspect of mana-

ging a hypertensive urgency is to assure adherence to anti-

hypertensive therapy during long-term follow-up.

Patients presenting with a hypertensive emergency

should be diagnosed quickly and started promptly on

effective parenteral therapy (often nitroprusside 0.5 mg

or mg/kg per min) in an intensive care unit. BP should

be reduced �25% gradually .2–3 h. Oral antihyperten-

sive therapy should be instituted after 6–12 h of parenteral

therapy; evaluation for secondary causes of hypertension

may be considered after transfer from the intensive care

unit. Because of advances in antihypertensive therapy

and management, “malignant hypertension” should be

malignant no longer. For refractory hypertension, both

hydralazine and minoxidil have been used for treatment

in conjunction with a b-blocker and a diuretic.

VI. DRUGS INTERACTIONS

The selection of the initial agent to treat hypertension must

be done with the understanding that many hypertensive

patients may not reach goal BP on that agent alone and

will very likely need additional antihypertensive therapy.

Furthermore, many hypertensive patients need to take

chronic medications for other conditions and so drug–

drug interactions are of concern.

Certain combinations of antihypertensive agents are

particularly effective, such as thiazide diuretics with b-

blockers, ACE-Is, or ARBs. Combinations of ACE-Is

with CAs (both DHP and non-DHP) are also effective.

Moreover, combinations of the two subtypes of CAs are

synergistic with regard to BP reduction. DHPCAs and b-

blockers are also very effective combinations. Most impor-

tantly, non-DHPCAs and b-blockers should not be used

together because of the risk of excessive bradycardia and

conduction defects. Thiazide diuretics are effective with

all other antihypertensive drugs, including CAs, and

always should be included in a triple-drug regimen.

Little is known about the efficacy of combining a-blockers

with central and peripheral sympatholytics or with ACE-Is

or ARBs.

Over the past decade, a series of low-dose combinations

have been introduced that have fewer clinical side-effects

than when the components are used as monotherapy,

Table 23.4. The best example is the combination of a

DHPCA with an ACE-I. These fixed-dose combinations

have a significantly lower incidence of edema than that

seen when a DHPCA is given alone. However, the inci-

dence of cough is not lessened when these drugs are com-

bined. The appeal of a low-dose fixed-dose combination is

that BP can be reduced more quickly and effectively, with

fewer adverse reactions using two drugs at lower doses

than might occur when one or the other component is

pushed to the maximum dose. The added advantage is

that the patient needs to take fewer pills to get BP to

goal and so adherence to the regimen tends to improve

(discussed subsequently).

The most commonly used antihypertensives do not

have any serious drug–drug interactions with anticoa-

gulants, platelet inhibitors, or antibiotics. Non-DHPCAs,

b-blockers, and telmisartan (an ARB) must be used with

care in patients who are taking digoxin. Nonsteroidal

anti-inflammatory agents may raise BP and can interfere

with the activity of all antihypertensive agents; it is still

controversial whether the specific inhibitors of cyclo-

oxygenase-2 interfere as much or as widely as the older

cyclooxygenase-1 inhibitors.

A. Medication Adherence

Overall, fewer than 50% of patients continue taking the

initially prescribed antihypertensive drug therapy for 4

years (78). The proportion who properly adhere to

therapy improves only modestly when the drugs and

medical care are provided free of charge (20). About

10% of the overall expenditures on hypertension in the

United States are wasted because of nonadherence to

medical advice and antihypertensive drug therapy.

Patients who do not follow the advice of their physicians

and do not take their medications correctly have an infinite

cost/benefit ratio because they incur all the cost associated

with the therapy, but derive none of the benefits of

treatment.

Some medications induce physical signs that are absent

in those who have not recently taken them, for example,

bradycardia with b-blockers; orthostatic BP change with

a-blockers; and an increase in serum urate with diuretics.

A telephone call to the patients pharmacy generally will
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reveal how many times the prescribed medications have

been refilled during the last year. Several interventions

have been advocated to improve adherence with medi-

cations, Table 23.9.

VII. CONCLUSIONS

Drug therapy is indicated in all hypertensive patients, if

goal BP is not reached with lifestyle modifications alone.

The following steps are recommended for choosing a

regimen and then altering it until the goal is reached: (a)

deal with the cost first. If the patient is unable to afford

any but the least expensive drugs or cannot pay for the

one that is selected, price becomes the primary issue; (b)

ascertain whether other risk factors or comorbidity is

present. Avoid drugs that may worsen these factors or con-

ditions and choose the ones that may improve them; (c)

find out what clinical adverse reactions the patient would

or did find most troublesome and avoid agents that are

likely to cause or exacerbate these problems. Some

patients are not concerned by certain side effects that are

very troublesome to others; (d) consider demographic

issues and select the drug class with a higher probability

of success if options are available; (e) start with the

lowest effective dose and plan to see the patient within 4

weeks unless the severity of the patient’s hypertension or

another problem warrants an earlier visit. Carry out appro-

priate biochemical monitoring when necessary. Start with

a fixed-dose combination when appropriate (e.g., stage 2

hypertension); (f) increase the dose if goal BP has not

been reached or if there has been only a sub-optimal

response. Do not increase the first dose or any dose prema-

turely. Give each dose adequate time to be fully effective.

If intolerable side effects occur and are drug-related or if

no BP lowering response to the medication has occurred,

only then switch to another appropriate agent as monother-

apy; (g) continue the process of dose titration and monitor-

ing until the maximum recommended dose has been

reached. Stopping before the full dose has been reached

leads to a situation in which the patient is treated with mul-

tiple agents at sub-therapeutic doses when only one or two

drugs may be necessary; (h) if the maximum-tolerated

dose of the first drug fails to reduce BP to goal, add a

second agent that has a different mechanism of action

and is known to have additive antihypertensive effects to

the first-choice agent. A fixed-dose combination that com-

bines two drugs in the desired doses also could be used at

this time; (i) titrate the second drug to the full dose, as was

done for the first drug, and continue appropriate monitor-

ing. If the two-drug combination fails, consider a specific

cause for the patient’s refractory hypertension, and if none

is evident, add a third drug, being sure that a diuretic is part

of the regimen. Consider a referral to a hypertension

specialist; (j) plan to see a patient who is at goal at least

once every 3 months to be sure that BP control is sus-

tained; and (k) reinforce the need for adherence to the

regimen (including lifestyle modifications) and inquire

about adverse reactions. Although some patients will not

reach goal with this approach even with the many avail-

able treatment options, most will come under control or

close to it. Patients who do this can anticipate substantial

long-term benefit with an extended life expectancy and a

markedly reduced risk of stroke, ischemic heart disease,

HF, and probably renal failure and quite possibly,

dementia.
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KEYPOINTS

. Lifestyle modifications are helpful measures in the

management and treatment of hypertension.

. Not all lifestyle modifications that may be rec-

ommended have equally valuable evidence base.

. The principal lifestyle modifications that should be

recommended are:

W Dietary salt reduction.

W Increase of dietary potassium.

W Weight loss if overweight.

W Smoking cessation, moderate alcohol drinking

and regular physical exercise.

SUMMARY

Lifestyles modifications and non-drug therapies are a vast

group of measures essential to the prevention and manage-

ment of hypertension. International experts unanimously

recommend some of them. However, not all measures

are equally valuable or have the same evidence base.

The first step in the management of patients of any age

who have hypertension should be a reduction in salt

intake (from 9 to 6 g/day), either alone or in combination

with drug therapy, to which is often additive. A high

potassium diet achieved with an increase in the consump-

tion of fruit, vegetables and pulses is also recommended.

Weight reduction, regular dynamic exercise and reduction

of alcohol consumption should be included in manage-

ment plans for the prevention and non-pharmacological

treatment of hypertension. Limited evidence supports the

role of calcium and magnesium, or stress management

for the prevention and management of hypertension.

I. INTRODUCTION

It is widely accepted that changes in diet and lifestyle do

lower blood pressure and reduce cardiovascular risk.

They represent valuable tools for the prevention and
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management of hypertension. Although these lifestyle

measures are remarkably useful because of their low

cost, their effectiveness is related to the patient’s ability

and motivation to change and to maintain this change.

International experts recommend a series of nonphar-

macological measures on the basis of the evidence

currently available (Table 24.1). They consistently insist

on the importance of weight reduction, if overweight,

restriction of dietary salt intake, limitation of alcohol

consumption, and regular and dynamic exercise. A diet

that increases vegetables, fruit and low-fat or fat-free

dairy product consumption (therefore, rich in fiber, potas-

sium, calcium, and magnesium) is also part of the unani-

mously accepted recommendations. In this chapter, we

will review the evidence available supporting these

measures and other behavioral measures, such as

smoking cessation and relaxation, which may have an

impact on blood pressure control.

II. WEIGHT REDUCTION

The burden of obesity in societies is increasing. The

prevalence of obesity in the United States, defined as

body mass index (BMI) �30 kg/m2, by the year 2000

was �20% of the adult population and overweight or

obese (BMI �25 kg/m2) was over 60% (1). In the

United Kingdom, the progression of obesity has followed

the same direction. In 1980, 8% of women and 6% of men

were obese, whereas currently half of women and two-

thirds of men are overweight or obese (BMI �25 kg/m2)

(2). Following this tendency, the risk of co-morbidity

increases proportionally to the increase in body weight

and so do the cardiovascular risk factors such as dyslipide-

mia, diabetes mellitus, and hypertension. Moreover,

obesity is also an independent risk factor for coronary

heart disease and total cardiovascular morbidity and

mortality.

Over the past decades, many studies have investigated

the relationship between blood pressure and obesity. An

early review published by MacMahon et al. shows a

linear, positive, and independent relation between BMI

or body weight and systolic and diastolic blood pressure

(3). Obesity may account for one-third of the prevalence

of hypertension. Although, this association is present in

all subgroups by age, sex, or ethnic group, the results

suggested it to be stronger in whites than in people of

black African origin and to diminish with age.

In overweight subjects, the distribution of body fat seems

to affect the risk of cardiovascular disease and hypertension.

The prospective study of “men born in 1913” showed a

significant association between waist-to-hip circumference

ratio and stroke, ischemic heart disease, and death from all

causes (4). Furthermore, the influence of central adiposity

on hypertension has been suggested in different studies in

men, women, whites, and people of black African origin

(5–9). However, as the methods used to measure waist-

to-hip ratio have lacked standardization and suffer from

large observer bias, the National Institutes of Health Clini-

cal Guidelines on the Identification, Evaluation, and Treat-

ment of Overweight and Obesity in Adults proposed the

waist circumference as a reference measure of central

adiposity (10). The results from the Olivetti Heart Study

show that, in middle aged men, waist circumference is a

strong predictor of high blood pressure independently of

BMI and insulin resistance (6).

Considering the relationship between weight and blood

pressure, weight reduction has been proposed as a measure

to reduce blood pressure in overweight subjects. The

results of the Trials of Hypertension Prevention (TOHP),

Phase I and II, multicenter, randomized clinical interven-

tions, indicate that both short and long-term weight loss

interventions are successful in reducing blood pressure

(11,12). In TOHP I, an 18-month intervention was signifi-

cantly associated with 77% reduction in the incidence of

hypertension after a 7-year follow-up. In TOHP II, a

longer-term intervention of 36 months resulted, equally,

in significant reductions in systolic and diastolic blood

pressures and in a lower incidence of hypertension.

The latest published meta-analysis of 25 randomized

controlled trials between 1978 and 2002—including only

weight reduction by means of energy restriction, increased

physical activity, or both—showed a blood pressure

reduction of 4.4/3.6 mmHg for a 5 kg weight loss (13).

[Fig. 24.1(A) and (B)]. A dose-response was observed,

that is, the greater the weight loss, the greater the blood

pressure reduction. Furthermore, the beneficial effect of

weight reduction on blood pressure was independent of

age, gender, and initial BMI, although the effect appeared

greater in patients on antihypertensive therapy. This meta-

analysis also highlights the problem of lack of compliance

during long-term interventions because the maximal effect

was reached before the end of the trials. A previous

Cochrane review also associated a modest weight loss to

a modest blood pressure reduction and finally recom-

mended a weight loss program as part of a nondrug

Table 24.1 Summary of Lifestyle Changes to Improve the

Control of Hypertension

Lose weight if overweight

Reduce your sodium intake: not more than 5 g of salt per day

Follow a diet with a high consumption of fruit, vegetables, and

pulses

Moderate alcohol consumption: not more than 2 or 3 units

per day

Regular and dynamic exercise

Stop smoking
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intervention or as adjunctive to drug therapy, as it

decreases the dosage of antihypertensive therapy needed

to reach blood pressure control (14).

Moreover, the Trial of Nonpharmacologic Interven-

tions in Elderly (TONE) showed that a combined interven-

tion reducing average body weight by�3.5 kg and sodium

intake by �40 mmol/day in elderly patients (60–80

years) was associated with a 30% reduction in blood

pressure (equivalent to that achieved with antihypertensive

medication) (15). Likewise, the Diet, Exercise, and

Weight Loss Intervention Trial (DEW-IT), a recent con-

trolled trial, has confirmed that weight loss and changes

in lifestyle do lower blood pressure in obese participants

taking a stable dose of a single antihypertensive drug.

The participants were randomized into two groups: a

control group and a lifestyle group that was fed a hypo-

caloric and low-salt version of the Dietary Approaches

to Stop Hypertension (DASH) diet and followed a fitness
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Figure 24.1 (A and B) Systolic blood pressure in randomized controlled trials of weight reduction as a function of whether patients

follow antihypertensive treatment.
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program. The mean weight loss in the lifestyle group was

4.9 kg and the blood pressure reduction observed during

this trial was similar to that achieved with pharmacother-

apy: 212/26 mmHg (16).

An exploratory prospective analysis of the cohort of

middle aged men in the Chicago Western Electric study,

a long-term prospective study, confirms a positive

relationship between weight gain and average annual

change in blood pressure (17).

The biological mechanisms involved in the effect of

weight reduction on blood pressure are not fully under-

stood, but at least three different pathways must be con-

sidered: first, an effect mediated through inhibition of an

overactive renin–angiotensin–aldosterone system in

obese subjects; secondly, a stimulation of the natriuretic

peptides system with vasodilatation and natriuresis; and

thirdly, a reduction in insulin resistance and hyperinsuline-

mia (13–18).

In conclusion, weight loss is a widely accepted recom-

mendation for overweight or obese patients (19,20).

The complete available evidence shows the significant

benefits related to this lifestyle modification and its

importance when managing and preventing hypertension.

Therefore, physicians and health professionals should con-

stantly insist on the importance of weight loss, underlining

the related health benefits of this measure alone and as

part of a combination therapy, including salt reduction,

moderation in alcohol consumption, and increased

physical activity, for additive blood pressure reductions.

III. DIETARY SODIUM REDUCTION

There is a large body of evidence supporting the view that

high salt intake contributes to elevated blood pressure.

Indeed, the reduction of dietary sodium intake is one of

the most important and effective lifestyle modifications

to reduce blood pressure and to control hypertension.

Although the nonvascular health effects of a reduction of

salt intake in the long term are less clear, the value of

the public health recommendations in the management

and prevention of hypertension and other cardiovascular

diseases is beyond doubt.

The direct relationship between blood pressure and

dietary salt intake has been shown consistently in the

past decades. The INTERSALT study, an epidemiological,

standardized international study included 10,079 men and

women, aged 20–59 years old in 52 centers from 32 differ-

ent countries (21). The analyses were performed at two

levels. First, the intra-center results showed a significant,

positive, independent, and linear association between the

two principal outcomes of this trial: 24 h urinary sodium

excretion reflecting the amount of sodium intake and

systolic blood pressure. A 100 mmol/day higher sodium

intake would predict a 3–6 mmHg higher systolic and

up to 3 mmHg higher diastolic blood pressure. These

results were valid in the different subgroups analyzed:

men, women, young, elderly, and for 8344 participants

with normal blood pressure.

The cross-population analysis, including 52 centers,

also showed a significant, independent relationship

between 24 h urinary sodium excretion and median

systolic and diastolic blood pressure. Furthermore, there

was an association between systolic and diastolic blood

pressure and the prevalence of hypertension, and an

increase with age of systolic and diastolic blood pressure

also was observed.

These results are corroborated by the Multiple Risk

Factor Intervention Trial (MRFIT). In this cohort of

more than 11,000 participants and a follow-up of 6

years, sodium intake (assessed by dietary records) was sig-

nificantly, directly, and independently related to systolic

and diastolic blood pressure in both those receiving and

not receiving antihypertensive medication (22). This

relationship was detected even though the authors may

have underestimated the effect of dietary sodium by calcu-

lating sodium intake only from reported foods consumed

and not taking into account any discretionary salt added

in the kitchen or at the table. Although the literature

shows that most of the salt consumed in western societies

comes from processed food, a correction for systematic

bias was introduced in the analysis to reduce this

error (23).

A moderate reduction in salt intake reduces blood

pressure. Different meta-analyses show a significant

blood pressure reduction in response to a reduction in

sodium intake in hypertensive patients. In the latest pub-

lished meta-analysis of 40 trials, an average reduction in

urinary sodium excretion of 77 mmol/24 h is associated

with a reduction in blood pressure of 2.54/1.96 mmHg

(24). Previous meta-analyses published concordant

results. When analyzing data in normotensive patients,

some reported significant reductions in blood pressure fol-

lowing a reduction in sodium intake and others argued for

a nonsignificant effect in this population (25). The contro-

versy has, in part, been encouraged by sections of the food

industry (and particularly by their public relation compa-

nies protecting the interests of salt manufacturers) to

avoid a population-wide reduction in salt intake with

devastating effects on their profits (26).

A moderate reduction in sodium intake lowers blood

pressure and is beneficial in preventing hypertension. In

the Trial of Hypertension Prevention Phase II, a sodium

reduction of 100 mmol/day (equivalent to 6 g of salt/
day) alone or combined with weight loss prevents hyper-

tension by 20%. The TONE trial reported a 30% decrease

in the need for antihypertensive medication by reducing

the average sodium intake by �40 mmol/day (15).
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Finally, in the DASH study, the authors argued that even

lower sodium intakes should be recommended (27).

Although blood pressure could be lowered by reducing

sodium intake from 140 to 100 mmol/day (the 6 g salt

threshold recommended by international guidelines), a

further reduction of sodium intake from 100 to

65 mmol/day (to �3 g of salt) caused a further decrease

in blood pressure. The effect of salt reduction is, therefore,

dose-dependent. It lasts as long as the reduction is sus-

tained with no evidence of an adaptation effect, from

periods of several weeks to a few years (28). Two recent

meta-analyses (29,30) and studies in the UK (31) and in

the US (32,33) support the role of a moderate reduction

in sodium intake to lower blood pressure.

The effect of salt reduction on blood pressure in chil-

dren and adolescents has also been studied. In a double-

blind, randomized controlled trial conducted in 1980

among 476 newborn infants, Hofman et al. (34) showed

that infants fed with a diet lower in salt had lower blood

pressure in the first 6 months of life. Furthermore, a

follow-up of this cohort 15 years later showed that the

two groups had significantly different blood pressures.

The children who were assigned to the lower salt intake

during the intervention had lower systolic blood pressure

(35). A recent review of a limited number of observational

and interventional studies suggested an association

between blood pressure and salt consumption in children

and adolescents (36).

Long-term effects or health benefits remain to be studied.

Graudal et al. (37) claimed possible hormonal and meta-

bolic hazards of reducing the consumption of sodium to

very low levels. The levels of renin and aldosterone were

increased by 3.6-fold and 3.2-fold, respectively. They

argued that a reduced sodium intake should be used as a sup-

plementary treatment in hypertensives only. However, in

another study, Meade et al. (38) concluded that plasma

renin was not associated with cardiovascular disease.

The size of the reduction in blood pressure related to a

reduction in sodium intake varies according to age, level of

the initial blood pressure, and sharpness of the response of

the renin–angiotensin system. Irrespective of the initial

blood pressure, a modest reduction in salt intake in

people over the age of 60 induces a significant reduction

in blood pressure, without untoward effect (39). These

findings are supported by several trials showing larger

reductions in blood pressure in response to sodium restric-

tion in older patients (25,40). The TONE trial included 975

men and women aged 60–80 years with a blood pressure

,145/85 mmHg while receiving treatment with a single

antihypertensive medication (15). This study in an

elderly population concluded that in hypertensives, it is

feasible to achieve and maintain moderate decreases in

sodium intake and body weight. These changes result

in important reductions in blood pressure and a reduction

in the need for antihypertensive drugs. People of black

African origin are another group that shows greater

effect in blood pressure when dietary salt is reduced

(27,41). The renin–angiotensin system is the metabolic

response to a reduction in salt intake. The more efficient

this compensatory response is, the smaller the blood

pressure reduction following a decrease in sodium intake

(42). This phenomenon explains why, for instance, the

effect is larger in hypertensives and amongst the elderly.

These groups have weaker responses of the renin–

angiotensin system to a change in the amount of sodium

ingested, showing a greater blood pressure fall. Similarly,

“low-renin” black populations respond more than white

populations to the same degree of salt restriction (43).

Considering these mechanisms, some additive effects

of salt restriction and drugs blocking the renin–

angiotensin system would be predicted. Indeed, angioten-

sin-converting enzyme inhibitors, b-blockers, and

angiotensin II receptor antagonists have an additive effect

on blood pressure in those already on a reduced sodium

intake (44). Furthermore, the reduction in sodium intake

associated with any of the above classes of drugs is as

effective as adding a low-dose thiazide diuretic.

There is a great interest in the genetic determinants of

the blood pressure sensitivity to salt and its ethnic vari-

ations (45). Genes involved in the regulation of the

renin–angiotensin pathway, in transmembrane ion

exchange, and in the modulation of sympathetic activity

have been a focus of intense research. The Olivetti Heart

Study involving a large population sample of middle

aged men showed an association between the Gly40Ser

mutation of the glucagon receptor gene and an increased

sodium reabsorption at the proximal tubule (46). The

study indicates a possible genetic contributor to the

blood pressure sensitivity to salt. However, this genetic

variant is almost absent in other ethnic groups, particularly

in those of black African origin who are known to be most

salt sensitive (47). In contrast, the C(2344)T polymorphic

variant of the aldosterone synthase gene (CYP11B2)

modulates the relationship of blood pressure and plasma

aldosterone levels with age (48). The associations

between functional mutations associated with altered

renal sodium handling and changes in sodium intake

have not been clearly explained yet. A reasonable hypo-

thesis seems to be that each functional mutation has an

influence in the individual response of blood pressure to

sodium intake.

Reduced salt intake has other benefits as well as blood

pressure reduction, for instance, it is recommended in

conditions of sodium and fluid retention. It is associated

with a reduction of urinary calcium excretion and risk of

kidney stones, reduction in bone mineral loss with age,

and osteoporosis (49–51). It seems to protect against

stomach cancer, stroke, and asthma attacks (52).
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Reduction of dietary salt intake is one of the most

important nonpharmacological lifestyle modifications

recommended by international organizations (19,20)

(Table 24.2). This reduction will be only effective in

western societies if negotiations with the food industry

start and manufacturers decrease the amount of salt

added to processed food. In these societies, a large pro-

portion of sodium intake (�77%) comes from processed

food and bread (21). On the contrary, in developing

countries where the prevalence of hypertension continues

to increase, more traditional health promotion strategies

would be applicable and nutritional education might

have an important effect in these societies (53,54).

Another approach to lower salt intake is the use of salt

substitutes. The American Heart Association recommends

the use of nonchloride salts of sodium because they do not

increase blood pressure (55). In a double-blind, random-

ized placebo-controlled trial that includes 100 men and

women 55–75 years old with untreated mild-to-moderate

hypertension, Geleijnse et al. (56) showed a significant

decrease in blood pressure of 7.6/3.3 mmHg when using

a mineral salt substitute (sodium:potassium:magnesium,

8:6:1). The effect was sustained as long as the patients

used the salt subtitute.

In conclusion, there is enough evidence to recommend

a decrease of dietary salt intake (from 9 to 6 g/day) as an

effective measure to lower blood pressure in hypertensive

patients. At a population level, the issue is more complex.

The expected benefits of a modest reduction in blood

pressure across the whole population would be significant,

especially on stroke, coronary heart disease, and all other

cardiovascular conditions for which high blood pressure

is a causative risk factor. The benefits would be greater

in the elderly. They have a much higher stroke incidence

(greater absolute risk), and the majority of strokes occur

at levels of blood pressure not always requiring drug

therapy (more stroke events attributable to the effect of

blood pressure).

IV. INFLUENCE OF OTHER MICRONUTRIENTS
ON BLOOD PRESSURE

A. Potassium

Several factors seem to be involved in the regulation of

blood pressure and nutritional factors are the most import-

ant environmental elements influencing it. In particular,

Table 24.2 How to Reduce Salt Intake: A Practical Advice

Target daily salt intake should not exceed 5 g/day

1. Never add salt to a meal

You should not Instead

Use rock salt or sea salt. They are the same as table salt! Use pepper, garlic, lemon, and herbs

Add sauces, most of them contain salt (i.e., tomato ketchup,

soy sauce, HP sauce)

2. Do not add salt to the cooking

You should not Instead

Use stock cubes, gravy browning, soy sauce, or salted dry fish

Use curry powders and prepared mustards,

some of them are high in salt

Try other flavorings!

Any fresh, frozen, or dried herbs

All spices

Lemon or lime. Vinegar

Wine, beer, or cider

Onions, garlic, shallots, ginger, and chillies

3. Avoid manufactured or processed foods with added salt

Food labeling

Salt is sodium chloride. At the moment, most food labels

only report sodium as grams per 100 g of food. To convert

to salt multiply by 2.5 (1 g of sodium per 100 g of food is

the equivalent to the saltiness of seawater!)

Beware Ideally

Most breads are high in salt

Many cereals contain too much salt

All ready soups, all processed meats, take-away pizzas,

Chinese take-away, and some ready-made foods are often

very high in salt

Some mineral waters also are high in salt

Only chose food items with no more than 0.3 g

of sodium per 100 g of food (equivalent to

�0.75 g of salt per 100 g of food)
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the association between potassium intake and blood

pressure had raised substantial interest.

Two large prospective studies have shown an inverse

association between dietary potassium intake and preva-

lence of hypertension. Ascherio et al. (57) analyzed

a cohort of 30,681 United States male professionals,

40–75 years old, without diagnosed hypertension for a

follow-up period of 4 years. A significant inverse associ-

ation was found between potassium intake and risk of

hypertension after adjustment for energy intake, age, rela-

tive weight, and alcohol consumption. When adjusted

additionally for dietary fiber and magnesium intake, the

association was no longer significant. The same result

was observed before in a large cohort of women, the

Nurses’ Health Study cohort (58). Although there is a sig-

nificant association between potassium and hypertension,

there is also an important correlation between potassium,

calcium, and magnesium intake as they are present simul-

taneously in foods such as fruits, nuts, vegetables, cereals,

and dairy products—hence the difficulty to differentiate

the importance of the potassium effect when adjusted to

the other micronutrients in these prospective studies (59).

The INTERSALT co-operative study also estimated the

effect of potassium in blood pressure. A reduction in sys-

tolic and diastolic blood pressure of 3.36/1.87 mmHg was

related to a higher potassium intake of 50 mmol/day

(60). Other cross-sectional studies also have shown this

inverse relationship between potassium intake and blood

pressure. Accordingly, a recent meta-analysis by Geleijnse

et al. (24) including 27 potassium trials showed a similar

association between the increase of potassium intake

(median: 44 mmol/24 h) and a decrease in systolic and

diastolic blood pressure of 2.42 mmHg (95% CI, 1.08–

3.75) and 1.57 mmHg (0.50–2.65) respectively.

Furthermore, in the TOHP phase I trial, a double-blind,

randomized controlled trial, Whelton et al. (61) showed

that there was a significant, independent, dose-response

relationship between the variations of both 24 h urinary

potassium excretion and urinary sodium potassium ratio

and the corresponding change in diastolic blood pressure.

The relation between high potassium intake and lower

blood pressure has been widely shown and it appears to

be the same in women and men. However, Grim et al.

(62) presented results showing a difference between

African-Americans and whites in their response to

changes in potassium intake. At similar levels of sodium

intake and with low potassium intake, the prevalence of

hypertension was higher in African-Americans. Two

different intervention trials in participants from this

ethnic group published a substantial reduction in blood

pressure after potassium supplementation (63,64).

Two major meta-analyses that included randomized

controlled trials, where the effect of potassium supplemen-

tation on blood pressure was tested, showed similar

results. In an early meta-analysis, the review of 19 clinical

trials (586 patients including 412 hypertensive patients)

showed an overall effect of potassium supplementation of

25.9 mmHg (95% CI, 26.6 to 25.2) and 23.4 mmHg

(95% CI, 24.0 to 22.8) for systolic and diastolic blood

pressure, respectively. The lowering effect of potassium

supplementation was greater in hypertensives, and the

longer the duration of the supplementation, more pro-

nounced the effect observed (65). In a more recent meta-

analysis including 2609 participants in 33 randomized

controlled trials, Whelton et al. (66) published similar

effects of potassium supplementation (Fig. 24.2). Further-

more, they concluded that the effect of potassium

supplementation on blood pressure appeared to be

enhanced in studies including patients with a high

sodium intake.

In a “potassium-deprivation” intervention trial by

Krishna et al. (67), 10 healthy normotensive and hyperten-

sive patients were randomized to an isocaloric diet consist-

ing of an equal sodium intake and either low (10 mmol/
day) or normal potassium (90 mmol/day) intake. Both

mean arterial blood pressure and diastolic blood pressure

were significantly higher in the low potassium diet. They

argued in a latter publication that potassium depletion in

humans is accompanied by sodium retention and calcium

depletion and also by an altered response to vasoactive

hormones. These metabolic effects together with the

direct vasoconstrictive effects of hypokalemia might be

the cause of the augmentation in blood pressure during a

decrease of potassium intake (68).

Nevertheless, the mechanisms responsible for the hypo-

tensive effect of increased potassium intake have not been
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fully understood. Several hypotheses have been put

forward. High potassium intake might reduce the develop-

ment of atherosclerosis, therefore, having a vascular pro-

tective effect. It may also reduce arteriolar thickening in

the kidney. Moreover, potassium infusion increases

acetylcholine-induced vasodilatation, and this effect is

inhibited by the consequent infusion of the nitric oxide

synthase inhibitor L-NMMA (l-nitromonomethylargi-

nine). This suggests that through a nitric oxide-dependent

vasodilatation, potassium could lower blood pressure.

The main sources of dietary potassium in the form of

inorganic or organic salts are fruits, vegetables, pulses,

and nuts. The results of a recent randomized controlled

trial conducted in 59 volunteers suggested that mean

arterial blood pressure was reduced by an average of

7.01 mmHg as a result of a low-dose potassium sup-

plementation (24 mmol of slow-release potassium chlor-

ide per day) equivalent to the content of 5 portions of

fresh fruits and vegetables (69).

Not only does the increase in dietary potassium help to

reduce blood pressure, but also, it is a feasible and effective

measure to reduce antihypertensive drug treatment. In

1991, Siani et al. (70) showed that after dietary advice,

the intervention group increased their potassium intake

compared with the control group. Consequently, blood

pressure could be controlled using ,50% of the initial

therapy in 81% of the patients in this group compared

with 29% of the patients in the control group. For instance,

high potassium intake in patients with diuretic-induced

hypokalemia improves blood pressure control (71).

Currently, the existing evidence supports the notion

that a diet which provides a sufficient amount of potassium

(as much as five portions of fresh fruits and vegetables a

day) is an effective nonpharmacological measure to

improve blood pressure control in hypertensives and to

reduce the risk of hypertension in the general population

(Table 24.3). Although potassium supplementation

cannot be considered as a fully nonpharmacological inter-

vention, it should be included as part of the recommen-

dations for treatment and prevention of hypertension

because of its significant benefits in this group.

B. Calcium

The potential effect of dietary calcium on blood pressure

has been the focus of a considerable amount of research

because calcium intake can be increased by simple

dietary measures at low cost.

Several observational studies investigating the associ-

ation between calcium intake and blood pressure have

been published. However, they show inconsistent results.

Potential explanations of this inconsistency are the differ-

ences in the design of the studies, the methods used to

assess calcium intake, and the sample characteristics and

sizes. Altogether, these studies indicate that for 1 g

higher calcium intake there would be a reduction in systo-

lic blood pressure from 20.34 to 20.01 mmHg in men,

from 20.16 to 20.15 mmHg in women, and from

20.39 to 20.06 mmHg in both groups combined. The

corresponding reduction in diastolic blood pressure would

be from 20.22 to 20.01 in men, from 20.06 to 20.05 in

women, and from 20.35 to 20.06 in the groups combined

(72,73). In conclusion, there may be a significant inverse

association between calcium and blood pressure.

However, the size of these estimates and the lack of caus-

ality do not justify an increase in calcium intake above the

Recommended Dietary Allowance at population level for

the prevention and treatment of high blood pressure.

Intervention trials are more likely to prove a causal

relationship. Two large meta-analyses of randomized

controlled trials have been published analyzing the blood

pressure lowering effect of calcium supplementation

(Fig. 24.3).

In 1996, Allender et al. (74) pooled 22 trials including a

total of 1231 participants. They estimated a reduction of

20.89 and 20.18 mmHg of, respectively, systolic and

diastolic blood pressure in the overall sample. An analysis

of two subgroups of trials, carried out in hypertensive

patients and normotensive patients, respectively, showed

a higher reduction of 21.68 mmHg in systolic blood

Table 24.3 Foods Rich in Potassium Classified by Descending

Content

Fresh fruits Pulses (legumes) Vegetables

Foods with 5 mmol or more of elemental potassium per 100 g

Banana Bean (dry) Mushroom

Apricot Broad bean (dry) Potatoes

Plum Chickpeas (dry) Spinach

Cherries Lentils (dry) Artichoke

Grapefruit Broad bean (fresh) Broccoli

Grapes Cauliflower

Oranges Chicory

Peaches Asparagus

Cabbage

Fennel

Lettuce

Prickly lettuce

String beans

Raw tomatoes

Turnip

Other foods: 2–5 mmol of elemental potassium per 100 g

Orange juice Canned beans Carrots

Pear Canned lentils Green tomatoes

Apple Peas (fresh) Aubergine

Peas (frozen) Radicchio

Green peppers

Peppers
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pressure for trials of hypertensive than that for normoten-

sive persons (20.53 mmHg). However, the diastolic blood

pressure was not significantly affected by the supplemen-

tation in either of the subgroups. In 1999, Griffith et al.

(75) updated the 1996 meta-analysis by adding 10

studies to the 32 original trials. They confirmed the pre-

vious results by showing a small significant reduction of

systolic blood pressure of 21.44 mmHg and diastolic

blood pressure of 20.84 mmHg.

Although these two meta-analysis consistently con-

cluded that a small reduction in blood pressure was

achieved following the interventions, the evidence is

insufficient to support the use of calcium supplementation

for the prevention and treatment of hypertension.

However, calcium deficiency should be avoided. Hamet

et al. (76) argued that calcium may have an influence

on the effect of sodium intake on blood pressure by

showing that higher blood pressure was associated with

high sodium intake among people at low calcium

intake. The so-called “Calcium Antihypertension

Theory” was put forward just to divert the attention

from the evidence that a reduced salt intake has a ben-

eficial effect on health (77).

An inverse relationship has been described in early

observational studies between calcium intake and gesta-

tional hypertension and preeclampsia (78). Calcium

supplementation may be beneficial only for women at

high risk of gestational hypertension and with low dietary

calcium intake. However, these benefits were only found

in small trials (79).

The Trial of Calcium for Preeclampsia Prevention

(CPEP) included 4589 healthy, nulliparous women and

randomly assigned them to either 2 g of elemental

calcium or to a placebo during their pregnancies (80).

The results showed neither a significant reduction in the

incidence or severity of preeclampsia nor a delay in its

onset. Furthermore, there was no difference between the

prevalence of gestational hypertension or adverse perinatal

outcomes observed in the intervention group compared to

the placebo group. Calcium supplementation may only be

beneficial in women at high risk of hypertension during

pregnancy and low calcium intake. However, the

optimum dosage requires further investigation (81).

In conclusion, there is insufficient evidence to rec-

ommend high intake of calcium or use of calcium

supplementation for the prevention or treatment of hyper-

tension. Calcium deficiency should be avoided, especially

during pregnancy. Calcium supplementation during preg-

nancy does not prevent preeclampsia or gestational hyper-

tension in healthy nulliparous women whose calcium

intake is not low (82).

C. Magnesium

The possible association between dietary intake of

magnesium and blood pressure has also been the focus

of interest (78). A qualitative review of 29 observational

studies on the association between magnesium and blood

pressure included the majority of cross-sectional studies

(83). However, the studies employed a large number of

tools to assess dietary intake of magnesium, which

makes the interpretation of the results difficult. Never-

theless, it was suggested, that a 100 mg increase in
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Figure 24.3 Change in blood pressure after an average calcium supplementation of 1 g/day.
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magnesium could be associated with a 0.81 mmHg (95%

CI 0.72–0.91) lower systolic and a 0.60 mmHg (95% CI

0.53–0.67) lower diastolic blood pressure.

The overall antihypertensive response to magnesium

supplementation among hypertensive individuals is

small, and several trials have failed to show a significant

effect of magnesium supplementation on blood pressure

(84). For example, in a small crossover trial, Cappuccio

et al. (85) showed no change in blood pressure after

4 weeks of treatment with magnesium aspartate

(15 mmol magnesium per day). Also, in the larger Trial

of Hypertension Prevention (TOHP), 227 patients were

randomized to receive either 15 mmol of magnesium per

day or placebo for 6 months (86). No blood pressure low-

ering effect due to the magnesium supplementation was

detected. Moreover, Sacks et al. (87) recruited 300 normo-

tensive women in the Nurses’ Health Study II, whose

intake of potassium, magnesium, and calcium was low.

They were randomized into different treatment groups,

one of which included a supplement of 14 mmol of mag-

nesium per day for 16 weeks. The results did not show

any effect on blood pressure.

Nevertheless, Witteman et al. (88) in a double-blind

randomized controlled trial of 91 untreated middle-aged

and elderly women with mild-to-moderate hypertension

found that magnesium supplementation (20 mmol/day)

for 6 months significantly lowered diastolic (23.4 mmHg)

but not systolic blood pressure.

In conclusion, there is no consistent evidence to support

magnesium supplementation for the prevention and treat-

ment of hypertension.

D. Vitamins

There has been interest in the possible role of vitamins in

blood pressure regulation. For instance, the possible nega-

tive regulation of the renin–angiotensin system by 1.25

(OH) vitamin D has been described (89). Antioxidant vita-

mins have been of particular interest. In a randomized,

double-blind, cross-over controlled trial including 38

treated hypertensive patients, Galley et al. (90) reported

a significant reduction in systolic blood pressure following

a short-term oral high-dose combination antioxidant

therapy (200 mg of zinc sulphate, 500 mg of ascorbic

acid, 600 mg of a-tocopherol, and 30 mg of b-carotene

daily).

The Third National Health and Nutrition Examination

Survey (n ¼ 15,317 men and women aged over 20 years

old) indicated in multivariate adjusted models a positive

and significant association between vitamins A and E

and both systolic and diastolic blood pressure (91).

However, a significant inverse association of a-carotene

and b-carotene with blood pressure was only identified

with systolic blood pressure. In addition, vitamin C was

only associated with diastolic pressure.

In a systematic review, Ness et al. (92) found a consist-

ent association between higher vitamin C intake and lower

blood pressure. However, there was no real control for

confounding factors in the majority of the studies included

in this review. Since then, several intervention trials have

reported an inverse association between vitamin C and

blood pressure. However, these studies are small and it

is not clear whether the effect is sustainable in the long

term (93–97).

V. IMPORTANCE OF DIETARY PATTERNS

A. Vegetarian Diet

In randomized controlled trials, a lower blood pressure has

been observed in people on vegetarian diets, indepen-

dently of body weight, sodium, or potassium intake (98).

The main characteristics of a vegetarian diet include a

higher intake of fiber, calcium, magnesium, polyunsatu-

rated, and monounsaturated fatty acids and lower intake

of animal protein and saturated fats. A high intake of

fiber has recently been shown to account for a moderate

but significant reduction in blood pressure (99–101).

These are changes that are consistent with the international

recommendations to increase fruit and vegetables intake

and to reduce intake of saturated fats.

B. Dietary Approach to Stop
Hypertension Diet

Lifestyle changes and nonpharmacological approaches to

prevent and treat hypertension are now part of national

and international guidelines. The current evidence shows

a wide range of dietary factors that influence blood

pressure. However, the effect of a single nutrient on

blood pressure may be difficult to detect in trials,

whereas the cumulative effect of several nutrients con-

sumed together as part of a diet should be different and

more detectable. Following this hypothesis, the dietary

approach to stop hypertension (DASH) diet tested the

effects on blood pressure of a change in dietary patterns.

The DASH diet trial was an 11-week feeding program

including 459 adults with untreated mild hypertension

(102). For 3 weeks, participants followed a control diet

that was low in fruit, vegetable, and dairy products. The

fat content was representative of the average consumption

in the United States. Then, for the next 8 weeks, the partici-

pants were separated randomly in three groups and each

group was fed three different diets. One group was fed the

same control diet, the second a diet richer in fruit and veg-

etables but similar to the control diet for other nutrients,

and the third group was fed the DASH diet. The DASH
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diet was a diet rich in fruit and vegetables, low-fat or fat-free

dairy products, and reduced saturated and total fat content, in

other words, a high potassium, magnesium, calcium, fiber,

and protein diet (Table 24.4). The sodium intake was kept

constant in the three groups. Alcohol intake and weight

did not change during the trial or between the groups.

There was a gradient in the reduction in blood pressure

between the diets. The DASH diet reduced blood pressure

on average by 5.5/3.0 mmHg compared with the control

diet, whereas the “fruit and vegetables” diet reduced it

by 2.8/1.1 mmHg. Among subjects with hypertension,

the blood pressure reductions in the DASH group were

more pronounced, on average 11.4/5.5 mmHg.

In 2001, a second trial involving the DASH diet was

published, extending the evidence to the additional import-

ance of salt intake (27). In this second trial, 412 partici-

pants were randomly allocated to two dietary groups,

one following a control diet representative of the

average diet in the United States and the other following

the DASH diet. Within these groups, participants were

randomly assigned to three groups with increasing

amounts of salt consumption (�3, 6, and 10 g of salt per

day) (Fig. 24.4). The difference of systolic blood pressure

between the DASH-low sodium group and the control-

high sodium group was an impressive reduction of

7.1 mmHg in participants without hypertension and

11.5 mmHg in participants with hypertension.

The public health implications of these findings are

important considering that these results represent an alterna-

tive to drug therapy for those patients with mild hyperten-

sion and willing to comply with these dietary changes.

VI. ALCOHOL REDUCTION

Cross-sectional and prospective studies have consistently

reported a significant and direct association between

blood pressure and alcohol intake independent of age,

gender, ethnic group, smoking status, and other potential

cofounders (57), which indicates that high alcohol con-

sumption is one of the most important modifiable risk

factors for hypertension (22,103–106).

The strength of the association depends on both the

quantity and the pattern of alcohol consumption. For

Table 24.4 The DASH Diet: Eating Plan for 2000 Calories Per Day

Food group Daily servings Serving sizes Significance to the DASH diet

Grains and

grain products

7–8 1 slice bread

1 oz dry cereal

1/2 cup cooked rice, pasta,

or cereal

Major sources of energy and fiber

Vegetables 4–5 1 cup raw leafy vegetable

1/2 cup cooked vegetable

6 oz vegetable juice

Rich sources of potassium,

magnesium, and fiber

Fruits 4–5 6 oz fruit juice

1 medium fruit

1/4 cup dried fruit

1/2 cup fresh, frozen, or

canned fruit

Important sources of potassium,

magnesium, and fiber

Low fat or

fat free dairy

2–3 8 oz milk

1 cup yoghurt

1/2 oz cheese

Major sources of calcium and protein

Meats, poultry, or fish 2 or less 3 oz cooked meats, poultry, or fish Rich sources of protein and

magnesium

Nuts, seeds, and

dry beans

4–5 per week 1/3 cup or 11/2 oz nuts

2 tbsp or 1/2 oz seeds

1/2 cup cooked dry beans

Rich sources of energy, magnesium,

potassium, protein, and fibre

Fats and oils 2–3 1 tsp vegetable oil

2 tbsp light salad dressing

1 tsp soft margarine

1 tbsp low fat mayonnaise

DASH has 27% of calories as fat,

including fat in or added to foods

Sweets 5 per week 1 tbsp sugar

1 tbsp jelly or jam

1/2 oz jelly beans

Sweets should be low in fat

Note: After “Facts about the DASH Eating Plan” fact sheet. US Department of Health and Human Services. National Institutes of Health, National Heart,

Lung, and Blood Institute. NIH publication no. 03-4082. 24 pages (available online at http://www.nhlbi.nih.gov/health/public/heart/hbp/dash).
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example, a consumption of three or more drinks per day is

related to higher systolic and diastolic blood pressure and

also to higher prevalence of hypertension, which shows

that alcohol consumption is a strong predictor of the devel-

opment of hypertension in men (57,105) and women

(105,107). The INTERSALT study, an international multi-

center study that includes 50 centers world-wide and 4844

men and 4837 women 20–59 years old, presented an

average increase in systolic and diastolic blood pressure

in men and women as a function of their alcohol intake.

For men who drank 300–499 mL alcohol per week, a

difference of 2.7/1.6 mmHg was observed compared

with nondrinkers. Men who drank .500 mL alcohol per

week showed a greater difference of 4.6/3.0 mmHg. In

women, the difference in blood pressure between non-

drinkers and women who drank .300 mL alcohol per

week was 3.9/3.1 mmHg (106). In the Framingham

cohort of 5203 white men and women with no hypertension

and a follow-up of 20 years, blood pressure was higher in

nondrinkers than among light drinkers but among drinkers

blood pressure was higher at higher consumption levels

(104). Furthermore, in another cohort study with a 6 years

follow-up and 8334 participants, middle aged (45–64

years old) subjects and no hypertension at baseline,

higher levels of alcohol consumption were associated

with a higher risk of hypertension (103). These results

were consistent throughout all ethnic groups studied

(black ethnic minority and whites), men or women.

The relationship between alcohol consumption and

blood pressure is similar for all types of alcoholic beverages

(wine, beer, or spirits) in both women (107) and men (108).

The nature of this association is less understood. There

is no agreement on whether it is linear, J, or U shape.

Klatsky et al. (105) studied the blood pressure in relation

to known drinking habits in over 80,000 men and

women. They found a threshold at three or more drinks

per day. In particular, men consuming alcohol up to that

level had similar blood pressures compared to non-

drinkers, whereas women consuming up to two drinks

per day had slightly lower blood pressures than those of

nondrinkers. Similar results in women were published by

Witteman et al. (107). Equally, in the Framingham Heart

Study, there was a threshold showing that in men and

women blood pressure was higher in nondrinkers than in

light drinkers (95). Contrasting results have also been pub-

lished. The INTERSALT study, for instance, suggested a

continuous relationship between alcohol consumption

and blood pressure in men and, if anything, a weaker

relation at levels ,300 mL/week (106).

Altogether, moderate drinking is associated with a

reduced risk whereas heavy drinking is definitely associ-

ated with an increased risk. The threshold effect could

be placed at two or three units per day in both men and

women in all ethnic groups (one unit is equal to half a

pint of beer, one glass of wine, or one measure of spirits).

Although the effect of alcohol on blood pressure is

related to the amount consumed, it is not the only factor

involved. The pattern of consumption may play a role as

well. A study investigating the consequences of binge drink-

ing in 1154 men and women 18–54 years old showed that

consumption of eight or more drinks at one sitting presented

a significant risk for coronary heart disease and hyperten-

sion compared with usual drinking (109). However, no

effect on the risk of other cardiovascular disease was

observed. Episodic drinking produces greater differences

in blood pressure compared with regular drinking. This

result is corroborated by the conclusions of the INTER-

SALT study (106). Additionally, the effects of daily

heavy drinking on blood pressure are more prominent

than those of week-end heavy drinking (110).

Potters and Beevers (111) first showed the direct

response of blood pressure to variations of alcohol

intake. They showed that in a group of patients, the with-

drawal of alcohol consumption was accompanied with a
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Figure 24.4 Systolic blood pressure reduction after following the DASH diet and a reduction of salt intake.
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reduction in blood pressure and the following reintroduc-

tion of alcohol was accompanied by an increase in blood

pressure. Inversely, in another group, the continuation of

alcohol consumption sustained the rise in blood pressure.

The following withdrawal led to a decrease in blood

pressure. Since then, prospective observational studies

have indicated a reduction in blood pressure following a

reduction in alcohol intake compatible with that observed

in intervention trials.

A recent meta-analysis by Xin et al. (112) estimated a

reduction in systolic and diastolic blood pressure of

3.31/2.04 mmHg, respectively, for an average 76%

reduction in alcohol consumption from a baseline of

three to six drinks per day (Fig. 24.5). The findings also

suggested that the reduction in blood pressure following

a reduction in alcohol intake could be sustained over

time. This reinforces recommendations for moderation of

alcohol consumption to prevent and treat hypertension.

However, in 1998, the Prevention and Treatment of

Hypertension Study (PATHS) randomized controlled

trial showed a lack of significant effect on blood pressure

after alcohol reduction (113). These results suggested that

although moderation in alcohol intake as part of a multi-

factorial intervention should be recommended, it is not

suitable as a sole approach to the prevention and manage-

ment of hypertension.

In conclusion, moderation in alcohol intake to a

threshold of two drinks per day as recommended by the

British Hypertension Society and the Joint National Com-

mittee (JNC) on the detection, evaluation, and treatment of

high blood pressure is an accurate and beneficial position

(19,20). Extended recommendations under this threshold

remain a subject of debate, as the balance between risk

and benefit of further reducing alcohol consumption is

not well understood.

VII. REGULAR AND DYNAMIC EXERCISE

Increasing the level of physical activity is one of the most

widely accepted lifestyle measures to reduce cardiovascu-

lar risk and blood pressure (19,20). It includes mainly the

“dynamic” or “aerobic” exercise that consists of activities

like walking, running, cycling, or swimming. In contrast,

isometric exercise (e.g., weight training or body building)

is not recommended, because it is associated with higher

blood pressure levels.

In a recent meta-analysis of 54 randomized controlled trials

including 2419 participants, aerobic exercise was associated

with a reduction in blood pressure of 3.84/2.58 mmHg

(114). The association between exercise and blood pressure

was independent from weight change. Although all forms
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Figure 24.5 Effect of alcohol reduction on systolic and diastolic blood pressure.
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of dynamic exercise seem to be effective in reducing blood

pressure, adherence to the intervention program is essential

to be successful in achieving and maintaining the benefit.

Such a moderate reduction in blood pressure constitutes a

valuable strategy for the prevention and management of

hypertension. A modest reduction in the population’s

blood pressure would translate into a significant decrease

in the incidence of cardiovascular disease.

The changes in blood pressure associated with exercise

could be due to different mechanisms. First, a hemo-

dynamic mechanism would involve the reduction of both

resting cardiac output and peripheral vascular resistance.

Secondly, a humoral mechanism includes the reduction

of the activity of the renin–angiotensin–aldosterone

system and of the sympathetic nervous system activity

and an increase in prostaglandins with vasodilator effect.

Particular attention should be paid to people at high car-

diovascular risk and to persons aged 40 years or older and

with sedentary lifestyles who want to start exercise pro-

grams. The relatively frequent cases of sudden death

during exercise are more likely due to a predisposition

of this group and an undetected left ventricular hyper-

trophy related to hypertension. Therefore, an exercise

ECG testing is recommended for these patients before

starting any exercise program.

There is no optimal recommendation for the intensity or

frequency of a “regular” dynamic exercise. However, at

least 30 min of exercise at 40–60% maximum working

capacity three to four times per week seems a reasonable

suggestion.

Additionally, a recent randomized controlled trial

assessed the efficacy of simultaneously implementing

exercise recommendations as part of a comprehensive life-

style modification program (16). Forty-four hypertensive

overweight adults on mono-therapy for hypertension

were randomly allocated to either a control group or an

intervention group. The latter was fed with a low-sodium

and hypocaloric version of the DASH diet and they partici-

pated in a supervised exercise program three times per

week. The control group received no intervention. The

average total weight loss was 4.9 kg and the difference

in daytime blood pressure was 12.1/6.6 mmHg. This

trial showed that a comprehensive lifestyle modification

improves hypertension control in patients, proving an

invaluable tool to prevent and manage high blood

pressure. Finally, a recent randomised controlled trial

suggests that moderate intensity resistance training might

not be contraindicated in hypertensive patients (115).

VIII. SMOKING CESSATION

Smoking is a risk factor for cardiovascular diseases

including atherosclerosis, coronary heart disease, acute

myocardial infarction, as well as sudden death (116). In

a prospective study of 22,444 middle aged men with 17

years follow-up, the association between systolic blood

pressure and risk of cardiovascular events was modulated

by smoking (117). The risk of coronary heart disease in

hypertensives was increased two to three-fold by

smoking, even though coronary heart disease is already

the commonest cause of death in hypertensives (118).

Furthermore, the impact of smoking on cardiovascular

health is the same in old men with a follow-up of 20 years,

which showed that smoking had more impact than high

blood pressure on coronary heart disease, cardiovascular,

and all-cause mortality, given a low cholesterol level

(119). In addition, the combination of high blood pressure

and smoking was associated with higher risk of coronary

heart disease, cardiovascular, and all-cause of mortality

among people with low or high cholesterol levels.

Thus, smoking cessation is a recommended lifestyle

modification for a more comprehensive nonpharmaco-

logical approach to the overall reduction of cardiovascular

risk.

Although the effects of nicotine on hemostasis, arterial

stiffness, vessel wall damage, and dyslipidemia, may con-

tribute to an overall increased cardiovascular risk in

smokers, the mechanisms involved in the observed

acute effects of smoking (tachycardia, pressor, and vaso-

constrictive response) is not completely understood (120).

The association between salivary cotinine and blood

pressure suggests that a long-term nicotine exposure

might be related to an increase in blood pressure in

smokers (121). Moreover, the stimulation of the sympath-

etic nervous system by nicotine or other smoking pro-

ducts has already been observed. This acute effect of

smoking could partly be due to an alteration in the

nervous regulation of blood pressure, which with

time will promote the development of arterial hyper-

tension (122).

Smokers tend to be undertreated and they have a

higher daytime blood pressure than nonsmokers do.

This difference is not detected by office blood pressure

(123). Data from the Health Survey for England 1994

showed that smokers are, indeed, less likely to be aware

of their high blood pressure or to be treated (124).

Additionally, when treated, smokers do not receive full

protection from the antihypertensive treatment compared

with nonsmokers. An early analysis of five hypertension

intervention trials (HDFP, MRFIT, Australian National

Blood Pressure Trial (ANBP), IPPPSH, MRC) uniformly

showed that the protective effect of treatment in hyperten-

sives was diminished by smoking. The HDFP smokers

had twice the mortality rates compared with nonsmokers,

regardless of the treatment group to which they were

randomized. The placebo nonsmokers group in the

Australian Study had a lower incidence of events than
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in smokers under active therapy. The results of the

MRFIT showed that the coronary death rates were up to

ten times higher in smoking hypertensives with high

cholesterol than in nonsmokers with lower cholesterol

levels. The beneficial effect of b-blockers was absent in

smokers in both the MRC and the IPPPSH (125). These

findings were corroborated by two other studies, where

the efficacy of b-blockers in the treatment of mild hyper-

tension was significantly decreased in smokers (120,126).

Smoking cessation is, therefore, a very effective life-

style modification that hypertensive patients should

implement to reduce their cardiovascular risk and to

improve their blood pressure control through antihyperten-

sive drugs. Physicians should counsel their patients about

smoking cessation and information should be available

about smoking cessation programs and aids (18,19).

(Table 24.5). The small amounts of nicotine in smoking

cessation aids usually will not raise blood pressure and

may be used with appropriate counseling (Table 24.6).

Moreover, the cardiovascular benefits of smoking cessa-

tion can be seen within a year in all age groups (19).

Attention should be paid to the tendency to weight gain

when trying to stop smoking as smoking cessation leads

almost invariably to it (116). Counseling and measures

to prevent weight gain are often needed.

IX. RELAXATION

A popular perception in western societies is that stress and

psychosocial factors play an important role in the develop-

ment and course of hypertension. Hence, the focus of

the debate and study in the past decades is on relaxation,

behavioral, and cognitive interventions to control blood

pressure.

In a recent systematic review published by the Expert

Working Group of the National Heart Foundation of

Australia, different psychosocial factors were included in

the definition of stress and their influence to coronary

heart disease and blood pressure analyzed separately.

They concluded that there is evidence to support the hypo-

thesis of an independent causal association between

depression, social isolation, lack of quality social support,

causes and prognosis of coronary heart disease, and hyper-

tension (127). Although there is growing support to the

Table 24.5 Recommendations for Physicians on Smoking Cessation

1. Ask and record patient’s smoking status

2. Advice smokers to quit

3. Assess their motivation to do so

If motivated to quit If not motivated to quit

Offer behavioural support (i.e., leaflets)

Offer pharmacotherapy

Referrals to cessation resources

Arrange a follow-up visit

Pros and cons of smoking and smoking cessation

Discuss risks of smoking and passive smoking

Identify barriers for quitting

Offer help to stop smoking

Follow-up during next visit

Note: After West et al. Smoking cessation guidelines for health professionals: an update. Thorax 2000; 55:987–999.

Table 24.6 Pharmacotherapy Available for Smoking Cessation Treatment

Drug Duration of treatment Dose

First line

NRTa patches 8 weeks Starting dose 21 mg/day, unless weight ,45.5 kg or

,10 cigarettes/day then 14 mg/day. During 4 weeks

then reduce until stopped

NRTa gum 8–12 weeks 1 piece/h

NRTa inhaler 3–6 months 6–16 cartridges/day

NRTa spray 3–6 months 1–2 doses/h

Bupropion 7–12 weeks (up to 6 months to

maintain abstinence)

150 mg/day for 3 days then 150 mg twice a day

Should start 1 week before quitting date

Second line

Nortriptyline 12 weeks 75–100 mg/day. Should be started 10–28 days before

quitting date at a dose of 25 mg/day

Clonidine 3–10 weeks 0.1–0.3 mg twice a day

aNicotine Replacement Therapy.

Note: After West et al. Smoking cessation guidelines for health professionals: an update. Thorax 2000; 55:987–999.
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idea that stress causes high blood pressure, the results of

intervention studies on stress management are inconsistent.

An early meta-analysis explored the efficacy of

cognitive behavioral techniques (biofeedback as a

self-motivated control of blood pressure) when treating

hypertension (128). Although the authors searched all

the studies published between 1970 and 1991 involving

cognitive behavioral techniques in the treatment of adult

patients with mild-to-moderate hypertension, only 26

trials met the entry criteria and several methodological

issues were identified during the qualitative analysis.

During the meta-analysis, 16 studies were included with

patients (n ¼ 368) assigned to either a cognitive therapy

or a placebo intervention (sham biofeedback, “pseudo-

meditation”). Blood pressure decreased by 2.8 (95% CI,

20.8 to 6.4)/1.3 mmHg (95% CI, 21.3 to 3.8) with inter-

vention. These changes were neither statistically nor clini-

cally significant. They demonstrated that cognitive

interventions were more effective than no therapy at all

but the effect is not significant when compared with a

control group. Furthermore, no single cognitive behavioral

technique appears to be more effective than any other.

A randomized controlled trial involving 35 subjects

aged 20–60 years treated for hypertension, tested an

intervention on the basis of relaxation techniques lasting

1 h/week for 8 weeks, then once a month over a 1-year

follow-up (129). The control group used nonspecific coun-

seling. The effects on blood pressure of one year’s daily

muscle relaxation and yoga exercises were identical with

those observed in a control group that did not take exercise.

Conversely, Paran et al. (130) included 20 mild hyper-

tensive patients into the study and subjected them to a

mental arithmetic stress test before and 6 months after

completing biofeedback-assisted relaxation therapy

including ten sessions of biofeedback-assisted relaxation

instruction and continuous home practice. They showed

an attenuation of blood pressure responses to stress in

the intervention group compared with the control group.

More recently, Henderson et al. (131) randomly allocated

30 mild untreated hypertensives to active treatment

(n ¼ 16) or placebo (n ¼ 14). In the laboratory, they

found no difference between the responses of those with

active therapy and placebo in agreement with the results

of the earlier meta-analysis. However, they found a signifi-

cant biofeedback lowering activity after 4 weeks of home

training compared with the placebo group.

Two recent meta-analyses suggested that biofeedback

was more effective in reducing blood pressure in patients

with essential hypertension than those with no interven-

tion. However, the treatment was only found to be superior

to other behavioral interventions when combined with

other relaxation techniques (132,133).

The available evidence to support stress management

techniques or cognitive interventions is inconsistent.

Consequently, various international groups are cautious

in recommending approaches in this area for the preven-

tion and treatment of hypertension (19,20).
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KEYPOINTS

. It is important to determine that a person has hyper-

tension before they must embark on a lifetime of

therapy.

. Control of blood pressure should be maintained

consistently over 24 h. Particular attention needs

to be paid to night time and awakening blood

pressure.

. Drugs can be titrated at 2-week or 4-week intervals.

When it appears that control of blood pressure has

been achieved, it is important to ensure that this

control is maintained .24 h.

. The patient must be educated with respect to the

disease and to the other factors that increase risk.

The whole person must be treated, not just the

blood pressure.

. Lowering of blood pressure with any antihyperten-

sive drug improves morbidity and mortality rates,

but the extent of the improvement depends on the

severity of the initial disease.

. Therapies that are based on diuretics, b-blockers,

angiotensin-converting enzyme (ACE) inhibitors,

angiotensin receptor blockers (ARBs), and

calcium blockers improve the outcome in mild

hypertension.
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SUMMARY

Large clinical trials provide the guidelines on which

therapy for hypertension should be based. There are

usually no definitive trials that address how individual

patients should be treated. The disease status and end

organ damage of patients varies markedly and affects the

choice of therapy. The key to success is reduction of

blood pressure with any drug or combination of drugs.

The effectiveness of blood pressure reduction is much

greater than potential adverse or beneficial effects of

specific agents. The response in blood pressure reduction

and morbidity and mortality is affected by age, gender,

race, environment, and damage to organs caused by hyper-

tension or other diseases. Blood pressure, systolic and

diastolic, needs to be controlled using any of the major

drug classes. However usually more than one drug will

be required. Combinations should be chosen that have

additive blood pressure lowering and reduction of

adverse events.

I. INTRODUCTION

Males and females respond similarly to most drugs that are

used in the treatment of hypertension, although women

appear to experience more side effects. The choice of

drugs to use for premenopausal women is influenced by

the drug’s potential effect on the fetus if a woman

becomes pregnant.

The response to drugs in older and younger patients

differs. Older patients respond better to calcium blockers

and diuretics; younger patients respond better to angioten-

sin-converting enzyme (ACE) inhibitors and b-blockers.

The control rate achieved with monotherapy is ,30%, so

two or more drugs are usually required to achieve control.

African-Americans appear to respond better to calcium

blockers and diuretics than to the other drug classes, but

including ACE inhibitors in the therapy improves the

outcome.

If there is associated cardiovascular disease, the drugs

that are chosen to treat hypertension must take into

account their specific effects on type of cardiovascular

disease. Blood pressure control is essential, but the choice

of treatment might be b-blockers in the case of angina,

ACE inhibitors in the case of cardiac hypertrophy, and

diuretics and ACE inhibitors in the case of cardiac failure.

In diabetic patients and patients with the metabolic

syndrome, it appears preferable to use ACE inhibitors or

angiotensin receptor blockers (ARBs) because of the

adverse effects of thiazide diuretics and b-blockers on

glucose metabolism and lipid profile. Many of these

patients require more than one drug, and an ACE inhibitor

or ARB should be included.

Most patients with renal disease and hypertension also

require two or more drugs to achieve adequate blood

pressure control. The rate of progression is slowed best

by a therapy regimen that includes an ACE inhibitor or

ARB. In these patients, excellent control is necessary.

Patients with a degree of sodium retention and a sub-

sequent low renin level—which includes patients with

renal disease, the elderly with systolic hypertension,

African-American, and patients on nonsteroidal anti-

inflammatory drugs (NSAIDs)—respond better to

calcium channel blockers and diuretics. However, for

many of these patients, the outcome is better if the patient

is on drugs that block the renin angiotensin system

(RAS), emphasizing the need for combination therapy.

II. DIAGNOSING HYPERTENSION CORRECTLY

The most important aspect of patient management is to

ensure that the person actually has a blood pressure level

that requires treatment. Blood pressure that is measured

at the initial clinic visit is usually higher than it is on sub-

sequent visits; it may take up to seven visits before the

basal level is obtained (1). If treatment is based on clinic

measurements, it is suggested that initially nonpharmacolo-

gical (lifestyle and diet) therapy be introduced, that appro-

priate tests be performed when indicated by concomitant

conditions or patient medical history, and that the patient

be seen on three or four occasions (with blood pressure

being measured three times at each visit) before drug

therapy is started. This assumes that the blood pressure is

not excessively high and that there is little or no end

organ damage. The level of blood pressure can be assessed

more rapidly initially by monitoring it over a 24 h period,

which on its first application provides a reading only

1–2 mmHg higher than on subsequent measurements

(2,3), or by performing home blood pressure recording

over 1 to 2 weeks. It is important to determine whether

treatment is essential because if hypertension is diagnosed,

a lifetime of therapy will probably be necessary.

III. BLOOD PRESSURE VARIATION

Blood pressure follows a circadian pattern with a sleep

trough, a peak upon awakening in the morning, and a

drop during the day, with a second peak in the afternoon

and then a gradual decline to the sleep trough (4). The vari-

ation between the morning peak and the usual daytime

level is usually �7 mmHg systolic in normotensive

people and may be much higher in hypertensive people.

Thus, the time of day at which blood pressure is taken

may influence who should be treated. If the patient is

seen at different times of the day, spurious effects of treat-

ment may be observed. The patient should be seen at a
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similar time on each visit. The level of clinic blood

pressure at which treatment is indicated is 140/
90 mmHg (5), although in certain groups (e.g., people

with diabetes or renal disease), treatment is indicated at

lower levels. The goal of therapy for patients with no

other medical complications is a systolic blood pressure

,140 mmHg and diastolic blood pressure ,90 mmHg.

However, for patients with complications, the goal is

,130/80 mmHg. If ambulatory blood pressure monitor-

ing (ABPM) is used, a daytime value of .135/
85 mmHg and a sleep value .120/75 mmHg probably

indicates that treatment is needed. ABPM values measured

during the process of diagnosis correlate better with sub-

sequent outcome than do clinic values, and there is

evidence both experimentally (6) and clinically (7,8) that

sleep blood pressure has the greatest prognostic importance.

IV. TREATMENT

After the decision is made to begin drug treatment, it is

important to evaluate the patient’s response to therapy. It

is also important to determine whether blood pressure is

controlled consistently over 24 h. There is some merit to

see the patient in the early morning, between 8 and 10

a.m. This is a time of higher blood pressure, and because

patients usually take their medication in the morning,

they can be asked not to take their medication on the

day of the clinic visit. If a patient is seen later in the

day, the person usually would have taken the blood

pressure medication in the morning and thus is seen at

the time of peak response. In this case, the blood pressure

may appear to be controlled, but the control may not

extend over 24 h, particularly through the sleep period

and the awakening hours (morning surge), when mortality

from cardiovascular events is highest. This under-titration

is common with a number of ACE inhibitors which control

blood pressure for 3–8 h after a dose but do not extend for

24 h (Table 25.1) (9,10). When a patient is seen in the

afternoon, it may not be feasible to exclude the morning

dose of the drug because the next dose would then be

taken 32–36 h after the previous dose.

To complicate the issue, some classes of drugs appear

to act more effectively at different times of the day.

Thus, b-blockers administered in the morning may lower

blood pressure during the day but have little effect when

the patient is asleep (11). Conversely, ACE inhibitors

and ARBs have a greater effect during sleep than during

waking periods, even when given in the morning, which

means that the blood pressure level was less during the

sleep period (11,12). Diuretics and calcium blockers

appear to work evenly over a 24 h period. Thus, to deter-

mine whether blood pressure is truly controlled throughout

the day, ABPM may be critical. This variation in respon-

siveness over a 24 h period is another reason why combi-

nation therapy may be useful.

A. Titration of Drugs

Hypertension therapy should be started with a low dose of

the drug of choice. However, with ACE inhibitors, the

starting dose of many of the drugs will not give 24 h

control (9,10). Therefore, a low dose should be adminis-

tered on the first or second occasion but it should be

increased to effective levels for 24 h control prior to the

next visit (Table 25.1). The incidence of dose-related

side effects for ACE inhibitors and ARBs is small, and

the evidence is that higher doses may have effects in

addition to lowering blood pressure (13–15). The majority

of drugs exert most of their effect within 2 weeks, and

therapy can be titrated at 2–4 week intervals depending

on the severity of the hypertension.

When the patient is seen after taking medication, a

careful assessment needs to be made not only of the

blood pressure response but also of any side effects. If

there has been some response to a drug, but the response

is not adequate, a greater effect is usually achieved by

adding a second drug rather than by doubling the dose of

the initial drug (16,17). However, this may not apply if

the patient is taking a drug dosage that does not have

24 h duration in most people (e.g., enalapril, 5 or 10 mg;

ramipril, 1.25 or 2.5 mg; lisinopril, 10 mg; felodipine,

2.5 mg). The rationale for adding an appropriate second

drug is that this provides a greater blood pressure reduction

and reduces side effects when compared with doubling the

dose of the first drug (16,17).

B. Control Over a 24 h Period

As mentioned earlier, 24 h blood pressure control is

important to achieve the best outcome. This can be deter-

mined by choosing a drug in a dose known to work for 24 h

after it is administered; by stopping the medication on the

Table 25.1 Different Duration of Blood Pressure

Response (10)

Drug Dose (mg)

Systolic and diastolic blood

pressure (mmHg)

3 h postdose 24 h postdose

Enalapril 5 157/92 171/102

10 156/90 167/101

20 158/92 164/98

40 154/89 161/95

Perindopril 2 155/94 163/100

4 151/87 168/92

8 148/86 158/90
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day of the clinic visit; or by ABPM (18,19). When control

appears to be achieved in the clinic, it is worthwhile to

repeat the ABPM. This is the only way to detect whether

a patient has an elevated sleep blood pressure that may

require modifying the therapy. If control of blood pressure

is not achieved in the clinic, a 24 h monitor is also a valu-

able asset. This is particularly important when patients

develop symptoms suggestive of hypotension on different

drug therapies, even though the clinic blood pressure is

high. Twenty-four hour monitoring may indeed indicate

that the patient develops hypotension after drug adminis-

tration but has white coat hypertension.

C. Other Treatment Measures

During this initial management period, it is important to

educate patients about their disease so that they realize

the importance of controlling blood pressure as well as

controlling other risk factors. If this is done, compliance

with the medication protocol is likely to improve. For

some patients, particularly for those with white coat hyper-

tension, home blood-pressure monitoring may be essen-

tial. In addition, other risk factors should be addressed.

The importance of lifestyle modification and diet must

be emphasized and encouraged at each visit (see Chapter

25). The treatment must include not only control of the

blood pressure, but also well being of the entire patient.

From the treatment guidelines, we know who to treat

and what drugs can be used, but our aim is to find the

best drug to use for each patient.

V. MORBIDITY AND MORTALITY

Antihypertensive drugs of all classes probably improve the

morbidity and mortality rates associated with hyperten-

sion, although the benefits of some of the older classes

of drugs may be clearly evident only in severe hyperten-

sion and not necessarily evident in milder forms of the

disease (20–24). Lowering of blood pressure is the first

criterion on which to base the use of an antihypertensive

agent. Without a reduction in blood pressure, it is unlikely

that the full benefit of any drug can be gained. However,

other effects, either beneficial or adverse, are associated

with drug use, and this translates into effects on morbidity

and mortality rates that are of extreme importance.

Outcome trials are not necessarily a predictor of the

outcome in individual care because the drug usually is

continued even when there is no reduction in blood

pressure. Conversely, in clinical care the drug is stopped

and replaced by another drug when no reduction in

blood pressure is evident. The third criterion on which

the choice of therapy is based is the side-effect profile in

the group of patients, particularly for an individual.

The following sections will discuss the choice of a drug

for use in different groups of patients, but it should be

emphasized that the data on which these choices are

based is incomplete and is frequently derived from data

in studies that were designed for other purposes.

A. Population Choice of Drugs

Most drugs probably lower blood pressure to a similar

extent in the overall hypertensive population, although

different subgroups may respond differently. Diuretics

(21,22), calcium channel blockers (25), ACE inhibitors

(26), and angiotensin I (AT1) receptor blockers (27) have

all been shown to improve the prognosis even in mild

hypertension. The evidence for b-blockers (22,28) is less

clear; in the two large Medical Research Council (MRC)

trials in which diuretics, b-blockers, and a placebo were

compared, b-blockers did not improve the outcome com-

pared with the placebo. Used in combination with diure-

tics, there was an improved outcome (23,29). However,

in a number of these studies, particularly in studies of

the elderly, most of the blood pressure-lowering effect

and possibly the improvement in morbidity and mortality

rates was due to the diuretic (29). There is no conclusive

evidence that therapy based on one drug is better than

therapy based on another, although the Second Australian

National Blood Pressure Study (ANBP2) study (26) and

the Losartan Intervention for Endpoint (LIFE) reduction

in hypertension study (27) suggest that ACE inhibitor-

based therapy is better than diuretic-based therapy (26),

and that AT1 receptor blocker therapy is better than

b-blocker therapy (27). The Antihypertensive and Lipid-

Lowering Treatment to Prevent Heart Attack Trial

(ALLHAT) provided a large amount of data (30).

However there were no differences in the primary end

point among the drugs and, thus, on primary endpoint

data, the drugs should be considered equal. Most people

in that study and other studies stopped their previous

therapy when they entered the study. This would lead to

selection bias because in the ALLHAT study diuretics

were probably the most frequently discontinued drug.

Specific evidence is not available, and this could have led

to results that were correct in the study but are not applicable

to patients with previously untreated hypertension.

In the ALLHAT study, cardiac failure was more fre-

quent in patients who received a vasodilator (doxazosin),

a calcium channel blocker (amlodipine), or an ACE inhibi-

tor (lisinopril) than in those who received chlorthalidone.

This difference in reported heart failure did not translate

into a difference in mortality rate. Most people required

more than one drug to control blood pressure, and diuretics

were a drug class that could not be added to the other

groups of drugs in the study. Therefore, the study

outcome may be due principally to the trial design. The
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general conclusion is probably that drugs from diuretic,

ACE inhibitor, ARB, and calcium blocker classes all can

be used to initiate therapy, with the expectation that

most people will require additional agents to fully

control blood pressure.

B. Choice of Drugs Based on Gender

Few studies have been designed to determine whether there

is a difference in response between males and females,

although most evaluation trials provide a gender break-

down, in which the comment usually is that there was no

difference in response. Some trials have failed to show sig-

nificant improvement in prognosis in females but have

shown a significant improvement in males. This may be

due to the lower frequencies of adverse outcomes in

women (particularly young women), and, thus, the trials

did not have sufficient power to show an effect greater

than that of placebo. A meta analysis of trials indicates

that there is little difference in the relative benefits of anti-

hypertensive therapy in men and women (31). In the recent

ANBP2 study (26), ACE inhibitor-based therapy improved

the trial outcome measure compared with diuretic-based

therapy (0.89; P ¼ 0.05). However, when men and

women were compared, all of the improvement took

place in men (0.83; P ¼ 0.02); there was no difference in

the women. This study included only older patients and

may not necessarily apply to younger patients.

There is little evidence for basing the choice of drug

class for treatment on response rate and on mortality and

morbidity rates. However, there is evidence for basing

the choice on differences in side-effect profiles. In the

Treatment of Mild Hypertension Study (TOMHS) study

(32), women had more adverse effects than men had and

were more likely to develop hypokalaemia while on a

diuretic. Women also developed more coughing on ACE

inhibitors and complained more often of swollen ankles

when on a calcium channel blocker. Men were more

likely to develop gout (32) and impotence when on a diure-

tic (22), although these effects may be less common with

the lower doses that are now used.

In premenopausal women, there is a particular problem

(Table 25.2). Few of the more modern class of drugs have

been used by patients during pregnancy. If a woman has

had children, does not plan to become pregnant and have

a child and is taking appropriate contraceptive measures,

any drug class can be used. However, if she plans to

become pregnant, drugs should not be used that may

have teratogenic effects on the fetus (calcium channel

blockers), that may affect fetal growth (ACE inhibitors,

AT1 receptor blockers, and b-blockers), or that cause pro-

blems such as oligohydramnios (ACE inhibitors and AT1

receptor blockers) (33). Thus, for women who want to

become pregnant or who are in the early stages of preg-

nancy, there are relatively few drugs from which to

choose. After 12 weeks of pregnancy, when the terato-

genic risk is reduced, there is a wider choice. In a young

woman who is not planning to become pregnant at the

time treatment is required, adequate contraceptive

measures should be employed and blood pressure con-

trolled as well as possible with drugs from any of the

drug classes. When the patient wants to become pregnant,

drugs with possible adverse outcomes on the fetus should

be discontinued and blood pressure control maintained

with a limited range of drugs and lifestyle measures.

The drugs that are recommended to control blood

pressure either before a patient becomes pregnant or

during the early stages of pregnancy are a methyl dopa

or labetalol (34). Diuretics are frequently said to be

contraindicated, but a broad analysis has shown no

adverse fetal outcome when the mother is taking diuretics

(35). However, of particular concern is evidence that there

is a linear relationship between a reduction in blood

pressure that is induced by treatment of mild forms of

hypertension and the proportion of babies born small to

these mothers. Thus, in cases of mild hypertension it

may be preferable to discontinue medication and simply

observe the mother closely. However, if the mother’s

blood pressure increases significantly, it must be reduced

to improve fetal survival. Later in pregnancy, the choice

of drugs is wider, although ACE inhibitors and ARBs

still should be avoided because they interfere with fetal

development. Although there are problems with the

choice of drugs for premenopausal women, elevated

blood pressure does need to be reduced both before and

during pregnancy.

C. Choice of Drugs Related to Aging

Choosing the appropriate drugs for older people is complex.

Older people have a mixture of isolated systolic hyperten-

sion and combined systolic and diastolic hypertension,

although in the latter group, the pulse pressure is usually

large, which indicates vascular stiffness. In younger

people, isolated systolic hypertension is relatively uncom-

mon; we generally see combined systolic and diastolic

hypertension. Thus, the problem of choosing an appropriate

Table 25.2 Choice of Antihypertensive Medication in Women

Life stage of the woman Recommended drug

Postmenopause Any drug

Premenopause, adequate contraception Any drug

Premenopause, pregnancy risk a methyl dopa

Labelatol

? Diuretics

Early pregnancy a methyl dopa
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drug may not necessarily be one based only on the age of the

patient, but on the nature of the hypertension.

Two studies have investigated the response to mono-

therapy in previously untreated hypertensive patients

(Table 25.3). The first study, by Morgan et al. (36), used

a double-blind crossover design to compare two doses of

the four major groups of antihypertensive drugs with a

placebo in people .65 years old. The reduction in blood

pressure and control achieved were greatest with dihydro-

pyridine calcium blockers and diuretics, which were

approximately equal, followed by ACE inhibitors and

b-blockers, which were approximately equal, followed

by the placebo. The placebo and b-blockers had more

side effects than the other treatments, and more people

in those groups did not proceed to the higher dose of the

drug. The second study, by Deary et al. (37), covered pre-

viously untreated younger people who had diastolic hyper-

tension. The order of responsiveness in this study was

almost the reverse of the previously mentioned studies,

with b-blockers and ACE inhibitors causing the greater

reduction in blood pressure. Thus, the age of the person

or, possibly more correctly, the nature of the hypertensive

process determines the responsiveness. However, this is

not consistently true for every patient. Some older

people may respond to b-blockers and ACE inhibitors,

and some younger people may respond to diuretics and

calcium channel blockers.

A study by Materson et al. (38) in the United States also

looked at the response rate to the various drugs. The results

are slightly different than those discussed previously, but

the study was performed in previously treated subjects

whose medication was discontinued, and this could have

led to bias in the results. Overall, the response rate was

greater for calcium blockers, atenolol, clonidine, hydro-

chlorothiazide, captopril, and prazosin than for placebo,

but the response in African-American and Caucasian

males differed. The Caucasian subjects responded better

to atenolol and captopril than did the African-American

subjects, and the younger Caucasian subjects responded

better to captopril than did the older ones.

Geriatricians are reluctant to use diuretics or b-blockers

to treat hypertension in the elderly. It is thought that

diuretics make people more prone to postural hypotension

with associated falls and that this is more common with

systolic hypertension. Another concern is that b-blockers

also appear to reduce the ability of elderly people to

cope physically and reduce their mobility.

An argument can be made for the use of thiazide diure-

tics in elderly women with osteoporosis because these

drugs reduce calcium excretion by the kidney and increase

bone density, which may be associated with a reduction in

fractures of the neck of the femur (39). Although there are

related contraindications against the use of diuretics and

b-blockers in elderly hypertensive patients, these drugs

clearly need to be used when indicated. Thus, people

with associated angina should receive b-blockers and

people with cardiac failure frequently need a diuretic.

A number of studies have examined the drugs with

which patients were still being treated successfully after

1 year. The study by Bloom (40) compared the different

drug classes. Drugs were discontinued if there were side

effects or the response rate was poor. The patients in this

study were observed over a 12-month period. During this

period, there was a progressive decline in taking all medi-

cations, but the largest decline was in taking diuretics,

whose use fell to 38%. AT1 receptor blockers were contin-

ued longer than the other drugs tested (Table 25.4).

A discussion of monotherapy is too simplistic. In the

studies previously mentioned, the response rate or

control rate when corrected for the placebo was ,30%

(36–38). Thus, most patients will need two or more

drugs. The decision that is required is what combinations

of drugs lower blood pressure most effectively and

reduce morbidity and mortality rates in different age

groups. Unfortunately, no data on this is available.

D. Ethnicity

Different racial groups respond differently to the various

drug classes. What is not certain is whether this difference

is related to differences in genetic makeup or to different

environmental conditions. The reality is probably a combi-

nation of these two factors. The differences in response

usually have not been studied formally, but there is a

large amount of data available from many outcome

Table 25.3 Response to the Different Antihypertensive Drugs

Young (37) S–DBP Old (36) SBP

b-blockers """ "

ACE inhibitors """ "

Vasodilators """ not tested

Diuretics "" """

Calcium blockers " """

Note: S–DBP, systolic and diastolic blood pressure; SBP, systolic blood

pressure.

Table 25.4 Patients Taking the Same Drug

after 1 Year (40)

Drug used %

AT1 blockers 64

ACE inhibitors 58

Calcium blockers 50

b-Blockers 43

Diuretics 48

410 Management and Treatment in General and in Special Populations



studies. In particular, the ALLHAT study compared the

effect of different drugs on morbidity and mortality rates

and included a large number of African-Americans (30).

The Perindopril Protection Against Recurrent Stroke

Study (PROGRESS) included a large number of Asians

(Chinese and Japanese) who can be compared with the

Caucasians in the study (41).

The generally accepted view is that African-Americans

are relatively resistant to b-blockers and ACE inhibitors

and respond better to diuretics and calcium channel

blockers. This is thought to be due to a relatively

sodium-overloaded state and low renin levels. A study

reported by Materson et al. (38) (Table 25.5) showed

that younger African-Americans responded better to cap-

topril and atenolol than did older African-Americans,

and that older African-Americans responded better to

diuretics than did younger African-Americans. This is

similar to the response seen in the studies by Morgan

et al. (36) and Deary et al. (37). However, the placebo-cor-

rected response rates for all drugs except diltiazem were

,40%, and most were ,30%.

The ALLHAT study allowed a comparison between

African-Americans and Caucasians (30). In African-

American patients, the reduction in systolic blood pressure

was greater with diuretic-based therapy than with ACE

inhibitor-based therapy by 4 mmHg. This appeared to

translate into a reduction in the incident rate of strokes.

This improvement in the stroke rate comparing lisinopril

with chlorthalidone was seen only in the African-

American population and not in the other populations

included in the study. Amlodipine and chlorthalidone

showed similar effectiveness in the African-American

group, and there was no difference in outcome between

African-Americans and the other populations. Most

patients needed multiple therapies, and, thus, this study

suggests that diuretics (or calcium blockers, or both) are

an essential component in the treatment of African-

American patients to prevent strokes.

A second large study in African-Americans was in

patients with hypertension and renal disease who received

an ACE inhibitor, a b-blocker, or a dihydropyridine as

basic therapy, with other drugs, including frusemide, to

achieve blood pressure control (42). The group treated

with the ACE inhibitor had a marked reduction in the

number of cardiac events compared with those on amlodi-

pine or metoprolol. Thus, despite using a drug which by

itself is less effective at reducing blood pressure, there

was a marked improvement in outcome. This is probably

due to the concomitant use of a diuretic.

Thus, in African-Americans, diuretics and calcium

blockers produce the better reduction in blood pressure.

However, to prevent complications, an ACE inhibitor is

more effective than amlodipine when the ACE inhibitor

is used in association with a diuretic.

In the PROGRESS study (41), although the majority of

the patients were Caucasian, a significant number of

patients were from China and Japan. The mortality

profile of patients in China and Japan differed from the

Caucasians. There was a less frequent use of diuretics in

Japan, but the response pattern to the different drugs in

the different populations has not yet been analysed.

VI. CARDIAC DISEASE

Cardiac disease is a common sequelae of hypertension,

and normalization of blood pressure would probably

prevent its development. The primary problems are

cardiac hypertrophy and atherosclerosis of the coronary

arteries. Both of these, if untreated, will lead to cardiac

failure—in the first situation, principally diastolic

failure; in the second situation, systolic dysfunction due

to loss of muscle cells and impaired contractility.

Another important factor is the stiffness of blood vessels

that occurs with age, which is accelerated by hypertension

(43). The stiffness of the larger blood vessels alters the

time at which reflected waves return from the periphery,

causing increased central aortic augmentation of systolic

blood pressure. This causes increased cardiac work and

may be important in cardiac hypertrophy (44). Reducing

the patient’s blood pressure is the most important goal,

but different drug classes used for treating hypertension

also have beneficial effects on other specific problems

(Table 25.6).

A. Angina

For a person with angina, the first goal is to decrease blood

pressure. This reduces cardiac work and by itself causes

resolution of the angina. In addition, b-blockers reduce

catecholamine effects on the heart, which leads to more

efficient oxygen use and, thus, to a reduction in angina

in addition to the blood pressure-lowering effect (45).

Calcium blockers cause dilatation of the coronary arteries

Table 25.5 Response Rate in African-American Patients

Drug

% Response

,60 years .60 years

Captopril 14 4

Atenolol 29 14

Clonidine 27 25

Hydrochlorthiazide 22 38

Prazosin 19 18

Diltiazem 46 44

Note: The values are corrected for the response in the placebo

group (38).
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in addition to lowering blood pressure and are indicated in

particular where there is a vasospastic element associated

with the angina. More fundamentally, ACE inhibitors,

ARBs, and calcium blockers—at least experimentally

(46)—can all reduce atherosclerosis or prevent its pro-

gression and can restore endothelial function toward

normal. Thus, all of the major groups of drugs have

specific attributes to offer in people with coronary artery

disease and angina.

B. Hypertrophy

For people with cardiac hypertrophy, the focus has been on

drugs that prevent angiotensin II activity. ACE inhibitors

and ARBs reduce cardiac hypertrophy more than the

other drug groups and improve the prognosis (47–49). A

lesser effect on cardiac hypertrophy is observed with

b-blockers, despite similar blood pressure control (27).

This may be due to a failure to cause reduction of the stiff-

ness of the blood vessel, and, thus, central aortic systolic

blood pressure stays high (50). In addition, b-blockers

do not adequately reduce sleep blood pressure (10),

which experimentally and clinically has a strong associ-

ation with left ventricular hypertrophy and morbidity (6,

8,51–53). The reduction in left ventricular hypertrophy

is important because it reduces cardiovascular risk (54).

The question is not simply the blockade of the RAS,

because diuretic-based therapy does reduce left ventricular

hypertropy (49,55,56), and therapy based on a low dose of

an ACE inhibitor and a diuretic is very effective (57). A

high sodium chloride intake can prevent the effect of com-

plete blocking of the RAS; thus, there is an important

interaction between sodium intake, angiotensin II levels,

blood pressure, and cardiac hypertrophy (58,59). It is

suggested that the most effective therapy is an ARB or

an ACE inhibitor coupled with sodium restriction or a

low-dose diuretic. This is very effective at lowering

blood pressure, and in addition, appears to have an

additional effect on left ventricular hypertrophy.

C. Stiff Blood Vessels

Stiff blood vessels cause an increased pulse pressure and

an increase in central aortic systolic blood pressure aug-

mentation (43). ACE inhibitors, dihydropyridine calcium

channel blockers, and diuretics all cause an acute

reduction in central aortic systolic blood pressure, the

reduction with b-blockers is much less (50). Chronic treat-

ment with ACE inhibitors also allows structural improve-

ment in the small blood vessel structure (60). Thus, in a

person with a large pulse pressure, ACE inhibitors have

a theoretical advantage. However, in many people with

predominantly systolic hypertension, ACE inhibitors are

less effective at reducing branchial artery blood pressure

compared with calcium channel blockers (36). Thus,

therapy that is based on a diuretic or on a calcium

channel-blocker is most effective at lowering brachial

artery systolic blood pressure, but an ACE inhibitor

appears to have an additional effect in unloading the

heart. For the same level of brachial artery blood pressure

control, b-blockers do not reduce the central aortic aug-

mentation index (50) and do not improve the function of

small arteries (60). Thus, therapy should probably be

based on a diuretic or on a dihydropyridine calcium

channel blockers with an ACE inhibitor (probably an

AT1 receptor blocker) added to maximize the benefit.

D. Cardiac Failure

The key to treating cardiac failure is prevention, which

involves early and complete management of the patient

to prevent left ventricular hypertropy and atherosclerosis.

If cardiac failure is present, there are three aspects of the

condition that determine its management and the outcome:

. Significant fluid retention. If there is significant

fluid retention that is causing symptoms, treatment

with sodium restriction or diuretic, or both, and

probably with a potassium sparing diuretic added

is preferable (61).

. Reduction in cardiac output and tissue perfusion.

Excessive diuretic therapy may reduce cardiac

output and tissue perfusion. Thus, unloading the

heart through vasodilator therapy will improve the

performance of a person and increase perfusion of

the tissues. Therapy based on either an ACE

Table 25.6 Drug Choice when Hypertension is Associated

with Cardiovascular Disease

Associated

cardiovascular

condition Preferred drug choices

Angina b-Blocker; calcium blocker

Cardiac

hypertrophy

Angiotensin-converting enzyme I;

angiotensin receptor blocker; diuretic

Vascular stiffness Angiotensin-converting enzyme;

calcium blocker; angiotensin receptor

blocker

Cardiac failure Diuretic; angiotensin-converting

enzyme I; angiotensin receptor

blocker; b-blocker

Atherosclerosis Angiotensin-converting enzyme I;

angiotensin receptor blocker;

calcium blocker

Note: For all conditions, it is important to achieve blood pressure control.

Any of the drug classes may be used. Combination therapy is often

required.
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inhibitor or an ARB, or both, is usually preferred

because this type of therapy blocks the humoral

component of vasoconstriction and is associated

with less sodium retention than standard vasodilata-

tion therapy. It also improves the prognosis (62,63).

. Excessive neurohumoral activation. Patients with

cardiac failure also die suddenly, possibly because

of excessive neurohumoral activation. Therapy

with a b-blocker drug with (64) or without (65)

vasodilatory activity improves the outcome.

Therefore, in hypertension with cardiac failure, it is

important to use a diuretic to relieve symptoms, an ACE

inhibitor or an ARB to improve cardiac performance,

and a b-blocker to prevent sudden death. If the use of an

ACE inhibitor or an ARB or a b-blocker is contraindi-

cated, then a calcium channel blocker may be essential.

VII. METABOLIC SYNDROME

Hypertension is often associated with obesity, abnormal

lipids, hyperuricemia, and diabetes—that is, the metabolic

syndrome. Both men (66) and women (67) with the full

metabolic syndrome or various components have a

marked increase in risk. The key to management is to

alter the diet and lifestyle; if the change in diet and life-

style is unsuccessful, drug therapy to treat hypertension

and other components is essential (Table 25.7).

Diuretics elevate uric acid. Diuretics and b-blockers

also have adverse effects on the lipid profile. And possibly

more important, the incidence of new diabetics in a hyper-

tensive patient population may be influenced by the choice

of drugs to treat the hypertension. In the Heart Outcomes

and Evaluation (HOPE) study (68), fewer new diabetics

were seen in the nondiabetic group treated with an ACE

inhibitor. In both the ALLHAT (30) and the ANBP2

(26) studies, more new diabetics were detected in the

diuretic-treated subjects than in the subjects who were

treated with an ACE inhibitor. The outcome of cardiovas-

cular events was improved by diuretics, but the effect on

glucose metabolism leading to more cases of diabetes

implies that ACE inhibitor-based therapy is preferable to

diuretic-based therapy.

VIII. DIABETIC PATIENTS

If high blood pressure is present in a diabetic patient, the

important issue is to reduce blood pressure to ,130/
80 mmHg. It has been demonstrated that a reduction in

blood pressure with most, if not all, agents slows the rate

of progression of renal disease (69,70). There is evidence

that ACE inhibitors and AT1 receptor blockers may

have additional benefits over and above the blood

pressure-lowering effect, improving the outcome (68,71).

Thus, in the treatment of elevated blood pressure that is

associated with diabetes, either an ACE inhibitor or an

AT1 receptor blocker should be the first drug used. If

there is no response or inadequate response to this treat-

ment, it is essential to control blood pressure with a drug

from any of the other drug classes.

Diuretics in the older high-dose regimes were relatively

contraindicated in diabetic patients because the high doses

could cause loss of diabetic control. In general, diuretics

would not be used as first-line therapy, but they can be

added in low doses to ACE inhibitors or to AT1 receptor

blockers, with little effect on diabetic control. ACE inhibi-

tors and AT1 receptor blockers reduce the rate of pro-

gression of renal disease and also reduce proteinuria.

This effect is seen even in the absence of hypertension

and without a major reduction in blood pressure, which

has led to the belief that this effect is due specifically to

blocking of the RAS (68,69,71). However, in the United

Kingdom Prospective Diabetes Study (UKPDS), captopril

and atenolol had a similar effect (70). Also, in a recent

study, a small dose of a diuretic in conjunction with a

small dose of an ACE inhibitor reduced proteinuria more

than a high dose of an ACE inhibitor (72).

There is a specific problem with dihydropyridine

calcium channel blocker therapy. This therapy may be

necessary to control blood pressure, either alone or in com-

bination with other drugs, and is often effective. However,

if proteinuria is present, despite good reduction in blood

pressure proteinuria may not be reduced and actually

may increase (73). In such circumstances, it may be

useful to add an ACE inhibitor or an AT1 receptor

blocker for the additional benefit this may have on protei-

nuria, possibly independent of blood pressure reduction.

In patients with marked proteinuria, there is some evi-

dence that AT1 receptor blockers in doses higher than

those used for blood pressure control may reduce protei-

nuria. There is also some evidence that in these circum-

stances, the combination of an ACE inhibitor and an

AT1 receptor blocker may have incremental effects on

Table 25.7 Effects of Different Drugs on Metabolic Syndrome

Components

Drug class Effect

Diuretics Increase in uric acid

Adverse lipid effects

Abnormal glucose values

Increase in diabetic rate

b-Blockers Adverse lipid effects

ACE inhibitors and ARBs Decrease in diabetic rate

Decrease in uric acid
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the proteinuria, although there is only a small additional

effect on blood pressure control (74,75).

IX. RENAL DISEASE

In people with renal disease, the essential step is to nor-

malize the blood pressure. This is rarely achieved with

one drug, three or four drugs frequently are required

(69,76). The hypertension that is associated with renal

disease is due largely to the retention of sodium chloride

in the body, and the first line of management should be a

reduction in sodium chloride intake. This may reduce

blood pressure sufficiently, but even if it does not, reducing

sodium chloride intake makes patients more sensitive to

most antihypertensive agents.

When antihypertensive agents are given to patients with

impaired renal function, the effects on renal function,

acutely and chronically, may differ. For example, adminis-

tration of a dihydropyridine calcium blocker not only

reduces blood pressure but also frequently causes a small

increase in glomerular filtration rate, which may stay

above baseline for up to 6 months (77). Subsequently,

renal function deteriorates. In contrast, when an ACE

inhibitor (and probably an AT1 receptor blocker) is

given, renal function may deteriorate acutely and serum

creatinine rise frequently giving cause for alarm.

However, persistence with the drug and long-term mana-

gement lead to a reduction in the rate of renal function

deterioration and have long-term benefits that help

prevent renal failure (69,76–78).

From the clinical trials, ACE inhibitors and AT1 recep-

tor blockers appear consistently to improve morbidity and

mortality rates compared with other agents and, thus,

should be the first drugs chosen. However, if blood

pressure is not reduced to .130/80 mmHg or even

lower, other drugs should be added as required to

achieve this goal. Diuretics are a sensible second drug to

add to the ACE inhibitor or AT1 receptor blocker. In

most hypertensive patients, the diuretic that is used is

usually a thiazide or thiazide-like diuretic administered

in relatively small doses. These small doses of a thiazide

have relatively little effect in patients with impaired

renal function (e.g., creatinine .0.15 mol/L), and even

higher doses are relatively ineffective. Therefore, if a

diuretic is used, a loop diuretic usually is required. The

effectiveness of the diuretic in reducing blood pressure is

improved if sodium chloride intake and thus the load of

sodium to be excreted by the kidney is reduced.

Renal failure may also affect the required dose of the

drug used to treat hypertension because many of the

agents are excreted in the urine. This is not a major

problem given that the response and safety range of

many of the drugs are wide and that the dose of the drug

will be titrated according to the blood pressure response.

However, it needs to be recognized because occasionally

it can lead to problems. Among the ACE inhibitors, fosino-

pril has a potential advantage because it combines renal

excretion and liver metabolism and because its blood con-

centration for a given dose stays relatively consistent

despite renal failure (79).

X. RENOVASCULAR HYPERTENSION

It is often stated that ACE inhibitors and AT1 receptor

blockers are contraindicated in renal artery stenosis,

causing hypertension because of the risk of necrosis of

the stenosed kidney. This is particularly true if there is a

bilateral stenosis or stenosis in a solitary kidney. In these

circumstances, and for most people with functional renal

artery stenosis, the preferred treatment is to restore circu-

lation either by dilatation and a stent or surgery (80). If

surgery is contraindicated, then in a person with two

kidneys, one of which is stenosed, the preferred treatment

is a drug that blocks the RAS. These are the groups of

drugs that will provide the best blood pressure control,

and by treating blood pressure, they may prevent pro-

gression of the disease in the nonstenosed kidney

adequately.

XI. ARTHRITIS

Most antihypertensive drugs are effective in arthritic

patients, but the use of NSAIDs may cause a loss of

blood pressure control in some patients. This is probably

because of an effect on prostaglandins that alters sodium

excretion and leads to sodium retention (81). The effect

of most antihypertensive drugs, except for that of

calcium antagonists (82), is blunted by sodium retention

and, thus, blood pressure control is lost. This is particularly

relevant for ACE inhibitors. In a study (83) that compared

the effect of indomethacin given to people whose blood

pressure was controlled on enalapril or amlodipine, there

was an increase of 12 mmHg/5 mmHg in patients on ena-

lapril and an increase of 1 mmHg/0 mmHg in patients on

amlodipine. All antihypertensive drugs can be used in

arthritic patients, but if NSAID use is intermittent, it

appears to be preferable to base therapy on a calcium

channel blocker.

XII. SCIENTIFIC BASIS FOR DIFFERENT
RESPONSES TO DRUGS

A simple test to determine the most appropriate drug for a

patient would simplify management. It has been claimed

(84) that renin profiling allows a rational choice of

414 Management and Treatment in General and in Special Populations



therapy. The hypothesis is that in people with a relatively

high renin, blocking of the RAS by ACE inhibitors or

AT1 receptor blockers or by prevention of renin secretion

by b-blockers provides a good response. Conversely,

patients with a relatively low renin have a good response

to diuretics and calcium channel blockers. There is evidence

to suggest that when this hypothesis is applied to groups,

there is merit in this proposal. African-American patients,

elderly patients, and patients with renal disease have

sodium retention and relatively low renin, so these groups

respond better to calcium channel blockers and diuretics

than to b-blockers and blocking of the RAS. However,

although the group data support this hypothesis, when the

hypothesis is applied to an individual, the predictive value

is much weaker. Some elderly people with a low renin have

an excellent response to an ACE inhibitor or a b-blocker, so

the classification is only a guide to initial selection.

XIII. ACHIEVEMENT OF THE BLOOD
PRESSURE GOAL

In recent years, the goal has been to reduce blood pressure

to an ideal level of ,130 mmHg systolic and ,80 mmHg

diastolic. In most people who have a systolic blood pressure

.160 mmHg, this goal will not be achieved with monother-

apy. This raises the questions of how many drugs need to be

prescribed to achieve this goal and how high the dosages

should be. The Hypertension Optimal Treatment study

(85) showed that aggressive therapy did improve the

outcome in some subgroups, but there is no data available

to indicate how much of the improvement is related to the

first drug, the second drug, the third drug, and so on. In par-

ticular, if blood pressure was not controlled, was there a

negative effect of the additional drugs as assessed by such

factors as morbidity, mortality, financial cost, and lifestyle.

Although it is preferable to reach the stated ideal goals for

blood pressure levels, treatment regimens must be tempered

by common sense, and the goal for individual patients may

be relaxed as more drugs are used. In the elderly, it is par-

ticularly difficult to reach systolic blood pressure goals

(Table 25.8). In many cases this will require a multiple

drug regimen.

Suggested indicators for choosing a particular regimen

are shown in Table 25.9.

All drugs do have side effects, some of which are

related to the mechanism of action. For a number of

drug classes (diuretics, b-blockers, calcium blockers,

vasodilators), side effects increase as drug doses increase.

However, the side-effect profiles of most ACE inhibitors

and AT1 receptor blockers in doses that are effective for

24 h are relatively dose independent. Another important

factor is that a much greater response usually is obtained

by adding a second drug than by doubling the dose of

the first drug (86). Thus, the guiding principle for what

follows is that appropriate second drug should be added

rather than titrating to the maximum doses of the initial

drugs, and in the case of ACE inhibitors and AT1 receptor

blockers, start with a moderately high dose. Some of the

more useful combinations are as follows:

. ACE inhibitors and diuretics;

. b-blockers and diuretics;

. AT1 receptor blockers and diuretics;

. vasodilators and diuretics;

. ACE inhibitors and dihydropyridines;

. AT1 receptor blockers and dihydropyridines;

. dihydropyridines and b-blockers.

These combinations are useful and, in most cases, are

additive in their effects or in reducing the side-effect

profile, or both. In many of the above combinations, a

diuretic is the second drug used, and this diuretic usually

can be in a dose range where the dose of the diuretic, by

itself, is relatively ineffective but in combination with

another class of drug has a positive additive effect.

Combinations that are less than additive in their effects

include the following:

. ACE inhibitors and b-blockers;

. ACE inhibitors and AT1 receptor blockers;

. dihydropyridines and diuretics.

However, in certain circumstances there may be a

specific indication for their use.

Although statements can be made about the effective-

ness of different drug treatment combinations, there is

little conclusive data regarding whether some combi-

nations are better than others at improving the outcome.

Table 25.8 Recommendations for Treating Systolic Hyperten-

sion in the Elderly

Number of

drugs used at

one time

Systolic blood

pressure (mmHg) Recommendation

One ,130 Great success; continue

,135 Accept

�135 Add a second drug

Two ,135 Continue

,140 Accept

�140 Add a third drug

Three ,140 Continue

,150 Accept

�150 Add a fourth drug

Four ,160 Accept

�160 What to do? unknown

Note: This is assuming an initial systolic blood pressure of�150 mmHg.

If the reduction in blood pressure is ,10 mmHg after initial therapy, try a

different drug class.
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XIV. CONCLUSION

Large clinical trials provide objective information about

the effect of drugs on morbidity and mortality rates, and

they provide general guidelines that are related to overall

outcome. However, such studies are inflexible, and

patients continue on their assigned drugs even if they

have no effect on blood pressure levels. In addition,

patients with complications were excluded in many of

the earlier studies, although this is less frequently the

case in more recent studies.

By tailoring the therapy to the patient (Table 25.9), it

should be possible to obtain better results in individual

patients than those indicated in the clinical trials. Drugs

can be used to which the patient responds; and drugs can

be discontinued if there is no response or the response is

inadequate. Other disorders that affect the morbidity and

mortality rates can be treated at the same time hyperten-

sion is being treated. Better treatment compliance can be

obtained through individual management and encourage-

ment. Only if all risk factors associated with an adverse

outcome are managed will success be possible in reducing

morbidity and mortality rates back to the rates for people

who do not have hypertension.
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29. Dahlöf B, Lindholm LH, Hansson L, Scherstén B, Ekbom

T, Wester P-O. Morbidity and mortality in the Swedish

Trial in Old Patients with Hypertension (STOP-Hyperten-

sion). Lancet 1991; 338:1281–1285.

30. The ALLHAT Officers and Coordinators for the ALLHAT

Collaborative Research Group. Major outcomes in high-

risk hypertensive patients randomized to angiotensin-

converting enzyme inhibitor or calcium channel blocker

vs diuretic: the Antihypertensive and Lipid-Lowering

Treatment to Prevent Heart Attack Trial (ALLHAT).

J Am Med Assoc 2002; 288:2981–2997.

31. Gueyffier F, Boutitie F, Boissel JP, Pocock S, Coope J,

Cutler J, kbom T, Fagard R, Friedman L, Perry M,

Prineas R, Schron E. Effect of antihypertensive drug treat-

ment on cardiovascular outcomes in women and men : a

meta-analysis of individual patient data from randomized,

controlled trials. The INDANA Investigators. Ann Intern

Med 1997; 126:761–767.

32. Lewis CE, Grandits A, Flack J, McDonald R, Elmer PH.

Efficacy and tolerance of antihypertensive treatment in

men and women with stage 1 diastolic hypertension:

results of the Treatment of Mild Hypertension Study.

Arch Intern Med 1996; 156:377–385.

33. Brown MA, Whitworth JA. Pregnancy. In: Bennett WM,

McCarron DA, eds. Contemporary Issues in Nephrology:

Pharmacology and Management of Hypertension. Vol. 28.

New York: Churchill Livingstone, 1994:89–116.

34. Sibai BM. Treatment of hypertension in pregnant women.

N Engl J Med 1996; 335:257–265.

35. Collins R, Yusuf S, Peto R. Overview of randomised trials

of diuretics in pregnancy. Brit Med J Clin Res Ed 1985;

290:17–23.

Hypertension Management 417



36. Morgan TO, Anderson AIE, MacInnis RJ. ACE inhibitors,

b blocking drugs, calcium channel blocking drugs and

diuretics for the control of elevated systolic blood pressure

in the elderly. Am J Hypertens 2001; 14(3):241–247.

37. Deary AJ, Schumann AL, Murfet H, Haydock SF,

Foo RS-Y, Brown MH. Double blind, placebo-controlled

crossover comparison of five classes of antihypertensive

drugs. J Hypertens 2002; 20:771–777.

38. Materson BJ, Reda DJ, Cushman WC, Massie BM,

Freis ED, Kochar MS, Hamburger RJ, Fye C, Lakshman

R, Gottdiener J et al. Single-drug therapy for hypertension

in men: a comparison of six antihypertensive agents with

placebo. The Department of Veterans Affairs Cooperative

Study Group on Antihypertensive Agents. N Engl J Med

1993; 328:914–921.

39. Feskanich D, Willett WC, Stampfer MJ, Colditz GA. A pro-

spective study of thiazide use and fractures in women.

Osteoporos Int 1997; 7:79–84.

40. Bloom BS. Continuation of initial antihypertensive medi-

cation after 1 year of therapy. Clin Ther 1998; 20:671–681.

41. PROGRESS Collaborative Group. Randomised trial of a

perindopril-based blood-pressure-lowering regimen among

6,105 individuals with previous stroke or transient ischae-

mic attack. Lancet 2001; 358:1033–1041.

42. Wright JT Jr, Bakris G, Greene T, Agodoa LY, Appel LJ,

Charleston J, Cheek D, Douglas-Baltimore JG, Gassman

J, Glassock R, Hebert L, Jamerson K, Lewis J, Phillips

RA, Toto RD, Middleton JP, Rostand SG. Effect of blood

pressure lowering and antihypertensive drug class on pro-

gression of hypertensive kidney disease: results from the

AASK trial. J Am Med Assoc 2002; 288:2421–2431.

43. O’Rourke MF. From theory into practice: arterial haemody-

namics in clinical hypertension. J Hypertens 2002;

20:1901–1915.

44. Gatzka CD, Cameron JD, Kingwell BA, Dart AM. Relation

between coronary artery disease, aortic stiffness and left

ventricular structure in a population sample. Hypertension

1998; 32:575–578.

45. Gibbons RJ, Abrams J, Chatterjee K, Daley J, Deedwania

PC, Douglas JS, Ferguson TB Jr, Fihn SD, Fraker TD Jr,

Gardin JM, O’Rourke RA, Pasternak RC, Williams SV.

ACC/AHA 2002 guideline update for the management of

patients with chronic stable angina—summary article: a

report of the American College of Cardiology/American

Heart Association Task Force on practice guidelines (Com-

mittee on the Management of Patients with Chronic Stable

Angina). J Am Coll Cardiol 2003; 41:159–168.

46. Matsumoto K, Morishita R, Moriguchi A, Tomita N, Aoki

M, Sakonjo H, Matsumoto K, Nakamura T, Higaki J,

Ogihara T. Inhibition of neointima by angiotensin-convert-

ing enzyme inhibitor in porcine coronary artery balloon-

injury model. Hypertension 2001; 37:270–274.
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KEYPOINTS

. There exist multiple diuretic classes, each with

distinctive pharmacodynamic features.

. Diuretics are used for control of volume in sodium-

retaining states as well as to reduce blood pressure.

Blood pressure reduction with diuretic therapy is

the result of both volume removal and a direct vaso-

dilator effect with these compounds. Thiazide-type

diuretics reduce blood pressure more effectively

than do loop diuretics unless the loop diuretic is

being used for volume removal.

. Diuretics compare favorably with most medication

classes in establishing blood pressure control in

mild-to-moderate forms of hypertension. Diuretics

are also useful adjunctive therapy for most antihy-

pertensive medication classes.

. Outcomes data are positive with thiazide-type

diuretics particularly as relates to the incidence

rate of stroke.

. The most prominent diuretic related side-effects are

electrolyte in nature. Thiazide and loop diuretics

will increase urinary losses of potassium and

magnesium; conversely, potassium-sparing diuretics
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reduce urinary losses of both potassium and mag-

nesium. New-onset diabetes and sexual dysfunction

are side-effects also seen with thiazide-type

diuretics.

SUMMARY

Diuretics have been available for more than a half-century

and have become mainstays of therapy for edematous

states and/or hypertension. Considerable pharmacologic

heterogeneity is present amongst the members of the

various classes of diuretics. Diuretics have an important

role in the management of hypertension either as mono-

therapy or as adjuncts to other antihypertensive medi-

cation classes. Thiazide-type diuretics can be

distinguished from loop diuretics in that they are more effi-

cient in reducing blood pressure but less effective as pure

diuretic agents. Diuretic-related side-effects are typically

electrolyte in nature and are linked in their severity with

the duration and site of action of respective diuretics.

I. INTRODUCTION

Modern diuretic therapy grew out of two apparently unre-

lated events in the 1930s: the development of sulfanilamide,

which was the first effective antibacterial drug, and the

characterization of the enzyme carbonic anhydrase. Clinical

experience with sulfanilamide showed that this drug

increased urine flow as well as sodium and potassium

excretion. The recognition that sulfanilamide inhibited car-

bonic anhydrase catalyzed attempts to synthesize com-

pounds that might more specifically inhibit carbonic

anhydrase. The compound acetazolamide was discovered

in the process. The diuretic effect of acetazolamide

proved to be short-lived, which led to a search for more

potent diuretic compounds with greater long-term effective-

ness. The first of this more potent kind of diuretics was

chlorothiazide, and its advent in 1958 ushered in the

modern era of diuretic therapy (1).

Diuretics are important therapeutic tools because they

effectively reduce blood pressure and at the same time

decrease the morbidity and mortality that result from

hypertension. Diuretics are currently recommended by

the Joint National Committee on Detection, Evaluation,

and Treatment of Hypertension in its seventh report

(JNC7) as first-line therapy for the treatment of hyperten-

sion (2). In addition, diuretics remain an important aspect

of congestive heart failure treatment because they improve

the congestive symptomatology that typifies the more

advanced stages of congestive heart failure. This chapter

reviews the mechanism of action of the various diuretic

classes and the physiologic adaptations that accompany

the use of these drugs, establishes the basis for their use

in the treatment of hypertension and congestive heart

failure, and reviews commonly encountered side effects.

II. CLASSES OF DIURETICS

The predominant nephron action site(s) of various diuretic

classes are represented in Fig. 26.1. All available diuretic

classes have distinctive pharmacokinetics and, in many

instances, differing pharmacodynamic responses that

depends on both the nature and stage of the underlying

disease being treated (Table 26.1) (3).

A. Carbonic Anhydrase Inhibitors

The administration of a carbonic anhydrase inhibitor ordi-

narily produces a brisk alkaline diuresis. Although carbo-

nic anhydrase inhibitors work at the proximal tubule level,

where the bulk of sodium reabsorption occurs, their final

diuretic effect is typically rather modest, being blunted

by reabsorption in more distal nephron segments (4).

Acetazolamide is the only carbonic anhydrase inhibitor

with relevant diuretic effects. Acetazolamide is readily

absorbed and is eliminated by tubular secretion. Its use

is limited because of its transient action and because

prolonged administration leads to metabolic acidosis.

But in contrast, acetazolamide (250–500 mg daily) also

can correct the metabolic alkalosis that occasionally

occurs with thiazide or loop diuretic therapy.

B. Loop Diuretics

Loop diuretics act predominately at the apical membrane

in the thick ascending limb of the loop of Henle,

where they compete with chloride for binding to the

sodium/potassium/chloride co-transporter, thereby inhi-

biting sodium and chloride reabsorption (5). Loop

diuretics also have a mixture of effects on sodium and chlor-

ide reabsorption within other nephron segments, but these

appear to be quantitatively minor compared with their

effects on the thick ascending limb. Other clinically import-

ant effects of loop diuretics include a block of both free

water excretion during water loading and free water absorp-

tion during dehydration (6), a 30% increase in fractional

calcium excretion (7), a substantial increase in magnesium

excretion (8), and a transient increase followed by an ulti-

mate decrease in uric acid excretion (9). Loop diuretics

are also capable of increasing renal prostaglandin synthesis,

particularly that of the vasodilatory prostaglandin E2 (10).

Angiotensin II, generated following the administration of

intravenous loop diuretics, coupled with an increased syn-

thesis of prostaglandin E2 is the likely reason that loop

diuretics shift renal blood flow from the inner to the outer
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Table 26.1 Pharmacokinetics of Diuretics

Diuretic Bioavailability (%)

Half-life of drug (h)

Normal subjects

Subjects with

renal failure

Subjects with

congestive heart

failure

Loop

Furosemide 10–100 1.5–2 2.8 2.7

Bumetanide 80–100 1 1.6 1.3

Torsemide 80–100 3–4 4–5 6

Thiazide

Bendroflumethazide ND 2–5 ND ND

Chlorthalidone 64 24–55 ND ND

Chlorothiazide 30–50 1.5 ND ND

Hydrochlorothiazide 65–75 2.5 Increased ND

Indapamide 93 15–25 ND ND

Polythiazide ND 26 ND ND

Trichlormethiazide ND 1–4 5–10 ND

Distal or collecting duct

Amiloride ? 17–26 100 ND

Triamterene .80 2–5 Prolonged ND

Spironolactone ? 1.5 No change ND

Eplerenone

Note: ND, not determined.

Carbonic anhydrase
inhibitors

Loop diuretics Thiazides Antikaliuremics

Proximal tubule

ISOTONIC HYPOTONIC H
ALDO

Na
Na Na

Na
k
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Figure 26.1 Schematic of the nephron illustrating the handling of water and electrolytes by the different segments and the major

nephron sites of diuretic action. (Heavy arrows represent the approximate percentage of sodium that is reabsorbed by the various

nephron segments.)
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cortex of the kidney (10). Despite this redeployment of

renal blood flow, both total renal blood flow and glomerular

filtration rate are maintained after loop diuretic adminis-

tration to normal subjects (11).

The available loop diuretics include bumetanide, etha-

crynic acid, furosemide, and torsemide. These compounds

are heavily protein bound and, therefore, must gain access

to the tubular lumen (site of action) by tubular secretion.

Tubular secretion of these compounds occurs by way of

organic anion transporters that are contained within the

proximal tubule. Thiazide-type diuretics also access the

tubular compartment this way before they are conveyed

to their site of action in the course of urine flowing more

distally (12). Urinary diuretic concentrations are a useful

indicator of the rate of drug delivery to the medullary

thick ascending limb in that they correlate with the diure-

tic-related natriuretic response (3,12).

Furosemide is the most widely used diuretic in this

class (13). It is unpredictably absorbed with a bioavailabil-

ity of 49 + 17% (range of 12–112%) (14). The coeffi-

cients of absorption variation for different furosemide

products vary from 25% to 43%; thus, switching

between furosemide formulations will not standardize

patient absorption and thus response to oral furosemide

(14). Bumetanide and (to an even greater degree) torse-

mide are both more predictably absorbed than is furose-

mide. The predictability of torsemide absorption is a

consideration when loop diuretic therapy is called for in

a patient with heart failure (15,16). Compared with

patients treated with furosemide, patients treated with tor-

semide are typically less fatigued and less apt to be read-

mitted for congestive heart failure or for any

cardiovascular–renal causes (16).

All loop diuretics circulate as organic anions, highly

bound to albumin, that access the tubular lumen through

a probenecid-sensitive proximal tubular secretory mechan-

ism. Loop diuretic protein binding may be decreased by

uremic toxins or fatty acids, although the basis for

altered drug effect has been inadequately explored (17).

Secretion of furosemide and other loop diuretics may be

slowed in the presence of elevated levels of endogenous

organic acids, such as in the case of chronic kidney

disease, and may be slowed by drugs that share the same

transporter, such as salicylates and nonsteroidal anti-

inflammatory drugs (NSAIDs).

The three loop diuretics most commonly used—furose-

mide, bumetanide, and torsemide—exhibit decreased

renal clearance in the chronic kidney disease patient.

This change evolves parallel with the degree of change

in renal function. In general, furosemide pharmacokinetics

are more significantly changed than other loop diuretics

used in treating chronic kidney disease because both the

renal clearance and the metabolism of this compound

are altered (18). Bumetanide and torsemide undergo

significant hepatic metabolism, hence there is predictably

less change in their pharmacokinetic profile in chronic

kidney disease (Table 26.1) (19,20).

The relationship between urinary furosemide excretion

(and also excretion of other loop diuretics) and the

natriuretic effect takes the form of a sigmoidal shaped

dose–response curve (Fig. 26.2) (3,12,21). A normal

dose–response relationship (typically seen in the

untreated hypertensive patient) can be distorted downward

and rightward by a number of clinical conditions, ranging

from volume depletion (braking phenomenon) to heart

failure or nephrotic syndrome (disease-state alterations),

to various drug therapies (22,23). The NSAID indometha-

cin reworks the dose–response relationship through its

inhibition of prostaglandin synthesis (24), which, in turn,

modifies renal blood flow and tubular sodium handling.

Although the normality of this relationship can falter in

the setting of nephrotic-range proteinuria, it is not

because of urinary protein binding of loop diuretics (25).

C. Thiazide Diuretics

The major action site of thiazide diuretics is the early distal

convoluted tubule where the coupled reabsorption of

sodium and chloride is inhibited (Fig. 26.1) (26). In

addition to effects on sodium excretion, thiazide diuretics

also impair urinary diluting capacity while preserving

urinary concentrating mechanisms (27), reduce calcium

and uric acid excretion (28,29), and increase magnesium

excretion (30). The latter is particularly prominent in treat-

ment with long-acting thiazide-type diuretics such as

chlorthalidone (30).

Hydrochlorothiazide is the most widely utilized drug in

this diuretic class. It is well absorbed, with a bio-

availability of �70%. The onset of diuresis with

Figure 26.2 Pharmacokinetic (A) and pharmacodynamic (B)

determinants of loop diuretic response. (The broken line rep-

resents an altered dose–response relationship, as observed in a

typical diuretic-resistant state.) The diuretic delivery necessary

to achieve a threshold response can vary substantially in the

presence of diuretic resistance.
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hydrochlorothiazide is rapid (within 2 h), peaking at 3–

6 h, and continuing for as long as 12 h. However, of the

total natriuretic response following a single dose, only a

small fraction is gained .6 h of dosing. The diuretic

effect of hydrochlorothiazide can be extended by adminis-

tering higher doses (50–200 mg) than the doses conven-

tionally used. Alternatively, if a more prolonged

natriuresis is desired, a longer-acting thiazide-type diure-

tic, such as chlorthalidone or metolazone, can be con-

sidered (31,32).

The half-life of hydrochlorothiazide (and other thiazide

diuretics) is prolonged in patients with decompensated

congestive heart failure or renal insufficiency (32).

Large doses of thiazide-type compounds (100–200 mg/
day) can be diuretic in patients with chronic kidney

disease despite the often-cited belief that these drugs are

ineffective in advanced-stage chronic kidney disease

(33). However, the magnitude of the diuretic response is

controlled by two factors: the reduced glomerular fil-

tration rate, which means that the filtered load is low,

and the nephron site at which a thiazide diuretic is

active, which is a site where only a modest diuretic

response should be expected when sodium reabsorption

is blocked (33,34).

Metolazone is a quinazoline diuretic with a major site

of action in the distal tubule and a minor inhibitory

effect on proximal sodium reabsorption through a carbonic

anhydrase-independent mechanism (35,36). Metolazone is

fairly lipid soluble, with a wide volume of distribution

(VD) and a prolonged duration of action. These properties

facilitate its tubular delivery in the setting of renal insuffi-

ciency and support its effectiveness in diuretic-resistant

situations when combined with a loop diuretic (37,38).

Metolazone absorption is slow and erratic, which presents

an interpretive problem in a “diuretic-resistant” patient.

That is, the failure to respond to a metolazone-based

regimen is usually taken to signify a worsening of the

primary volume-retaining state, but the failure to

respond to the drug may simply be the offshoot of poor

drug absorption (12,38).

D. Distal Potassium-Sparing Diuretics

There are two classes of potassium-sparing diuretics: com-

petitive antagonists of aldosterone, such as spironolactone,

and compounds that do not interact with aldosterone

receptors, such as amiloride and triamterene. These

agents inhibit active sodium absorption in the late distal

tubule and the collecting duct. In the process, basolateral

sodium-potassium-ATPase activity falls, and intracellular

potassium concentration is reduced. The resulting fall in

the electrochemical gradient for both potassium and

hydrogen cations reduces their secretion (39,40).

Because these drugs are capable of only a modest

natriuresis, their usefulness resides more in their ability

to reduce the excretion of potassium and hydrogen

cations, especially in states of hyperaldosteronism or

when more proximally acting diuretics increase distal

delivery (41). Potassium-sparing diuretics also reduce

calcium and magnesium excretion (8).

Spironolactone is a lipid-soluble potassium-sparing

diuretic that is well absorbed and highly protein bound.

It has a 20 h half-life and can take 24–48 h to reach

maximal effectiveness. (42,43) Spironolactone undergoes

extensive metabolism. 7-a-thiomethylspirolactone and

canrenone are two important metabolites of spironolactone

that are responsible for much of its anti-mineralocorticoid

activity (44). Spironolactone can be particularly useful in

states of reduced renal function because it can gain

access to its site of action independent of filtration;

however, its propensity to cause hyperkalemia limits its

use in chronic kidney disease patients (45).

Eplerenone is an aldosterone receptor antagonist whose

molecular structure affords selectivity for the aldosterone

receptor. Accordingly, its lesser affinity for androgen and

progesterone receptors results in its causing gynecomastia

less frequently than is the case for spironolactone (46).

Under most circumstances, eplerenone is a very mild

diuretic; thus, its antihypertensive effects derive from the

nondiuretic aspects of its actions. These actions result in

a level of blood pressure reduction that compares favor-

ably to the reduction seen with other drug classes such

as angiotensin-converting enzyme (ACE) inhibitors and

calcium channel blockers (47,48). Eplerenone also effec-

tively regresses left ventricular hypertrophy, either by

itself or when combined with an ACE inhibitor (49), and

the drug has a prominent anti-proteinuric effect (48). It

is worth noting that eplerenone in combination with

optimal medical therapy reduces morbidity and mortality

among patients with acute myocardial infarction compli-

cated by left ventricular dysfunction and heart failure (46).

Amiloride is a potassium-sparing diuretic, which is

actively secreted by proximal tubular cationic transporters

(50). Amiloride blocks epithelial sodium channels in the

luminal membrane of the collecting duct, so that a

modest natriuretic response can be anticipated with its

use. Amiloride undergoes extensive renal clearance and

will accumulate (with repetitive dosing) in the cases of

chronic kidney disease or senescence-related reduction

in renal function (51). It is advisable to either reduce the

dose of amiloride or decrease its frequency of dosing in

chronic kidney disease (glomerular filtration rate

,50 cc/min) to minimize the risk of hyperkalemia.

Triamterene is another potassium-sparing diuretic,

which does not act by the way of aldosterone antagonism.

Triamterene is metabolized to an active phase-II sulfate

conjugated metabolite. Both triamterene and its sulfated

metabolite gain access to their intraluminal site of action
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by proximal tubular secretion. Triamterene and its metab-

olite will accumulate upon repetitive dosing in cases of

chronic kidney disease, with an inherent tendency to

cause hyperkalemia. Therefore, in those rare circum-

stances where its use is contemplated in cases of chronic

kidney disease empiric dosage adjustment is advisable

(52). Because of its weak blood-pressure-lowering

properties, triamterene is seldom used as monotherapy for

hypertension. Instead, it is used in combination with thia-

zide-type diuretics in a variety of strengths for each com-

ponent. The premise behind such a combination of two

diuretics is for triamterene as a potassium-sparing diuretic

to reduce the potassium and magnesium losses that might

accompany thiazide therapy (53). Triamterene given

together with NSAIDs has been reported to cause acute

renal failure, occasionally lasting several days (54). The

mechanism behind this acute renal failure is unclear, but

it may relate to two factors: first, there is as much as a

30% fall in renal blood flow observed with triamterene

and second, this compound increases urinary excretion of

the vasodilator prostaglandins E2 and F2a (53,55).

III. RESPONSES TO DIURETICS

In addition to responses to specific diuretics, two general

types of responses may be encountered during treatment

with diuretics.

A. Adaptation to Diuretic Therapy

Diuretic-induced inhibition of sodium reabsorption in one

nephron segment elicits important adaptations in other

nephron segments, which not only limits their antihyper-

tensive and fluid-depleting actions but also contributes to

treatment side effects. Although a portion of this diuretic

resistance is a normal consequence of diuretic use, pro-

found diuretic resistance from such adaptations can be

encountered in patients who have other clinical disorders

such as congestive heart failure, cirrhosis, or renal insuffi-

ciency. An understanding of the mechanisms comprising

adaptation to diuretic therapy is necessary to minimize

this process and limit side effects.

The initial dose of a diuretic ordinarily manufactures a

brisk diuresis, which in most cases ends with a net negative

sodium balance. The new equilibrium state established is

one where body weight stabilizes at a reduced value

because adaptive processes intervene and preclude an unre-

mitting volume loss. In nonedematous patients who are

given either a thiazide or a loop diuretic, this adaptation,

or braking phenomenon, occurs within a matter of days

and limits weight loss to 1–2 kg (22). This braking

phenomenon has been convincingly demonstrated in

normal subjects administered the loop diuretics furosemide

or bumetanide (56–58). Furosemide administered to sub-

jects who ingest a high-salt diet (270 mmol/24 h) produced

a brisk natriuresis, which resulted in a negative sodium

balance for the first 6 h. This was followed by an 18 h

period when sodium excretion was reduced to amounts

considerably below the level of intake. This post-diuresis

sodium retention corrected for initial sodium losses, with

the result that at the end of the day, a neutral sodium

balance state existed, with no net weight loss. In fact, this

same pattern of sodium loss and compensatory retention

persists even after a month of furosemide administration

(11). Sodium intake, prior to and after diuretic dosing,

will adjust the outcome through the braking phenomenon.

If sodium intake is kept low, sodium balance will remain

negative in the hours after the initial natriuresis and

permit a net reduction in body weight.

The pathophysiology of the braking phenomenon is

complex. In part, the relationship between natriuresis

and the rate of loop diuretic excretion depends on the

level of sodium intake. In subjects who are receiving a

low-sodium diet, the response curve for a diuretic is typi-

cally shifted rightward, which is indicative of a blunting

of the tubular responsiveness to the diuretic (Fig. 26.2)

(56–58). Extracellular fluid volume depletion is an

important factor in the genesis of post-diuretic sodium

retention. Using lithium clearance methodology (as a

marker of proximal sodium handling) in the post-diuretic

period, overall sodium retention has been ascribed to

both an increase in proximal and distal sodium absorption.

It has been suggested that this heightened sodium

reabsorption may be being prompted by a-stimulation

or renin–angiotensin–aldosterone system activation;

however, the administration of a-adrenergic antagonists

and blockers of the renin–angiotensin–aldosterone

system do not seem to modify the braking phenomenon

in a meaningful manner (11,56,57). Moreover, a volume-

independent component to the process has been suggested,

which may be structural (11,59–61). Structural hypertro-

phy in the distal nephron has been demonstrated in rats

receiving prolonged infusions of loop diuretics (60,61).

These structural changes are associated with enhanced

rates of distal nephron sodium and chloride absorption

and increased secretion of potassium, a sequence that is

independent of aldosterone (62). These nephron adap-

tations may contribute to post-diuretic sodium retention

and to diuretic tolerance in humans and are one possible

explanation for the sodium retention that can persist for

up to 2 weeks after diuretic therapy is discontinued (11,63).

B. Neurohumoral Response to Diuretics

Neurohumoral activation by diuretics remains an import-

ant consideration in the overall effectiveness of diuretics

in hypertension and congestive heart failure. The
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neurohumoral response to diuretics depends on both the

route of administration as well as the extent of drug

exposure. Intravenous loop diuretics have an immediate

(within minutes) stimulatory effect on the renin–angioten-

sin–aldosterone system arising at the macula densa that is

independent of volume depletion or sympathetic nervous

system activation (64). This first wave of neurohumoral

effects with an intravenous loop diuretic is short-lived,

but it can be of sufficient magnitude to increase afterload

(in a dose-dependent manner) and for a short time may

diminish the effectiveness of a diuretic (65). This sequence

of events may provide an explanation for the restoration of

a diuretic response in a diuretic-resistant patient (one who

has not responded to bolus loop diuretic therapy) when

loop diuretics are administered in an infusion (66). A

second response of increased renal prostaglandin pro-

duction is triggered within 5–15 min of intravenous loop

diuretic administration (64). This secondary response

offers a likely explanation for the reduction in preload

and ventricular filling pressures that takes place shortly

after intravenous loop diuretic administration (67).

Both intravenous and oral diuretics can be involved

with the next stage of neurohumoral activation, which

occurs with excess volume removal. Volume removal

can chronically activate the renin–angiotensin–aldoster-

one system and in so doing increase concentrations of

both angiotensin II and aldosterone, each of which inde-

pendently can stimulate sodium absorption in proximal

and distal tubular locations, respectively. The role of

aldosterone excess in electrolyte depletion or persistent

hypertension in a patient being treated with diuretics is

underappreciated. Low-dose spironolactone provides sig-

nificant additive blood pressure reduction in diuretic-

treated patients with resistant hypertension (68).

IV. DIURETICS IN TREATMENT
OF HYPERTENSION

In nondiabetic patients, hypertension is defined as a systo-

lic and diastolic blood pressure of �140 and �90 mmHg,

respectively (2). Hypertension and the newly defined pre-

hypertension state are widely prevalent in the USA, with

over 100 million people affected with one or the other of

these disorders (69). Worldwide prevalence estimates for

hypertension may be as much as 1 billion individuals,

with �7.1 million deaths per year possibly attributable

to it (70). Cardiovascular (CVR) and cerebrovascular

events, renal failure progression, and all-cause mortality

each increase in a continuous fashion with increasing dias-

tolic or systolic blood pressure or both. The beneficial

effects of blood-pressure-lowering treatment on the risks

of major cardiovascular and renal events are not disputed.

What has been questioned is the comparative effects of

regimens that are based on different drug classes or regi-

mens that target different blood pressure goals. To

answer this question, a recent analysis was conducted by

the Blood Pressure Lowering Treatment Trialists’ Collab-

oration; the results showed no significant differences in

total major CVR events between regimens that are based

on ACE inhibitors, calcium channel blockers, diuretics,

or b-blockers (71).

Analyses such as this tend to shift the argument from

what should be the preferred first drug in the treatment

of hypertension to what compound or combination of

drugs is the most cost-effective treatment. In this regard,

diuretic therapy as first-step treatment or as a component

of multi-drug therapy has an established and widely

accepted position. All of the prior Joint National Commit-

tee on the Detection, Evaluation, and Treatment of High

Blood Pressure (JNC) documents (dating to 1977) and

the most recent guidelines, the seventh report (JNC7),

favor the early use of diuretic therapy in the management

of hypertension, often in a “stepped-care” approach to

hypertension management (2).

A. Mechanism of Action

Thiazide-type diuretics have been used in the treatment of

hypertension for almost 50 years. But despite the enor-

mous treatment experience with these compounds, a

number of uncertainties remain concerning their use. Of

the unanswered questions concerning thiazide-type diure-

tics, three are particularly relevant: first, to what degree is

a persistent reduction in extracellular fluid volume a prere-

quisite for continuing blood pressure reduction with these

compounds? Secondly, do thiazide-type diuretics provide

better blood pressure reduction than loop diuretics?

Thirdly, are all thiazide-type diuretics the same in their

blood-pressure-reducing effect (have a “class effect”)?

The exact means by which thiazide-type diuretics lower

blood pressure is unclear. Their effect on blood pressure

may be divided into three sequential phases: acute, sub-

acute, and chronic, corresponding to periods of up to 2

weeks, several weeks, and several months, respectively

(Fig. 26.3) (72). In the acute response phase, the blood-

pressure-lowering effect of a diuretic is coupled to a

reduction in extracellular fluid volume and a correspond-

ing drop in cardiac output. The early response (the first

2–4 days of treatment) to a thiazide-type diuretic, in the

setting of a “no salt added” diet (100–150 mmol/day),

results in a net sodium loss of 100–300 mmol, which

translates into a 1–2 L decrease in extracellular fluid

volume. Plasma sodium concentrations are unchanged in

the process.

Direct measurements of extracellular fluid volume in

thiazide diuretic-treated hypertensive patients in the

acute response phase show a 12% decrease (73). There
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is a similar reduction in plasma volume, which suggests

that this acute volume loss arises proportionally from

both the plasma and the interstitial compartments (74).

This decrease in plasma volume reduces venous return

and diminishes cardiac output, providing the basis for

the initial drop in blood pressure with a thiazide diuretic

(75). This change in plasma volume can stimulate both

the sympathetic nervous and renin–angiotensin–aldoster-

one systems, with the degree to which these systems acti-

vate governing the magnitude of the acute blood pressure

decrease observed with diuretics (72,73).

In due course, thiazide diuretic effects on volume and

cardiac output lessen in importance, although blood

pressure remains lowered. During the subacute phase of

a treatment response (the first few weeks), plasma

volume returns to slightly less than pretreatment levels,

despite the continued administration of a diuretic (74).

The subacute response phase with thiazide-type diuretics

is a transitional period, during which both volume and

resistance factors contribute to the blood pressure

reduction (75,76).

B. Blood Pressure Reduction

In the chronic response phase of therapy, the vasodepressor

influence of a diuretic develops into a process mechanisti-

cally driven by a reduction in total peripheral resistance.

There is no simple explanation for the drop in total periph-

eral resistance that accompanies long-term diuretic use.

This decrease has been attributed to several factors,

including changes in the ionic content of vascular

smooth-muscle cells, altered ion gradients across smooth-

muscle cells, or potassium-channel activation, and

changes in membrane-bound ATPase activity. The ability

of thiazide-type diuretics to reduce blood pressure seems

to be critically linked to the presence of functioning renal

tissue; thus, these drugs will not reduce blood pressure in

patients undergoing maintenance hemodialysis (77).

A mechanistic understanding of both diuretic action

and countervailing forces triggered by diuresis provide

for a well-reasoned approach to the treatment of hyperten-

sion. The early action of diuretics to reduce extracellular

fluid volume is optimized if dietary sodium is restricted

at the beginning of therapy. This limits the repercussions

of the braking phenomenon, which is an inevitable occur-

rence with continuous diuretic use (12). Some limitation in

dietary sodium intake also may be relevant to how diure-

tics chronically reduce total peripheral resistance. It is

thought that adjustments in sodium–calcium balance in

vascular smooth muscle cells come about with the acute

volume contraction observed during the first several days

of thiazide diuretic therapy. How this phenomenon of

volume contraction translates specifically into a reduction

in total peripheral resistance remains unclear (72,73).

Whatever the mechanism, it can be quite long-lived

because a residual blood pressure reduction can be seen

several weeks after the withdrawal of thiazide diuretics

(even without interposing nonpharmacologic treatments

for maintenance of blood pressure control) (78,79).

However, this residual blood pressure-reducing effect of

thiazide-type diuretics has not been compared carefully

to that observed with other antihypertensive medication

drug classes (79).

Another consideration in the chronic blood pressure

reduction with a diuretic relates to the duration of a

natriuretic response. For example, when long-term

responses to hydrochlorothiazide and furosemide are com-

pared in hypertensive patients, diastolic blood pressure

and even more so systolic blood pressure are more consist-

ently reduced with hydrochlorothiazide (80,81). This

difference has been attributed to the more gradual and

prolonged diuresis with a thiazide diuretic (with a less pro-

found braking phenomenon) compared to the brisk and

early diuretic response with a loop diuretic (more signifi-

cant braking phenomenon). During the acute phase of

response, a thiazide diuretic may be able to maintain a

mild state of volume contraction more effectively than a

loop diuretic (12). It is thought that this pattern of

volume removal with a thiazide-type diuretic lends itself

to a greater downward shift in total peripheral resistance.

A direct vasodilator effect of hydrochlorothiazide has

been postulated but in reality is quite small, only occurring

at high local concentrations when experimentally infused

into the human forearm (82).

Figure 26.3 Effects of thiazide administration in an “ideal-

ized” patient. (BP, blood pressure; PRA, plasma renin activity;

TPR, total peripheral resistance; CO, cardiac output; PV,

plasma volume.)
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C. Diuretic Class Effect

The concept of “class effect” has been applied to both loop

diuretics and thiazide-type diuretics with respect to the

management of hypertension. In this regard, the loop

diuretic effect on blood pressure is a function of at least

two processes: the manner in which volume removal is

effected with these compounds and their capacity to inde-

pendently decrease total peripheral resistance. It has been

observed that small doses of the long-acting loop diuretic

torsemide may cause significant blood pressure reduction

in patients with essential hypertension. This process,

which is not demonstrable with subdiuretic doses of furo-

semide, seems to be independent of the observed degree of

diuresis (83). Notably, furosemide does not directly dilate

human forearm arterial vessels even at supratherapeutic

concentrations (84); however, given in bioequivalent

doses, furosemide is equally as effective in reducing

24 h ambulatory blood pressure as torsemide in patients

with stage 1–3 chronic kidney disease (85). Until com-

parison studies among loop diuretics are conducted in

diverse populations, it is premature to presume that com-

pounds are distinguishable (independent of volume

removal) in their blood-pressure-reducing ability.

The idea of a class effect for thiazide-type diuretics is

one promulgated by many, but one that has only

minimal experimental support (2). Much of the recent

debate has centered on the similarities (or lack thereof)

between chlorthalidone and hydrochlorothiazide (86).

The concept of class effect with thiazide-type diuretics

needs to be considered in two ways: first, with respect to

a drop in blood pressure, and secondly, with respect to

event-rate reduction. These two compounds are fundamen-

tally different diuretics; chlorthalidone has a considerably

longer duration of diuretic action than hydrochlorothia-

zide. This does not necessarily mean that chlorthalidone

is a better antihypertensive compound, although it is

likely that the longer duration of diuretic action with

chlorthalidone makes it a milligram-to-milligram stronger

antihypertensive compound than hydrochlorothiazide. The

exact dose equivalence between the two compounds is a

matter of some debate and one that will not be easily

resolved. Chlorthalidone has had a more consistent

pattern of favorable outcomes than hydrochlorothiazide

(86–89). However, although it is tempting to assume

that chlorthalidone is a better outcome drug, it cannot be

verified until this has been prospectively studied.

D. Diuretics in Clinical Trials

By the mid-1990s, evidence of the effects of blood-

pressure-lowering regimens that are based primarily on

diuretics and b-blockers was available from a series of

randomized controlled clinical trials that involved

.47,000 hypertensive patients (90–94). Systematic over-

views and meta-analyses of these trials showed that within

just a few years of beginning therapy, reductions in blood

pressure of 10–12 mmHg systolic and 5–6 mmHg dias-

tolic provided relative risk reductions for stroke and coron-

ary heart disease of 38% and 16%, respectively (90–94).

These effects were similar in major subgroups of patients

and seemed to be largely independent of differences in

disease event rates among study patients. The few

studies that directly compared diuretics and b-blockers

detected no obvious differences in the risk of either

stroke or coronary artery disease; however, differences

between these two therapies may be more likely to be

detected in specific patient groups. For example, in an

overview of treatment outcomes in elderly patients it has

been shown that first-line diuretic therapy was superior

to b-blockade in preventing cerebrovascular events, fatal

stroke, coronary heart disease, CVR mortality, and all-

cause mortality. In contrast, b-blocker therapy reduced

only the odds for cerebrovascular events and was ineffec-

tive in preventing coronary heart disease, cardiovascular

mortality, and all-cause mortality (95).

In 1995, a number of studies of blood-pressure-

lowering drugs were known to be planned or were

ongoing with completion anticipated in the near future.

Most of these trials had been designed to detect large

differences in relative risk and had insufficient power to

detect small to moderate differences between the regimens

being studied. To maximize the information acquired by

these and future trials, a collaborative program of pros-

pectively designed overviews was developed. The first of

these overviews became available in the year 2000 (96).

The overview of trials in hypertensive patients that

compared ACE inhibitor-based regimens with diuretic-

based or b-blocker-based regimens does not show that

the endpoint benefits of ACE inhibitors are any different

than those provided by diuretics or b-blockers

(Fig. 26.4) (96). The overview of trials comparing

calcium channel blockers therapy with diuretic-based or

b-blocker-based regimens provides some evidence

of difference in the effects of the two regimens on

cause-specific outcomes, with the risk for stroke being

significantly less with calcium channel blockers than

with diuretics (Fig. 26.5) (96). There was no evidence of

differences between the treatment effects of calcium

channel blocker regimens on the basis of whether

dihydropyridine or nondihydropyridine calcium channel

blockers were compared to diuretic/b-blocker regimens

(97–99).

The most recent trial of note that provides information

on the issue of diuretic therapy and outcomes is the Anti-

hypertensive and Lipid-Lowering Treatment to Prevent

Heart Attack Trial (ALLHAT) (89). A total of 33,357 par-

ticipants aged 55 years or older (35% African-Americans)
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with hypertension and at least one other coronary heart

disease risk factor were enrolled in ALLHAT. ALLHAT

originally set out to study ACE inhibition (lisinopril),

calcium channel blocker therapy (amlodipine), and

Figure 26.5 Comparisons of calcium-antagonist-based

therapy with diuretic-based or b-blocker-based therapy. (DHP,

Dihydropyridine; NHP, Nondihydropyridine; p HOMOG, P

value from x2 test for homogeneity.)

Figure 26.4 Comparisons of ACE-inhibitor-based therapy

with diuretic-based or b-blocker-based therapy. (ACE, angioten-

sin-converting enzyme inhibitor; p HOMOG, P value from x2

test for homogeneity; CI, confidence level; STOP-2, Second

Swedish Trial in Old Patients with Hypertension; UKPDS,

United Kingdom Prospective Diabetes Study; HDS, Hyperten-

sion in Diabetes Study; CAPPP, Captopril Prevention Project.)

430 Management and Treatment in General and in Special Populations



peripheral a-antagonism (doxazosin) compared to therapy

with the diuretic chlorthalidone with regard to differences

in a composite primary outcome of fatal coronary heart

disease or nonfatal myocardial infarction. Although the

primary outcome in ALLHAT was comparable for both

the chlorthalidone and the doxazosin treatment groups,

the doxazosin treatment was terminated early because of

an increased risk of stroke and combined cardiovascular

disease (of which heart failure was a component) when

compared with chlorthalidone (100).

In ALLHAT, no significant difference was observed

between chlorthalidone and either amlodipine or lisinopril

in the primary outcome; however, the secondary outcome

findings showed a smaller reduction in total major CVR

events, stroke, and heart failure with lisinopril than with

chlorthalidone (89). This difference in event rates was

largely attributable to worse outcomes in the African-

American cohort in ALLHAT and may have related to

the smaller blood pressure reduction with the ACE-

inhibitor-based regimen in that subgroup. This difference

in blood pressure control among primary drug classes

was not unexpected, given the stated purpose and design

of the study, and it limits the ability to generalize the

positive findings with diuretics in ALLHAT.

E. Responsive Patient Populations

When used alone in the nonedematous patient, thiazide

diuretics are as effective as most other antihypertensive

drug classes, an observation which is independent of body

mass index (101,102). Although it is erroneous to make uni-

versal recommendations about antihypertensive care on the

basis of race, age, or gender, this still happens rather

routinely. That being said, African-American, elderly,

and female hypertensive patients typically respond better

to diuretics than do non-African-American or younger

patients, who are more likely to be salt-sensitive

(101,103,104). The same can be said for other salt-sensitive

forms of hypertension, such as the form that is characteristic

of the hypertensive diabetic. However, the basis for the

majority of the interindividual variability in response to a

thiazide diuretic continues to go unexplained despite the

earlier cited patient characteristics (African-American

ethnicity and female gender) offering some measure of

predictability of response by category (104).

1. Elderly Populations

A number of studies that used diuretic-based regimens have

been conducted specifically in the elderly hypertensive

population (.60 years in age): the Systolic Hypertension

in Elderly Program (SHEP) (105), the Swedish Trial in

Old Patients with Hypertension (STOP-Hypertension)

(106), the Medical Research Council trial in the treatment

of older adults (MRC2) (107), the European Working

Party on High Blood Pressure in the Elderly (EWPHE),

(108) and the Coope and Warrender randomized trial of

treatment of hypertension in elderly patients in primary

care (103). Significant reductions in stroke, similar to

those observed in younger patients, and greater benefits in

terms of protection from myocardial infarction and conges-

tive heart failure were demonstrated in these older patients

(109). Each of these trials found significant reductions in

cardiovascular and cerebrovascular morbidity and mor-

tality associated with diuretic or b-blocker therapy.

As an example of these trials, we will highlight the

SHEP trial—a double-blind, placebo-controlled trial that

consisted of 4736 men and women with isolated systolic

hypertension who were older than 60 years of age

(105,112). Patients were randomized to receive a low-

dose of the diuretic chlorthalidone (12.5–25.0 mg/day)

as initial therapy; a b-blocker (atenolol 25–50 mg/day)

or reserpine (0.05–0.10 mg/day) was then added as

needed to reach the goal blood pressure—a systolic

blood pressure ,160 mmHg or at least a 20 mmHg

decrease in systolic blood pressure.

At the end of the 5 year follow-up period, 46% of the

subjects had adequate blood pressure control using only

a low dose of chlorthalidone, and blood pressure was

equally well-controlled irrespective of the serum creati-

nine (range 35–212 mmo/L) (Fig. 26.6) (105,112).

Figure 26.6 Variations of mean systolic and diastolic blood

pressures during follow-up according to treatment and baseline

serum creatinine levels in the SHEP. (The graph has been trun-

cated .4 years.)
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Another 23% of patients were controlled with the addition

of a b-blocker. Outcomes included both a statistically sig-

nificant 36% reduction in fatal and nonfatal strokes and

nonstatistically significant reductions in myocardial

infarction of 27% and overall mortality of 13%.

However, these positive outcome benefits were negated

when hypokalemia (serum potassium ,3.5 mmol/L)

occurred in these chlorthalidone-treated patients (113).

In addition, four clinical trials, with a total of almost

35,000 patients, have compared diuretics with b-blockers:

the International Prospective Primary Prevention Study in

Hypertension (IPPPSH) (110), Heart Attack Primary Pre-

vention in Hypertension (HAPPHY) trial (111), Medical

Research Council trials one and two (MRC and MRC2)

(107). In these comparative trials, b-blocker therapy was

comparable to diuretic therapy with regard to the inci-

dence of stroke, although this observation has been dis-

puted (109). Findings were mixed with regard to

myocardial infarction, with two studies favoring either

diuretics or b-blockers over the other, although differences

between these classes were quite small.

Overall, the results of these trials clearly establish the

benefit of low-dose diuretics or b-blockers, or both

together, for the treatment of isolated systolic hypertension

in the elderly. They have been the basis for current treat-

ment recommendations advocating diuretic therapy in

uncomplicated forms of hypertension, strengthened by

the ALLHAT findings (89,100).

2. Black Populations

In black patients, hypertension is more prevalent at a

younger age, is usually more severe, and is associated

with a greater incidence of cardiac, central nervous

system, and renal complications that occur in white

patients (114). Although the pathogenesis of hypertension

has not been clearly defined, the majority of blacks fall

into the low-renin category. This low-renin status cannot

be explained by volume expansion alone because no con-

sistent relationship between these two factors has been

detected in this population (115). In addition, the INTER-

SALT study, a multi-center, cross-sectional study that

evaluated the relationship between electrolytes and blood

pressure, was unable to correlate excessive salt intake

with the development of hypertension in blacks (116).

Although this issue is not yet fully resolved, there

appears to be an important emerging role for potassium

intake in the blood pressure patterns expressed in normo-

tensive and hypertensive blacks (117,118).

Nonetheless, black patients respond very well to diure-

tic therapy, with 40–67% of young and 58–80% of elderly

blacks responding to diuretic monotherapy (119–121).

However, the absolute blood pressure reduction (212/
8 mmHg) in black patients, although more predictable

than in cases where other drug classes are administered

as monotherapy (such as ACE inhibitors, b-blockers, or

angiotensin receptor blockers), is often insufficient to

bring blood pressure to the goal level (22). Consequently,

diuretics often need to be administered together with other

antihypertensive drug classes in blacks if the goal blood

pressure is to be reached. This practice of administering

multiple antihypertensive drugs (including a diuretic) to

blacks can be undertaken with the diuretic as the beginning

therapy or with the diuretic therapy added on to other drug

classes, such as ACE inhibitors or b-blockers (123).

Diuretic therapy has been associated with reductions in

morbidity and mortality in blacks. (89,124,125) Black

patients made up approximately half of the study partici-

pants in the Veterans Administration Cooperative study

and the Hypertension Detection and Follow-up Program

(HDFP), both of which were diuretic-based studies

(124,125). In the Veterans Administration study, hydro-

chlorothiazide treatment compared to a placebo was

associated with a reduction in morbid events from 26%

to 10% in black patients (124). In the HDFP study, there

was an 18.5% reduction in mortality for black men and a

27.8% reduction in mortality for black women (125). In

ALLHAT, diuretic therapy reduced the primary outcome

of fatal coronary heart disease and nonfatal myocardial

infarction comparably to lisinopril and amlodipine (89).

However, the ability of diuretics to delay or prevent

renal dysfunction in hypertensive blacks was put into

question by the Multiple Risk Factor Intervention Trial

(MRFIT), which did not show a benefit in this regard

(126). More recently in ALLHAT, diuretic therapy did

not seem to adversely impact renal function (development

of end-stage renal disease) within the limits of its determi-

nation in this trial (89). It has been speculated that diuretic

therapy might negatively influence renal function if the

renin–angiotensin–aldosterone system becomes overly

activated; however, because an ACE inhibitor or an angio-

tensin receptor blocker is generally co-administered with a

diuretic in most chronic kidney disease patients, this is less

of an issue.

F. Regression of Left Ventricular Hypertrophy
with Diuretic Therapy

Left ventricular mass has been recognized as a powerful

independent risk factor for CVR morbidity (127). Antihy-

pertensive therapy, with the exception of direct vasodila-

tors, is effective in regressing left ventricular hypertrophy

(128). In 1991, Moser and Setaro (129) compiled an over-

view of all studies that evaluated left ventricular hypertro-

phy regression in diuretic-treated hypertensive patients;

this overview supports the effectiveness of diuretics in

regressing left ventricular mass. Several meta-analyses

have also been undertaken specifically to examine left
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ventricular hypertrophy regression with different classes of

antihypertensive agents (128,130,131). Using echocardio-

graphy, Dahlof et al. (130) analyzed 109 studies comprising

2357 patients and found diuretics to be associated with an

11.3% reduction in left ventricular mass; however, this

finding was in large measure the result of a reduction in

left ventricular volume. Alternatively, the reduction of

left ventricular mass associated with ACE inhibitor

therapy was 15%, b-blocker 8%, and calcium channel

blocker treatment 8.5%, with structural changes largely

reflected by a decrease in posterior and intraventricular

septal thickness. In another meta-analysis (comprising 39

qualifying trials) of ACE inhibitors, calcium channel block-

ers, b-blockers, and diuretics, it was observed that both the

decrease in left ventricular mass index and wall thickness

were correlated with the treatment-induced decline in

blood pressure, and, in particular, the fall in systolic

blood pressure. Reductions in left ventricular mass of

13%, 9%, 6%, and 7% occurred with ACE inhibitors,

calcium channel blockers, b-blockers, and diuretics,

respectively (131). Accordingly, diuretics are not remark-

ably dissimilar to most other drug classes in their ability

to regress left ventricular mass (128,130,131).

G. Future of Diuretics in Hypertension
Treatment

Diuretics are likely to find their major future use as

“priming” agents. Their primary mode of sensitization

derives from volume depletion-related neurohumoral or

sympathetic nervous system activation. In this regard,

even subtle degrees of volume contraction (or renin–

angiotensin–aldosterone system activation), as produced

by low-dose thiazide-type diuretic therapy, establishes a

basis for an enhanced effect of coadministered antihyper-

tensive compounds (123). This additive effect has revived

interest in the use of low-dose diuretic fixed-combination

antihypertensive therapy in the primary management of

essential hypertension (123). The idea of using two

drugs at low doses for blood pressure control is not

recent. It has, however, gathered new support because it

is increasingly evident that most patients who receive

such treatment achieve their target blood pressure with a

minimum of side effects (132,133).

The dose–response relationship for the antihyperten-

sive effect of diuretics has been more completely charac-

terized over the past 20 years. In the process, many of

the negative effects earlier attributed to diuretics have

been shown to be less so than was first thought. In the

early days of diuretic use, doses were unnecessarily high

with dosing driven by the belief that “if a little is good,

more is better.” Over time, it was recognized that the

blood pressure response to the dose for a thiazide-type

diuretic (such as hydrochlorothiazide) was relatively flat

above a daily dose of 25 mg and that much of the negative

metabolic experience with diuretics occurred at only very

high doses (100–200 mg/day) (123,134). At lower doses

(12.5–25.0 mg of hydrochlorothiazide), the metabolic

mischief became less of a concern, with the possible

exception of patients with new-onset diabetes (134).

Recent observations suggest that new-onset diabetes that

results from diuretic therapy carries the same negative

CVR risk, which exists for the diabetic population in

general (135).

Although positive outcome data for diuretic therapy

exists, the exact positioning of diuretic therapy in treat-

ment algorithms is still actively argued. Treatment guide-

lines such as JNC7 offer perspective (2) with the choice of

the term “thiazide-type diuretics for most” to describe

treatment recommendations for stage 1 hypertension.

This prudently infers that thiazide-type diuretics are not

the only available choice for intial treatment of all stage

1 hypertensive patients, leaving the choice of an initial

agent discretionary. In stage 2 hypertension and for indi-

viduals with compelling indications for specific therapies,

diuretics should be used with some regularity but more

in a supporting role to improve the effectiveness of the

nondiuretic antihypertensive therapies.

V. ADVERSE EFFECTS OF DIURETICS

A. Hyponatremia

Hyponatremia can prove to be a serious complication of

diuretic therapy (136,137), with thiazide diuretics more

likely to cause hyponatremia than loop diuretics. Loop

diuretics inhibit sodium transport in the renal medulla

and preclude the generation of a maximal osmotic gradi-

ent, thus impairing the ability of the kidney to concentrate

urine. Thiazide-type diuretics increase sodium excretion

and preclude maximal urine dilution while preserving

the kidney’s innate capacity to concentrate urine. When

diuretic-related hyponatremia occurs, it is typically in

elderly females and usually happens shortly after therapy

begins (within the first 2 weeks) (138). Multiple factors

contribute to the predisposition of elderly females to

diuretic-related hyponatremia, including an exaggerated

natriuretic response to a thiazide diuretic, a diminished

capacity to excrete free water, and a low solute intake

(Fig. 26.7).

Mild asymptomatic diuretic-related hyponatremia

(typically a plasma sodium level of 125–135 mmol/L)

can be treated in a number of ways, sometimes in combi-

nation, including restricting free water intake, restoring

potassium losses, withholding diuretics, or converting to

loop diuretic therapy (139,140). Severe, symptomatic

hyponatremia (generally below a concentration of

125 mmol/L), complicated by seizures or other active
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neurologic sequelae, represents a true medical emergency.

A drop in serum sodium to this degree calls for intensive

therapy; however, symptomatic hyponatremia should not

be corrected too rapidly because an osmotic demyelinating

syndrome can occur under these circumstances. The risks

of ongoing hyponatremia must be weighed against the

risks of too rapid a correction; current recommendations

are that plasma sodium should be corrected by no more

than 0.5 mmol/h in the first 24 h of treatment (141,142).

Initial treatment efforts should be halted once a mildly

hyponatremic serum sodium range has been reached

(�125–130 mmol/L). The acuity (�48 h) of the hypona-

tremia also influences the rate at which hyponatremia

should be corrected. Several aspects of hyponatremia

therapy are still controversial.

B. Hypokalemia and Hyperkalemia

A serum potassium value of ,3.5 mmol/L, which is the

most common criterion for a diagnosis of hypokalemia,

is a common finding in patients treated with loop or thia-

zide diuretics (143). During the first several days of thia-

zide diuretic therapy, plasma potassium levels decrease

by an average of 0.6 mmol/L (in a dose-dependent

manner) in subjects who are not taking potassium sup-

plements, compared with a 0.3 mmol/L drop in plasma

potassium in subjects who are being treated with furose-

mide (143). However, it is unusual for serum potassium

values to settle ,3.0 mmol/L in diuretic-treated outpati-

ents, unless the patients have a high dietary sodium

intake or are being treated with a long-acting diuretic (as

is the case with chlorthalidone). Mechanisms that contrib-

ute to the onset of hypokalemia during diuretic use include

increased flow-dependent distal nephron potassium

secretion (more commonly observed with a high sodium

intake), a fall in distal tubule luminal chloride concen-

tration, metabolic alkalosis, and secondary hyperaldoster-

onism (Fig. 26.7) (144,145).

The cardiac implications of diuretic-induced hypokale-

mia remain controversial. It would seem logical to infer

that arrhythmia-related event rates are connected to the

degree of hypokalemia, but it is not a clear relationship

(at least in an outpatient setting). This connection is con-

fused by several factors, including the inconstant relation-

ship between serum potassium concentrations and total

body potassium deficits during diuretic therapy. This

theme is confused by several factors including: the incon-

stant relationship between serum Kþ concentrations and

total body Kþ deficits in the face of diuretic therapy; the

fact that in most clinical trials evaluating arrhythmia risk

(and/or sudden cardiac death) serum Kþ values have not

been measured frequently enough or under sufficiently

standardized conditions to allow for anything more than

an educated guess as to the “average” Kþ value at the

time of an event; that the range of serum Kþ values

most commonly associated with increased ventricular

ectopy is very small—typically between 3.0–3.5-mmol/
L and finally the issue of whether hypokalemia produced

by transcellular shifts of Kþ carries the same risk as a

reduced serum Kþ on the basis of body losses.

Even mild degrees of diuretic-induced hypokalemia

can be associated with ventricular ectopy (146,147). For

example, the MRFIT trial found a significant inverse

relationship between the concentration of serum potassium

and the frequency of premature ventricular contractions

(147). However, this relationship has not been detected

in all studies, possibly because of the short duration of

many of these trials (148,149). For example, in the MRC

study, 287 of 324 patients with mild hypertension under-

went ambulatory electrocardiogram (ECG) monitoring.

In the short term (8 weeks), there was not an increased

frequency of premature ventricular contractions. However,

after 24 months, a significant difference (correlated with

serum potassium concentrations) emerged in the premature

ventricular contraction rate (20% in patients treated with a

diuretic vs. 9% in patients treated with a placebo) (149).

The hazards central to diuretic-related hypokalemia are

most apparent in patients with left ventricular hypertrophy,

congestive heart failure, or myocardial ischemia, particu-

larly when they become acutely ill and require hospitali-

zation (150–153). As mentioned previously, outpatient

forms of diuretic-related hypokalemia are seldom severe

enough to require urgent attention. However, even these

mildly lowered serum potassium values create a basis for

more significant degrees of hypokalemia when transcellu-

lar shifts of potassium are interposed (e.g., during stressful

circumstances, which are marked by high endogenous

epinephrine levels) (154). This is one of the major at-risk

scenarios of diuretic-related hypokalemia.

Figure 26.7 Adaptive changes to conserve salt and water in

states of extracellular volume depletion that result in diuretic-

related side effects.
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Despite a sometimes tedious level of concern with diure-

tic therapy about CVR risk as opposed to its benefits (in part

because of its associated electrolyte abnormalities), several

clinical trials, including SHEP, STOP-Hypertension, and

MRC, have shown that low-dose diuretic therapy reduces

CVR event rates by 20–25% (105,106,108). Perhaps the

use of lower doses of thiazides or the combination of thia-

zides with a potassium-sparing diuretic explains these

favorable results when compared with results of earlier

trials, such as MRFIT, in which higher doses of diuretics

were used and premature ventricular contractions were

more frequent. However, in the SHEP trial, patients with

hypokalemia (serum potassium ,3.5 mmol/L) did not

experience the treatment benefit recognized in similarly-

treated normokalemic patients (113).

Two additional treatment issues exist for diuretic-

related hypokalemia: the hemodynamic benefit of normal-

izing serum potassium, and the consequences of different

doses, combinations of diuretics or potassium-sparing

diuretics, or both, on sudden cardiac death (155–157). In

the case of normalizing serum potassium, potassium sup-

plementation (average increase in serum potassium of

0.56 mmol/L) in hypokalemic (serum potassium values

,3.5 mmol/L) diuretic-treated patients has been associ-

ated with a 5.5 mmHg average drop in mean arterial

pressure (155). In the case of effects of dose levels or com-

binations of doses on sudden cardiac death, the risk of

sudden cardiac death among patients receiving combined

thiazide and potassium-sparing diuretic therapy has been

shown to be lower than the risk found in patients treated

with thiazides alone; the odds ratios for a cardiovascular

death event increase significantly when hydrochloro-

thiazide doses are in 25–100 mg/day range. Adding pot-

assium supplements to thiazide therapy had little effect

on the risk of sudden cardiac death (Fig. 26.8).

Distal potassium-sparing diuretics (such as triamterene

and amiloride) and aldosterone-receptor antagonists (such

as spironolactone and eplerenone) can cause significant

degrees of hyperkalemia. Hyperkalemia is usually encoun-

tered in patients with an existing reduction in their glomer-

ular filtration rate (especially the elderly or in patients

given potassium chloride supplements or salt substitutes),

in patients being treated with an ACE inhibitor or angio-

tensin receptor blocker, or both, or with a NSAID, or in

patients in other situations that predispose them to hyper-

kalemia, such as metabolic acidosis, hyporeninemic

hypoaldosteronism, or heparin therapy (including subcu-

taneous heparin regimens) (158).

C. Acid–Base Changes

Mild metabolic alkalosis is a somewhat common feature of

thiazide-type diuretic therapy. Severe metabolic alkalosis

is much less frequent, occurring more so in association

with the use of a loop diuretic. The generation of a meta-

bolic alkalosis with diuretic therapy is primarily due to

contraction of the extracellular fluid space caused by

urinary losses of a relatively bicarbonate-free fluid (159).

Diuretic-induced metabolic alkalosis is best managed by

the administration of potassium chloride or sodium chlor-

ide, or both, although sodium chloride administration may

be problematic in patients for whom volume expansion is

already an issue (such as those with congestive heart

failure). In such cases, a potassium-sparing diuretic or a

carbonic anhydrase inhibitor, such as acetazolamide,

may be considered. Metabolic alkalosis also impairs the

natriuretic response to loop diuretics and may contribute

to diuretic resistance in the congestive heart failure

patient (160). All potassium-sparing diuretics can cause

hyperkalemic metabolic acidosis, which in elderly patients

or those with renal impairment or congestive heart failure

can reach a life-threatening level (161).

D. Hypomagnesemia

Both thiazide and loop diuretics increase urine magnesium

excretion. Potassium-sparing diuretics, including spirono-

lactone, diminish the magnesuria that accompanies the use

of a thiazide or loop diuretic (7,8).

Prolonged therapy with thiazide and loop diuretics

reduces plasma magnesium concentration an average of

5–10%, although patients can develop more severe hypo-

magnesemia (162). Cellular magnesium depletion occurs

in up to 50% of patients during thiazide therapy and can

Favours
diuretic
therapy

Odds Ratio

Therapy Odds ratio
(95% Cl)

100 mg Thiazide 2.4 (0.7-8.0)

50 mg Thiazide 1.1 (0.5-2.5)

25 mg Thiazide 0.7 (0.2-2.5)

50 mg Thiazide and 
0.5 (0.1-2.2)potassium-sparing

diuretic
25 mg Thiazide and 

0.3 (0.1-1.0)potassium-sparing
diuretic

0.1 0.2 0.5 1.0 2.0 5.0 10.0

Favours
beta-adnenergic-

antagonist therapy

Figure 26.8 Risk of primary cardiac arrest that is associated

with thiazide therapy, with and without potassium-sparing diure-

tic therapy, compared to b-adrenergic-antagonist therapy among

patients treated with a single antihypertensive drug. Odds ratios

are adjusted for age, gender, pretreatment systolic blood pressure

and heart rate, duration of hypertension, current smoking habits,

and concurrent diabetes mellitus. (CI, Confidence interval.)
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exist despite normal serum magnesium concentrations.

Hypomagnesemia occurs more frequently in the elderly

and in patients who are receiving prolonged, high-dose

diuretic therapy (such as heart failure patients) (163).

Hypomagnesemia often coexists with hyponatremia and

hypokalemia, with one study finding 41% of patients

with hypokalemia to also have low serum magnesium con-

centrations (164). Concurrent electrolyte disorders such as

these (including refractory hypocalcemia) cannot be fully

reversed until the underlying magnesium deficit is cor-

rected (165).

The measurement of serum magnesium concentration

continues to be the routine test for detection of hypomag-

nesemia (166,167). However, the presence of hypomagne-

semia can be suspected from characteristic ECG and

neurologic or neuromuscular findings. When the patient

is monitored with ECG, hypomagnesemia can present as

prolongation of the Q–T and P–R intervals, widening of

the QRS complex, ST segment depression, and low T

waves, as well as supraventricular and ventricular tachyar-

rhythmias (168). The neurological changes with hypomag-

nesemia are nonspecific and confined to mental changes or

neuromuscular irritability. Tetany, one of the most striking

and better known manifestations of magnesium deficiency,

is only rarely found; instead, less specific signs such as

tremor, muscle twitching, peculiar movements, focal sei-

zures, generalized convulsions, delirium, or coma are

more common (169).

Although it is helpful to know when the serum mag-

nesium level is low, which is typically indicative of low

intracellular stores, normal serum magnesium values can

still be observed in the face of a significant body deficiency

of magnesium; thus, serum magnesium determinations are

an unreliable measure of total body magnesium balance

(170). Intracellular magnesium measurements, as well as

other technologies, are available to assess magnesium

balance, but they remain clinically impractical. A more

practical measure of magnesium balance is the “mag-

nesium loading test,” which is at the same time both thera-

peutic and diagnostic. This test consists of the parenteral

administration of magnesium sulfate and an assessment

of urinary magnesium retention over a specific time inter-

val. This can be accomplished on an outpatient basis in as

short a time interval as 1 h. Individuals with a normal mag-

nesium balance eliminate at least 75% of an administered

magnesium load in this interval (171).

Several theoretical reasons exist for treating diuretic-

related hypomagnesemia, beyond simple empirical correc-

tion to normalize a laboratory value. These include

improvement in blood pressure control, a positive effect

on deterring development of arrhythmias, and resolution

of co-existing electrolyte or neuromuscular symptoms.

Although there appears to be little additional reduction

in blood pressure when magnesium deficiency is

corrected, there is evidence of some measure of blood

pressure reduction when magnesium supplementation

occurs in a nondeficient state. The available studies on

this issue are sufficiently indeterminate to preclude a

specific recommendation for magnesium supplementation

as a mode of therapy for hypertension.

Identifying magnesium deficiency is recommended in

all patients in whom hypomagnesemia is suspected, but par-

ticularly in patients with ischemic heart disease or known

cardiac arrhythmias. In mild deficiency states, magnesium

balance often can be reestablished by limiting diuretic

and sodium intake and allowing the magnesium content

in a normal diet to correct the deficit. Parenteral magnesium

administration, however, is the most effective way to

correct a hypomagnesemic state and should be the route

used when replacement is an emergency situation. Total

body deficits of magnesium in the depleted patient are typi-

cally on the order of 1–2 mEq/kg per body weight. One

commonly employed empirical regimen administers 2 g

of magnesium sulfate (16.3 mEq) intravenously over

30 min, followed by a constant infusion providing

32–64 mEq/day until the deficit is presumed corrected.

A variety of oral magnesium salts are available for

clinical use. Magnesium oxide is commonly used, but

this salt is poorly soluble and acts as a cathartic, thereby

decreasing absorption. Magnesium gluconate is the pre-

ferred salt form for oral therapy because it is very

soluble and causes minimal diarrhea. Magnesium carbon-

ate is poorly soluble and does not appear to be as effective

in reversing hypomagnesemia as the gluconate salt. Oral

magnesium is not recommended for therapy during acute

situations because the high doses that would be necessary

almost always cause significant diarrhea. The intramuscu-

lar route for magnesium administration is a useful but a

painful means of delivery and should be avoided as long

as intravenous access is available (166).

E. Hyperuricemia

Thiazide diuretic therapy increases serum urate concen-

trations by as much as 35%, an effect that is related to

decreased renal clearance of urate and is most prominent

in those with the highest pretherapy urate clearance

values (172). Decreased urate clearance may be related

to increased reabsorption secondary to diuretic-related

extracellular fluid volume depletion or to competition for

tubular secretion. This is because both thiazide diuretics

and urate undergo tubular secretion by the same organic

anion transporter pathway (29,173). Diuretic-related

hyperuricemia is dose-dependent and does not typically

precipitate a gout attack unless the patient has an under-

lying tendency to gout or the serum urate concentra-

tions exceed 12 mg/dL (173). In the MRC trial, patients

who were receiving thiazide diuretics had significantly
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more withdrawals from treatment because of gout

than did placebo-treated patients (4.4 vs. 0.1/1000

patient-years) (108).

If a gouty attack occurs in a diuretic-treated patient, the

diuretic in question should be discontinued. If this is not

feasible, then the lowest effective dose should be given

with careful attention to avoidance of excessive volume

contraction. An alternative in the patient with gout who

requires diuretic therapy is that of the xanthine oxidase

inhibitor allopurinol. However, allopurinol should be

used cautiously (dose adjusted according to renal function

level) in patients receiving a thiazide-type diuretic because

the incidence of allopurinol hypersensitivity reactions

increases with this combination (174). Moreover, allopur-

inol should not be started routinely for diuretic-related

asymptomatic hyperuricemia, as is often done (175).

F. Metabolic Abnormalities

Two types of metabolic abnormalities can result from

diuretic therapy: hyperglycemia or hyperlipidemia.

1. Hyperglycemia

Prolonged thiazide diuretic therapy impairs glucose toler-

ance and may occasionally precipitate diabetes mellitus

(89,135,176–178). Short-term metabolic studies, epide-

miological studies, and a variety of clinical trials suggest

a causal link between the use of thiazide diuretics and

subsequent development of type 2 diabetes. However, it

should be noted that many of these studies involved

small numbers of patients, relatively limited follow-up

periods, varying definitions of “new-onset diabetes,”

inadequate comparison groups, selection criteria that

limit the ability to generalize the findings, and study

designs that precluded interclass comparisons among anti-

hypertensive drug classes (179).

Hyperglycemia and carbohydrate intolerance have been

linked to diuretic-induced hypokalemia, which inhibits

insulin secretion by b cells. However, diuretic-induced

changes in glucose metabolism are not conclusively

related to altered potassium homeostasis, and impaired

glucose tolerance occurs even when thiazide-type diuretics

in relatively low doses are combined with potassium-

sparing agents. The glucose intolerance seen with diuretic

therapy can be compounded by increases in sympathetic

nervous system activity, which also decreases peripheral

glucose utilization. Diuretic-associated glucose intoler-

ance appears to be dose-related, less common with loop

diuretics and not present with spironolactone, and revers-

ible upon withdrawal of the agent. Although the data on

reversibility in hydrochlorothiazide-treated patients is

inconsistent (177), a review of this issue found that

in several studies glucose homeostasis was variably

affected by low-dose hydrochlorothiazide (12.5–50 mg/
day) (180).

Recently, a large prospective cohort study (12,550 non-

diabetic adults 45–64 years old) concluded, after appro-

priate adjustment for confounders, that hypertensive

patients taking thiazide diuretics were not at greater risk

for subsequent diabetes development than patients who

were not receiving antihypertensive therapy. However,

the diuretic doses were not reported in this cohort study.

Because of the perceived variability of the effect on

glucose tolerance, blood glucose should be monitored

during thiazide therapy, particularly in patients with

either existing diabetes or the metabolic syndrome (181).

This is particularly necessary because the CVR risk with

new-onset diuretic-related diabetes appears similar to

that observed in patients with existing diabetes (135).

2. Hyperlipidemia

Short-term thiazide diuretic therapy can cause a dose-

dependent elevation in serum total cholesterol levels, a

modest increase in low-density lipoprotein (LDL) choles-

terol levels, raised triglyceride levels, but little change in

high-density lipoprotein (HDL) cholesterol (182–185).

The lipid effects have been reported to be more apparent

in black persons, males, and diabetic patients (185). All

diuretics, including loop diuretics, cause these lipid

changes, with the possible exception of indapamide

(184). The mechanisms behind diuretic-induced dyslipide-

mia remain unclear, but they have been related to worsened

insulin sensitivity and to reflex activation of the renin–

angiotensin–aldosterone system and sympathetic nervous

system in tandem with volume contraction. Supporting

this latter relationship is the fact that low doses of diuretics

do not tend to cause lipid alterations; in contrast, higher

doses are more likely to be associated with reflex sympath-

etic activation. However, long-term clinical trials have

reported unchanged cholesterol levels after 1 year of diure-

tic therapy (183,184). Moreover, data from the HDFP

study indicate that hypertensive subjects with baseline

cholesterol values of .250 mg/dL who are treated with

diuretics, experience a decline in cholesterol levels from

the second to the fifth years of diuretic treatment (125).

G. Impotence

Adverse effects of thiazide and thiazide-like diuretics on

male sexual function, including decreased libido, erectile

dysfunction, and ejaculation difficulties, have been

reported in several studies with an incidence that varies

from 3% to 32% (176,186,187). In the MRC trial, in

which 15,000 hypertensive subjects received either a

placebo, thiazide (bendrofluazide), or a b-blocker (propra-

nolol) for 5 years, impotence was 22-fold higher with
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thiazide over a placebo and four-fold higher with a

b-blocker over a placebo (176). In this trial, impotence

was the most frequent reason for withdrawal from antihy-

pertensive therapy. Another smaller trial in patients receiv-

ing a thiazide that was reported by Chang et al. (188)

confirmed a higher frequency of decreased libido, of

difficulty in gaining and sustaining an erection, and of

difficulty in ejaculating (188). Multivariate analysis

suggested that the findings were not mediated by low

serum potassium levels or by the drop in blood pressure.

In the study by Wassertheil-Smoller et al., problems

with sexual interest, erection, and orgasm were greater

among men receiving chlorthalidone than among those

given placebo or atenolol (189). Interestingly, in this

trial weight loss ameliorated the problem of chlorthali-

done-induced sexual dysfunction (187). Combined use of

a diuretic and other antihypertensive agents has been

reported to be associated with a higher incidence of

sexual dysfunction symptoms than with the use of a diure-

tic agent alone. The mechanism by which thiazides affect

erectile function or libido is unclear, but it has been

suggested that these drugs wield a direct effect on vascular

smooth muscle cells or decrease the response to catechol-

amines, or both. However, patients with diuretic-related

impotence can respond favorably to sildenafil without

any associated additional drop in blood pressure (190).

Impotence and decreased libido are the more frequent

sexual side effects of spironolactone (186). Gynecomastia,

another fairly frequent complication of spironolactone

therapy, may be associated with mastodynia and is typi-

cally bilateral. The sexual side effects of spironolactone

have been attributed to endocrine dysfunction/spironolac-

tone is structurally similar to sex hormones and inhibits the

binding of dihydrotestosterone to androgen receptors, thus

producing an increased clearance of testosterone (191).

Eplerenone is another aldosterone receptor antagonist

that is more selective and does not have the sexual side

effects of spironolactone (192).

H. Drug Allergy

Photosensitivity dermatitis occurs rarely during thiazide or

furosemide therapy (193). Hydrochlorothiazide causes

photosensitivity more often than do the other thiazides

(194). Diuretics may occasionally cause a more serious

generalized dermatitis and, at times, even a necrotizing

vasculitis. Cross-sensitivity with sulfonamide drugs may

occur with all diuretics, with the exception of ethacrynic

acid. Severe necrotizing pancreatitis is an additional

serious, life-threatening complication of thiazide therapy

(195). Acute allergic interstitial nephritis with fever,

rash, and eosinophilia, although an uncommon compli-

cation of diuretics, is a condition that may result in perma-

nent renal failure if the drug exposure is prolonged (196).

It may develop abruptly or some months after therapy is

begun with a thiazide diuretic or, less commonly, with

furosemide (197). Ethacrynic acid is chemically dissimilar

from the other loop diuretics and can be safely substituted

in diuretic-treated patients who experience a number of

these allergic complications.

I. Carcinogenesis

Twelve clinical studies, three cohort studies (1,226,229

patients with 802 cases of renal cell carcinoma), and

nine case-controlled studies (4185 cases of renal cell car-

cinoma and 6010 controls) have evaluated the association

between the use of diuretics and renal cell carcinoma. In

all case-controlled studies, the odds were greater for

patients being treated with diuretics to develop renal cell

carcinoma with an average odds ratio of 1:55. The risk

of renal cell carcinoma appeared to be related to the dur-

ation of the diuretic treatment in several studies, although

the average daily dose of the diuretic seemed to carry less

risk for the development of renal cell carcinoma. Unlike

the association between diuretics and renal cell carcinoma,

no association has been found between diuretic therapy

and breast cancer. The issue of renal cell carcinoma occur-

ring with diuretic therapy at the current time remains one

that is incompletely resolved (198–200).

J. Adverse Drug Interactions

Loop diuretics can potentiate aminoglycoside nephrotoxi-

city (201). By causing hypokalemia, diuretics increase the

risk of digitalis toxicity (202). Plasma lithium concen-

trations can increase with thiazide therapy with significant

volume contraction due to the associated increase in

lithium absorption (203). However, some diuretics, such

as chlorothiazide or furosemide, with significant carbonic

anhydrase inhibitory effects, can increase lithium clear-

ance, leading to a drop in blood levels (204,205).

Whole-blood lithium should be closely monitored in

patients administered lithium in conjunction with diure-

tics. NSAIDs can both antagonize the effects of diuretics

and predispose diuretic-treated patients to a form of

functional renal insufficiency. The combination of

indomethacin and triamterene may be particularly danger-

ous because it can precipitate acute renal failure (206).

VI. CONCLUSIONS

Diuretics remain an important component of any manage-

ment plan for hypertension. Of the several diuretics that

exist, the thiazide-type diuretic is the one most commonly

used in the treatment of hypertension. The safe and effec-

tive use of diuretics in the treatment of hypertension and
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edema requires a thorough understanding of their pharma-

cokinetics and pharmacodynamics. With such an under-

standing in hand, these compounds can be used deftly

enough to effect significant blood pressure reduction

with a minimum of side effects.
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KEYPOINTS

. b-blockers have an extensive and largely affirma-

tive track record in the management of

hypertension.

. Trial evidence and meta-analyses show that

b-blockers are on average, as effective as other

classes of antihypertensives at lowering blood

pressure.

. b-blockers are potent cardiovascular preventative

agents, which are under-utilized, perhaps because

of undue focus on surrogate, rather than clinical

cardiovascular end-points in trials (19).

. Newer third generation b-blockers may have a

lower side effect profile conferring improved com-

pliance. These, together with adjuvant actions, for

example, anti-proliferative effects, NO release,

and so on, may confer additional benefits, though

further clinical evidence in hypertension is awaited.

SUMMARY

Beta-adrenergic receptor antagonists (b-blockers) have a

long and distinguished history, in the effective manage-

ment of hypertension. The JNC VI and VII guidelines
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cite diuretics and b-blockers as first choice agents in the

initial therapy of hypertension. European guidelines

allow for more latitude in allowing the selection of the

agent appropriate to the clinical setting.

Nonselective b-blocker may be associated with more

side effects than newer antihypertensive therapies (e.g.,

ARBs), but the advent of more cardioselective b-blockers

with ancilliary properties and lower side effect profiles

have redressed this imbalance to a considerable extent.

Although they are effective antihypertensives, their indi-

cation for use is enhanced by the presence of other con-

ditions requiring b-blocker therapy in addition to

hypertension. These indications include postmyocardial

infarction, systolic and diastolic heart failure, hypertrophic

cardiomyopathy, arrhythmias, palpitations, tremor,

migraine, diabetes, perioperatively, noncritical peripheral

vascular disease, and in those at high cardiovascular risk

including diabetics.

Meta-analyses have shown no substantive difference

between the various classes of cardiovascular drugs com-

monly used in hypertension at reducing cardiovascular

end-points. Future meta-analyses addressing the blood

pressure independent effects of antihypertensive drug

classes are awaited with interest.

The ability to administer b-blockers either orally or

intravenously, to have ultra-short to long-acting agents,

and b-adrenergic antagonists with a range of ancillary

properties, broadens the armamentarium of the clinician.

In clinical trials and other studies, b-blockers have been

used as initial therapy or as add-on treatment to effectively

lower blood pressure and have been shown to significantly

reduce cardiovascular events. When b-blockers have been

compared with other agents in meta-analyses they have

shown equal antihypertensive efficacy. In the case of the

MRC trials however, diuretics were superior to b-block-

ade, and in hypertensive patients with ECG evidence of

left ventricular hypertrophy, losartan was superior to ate-

nolol. Therefore, b-blockers may not always be regarded

as first-line treatment of hypertension when compared

with diuretics or losartan in these clinical settings. Never-

theless, trials of b-blockers in hypertension included both

young and older patients, men and women, and in aggre-

gate with diuretics showed a 38% reduction in fatal/non-

fatal strokes, whereas studies that used b-blocker based

treatment reduced stroke 29%.

The majority of patients with hypertension will require

more than one drug treatment to achieve blood pressure

goals (57), especially in patients with diabetes and renal

disease. b-blockers can be used with all other classes of

antihypertensives, especially diuretics and dihydropyri-

dine calcium channel blockers. Concerns about metabolic

surrogate end-points and the higher side effect profile of

nonselective b-blockers compared with newer antihyper-

tensives have led some to question their leading role in

hypertension management. But the advent of newer

more cardioselective agents with a lower overall side

effect profile has largely redressed this imbalance.

b-blockers remain an important, inexpensive, and effec-

tive therapeutic class in the physician’s armamentarium

in controlling hypertension.

I. INTRODUCTION

Hypertension is a leading risk factor for cardiovascular

diseases, which cause �40% of deaths annually in the

developed world. Approximately 1 billion people are con-

sidered to have hypertension worldwide. Blood pressure

reduction significantly lowers cardiovascular events, but

despite this only 34% of subjects with hypertension are

adequately controlled in the United States and figures

from other countries are no better.

Consequently, the use of combination therapy in the

majority of patients with hypertension is required to

achieve satisfactory blood pressure reductions. In six

large randomized controlled trials of antihypertensive

therapy, between 2.5 and 4 drugs were needed per

patient to control hypertension.

Compelling indications for the use of b-blockade

according to JNC VII guidelines include patients who

are post-MI, or in heart failure, those with diabetes melli-

tus, and those at otherwise high cardiovascular risk (1).

b-Receptor antagonists have a long and distinguished

history in the treatment of hypertension (2). Many

reviews are written on the subject (3,4), and the primary

focus of this chapter is to give an overview of the

current role of b-blockers in the management of

hypertension.

A. What are b-Blockers?

b-Blockers are reversible inhibitors of b-adrenergic recep-

tors, and so block the effects of cathecolamines (e.g.,

adrenaline and noradrenaline) and pharmacologic agents

(isoprenaline) by inhibiting their binding to the receptor.

II. HISTORY

Cathecolamines are neurohormonal agonists that transmit

their signals to cells by reversibly binding to cell-surface

b-adrenergic receptors. A seminal breakthrough in our

understanding of the adrenergic nervous system was

work performed by Ahlquist (5) in 1948 in which he

demonstrated the existence of two forms of cathecolamine

receptor termed alpha (a) and beta (b). These receptors

mediated the effects of cathecolamines by transducing a

signal into the cell. In his work, Ahlquist noted that the

order of potency of cathecolamines in eliciting smooth
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muscle contraction was noradrenaline . adrenaline .

isoprenaline and he termed these effects “alpha.”

Whereas smooth muscle relaxation, cardiac chronotropy

and inotropy were elicited by a cathecolamine order of

potency of isoprenaline . adrenaline . noradrenaline.

These effects were ascribed to a different set of receptors

termed “beta.” Thus, he postulated the existence of two

types of adrenergic receptors based on the patterns of

cathecolamine agonist specificity. An important criterion

of a specific receptor-mediated event is the selectivity of

blockade by an antagonist. This led to the discovery of

dichloroisoproterenol (a partial agonist) and later to the

first therapeutic b-blocker propranolol by Black in 1962.

b-Receptors were further classified as b1 or b2; the

former predominate in the heart, whereas the latter in

bronchi and blood vessels. The discovery of propranalol

opened the vista of b-blockers in therapeutic medicine.

The search by pharmaceutical companies for cardioselec-

tive (b1 . b2) blockade followed, and numerous agents

came on to the market with varying properties. They

were originally used to treat angina and tachyarrhythmias.

Later their effect on the treatment of hypertension was

elucidated.

A. Mode of Action

b-Blockers are reversible antagonists of 7-transmembrane

b-receptors, and prevent binding of their physiologic ago-

nists noradrenaline and adrenaline. On binding their

physiologic ligand, b-receptors undergo a conformational

change and activate G-proteins. Upstream negative regula-

tors of b-receptors include the b-Arrestins and G-protein-

coupled receptor kinase, whereas the downstream effector

is Gs, which stimulates adenyl cyclase. This enzyme

converts ATP into cAMP, a pivotal second messenger

involved in the activation of protein kinases. Thence

b-adrenergic receptors are members of the G-protein-

coupled receptor super-family, linked to kinases (6).

G-protein-coupled receptor kinase functions to uncouple

the b-adrenergic receptor and thus deactivate this signal-

ing cascade (7). In models of hypertension, there are

alterations in b-receptor density and responsiveness.

b-Adrenoreceptors have been cloned (8) and knockout

mice have been constructed. Mice deficient in b-

adrenoreceptors are predisposed to obesity.

b-Adrenoreceptor blocking drugs are characterized by

their binding affinity to b-adrenergic receptors. Blockade

prevents these receptors from binding their endogenous

ligands (adrenaline and noradrenaline) at drug concen-

trations that generally do not cause substantive side

effects. In doing so, b-blockers avert the desensitization

and down-regulation of b1-receptors in conditions such

as heart failure. They block renin release, which contrib-

utes to their antihypertensive effect.

In general, b-blockers have a relatively flat dose-

response curve, such that the response to twice daily

low-dose propranolol and atenolol is approaching the

antihypertensive effect of higher doses of the same

medicines (9). At usually prescribed doses, the antihyper-

tensive effects of b-blockers are similar, but the effect is

additive to that of low-dose diuretics. Thence the

combination of low-dose bisoprolol and hydrochlorthia-

zide is an effective antihypertensive with minimal

adverse metabolic effects associated with higher doses of

either agent alone (10).

The half-life of many b-blockers is such that they may

not provide 24 h blood pressure coverage. This may lead to

the unopposed surge of blood pressure on awakening, a

time when acute cardiovascular events are more prevalent.

Metoprolol and acebutolol blunted this rise in blood

pressure, whereas atenolol and pindolol did not (11).

Although the molecular mechanism of b-blocker action

is substantially understood, the means by which blood

pressure reduction is achieved is more complex. Factors

involved in lowering blood pressure include a reduction

in heart rate (negative chronotropy) and stroke volume

(negative inotropy). This leads to a fall in cardiac output

by �15–20% (except with pindolol due to high ISA),

which combined with decreased renin release, central sym-

pathetic output, presynaptic blockade, and altered periph-

eral vascular resistance may lower blood pressure further.

The effect of the oral agents is not immediate, due in

part to counter-regulatory mechanisms and alteration in

peripheral vascular resistance. Moreover, nonvasodilating

b-blockers initially raise peripheral vascular resistance,

which changes over time, so that chronically peripheral

vascular resistance may be reduced. Cathecolamine

levels in the setting of b-blockade are increased because

of reduced drug clearance and baroreflex-mediated

sympathetic activation.

The effects of b-blockade include reduction in exercise

and anxiety-related tachycardia, with a reduction in tremor

due to anxiety, hypoglycemia, and thyrotoxicosis. Con-

versely, because of the blockade of b2-receptors b-

blockers generally and non-selective agents in particular

may have ancillary or unwanted effects. These include

bronchoconstriction and exacerbation of asthma, hypogly-

cemia due to reduced gluconeogenesis, vivid dreams, and

hallucinosis. Another potential drawback of b-blockade in

middle age (45–64 years) is the potential to increase the

risk of developing diabetes, an increase of 28%, when

compared with ACE inhibitors, low-dose thiazides, and

calcium channel blockers (12).

However, not all b-blockers are the same in their effect

on disease states. For example, carvedilol was superior to

metoprolol in the COMET heart failure study (13) and

metoprolol was superior to atenolol in preventing sudden

cardiac death (14).
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B. b-Blocker Classification

Classification may be according to relative b-receptor

selectivity, solubility, antagonist action, duration of

action, and the presence of adjunctive actions (15).

b-Blockers can be selective or nonselective depending

on their relative selectivity for b1 as opposed to b2 recep-

tors. Currently nebivolol has the highest b1 selectivity,

whereas propranolol is the prototype agent for non-

selective b-blockers. b2-receptors occur in the peripheral

circulation, the bronchi, and the pancreas. As no cardio-

selective b-blocker is absolutely specific for b1-receptors,

the potential for b2-receptor binding and side effects are

present, especially at higher doses. This can lead to

bronchospasm through b2-receptor blockade in bronchi,

vasoconstriction from b2 blockade in peripheral vessels,

which can exacerbate peripheral vascular disease,

especially given the drop in cardiac output and reduction

in limb blood flow mediated by b1-receptor blockade.

Moreover, b-blockers by masking the symptoms of

hypoglycemia can exacerbate the effect of insulin and

oral hypoglycemic agents in this regard, and slow the

recovery from hypoglcaemic episodes. These adverse

effects are more likely with nonselective than selective

agents.

b-blockers may also be classified based on physico-

chemical properties as hydrophilic (atenolol and nadolol)

or lipophilic (metoprolol and propranolol). Hydrophilic

agents undergo less first-pass metabolism and therefore

have more predictable steady-state levels than lipophilic

counterparts. Hydrophilic agents avoid substantial first-

pass metabolism and therefore have longer durations of

action, and are less likely to cross the blood–brain

barrier and cause CNS side effects. They are principally

renally excreted and therefore, may require dose adjust-

ment in patients with renal insufficiency. Lipophilic

agents, such as metoprolol, propranolol, and labetalol

undergo hepatic metabolism as compared to hydrophilic

agents, atenolol, sotalol, and nadolol. Intermediate

between these extremes is bisoprolol and celiprolol.

They may also be classified as pure antagonists or

partial agonist with intrinsic sympathomimetic activity

(ISA). Agents which are pure antagonists include meto-

prolol, whereas agents with ISA include acebutalol and

especially pindolol. There is little clinical end-point data

to suggest that these agents confer a benefit over complete

antagonists. They have a niche use in patients who may

develop profound bradycardia or bronchospasm, because

in the resting state they act as agonists, whereas when

the sympathetic activity is high they act as antagonists.

They may also be preferable in patients with peripheral

vascular disease, diabetes, and dyslipidaemia.

Classification may be in terms of the duration of action

of the b-blocker: ultra-short acting (Esmolol, t1/2 ¼

9 min), short-acting (metoprolol t1/2 ¼ 4 h), intermediate

(atenolol ¼ 6–8 h), and long-acting agents [Acebutolol

(diacetolol) ¼ 12 h].

Adjunctive actions include alpha receptor antagonism

(labetalol and carvedilol), nitric oxide release (nebivolol),

vasodilator actions, antioxidant properties (carvedilol)

and interaction with other targets such as the potassium

channel antagonist activity of the (þ) enantiomer of

sotalol. Membrane stabilization effects of b-blockers

tend to occur only at supra-therapeutic doses and are there-

fore only of relevance in overdose situations.

C. b-Blockers have Additional Indications for
Use Other Than Hypertension

It seems reasonable that where an ancillary condition exists

which is amenable to treatment withb-blockade, in a patient

who also has hypertension there should be heightened con-

sideration for use of a b-blocker. A list of these indications

is shown in Table 27.1. Some are approved indications,

whereas other are unapproved (*). Such is the importance

of b-blockers as cardiovascular agents in the treatment of

hypertension that they are included as “essential medicines”

on the WHO Model list of drugs.b-Blockers are particularly

useful in patients who have hypertension and are at high

cardiovascular risk, such as those who are postmyocardial

infarction, in congestive cardiac failure, with diabetes, and

stable peripheral vascular disease.

D. Combined a and b-Receptor Blockers and
Third Generation b-Blockers

These include labetalol, carvedilol, celiprolol, and nebivo-

lol. Labetalol is lipohilic, rapidly absorbed, and is �33%

bioavailable. Bioavailability increases with age. Carvedilol

is rapidly absorbed and �25% bioavailable. Both are non-

selectiveb-blockers which are given twice a day. Labetalol

also blocks a-receptors but at a potency of 1:4 that of

b-receptors, and carvedilol has a lesser a-receptor potency.

Labetalol is useful in treating malignant hypertension

as it can be given intravenously for a rapid onset of

action. It can also be used in treating hypertension in preg-

nancy where first-line agents a-methyldopa and calcium

channel blockers, such as nifedipine, are ineffective or

not tolerated. It can be used orally to treat all grades of

hypertension, for the treatment of angina with hyperten-

sion, and for management of phaeochromocytoma or for

a hypotensive effect during anesthesia.

Carvedilol has been shown to be superior to equivalent

dose metoprolol in treating heart failure, and so has a niche

use in hypertensives with congestive failure (13). It blocks

b1 , b2 , and a1 receptors and has antioxidant and anti-

atherosclerotic actions.

Nebivolol has a vasodilating effect in part attributable

to NO release. It has a lesser bradyarrhythmic effect than

pure b1 receptor antagonists, such as atenolol, and
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therefore is less likely to induce heart block. Additionally,

it has a mild pressor effect on standing when tested in

patients .60 years after 5 min supine and 1 min standing.

This could have an advantage in older patients who are

more predisposed to orthosatic hypotension (26). Nebivolol

is effective in treating heart failure in the elderly (27).

Celiprolol is a long-acting cardioselective b-blocker

with vasodilator actions. It has b2-receptor agonist activity

and may act through nitric oxide release. Like other agents

mentioned it has anti-inflammatoy effects and lacks the

peripheral vasocontrictor effects of pure b1-receptor

antagonists (28). Certain foods and medication can affect

its plasma concentration (29–31).

Other b-blockers with ancilliary actions include sotalol,

which has type III antiarrhythmic activity and bucindolol,

which has vasodilator actions and mild ISA activity.

Table 27.1 Indications for b-Blocker Use

Cardiovascular

Hypertension: For most patients with hypertension use of a b-blocker for treatment is reasonable (16). Caution is needed, however, in

patients who are suspected of having a phaeochromocytoma, in whom unopposed a-receptor stimulation in the presence of

b-blockade could result in a hypertensive crisis.

Angina: b-Blockade is a mainstay symptomatic therapy for stable angina pectoris.

b-Blockade reduces re-infarction and ischemia and improves survival.

Acute coronary syndromes: Oral or intravenous b-blockade can be used in hospitalized acutely ill patients, that can then be up-titrated

to maintain the resting heart rate between 50–60, provided there are no contraindications.

Myocardial infarction treatment and prophylaxis: Intravenous b-blockade has been shown to be effective in the setting of acute MI,

whereas cardioselective lipophilic agents without ISA, such as metoprolol, are preferred for secondary prevention.

Treatment of tachyarrhythmias (Sinus Tachycardia, Supraventricular tachycardia, atrial flutter, atrial fibrillation and ventricular

tachycardia): Rate control of atrial fibrillation as an approach to therapy in patients over 65 has been shown to be equivalent in

outcome to an approach based on rhythm control.

Congestive heart failure (low-dose and titrate upward) Where formerly b-blockade was contraindicated in heart failure, now it is a

standard treatment when carefully instituted. In studies with bisoprolol, extended-release metoprolol and carvedilol, b-blockade was

shown to reduce all-cause mortality (34–35%); all-cause hospitalizations (18–20%), and sudden cardiac death (41–44%) in patients

with heart failure (17). In the elderly with heart failure, nebivolol reduced mortality and morbidity (hospitalization) 14%.

Hypertrophic cardiomyopathy (with and without outflow obstruction): b-Blockers improve symptoms and exercise tolerance in

hypertrophic cardiomyopathy, both with and without obstruction. Their main indication is for those with symptoms or with outflow

gradients during exertion (18,19).

Diastolic dysfunction�

Prevention of sudden cardiac death: But is inferior to implantable cardioverter defibrillator.

Hypertensive crisis. Intravenous Labetalol is particularly suited for this purpose.

Hypotension induction� Labetalol has been used for this and intravenous esmolol in cases of aortic aneurysm prerupture.

Miscellaneous (19): Mitral valve prolapse, myocardial bridging, Long QT (20) syndrome, cathecolaminergic polymorphic ventricular

tachycardia, in patients with a pacemaker or an implantable defibrillator.

Endocrine

Diabetes: Patients benefit from b-blockade if tolerated (21). Thyrotoxicosis: treats tachycardia and sympathetic symptoms, and a non-

selective agent is preferable.

Phaeochromocytoma in addition to an a-blocker—to avoid unopposed b-receptor stimulation and hypertensive crisis.

CNS

Tremor�

Migraine: In the prophylaxis against migraine.

Anxiety: b-Blockers can be used to treat general anxiety disorder as a second-line therapeutic approach. They are useful in suppressing

somatic symptoms especially tachycardia (22).

GI

Esohageal varices, prevention of bleeding (23).

Portal hypertension�

Ethanol withdrawal�

Ophthalmology

Glaucoma; used in treating open-angle glaucoma. There can be an additive effect of orally prescribed b-blockers to those prescribed

topically for this purpose.

Surgery

Perioperatively in patients at high cardiovascular risk (24), and those suffering from burns (25).

Nephrology

Scleroderma renal crisis� and diabetic renal disease (26).

�Unapproved use of b-blockade.
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Bucindolol unlike other b-blockers did not reduce morta-

lity in heart failure (32) but reduced nonfatal myocardial

infarction (33).

III. CHOOSING AND USING A b-BLOCKER

There are over a hundred manufactured b-blockers, over

thirty of which are marketed world-wide (15). In

general, a hydrophilic cardioselective b-blocker with

intrinsic sympathomimetic activity is least likely to

cause side effects. However, in high-risk patients or in

those with known coronary heart disease the lipophilic

cardioselective non-ISA agents confer the best protection,

for example, metoprolol.

Co-morbid conditions influence the choice of b-blocker

in hypertensive patients. b-blockers have a lesser degree

of effectiveness in African-Americans, but the suggestion

of decreased effectiveness in the elderly appears incorrect.

The dose of b-blocker should be halved in the elderly. The

elderly or those with minor conducting system abnormal-

ities may be cautiously tried on low-dose b-blockade, and

agents with a lesser bradycardic effect are preferred.

The clinical setting dictates the choice of b-blocker. In

hospital, where a patient’s condition may fluctuate, use of

a shorter acting b-blocker such as metoprolol 25 mg three

times daily is reasonable, as one may require to adjust

therapy abruptly. In the outpatient setting, a longer

acting agent or an extended release form of a short-

acting variety is preferred (e.g., bisoprolol or metoprolol

XL). Lipophilic agents are used in renal failure, whereas

hydrophilic b-blockers are used in hepatic insufficiency.

If the blood pressure is elevated .20/10, combination

therapy is indicated, and b-blockers can be usefully com-

bined with a thiazide diuretic or a dihydropyridine calcium

channel blocker. Supplying these combinations in a single

pill is now feasible and likely improves compliance. For

hypertensive emergencies, intravenous labetalol is effec-

tive and may be switched to oral therapy later.

It is usual to start with a low-dose of a b-blocker and

titrate the dose upward, as this may achieve the desired

effect and minimize adverse reactions. The choice of

b-blocker is influenced by additional indications in

addition to hypertension. For example, a patient with

hypertension who is also prone to tachyarrythmias may

derive benefit from sotalol. A b-blocker should be with-

drawn gradually to avoid rebound hypertension, and

caution must be exercised when used in conjunction with

other bradyarrhythmic medications.

IV. SIDE EFFECTS

Side effects may be dose related or dose independent. The

principal side effects, which often pertain to the cardio-

respiratory system are listed in Table 27.2. Patients with

chronic obstructive airways disease are not entirely

excluded from therapy with b-blockade (34). Abrupt

withdrawal of b-blockade should be avoided because of

the risk of rebound hypertension, and precipitation of

angina, myocardial infarction, or stroke.

Major side effects include, decrease in heart rate, AV

nodal conduction and contractility can lead to severe

bradycardia, sinus arrest, heart failure and advanced/
complete heart block and in overdose asystole. Deaths

have been reported in overdose (2).

In a setting where conduction abnormalities may arise,

use of an agent with ISA activity or a third generation

highly selective b-blocker, such a nebivolol, may lessen

the likelihood of such events.

Central effects include insomnia, depression, night-

mares, hallucinations, impotence, and fatigue, although

Table 27.2 b-Blocker Side Effects

System Side effect

Cardiac AV and SA block, angina, cardiac arrest, orthostatic hypotension, peripheral vasoconstriction,

peripheral edema, exacerbate or precipitate heart failure. Relatively contraindicated in

Wolff–Parkinson White and Bradycardia–Tachycardia syndromes

Dermatological Alopecia, exfoliative dermatitis, pruritis

GI Diarrhea, Dyspepsia, Abnormal LFTs, Jaundice, Hepatic necrosis, nausea, and vomiting

Respiratory Dyspnoea, bronchospasm—avoid in asthma

CNS Depression, dizziness, hallucinations, headache, nightmares, insomnia, parasthesiae

Rheumatological Arthralgia, myalgia

Constitutional Fatigue, diaphoresis, asthenia,

Ophthalmic Xerosis, ocular irritation, lacrimation

Genitourinary Impotence, decreased libido, priapism, ejaculatory dysfunction

Metabolic Hyperglycemia, hypoglycemia

Hematologic Agranulocytosis

Immunologic Anaphylaxis: exacerbation of
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the latter may be due to a reduction in cardiac output.

In general, lipophilic b-blockers are more prone to

central effects than hydrophilic agents.

Bronchoconstriction, due tob2 receptor blockade, so that

in general, these agents are contraindicated in patients with

asthma. This is especially so for nonselective agents,

although recent evidence suggests that the more cardio-

selective agents, for example, bisoprolol and nebivolol;

may be used with caution in patients with mild reactive

airways disease.

Nonselective agents may exacerbate symptoms in

patients with peripheral vascular disease and Raynauds

phenomenon. This is likely however, only in advanced

disease and like patients with diabetes, patients with

milder forms of peripheral vascular disease benefit from

b-blockade. Patients should not be deprived of these

agents unless there is a clear clinical indication to avoid

them, such as critical limb ischemia.

Nonselective agents may mask the sympathetically

mediated symptoms of hypoglycemia in diabetes mellitus

and delay the recovery of blood sugar levels. This may

result in hypoglycemic coma.

b-Blockers generally can exacerbate the hyperlipidae-

mic state. Nonselective agents raise triglycerides and

lower HDL-cholesterol values.

b-Blockers with ISA tend to cause lesser or no effect,

whereas Celiprolol may raise HDL-cholesterol.

A. Medical Conditions

Systemic side effects can influence CNS, peripheral circu-

lation, lung, hepatic, and renal function. b-blockers can

reduce sexual function and exercise capacity, alter

mental state, skin, connective tissue, and electrolyte

levels. Toxicity can result from overdose, abrupt cessation

and drug–drug interaction, or allergy. b-Blocker withdra-

wal can exacerbate allergy to another agent.

B. Phaeochromocytoma

Caution is advised as there may be unopposed a-adrener-

gic stimulation and hypertensive crisis. Raynaud’s

phenomenon may be exacerbated especially by nonselec-

tive b-blockers. Prinzmetal angina may be worsened by

b-blockers due to unopposed a-adrenergic stimulation.

Rapid withdrawal of a b-blocker can result in rebound

hypertension, angina, stroke, and myocardial infarction.

If patients need to discontinue b-blockers, they should

do so by weaning the therapy gradually over 7–10 days.

C. Pregnancy and Lactation

There have been few placebo-controlled trials with

b-blockers in the treatment of hypertension in pregnancy.

The safety of b-blockers in pregnancy is questioned

especially when given before 24 weeks gestation, as they

are associated with intrauterine growth retardation (35).

They are not associated with teratogenic effects.

b-Blockade may be continued during delivery and cardio-

selective b-blockers without an effect on uterine contraction

are preferred. Labetalol is of similar efficacy and maternal

side effect profile to methyldopa. It is used as second-line

oral therapy for hypertension in pregnancy and in hyper-

tensive crises. Atenolol and metoprolol achieve higher

levels in breast milk than labetalol and propranolol (36).

D. Overdose

Overdose has resulted in fatalities but usually responds to

b-agonist therapy. Heart block, bradycardia, profound

hypotension, seizures, and coma can occur.

Of historical interest is that practolol predisposed to cat-

aracts and xamoterol, which was used in heart failure treat-

ment, increased mortality when compared with controls,

probably because of its high intrinsic sympathomimmetic

activity. Therefore, one should use agents with intrinsic

sympathomimmetic activity in patients with known coron-

ary disease with caution. Moreover, unlike bisoprolol,

metoprolol, and carvedilol, bucindolol failed to reduce

cardiovascular end-points in heart failure underscoring

the principle that not all b-blockers are of equal benefit.

Overall tolerability of b-blocker is reasonable, but up to

16% of patients in a recent study reported symptoms with

b-blockers, half of which were avoidable or ameliorable

(37). Erectile dysfunction after b-blockade may not be

as common as previously suggested. Recently it was

found that erectile dysfunction is related to knowledge of

side effects and is reversed by placebo (38).

V. DRUG–DRUG INTERACTIONS (39)

Aluminum and bile acid sequestrants can reduce b-blocker

absorption.b-Blocker metabolism may be altered by certain

drugs. Cimetidine decreases first-pass metabolism of pro-

pranolol and may increase plasma concentrations fourfold.

Other drugs influencing propranolol metabolism includes

flecainide, propafenone (increases metoprolol levels two-

fold), quinidine, and tricyclic antidepressants, fluoxetine,

paroxetine, and fluvoxamine. Conversely drugs concen-

trations may be altered by b-blockers; these drugs include

antiarrhythmics (flecanide, lignocaine, and dihydropyridine

calcium channel blockers (nifedipine and nisoldipine).

Special caution is advised against the use of b-blockers

with nondihydropyridine calcium channel blockers, such

as verapamil and diltiazem, because of the risk of com-

plete heart block, especially in patients with conduction

abnormalities, left ventricular dysfunction, and the elderly.
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Hypoglycemic agents: Nonselective agents are more

prone to cause a fall in blood glucose than selective

b-blockers. b-blockers can mask the symptoms of hypo-

glycemia and delay the recovery from it.

General anesthetic agents: Some agents can have an

additive negative inotropic effect in combination with

b-blockade (e.g., cyclopropane, diethyl ether, and methox-

yflurane) and anesthetists need to take this into account at

induction.

Favorable interactions include the combination of a

b-blocker with a low-dose thiazide diuretic or a dihydro-

pyridine calcium channel blocker in treating hypertension.

VI. TRIAL EVIDENCE FOR b-BLOCKER
USE IN HYPERTENSION

There are few large placebo-controlled b-blocker end-

point trials in hypertension. Trials can be separated

into primary and secondary prevention. A trial list is

shown in Tables 27.3 and 27.4, with the penultimate

four being meta-analyses and the final reference is a con-

sensus document on b-blockade (Table 27.3).

A. Primary Prevention Trials: UKPDS, ANBP,
MRC, HAPPHY, and IPPPSH

In general, b-blockers have a negative profile of surrogate

end-points as they can increase glucose levels, insulin

resistance, triglycerides, and body weight and decrease

HDL and are often regarded as relatively contraindicated

in diabetes mellitus (Table 27.2). However, this approach

is largely debunked by the results of the UKPDS study of

atenolol and captopril in control of hypertension in type II

diabetes mellitus (19). In this 9 year primary prevention

study of 1148 subjects with type II diabetes and hyperten-

sion, tight blood pressure control was favored over less

tight control for any of the clinical end-points. But in the

tight control group, the event rate for clinical end-points

tended to be less in the atenolol compared with the

Table 27.3 Large End-Point Trials and Meta-analyses Involving b-Blockers in Hypertension, and a Recent

Consensus Statement

AASK African American Study of Kidney Disease and Hypertension 2002

ANBPS Australian National Blood Pressure Study 1980–1984

ARIC Atherosclerosis Risk In Communities 2000

ASCOT Anglo-Scandanavian Cardiac Outcomes Trial 2003

BHAT Beta Blocker Heart Attack Trial 1984

CAPPP CAPTOPRIL PREVENTION PROJECT 1999

CONVINCE Controlled Onset Verapamil Investigation of Cardiovascular Trial Endpoints Trial 2003

Coope and Warrender Treatment of hypertension in elderly in primary care 1986

ELSA European Lacidipine Study of Atherosclerosis 2000

HAPPHY Heart Attack Primary Prevention in Hypertensives Trial 1987

HDS Hypertension in Diabetes Study 1993

IPPPSH International Prospective Primary Prevention Study in Hypertension 1985

INVEST International Verapamil–Trandolopril Study 2003

LIFE Losartan Intervention For Endpoint reduction in hypertension study 2002;

LIFE Diabetic 2002; LIFE LVH 2002.

Metoprolol Atherosclerosis

in Hypertensive Study

1988

MRC MRC Trial of Treatment in Mild Hypertension 1985

MRC-O MRC Trial of Treatment of Hypertension in older adults 1992

NORDIL Nordic Diltiazem Study 2000

SAFE Safety After Fifty Evaluation 1992

SHEP Systolic hypertension in the elderly program 1991

STOP-HTN Swedish Trial in Old Patients with Hypertension 1991

STOP-2 Swedish Trial in Old Patients with Hypertension 2 1998

TOMHS Treatment of Mild Hypertension Study 1993

UKPDS UK Prospective Diabetes Study Group 1998

BPLTTC1a Blood Pressure Lowering Treatment Trialists’ Collaboration 1 2000

BPLTTC2a Blood Pressure Lowering Treatment Trialists’ Collaboration 2 2003

Gueyffiera 1997

Psaty BMa 2003

ESC ESC Expert Consensus Document on b-adrenergic Receptor Blockade 2004

aMeta-analyses.
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captopril group. Thus, it seems that the focus on surrogate

end-points can be misleading and the clinical benefits of

atenolol may be attributable to the antiarhythmic, anti-

atherosclerotic effects, and the inhibition of renin release

by b-blockers. Additionally, a highly cardioselective

b-blocker has a better effect on nocturnal dipping of

blood pressure than less selective agents, which could

add to their benefit (40).

Nonselective agents can block both b1 and peripheral

b2 receptors in insulin dependent patients and cause a

paradoxical increase in blood pressure due to unopposed

alpha stimulation. Therefore in IDDM, highly b1 selective

agents are preferable to nonselective b-blockers.

A potential difficulty in current studies on hypertension

is that they are of ethical necessity designed with a compari-

son therapeutic arm, but lack a placebo control group. Any

difference between treatment arms may then suggest that

one treatment is superior to another. But to obtain identical

blood pressure reductions, which are accurately measured,

throughout the 24 h period on each treatment is difficult.

Differences may therefore be explained at least in part by

small differences in blood pressure alone. The lack of a

placebo arm can raise doubts as to the efficacy of b-blockers

generally in hypertension, as there are few large prospec-

tive randomized end-point placebo-controlled studies of

b-blockers in hypertension. Instead they were used in com-

bination with other medications, especially thiazides. In the

Australian National Blood Pressure Study (ANBP),

chlorthiazide, pindolol, and propranolol (methyldopa, cloni-

dine, and hydrallazine) were used (41). In this trial, a signifi-

cant reduction in total trial end-points (stroke, MI, and other

cardiovascular events) and fatal trial end-points was noted.

A significant reduction in trial end-points was noted for men

(67 events on treatment vs. 91; P , 0.05), women (24 on

treatment vs. 36; P , 0.044), and for persons .50 years

(69 vs. 96; P , 0.025).

The Medical Research Council trial showed a highly

significant proportionate benefit in stroke reduction (42),

but because a priori risk was low in the population, the

absolute benefit was also low (NNT 850 to prevent one

stroke). Although thiazide therapy faired better in reducing

event rates than propranolol, the blood pressure lowering

with the diuretic was superior to that of propranolol.

Therefore, at least part of the explanation for the difference

could be due to the effect of the drug on blood pressure.

Interestingly, propranolol reduced stroke in nonsmokers

but not in smokers; therefore, the reduced effect of propra-

nolol may be due to its diminished effectiveness in

smokers and/or to an interaction effect between proprano-

lol and smoking. Smoking by increasing cathecolamines

may increase blood pressure by unopposed a-adrenergic

stimulation. A similar finding to this occurred in the

IPPPSH trial but not in HAPPHY study, and may be due

to post hoc subgroup analysis.

In the Heart Attack Primary Prevention in Hyperten-

sives (HAPPHY) trial (43), the aim was to establish

whether b-blockers were superior to thiazide diuretics in

preventing nonfatal MI, mortality from CHD and total

mortality in men at high risk of developing CHD. The

result for the b-blocker (metoprolol and atenolol) was

similar to the thiazide arm; an effect seen with oxprenolol

in the International Primary Prevention Study in Hyper-

tension (44).

Nevertheless, treatment arms in trials have yielded

differences in outcome, which cannot readily be explained

by differences in blood pressure. In the ALLHAT study

(45), the doxazosin arm was withdrawn early because of

an increased cardiovascular event rate when compared

with an ACE inhibitor, diuretic, and calcium channel

blocker. Germane to b-blockers, the LIFE study (46)

showed that losartan for similar blood pressure lowering

had a lower CV event rate when compared with atenolol

in patients with ECG evidence for LVH. Substantial cer-

ebrovascular benefit was obtained in patients across the

spectrum of cardiovascular risk (47). Therefore, in patients

with ECG evidence for LVH, it is reasonable to choose

losartan in preference to atenolol.

In the Metoprolol Atherosclerosis in Hypertensives

(MAPHY) primary prevention study (14), a significant

effect was noted for treatment of men whose diastolic

blood pressure was .100 mmHg with metoprolol com-

pared to atenolol in prevention of sudden cardiac death.

Additionally, as compared to atenolol in the MRC and

HAPPHY studies (48), the metoprolol group had a signifi-

cantly lower total or coronary mortality, and first coronary

event rate than the thiazide-treated group.

In treatment of mild hypertension (TOMHS) (49), ace-

butolol 400 mg od/bd was well tolerated .4–5.5 years,

but did not lower blood pressure in blacks as well as non-

blacks. Nevertheless, treatment of blood pressure in this

trial was effective at significantly lowering total cardio-

vascular events compared to placebo (P , 0.031).

In the AASK trial (50), ACE inhibition was found to be

superior to metoprolol in slowing glomerular filtration rate

decline in this African-American group, the authors

suggest that b-blockers may be better than amlodipine in

this regard, especially for those with minimal renal dys-

function (P ¼ 0.003).

B. Secondary Prevention b-Blocker Trials or
Those Including Patients with a Prior
History of a Cardiovascular Event: STOP-
Hypertension, SHEP, BHAT, ACTION

The STOP-Hypertension trial was a primary/secondary

prevention trial in elderly men and women who had

systo-diastolic hypertension (51). Treatment was either

diuretic or b-blocker (metoprolol, atenolol, and pindolol)
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with addition of the other agents as needed. The active

treatment groups had a significant reduction in primary

end-point (stroke, MI, or other cardiovascular death),

fatal and nonfatal stroke, and death compared with

placebo. Similarly, the SHEP study, in which atenolol

was added as a second-line agent to chlorthalidone in

persons .60 years with systolic hypertension, showed a

significant reduction in fatal and nonfatal strokes com-

pared with placebo (52). In the MRC trial in older

adults, amiloride/hydrochlorthiazide was compared with

atenolol and each group with their placebo arm (53). Nife-

dipine was added if needed. The systolic blood pressure

reduction was virtually identical for the diuretic and

b-blocker, but the diastolic was reduced more in the diure-

tic arm. There was a significant increase in side effects

compared with control (results per thousand patient

years: dyspnoea (22.9 vs. 1.1), Raynaud’s phenomenon

(11.3 vs. 1.1), lethargy (19.1 vs. 2.0), headache (7.2 vs.

1.1), and dizziness (10.6 vs. 1.2) in the b-blocker. Side

effects and withdrawal rate were greater for atenolol

than the diuretic group. The benefits were also greater in

the diuretic group for stroke, coronary event reduction,

and decreasing all cardiovascular events.

In beta-blocker Heart Attack trial (BHAT), 40.8% of

patients had a history of hypertension, 29.4% of partici-

pants had treated hypertension, and 11.4% untreated (54).

In this prospective trial of men and women, postmyocar-

dial infarction, all-cause mortality (AR reduction 1.2%;

P , 0.004), cardiovascular (ARR 1.1%; P , 0.009) and

atherosclerotic death (ARR 0.006; P , 0.006), and

sudden death (ARR 0.6; P , 0.04) were significantly

reduced by propranolol therapy compared with placebo.

Additionally, coronary incidence was decreased (ARR

1.4; P , 0.004). Thus, there is a more potent reduction

in cardiovascular events in this secondary prevention

trial by b-blockade when compared with primary preven-

tion studies. The benefit of b-blockers reducing cardiovas-

cular events depends considerably on the a priori risk of

the population studied. The cumulative mortality of hyper-

tensives postmyocardial infarction treated with proprano-

lol was significantly less than placebo but equivalent to

the nonhypertensive placebo group and higher than the

nonhypertensive treatment group. Therefore, the deleter-

ious effect of hypertension was ameliorated by those

taking propranolol. In the Action trial, 80% of subjects

who were enrolled with stable angina pectoris were on

b-blockade. Addition of nifedipine to hypertensives

reduced combined cardiovascular end-points 13%, stroke

or transient ischaemic attack 30%, coronary angiography

16%, new overt heart failure by 38%, and debilitating

stroke 33%. This underscores the effectiveness of combi-

nation treatment in lowering cardiovascular events in

hypertensives (55), and indeed in preserving cognitive

function (56).

C. Literature Reviews and Meta-Analyses

The most recent Blood Pressure Lowering Treatment

Trialists’ Collaboration study found no substantive differ-

ence between trials of b-blockade and other agents (ACE

inhibitors, diuretics, or calcium channel blockers) in car-

diovascular outcomes, even when b-blockers were com-

pared alone or in combination with diuretic treatment

(57). This mirrors the earlier review where again no

substantive difference was found between traditional

(b-blocker or diuretic therapy) and newer agents (ACE

inhibitors and calcium channel blockers), although newer

agents were superior to placebo (58).

These studies reinforce previous meta-analyses (59,60)

as to the utility of b-blockers in treating hypertension.

However, Calcium channel blockers are superior to

b-blockers and other antihypertensive classes as initial

therapy in black adults (61).

VII. STRENGTHS AND WEAKNESSES
OF b-BLOCKADE

Many trials have focused on testing the superiority of one

drug over another agent from a different class. This is

germane only to a proportion of patients with hyperten-

sion, a majority needing at least two or more agents to

control their blood pressure. The relative safety and effi-

cacy of b-blockers in treating hypertension, coupled

with the additive effect when combined with other

agents, such as diuretics and dihydropyridine calcium

channel blockers, make them a reasonable choice for the

treatment of hypertension in most instances. When most

of the benefits of hypertensive therapy are derived from

the degree of blood pressure reduction achieved, the cost

effectiveness of these agents also makes them attractive.

Once blood pressure control is achieved, the addition of

aspirin confers extra benefit (62). The many potential

side effects of these agents have led some to question

their usefulness (63), but the advent of newer more cardi-

oselective agents has gone some way toward addressing

these concerns (64). Nebivolol, for example, has a side

effect profile equivalent to angiotensin II receptor antagon-

ists and placebo. The concern over side effects is obvious,

given that up to 9% of patients attending an ambulatory

care setting were documented as having b-blocker

related side effects (37). The authors correctly cautioned

that without a control group the side effects may be an

over-estimate. Only 2% of patients were withdrawn from

the HAPPHY study due to side effects of b-blockade

which supports this notion.

Certainly b-blockers are of additional benefit in patients

postmyocardial infarction, in congestive heart failure or

LV dysfunction, and in diabetes mellitus patients who
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are at high cardiovascular risk (1). The JNC VII guidelines

indicate use of diuretics as the initial drug of choice in the

treatment of hypertension, differs somewhat from the

European guidelines, which allow the clinician to choose

the initial form of therapy (65). Recent results from the

Blood Pressure Lowering Treatment Trialists’ Collabor-

ation which compared the effect of different treatment regi-

mens on cardiovascular events rates, found no convincing

evidence that newer agents (ACE inhibitors, angiotensin II

receptor antagonists, or calcium channel blockers) were

superior to conventional treatments with either diuretic

or b-blocker. In this regard, there was no heterogeneity

for any outcome when the results of b-blocker alone was

compared with those of diuretic alone or those of

b-blocker or diuretic combined.

Drug regimens may differ in their effect on patient

subgroups, such as those with diabetic nephopathy, left

ventricular hypertrophy, renal failure, or the subsequent

occurrence of new onset diabetes. These are currently

under review (57), but form a minority of patients com-

pared to the many who have undiagnosed or under-

treated hypertension. Therefore b-blockers, along with

diuretics, calcium channel blockers, ACE inhibitors, and

angiotensin II receptor blockers, are reasonable choices in

the management of hypertension. The newer cardioselec-

tive agents are less likely to cause unwanted side effects,

which should help improve compliance with therapy.

VIII. CONCLUSIONS

b-Blockers have a long and distinguished history in the

effective management of hypertension. Their use is

enhanced by the presence of any of the additional indi-

cations for their administration, for example, postmyocar-

dial infarction, congestive heart failure, and so on.

Concern about side effects have often limited their use

in patients at high risk, for example, in hypertensive

patients with diabetes. However, the advent of newer

more cardioselective b-blockers or agents with ancillary

actions have resulted in a substantive drop in adverse

effects, and improved outcomes.

Recent trial data of the superiority of Losartan over

Atenolol at reducing cardiovascular events in a patient

subset with ECG evidence of left ventricular hypertrophy,

should not detract from meta- analyses showing that no

single drug class is superior to another in the management

of hypertension. These meta-analyses indicate that blood

pressure reduction per se is the most important element

in managing hypertension (66).

A substantial proportion of patients with hypertension

require more than one medication (67). b-Blockers can

readily be combined with nondihydropyridine calcium

channel blockers, diuretics, and a-blockers, and with

ACE inhibitors or angiotensin receptor blockers, despite

reduced efficiency with the latter.

Novel actions of third generation b-blockers including

a-blockade (Carvedilol and Labetolol), nitric oxide

release (Nebivolol), antiproliferative, and antioxidant

effects, may further elaborate upon the clinical usefulness

of these antihypertensives, through blood pressure inde-

pendent effects. Future trials and meta-analyses assessing

the blood pressure independent effects of antihyperten-

sives are awaited with interest (68).
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KEYPOINTS

. a1-Inhibitory drugs reduce blood pressure by redu-

cing vasoconstrictor tone.

. Dosage must not be excessive to prevent reflex

adjustments for example, to erect posture.

. Care is needed to avoid a first dose effect, particu-

larly when added on to pre-existing treatment.

. Increments should be small to increase patient

tolerance.

. Other than excessive falls of blood pressures, par-

ticularly postural, side effect profile is favourable,

insulin sensitivity is increased and effect on lipid

profile is favourable.

. They reduce benign prostatic hypertrophy and

drugs more specific for prostatic alpha receptors

have been developed.

SUMMARY

The final common pathway for the sympathetic control of

blood vessels is the a1 adrenoceptor. The hormones adre-

naline and noradrenaline exert their vasoconstrictor
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activity at this site. The a1 receptor is crucial in the reflex

control of blood pressure. Most notably, increased

a1-mediated vasoconstriction is essential in the cardio-

vascular responses to the erect positive. Competitive

inhibitors of the a receptor, such as prazosin, trimazosin,

and doxazosin, must be given in amounts that allow

some overcoming of the a blockade in the erect posture

so that an excessive drop in blood pressure, postural hypo-

tension, does not occur from the effect of gravity. A

noncompetitive inhibitor, such as phenoxybenzamine, is

therefore not suitable for the treatment of hypertension,

with the exception of pheochromocytoma.

The first-dose phenomenon was a problem with the

early use of prazosin. It is advisable with all a1-blocking

drugs to start with a small dose because initially as with an

a1-blocker, the cardiovascular system is sensitive to the

increased vascular capacity from the inhibition of vaso-

constrictor tone that later declines. This is probably due

to a later modest increase in vascular volume, although

evidence is not strong. The first-dose phenomena is more

likely if the patient is already taking an antihypertensive

drug such as a diuretic or a b-blocker. As with all antihy-

pertensive drugs, it is best to keep subsequent increments

small unless urgency dictated by the height of the blood

pressure level indicates otherwise.

Not withstanding some evidence of a favorable effect

on surrogate endpoints, such as a modest improvement

in lipid profile and an improvement in insulin sensitivity,

major outcome studies have been disappointing. In the

ALLHAT study, doxazosin was associated with an

increase in stroke and heart failure compared with treat-

ment with a diuretic, although the former situation may

be a function of a 2.3 mmHg lower systolic blood pressure

with chlorthalidone and the latter situation at least partly a

result of discontinuing a diuretic prior to admission to

the study, which possibly unmasks latent heart failure.

The recent guidelines of the European Society of

Hypertension–European Society of Cardiology advise

that a1-blockers no longer be regarded as first-line

agents, although they are valuable in combination with

other drugs. Multiple drugs are now being used in most

patients for adequate control of blood pressure.

I. INTRODUCTION

The a adrenoceptor mediates neuronal vasoconstriction

and is crucial to the control of blood pressure. Drugs that

inhibit the innervation of the a adrenoceptor at various

sites—on the central sympathetic control centers, sympath-

etic ganglia, adrenergic nerve endings, and the a receptor

itself—have been important since effective antihyperten-

sive drugs were discovered.

II. a RECEPTORS

The a adrenoceptors have been divided into a1 receptors

and a2 receptors and then further subdivided by cloning

experiments and according to their responses to various

agonists and antagonists (1) (Table 28.1). Adrenaline or

noradrenaline, “the first messenger,” interacts with the

adrenergic receptor of the target cell. The stimulation of

the a1 receptor involves coupling to the Gq11 protein,

which stimulates phospholipase C and leads to intracellu-

lar calcium release. The a2 receptors are coupled predomi-

nantly to inhibitory the GTP-binding protein to inhibit

adenylyl cyclase and, thus, inhibit the opening of

voltage-gated calcium channels (1).

Phenylephrine is selective, methoxamine is the most

selective stimulant for the a1 receptor, and clonidine is

an example of a drug that exerts its therapeutic effect by

central a2-receptor stimulation, although it also has a1

properties. Azepexole (B-HT 933) is a selective a2

agonist (2). Adrenaline and noradrenaline stimulate both

receptor subtypes. Prazosin, doxazosin, and trimazosin

are competitive antagonists at the a1 receptors; yohimbine,

Table 28.1 a Adrenoceptors

Type of receptor block Type of effect Stimulation Blockade

a1 Postjunctional Noradrenaline Prazosin

Vascular smooth muscle Adrenaline Doxazosin

Phenylephrine Trimazosin

Methoxamine Phentolamine

Clonidine (secondary)

a2 Prejunctional Noradrenaline Yohimbine

Postjunctional Adrenaline Rauwolscine

e.g., saphenous vein Clonidine (primary) Idazoxan

Oxymetazoline Phentolamine

Azepexole

Note: a1 receptor subdivisions: a1A (previously a1C), a1B, a1D (previously a1a/d); a2 receptor subdivisions: a2A/D, a2B, a2C.
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rauwolscine, and the more selective idazoxan inhibit a2

receptors, whereas phentolamine inhibits both a1 receptors

and a2 receptors.

Postsynaptically the a1 receptors predominate in most

vascular smooth muscle, but a2 receptors are also import-

ant. There is considerable species variation; in the human

forearm, both a1 receptors and a2 receptors are present.

Vascular smooth muscle has postsynaptic a1 receptors

that are involved in the mediation of the nerve impulse

and, therefore, mediate vasoconstrictor control of blood

vessels in both arteries and veins. The a2 receptors are

extrasynaptic; both subtypes of a receptors mediate con-

traction in response to hormonal stimulation. Presynaptic

a2 receptors are also present; these inhibit neuronal

release of noradrenaline and, thus, are a negative feedback

mechanism. The a1 receptors in vascular smooth muscle

appear to be found in the adventitial layer, whereas the

a2 receptors are found closer to the interior, where they

respond to circulatory catecholamines (3,4).

In the central nervous system, a2 receptors are the pre-

dominant a receptor subtype, although a1 receptors have

been demonstrated by receptor binding techniques and

are involved in baroreceptor reflex function. Stimulation

of central a2 receptors is important in the antihypertensive

effect of methyldopa and clonidine. The more recently

described imidazoline I1-receptors are also important in

the antihypertensive effect of clonidine, and more so

with agents that bind selectively for the imidazoline I1-

receptor compared to their a2-receptor binding such as

moxonidine and rilmenidine (5).

III. CONTROL OF BLOOD PRESSURE

Blood pressure control in both normotensive and hyperten-

sive subjects is complex. Although the autonomic nervous

system plays a major part in the moment-to-moment regu-

lation of blood pressure, hormonal and renal factors are

important in the long-term regulation of blood pressure.

As Guyton has stressed, the volume adjustment by the

kidney would readily compensate for the pressor effect

from sympathetic vasoconstriction (6). There are,

however, many ways in which the nervous system can

influence renal function (7).

The sympathetic neurones that supply the heart and

blood vessels originate in the vasomotor center, which is

located in the lateral part of the reticular formation and

the bulbar zone of the brain stem. Axons from the neurones

of the vasomotor center form the bulbospinal tract that

descends in the interomedial lateral columns to the pregan-

glionic cells that are situated in the arteriolateral columns.

The control of vasomotor tone is achieved by the balance

of stimulation and inhibition, which modulates the number

of impulses traveling by the final common pathway, the

preganglionic neurone. This neurone synapses in para-

vertebral ganglia (sympathetic ganglia), which liberate

acetylcholine, to activate the postganglionic neurone.

Vasoconstriction of resistance vessels and veins results

from the stimulation of these nerves. Neuronal vasodila-

tion is largely achieved by fewer vasoconstrictor impulses

(8). Unlike the importance of sympathetic tone in blood

vessels, at rest the parasympathetic tone of the heart is

dominant. However even at rest in the supine position,

however, sympathetic tone in the heart, if not dominant,

is also significant. The dose-dependent reduction in

resting supine heart rate that results from the adminis-

tration of a b-adrenoreceptor-blocking drug illustrates

this point.

The peripheral a1 receptors that mediate sympathetic

tone and reflexes are crucial to blood pressure control.

Any drug that inhibits the innervation of the a receptor,

regardless of the site of action, can be expected to

produce a greater effect when physiological conditions

require increased a-mediated sympathetic activity to

maintain blood pressure. There is the potential for a drop

in blood pressure when a person stands up because of

the effect of gravity on the system. Venous return is

reduced, despite some compensatory venoconstriction,

by �20% even under normal circumstances, that is,

without any a1 receptor inhibition. Thus, cardiac output

decreases. Exercise, a very warm environment, and diges-

tion all are physiological events that lead to local vasodila-

tion, which then requires venoconstriction elsewhere to

maintain systemic blood pressure. Likewise, a reduced

blood volume means that vasoconstriction is required to

maintain systemic blood pressure. The a-mediated tone

needs to be reduced at low rates of sympathetic stimulation

(e.g., resting in a supine position) in order to lower the

blood pressure. It is important, however, that high rates

of sympathetic activity should not be inhibited excessively

so that the higher rates of sympathetic nerve traffic from

cardiovascular stress (e.g., exercise in an upright position

in a very warm environment or after eating in the early

hours of the morning—the “dinner dance syndrome”)

can result in adequate vasoconstriction to maintain an ade-

quate blood pressure for cerebral perfusion. Adequate

inhibition of the a1 receptor at a low rate of sympathetic

nerve activity, without excessive inhibition at high rates

of sympathetic nerve activity, can be achieved with appro-

priate adjustment of dosage by a drug that competitively

inhibits the a1 receptor such as prazosin, terazosin, doxa-

zosin, or urapidil. High rates of sympathetic nerve activity

will partly reverse the a1 block to minimize any excessive

drop in blood pressure. However, the effect of a noncom-

petitive a-receptor inhibitor in essential hypertension, as

seen with phenoxybenzamine, is totally postural, no

effect being observed on supine position blood pressure.

It is, therefore, not a useful general antihypertensive
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agent. Although a postural drop in blood pressure with an

a1 receptor blocker is not often a clinical problem, a ten-

dency for a lower pressure when standing than when

supine is often seen in patients who are being treated

with a1-blocking drugs. Symptoms of postural hypoten-

sion, such as dizziness, may necessitate discontinuing

treatment with prazosin (9), terazosin (10), doxazosin

(11), and indoramin (12) and possibly to a lesser extent

also with urapidil (13).

IV. a-ADRENERGIC BLOCKING DRUGS

Drugs that inhibit the a-adrenergic receptors can be

divided into several types (14) (Table 28.2). Phenoyxben-

zamine is a nonselective drug that blocks both a1 and a2

receptors. Its action is noncompetitive, and thus increased

sympathetic impulses observed in the erect posture do not

reverse the blockade; at tolerated doses, there is no useful

effect on supine position blood pressure. Phenoyxbenza-

mine is only used in pheochromocytoma. Phentolamine

is also nonselective; it has a very short action and, in

addition, has a direct vasodilator effect and also sympath-

etic and parasympathetic actions.

Nonselective a blockade means that presynaptic a2

receptors, which reduce the release of noradrenaline, are

inhibited because the negative feedback mechanism is

blocked. There is, therefore, an increase in noradrenaline

release, which attenuates the desired a1 blockade and

also leads to increased b-mediated stimulation, that is,

tachycardia and increased renin release. Some acute

studies with a1-blocking drugs, however, also have

shown an increase in heart rate because vagal withdrawal

in response to a drop in blood pressure is not reduced

(9–11,15,16).

The selective a1-blockers, quinazoline derivatives such

as prazosin (9,15), doxazosin (11,16), and terazosin (10),

represent the a-blockers that are most widely used in

hypertension treatment. Indoramin, in addition to its a1-

blocking activity, results in a relatively high incidence of

sedation and dry mouth (12); urapidil stimulates central

5HT1A receptors, reducing sympathetic nerve activity

that therefore supplements its peripheral a1-receptor

action in lowering blood pressure (13). Their pharmaco-

kinetic properties are summarized in Table 28.3.

Tamsulosin is a specific a1A-receptor-blocking drug

and is, therefore, of special value in treating benign pros-

tate hyperplasia (17). Yohimbine is a specific a2-blocking

drug; labetalol and carvedilol are both a-blocking and

b-blocking agents. Finally, there are several drugs

which, although they possess a-blocking activity, this

does not contribute to their clinical use, for example,

chlorpromazine, imipramine, haloperidol, and bromo-

criptine (14).

V. HYPERTENSION AND a-MEDIATED
VASOCONSTRICTION

Genetic and environmental influences are responsible for

the development of essential hypertension. There is evi-

dence of the central role of the sympathetic nervous

system. This involves both influence on vascular a recep-

tors and influence on the release and action of insulin.

Patients with early hypertension have a hyperdynamic cir-

culation with an increase in noradrenaline levels. There is

an increase in sympathetic nerve activity as evidenced by

increased nerve impulses measured in the peroneal nerve.

There may be an initial increase in venous return from

increased vascular tone, and thus cardiac output is

increased. Over a number of years there is a gradual trans-

formation in these patients to established hypertension

with increased peripheral resistance and a normal cardiac

output, as has been shown in repeated studies in a group

of patients over 20 years (18).

The inhibition of a receptor innervation and the conse-

quent reduction of peripheral resistance represent the

action of a group of drugs that reverse the most prominent

hemodynamic change of hypertension. The vascular tone

of both arteries and veins is inhibited. The arteriolar

dilation tends to increase cardiac output, whereas venous

dilation results in venous pooling and a reduction in

venous return, this being an effect that reduces cardiac

Table 28.2 Types of a-Adrenergic-Blocking Drugs

Nonselective a1þ a2 blockade

Phenoxybenzamine

Phentolamine

Selective a1 blocking drugs

Prazosin

Terazosin

Doxazosin

Urapidil

Indoramin

Selective a1a blocking drugs

Tamulosin

Selective a2-blocking drugs

Yohimbine

Combined a-blockers and b-blockers

Labetalol

Carvedilol

Drugs with a-blocking properties unrelated to clinical use

Amiodarone

Bromocriptine

Chlorpromazine

Haloperidol

Ketanserine

Quinidine

Source: Frishman and Kotob (14).
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output. The net effect of a blockade is that cardiac output

is usually unchanged (19).

VI. EXERCISE

Perhaps due to the absence or relative absence of increased

tachycardia, presumably the result of there being no pre-

synaptic a2 blockade and also the reduction in after load

from a1 blockade, prazosin has been shown to reduce

myocardial oxygen consumption on exercise with no

alteration in exercising heart rate. The exercise perform-

ance of hypertensive joggers was not reduced by a1 block-

ade with prazosin. At lower levels of exercise, diastolic

pressure was reduced, whereas the response of systolic

blood pressure was not altered in contrast with atenolol,

which also reduces exercise performance (20).

VII. FIRST-DOSE PHENOMENON

Drugs such as the a1 receptor-blocking drugs that act by

interfering with vasoconstrictor tone have the possibility

that even with competitive agents there is sufficient a1

blockade to inhibit reflex responses to such a degree that

there is an excessive drop in blood pressure. This is seen

with first-dose phenomenon, that is, an excessive drop in

blood pressure with the initial dose of the drug, in which

the circulation is especially sensitive to a1 blockade, and

excessive drops in blood pressure may occur, particularly

upon standing up from a supine or seated position, with

doses that are easily tolerated with chronic administration

because there is subsequently some shift of fluid into the

intravascular compartment. A significant first-dose

phenomenon can be avoided by initially giving a very

small dose of an a1-blocking drug. This is particularly

important if the a-blocker has been added to other antihy-

pertensive drugs that also are being prescribed, which will

usually be the case (4).

VIII. RENAL AND OTHER EFFECTS

Clinically apparent fluid retention rarely occurs with pra-

zosin. Renal vascular resistance is reduced to balance the

drop in blood pressure from prazosin so that renal blood

flow and glomerular filtration rate are maintained.

Similar findings have been reported with the use of urapi-

dil. An increase in blood volume and extracellular volume

and a reduction in blood viscosity have been reported with

prazosin. Some investigators have observed an increase in

body weight that has been associated with a smaller drop

in blood pressure with prazosin (21), although others

have not found this effect.Ta
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Some investigations of acute conditions with a1 treat-

ment show an increase in renin and noradrenaline, which

is in contrast with the absence of these effects with pro-

longed administration. Plasma noradrenaline has been

reported to be elevated with urapidil, but larger doses

appear to reduce catecholamine excretion (4).

IX. LEFT VENTRICULAR HYPERTROPHY

An important consequence of hypertension is the develop-

ment of left ventricular hypertrophy. The development of

left ventricular hypertrophy is associated with a worsened

prognosis. The evidence that a1-blocking drugs reduce left

ventricular hypertrophy is less convincing than that for the

other major classes of antihypertensive drugs currently in

use. In one meta-analysis, an average of 15.6 months

administration of a1-blocking drugs were reported to

reduce left ventricular mass by 10.6%, similar to results

for other antihypertensive drugs. However, the confidence

limits (22.2 to 23.4, the minus sign indicates an

increase) crossed zero (22). This was very possibly due

to the fact that there were fewer studies that included a1-

blocking drugs. However, in the Veterans Administration

Study, prazosin showed no reduction at all on left ventri-

cular mass in patients with the highest tertile of baseline

left ventricular mass, in contrast to the significant

reduction in mass reported for patients treated with hydro-

chlorothiazide, captopril, or atenolol (23).

X. CLINICAL USE OF a1 INHIBITORS IN
TREATING HYPERTENSION

a1-Blocking drugs are no longer regarded as first-choice

agents (24), even though monotherapy with a1-inhibiting

drugs suggests that in about one-half of patients with

mild hypertension, blood pressure can be controlled by

using these agents. Prazosin was the original drug of this

group to be used for treating mild hypertension. But it

has to be used with multiple daily dosing (9,15) unless a

delayed-release preparation is used. Subsequently, a1

receptor-blocking drugs were introduced that had a

longer half-life (Table 28.3) and were thus suitable for

once-a-day dosing. Doxazosin (11,16) is the most evalu-

ated example with a half-life 16–22 h; terazosin has a

half-life of �12 h, which also is suitable for once-daily

dosing (10). Indoramin, however, has a shorter half-life

(5 h) and must be taken two to three times a day, and it

is associated with a high incidence of sedation (12).

Urapidil also has a half-life that is too short (under 5 h)

for once-daily administration (13).

XI. COMPARATIVE STUDIES

There do not appear to be any important differences

between the various a1-blocking drugs in the control of

hypertension, provided that dosage is sufficiently frequent

with the shorter acting drugs.

In the 4 year Treatment of Mild Hypertension Study

(TOMHS), the control of blood pressure with doxazosin

was compared with control achieved by a drug from

each of the other major drug classes (Fig. 28.1). Rather

more patients in the doxazosin, (21.5%) enalapril

(20.2%), and chlorthalidone (17.9%) groups required

additional drugs to achieve a diastolic blood pressure of

,95 mmHg than patients in the acebutolol (11.4%) or

amlodipine (11.4%) groups. The dosages for chlorthali-

done were up to 30 mg, the dosages for acebutolol were

up to 800 mg, and the dosages for amlodipine were up to

10 mg. However, the maximum doses of doxazosin

(4 mg) and enalapril (10 mg) used were substantially less

than the maximum doses that can be administered (25).

Materson et al. (26,27) reported a large monotherapy

comparison in 1292 men. This was a double-blind, ran-

domized parallel group study, with 178–188 patients in

each drug group. Blood pressure control was defined as

90 mmHg sitting diastolic in the dose titration period

and �95 mmHg at 1 year follow-up. This control was

achieved in 54% of the patients with prazosin (4–20 mg)

given twice a day, 50% of the patients with captopril,

55% of the patients with hydrochlorothiazide, 60% of

the patients with atenolol, and 72% of the patients with

diltiazem (27). Control with prazosin was better in older

patients (�60 years) than in patients , 60 years of age

on prazosin, both in whites (69% vs. 55%) and in blacks

(49% vs. 42%).

The Antihypertensive and Lipid-Lowering Treatment

to Prevent Heart Attack Trial (ALLHAT) was a large

outcome study that compared chlorthalidone, doxazosin,

amlodipine, and lisinopril. The doxazosin segment of the

study was terminated prematurely because its use was

associated with increased cardiovascular endpoints

(28,29). Doxazosin (2–8 mg, n ¼ 9067) was compared

with chlorthalidone (12.5–25 mg, n ¼ 15,268) for an

average of 3.3 years. If blood pressure remained at

�140/90 mmHg, other drugs, most often atenolol, could

be added. In those patients who were followed for 4

years, 35% of the chlorthalidone group and 37% of the

doxazosin group had dual medication. A diuretic was

used in 23% of the doxazosin group; an a-blocker was

used in 4% of the chlorthalidone group. Three or more

drugs were used in 19% of the chlorthalidone-treated

patients and in 27% of the doxazosin-treated patients.

After 2 years treatment, average blood pressures were

136/78 mmHg with the chlorthalidone-based regimen

and 138/78 mmHg with the doxazosin-based regimen.
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Throughout the study, systolic blood pressures averaged

2.3 mmHg less in patients on chlorthalidone compared

with doxazosin, which would account for at least part of

the less favorable outcome with doxazosin. There was

no difference in the primary outcome of fatal or nonfatal

myocardial infarction, or all-cause mortality. There was

a 19% excess stroke incidence with doxazosin

(P ¼ 0.001) and a highly significant increase (25%) in

combined cardiovascular disease (P , 0.001), which

included coronary heart disease death, nonfatal myocar-

dial infarction, and fatal and nonfatal stroke, angina, cor-

onary vascularization operation, heart failure, and

peripheral vascular disease. There was an increase of

66% in fatal or hospitalized heart failure in the doxazosin

group, which, therefore, makes it a major contribution to

the excess combined cardiovascular disease. The excess

on doxazosin in combined cardiovascular disease was

found regardless of age (both under 65 years and 65 and

older), or race, or the presence or absence of diabetes,

although blacks showed a 28% excess in combined

cardiovascular disease compared with whites 16% (29).

It should be pointed out that�90% of the patients in the

ALLHAT study were previously on antihypertensive

treatment, so that the high incidence of heart failure on

doxazosin might be at least partly due to diuretic withdra-

wal unmasking occult heart failure rather than to any effect

of doxazosin (30). In support of this view, the rates of heart

failure on doxazosin and chlorthalidone diverge very early

and thereafter are parallel (31).

Because of the results of the ALLHAT study, a-block-

ers are no longer recommended as initial monotherapy for

the management of hypertension (24). Although determin-

ing an appropriate monotherapy is regarded as less import-

ant now because combining drugs so often is required to

satisfactorily control blood pressure, an exception to com-

bining drugs might be controlling blood pressure in

patients with mild hypertension and co-existing prostatic

hyperplasia.

XII. COMBINATION OF a1-BLOCKERS WITH
OTHER ANTIHYPERTENSIVES

Although a1-blockers are no longer regarded as first-

choice antihypertensive agents in uncomplicated hyper-

tension, they have a useful place in combination with

Figure 28.1 Decrease in systolic and diastolic blood pressure after 4 years in Treatment of Mild Hypertension Study (TOMHS).

[After Neaton et al. (25).]
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other antihypertensive drugs in cases of more resistant

hypertension (32). Brown et al. (33), in their discussion

of combination therapy, suggested a1-receptor-blocking

drugs as a fourth-step option for resistant–hypertension

control. One interesting study demonstrated that the use

of amlodipine (5 or 10 mg daily) in combination with

doxazosin (2–4 mg daily) resulted in a drop in blood

pressure (220/13 mmHg) that was significantly greater

than the sum of the individual drops in blood pressure with

amlodipine (210/4 mmHg) or doxazosin (22/2 mmHg)

(34). Another investigation found that lower doses of

doxazosin (1–4 mg) combined with the selective

b-blocker betaxolol achieved better blood pressure

control than monotherapy with the angiotensin-converting

enzyme (ACE) inhibitor quinapril or with hydrochlor-

thiazide (35).

XIII. EFFECT OF a1-BLOCKERS IN
ELDERLY PATIENTS

Doxazosin controls blood pressure in patients .65 years

old; in one study, it reduced average levels by

23/15 mmHg compared with 21/14 mmHg in younger

patients. Dizziness was more frequent (10.9% vs. 5.1%)

in the elderly, possibly due to the overall increase in fre-

quency of this complaint, in general, in older patients

rather than it being a side effect of doxozosin (36). The

Veterans Administration Study with prazosin also

showed a trend for blood pressure in older patients (�60

years) to be better controlled with a1-blockers (27).

XIV. EFFECT OF a1-BLOCKERS ON LIPID
PROFILE AND INSULIN RESISTANCE

The a1 antagonists are unique among the classes of antihy-

pertensive drugs because they have a moderate but favor-

able effect on lipid profile and other risk factors (37). They

modestly reduce both total and low-density lipoprotein

(LDL) cholesterol and also result in a modest increase in

high-density lipoprotein (HDL) cholesterol. The TOMHS

study included an assessment of changes in lipid profile.

Doxazosin was associated with a drop in LDL and a

small increase in HDL. The HDL/cholesterol ratio

increased by 2.6 with doxazosin. This was significantly

different from the HDL/cholesterol increases reported

with acebutolol (1.2) amlodipine (1.5), chlorthalidone

(1.4), or the placebo (1.2), but not significantly different

from enalapril (1.9) (25). Oxidized LDL plays a central

role in atherogenesis; it has recently been reported that

doxazosin decreases oxidized LDL (38).

a1-blocking drugs have been found to improve insulin

sensitivity by 20–25%, which results in increased

glucose uptake. Calcium antagonists and ACE inhibitors

do not affect insulin resistance; diuretics and b-blockers

increase insulin resistance (39). It also has been found

that the improvement in insulin sensitivity with doxazosin

is greater in hypertensive patients with insulin resistance,

with a greater improvement in fibrinolytic activity (40).

XV. HEART FAILURE

Acute studies with prazosin in heart failure have demon-

strated hemodynamic improvement with an increase in

cardiac output and stroke volume during exercise.

Chronic administration is disappointing, however;

benefit is lost, which may be reversed by the addition of

spironolactone (9). A comparison of prazosin with a

placebo failed to show any benefit from prazosin with

respect to survival in heart failure (41). The hemodynamic

benefit in heart failure patients from metoprolol adminis-

tration after 3 months treatment was not influenced by

the addition of doxazosin (42).

XVI. BENIGN PROSTATIC HYPERPLASIA

About 40% of the prostate tissue in benign prostatic hyper-

plasia is a-adrenoceptor-possessing smooth muscle.

Benefit was first demonstrated with the nonspecific a-inhi-

biting drug phenoxybenzamine, but side effects limited its

use. Better results were obtained initially with prazosin

and then subsequently with the longer-acting doxazosin

and terazosin, both of which are suitable for once-daily

treatment. Improvement in symptoms is rapid, and urine

flow is improved; however, postural hypotension may

limit the dose and thus the benefit. More recently, urose-

lective a1-receptor-blocking drugs (such as tamsulosin or

alfuzosin), that is, drugs that are selective for a1a receptors

have been described. These drugs have a lower incidence

of dizziness and postural hypotension (17).

Finasteride, a 5-a-reductase inhibitor, reduces testos-

terone levels and after 6 months of treatment also shows

benefit in benign prostatic hyperplasia. Although studies

over 1 year do not indicate any value in combination

therapy, a 4 year study demonstrated greater relief of

symptoms with doxazosin and finasteride in combination

than with either agent alone (43).

XVII. PHAEOCHROMOCYTOMA

The a-blockers have been used to inhibit the vasoconstric-

tor effects of circulating adrenaline and noradrenaline in

this rare cause of hypertension. A b-blocker is used to

control their tachycardiac effect. The noncompetitive
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agent phenoxybenzamine is the preferred a-blocker for

long-term therapy (14).

XVIII. OTHER POSSIBLE APPLICATIONS
OF a-BLOCKERS

The use ofa-blocking drugs has been reported in a variety of

other conditions: in Raynaud’s phenomenon, to antagonize

the peripheral vasoconstriction; in the case of shock, to

improve peripheral blood flow without inhibiting the chro-

motropic effects of catecholamines; and in bronchoconstric-

tion to antagonize the a-mediated component (14).

XIX. SIDE EFFECTS OF a-BLOCKERS

The most important side effects from a1-blocking drugs

are those associated with too much inhibition of the a

receptor, principally postural hypotension (9–13,15,16).

If a-receptor inhibition is too great initially, the first-

dose phenomenon results, that is, after the first dose,

symptoms of severe postural hypotension occur. This

side effect was of considerable concern in the early use

of prazosin. Loss of consciousness occurred in several

instances, and, thus, a specific effect on cerebral blood

flow was suggested. However, prazosin does not appear

to alter cerebral blood flow. This first-dose phenomenon

is dose dependent and related to the speed of onset of a

blockade. The use of a low initial dose of 0.5 mg, particu-

larly if it is taken just before bedtime, is likely to result in

only minimal if any dizziness and no occurrence of the

first-dose phenomenon. The chronic administration of pra-

zosin is probably associated with an increase in systemic

blood volume and the initial excessive sensitivity to a

blockade declines. There are other factors besides a low

initial dose that influence the first-dose phenomenon.

The consumption of a low-sodium diet provokes the

phenomenon, and a high-sodium diet inhibits it. Previous

treatment of a patient with a diuretic or a b-adrenoceptor-

blocking drug may increase the drop in blood pressure that

is associated with the initial dose of prazosin (9).

Although the first-dose phenomenon has been reported

with other a1 drugs, such as doxazosin (16) or terazosin

(44), its incidence is less than with prazosin. A slower

onset of action for other a-blockers may contribute to

this, but an important factor also is that since this first-

dose phenomenon was recognized, the starting doses for

other a-blockers was relatively lower than had been

used with prazosin.

Whatever an a1-blocking drug is being used, it is

always wise to advise that the initial dose be small; this

is particularly true when an a1-blocking drug is being

added to a drug regimen because the patient may be

more sensitive to a blockade. It is also important that

increases in subsequent dosages be carefully made

to avoid dizziness that larger increment can produce; the

dosage should normally be decreased in small decrements

if any dizziness occurs.

The symptoms of orthostatic hypotension from a1

blockade vary and depend greatly on how carefully dose

increments are calculated. The incidence orthostatic

hypotension reported from prazosin has been typically

10–20%, but an even higher occurrence has been seen

in some studies (9). There is an incidence of dizziness

with doxazosin of �5% at a dose of 1–4 mg/day and

10% at �8 mg/day (16). Likewise with terazosin, dizzi-

ness occurs �10% more frequently than when the

patient is taking a placebo. When results from double-

blind trials were pooled, it was reported that 3.2% of

patients withdrew from studies because of dizziness with

terazosin (10). Dizziness is possibly seen in �5% of

patients treated with urapidil (13), and it has been reported

in 4–10% of patients treated with indoramin, although

diuretics were used in combination with indoramin (12).

The incidence of significant dizziness with the competitive

a1-blocking drugs should be very low and the dose incre-

ments kept small, particularly when they are used in com-

bination with other antihypertensive drugs. Very small

doses should be used initially because if the patient is

already receiving a diuretic and blood volume is

reduced, the patient will then be particularly sensitive to

an agent that increases vascular capacity which occurs

with the administration of an a-blocker.

As is the case with other vasodilators, peripheral edema

may occur; an incidence with terazosin 4% greater than

that with a placebo has been reported (10). Nasal conges-

tion, which may be troublesome occasionally because of a

reduction in vasoconstriction tone in the nasal mucosa, is a

further side effect that is attributable to cardiovascular a1

blockade (9). Exercise tolerance does not appear to be

limited by a1 blockade.

Nausea has been reported to occur in �3–5% of

patients receiving a1-blocking drugs. Lack of energy,

drowsiness, and weakness have an incidence of �7%

with a1 blockade (9,10). Fatigue has been reported in

1.4% of patients receiving urapidil (13). Indoramin also

is a competitive inhibitor at the histamine1 receptor and

is associated with much higher incidence of somnolence

(20–50%) than other a1-receptor-blocking agents (12).

Also, indoramin is associated with dry mouth overall

�11% of the time; in some studies, up to 25% of patients

experience this symptom (12).

Sexual dysfunction is relatively rare (3.2%). For

example, impotence occurs less with prazosin than with

hydrochlorothiazide (9).

Other side effects are relatively minor, and overall

adverse effects in these drugs—with the exception of
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indoramin, with its high incidence of sedation and dry

mouth—compare reasonably with the other classes of anti-

hypertensive drugs. In the TOMHS study, there was no

significant difference in the overall score for adverse reac-

tions among the drugs doxazosin, acebutolol, amlodipine,

chlorthalidone, and enalapril (25). No withdrawal reaction

after discontinuing a1-receptor-inhibitory drugs would be

expected, as has been confirmed after discontinuing tera-

zosin treatment (10).

XX. PLACE OF a1-RECEPTOR-BLOCKING
DRUGS IN ANTIHYPERTENSION
TREATMENT AND CONCLUSIONS

Although a1-blocking agents are no longer regarded as

first-choice agents in the treatment of hypertension, they

remain useful agents to be used in combination with

other drugs (24). There are three possible important

advantages in the treatment of hypertension with a1-

receptor-blocking drugs: their hemodynamic profile, the

relative ease of patient selection, and the apparent

absence of long-term adverse metabolic side effects.

The pathological hemodynamic changes of hyperten-

sion are reversed by a-receptor-inhibitory drugs toward

conditions seen in normotensive subjects. The reduction

in peripheral resistance is the principal effect.

There are no important contraindications to a-

adrenoceptor-blocking drugs. They do not worsen

asthma; in fact, they may have a modest anti-asthmatic

effect. a1-blocking drugs increase peripheral blood flow

and have been used in the treatment of Raynaud’s

disease. Provided that care is taken to reduce the incidence

of first-dose excessive drops in blood pressure, particularly

in susceptible subjects such as the elderly, there are no

problems in the selection of patients, and there are no

co-morbidities that represent an absolute contraindication

to their use. Unlike some other first-line antihypertensive

drugs, a1-blockers increase HDL, improve the HDL/
LDL cholesterol ratio, have other favorable effects on

lipid profile and improve insulin sensitivity.
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KEYPOINTS

. ACE inhibitors are compounds commonly used for

the treatment of hypertension—either as monother-

apy or in combination with a diuretic or a calcium-

channel blocker. ACE inhibitors compare favorable

with other antihypertensive medication classes as to

blood pressure reduction.

. ACE inhibitors are mechanistically diverse in their

pathobiologic actions beyond simple reduction in

the level of angiotensin-II.

. ACE inhibitors are compounds with positive effects

on outcomes in diverse disease states including:

heart failure, post-myocardial infarction, chronic

proteinuric kidney disease, stroke, and coronary

artery disease settings.

. ACE inhibitor side-effects include functional renal

insufficiency, cough, angioneurotic edema, hyper-

kalemia, and anemia.

SUMMARY

ACE inhibitors have enjoyed a lengthy history of use. The

first application of ACE inhibitors was in the treatment of

hypertension where they were shown to reduce blood

pressure in a not insignificant number of individuals with

hypertension. Soon these compounds were also being

routinely employed in disease states such as heart failure,

chronic kidney disease, and coronary artery disease. The

results of large carefully conducted studies validated

what was as first the empiric use of these compounds in
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such end-organ disease conditions. Innumerable ACE

inhibitors are available and the concept of class effect is

now a routine topic of discussion for these compounds.

Class effect is an acceptable viewpoint when ACE inhibi-

tor-related blood pressure reduction is being considered;

however, it is a somewhat awkward concept when it is

applied to the end-organ protection seen with ACE inhibi-

tors. ACE inhibitor side-effects include cough, angio-

neurotic edema, functional renal insufficiency, and

hyperkalemia. Angioneurotic edema is a class effect

with all ACE inhibitors and is potentially life-threatening.

Other ACE inhibitor-related side-effects are not common

causes for discontinuation of these drugs.

I. INTRODUCTION

In the treatment of hypertension and cardiovascular

disease, multiple treatment strategies have risen and

fallen in popularity over the last half-century. At the fore-

front of most of these strategies has been the so-called

stepped-care approach, which relies heavily on diuretic

and/or b-blocker therapy. The stepped-care approach,

utilizing diuretics as the first treatment option, was

strongly evidence-based (1). However, adopting a

stepped-care approach per se to the treatment of hyperten-

sion disregarded the individualized pathophysiology of

this disease. Its backers valued its harmonizing sameness

and therefore the simplicity of the approach, while

others took issue with its unbending nature.

The alternative concept of individualized therapy,

however attractive, did not gain its current acceptance

until two events had come to pass; first, sufficient treat-

ment options (with a minimum of side effects) had been

tested, and second, these same treatment options had

been submitted to study in diverse disease states with the

goal of assessing outcomes. Angiotensin-converting

enzyme (ACE) inhibitors—in that they were a targeted

therapy intended to interfere with production of angiotensin-

II—were the first therapeutic option that was truly

individualized in its purpose. Over time, the ACE inhibitor

drug class has effectively stood up to the concept of

stepped-care; however, it has been less so on the basis of

their offering individualized therapy [i.e., by reducing

output from the renin–angiotensin–aldosterone system

(RAAS)] but more so because of their efficacy, tolerabil-

ity, and more recently positive outcomes data (2,3).

The ACE inhibitor class has grown to the degree that

there are currently 10 ACE inhibitors available in the

United States and many more to be had world-wide. In

addition to their antihypertensive properties, ACE inhibi-

tors were promptly recognized experimentally for their

capacity to slow progressive renal, cardiac, and/or vascu-

lar disease (2,3). Thus, it was a rational step in their

development to seek additional usage indications in

conditions such as congestive heart failure (CHF), post-

myocardial infarction (post-MI), and diabetic nephropathy

(Tables 29.1 and 29.2) (2,3). Most recently, a treatment

indication has been granted to the ACE inhibitor ramipril

for reducing cardiovascular event rates in the high-risk

cardiac patient without obvious left ventricular

dysfunction (4).

This chapter will by and large address the pharmaco-

kinetic and pharmacodynamic characteristics of ACE

inhibitors. In addition, it will describe the end-organ

disease outcomes data for ACE inhibitors. The reader

will be directed to sources that provide more comprehen-

sive discussion on certain themes that cannot be comple-

tely discussed because of space considerations.

II. PHARMACOLOGY

In 1981, the first orally active ACE inhibitor was introduced.

This was the sulfhydryl-containing compound captopril.

Shortly thereafter, the more long-acting compounds enala-

pril maleate and lisinopril became available. Enalapril is a

prodrug requiring in vivo esterolysis (occurring in the liver

and intestinal wall) to yield its active diacid enalaprilat.

All other ACE inhibitors are also prodrugs with the excep-

tion of lisinopril and captopril (3,5). Most ACE inhibitors

are given as a prodrug for a specific reason, which is to

improve their bioavailability (most of the active diacid

ACE inhibitor forms are poorly absorbed). Although it

was originally thought that formation of the active diacid

metabolite of an ACE inhibitor, such as enalapril, could

be inhibited in the presence of hepatic impairment, as

Table 29.1 FDA-Approved Indications for ACE Inhibitors

DRUG HTN CHF

Diabetic

nephropathy

High-risk

patients

without left

ventricular

dysfunction

Captopril † † (post-MI)a †

Benazepril †

Enalapril † †b

Fosinopril † †

Lisinopril † † (post-MI)a

Moexipril †

Perindopril †

Quinapril † †

Ramipril † † (post-MI) †

Trandolapril † † (post-MI)

aCaptopril and lisinopril are indicated for CHF treatment both post-MI

and as adjunctive therapy in general heart failure therapy.
bEnalapril is indicated for asymptomatic, left ventricular dysfunction.
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exists in advanced CHF, this delay in metabolism proves to

be of limited clinical consequence (6).

The binding ligand for ACE is the basis for dividing

these drugs into three structurally heterogeneous groups:

sulfhydryl, phosphinyl, and carboxyl-containing moieties.

These structural differences in the ligand for ACE purport

to offer pharmacologic advantages, such as a free-radical

scavenging ability with the sulfhydryl-containing ACE

inhibitor captopril, but to date any such distinctions

remain clinically unproven (7). Alternatively, the sulfhy-

dryl group contained within captopril is regarded as the

basis for the more frequent skin rashes (usually maculo-

papular in form) and the dysgeusia observed with this

compound (8). The idea that the phosphinyl group

(present on the ACE inhibitor fosinopril) might determine

its ability to penetrate the myocardium and thereby

improve myocardial inotropic and lusitropic responses is

likewise unproven (9).

ACE inhibitors can be further distinguished by differ-

ences in rate and extent of absorption, plasma protein

binding, systemic half-life, and means of systemic clear-

ance; however, any such differences (beyond frequency

of dosing) appear to offer no obvious advantage in BP

reduction (if comparable doses are given) (Table 29.3)

(3,5,10,11); however, two pharmacologic considerations

for the ACE inhibitors, mode of systemic elimination

and tissue-binding, have generated recent discussion and

deserve additional comment (12,13).

A. Route of Elimination

In the presence of chronic kidney disease (CKD), the ACE

inhibitors ramipril, enalapril, fosinopril, trandolapril, and

benazepril do not accumulate with repetitive dosing,

suggesting that these prodrugs either undergo some

intact biliary clearance or their conversion to an active

diacid form is independent of renal function (14–16).

Each of these ACE inhibitors is marginally active as a

prodrug; thus, the absence of accumulation in CKD is a

moot point and should not be viewed as a clinically rel-

evant property. ACE inhibitor accumulation in CKD is

most germane for the diacid metabolites (which are typi-

cally the active form) of these compounds. The diacid

metabolites of fosinopril and trandolapril, fosinoprilat

and trandolaprilat, are the only ones, which undergo dual

renal and hepatic elimination (15,16). For all other ACE

inhibitors, their systemic clearance is largely renal (with

accumulation commencing early in the course of CKD)

occurring by varying degrees of filtration and tubular

secretion (12). ACE inhibitor accumulation has yet to be

associated with the known idiosyncratic side effects of

ACE inhibitors, such as cough or angioneurotic edema.

Table 29.2 ACE Inhibitors (Dosage Strengths and Treatment Guidelines)

Drug

Trade

name

Usual total dose and/or range

Comment

Fixed dose

combinationa
Hypertension

(Frequency day)

Heart Failure

(Frequency day)

Benazepril Lotensinw 20–40 (1) Not FDA approved

for heart failure

Lotensin HCTw

Captopril Capotenw 12.5–100 (2–3) 18.75–150 (3) Generically available Capozidewb

Enalapril Vasotecw 5–40 (1–2) 5–40 (2) Available generically

and intravenously

Vasereticw

Fosinopril Monoprilw 10–40 (1) 10–40 (1) Renal and hepatic

elimination

Monopril-HCTw

Lisinopril Prinivilw,

Zestrilw
2.5–40 (1) 5–20 (1) Generically available Prinizidew,

Zestoreticw

Moexipril Univascw 7.5–30 (1) Not FDA approved

for heart failure

Unireticw

Perindopril Aceonw 2–16 (1) Not FDA approved

for heart failure

Quinapril Accuprilw 5–80 (1) 10–40 (1–2) Accureticw

Ramipril Altacew 2.5–20 (1) 10 (2) Indicated in high-risk

vascular patients

Trandolapril Mavikw 1–8 (1) 1–4 (1) Renal and hepatic

elimination

Tarkaw

aFixed-dose combinations in this class typically contain a thiazide-like diuretic.
bCapozide is indicated for first-step treatment of hypertension.
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However, elevations in ACE inhibitor concentrations can

be attended by significantly reduced BP values and/or

evidence of organ underperfusion (17).

B. Tissue Binding

The second unresolved pharmacologic feature of ACE

inhibitors is that of tissue binding (13,18). The physico-

chemical differences among ACE inhibitors including

binding affinity, potency, lipophilicity, and depot effect

allows for the arbitrary classification of ACE inhibitors

according to affinity for tissue ACE (13,19). The extent

to which tissue ACE is blocked by an ACE inhibitor par-

allels both the inhibitor’s intrinsic binding affinity, as well

as the free inhibitor concentration found within that tissue.

The tissue-based free inhibitor concentration is in a con-

tinuous state of flux and at any one time is determined

by the sum of ACE inhibitor delivered to tissues and

residual ACE inhibitor released from tissues for re-entry

into the bloodstream. The quantity of ACE inhibitor con-

veyed to tissues is determined by several pharmacologic

variables including dose frequency/amount, absolute

bioavailability, plasma half-life, and tissue penetration.

When blood levels of an ACE inhibitor are high—

typically in the first third to half of the dosing interval—

tissue retention per se of an ACE inhibitor is not needed

for an enduring level of ACE inhibition. However, as

ACE inhibitor blood levels fall during the second-half of

the dosing interval, two factors (inhibitor binding affinity

and tissue retention) take on added importance if func-

tional ACE inhibition is to be maintained (13).

The question arises as to whether the degree of tissue

ACE inhibition may extend to efficacy differences

between the various ACE inhibitors. In this regard, there

appears to be little difference among the various ACE

inhibitors in their capacity to reduce BP. When relative

drug-to-drug BP responses differ among ACE inhibitors,

it is generally the result of divergent half-lives of the

compounds under study.

An additional consideration is whether ACE inhibitors

with a high tissue affinity differ in their ability to provide

BP-independent end-organ protection as has been theo-

rized for the ACE inhibitor ramipril in the Heart Outcomes

Protection (HOPE) study (20). In this regard, endothelial

function is observed to improve more regularly with the

higher tissue-ACE affinity compounds such as quinapril

and ramipril. If improvement in endothelial dysfunction

is accepted as a surrogate for protection from end-

events, then relevant intraclass differences may exist

among ACE inhibitors. Yet, there have been no direct

head-to-head outcomes trials between ACE inhibitors,

which possess varying tissue affinity. When such head-

to-head comparisons have been undertaken, the results

do not convincingly support the claim of overall superio-

rity for lipophilic ACE inhibitors (21,22).

C. Application of Pharmacologic Differences

As there is little that truly separates one long-acting ACE

inhibitor from another in the treatment of hypertension, the

cost of an ACE inhibitor has assumed increased import-

ance (23). For pricing to be key in the selection of an

Table 29.3 Predominant Hemodynamic Effects of ACE Inhibitors

Hemodynamic parameter Effect Clinical significance

Cardiovascular

Total peripheral resistance Decreased These parameters contribute to a

general decrease in systemic

blood pressure

Mean arterial pressure Decreased

Cardiac output Increased or no change

Stroke volume Increased

Preload and afterload Decreased

Pulmonary artery pressure Decreased

Right atrial pressure Decreased

Diastolic dysfunction Improved

Renal

Renal blood flow Usually increased Contributes to the renoprotective

effect of these agentsGlomerular filtration rate Variable, usually unchanged

but may decrease in

renal failure

Efferent arteriolar resistance Decreased

Filtration fraction Decreased

Sympathetic nervous system

Biosynthesis of noradrenaline Decreased Enhances blood pressure lowering

effect and resets baroreceptor

function

Reuptake of adrenaline Inhibited

Circulating catecholamines Decreased
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ACE inhibitor is not unreasonable if these drugs were only

being used for the control of BP. ACE inhibitors, however,

are also extensively used for their cardiorenal outcomes

benefits and in that only a limited number of ACE inhibi-

tors have been studied. The term class effect has entered

into the discussion of both of these aspects of ACE inhibi-

tor use, relevant to one and not the other.

Class effect is a phrase often invoked to legitimatize use

of a less costly ACE inhibitor when a higher-priced agent

in the class has been the one specifically studied in disease

states such as CHF, diabetic nephropathy, or high-risk

CAD circumstances (20,24–26). The concept of class

effect may be best suited for application to the BP

effects of ACE inhibitors where scant difference exists

among the numerous ACE inhibitors. Alternatively, the

concept of class effect, already vague in its definition,

becomes even more ambiguous when “true” dose equival-

ence for a non-BP end-point, such as rate of progression to

end-stage renal disease (ESRD) or survival in the setting of

CHF, is being determined for the various ACE inhibitors.

Determining ACE inhibitor dose equivalence from out-

comes trials is particularly confused by differing dose fre-

quency, titration requirements, and level of renal function

in individual disease-state studies (27–32). The latter is

particularly relevant to the elderly as senescence-related

changes in renal function extend the functional half-life

of an ACE inhibitor (if it is renally cleared as most are)

and make it nearly impossible to determine “true” dose

equivalence between various ACE inhibitors.

A prudent action as regards the concept of ACE inhibi-

tor class effect in outcomes trials is to assume that the

benefits derive from the compound being tested, for the

outcome being studied, at the per protocol dose amount

and frequency of dosing; however, despite these caveats

about the difficulty in establishing dose equivalence, the

clinician can presumably estimate what might represent

equivalent doses among the various ACE inhibitors if an

ACE inhibitor substitution policy exists.

III. MECHANISM OF ACTION AND
HEMODYNAMIC EFFECTS

The site of ACE inhibitor activity (within the RAA axis)

can be pinpointed at the pluripotent ACE, an enzyme

known to catalyze the conversion of angiotensin-I to

angiotensin-II as well as to facilitate the degradation of

bradykinin to assorted vasoactive peptides (18,33).

However, there are inherent limitation as to how well

ACE inhibition can reduce angiotensin-II levels (18).

ACE inhibition fails to suppress production of

angiotensin-II by alternative enzymatic pathways such as

chymase and other tissue-based proteases (18,34). These

alternative pathways represent the principal mode of

angiotensin-II generation in several tissues including the

myocardium and the vasculature (35,36). With long-term

ACE inhibitor administration, these alternative pathways

upregulate in the course of a sequence of events, which

culminate in a return of angiotensin-II concentrations to

pretherapy levels (angiotensin-II escape). Substrate for

these alternative pathways, in part, is obtained from the

increase in angiotensin-I levels arising from a disinhibition

of renin secretion by ACE inhibition (36,37).

Because ACE inhibitors reduce angiotensin-II levels

only in the order of weeks, other mechanisms for their

persistent BP lowering effect must exist (37,38). One

possibility is that an increase in the concentrations of the

vasodilator bradykinin, which can be expected to

enhance the release of nitric oxide (NO), stimulate the

production of endothelium-derived hyperpolarizing factor,

and accentuate the release of prostacyclin (PGI2) (39,40).

Moreover, ACE is also responsible for the degradation of

angiotensin (1–7), an angiotensin peptide (of an auto-

crine/paracrine nature) with the capacity to counterba-

lance a number of the pleitrophic (renal and vascular)

effects of angiotensin-II (40). The contribution of angio-

tensin “fragments” (many of which are physiologically

active) and prostaglandins/NO to the antihypertensive

effect of ACE inhibitors is still debated (40,41).

Alternatively, it has been recognized for some time that

nonsteroidal anti-inflammatory drugs (NSAIDs) and selec-

tive cyclooxygenase inhibitors (COXIBs), such as cele-

coxib and rofecoxib, dampen the BP-lowering effect of a

number of antihypertensive compounds including ACE

inhibitors (42,43). This occurs more commonly in salt-

sensitive hypertensives as in the case of many elderly

and African-American patients (43) and may relate to a

compound’s (COXIB or traditional NSAID) half-life for

effect and therefore dosing frequency (44).

A question that remains unresolved is the level of inter-

action for aspirin with the antihypertensive and/or cardio-

protective effects of an ACE inhibitor (45–47). Low-dose

aspirin (�100 mg/day) appears to minimally affect the BP

reduction observed with ACE inhibition (45,46). For

example, in the Hypertension Optimal Treatment (HOT)

study long term, low-dose ASA did not interfere with

the BP-lowering effect of antihypertensive combinations,

which in many cases included ACE inhibitors (46).

However, higher doses (generally .236 mg/day) can

blunt the antihypertensive response to an ACE inhibitor

and possibly neutralize the clinical benefits of ACE inhibi-

tors in patients with heart failure (47).

A reduction in both central and peripheral sympathetic

nervous system (SNS) activity accounts for a portion of the

antihypertensive effect of an ACE inhibitor (Table 29.3)

(48,49). ACE inhibitors also preserve circulatory reflexes

and baroreceptor function; thus, they do not reflexly

increase heart rate, when BP is reduced (50). This latter
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property accounts for the low incidence of postural hypo-

tension with this drug class and provides an important

safety benefit in elderly subjects, who as a group are typi-

cally predisposed to orthostatic hypotension (51). ACE

inhibitors also improve endothelial function, facilitate vas-

cular remodeling, and favorably modify the viscoelastic

properties of structurally abnormal blood vessels (52,53).

Such vascular effects are the probable explanation for

the incremental reduction in BP with long-term ACE

inhibitor administration.

IV. BLOOD PRESSURE LOWERING EFFECT

All ACE inhibitors available in the United States are FDA-

approved for the treatment of hypertension (Table 29.2).

The Joint National Committee on the Detection, Evalu-

ation, and Treatment of High Blood Pressure (JNC 7),

the World Health Organization/International Society of

Hypertension, and European Society of Hypertension/
European Society of Cardiology and the Canadian Hyper-

tension Education Program Evidence-based Recommen-

dations Task Force now endorse ACE inhibitors as an

alternative for first-line therapy in patients with essential

hypertension, especially in those with a high coronary

disease risk profile, diabetes with renal disease/protei-

nuria, CHF, and/or are post-MI (54–56).

ACE inhibitors are viewed as a suitable first-step option

in the treatment of hypertension. This includes recreational

exercisers and athletes who have hypertension (57–59),

which is but one of several areas where ACE inhibitor

use is accepted but not extensively studied (59). The

enthusiasm for the use of ACE inhibitors extends beyond

the issue of effectiveness, because they are comparably

efficacious (and not better than) to most other drug

classes including diuretics, b-blockers, and calcium-

channel blockers (CCBs). Response rates with ACE

inhibitors range from 40–70% in Stage I or II hyperten-

sion with salt intake and race influencing the observed

response rate (60). In the interpretation of clinical trial

results with ACE inhibitors, a distinction should be

made between the mean reduction in BP (which is typi-

cally significant) and the percentage of individuals who

are poor, average, and excellent responders (which may

vary considerably in the different studies).

There are few predictors of the vasodepressor response

to ACE inhibitors. Although ACE gene polymorphism

(and specific genotypes) among other genetic determinants

have been suggested to predict the antihypertensive

response to an ACE inhibitors, such findings have been

sufficiently inconsistent to warrant a wait-and-see attitude

for genotyping (61). There has also been a limited predic-

tive relationship between the pre and/or post-treatment

plasma renin activity (PRA) value (used as a marker of

RAA axis activity) and the fall in BP with an ACE inhibi-

tor; however, when hypertension is marked by RAA axis

activation such as in renal artery stenosis, the response

to an ACE inhibitor can be profound (62).

Certain patient groups are recognized as being respon-

sive [high-renin and young hypertensives (age of 6–16)]

and others less responsive to ACE inhibitor monotherapy,

including low-renin, salt-sensitive, volume-expanded indi-

viduals such as the diabetic and African-American hyper-

tensive (2,3,63). However, the BP response to an ACE

inhibitor can be highly variable in the African-American

and diabetic patient with some individuals in these groups

experiencing significant falls in BP (64,65). The low-

renin state characteristic of the elderly hypertensive

differs from other low-renin forms of hypertension in that

it reflects the consequences of senescence-related changes

in the RAA axis and not volume expansion (66). The

elderly generally respond well to ACE inhibitors at conven-

tional doses (67), though senescence-related renal failure,

which slows the elimination of most ACE inhibitors, com-

plicates interpretation of dose-specific treatment successes.

Results from a number of head-to-head trials support

the similar antihypertensive efficacy and tolerability of

the various ACE inhibitors if comparable doses of the indi-

vidual ACE inhibitors are given (Table 29.2). However,

there are differences among the ACE inhibitors, as to the

time to onset and/or the duration of effect, which may

relate to the absorption and tissue distribution character-

istics of a compound.

Enalaprilat is the lone ACE inhibitor available in an

intravenous form; however, multiple choices exist for

the orally available ACE inhibitors (3). ACE inhibitors

labeled as “once-daily,” vary in their ability to reduce

BP for a full day, as defined by a trough: peak ratio

.50% (68). Consequently, the dosing frequency for

ACE inhibitors should occur with the understanding that

response patterns to these drugs are highly individualized

with many patients requiring a second daily dose to main-

tain effect. However, senescence-related changes in renal

function (and reduced ACE inhibitor renal clearance)

and/or giving a high dose may obviate a second ACE

inhibitor dose during the day treatment period (69).

A frequent question asked is what steps to take when an

ACE inhibitor fails to normalize BP. This question is best

answered in the context of the magnitude of the response.

If there is a minimal BP-reducing effect, then a switch to

an alternative drug class is justified unless continuation

of an ACE inhibitor is warranted on the basis of a high

risk profile from cardiac and/or renal disease; however,

ACE inhibitor nonresponders fairly regularly “respond”

upon addition of a diuretic or a CCB. This latter obser-

vation would suppose that very few patients should have

an ACE inhibitor discontinued simply on the basis of a

failure to initially “respond.”
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If the BP response is modest, one can increase the daily

dose (this can occur by reverting to twice daily adminis-

tration) understanding that the dose–response curve for

ACE inhibitors, like many antihypertensive agents, is

fairly steep at the beginning doses and thereafter flattens

(70,71). Increasing the dose of an ACE inhibitor does

not generally change the peak effect, rather it extends

the duration of response. In fact, several of the shorter

acting ACE inhibitors, such as enalapril, can behave as

once-a-day medications if high-enough doses are given.

A final consideration with ACE inhibitor therapy is that

of an incremental BP benefit (over several weeks) relating

to factors such as vascular remodeling and/or improve-

ment in endothelial function (53).

V. ACE INHIBITORS IN COMBINATION
WITH OTHER AGENTS

The BP-lowering ability of an ACE inhibitor is bettered

with the concurrent administration of a diuretic, particu-

larly when a salt-sensitive pattern of hypertension exists

(72). This type response has encouraged the development

of several fixed-dose combination products, comprised an

ACE inhibitor and varying doses (as low as 12.5 mg) of a

thiazide-type diuretic (72,73). The rationale for combining

these two drug classes arises from the observation that

diuretic-related sodium depletion activates the RAA

axis; therein BP shifts to an angiotensin-II dependent

mode, which is a circumstance most conducive to the

BP-reducing properties of an ACE inhibitor.

b-Blockers have been administered in conjunction with

ACE inhibitors, an approach which was possible per

protocol in the Antihypertensive and Lipid-lowering

Treatment to Prevent Heart Attack Trial (ALLHAT) (58).

The b-blocker atenolol was the most commonly added

second medication in ALLHAT and was, in part, the basis

for the greater use of Step 3 therapy with hydralazine in

this trial. If a physiologic basis exists for this combination,

it is that ofb-blockade blunting the reactive rise in PRA that

goes along with ACE inhibitor therapy (72); alternatively,

this combination can be considered for use in the setting

of coronary artery disease (CAD) with any BP gain being

a secondary consideration (74). When a meaningful drop

in BP follows from the addition of a b-blocker to an ACE

inhibitor, it often occurs in sequence with a reduction in

pulse-rate. Alternatively, adding a peripheral a-antagonist,

such as doxazosin, to an ACE inhibitor can further reduce

BP, albeit without a clear mechanistic basis (75).

Finally, the BP-lowering effect of an ACE inhibitor is

reinforced with the addition of a CCB, be it either a dihy-

dropyridine or a nondihydropyridine-type compound.

This particular pattern of additivity has been the basis for

several fixed-dose combination products comprised both

drug classes (76–78); however, the consequence of these

two drug classes being combined may go beyond that of

additivity for BP reduction. Combined ACE inhibitor and

CCB treatment with the compounds benazepril and amlodi-

pine has also been demonstrated to be more effective than

high doses of these individual agents in improving arterial

compliance and/or reducing left ventricular mass (79).

In addition, a verapamil–trandolapril-based treatment

strategy was as clinically effective as an atenolol-

hydrochlorothiazide regimen in hypertensive CAD patients

(80). The addition of an ACE inhibitor to a CCB is also of

use in attenuating and/or preventing CCB-related periph-

eral edema (81). In addition, preliminary evidence exists

in support of CCB-therapy attenuating the drop in glomer-

ular filtration rate that can accompany ACE inhibitor

therapy (82). This is of particular relevance to the elderly

as one reason for underuse of ACE inhibitors in older sub-

jects is fear of a decline in renal function on top of already

reduced renal function. This CCB and ACE inhibitor hemo-

dynamic interaction at a renal level may also occasionally

result in false positive captopril renography studies.

The efficacy of both ACE inhibitors and angiotensin-

receptor blockers (ARBs) as antihypertensive agents is

well established. This has fueled the belief that in combi-

nation, these two drug classes may provide an incremental

benefit in both BP reduction and end-organ protection.

However, there is an insufficient evidence to support a

general recommendation for the combination of these

two drug classes in BP management (83,84).

Finally, studies have established the utility of ACE

inhibitors in regressing left ventricular hypertrophy

induced by complex medical regimens employing the

potent vasodilator minoxidil (85). In addition, if an

acute reduction in BP is needed, oral or sublingual

captopril—with an onset of action as soon as 15 min

after dministration—can be administered. An additional

option for the management of hypertensive emergencies

is intravenous enalaprilat with a dose of 0.625 mg repre-

senting a maximum effect dose (higher doses may only

extend the duration of action) (86). ACE inhibitors

should be administered cautiously in patients suspected

of a marked activation of the RAA axis (e.g., prior treat-

ment with diuretics and/or immediately after-MI). In such

subjects, sudden and extreme drops in BP (so-called first

dose hypotension) have been observed (87).

VI. ACE INHIBITORS IN HYPERTENSION
ASSOCIATED WITH OTHER CONDITIONS

A. Cardiac Disorders

ACE inhibitors effectively alter ventricular geometry and

thereby regress left ventricular hypertrophy (LVH) (88).

This is an important property of ACE inhibitors given
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that LVH portends a significant future risk of sudden death

or MI (89). ACE inhibitors can be safely utilized in

patients with CAD (90) and are indicated for secondary

prevention after acute MI (2,3). In addition, the ACE

inhibitor perindopril has been shown to reduce cardiovas-

cular risk in a low-risk population with stable CAD and no

apparent heart failure (91). Although they are not proven

coronary vasodilators, ACE inhibitors improve hemo-

dynamic factors such that myocardial oxygen consump-

tion is reduced with no worsening of angina and possibly

some attendant benefits on ischemia (Table 29.3). ACE

inhibitors do not reflexly increase myocardial sympathetic

tone in hypertensive patients with angina, as can take place

with other antihypertensives (90,92). However, when

studied quinapril, doses as high as 80 mg were not found

to favorably improve transient ischemia in a normotensive

CAD cohort without left ventricular dysfunction (90).

ACE inhibitors can also be cautiously used in two other

patient types; first, pediatric cancer survivors previously

exposed to anthracyclines (93), and second, symptomatic

patients with aortic stenosis (particularly if there is a com-

ponent of aortic insufficiency); however, patients with

aortic stenosis, left ventricular dysfunction and low BP

are prone to symptomatic hypotension with their use (94).

B. Systolic Hypertension and Peripheral
Arterial Disease

ACE inhibitors are effective in the management of either

isolated systolic hypertension or systolic-predominant

forms of hypertension (95), which partly relates to their

capacity to improve vessel compliance as well as to

reduce central aortic pressures (53,96,97). ACE inhibitors

are of value in the treatment of patients with cerebrovascu-

lar disease, since they maintain cerebral autoregulation in

the setting of lowered BP, a property of particular import-

ance to the elderly hypertensive (98).

ACE inhibitors vasodilate various caliber arteries

(small and large) without producing a steal phenomenon.

This property allows these drugs to be used safely in

patients with peripheral arterial disease (PAD) (99). In

the Heart Outcomes Prevention Evaluation (HOPE)

study, 3099 of the 8986 patients had PAD (defined by an

ankle-brachial index ,0.90). When the effects of ACE

inhibition with ramipril were assessed in this PAD

cohort and were compared with those without PAD, the

risk of fatal and nonfatal ischemic events was com-

parably reduced whether PAD patients were symptomatic

or subclinical in their disease (100).

C. Diabetes

ACE inhibitors are also considered as preferred agents in

the hypertensive diabetic patient for several reasons; first

for BP reduction (101) and second for organ protection,

an attribute in all probability independent of BP lowering

(102). In the former instance, it is often necessary to co-

administer a diuretic (sometimes with the specific inten-

tion to diurese the patient) as ACE inhibitor monotherapy

only modestly reduces BP in the low-renin, volume

expanded hypertensive diabetic (72). Finally, ACE inhibi-

tors have also been shown to influence diabetic retinopa-

thy. In the EURODIAB Controlled Trial of Lisinopril in

Insulin-Dependent Diabetes Mellitus (EUCLID) study,

the ACE inhibitor lisinopril reduced the risk of progression

of retinopathy by �50% and also significantly reduced the

risk of progression to proliferative retinopathy (103).

These findings are consistent with the hypothesis that the

RAS is expressed in the eye and that adverse effects of

angiotensin-II on retinal angiogenesis and function can

be inhibited by ACE inhibitors or ARBs (104).

A concluding consideration in the hypertensive diabetic

is the effect of ACE inhibition on lipids and/or insulin sen-

sitivity and their utility in the obese hypertensive. As to the

latter, ACE inhibitors are useful agents (in combination

therapy) in obese hypertensives (105). Alternatively,

ACE inhibitors have not yet demonstrated a clear-cut

effect on serum lipids (106). However, in the CAPtopril

Prevention Project (CAPPP), the HOPE study, and

ALLHAT, the ACE inhibitors captopril, ramipril, and

lisinopril decreased the incidence of new-onset type 2

diabetes mellitus, respectively (58,107,108). Being that a

similar reduction in the rate of new-onset diabetes has

been observed with ARB therapy, the suggestion has

been made that this phenomenon links to some aspect of

angiotensin-II effect on insulin sensitivity; however, the

basis for this effect on glucose homeostasis remains uncer-

tain at this time though under active investigation.

VII. END-ORGAN EFFECTS AND RECENT
CLINICAL TRIALS RENAL

The JNC 7 recommends the use of ACE inhibitors in

patients with hypertension and CKD both to control hyper-

tension and to slow its rate of progression (1,54). However,

the renoprotective features of ACE inhibitors should never

substitute for tight BP control or smoking cessation, which

are of importance in the management of the hypertensive

CKD patient. As to the latter, cigarette smoking exacer-

bates renal injury in type 2 diabetes despite BP control

and ACE inhibitor therapy, but its cessation ameliorates

the progressive renal injury caused by continued

smoking (109).

As regards BP targets in CKD, the JNC 7 suggests a

goal BP of ,130/80 mmHg in albuminuric patients

(.300 mg/day) with or without CKD (54). In hyperten-

sive CKD patients, ACE inhibitor monotherapy (without

concomitant diuretic administration) rarely yields a brisk
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BP-lowering response—because of the volume depen-

dency of this form of hypertension. For example, in the

African-American Study of Kidney Disease and Hyperten-

sion (AASK), those hypertensive African-American CKD

patients treated with ramipril and randomized to a mean

arterial BP of 102–107 mmHg required three additional

medications (most times including a diuretic) on average

to achieve this goal BP range (110).

Both macroproteinuria and microalbuminuria have

come forward as strong indicators of the rate of CKD pro-

gression (111). In particular, microalbuminuria warns of

the succession of the stages of diabetic nephropathy and

now should be routinely determined in all diabetics

(111). The choice of risk terms for proteinuria (macropro-

teinuria or microalbuminuria) has been arbitrarily estab-

lished at a cut-point above or below 300–500 mg/day;

however, these partition values for urine albumin

excretion should not be taken to mean that the incremental

risk with proteinuria exists solely by progressing from

microalbuminuria to macroproteinuria when, in fact,

there appears not to be a specific threshold value for the

risk associated with microalbuminuria (112). In either

case, proteinuria also serves as an independent risk

factor for fatal and nonfatal cardiovascular events

(112,113). Screening for microalbuminuria is rec-

ommended in all diabetics and increasingly in others per-

ceived to be at high risk for renal or cardiovascular disease

(114,115). It is now recommended that proteinuria is

therapeutically targeted when present in both diabetic

and nondiabetic renal disease (116,117). In this regard,

ACE inhibitors and ARBs, given separately or together,

effectively reduce protein excretion and thereby are

important tools in the treatment of micro- or macroalbumi-

nuria patients (with or without hypertension) (117,118).

With combination of ACE inhibitor and ARB therapy,

the greater antiproteinuric effect most likely relates

to favorably renal hemodynamic effects, in addition to

glomerular size selectivity amelioration (119).

ACE inhibitors have demonstrated renoprotective

effects in various settings including established type 1

insulin-dependent diabetic nephropathy (25), type 2 non-

insulin dependent diabetic nephropathy (120,121), normo-

tensive type 1 patients with microalbuminuria (122), and

an assortment of nondiabetic renal diseases (116,123–125).

ACE inhibitor therapy (trandolapril), together with

ARB therapy (losartan), has also been shown to be reno-

protective (more than either drug alone) in nondiabetic

glomerular disease (126). In some diabetic patients, ACE

inhibitor therapy has resulted in the remission of nephrotic

range proteinuria and long-term stabilization of renal func-

tion (127,128). However, aggressive BP control (,130/
80 mmHg) in elderly patients with type 2 diabetes and pre-

served renal function stabilizes renal function regardless

of whether the initial therapy is with an ACE inhibitor or

a CCB (129,130). Moreover, recent experimental data

suggests that much more of the renoprotective effects of

ACE inhibition are BP dependent and go underappreciated

when insensitive measurement techniques are used to

determine day BP load (131).

More recently, the benefits of ACE inhibitor therapy in

nondiabetic renal diseases have become clear. In the

AASK, ramipril was more effective than amlopidine at

slowing the rate of decline in glomerular filtration rate

(GFR) in patients with hypertensive nephrosclerosis and

a urinary protein:creatinine ratio .0.22 (urinary protein

excretion of .300 mg/day) (125). Moreover, a recent

meta-analysis of ACE inhibitor use in nondiabetic renal

disease concluded that ACE inhibitors conferred renal

benefit in nondiabetic patients distinguished by having

.0.5 gms/day of proteinuria (132). In many of these

studies comprising this meta-analysis, the target BP was

,140/90 mmHg, which is significant in that the reno-

protective effects of ACE inhibitors (compared with

other antihypertensive agents) may not be as prominent

at lesser BP values.

However, positive renal outcomes with ACE inhibitors

in nephropathic states are not guaranteed. In the Ramipril

Efficacy in Nephropathy (REIN) study patients with pro-

teinuric chronic nephropathies were assigned randomly

to treatment with the ACE inhibitor ramipril or placebo

plus conventional antihypertensive therapy. ACE inhibi-

tors significantly reduced the rate of proteinuria, the

decline in GFR, and the risk of ESRD in patients with

.3 g/day of proteinuria; however, during the study

period, those with proteinuria ,2 g/day, type 2 diabetes,

or polycystic kidney disease did not benefit to an appreci-

able extent from ACE inhibitor therapy (133).

ACE inhibitor regimens that slow the rate of CKD pro-

gression include benazepril 10 mg/day, captopril 25 mg/
day, enalapril 5–10 mg/day, and ramipril 2.5–5 mg/day

(3). Each of these ACE inhibitors is renally cleared;

thus, it can be presumed that reduced renal clearance in

the presence of CKD would have prolonged their phar-

macologic effect (134). Whereas it is accepted that the

beneficial effects of ACE inhibition are greatest when

urinary protein excretion is excessive (.3 g/day) (135).

The ACE inhibitor dose providing optimal renoprotection

is still openly debated. For example, low dose ramipril

(1.25 mg/day) in addition to conventional therapy has

no effect on cardiovascular and renal outcomes of patients

with type 2 diabetes and albuminuria, despite a slight

decrease in blood pressure and urinary albumin (136).

Conversely, in the HOPE trial ramipril given at a high

dose (titrated to 10 mg/day) prevented or delayed pro-

gression of microalbuminuria (137).

Dose titration of an ACE inhibitor should be viewed in

the context of the sought after therapeutic end-point

because targeted reductions in protein excretion, lipid
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parameters and BP show evidence of differing dose–

responses to the upwards titration of an ACE inhibitor

(138,139). For example, in chronic proteinuric nondiabetic

nephropathies, uptitration of the ACE inhibitor lisinopril

to maximum tolerated doses improves hypertriglyceride-

mia by a direct, dose-dependent effect, and hypercholes-

terolemia (through increases in serum albumin/total

protein concentration and thereby oncotic pressure).

These lipid benefits with upward dose titration even with

the majority of the BP-lowering effect having occurred

at the low-end doses of lisinopril (Fig. 29.1) (139).

Therapies directed at reducing the production or effects

of angiotensin-II offer a mixture of potentially beneficial

renal effects involving hemodynamic, cellular, and lipid-

related pathways; however, the expected positive hemo-

dynamic effects of ACE inhibition can sometimes be

misconstrued to represent a “nephrotoxic” process.

ACE inhibitors transiently reduce GFR in tandem with

their reducing glomerular capillary pressures (140,141).

Such falls in GFR are typically inconsequential and gener-

ally in the order of 10–15%; moreover, these changes are

reversible and in point of fact predictive of renal protection

in the long-term (141). The elderly are more liable to GFR

reductions with ACE inhibitors at least, in part, because of

their typically more advanced micro- and macrovascular

renal disease (Section X) (142). A question commonly

put forward with ACE inhibitors, particularly in the

elderly, is whether a specific level of renal function exists

at which an ACE inhibitor should not be started. In this

regard, there is not a specific level of renal function,

which prohibits the start of an ACE inhibitor, unless clini-

cally important hyperkalemia is anticipated.

Several factors can be regarded as being able to adjust

the renal effects of ACE inhibition. First, a low sodium

intake improves both the antiproteinuric and the antihyper-

tensive response to ACE inhibition (143,144). Second,

short-term studies show that dietary protein restriction

enhances the ACE inhibitor effect on protein excretion

in nephrotic patients, suggesting that the combination of

dietary protein restriction and ACE inhibition could

prove more effective than ACE inhibition alone in

slowing the progression of CKD (145). A third adjudicat-

ing factor is that of resistance to the antiproteinuric effect

of ACE inhibition during the nighttime hours despite a

persistent day BP-lowering effect (146).

Finally, ACE activity varies according to inherited vari-

ations in its structure. Two common forms of the ACE

gene I (insertion) and D (deletion) give rise to three poten-

tial genotypes II, ID, and DD. The DD genotype is associ-

ated with higher circulating ACE levels and an increased

pressor response to infused angiotensin-I when compared

with the II genotype and with the ID genotype displaying

intermediate characteristics (147). The observation that

DD patients were at increased risk for MI and ischemic

cardiomyopathy was the earliest sign that an inherited

variation in ACE activity could be of clinical significance

(148). Recent studies have found that renal function

declines more rapidly in CKD patients with the DD geno-

type. Moreover, when such patients are given ACE inhibi-

tors, the anticipated reduction in urine protein excretion

and the slowing in the rate of CKD progression are less

apparent (149). Although ACE genotyping seems promis-

ing, as a means to pharmacogenetically selecting out those

CKD patients likely to be more responsive to ACE

inhibition, studies to date do not provide a sufficiently

definitive answer to warrant more widespread use of

genotyping (150).

VIII. CARDIAC

ACE inhibitor therapy has been shown to provide positive

outcome benefits in a number of cardiac scenarios includ-

ing CHF (24,29,151), post-MI (152–155), and in the

hypertensive patient with a definable cardiac risk

(20,57,58,91). More recently, these drugs have even

been shown to reduce the occurrence of atrial fibrillation

in the post-operative period following coronary artery

bypass grafting (156). ACE inhibitor benefits have been

demonstrated both in normotensive (20) and hypertensive

(20,57,58) individuals, in diabetics (157), as well as

patients with varying risk profiles (20,57,58,91). This

beneficial effect has now been observed with several

ACE inhibitors, suggesting that a class effect may be

present for the positive cardiac outcomes benefits with

these compounds (20,57,58,91).

Figure 29.1 Percent changes vs. baseline in MAP, 24 h

urinary protein excretion rate, and serum albumin at different lisi-

nopril treatment periods in 22 patients with nondiabetic proteinu-

ric nephropathies (�P , 0.05, ��P , 0.01 vs. baseline). [Adapted

with permission from Ruggenenti et al. (139).]
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The results from both placebo-controlled and open-

label trials suggest that ACE inhibitors improve CHF

symptomatology and more importantly reduce the risk of

death and hospitalization from CHF (24,29,151). These

positive results for heart failure outcomes have established

ACE inhibitors as first-line therapy in the treatment of

CHF (158,159). ACE inhibitors decrease angiotensin-II

production (at least in the short-term) (35,36) and

thereby readjust the neurohumoral imbalance of CHF

(160,161). ACE inhibitor effect in heart failure is at

least, in part, related to changes in bradykinin effect (and

possibly concentration), which distinguishes these drugs

from ARBs (162). Low doses of ACE inhibitors are suffi-

cient to improve exercise tolerance, and CHF symptoms

(28,31) as well as more recently being shown to arrest

the weight loss otherwise seen with progressive CHF

(163); however, improvement in CHF mortality at least,

in part, requires high-dose ACE inhibitor therapy

(29,32). The optimal frequency of ACE inhibitor dosing

in CHF is as of yet undecided. This has proven to be a

tricky question to answer, in part, because few studies

have even addressed the question. When formally

studied (at least for surrogate markers of CHF), twice-

daily regimens appear superior to once-daily treatment

regimens (164). Until incontrovertible evidence otherwise

becomes available, the treatment of CHF should include

sequential dose titration to those ACE inhibitor doses

proven to favorably affect mortality in randomized clinical

trials. The ability to reach these doses in the CHF patient

can often prove challenging because systemic hypotension

and/or a decline in GFR often arise with high-dose ACE

inhibitor therapy (165–167); thus, reaching goal ACE

inhibitor doses calls for a well-developed understanding

of the relationship between volume status, BP, and the

sought after ACE inhibitor dose (165,166).

Several ACE inhibitors—including captopril, fosinopril,

lisinopril, quinapril, ramipril, and trandolapril—have

demonstrated positive outcomes data in a range of CHF

types (151,152,168). Despite the compelling makeup of

these outcomes data, physician-prescribing practice has

lagged behind. As such, only a modest fraction (50–75%)

of those CHF patients eligible for ACE inhibitor therapy

actually receives such therapy (143,144). Moreover, the

ACE inhibitor dosages commonly employed in “real world

practice” are on average less than one-half the dose proven

effective in the randomized, controlled mortality trials

(169,170). As an example, of a case sample of 767 patients,

discharged alive with the diagnosis of acute MI, 274 received

an ACE inhibitor. The daily mean doses of the four ACE

inhibitors used in this study were captopril 69.8 + 36.9 mg,

enalapril 13.6+ 8.1 mg, lisinopril 11.0+ 7.2 mg, and

ramipril 8.4 + 4.5 mg. The doses were unchanged after 6

months except for captopril, which showed a rise in mean

daily dose to 84.4+36.7 mg (171).

Factors predicting either the use or optimal dosing of

ACE inhibitors include variables relating to the treatment

setting (prior hospitalization and/or specialty clinic

follow-up), the prescribing physician (cardiology specialty

vs. family practitioner/general internist), the patient-status

(increased severity of symptoms, male, younger), and the

drug (lower frequency of administration) (169). Underdos-

ing of ACE inhibitors has a negative economic impact in

heart failure as it is associated with more frequent heart

failure hospitalizations (172). Finally, some question has

emerged as to the observation that African-Americans

with CHF may respond less well to ACE inhibitors.

Although, the nuances of the observed differences in

the response to ACE inhibitors are not yet clear (this

should not deny African-Americans) the benefits of these

therapies (173).

Enalapril, captopril, lisinopril, and trandolapril have

each been shown to significantly reduce morbidity and

mortality in the post-MI patient with a wide range of ven-

tricular dysfunction (152,154,155). In a hemodynamically

stable patient (systolic BP .100 mmHg) following a MI,

an oral ACE inhibitor should be initiated (generally

within the first day of the event), particularly if the MI is

accompanied by depressed left ventricular function

(174). The hemodynamic effects and overall benefit of

ACE inhibition are secured early after a MI with the 30

day survival increasing by 40% in the first day, 45% in

2–7 days, and �15% thereafter (175). This benefit may

be explained by an early effect on infarct expansion,

reduced neurohumoral activity, or an increase in collateral

coronary flow. Recent trends show a promising increase

in ACE inhibitor prescriptions in patients discharged

followed an acute MI (153).

At present, captopril, lisinopril, ramipril, and

trandolapril are approved specific to post-MI left ventricu-

lar dysfunction and enalapril is indicated for use in asymp-

tomatic left ventricular dysfunction (Table 29.1) (3). The

uniformity of these positive findings implies a class-effect

for this aspect of ACE inhibitor action (155). There are pre-

sently very few data to conclude that clinically significant

differences exist among the ACE inhibitors in the post-MI

setting given both the lack of head-to-head trials and the dif-

fering trial designs and study circumstances for individu-

ally studied ACE inhibitors (154,155).

Several trials have recently been completed that assess

the utility of ACE inhibitors in modifying cardiac end-

points (20,57,58,91). These trials have either compared

ACE inhibitor therapy with placebo (20,91) or with an

active comparator such as a thiazide diuretic (57,58). A

number of these trials have served as the basis for the

belief that ACE inhibitors are drugs that favorably influ-

ence cardiac outcomes; however, in the broader scheme

of things, there appear to be insignificant differences in

total major cardiovascular events between regimens
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based on ACE inhibitors, calcium antagonists, diuretics, or

b-blockers, as viewed in the context of unequal BP

reduction favoring therapies other than ACE inhibitor

regimens (176). The ALLHAT trial (58) showed a

smaller reduction in total major cardiovascular events—

as was the case for stroke and heart failure—with the

ACE inhibitor lisinopril than with the diuretic chlorthali-

done. This difference in event rate was almost entirely

attributable to findings in the African-American cohort

in this study and may have related to the smaller reduction

in BP with an ACE inhibitor-based regimen in that

subgroup.

IX. STROKE

Given the considerable public health impact of stroke and

the recognition of important nonmodifiable (age, gender,

and race/ethnicity) and modifiable (BP, diabetes, lipid

profile, and lifestyle) risk factors, early deterrence strat-

egies are increasingly being implemented. When a

patient experiences a stroke, the focus of care becomes

the prevention of secondary occurrences. This can be

accomplished with anti-platelet and lipid-lowering as

well as BP-reduction strategies. Despite the clear risk

reduction with effective realization of these preventative

strategies, new approaches are needed. One such “new”

approach is to determine whether the stroke benefit

gained from BP reduction is unique to the agent employed,

such as an ACE inhibitor or an ARB, or a simple conse-

quence of upgrading the hemodynamic profile (177–179).

The data and opinions supporting ACE inhibitors in

specifically reducing stroke rate have been mixed and in

the process some debate has emerged as to whether

ARBs are more cerebroprotective than ACE inhibitors

(on the basis of AT2-receptor stimulation) (178–181). In

the ALLHAT study, the stroke incidence was 15%

greater with the ACE inhibitor lisinopril (primarily in

African-Americans) than with the thiazide-type diuretic

chlorthalidone, although the BP reduction was less in the

lisinopril group than what was observed with chlorthali-

done (58). Similar negative data for ACE inhibitors and

stroke exists from the Perindopril Protection Against

Recurrent Stroke (PROGRESS) trial for the ACE inhibitor

perindopril in the context of secondary stroke prevention

(177). In this study, 6105 hypertensive and nonhyperten-

sive patients who had sustained a stroke without a major

disability within the past 5 years were randomized to a

4 mg dose of perindopril with or without a 2.5 mg dose

of indapamide (diuretic therapy was at the discretion of

the treating physician).

In the PROGRESS trial, BP was reduced an average of

9/4 mmHg in the active treatment group, resulting in a

28% risk reduction of major stroke in all participants.

This reduction of risk extended to all forms of stroke

(major disabling, hemorrhagic, ischemic, or unknown),

to patients with and without hypertension and to those

with and without diabetes. However, the most beneficial

effect was seen in the group receiving perindopril and

indapamide in which BP decreased 12/5 mmHg. Surpris-

ingly, patients who received perindopril monotherapy had

no reduction in cerebrovascular morbidity and mortality

despite a significant 5/3 mmHg fall in BP (177). The

PROGRESS data are important, because it has been

debated whether the long-term lowering of BP, in patients

who have sustained a prior cerebrovascular event, reduces

recurrent stroke rate comparably to the benefit observed

for primary stroke rate with BP reduction.

The HOPE trial results with the ACE inhibitor ramipril

showed that the benefits of lowering BP on the risk of

stroke are not confined to patients with hypertension, but

they also extend to individuals with BP in the normotensive

range. Compared with placebo, ramipril reduced the risk of

any stroke by 32% and that of fatal stroke by 61%. Benefits

were consistent across baseline BPs, drugs used, and sub-

groups defined by prior stroke status, PAD, diabetes or

hypertension (182). On the basis of the HOPE study, the

recently published American Heart Association guidelines

for the primary prevention of stroke recommend ramipril to

prevent stroke in high-risk patients and in patients with

diabetes and hypertension (183).

In choosing an antihypertensive therapy regimen in the

post-stroke circumstance, several factors, beyond a pro-

posed cerebroprotective effect of ACE inhibitors, deserve

consideration if this drug class is being considered. First,

the ability of this drug class to preserve (if not improve)

cerebral autoregulatory ability in the face of BP reduction

offers the possibility of these drugs being better tolerated,

particularly in the elderly. Secondly, the neurotransmitter,

substance P, is believed to play a major role in both the

cough and swallow sensory pathways. ACE inhibitors

prevent the breakdown of substance P and may theoreti-

cally be useful in the management of patients (particularly

with Asians) with a tendency to develop aspiration pneu-

monia as may occur in the post-stroke patient (184).

Further supporting this substance P theory, a significantly

lower rate of pneumonia has been observed in elderly

hypertensive patients randomized to an ACE inhibitor com-

pared with an ARB (185). Finally, ACE inhibitors with or

without diuretics decrease cognitive decline (PROGRESS,

HOPE) and stroke-related dementia (PROGRESS) not dis-

similar to what has been observed with CCBs. At this time,

the mechanism is unclear behind dementia prevention with

ACE inhibitors in the post-stroke patient (182,186).

X. SIDE EFFECTS OF ACE INHIBITORS

Soon after their release, a syndrome of “functional renal

insufficiency” was observed as a class effect with ACE
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inhibitors (187). This phenomenon was initially reported

in patients with renal artery stenosis and a solitary

kidney or in the presence of bilateral renal artery stenosis.

Predisposing conditions to this development include dehy-

dration, CHF, NSAID use, and/or either micro- or macro-

vascular renal disease (167,188). The mechanistic prompt

in these conditions is a fall in afferent arteriolar flow.

When this occurs, glomerular filtration temporarily

declines. In response to this reduction in glomerular

filtration, local production of angiotensin-II increases.

In concert with this increase in angiotensin-II, the efferent

or post-glomerular arteriole constricts, which re-

establishes hydrostatic pressures within the more proximal

glomerular capillary bed.

The abrupt removal of angiotensin-II, as occurs with an

ACE inhibitor (or an ARB), will abruptly dilate the effer-

ent arteriole in tandem with a reduction in systemic BP. In

combination, these hemodynamic changes drop glomeru-

lar hydrostatic pressure such that glomerular filtration

plummets. This type of “functional renal insufficiency”

is best treated by discontinuation of the responsible

agent, careful volume expansion (if intravascular volume

contraction is a contributing factor), and, if warranted on

clinical grounds, evalution for the presence of renal

artery stenosis (Fig. 29.2) (165).

A situation comparable to that of “functional renal

insufficiency” is exposure to ACE inhibitors after the first

trimester of pregnancy. When this occurs in utero, acute

renal failure can occur and with it oligohydroamnios and

specific abnormalities thought to be secondary to reduced

amniotic fluid volume (limb deformities, cranial ossifica-

tion deficits, and lung hypoplasia). This sequence of

events is the basis for the ACE inhibitor contraindication

in the second and third trimester of pregnancy (189).

Hypotension is not a specific side-effect with ACE

inhibitors, rather it is an extension of the physiologic

effect of these drugs, which is more common when a

patient becomes volume contracted. Unanticipated hypo-

tension with an ACE inhibitor occurs when either recog-

nized (post-exercise) or unanticipated (intercurrent febrile

or gastrointestinal illness) forms of dehydration occur.

Hyperkalemia is an additional ACE inhibitor-associated

side-effect (190). ACE inhibitor-related hyperkalemia

occurs infrequently unless a specific predisposition to

hyperkalemia exists such as diabetes and CHF with renal

failure (receiving Kþ-sparing diuretics or Kþ supplements)

(191,192). Conversely, ACE inhibitors will cut the potas-

sium loss ordinarily occurring with diuretic therapy.

A dry, irritating, nonproductive cough is a common

complication with ACE inhibitors, with an incidence

between 0% and 44% (193). Cough is a class phenomenon

with ACE inhibitors and has ostensibly been attributed

to an increase in bradykinin and/or other vasoactive

peptides, such as substance P, which may play a second

messenger role in setting off the cough reflex. Although

numerous therapies have been tried, few have had any

lasting success in eliminating ACE inhibitor-induced

cough. The sensible clinical approach for suspected ACE

Figure 29.2 Schematic illustration of settings wherein ACE inhibitor therapy may worsen renal function. Conditions causing renal

hypoperfusion include systemic hypotension, high-grade renal artery stenosis, extracellular fluid volume contraction (simplified as “dehy-

dration” in the figure), and administration of vasoconstrictor agents (NSAIDs or cyclosporine, not shown), and CHF. These conditions

typically increase renin secretion and angiotensin-II production. Angiotensin-II constricts the efferent arteriole to a greater extent than the

afferent arteriole such that glomerular hydrostatic pressure and GFR can be maintained despite hypoperfusion. When these conditions

occur in ACE-inhibitor treated patients, angiotensin-II formation and effect are diminished, and GFR may decrease. [Adapted with

permission from Schoolwerth et al. (165).]
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inhibitor-related cough is to reassess the patient several

weeks after drug discontinuation. Disappearance of the

cough can then be taken as proof of an ACE inhibitor

etiology.

Nonspecific side-effects with ACE inhibitors are gener-

ally uncommon with the exception of taste disturbances,

leucopenia, skin rash, and dysgeusia, which are largely

seen in captopril-treated patients (194). Whereas a

number of antihypertensives have headache as an accom-

panying side-effect with their use, this is not so with ACE

inhibitors. In fact, ACE inhibitors have been used for

migraine prophylaxis (195). Moreover, they have been

proven effective in reducing the risk of headache with

nitrate therapy (196).

Angioneurotic edema is a potentially life-threatening

complication of ACE inhibitors, which is more common

in blacks (197). Angioedema can be effectively managed

in the long-term with simple discontinuation of the ACE

inhibitor at fault (198). Angioedema can occasionally

recur with ARB therapy in patients having previously

experienced it with an ACE inhibitor, but it is generally

mild and not life-threatening in its severity (199). Angio-

edema of the intestine (more common in women) can

also occur with ACE inhibitor, therapy with a typical pres-

entation being one of abdominal pain/diarrhea with or

without facial and/or oropharyngeal swelling (Fig. 29.3)

(200). This process can be intermittent in nature develop-

ing even several years after ACE inhibitor therapy has

been initiated (201). However, the use of ACE inhibitors

is not associated with a significantly increased risk of

acute pancreatitis (202).

A final side-effect consideration with ACE inhibitors

is that of anemia. ACE inhibitors suppress the production

of erythropoietin in a dose-dependent manner, which

presents a particular problem when ACE inhibitors are

administered in the presence of renal failure (203).

ACE inhibitor-related anemia is at least, in part, related

to N-acetyl-seryl-aspartyl-lysyl-proline accumulation.

This substance is a potent natural inhibitor of hemato-

poietic stem cell proliferation as well as an antifibrotic

moiety, which is degraded mainly by ACE (204).

Because of the increase in N-acetyl-seryl-aspartyl-lysyl-

proline concentrations with ACE inhibitor therapy,

these compounds may possibly be better suited for

suppression of red cell production when it is a desired

clinical goal (Fig. 29.4) (205). Such settings include

post-transplant erythrocytosis (205,206) and high-altitude

polycythemia with as much as a 4.5 gm/dL fall in hemo-

globin concentration being observed with ACE inhibitor

therapy (207).

Figure 29.3 Abdominal computed tomography was performed in a 58-year-old woman with acute abdominal pain, nausea, vomiting,

and abdominal distention. The patient had had recurrent swelling of the tongue and pharynx during therapy with lisinopril, but the medi-

cation had been continued. On the scan, the mucosa of a loop of small intestine is markedly thickened, and the irregularities within the

wall are most consistent with the presence of edema (thick arrow). The valvulae conniventes are prominent and widened (thin arrow),

resulting in a severely narrowed lumen. All of the patient’s symptoms resolved within 24 h after the discontinuation of lisinopril.

[Adapted with permission from Gregory and Davis (200).]
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XI. CONCLUSIONS

ACE inhibitors are commonly used drugs in the elderly

patient. These compounds are employed either in their

capacity to reduce blood pressure or to take advantage of

their cardio- and/or renoprotective effects. ACE inhibitors

can be expected to provide the greatest end-organ protec-

tion in the elderly having CHF, proteinuric renal disease,

or in the post-MI setting. Dosing guidelines exist for

each of these scenarios, although such guidelines may

not be followed as closely in clinical practice as is

advised. ACE inhibitor-related side-effects are for the

most part easily recognized and other than functional

renal insufficiency, which is occasionally seen with their

use, do not occur more commonly in the elderly.

REFERENCES

1. Chobanian AV, Bakris GL, Black HR, Cushman WC,

Green LA, Izzo JL Jr, Jones DW, Materson BJ,

Oparil S, Wright JT Jr, Roccella EJ; National Heart,

Lung, and Blood Institute Joint National Committee on

Prevention, Detection, Evaluation, and Treatment of

High Blood Pressure; National High Blood Pressure

Education Program Coordinating Committee. The

Seventh Report of the Joint National Committee on Pre-

vention, Detection, Evaluation, and Treatment of High

Blood Pressure: the JNC 7 report. J Am Med Assoc

2003; 289:2560–2572.

2. Sica DA, Gehr TWB. Angiotensin converting enzyme

inhibitors. In: Oparil S, Weber M, eds. Hypertension: A

Companion to the Kidney. 1st ed. Philadelphia: W.B.

Saunders, 2000:599–608.

3. Sica DA, Gehr TWB, Frishman WH. The renin–

angiotensin axis: angiotensin converting enzyme inhibi-

tors and angiotensin-receptor blockers. In: Frishman W,

Sonnenblick S, Sica DA, eds. Cardiovascular Pharma-

cotherapeutics. 2nd ed. McGraw-Hill, 2003:131–156.

4. Warner GT, Perry CM. Ramipril: a review of its use in the

prevention of cardiovascular outcomes. Drugs 2002;

62:1381–1405.

5. White CM. Pharmacologic, pharmacokinetic, and thera-

peutic differences among ACE inhibitors. Pharmacother-

apy 1998; 18:588–599.

6. Dickstein K, Till AE, Aarsland T, Tjelta K,

Abrahamsen AM, Kristianson K, Gomez HJ, Gregg H,

Hichens M. The pharmacokinetics of enalapril in hospital-

ized patients with congestive heart failure. Br J Clin Phar-

macol 1987; 23:403–410.

7. Lapenna D, De Gioia S, Ciofani G, Daniele F,

Cuccurullo F. Captopril has no significant scavenging

antioxidant activity in human plasma in vitro or in vivo.

Br J Clin Pharmacol 1996; 42:451–456.

8. Chalmers D, Whitehead A, Lawson DH. Postmarketing

surveillance of captopril for hypertension. Br J Clin Phar-

macol 1992; 34:215–223.

9. Sica DA. Angiotensin converting enzyme inhibitors: fosi-

nopril. In: Messerli F, ed. Cardiovascular Drug Therapy.

2nd ed. Philadelphia: W.B. Saunders, 1996:801–809.

10. Brockmeier D. Tight binding influencing the future of

pharmacokinetics. Meth Find Exp Clin Pharmacol 1998;

20:505–516.

11. Reid JL. From kinetics to dynamics: are there differences

between ACE inhibitors? Eur Heart J 1997; 18(suppl

E):E14–E18.

12. Hoyer J, Schulte K-L, Lenz T. Clinical pharmacokinetics

of angiotensin converting enzyme inhibitors in renal

failure. Clin Pharmacokinet 1993; 24:230–254.

13. Dzau VJ, Bernstein K, Celermajer D, Cohen J, Dahlof B,

Deanfield J, Diez J, Drexler H, Ferrari R, van Gilst W,

Hansson L, Hornig B, Husain A, Johnston C, Lazar H,

Lonn E, Luscher T, Mancini J, Mimran A, Pepine C,

Rabelink T, Remme W, Ruilope L, Ruzicka M,

Schunkert H, Swedberg K, Unger T, Vaughan D,

Weber M. Working Group on Tissue Angiotensin-

converting enzyme, International Society of Cardio-

vascular Pharmacotherapy. The relevance of tissue

angiotensin-converting enzyme: manifestations in

mechanistic and endpoint data. Am J Cardiol 2001;

88(suppl 9):1L–20L.

14. Ebihara A, Fujimura A. Metabolites of antihypertensive

drugs. An updated review of their clinical pharmaco-

kinetic and therapeutic implications. Clin Pharmacokinet

1991; 21:331–343.

15. Hui KK, Duchin KL, Kripalani KJ, Chan D, Kramer PK,

Yanagawa N. Pharmacokinetics of fosinopril in patients

with various degrees of renal function. Clin Pharmacol

Ther 1991; 49:457–467.

Figure 29.4 The change in mean hemoglobin levels in both

study groups with post-renal transplant erythrocytosis among

responders. Enalapril was administered in a dose of 10 mg/day

and losartan at a dose of 50 mg/day. The decrease in hemoglobin

was more prominent with enalapril than with losartan

(23.26+0.65 vs. 21.70+0.39 g/dL, P ¼ 0.05). [Adapted

with permission from Yildiz et al. (205).]

ACE Inhibitors 489



16. Danielson B, Querin S, LaRochelle P, Sultan E, Mouren

M, Bryce T, Stepniewski JP, Lenfant B. Pharmacokinetics

and pharmacodynamics of trandolapril after repeated

administration of 2 mg to patients with chronic renal

failure and healthy control subjects. J Cardiovasc Pharma-

col 1994; 23(suppl 4):S50–S59.

17. Brunner-La Rocca HP, Weilenmann D, Kiowski W,

Maly FE, Follath F. Plasma levels of enalaprilat in

chronic therapy of heart failure: relationship to adverse

events. J Pharmacol Exp Ther 1999; 289:565–571.

18. Brown NJ, Vaughn DE. Angiotensin-converting enzyme

inhibitors. Circulation 1998; 97:1411–1420.

19. Johnston CI, Fabris B, Yamada H, Mendelsohn FA,

Cubela R, Sivell D, Jackson B. Comparative studies of

tissue inhibition by angiotensin converting enzyme inhibi-

tors. J Hypertens 1989; 7(suppl):S11–S16.

20. Yusuf S, Sleight P, Pogue J, Bosch J, Davies R,

Dagenais G. Effects of an angiotensin-converting

enzyme inhibitor, ramipril, on cardiovascular events in

high-risk patients. The Heart Outcomes Prevention

Evaluation Study Investigators. N Engl J Med 2000;

342:145–153.

21. Leonetti G, Cuspidi C. Choosing the right ACE inhibitor.

A guide to selection. Drugs 1995; 49:516–535.

22. Zeitz CJ, Campbell DJ, Horowitz JD. Myocardial uptake

and biochemical and hemodynamic effects of ACE inhibi-

tors in humans. Hypertension 2003; 41:482–487.

23. Huskamp HA, Deverka PA, Epstein AM, Epstein RS,

McGuigan KA, Frank RG. The effect of incentive-based

formularies on prescription-drug utilization and spending.

N Engl J Med 2003; 349:2224–2232.

24. The SOLVD investigators. Effect of enalapril on survival

in patients with reduced left ventricular ejection fractions

and congestive heart failure. N Engl J Med 1991;

325:293–302.

25. Lewis EJ, Hunsicker LG, Bain RP, Rohde RD. The effect

of angiotensin converting enzyme inhibition on diabetic

nephropathy. The Collaborative Study Group. N Engl J

Med 1993; 329:1456–1462.

26. Sica DA. The HOPE Study: ACE inhibitors—are their

benefits a class effect or do individual agents differ?

Curr Opin Nephrol Hypertens 2001; 10:597–601.

27. Segura J, Christiansen H, Campo C, Ruilope LM. How to

titrate ACE inhibitors and angiotensin receptor blockers in

renal patients: according to blood pressure or proteinuria?

Curr Hypertens Rep 2003; 5:426–429.

28. Tang WH, Vagelos RH, Yee YG, Benedict CR, Willson K,

Liss CL, Fowler MB. Neurohormonal and clinical

responses to high- versus low-dose enalapril therapy in

chronic heart failure. J Am Coll Cardiol 2002; 39:70–78.

29. Packer M, Poole-Wilson PA, Armstrong PW, Cleland JG,

Horowitz JD, Massie BM, Ryden L, Thygesen K,

Uretsky BF. Comparative effects of low and high doses

of the angiotensin-converting enzyme inhibitor, lisinopril,

on morbidity and mortality in chronic heart failure.

ATLAS Study Group. Circulation 1999; 100:2312–2318.

30. Massie B. Neurohormonal blockade in chronic heart

failure. How much is enough? can there be too much?

J Am Coll Cardiol 2002; 39:79–82.

31. Tang WH, Vagelos RH, Yee YG, Benedict CR,

Willson K, Liss CL, Fowler MB. Neurohormonal and

clinical responses to high- versus low-dose enalapril

therapy in chronic heart failure. J Am Coll Cardiol

2002; 39:70–78.

32. van Veldhuisen DJ, Genth-Zotz S, Brouwer J, Boomsma F,

Netzer T, Man In ’T Veld AJ, Pinto YM, Lie KI, Crijns HJ.

High versus low-dose ACE inhibition in chronic heart

failure. A double-blind, placebo-controlled study of imida-

pril. J Am Coll Cardiol 1998; 32:1811–1818.

33. Carretero OA, Scicli AG. The kallikrein–kinin system as

a regulator of cardiovascular and renal function. In:

Brenner BM, Laragh JH, eds. Hypertension: Pathophysiol-

ogy, Diagnosis, and Management. 2nd ed. New York:

Raven Press Ltd., 1995:983–999.

34. Urata H. Nishimura H, Ganten D. Chymase-dependent

angiotensin II forming system in humans. Am J Hypertens

1996; 9:277–284.

35. Petrie MC, Padmanabhan N, McDonald JE, Hillier C,

Connell JM, McMurray JJ. Angiotensin converting

enzyme and non-ACE dependent angiotensin II gener-

ation in resistance arteries from patients with heart

failure and coronary heart disease. J Am Coll Cardiol

2001; 37:1056–1061.

36. Ennezat PV, Berlowitz M, Sonnenblick EH, Le Jemtel TH.

Therapeutic implications of escape from angiotensin-

converting enzyme inhibition in patients with chronic

heart failure. Curr Cardiol Rep 2000; 2:258–262.

37. Mooser V, Nussberger J, Juillerat L, Burnier M,

Waeber B, Bidiville J, Pauly N, Brunner HR. Reactive

hyperreninemia is a major determinant of plasma angio-

tensin II during ACE inhibition. J Cardiovasc Pharmacol

1990; 15:276–282.

38. Swedberg K, Eneroth P, Kjekshus J, Wilhelmsen L.

Hormones regulating cardiovascular function in patients

with severe congestive heart failure and their relation to

mortality. CONSENSUS Trial Study Group. Circulation

1990; 82:1730–1736.

39. Gainer JV, Morrow JD, Loveland A, King DJ, Brown NJ.

Effect of bradykinin-receptor blockade on the response

to angiotensin-converting enzyme inhibitor in normoten-

sive and hypertensive subjects. N Engl J Med 1998;

339:1285–1292.

40. Tom B, Dendorfer A, Danser AH. Bradykinin, angiotensin

(1–7), and ACE inhibitors: how do they interact? Int J

Biochem Cell Biol 2003; 35:792–801.

41. Rodriguez-Garcia JL, Villa E, Serrano M, Gallardo J,

Garcia-Robles R. Prostacyclin: its pathogenic role in

essential hypertension and the class effect of ACE inhibi-

tors on prostaglandin metabolism. Blood Press 1999;

8:279–284.

42. Johnson AG. NSAIDs and increased blood pressure. What

is the clinical significance? Drug Saf 1997; 17:277–289.

43. Morgan T, Anderson A. The effect of nonsteroidal anti-

inflammatory drugs on blood pressure in patients treated

with different antihypertensive drugs. J Clin Hypertens

(Greenwich) 2003; 5:53–57.

44. Izhar M, Alausa T, Folker A, Hung E, Bakris GL. Effects

of COX inhibition on blood pressure and kidney function

490 Management and Treatment in General and in Special Populations



in ACE inhibitor-treated blacks and Hispanics. Hyperten-

sion 2004; 43:573–577.

45. Nawarskas JJ, Townsend RR, Cirigliano MD, Spinler SA.

Effect of aspirin on blood pressure in hypertensive patients

taking enalapril or losartan. Am J Hypertens 1999;

12:784–789.

46. Zanchetti A, Hansson L, Leonetti G, Rahn KH, Ruilope L,

Warnold I, Wedel H. Low-dose aspirin does not interfere

with the blood pressure-lowering effects of antihyperten-

sive therapy. J Hypertens 2002; 20:1015–1022.

47. Cleland JG, John J, Houghton T. Does aspirin attenuate

the effect of angiotensin-converting enzyme inhibitors in

hypertension or heart failure? Curr Opin Nephrol Hyper-

tens 2001; 10:625–631.

48. Lang CC, Stein CM, He HB, Wood AJ. Angiotensin con-

verting enzyme inhibition and sympathetic activity in

healthy subjects. Clin Pharmacol Ther 1996; 59:668–674.

49. Ranadive SA, Chen AX, Serajuddin AT. Relative lipophi-

licities and structural-pharmacological considerations of

various angiotensin-converting enzyme (ACE) inhibitors.

Pharm Res 1992; 9:1480–1486.

50. Fagard R, Amery A, Reybrouck T, Lijnen P, Billiet L.

Acute and chronic systemic and hemodynamic effects of

angiotensin converting enzyme inhibition with captopril

in hypertensive patients. Am J Cardiol 1980; 46:295–300.

51. Slavachevsky I, Rachmani R, Levi Z, Brosh D, Lidar M,

Ravid M. Effect of enalapril and nifedipine on orthostatic

hypotension in older hypertensive patients. J Am Geriatr

Soc 2000; 48:807–810.

52. Vanhoutte PM. Endothelial dysfunction and inhibition of

converting enzyme. Eur Heart J 1998; 19(suppl J):J7–J15.

53. Schiffrin EL. Effects of antihypertensive drugs on vascu-

lar remodeling: do they predict outcome in response to

antihypertensive therapy? Curr Opin Nephrol Hypertens

2001; 10:617–624.

54. Chobanian AV, Bakris GL, Black HR, Cushman WC,

Green LA, Izzo JL Jr, Jones DW, Materson BJ,

Oparil S, Wright JT Jr, Roccella EJ; Joint National Com-

mittee on Prevention, Detection, Evaluation, and Treat-

ment of High Blood Pressure. National Heart, Lung, and

Blood Institute; National High Blood Pressure Education

Program Coordinating Committee. Seventh report of the

Joint National Committee on Prevention, Detection,

Evaluation, and Treatment of High Blood Pressure.

Hypertension 2003; 42:1206–1252.

55. Guidelines Committee. 2003 European Society of

Hypertension–European Society of Cardiology guidelines

for the management of arterial hypertension. J Hypertens

2003; 21:1011–1053.

56. Khan NA, McAlister FA, Campbell NR, Feldman RD,

Rabkin S, Mahon J, Lewanczuk R, Zarnke KB, Hemmel-

garn B, Lebel M, Levine M, Herbert C. Canadian Hyper-

tension Education Program. The 2004 Canadian

recommendations for the management of hypertension:

Part II—Therapy. Can J Cardiol 2004; 20:41–54.

57. Wing LM, Brown MA, Beilin LJ, Ryan P, Reid CM.

ANBP2 Management Committee and Investigators.

Second Autralian National Blood Pressure Study. A com-

parison of outcomes with angiotensin-converting enzyme

inhibitors and diuretics for hypertension in the elderly.

N Engl J Med 2002; 348:583–592.

58. The ALLHAT Officers and Co-ordinators for the

ALLHAT Collaborative Group. Major outcomes in

high-risk hypertensive patients randomized to angiotensin

converting enzyme inhibitor or calcium channel blocker

vs diuretic. The Antihypertensive and Lipid-Lowering

Treatment to Prevent Heart Attack Trial (ALLHAT). J

Am Med Assoc 2002; 288:1981–1997.

59. Pescatello LS, Franklin BA, Fagard R, Farquhar WB,

Kelley GA, Ray CA; American College of Sports Medi-

cine. Exercise and hypertension. Med Sci Sports Exerc

2004; 36:533–553.

60. Materson BJ, Reda DJ, Cushman WC, Massie BM,

Freis ED, Kochar MS, Hamburger RJ, Fye C, Lakshman

R, Gottdiener J et al. Single-drug therapy for hypertension

in men. A comparison of six antihypertensive agents with

placebo. N Engl J Med 1993; 328:914–921.

61. Li X, Du Y, Du Y, Huang X. Correlation of angiotensin-

converting enzyme gene polymorphism with effect of anti-

hypertensive therapy by angiotensin-converting enzyme

inhibitor. J Cardiovasc Pharmacol Ther 2003; 8:25–30.

62. Smith RD, Franklin SS. Comparison of effects of enalapril

plus hydrochlorothiazide versus standard triple therapy on

renal function in renovascular hypertension. Am J Med

1985; 79(suppl 3C):14–23.

63. Soffer B, Zhang Z, Miller K, Vogt BA, Shahinfar S. A

double-blind, placebo-controlled, dose–response study

of the effectiveness and safety of lisinopril for children

with hypertension. Am J Hypertens 2003; 16:795–800.

64. Mokwe E, Ohmit SE, Nasser SA, Shafi T, Saunders E,

Crook E, Dudley A, Flack JM. Determinants of blood

pressure response to quinapril in black and white hyper-

tensive patients. Hypertension 2004; 43:1–6.

65. Seghal AR. Overlap between whites and blacks in

response to antihypertensive drugs. Hypertension 2004;

43:566–572.

66. Weidmann P, De Myttenaere-Bursztein S, Maxwell MH.

Effect of aging on plasma renin and aldosterone in

normal man. Kidney Int 1975; 8:325–333.

67. Israili ZH, Hall WD. ACE Inhibitors: differential use in

elderly patients with hypertension. Drugs Aging 1995;

7:355–371.

68. Omboni S, Fogari R, Palatini P, Rappelli A, Mancia G.

Reproducibility and clinical value of the trough-

to-peak ratio of the antihypertensive effect. Evidence

from the sample study. Hypertension 1998; 32:424–429.

69. Morgan TO, Morgan O, Anderson A. Effect of dose on

trough peak ratio of antihypertensive drugs in elderly

hypertensive males. Clin Exp Pharmacol Physiol 1995;

22:778–780.

70. Sica DA, Gehr TWB. Dose–response relationship and

dose adjustments. In: Izzo JL, Black HR, eds. Hyperten-

sion Primer. 2nd ed. Baltimore, Maryland: Lippincott

Williams & Wilkins, 1999:342–344.

71. Elung-Jensen T, Heisterberg J, Kamper AL, Sonne J,

Strandgaard S. Blood pressure response to conventional

and low-dose enalapril in chronic renal failure. Br J Clin

Pharmacol 2003; 55:139–146.

ACE Inhibitors 491



72. Sica DA. Rationale for fixed-dose combinations in the

treatment of hypertension: the cycle repeats. Drugs

2002; 62:443–462.

73. Law MR, Wald NJ, Morris JK, Jordan RE. Value of low

dose combination treatment with blood pressure lowering

drugs: analysis of 354 randomised trials. Brit Med J 2003;

326:427–434.

74. Docherty A, Dunn FG. Treatment of hypertensive patients

with coexisting coronary arterial disease. Curr Opin

Cardiol 2003; 18:268–271.

75. Black HR, Sollins JS, Garofalo JL. The addition of doxa-

zosin to the therapeutic regimen of hypertensive patients

inadequately controlled with other antihypertensive medi-

cations: a randomized, placebo-controlled study. Am J

Hypertens 2000; 13:468–474.

76. Gradman AH, Cutler NR, Davis PJ, Robbins JA,

Weiss RJ, Wood BC. Combined enalapril and felodipine

extended release for systemic hypertension. Enalapril–

Felodipine ER Factorial Study Group. Am J Cardiol

1997; 79:431–435.

77. DeQuattro V, Lee D. Fixed-dose combination therapy

with trandolapril and verapamil SR is effective in

primary hypertension. Am J Hypertens 1997; 10(suppl

2):138S–145S.

78. Pool J, Kaihlanen P, Lewis G, Ginsberg D, Oparil S,

Glazer R, Messerli FH. Once-daily treatment of patients

with hypertension: a placebo-controlled study of amlodi-

pine and benazepril vs amlodipine or benazepril alone.

J Hum Hypertens 2001; 15:495–498.

79. Neutel JM, Smith DH, Weber MA. Effect of antihyperten-

sive monotherapy and combination therapy on arterial dis-

tensibility and left ventricular mass. Am J Hypertens

2004; 17:37–42.

80. Pepine CJ, Handberg EM, Cooper-DeHoff RM,

Marks RG, Kowey P, Messerli FH, Mancia G, Cangiano

JL, Garcia-Barreto D, Keltai M, Erdine S, Bristol HA,

Kolb HR, Bakris GL, Cohen JD, Parmley WW;

INVEST Investigators. A calcium antagonist vs a non-

calcium antagonist hypertension treatment strategy for

patients with coronary artery disease. J Am Med Assoc

2003; 290:2805–2816.

81. Sica DA. Calcium-channel blocker edema: can it be

resolved? J Clin Hypertens 2003; 5:291–294.

82. Zuccala G, Onder G, Pedone C, Cesari M, Marzetti E,

Cocchi A, Carbonin P, Bernabei R. Use of calcium antag-

onists and worsening renal function in patients receiving

angiotensin-converting-enzyme inhibitors. Eur J Clin

Pharmacol 2003; 58:695–699.

83. Sica DA. Combination angiotensin-converting enzyme

inhibitor and angiotensin receptor blocker therapy: its

role in clinical practice. practical aspects of combination

therapy with angiotensin-receptor blockers and angioten-

sin-converting enzyme inhibitors. J Clin Hypertens

2003; 5:414–420.

84. Taylor AA. Is there a place for combining angiotensin-

converting enzyme inhibitors and angiotensin-receptor

antagonists in the treatment of hypertension, renal

disease or congestive heart failure? Curr Opin Nephrol

Hypertens 2001; 10:643–648.

85. Pogatsa-Murray G, Varga L, Varga A, Abraham G,

Nagy I, Forster T, Csanady M, Sonkodi S. Changes in

left ventricular mass during treatment with minoxidil

and cilazapril in hypertensive patients with left ventricular

hypertrophy. J Hum Hypertens 1997; 11:149–156.

86. Hirschl MM, Binder M, Bur A, Herkner H, Brunner M,

Mullner M, Sterz F, Laggner AN. Clinical evaluation of

different doses of intravenous enalaprilat in patients with

hypertensive crises. Arch Intern Med 1995; 155:2217–

2223.

87. Sica DA. Dosage considerations with perindopril for

hypertension. Am J Cardiol 2001; 88(suppl 1):13–18.

88. Gottdiener JS, Reda DJ, Massie BM, Materson BJ,

Williams DW, Anderson RJ. For the VA Cooperative

Study Group on Antihypertensive Agents: Effect of

single-drug therapy on reduction of left ventricular mass

in mild to moderate hypertension. Comparison of six

antihypertensive agents. Circulation 1997; 95:2007–2014.

89. Koren MJ, Devereux RB, Casale PN, Savage DD,

Laragh JH. Relation of left ventricular mass and geometry

to morbidity and mortality in uncomplicated essential

hypertension. Ann Intern Med 1991; 114:345–352.

90. Pepine CJ, Rouleau JL, Annis K, Ducharme A, Ma P,

Lenis J, Davies R, Thadani U, Chaitman B, Haber HE,

Freedman SB, Pressler ML, Pitt B, QUASAR Study

Group. Effects of angiotensin-converting enzyme inhi-

bition on transient ischemia: the Quinapril Anti-Ischemia

and Symptoms of Angina Reduction (QUASAR) trial.

J Am Coll Cardiol 2003; 42:2049–2059.

91. Fox KM; EURopean trial On reduction of cardiac events

with Perindopril in stable coronary Artery disease Investi-

gators. Efficacy of perindopril in reduction of cardiovascu-

lar events among patients with stable coronary artery

disease: randomised, double-blind, placebo-controlled,

multicentre trial (the EUROPA study). Lancet 2003;

362:782–788.

92. Daly P, Mettauer B, Rouleau JL, Cousineau D, Burgess

JH. Lack of reflex increase in myocardial sympathetic

tone after captopril: potential antianginal mechanism.

Circulation 1985; 71:317–325.

93. Silber JH, Cnaan A, Clark BJ, Paridon SM, Chin AJ,

Rychik J, Hogarty AN, Cohen MI, Barber G, Rutkowski

M, Kimball TR, Delaat C, Steinherz LJ, Zhao H. Enalapril

to prevent cardiac function decline in long-term survivors

of pediatric cancer exposed to anthracyclines. J Clin

Oncol 2004; 22:820–828.

94. Chockalingam A, Venkatesan S, Subramaniam T, Jagan-

nathan V, Elangovan S, Alagesan R, Gnanavelu G, Dorair-

ajan S, Krishna BP, Chockalingam V; Symptomatic

Cardiac Obstruction-Pilot Study of Enalapril in Aortic

Stenosis. Safety and efficacy of angiotensin-converting

enzyme inhibitors in symptomatic severe aortic stenosis:

Symptomatic Cardiac Obstruction-Pilot Study of Enala-

pril in Aortic Stenosis (SCOPE-AS). Am Heart J 2004;

147:E19.

95. Morgan T, Anderson AI, MacInnis RJ. ACE inhibitors,

b-blockers, calcium blockers, and diuretics for the

control of systolic hypertension. Am J Hypertens 2001;

14:241–247.

492 Management and Treatment in General and in Special Populations



96. Morgan T, Lauri J, Bertram D, Anderson A. Effect of

different antihypertensive drug classes on central aortic

pressure. Am J Hypertens 2004; 17:118–123.

97. Schiffrin EL. Effect of antihypertensive treatment on

small artery remodeling in hypertension. Can J Physiol

Pharmacol 2003; 81:168–176.

98. Walters MR, Bolster A, Dyker AG, Lees KR. Effect of

perindopril on cerebral and renal perfusion in stroke

patients with carotid disease. Stroke 2001; 32:473–478.

99. Regensteiner JG, Hiatt WR. Current medical therapies for

patients with peripheral arterial disease: a critical review.

Am J Med 2002; 112:49–57.

100. Ostergren J, Sleight P, Dagenais G, Danisa K, Bosch J,

Qilong Y, Yusuf S; HOPE study investigators. Impact

of ramipril in patients with evidence of clinical or sub-

clinical peripheral arterial disease. Eur Heart J 2004;

25:17–24.

101. Vijan S, Hayward RA. Treatment of hypertension in type

2 diabetes mellitus: blood pressure goals, choice of agents,

and setting priorities in diabetes care. Ann Int Med 2003;

138:593–602.

102. Position Statement. Hypertension management in adults

with diabetes. Diabetes Care 2004; 27:S65–S67.

103. Chaturvedi N, Sjolie AK, Stephenson JM, Abrahamian H,

Keipes M, Castellarin A, Rogulja-Pepeonik Z, Fuller JH.

Effect of lisinopril on progression of retinopathy in

normotensive people with type 1 diabetes. Lancet 1998;

351:28–31.

104. Sjolie AK, Chaturvedi N. The retinal renin–angiotensin

system: implications for therapy in diabetic retinopathy.

J Hum Hypertens 2002; 16(suppl 3):S42–S46.

105. Douketis JD, Sharma AM. The management of hyperten-

sion in the overweight and obese patient: is weight

reduction sufficient? Drugs 2004; 64:795–803.

106. Lithell HO, Pollare T, Berne C. Insulin sensitivity in

newly detected hypertensive patients: influence of capto-

pril and other antihypertensive agents on insulin sensi-

tivity and related biological parameters. J Cardiovasc

Pharmacol 1990; 15(suppl 5):S46–S52.

107. Yusuf S, Gerstein H, Hoogwerf B, Pogue J, Bosch J,

Wolffenbuttel BH, Zinman B; HOPE Study Investigators.

Ramipril and the development of diabetes. J Am Med

Assoc 2001; 286:1882–1885.

108. Hansson L, Lindholm LH, Niskanen L, Lanke J,

Hedner T, Niklason A, Luomanmaki K, Dahlof B,

de Faire U, Morlin C, Karlberg BE, Wester PO,

Bjorck JE. Effect of angiotensin-converting-enzyme

inhibition compared with conventional therapy on cardio-

vascular morbidity and mortality in hypertension: the

Captopril Prevention Project (CAPPP) randomised trial.

Lancet 1999; 353:611–616.

109. Chuahirun T, Simoni J, Hudson C, Seipel T, Khanna A,

Harrist RB, Wesson DE. Cigarette smoking exacerbates

and its cessation ameliorates renal injury in type 2

diabetes. Am J Med Sci 2004; 327:57–67.

110. Wright JT Jr, Agodoa L, Contreras G, Greene T,

Douglas JG, Lash J, Randall O, Rogers N, Smith MC,

Massry S, African American Study of Kidney Disease

and Hypertension Study Group. Successful blood pressure

control in the African American study of kidney disease

and hypertension. Arch Intern Med 2002; 162:1636–

1643.

111. Yu HT. Progression of chronic renal failure. Arch Intern

Med 2003; 163:1417–1429.

112. Wachtell K, Ibsen H, Olsen MH, Borch-Johnsen K,

Lindholm LH, Mogensen CE, Dahlof B, Devereux RB,

Beevers G, de Faire U, Fyhrquist F, Julius S,

Kjeldsen SE, Kristianson K, Lederballe-Pedersen O,

Nieminen MS, Okin PM, Omvik P, Oparil S, Wedel H,

Snapinn SM, Aurup P. Albuminuria and cardiovascular

risk in hypertensive patients with left ventricular hypertro-

phy: the LIFE study. Ann Intern Med 2003; 139:901–906.

113. Donnelly R, Yeung JM, Manning G. Microalbuminuria: a

common, independent cardiovascular risk factor,

especially but not exclusively in type 2 diabetes. J Hyper-

tens 2003; 21(suppl 1):S7–S12.

114. Brown WW, Peters RM, Ohmit SE, Keane WF, Collins A,

Chen SC, King K, Klag MJ, Molony DA, Flack JM. Early

detection of kidney disease in community settings: the

kidney early evaluation program (KEEP). Am J Kidney

Dis 2003; 42:22–35.

115. Boulware LE, Jaar BG, Tarver-Carr ME, Brancati FL,

Powe NR. Screening for proteinuria in US adults: a

cost-effectiveness analysis. J Am Med Assoc 2003;

290:3101–3114.

116. Jafar TH, Stark PC, Schmid CH, Landa M, Maschio G, de

Jong PE, de Zeeuw D, Shahinfar S, Toto R, Levey AS;

AIPRD Study Group. Progression of chronic kidney

disease: the role of blood pressure control, proteinuria,

and angiotensin-converting enzyme inhibition: a

patient-level meta-analysis. Ann Intern Med 2003;

139:244–252.

117. Laverman GD, Remuzzi G, Ruggenenti P. ACE inhibition

versus angiotensin receptor blockade: which is better for

renal and cardiovascular protection? J Am Soc Nephrol

2004; 15(suppl 1):S64–S70.

118. Laverman GD, de Zeeuw D, Navis G. Between-patient

differences in the renal response to renin–angiotensin

system intervention: clue to optimising renoprotective

therapy? J Renin Angiotensin Aldosterone Syst 2002;

3:205–213.

119. Campbell R, Sangalli F, Perticucci E, Aros C, Viscarra C,

Perna A, Remuzzi A, Bertocchi F, Fagiani L, Remuzzi G,

Ruggenenti P. Effects of combined ACE inhibitor and

angiotensin II antagonist treatment in human chronic

nephropathies. Kidney Int 2003; 63:1094–1103.

120. Ravid M, Lang R, Rachmani R, Lishner M. Long-term

renoprotective effect of angiotensin converting enzyme

inhibition in non-insulin dependent diabetes mellitus.

A 7-year follow-up study. Arch Int Med 1996;

156:286–289.

121. Lebovitz HE, Wiegmann TB, Cnaan A, Shahinfar S, Sica

DA, Broadstone V, Schwartz SL, Mengel MC, Segal R,

Versaggi JA. Renal protective effects of enalapril in

hypertensive NIDDM: role of baseline albuminuria.

Kidney Int Suppl 1994; 45:S150–S155.

122. Viberti G, Mogensen CE, Groop LC, Pauls JF. Effect of

captopril on progression to clinical proteinuria in patients

ACE Inhibitors 493



with insulin-dependent diabetes mellitus and microalbu-

minuria: European Microalbuminuria Captopril Study

Group. J Am Med Assoc 1994; 271:275–279.

123. Ihle BU, Whitworth JA, Shahinfar S, Cnaan A, Kincaid-

Smith PS, Becker GJ. Angiotensin-converting enzyme

inhibition in nondiabetic progressive renal insufficiency:

a controlled double-blind trial. Am J Kidney Dis 1996;

27:489–495.

124. Giatras I, Lau J, Levey AS. For the Angiotensin-Convert-

ing Enzyme Inhibition and Progressive Renal Disease

Study Group: Effect of angiotensin-converting enzyme

inhibitors on the progression of nondiabetic renal

disease: a meta-analysis of randomized trials. Ann Intern

Med 1997; 127:337–347.

125. Agodoa LY, Appel L, Bakris GL, Beck G, Bourgoignie J,

Briggs JP, Charleston J, Cheek D, Cleveland W, Douglas

JG, Douglas M, Dowie D, Faulkner M, Gabriel A,

Gassman J, Greene T, Hall Y, Hebert L, Hiremath L,

Jamerson K, Johnson CJ, Kopple J, Kusek J, Lash J, Lea

J, Lewis JB, Lipkowitz M, Massry S, Middleton J,

Miller ER III, Norris K, O’Connor D, Ojo A,

Phillips RA, Pogue V, Rahman M, Randall OS, Rostand

S, Schulman G, Smith W, Thornley-Brown D, Tisher

CC, Toto RD, Wright JT Jr, Xu S; African American

Study of Kidney Disease and Hypertension (AASK)

Study Group. Effect of ramipril vs amlodipine on renal

outcomes in hypertensive nephrosclerosis: a randomized

controlled trial. J Am Med Assoc 2001; 285:2719–2728.

126. Nakao N, Yoshimura A, Morita H, Takada M, Kayano T,

Ideura T. Combination treatment of angiotensin-II recep-

tor blocker and angiotensin-converting-enzyme inhibitor

in non-diabetic renal disease (COOPERATE): a random-

ised controlled trial. Lancet 2003; 361:117–124.

127. Wilmer WA, Hebert LA, Lewis EJ, Rohde RD, Whittier F,

Cattran D, Levey AS, Lewis JB, Spitalewitz S,

Blumenthal S, Bain RP. Remission of nephrotic syndrome

in type 1 diabetes: long-term follow-up of patients in the

captopril study. Am J Kidney Dis 1999; 34:308–314.

128. Lewis JB, Berl T, Bain RP, Rohde RD, Lewis EJ. Effect

of intensive blood pressure control on the course of

type 1 diabetic nephropathy. Am J Kidney Dis 1999;

34:809–817.

129. Estacio RO, Esler A, Mehler P. Effects of aggressive

blood pressure control in normotensive type 2 diabetic

patients on albuminuria, retinopathy and strokes. Kidney

Int 2002; 61:1086–1097.

130. Estacio R, Jeffers R, Gifford N, Schrier R. Effect of blood

pressure control on diabetic microvascular complications

in patients with hypertension and type 2 diabetes. Diabetes

Care 2000; 23:B54–B64.

131. Griffin KA, Abu-Amarah I, Picken M, Bidani AK.

Renoprotection by ACE inhibition or aldosterone block-

ade is blood pressure-dependent. Hypertension 2003;

41:201–206.

132. Jafar TH, Schmid CH, Landa M, Giatras I, Toto R,

Remuzzi G, Maschio G, Brenner BM, Kamper A,

Zucchelli P, Becker G, Himmelmann A, Bannister K,

Landais P, Shahinfar S, de Jong PE, de Zeeuw D, Lau J,

Levey AS. Angiotensin-converting enzyme inhibitors and

progression of nondiabetic renal disease. A meta-analysis

of patient-level data. Ann Intern Med 2001; 135:73–87.

133. Ruggenenti P, Perna A, Gherardi G, Benini R, Remuzzi G.

Chronic proteinuric nephropathies: outcomes and

response to treatment in a prospective cohort of 352

patients with different patterns of renal injury. Am J

Kidney Dis 2000; 35:1155–1165.

134. Sica DA. Kinetics of angiotensin converting enzyme

inhibitors in renal failure. J Cardiovasc Pharmacol 1992;

20(supp 10):S13–S20.

135. Jafar TH, Stark PC, Schmid CH, Landa M, Maschio G,

Marcantoni C, de Jong PE, de Zeeuw D, Shahinfar S,

Ruggenenti P, Remuzzi G, Levey AS; AIPRD Study

Group. Angiotensin-Converting Enzymne Inhibition and

Progression of Renal Disease. Proteinuria as a modifiable

risk factor for the progression of non-diabetic renal

disease. Kidney Int 2001; 60:1131–1140.

136. Marre M, Lievre M, Chatellier G, Mann JF, Passa P,

Menard J; DIABHYCAR Study Investigators. Effects of

low dose ramipril on cardiovascular and renal outcomes

in patients with type 2 diabetes and raised excretion of

urinary albumin: randomised, double blind, placebo con-

trolled trial (the DIABHYCAR study). Brit Med J 2004;

328:495.

137. Mann JF, Gerstein HC, Yi QL, Lonn EM, Hoogwerf BJ,

Rashkow A, Yusuf S. Development of renal disease in

people at high cardiovascular risk: results of the HOPE

randomized study. J Am Soc Nephrol 2003; 14:641–647.

138. Laverman G, Ruggenenti P, Remuzzi G. Angiotensin-

converting enzyme inhibition or angiotensin receptor

blockade in hypertensive diabetics? Curr Hypertens Rep

2003; 5:364–367.

139. Ruggenenti P, Mise N, Pisoni R, Arnoldi F, Pezzotta A,

Perna A, Cattaneo D, Remuzzi G. Diverse effects of

increasing lisinopril doses on lipid abnormalities in

chronic nephropathies. Circulation 2003; 107:586–592.

140. Bakris GL, Weir MR. Angiotensin-converting enzyme

inhibitor-associated elevations in serum creatinine: is this

a cause for concern? Arch Intern Med 2000; 160:685–693.

141. Apperloo AJ, de Zeeuw D, de Jong PE. A short-term anti-

hypertensive-treatment induced drop in glomerular fil-

tration rate predicts long-term stability of renal function.

Kidney Int 1997; 51:793–797.

142. Sica DA. Assessment of the role of ACE inhibitors in the

elderly. In: Prisant M, ed. Hypertension in the Elderly.

Humana Press Inc., 2004. In Press.

143. Heeg JE, de Jong PE, van der Hem GK, de Zeeuw D.

Efficacy and variability of the antiproteinuric effect

of ACE inhibition by lisinopril Kidney Int 1989;

36:272–279.

144. Buter H, Hemmelder MH, Navis G, de Jong PE, de

Zeeuw D. The blunting of the antiproteinuric efficacy of

ACE inhibition by high sodium intake can be restored by

hydrochlorothiazide. Nephrol Dial Transplant 1998;

13:1682–1685.

145. Gansevoort RT, de Zeeuw D, de Jong PE. Additive anti-

proteinuric effect of ACE inhibition and a low protein

diet in human renal disease. Nephrol Dial Transplant

1995; 10:497–504.

494 Management and Treatment in General and in Special Populations



146. Buter H, Hemmelder MH, van Paassen P, Navis G,

de Zeeuw D, de Jong PE. Is the antiproteinuric response

to inhibition of the renin–angiotensin system less effec-

tive during the night? Nephrol Dial Transplant 1997;

12(suppl 2):53–56.

147. Ueda S, Elliott HL, Morton JJ, Connell JM. Enhanced

pressor response to angiotensin I in normotensive men

with the deletion genotype (DD) for angiotensin-convert-

ing enzyme. Hypertension 1995; 25:1266–1269.

148. Cambien F, Poirier O, Lecerf L, Evans A, Cambou JP,

Arveiler D, Luc G, Bard JM, Bara L, Ricard S. Deletion

polymorphism in the gene for angiotensin-converting

enzyme is a potent risk factor for myocardial infarction.

Nature 1992; 359:641–644.

149. Parving HH, Jacobsen P, Tarnow L, Rossing P, Lecerf L,

Poirier O, Cambien F. Effect of deletion polymorphism of

angiotensin converting enzyme gene on progression of

diabetic nephropathy during inhibition of angiotensin con-

verting enzyme. Observational follow-up study. Brit Med

J 1996; 313:591–594.

150. Rudnicki M, Mayer G. Pharmacogenomics of angiotensin

converting enzyme inhibitors in renal disease—pathophy-

siological considerations. Pharmacogenomics 2003;

4:153–162.

151. Garg R, Yusuf S. For the Collaborative Group on ACE

Inhibitor Trials. Overview of randomized trials of angio-

tensin-converting enzyme inhibitors on mortality and

morbidity in patients with heart failure. J Am Med

Assoc 1995; 273:1450–1456.

152. Flather MD, Yusuf S, Kober L, Pfeffer M, Hall A, Murray

G, Torp-Pedersen C, Ball S, Pogue J, Moye L, Braunwald

E. Long-term ACE-inhibitor therapy in patients with heart

failure or left-ventricular dysfunction: a systematic over-

view of data from individual patients. ACE-Inhibitor

Myocardial Infarction Collaborative Group. Lancet

2000; 355:1575–1581.

153. Burwen DR, Galusha DH, Lewis JM, Bedinger MR,

Radford MJ, Krumholz HM, Foody JM. National and

state trends in quality of care for acute myocardial infarc-

tion between 1994–1995 and 1998–1999: the medicare

health care quality improvement program. Arch Intern

Med 2003; 163:1430–1439.

154. Megarry SG, Sapsford R, Hall AS, Ball SG. Do ACE

inhibitors provide protection for the heart in the clinical

setting of acute myocardial infarction? Drugs 1997;

54(suppl 5):48–58.

155. Indications for ACE inhibitors in the early treatment of

acute myocardial infarction: systematic review of individ-

ual data from 100,000 patients in randomised trials.

Circulation 1998; 97:2202–2212.

156. Mathew JP, Fontes ML, Tudor IC, Ramsay J, Duke P,

Mazer CD, Barash PG, Hsu PH, Mangano DT; Investigators

of the Ischemia Research and Education Foundation; Multi-

center Study of Perioperative Ischemia Research Group. A

multicenter risk index for atrial fibrillation after cardiac

surgery. J Am Med Assoc 2004; 291:1720–1729.

157. Shekelle PG, Rich MW, Morton SC, Atkinson CS, Tu W,

Maglione M, Rhodes S, Barrett M, Fonarow GC,

Greenberg B, Heidenreich PA, Knabel T, Konstam MA,

Steimle A, Warner Stevenson L. Efficacy of ACE inhibi-

tors and b-blockers in the management of left ventricular

systolic dysfunction according to race, gender, and

diabetic status: a meta-analysis of major clinical trials.

J Am Coll Cardiol 2003; 41:1529–1538.

158. Liu P, Arnold JM, Belenkie I, Demers C, Dorian P,

Gianetti N, Haddad H, Howlett J, Ignazewski A, Jong P,

McKelvie R, Moe G, Parker JD, Rao V, Rouleau JL,

Teo K, Tsuyuki R, White M, Huckel V, Issac D, Johnstone

D, LeBlanc MH, Lee H, Newton G, Niznick J, Ross H,

Roth S, Roy D, Smith S, Sussex B, Yusuf S; Canadian

Cardiovascular Society. The 2002/3 Canadian Cardiovas-

cular Society consensus guideline update for the diagnosis

and management of heart failure. Can J Cardiol 2003;

19:347–356.

159. ACC/AHA Guidelines for the Evaluation and Manage-

ment of Chronic Heart Failure in the Adult: Executive

Summary—A Report of the American College of Cardiol-

ogy/American Heart Association Task Force on Practice

Guidelines. Circulation 2001; 104:2996–3007.

160. Massie B. Neurohormonal blockade in chronic heart

failure; How much is enough? can there be too much?

J Am Coll Cardiol 2002; 39:79–82.

161. Remme WJ. Effect of ACE inhibition on neurohormones.

Eur Heart J 1998; 19(suppl J):J16–J23.

162. Cruden NL, Witherow FN, Webb DJ, Fox KA, Newby DE.

Bradykinin contributes to the systemic hemodynamic

effects of chronic angiotensin-converting enzyme inhibition

in patients with heart failure. Arterioscler Thromb Vasc

Biol 2004; 24(suppl 6):1043–1048 (Epub 2004 Apr 22).

163. Anker SD, Negassa A, Coats AJ, Afzal R, Poole-Wilson

PA, Cohn JN, Yusuf S. Prognostic importance of weight

loss in chronic heart failure and the effect of treatment

with angiotensin-converting-enzyme inhibitors: an obser-

vational study. Lancet 2003; 361:1077–1083.

164. Hirooka K, Koretsune Y, Yoshimoto S, Irino H, Abe H,

Yasuoka Y, Yamamoto H, Hashimoto K, Chin W,

Kusuoka H. Twice-daily administration of a long-acting

angiotensin-converting enzyme inhibitor has greater

effects on neurohumoral factors than a once-daily

regimen in patients with chronic congestive heart

failure. J Cardiovasc Pharmacol 2004; 43:56–60.

165. Schoolwerth AC, Sica DA, Ballermann BJ, Wilcox CS.

Renal considerations in angiotensin converting enzyme

inhibitor therapy: a statement for healthcare professionals

from the Council on the Kidney in Cardiovascular Disease

and the Council for High Blood Pressure Research of the

American Heart Association. Circulation 2001;

104:1985–1991.

166. Kittleson M, Hurwitz S, Shah MR, Nohria A, Lewis E,

Givertz M, Fang J, Jarcho J, Mudge G, Stevenson LW.

Development of circulatory-renal limitations to angioten-

sin-converting enzyme inhibitors identifies patients with

severe heart failure and early mortality. J Am Coll

Cardiol 2003; 41:2029–2035.

167. Agusti A, Bonet S, Arnau JM, Vidal X, Laporte JR. Adverse

effects of ACE inhibitors in patients with chronic heart

failure and/or ventricular dysfunction: meta-analysis of

randomised clinical trials. Drug Saf 2003; 26:895–908.

ACE Inhibitors 495



168. Valsartan, captopril, or both in myocardial infarction com-

plicated by heart failure, left ventricular dysfunction, or

both. N Engl J Med 2003; 349:1893–1906.

169. Bungard TJ, McAlister FA, Johnson JA, Tsuyuki RT.

Underutilization of ACE inhibitors in patients with con-

gestive heart failure. Drugs 2001; 61:2021–2033.

170. Chen YT, Wang Y, Radford MJ, Krumholz HM.

Angiotensin-converting enzyme inhibitor dosages in

elderly patients with heart failure. Am Heart J 2001;

141:410–417.

171. Kvan E, Reikvam A. The problem of underdosing of

angiotensin-converting enzyme inhibitors is markedly

overrated: results from a study of patients discharged

from hospital after an acute myocardial infarction. Eur J

Clin Pharmacol 2004; 60:205–210.

172. Schwartz JS, Wang YR, Cleland JG, Gao L, Weiner M,

Poole-Wilson PA; ATLAS Study Group. High- versus

low-dose angiotensin converting enzyme inhibitor

therapy in the treatment of heart failure: an economic

analysis of the Assessment of Treatment with Lisinopril

and Survival (ATLAS) trial. Am J Manag Care 2003;

9:417–424.

173. Dries DJ, Yancy CW, Strong MA, Drazner MH.

Racial response to angiotensin-converting enzyme

therapy in systolic heart failure. Cong Heart Fail 2004;

10:30–33.

174. Ryan TJ, Antman EM, Brooks NH, Califf RM, Hillis LD,

Hiratzka LF, Rapaport E, Riegel B, Russell RO, Smith EE

III, Weaver WD, Gibbons RJ, Alpert JS, Eagle KA,

Gardner TJ, Garson A Jr, Gregoratos G, Smith SC Jr.

1999 update: ACC/AHA Guidelines for the Management

of Patients with Acute Myocardial Infarction: Executive

Summary and Recommendations: A Report of the Amer-

ican College of Cardiology/American Heart Association

Task Force on Practice Guidelines (Committee on Man-

agement of Acute Myocardial Infarction). Circulation

1999; 100:1016–1030.

175. Naccarella F, Naccarelli GV, Maranga SS, Lepera G,

Grippo MC, Melandri F, Gatti M, Pazzaglia S,

Spinelli G, Angelini V, Ambrosioni E, Borghi C,

Giovagnorio MT, Nisam S. Do ACE inhibitors or angio-

tensin II antagonists reduce total mortality and arrhythmic

mortality? A critical review of controlled clinical trials.

Curr Opin Cardiol 2002; 17:6–18.

176. Turnbull F; Blood Pressure Lowering Treatment Trialists’

Collaboration. Effects of different blood-pressure-

lowering regimens on major cardiovascular events:

results of prospectively-designed overviews of random-

ised trials. Lancet 2003; 362:1527–1535.

177. PROGRESS Collaborative Group. Randomised trial of a

perindopril-based blood-pressure-lowering regimen

among 6105 individuals with previous stroke or transient

ischaemic attack. Lancet 2001; 358:1033–1041.

178. Anderson C. Blood pressure-lowering for secondary

prevention of stroke: ACE inhibition is the key. Stroke

2003; 34:1333–1334.

179. Bath P. Blood pressure-lowering for secondary prevention

of stroke: ACE inhibition is not the key. Stroke 2003;

34:1334–1335.

180. Davis SM, Donnan GA. Blood pressure reduction and

ACE inhibition in secondary stroke prevention: mechan-

ism uncertain. Stroke 2003; 34:1335–1336.

181. Fournier A, Messerli FH, Achard JM, Fernandez L. Cere-

broprotection mediated by angiotensin II: a hypothesis

supported by recent randomized clinical trials. J Am

Coll Cardiol 2004; 43:1343–1347.

182. Bosch J, Yusuf S, Pogue J, Sleight P, Lonn E, Rangoon-

wala B, Davies R, Ostergren J, Probstfield J; HOPE Inves-

tigators. Heart outcomes prevention evaluation. Use of

ramipril in preventing stroke: double blind randomised

trial. Brit Med J 2002; 324:699–702.

183. Goldstein LB, Adams R, Becker K, Furberg CD, Gorelick

PB, Hademenos G, Hill M, Howard G, Howard VJ, Jacobs

B, Levine SR, Mosca L, Sacco RL, Sherman DG, Wolf

PA, del Zoppo GJ. Primary prevention of ischemic

stroke: a statement for healthcare professionals from the

Stroke Council of the American Heart Association.

Stroke 2001; 32:280–299.

184. Ohkubo T, Chapman N, Neal B, Woodward M, Omae T,

Chalmers J; Perindopril Protection Against Recurrent

Stroke Sutdy Collaborative Group. Effects of an angioten-

sin-converting enzyme inhibitor-based regimen on pneumo-

nia risk. Am J Respir Crit Care Med 2004; 169:1041–1045.

185. Arai T, Yasuda Y, Takaya T, Toshima S, Kashiki Y,

Shibayama M, Yoshimi N, Fujiwara H. Angiotensin-

converting enzyme inhibitors, angiotensin-II receptor

antagonists, and pneumonia in elderly hypertensive

patients with stroke. Chest 2001; 119:660–661.

186. Tzourio C, Anderson C, Chapman N, Woodward M, Neal

B, MacMahon S, Chalmers J; PROGRESS Collaborative

Group. Effects of blood pressure lowering with perindo-

pril and indapamide therapy on dementia and cognitive

decline in patients with cerebrovascular disease. Arch

Intern Med 2003; 163:1069–1075.

187. Textor SC. Renal failure related to angiotensin-converting

enzyme inhibitors. Semin Nephrol 1997; 17:67–76.

188. Bouvy ML, Heerdink ER, Hoes AW, Leufkens HG.

Effects of NSAIDs on the incidence of hospitalisations

for renal dysfunction in users of ACE inhibitors. Drug

Saf 2003; 26:983–989.

189. Tabacova S, Little R, Tsong Y, Vega A, Kimmel CA.

Adverse pregnancy outcomes associated with maternal

enalapril antihypertensive treatment. Pharmacoepidemiol

Drug Saf 2003; 12:633–646.

190. Textor SC, Bravo EL, Fouad FM, Tarazi RC. Hyperkale-

mia in azotemic patients during angiotensin-converting

enzyme inhibition and aldosterone reduction with capto-

pril. Am J Med 1982; 73:719–725.

191. Juurlink DN, Mamdani M, Kopp A, Laupacis A,

Redelmeier DA. Drug-drug interactions among elderly

patients hospitalized for drug toxicity. J Am Med Assoc

2003; 289:1652–1658.

192. Cruz CS, Cruz AA, Marcilio de Souza CA. Hyperkalae-

mia in congestive heart failure patients using ACE inhibi-

tors and spironolactone. Nephrol Dial Transplant 2003;

18:1814–1819.

193. Israili ZH, Hall WD. Cough and angioneurotic associated

with angiotensin-converting enzyme inhibitor therapy: a

496 Management and Treatment in General and in Special Populations



review of the literature and pathophysiology. Ann Intern

Med 1992; 117:234–242.

194. Chalmers D, Dombey SL, Lawson DH. Post-marketing

surveillance of captopril (for hypertension): a preliminary

report. Br J Clin Pharmacol 1987; 24:343–349.

195. Rahimtoola H, Buurma H, Tijssen CC, Leufkens HG,

Egberts AC. Reduction in the therapeutic intensity of abor-

tive migraine drug use during ACE inhibition therapy—a

pilot study. Pharmacoepidemiol Drug Saf 2004; 13:41–47.

196. Onder G, Pahor M, Gambassi G, Federici A, Savo A,

Carbonin P, Bernabei R, GIFA Study. Association

between ACE inhibitors use and headache caused by

nitrates among hypertensive patients: results from the

Italian group of pharmacoepidemiology in the elderly.

Cephalalgia 2003; 23:901–906.

197. Gibbs CR, Lip GYH, Beevers DG. Angioedema due to

ACE inhibitors: increased risk in patients of African

origin. Br J Clin Pharmacol 1999; 48:861–865.

198. Cicardi M, Zingale LC, Bergamaschini L, Agostoni A.

Angioedema associated with angiotensin-converting

enzyme inhibitor use: outcome after switching to a differ-

ent treatment. Arch Int Med 2004; 164:910–913.

199. Granger CB, McMurray JJ, Yusuf S, Held P, Michelson

EL, Olofsson B, Ostergren J, Pfeffer MA, Swedberg K;

CHARM Investigators and Committees. Effects of cande-

sartan in patients with chronic heart failure and reduced

left ventricular systolic function intolerant to angiotensin-

converting enzyme inhibitors: the CHARM-Alternative

trial. Lancet 2003; 362:772–776.

200. Gregory KW, Davis RC. Images in clinical medicine.

Angioedema of the intestine. N Engl J Med 1996; 334:1641.

201. Orr KK, Myers JR. Intermittent visceral edema induced by

long-term enalapril administration. Ann Pharmacother

2004; 38:825–827.

202. Cheng RM, Mamdani M, Jackevicius CA, Tu K.

Association between ACE inhibitors and acute pancreati-

tis in the elderly. Ann Pharmacother 2003; 37:994–998.

203. Sica DA, Gehr TWB. The pharmacokinetics and

pharmacodynamics of angiotensin receptor blockers in

end-stage renal disease. J Renin–Angio Aldo Sys 2002;

3:247–254.

204. Rasoul S, Carretero OA, Peng H, Cavasin MA, Zhuo J,

Sanchez-Mendoza A, Brigstock DR, Rhaleb NE. Antifi-

brotic effect of Ac-SDKP and angiotensin-converting

enzyme inhibition in hypertension. J Hypertens 2004;

22:593–603.

205. Yildiz A, Cine N, Akkaya V, Sahin S, Ismailoglu V, Turk

S, Bozfakioglu S, Sever MS. Comparison of the effects of

enalapril and losartan on posttransplantation erythrocyto-

sis in renal transplant recipients: prospective randomized

study. Transplantation 2001; 72:542–545.

206. Trivedi H, Lal SM. A prospective, randomized, open

labeled crossover trial of fosinopril and theophylline in

post renal transplant erythrocytosis. Ren Fail 2003;

25:77–86.

207. Plata R, Cornejo A, Arratia C, Anabaya A, Perna A,

Dimitrov BD, Remuzzi G, Ruggenenti P, Commission

on Global Advancement of Nephrology (COMGAN),

Research Subcommittee of the International Society of

Nephrology. Angiotensin-converting-enzyme inhibition

therapy in altitude polycythaemia: a prospective random-

ised trial. Lancet 2002; 359:663–666.

ACE Inhibitors 497





30

Angiotensin II Receptor Antagonists

MARC MAILLARD, MICHEL BURNIER

Service of Nephrology, CHUV, Lausanne, Switzerland

Keypoints 499

Summary 499

I. Introduction 500

II. Pharmacology of Angiotensin II

Receptor Antagonists 500

A. Losartan 501

B. Valsartan 503

C. Irbesartan 503

D. Candesartan 504

E. Eprosartan 504

F. Telmisartan 504

G. Olmesartan 505

III. Tolerability and Safety Profile

of Angiotensin II Receptor Antagonists 505

IV. Use of Angiotensin II Receptor

Antagonists in Hypertension 506

V. Differences Between

Angiotensin II Receptor Antagonists 506

VI. Combining Angiotensin II Receptor

Antagonists with ACE Inhibitors 507

VII. Clinical Trials with Angiotensin II Receptor

Antagonists 508

VIII. Cardiac and Renal Effects of

Angiotensin II Receptor Antagonists 509

IX. Conclusions 513

References 513

KEYPOINTS

. Seven angiotensin II antagonists are currently

marketed and used Worldwide to hypertensive

patients and patients with congestive heart failure

and type 2 diabetes.

. These agents have a common mechanism of action, but

pharmacokinetic and pharmacodynamic differences

clearly account for clinically significant differences.

. A large number of outcome trials have demon-

strated their efficacy in decreasing the cardiovascu-

lar morbidity and mortality in hypertensive patients

and in retarding progression of diabetic nephro-

pathy in type 2 diabetes.

. Because of their efficacy and tolerability profile,

these drugs have the potential to become the

leading compounds for managing hypertensive

patients with cardiovascular and renal diseases.

SUMMARY

Ten years after the introduction for clinical use of losartan,

the first orally active angiotensin II receptor antagonist,

seven compounds—the pharmacological characteristics

of which are described in this chapter—are registered

by the US Food and Drug Administration and are used

in the United States and in various European countries

for the treatment of hypertension, heart failure and for

the prevention of type-2 diabetic nephropathy. Indeed a

large number of clinical studies and the completion of

several large outcome trials have demonstrated their

499



efficacy to lower morbidity and mortality in these various

groups of patients. All these agents that selectively block

the binding of angiotensin II to the subtype 1 receptor

have an excellent tolerability profile which is a real advan-

tage as these agents are prescribed most frequently to

asymptomatic patients. While pharmacokinetic and phar-

macodynamic differences clearly accounted for clinically

significant differences at least in term of blood pressure

control between antagonists, some unresolved questions

still remain such as the right dose to use in order to

achieve the optimal target organ protection, the role of

the AT2 receptors or the potential benefits of a combi-

nation with ACE inhibitors. These questions will probably

find their answers in the next few years with the results of

the ongoing studies.

I. INTRODUCTION

In the last decades, blockade of the renin–angiotensin–

aldosterone cascade (RAS), an important blood pressure-

regulating mechanism, has proven to be very effective in

treating hypertension and related disorders including

heart failure and renal disease. Nonetheless, angiotensin-

converting enzyme inhibitors (ACE inhibitors), the first

drugs available to inhibit the generation of angiotensin

II, are not devoid of side effects that sometimes limit

their clinical use. Thus, cough occurs in �10% of patients

treated with an ACE inhibitor, and some individuals may

develop angioedema because the ACE enzyme is also

involved in the metabolism of bradykinin (42).

Another limitation of these drugs is that during chronic

treatment some angiotensin II is still found at measurable

levels in the circulation (39). This phenomenon is due to

the reactive rise in plasma renin activity and plasma

angiotensin I levels, which results in the generation of

the angiotensin II as soon as some enzyme becomes

available. This so-called “escape” phenomenon is

particularly pronounced if the activity of ACE is not

fully inhibited around the clock. Angiotensin II can also

be produced through non-ACE pathways.

Thus, there was clearly a possibility of improving the

ability to block the renin–angiotensin system even more

effectively by acting directly at the receptor level. This

hypothesis led to the development of the selective angio-

tensin II type 1 (AT1) receptor antagonists, one of the

latest class of drugs to be introduced for treating hyperten-

sion (52). These drugs act at the final step of the renin–

angiotensin pathway by selectively inhibiting the AT1

receptor subtype. In contrast to what is observed with

ACE inhibition, there is no possible bypass.

As already discussed in Chapter 10, the AT1 receptor

subtype is responsible for most of the known actions of

angiotensin II such as smooth muscle contraction,

aldosterone, catecholamine, and arginine vasopressin

release and cell proliferation. There is another angiotensin

II receptor subtype, the AT2 receptor, whose role is being

increasingly delineated. This receptor appears to be predo-

minantly involved in embryonic development, but it may

also play a vasodilatory role in certain situations such as

the response to shear stress. Some authors have suggested

that this AT2 activation may contribute to the pharma-

cological effects of the AT1 receptor antagonists (13).

Indeed, the selective blockade of AT1 receptors, which

reduces the effects of angiotensin II, leads to a compen-

satory rise in circulating angiotensin II levels that may

stimulate the AT2 receptors, as the latter are not blocked

by the AT1 antagonists. In fact, in vitro data effectively

suggest that chronic stimulation of the AT2 receptor may

be beneficial in reducing cardiovascular remodeling by

inhibiting cardiac and vascular smooth muscle growth

and proliferation, stimulating apoptosis, and promoting

extracellular matrix synthesis. However, whether these

effects are also present clinically is still debated.

Orally active angiotensin II antagonists became avail-

able in the early 1990s. The first drug marketed from

this group was losartan in 1995. Since then, many antagon-

ists have been synthesized, and several have received

approval for the treatment of hypertension by the United

States Food and Drug Administration. Seven antagonists

are currently marketed and used in the United States and

Europe to treat hypertensive patients and patients with

congestive heart failure and type 2 diabetes (4) (Fig. 30.1).

II. PHARMACOLOGY OF ANGIOTENSIN II
RECEPTOR ANTAGONISTS

All angiotensin II receptor antagonists share a common

mechanism of action; they selectively block the angioten-

sin II subtype-1 (AT1) receptors. However, these various

antagonists differ in their pharmacological profile, and

these differences may sometimes affect their clinical effi-

cacy. On the basis of in vitro binding studies, AT1 receptor

antagonists have been divided into two groups:

. Surmountable antagonists (losartan and eprosartan);

. Insurmountable antagonists (EXP3174, valsartan,

irbesartan, candesartan, telmisartan, and

olmesartan).

Although both groups produce a rightward shift of the

angiotensin II dose–response curve, the maximal response

is unaffected by surmountable antagonists, whereas it is

reduced by insurmountable antagonists, leading to a non-

parallel displacement of the angiotensin II response

curve. Of note, the surmountable vs. insurmountable antag-

onism describes the ligand–antagonist interaction occur-

ring when cells or tissue preparations are preincubated
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with the antagonist and thereafter exposed to the agonist. In

contrast, the competitive or noncompetitive nature of a

drug is related to experimental conditions in which the

ligand and the antagonist are added simultaneously.

Recent studies have actually demonstrated that even

though some AT1 receptor antagonists are surmountable

and others insurmountable, all are competitive antagonists,

which means that they compete with angiotensin II at the

receptor level according to the law of mass action (16).

The molecular basis for insurmountable antagonism is

still a matter of debate. Several different potential mech-

anisms have been proposed (16,29). Recently, increasing

evidence suggests that a slow dissociation from the recep-

tor resulting in increased longevity of the antagonist–

receptor complex is one of the leading mechanisms of

the insurmountable characteristic of angiotensin II recep-

tor antagonists. Although the specific mode of receptor

occupancy has not been clearly linked with the blood

pressure response to an angiotensin II antagonist, it is

likely that a slow off-rate from the AT1 receptor may

extend the time of occupancy of the receptor protein and

lengthen the duration of antagonism (29).

Another common feature of all angiotensin II receptor

antagonists is their high binding to plasma proteins

(.95%), mainly albumin and a1-acid glycoprotein. In

general, the protein binding of antihypertensive drugs

has little, if any, effect on its clinical efficacy. Yet, we

have reported that the strength of the binding between pro-

teins and angiotensin II antagonists differs with the various

compounds and may actually affect their clinical efficacy.

Thus, for example, some AT1 receptor antagonists are so

tightly bound to plasma proteins when administered to

humans that they do not exhibit any antagonistic effect,

even though they were found to be very effective antagon-

ists when investigated in vitro (27). These observations

suggest that the qualitative interaction between AT1

receptor antagonists and proteins, and not necessarily the

quantitative aspect of the binding, is an important pharma-

cological characteristic of angiotensin II receptor

antagonists.

Despite numerous chemical similarities, the angioten-

sin II receptor antagonists differ from one another in

their pharmacokinetic profiles including absorption, bioa-

vailability, tissue distribution, metabolism, and rate of

elimination, as shown in Table 30.1. The absorption rate

of a compound generally influences the speed with

which this latter acts, while the extent of compound

absorption is another feature determining the drug effect.

Tissue distribution (VD) is a parameter that in theory

characterizes the penetration of drug into deep tissue com-

partments. It has been suggested that larger VD correlates

with higher and facilitated extravascular AT1 receptor

access. Finally, the pharmacokinetic half-life of a com-

pound roughly approximates its duration of effect. Long-

lasting drugs such as irbesartan, candesartan, telmisartan,

or olmesartan can effectively be considered as once-a-

day compounds.

A. Losartan

Losartan (Cozaarw, Merck), was the first orally bioavail-

able, nonpeptide AT1 antagonist to be used in humans. It

has been studied extensively in both animals and human

volunteers, and its effectiveness as an antihypertensive

agent was established in the early 1990s. In vitro, losartan

selectively competes with the binding of angiotensin II to

the AT1 receptor, with a median inhibitory concentration

(IC50) of 17–20 nmol/L. Losartan undergoes first-pass

hepatic metabolism via cytochrome P-450 (CYP) isoen-

zymes 2C9 and 3A4 to its active carboxylic acid metabolic
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Figure 30.1 Oral angiotensin II receptor antagonists that are currently used in the United States and Europe for the management of

hypertension and congestive heart failure.
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EXP-3174. EXP-3174 is 10–20 times more potent than

losartan and has a longer duration of action than that of

losartan. In fact, most of the effects observed after drug

intake are due to EXP-3174. However, as the oral bioavail-

ability of EXP-3174 is very low, the drug on the market is

losartan. On the isolated rabbit aorta, losartan produces a

surmountable blockade of the contractile response

induced by angiotensin II, whereas EXP-3174 causes an

insurmountable blockade. Food tends to slow the absorp-

tion of the drug, but this effect has only a minimal clinical

impact. Losartan and its metabolite are excreted by the

kidney and bile, and neither compound is dialyzed.

Finally, in contrast to other angiotensin II receptor antagon-

ists, losartan has been documented to lower plasma uric

acid levels after single or multiple doses in healthy subjects

as well as in hypertensive subjects (6,57). This effect,

which potentially could be an advantage in patients conco-

mitantly treated with a diuretic or with hyperuremia for

other reasons, is due to the losartan molecule itself and

not to its active metabolite. Losartan increases urinary

uric acid excretion by inhibiting the urate/anion exchanger

found in the brush-border of the renal proximal tubule (5).

The recommended doses of losartan are 50–100 mg

once daily. Most clinical studies have been conducted

with the 50 mg dose, but more recent trials have used

losartan 100 mg once daily (19). Fixed combinations of

losartan (50 and 100 mg) and hydrochlorothiazide (12.5

or 25 mg) are available in many countries. Losartan has

received the indication for treating hypertension and, in

some countries, also for treating congestive heart failure

and prevention of diabetic nephropathy in type 2 diabetes.

B. Valsartan

Valsartan (Diovanw, Taregw, Nisisw; Novartis) was the

second nonpeptide angiotensin II receptor antagonist

available for treating hypertension. Valsartan is a non-

heterocyclic compound in which the imidazole of losartan

has been replaced with an acylated amino acid. In vitro, it

blocks the AT1 receptor in an insurmountable fashion.

Valsartan inhibits the binding of angiotensin II to rat

aorta AT1 receptors with an IC50 of 2.7 nmol/L. In con-

trast to losartan, valsartan does not require conversion to

an active metabolite and�80–90% of the drug is excreted

unchanged in the bile (70%) and by the kidney (30%).

Only one metabolite (valeryl-4-hydroxy valsartan),

which is not active, accounting for 10% of recovered

drug, is also found in the feces. After oral application, val-

sartan is rapidly absorbed, with a bioavailability of 25%,

which is reduced by �40% if the drug is taken with

food (31).

The recommended starting doses of valsartan are 80–

160 mg once daily, with possible titration to doses up to

320 mg daily. In heart failure, valsartan has been used

safely at a dose of 160 mg bid. As observed for losartan,

the safety profile of valsartan is excellent, with adverse

reactions such as headache, upper-respiratory-tract infec-

tions, diarrhea, fatigue, and cough occurring at rates com-

parable with placebo. At higher dosages (320 mg/day),

dizziness became more prevalent (31).

No clinically important pharmacokinetic interactions

were reported when valsartan was given with other drugs

such as digoxin, warfarin, glyburide, cimetidine, or hydro-

chlorothiazide, currently administered in elderly patients.

Fixed combinations of valsartan and hydrochlorothiazide

are also marketed.

C. Irbesartan

Like losartan, irbesartan (Aprovelw, Avaprow, Karveaw;

Bristol-Myers Squibb/Sanofi Synthelabo) is an

imidazole-derivative with a biphenyl-tetrazol side chain.

The molecule has an imidazolinone ring in which the car-

bonyl group replaces the hydroxylmethyl group of losartan

(or the carboxylic moieties of EXP-3174) as hydrogen

bond acceptor. Irbesartan has a high affinity for the AT1

receptor, with an IC50 of 1.7 nmol/L in human vascular

smooth muscle cells. In vitro, irbesartan induces an insur-

mountable blockade of AT1 receptors. Irbesartan has no

active metabolite, and food does not affect its bioavailabil-

ity which, with an average of 60–80%, is higher than that

of other angiotensin II receptor antagonists. Irbesartan is

longer acting than losartan and valsartan, with an elimin-

ation half-life of about 11–15 h.

There are some controversies about the binding of this

drug to plasma proteins. This latter was originally claimed

to be smaller than those usually observed within other

angiotensin II antagonists (90–92%), but in a more

recent study, irbesartan was found to have a protein

binding (,99%) comparable with other antagonists (40).

Irbesartan is mainly excreted (60–80%) in the feces,

whereas �25% appears in urine. As irbesartan is strongly

metabolized via hepatic glucuronidation and oxidation

(mainly CYP 2C9), only �1% is excreted as the

unchanged molecule. Warfarin and digoxin appear to

have negligible effects on CYP 2C9 metabolism of irbesar-

tan, and no potential drug interactions have been reported

except with fluconazole (18).

The recommended doses of irbesartan are 150 and

300 mg once daily. Antihypertensive effects are seen

within 2 weeks of initiating therapy, with maximum

effects occurring between 2 and 6 weeks. In clinical

studies, there was no relationship between the dosage

and the overall frequency of adverse events, which

remained similar to those observed for placebo (18). Irbe-

sartan is also available in fixed combinations with a small

dose of hydrochlorothiazide for use in patients who have

not achieved the desired blood pressure-lowering effect
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with irbesartan monotherapy. Irbesartan is indicated for

treating hypertension and preventing diabetic nephropathy

in type 2 diabetes.

D. Candesartan

Candesartan (Atacandw, Kenzenw, Blopressw; Astra-

Zeneca/Takeda) is a potent long-lasting angiotensin II

receptor antagonist that is rapidly produced in the gastro-

instestinal tract by hydrolysis of an easily orally absorbed

ester-prodrug candesartan–cilexetil (TCV-116). Cande-

sartan inhibits the in vitro binding of angiotensin II to

AT1 receptors of rabbit aortic membrane, with an inhi-

bition constant (Ki) of 0.64 nmol/L (35). This drug pro-

duces an insurmountable antagonism because of a tight

binding to and a slow dissociation from the AT1 receptors.

Following oral administration, candesartan–cilexetil is

quantitatively converted to candesartan, with an average

absolute bioavailability of candesartan of �40%. Cande-

sartan has an elimination half-life of �9 h, which might

be prolonged in elderly patients. It is mainly eliminated

unchanged by the kidneys (30%) and the bile (70%). Of

note, candesartan has a rather small apparent volume of

distribution (0.1 L/kg), which results in starting and main-

tenance doses of candesartan (8–16 mg once-a-day) that

are smaller than those of other antagonists (35). Titration

to 32 mg has been used in some clinical trials and has

been shown to provide a greater antihypertensive efficacy.

No reports of clinically important interactions between

candesartan and other drugs commonly prescribed in

hypertensive patients or with oral contraceptives have

been noticed. The dosage of candesartan must be indivi-

dualized, especially in patients with severe renal or

hepatic impairments or in the elderly. Candesartan/hydro-

chlorothiazide fixed combinations are also available with

different doses of candesartan (35).

E. Eprosartan

Eprosartan (Tevetenw; SmithKline Beecham/Solvay) was

the fourth selective nonpeptide angiotensin II receptor

antagonist to gain approval for use in treating hypertension

in the United States. Eprosartan is the unique representa-

tive of a nonbiphenyl, nontetrazole AT1 antagonist class.

This compound is the last development of an imidazole-

5-acrylic acid series of nonpeptide angiotensin II receptor

antagonists. Introduction of a p-carboxylic acid on the

N-benzyl ring resulted in nanomolar affinity for the AT1

receptor and good oral activity; the presence of a thienyl

ring (sulfur-containing heterocycle) together with two

acid groups was important to achieve good potency. Epro-

sartan does not require any metabolic activation or trans-

formation to produce an effective AT1 receptor

antagonism (34). Eprosartan is a specific antagonist of

the AT1 receptor, which shows a true surmountable com-

petitive antagonism in vitro. It inhibits [125I]-angiotensin

II binding to rat mesenteric artery membranes with an

IC50 of 1.5 nmol/L, and it is also a potent inhibitor of

labeled-angiotensin binding to human liver membranes

(IC50 ¼ 1.7 nmol/L). The bioavailability of eprosartan is

smaller than those of other antagonists. It is limited by

an incomplete oral absorption rather than high first-pass

metabolism. In addition, depending on the formulation,

eprosartan absorption may be reduced by 25% and

retarded by 1.5 h when the drug is administered with

food (9). The bile represents the main excretory pathway

(90%); 7% of eprosartan is found as unchanged drug in

urine.

Several studies have investigated the ability of eprosar-

tan to block presynaptic AT1 receptors, located at the vas-

cular neuroeffector junction, but with contrasted results

(34). The usual maintenance dose of eprosartan is

600 mg daily. Because eprosartan has a half-life of

5–7 h, most initial studies have been conducted using a

twice-a-day regimen. However, a double-blind, parallel

group, placebo-controlled, and multicenter study compar-

ing the antihypertensive efficacy in 243 patients of one

daily dose vs. half-doses given twice a day showed that

there was no significant difference in efficacy and toler-

ability of eprosartan between the two regimens and that

both regimens induced significant blood pressure

reductions (20). Thus, eprosartan is now rather used in a

once-daily regimen with a recommended dose of 400–

800 mg/day. Eprosartan does not inhibit CYP450 isoen-

zymes and is not metabolized via this pathway. Thus,

eprosartan would not be expected to be at risk of drug

interactions.

F. Telmisartan

Telmisartan (Micardisw, Pritorw, Kinzalw; Boehringer

Ingelheim/Glaxo Wellcome/Bayer) is a long-acting

angiotensin II receptor antagonist that gained approval

for use in treating hypertension in 1998. Chemically, tel-

misartan lacks the tetrazole unit and has a common benzi-

midazole group with candesartan. The substitution of this

benzimidazole moiety with a basic heterocycle results in

potent AT1 antagonism and good absorption after oral

application. Telmisartan is an insurmountable antagonist

of the AT1 receptor that does not affect other receptor

systems involved in cardiovascular regulation. It inhibits

the binding of labeled angiotensin II to AT1 receptors in

rat lungs with a Ki of 3.7 nmol/L. The absolute bioavail-

ability of telmisartan is dose-dependent and varies from

30% to 60%. Telmisartan is more lipophilic than other

antagonists; this feature, coupled with a high volume of

distribution, could result in good tissue penetration.
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Telmisartan is not a prodrug and has a long terminal

elimination half-life (�24 h), making it suitable for

once-a-day dosing. The compound, which is not metab-

olized by cytochrome P450 isoenzymes, undergoes

minimal glucuro-transformation and is almost completely

excreted in the feces (98%) (56). In contrast to other

angiotensin II receptor antagonists, some drug inter-

actions with telmisartan have been described. In parti-

cular, telmisartan causes an increase in serum digoxin,

and it may also decrease warfarin plasma levels during

coadministration (50).

The overall frequency of adverse events with telmisar-

tan 20–160 mg/day was reported to be similar to that with

placebo. Telmisartan is used at the recommended starting

dose of 40 mg once daily; this dose may be increased to

80 mg in case of insufficient blood pressure-lowering

effect. The fixed dose combination of telmisartan and

hydrochlorothiazide is now available in some countries.

G. Olmesartan

Olmesartan medoxomil (Benikarw; Sankyo) is a new

orally active angiotensin II receptor antagonist that

recently (2002) gained FDA approval for use in treating

hypertension. It is also now on the market in Europe.

This compound is a prodrug containing, like candesartan–

cilexetil, an ester-moiety that after oral administration is

rapidly converted in vivo to the active metabolite olmesar-

tan. In vitro, the affinity of olmesartan for AT1 bovine

adrenal cortical receptors is comparable to other

angiotensin II receptor antagonists (IC50 8.0 nmol/L).

Olmesartan produces selective insurmountable inhibition

of all-induced contractions of the guinea-pig aorta.

Following oral administration, olmesartan has a faster

onset but similar elimination half-life when compared

with candesartan cilexetil. The absolute biovailabilty of

olmesartan after a single oral dose of olmesartan medoxo-

mil is 26% in healthy volunteers. The remaining unab-

sorbed drug is excreted without further metabolism.

Feces is the major route of excretion of olmesartan, with

urinary excretion accounting for 5–12% of the adminis-

tered dose. Because olmesartan is not metabolized by the

CYT P450 system, drugs that induce, inhibit, or are metab-

olized by these enzymes do not appear to interact with it.

In addition, dosing adjustments do not appear necessary

for elderly patients or for patients with moderate to mild

renal dysfunction or with hepatic disease (3).

Olmesartan exhibited a pronounced dosage-related effi-

cacy across the entire dosage range evaluated, with a toler-

ability profile similar to that of placebo. The usual

recommended doses of olmesartan are 10–40 mg once

daily. Twice-daily dosing offers no advantage over the

same total dose given once daily (55).

III. TOLERABILITY AND SAFETY PROFILE
OF ANGIOTENSIN II RECEPTOR
ANTAGONISTS

Despite the wide choice of antihypertensive agents at the

disposition of practitioners, only low hypertension

control rates (25–30%) are generally reported in the litera-

ture. These disappointing results have multiple causes: one

of them is undoubtedly the occurrence of side effects and a

low tolerability profile, which in turn may result in poor

long-term adherence to therapy. In this regard, angiotensin

II receptor antagonists are unique, as they have an excel-

lent safety and tolerability profile with an incidence of

side effects that is not different from placebo (32). None

of the seven drugs reviewed here has a specific, dose-

dependent adverse effect that can be attributed to the

drug itself. For example, unlike ACE inhibitors, angioten-

sin II receptor antagonists do not cause cough. Although

some cases of angioedema, another side effect of ACE

inhibitors, were associated with the consumption of losar-

tan (7), it is difficult to ascertain whether these published

cases of angioedema are really linked to the administration

of losartan or simply a coincidence, because angioedema

may occur with many substances including other drugs

and some food products.

No consistent adverse effects on routine hematological

parameters were noted with the use of angiotensin II

receptor antagonists. Only minor clinically nonsignificant

decreases in hemoglobin levels have been reported in

hypertensive patients. Some cases of anemia have been

reported in dialyzed patients or inpatients with chronic

renal failure treated with losartan (49). However, AT1

receptor blockade has been found to lower hemoglobin

in posttransplant erythrocytosis (22). Occasional

elevations of liver enzymes (particularly ALAT) have

been reported and usually resolved with or without discon-

tinuation of therapy (32). Increases in serum potassium

levels have been observed during angiotensin II receptor

blockade. Of note, hyperkalemia is more likely to

develop in patients with renal insufficiency, or with dia-

betes mellitus, or in those patients taking potassium-

sparing diuretics or potassium supplementation.

The safety and tolerability of angiotensin II receptor

antagonists as well as their efficacy were carefully evalu-

ated with regard to patient gender, age, and race. None

of these factors was found to influence the incidence of

side effects. In particular, angiotensin II receptor antagon-

ists are equally well tolerated by elderly (.65 years),

younger (,65 years), and very old (.75 years) patients.

Because all antagonists are cleared through the bile, no

dosage adjustment is recommended in patients with

moderate to marked renal impairment (creatinine clear-

ance ,40 mL/min) or with moderate hepatic dysfunc-

tion (32). In case of severe hepatic dysfunction, the
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antihypertensive efficacy may be prolonged. For patients

with possible depletion of intravascular volume (e.g.,

patients treated with diuretics, particularly those with

impaired renal function), blockade of the renin–angioten-

sin system should be initiated carefully and consideration

should be given to the use of a lower starting dose. In

studies evaluating the use of ACE inhibitors in patients

with unilateral or bilateral renal artery stenosis, increases

in serum creatinine or blood urea nitrogen, together with

oliguria and/or progressive azotemia and (rarely) with

acute renal failure and/or death, have been reported

(15). So far, few studies have evaluated the safety of

angiotensin II receptor antagonists in patients with renal

artery stenosis, but preliminary reports suggest that

similar results may be expected (32).

IV. USE OF ANGIOTENSIN II RECEPTOR
ANTAGONISTS IN HYPERTENSION

Numerous clinical studies have evaluated the antihyper-

tensive efficacy of angiotensin II receptor antagonists in

patients with mild to moderate or severe hypertension. In

these studies, angiotensin II receptor antagonists were

compared with other first-line antihypertensive agents

such as ACE inhibitors, calcium-channel blockers, b-

blockers, and diuretics (4). Approximately half of the

hypertensive patients treated with a monotherapy of angio-

tensin II receptor blockers were considered as responders

to treatment. This percentage is similar to that obtained

with other monotherapies. In studies evaluating their effi-

cacy in various populations and age groups when adminis-

tered either alone or in combination with diuretics,

angiotensin II receptor antagonists were as effective

as other antihypertensive drugs. They also lowered

blood pressure in hypertensive patients without affecting

heart rate, regardless of gender and age (18,19,31,34,35,

50,55). In monotherapy, angiotensin II receptor antagon-

ists, like ACE inhibitors, were less effective in reducing

blood pressure in black patients, but this was not the

case when angiotensin II antagonists were combined

with a diuretic.

V. DIFFERENCES BETWEEN
ANGIOTENSIN II RECEPTOR
ANTAGONISTS

As discussed previously, the antihypertensive activity of

marketed angiotensin II receptor antagonists has been

evaluated extensively, and it was found to be comparable

to that of other blood pressure-lowering drugs. A meta-

analysis also compared the antihypertensive efficacy of

four AT1 receptor antagonists (losartan, valsartan, irbesar-

tan, and candesartan) on the basis of the results of the

clinical trials submitted for their registration (11). In this

analysis, no significant difference in terms of antihyperten-

sive efficacy was found among the four compounds,

despite their pharmacological differences. However,

specially designed head-to-head comparisons among

these antagonists have revealed some significant differ-

ences; the biggest being observed when losartan was com-

pared with longer acting drugs such as candesartan,

irbesartan, telmisartan, or olmesartan. In fact, in all these

studies, losartan was found to produce a smaller decrease

in blood pressure, less at trough, suggesting a less effective

24 h control of blood pressure. Yet, one has to stress that

head-to-head comparison studies have generally con-

cluded that the new compound is better than the older,

an observation that may be true but might also be the

subject of bias.

Another important issue in this type of studies is the

choice of doses. Thus, the results of the CLAIM study II

(54) and the Losartan trial (30) illustrate how drug com-

parisons can be misleading if the doses are not adequately

defined. Indeed, in the first trial comparing candesartan

and losartan, the doses of candesartan and losartan were

16/32 mg vs. 50/100 mg, respectively (the CLAIM II

study), and the results showed a significantly greater anti-

hypertensive effect for candesartan. In contrast, in the

Losartan trial, losartan was found to be as effective as can-

desartan, but the doses of candesartan were twice as small.

When differences in antihypertensive efficacy are

observed between two angiotensin II receptor antagonists

acting through the same mechanism of action, one reason-

able question is “does this difference persist when the

doses of the comparators are increased?” To answer

these questions, we have evaluated the blockade of the

renin–angiotensin system produced by a series of angio-

tensin receptor antagonists using two different techniques

(Fig. 30.2):

. The inhibition of blood pressure increase to exo-

genous angiotensin I or II (8).

. An ex vivo in vitro binding assay that quantifies the

displacement of angiotensin II by the blocking

agents (28).

With these techniques, we found that the recommended

starting doses of the marketed drugs are generally able to

achieve a significant blockade of the angiotensin II recep-

tor during the first hours after drug intake.

However, that is not always the case at trough. Signifi-

cant differences between the antagonists were found,

which suggests that some antagonists do not block the

system around the clock (17,28,33). As observed with val-

sartan, increasing the dose from 80 to 320 mg had a small

additional effect at peak, but it clearly enhanced the recep-

tor blockade at trough and prolonged the duration of action

of the compound.
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The clinical importance of a 24 h blockade of the renin–

angiotensin system can be discussed. Indeed, because some

ACE inhibitors have been shown to decrease blood

pressure around the clock despite a relatively short duration

of action, it may not be absolutely necessary to continu-

ously block this system at least in term of blood pressure

control. Nevertheless, a more complete blockade of the

renin–angiotensin system may be of greater importance

when considering the ability of these agents to provide

end-organ target protection. This assumption was recently

corroborated by the results of several morbidity and mor-

tality trials that have clearly shown that higher doses

were more effective to achieve target organ protection.

Thus, as will be discussed subsequently, the LIFE and

RENAAL studies have demonstrated the clear benefit of

100 mg of losartan in reducing the primary end-points in

hypertensive patients (12) and inpatients with type 2

diabetes (2), whereas 50 mg of losartan in the ELITE II

(47) and in the OPTIMAAL (14) trials failed to demon-

strate an advantage for losartan when compared with an

adequate dose of captopril (50 mg tid) in patients with con-

gestive heart failure or myocardial infarction. In IRMA-2,

irbesartan 300 mg was found to be superior to irbesartan

150 mg in preventing the development of overt proteinuria

in type 2 diabetes (43). Finally, in VALHefT, valsartan

was found to provide clear benefits in patients with heart

failure, but at an average dose of 240 mg per day (10).

These clinical results on the basis of large groups of

patients therefore suggest that a complete 24 h blockade

of the renin–angiotensin system with an AT1 receptor

blocker is probably more beneficial than a lower dose

that blocks the system only transiently.

VI. COMBINING ANGIOTENSIN II RECEPTOR
ANTAGONISTS WITH ACE INHIBITORS

Another approach to achieve a more complete blockade of

the renin–angiotensin system would be to act at two levels

of the cascade—for example, to combine an angiotensin II

antagonist and an ACE inhibitor (1). Several small clinical

studies have suggested that combining an ACE inhibitor

with an AT1 receptor antagonist provides an additional

benefit, mainly in urinary protein excretion in diabetics

(the Candesartan and Lisinopril Microalbuminuria

(CALM) study) (38) and in nondiabetic patients (the

COOPERATE study) (41). However, most of these

studies combined a relatively low dose of an AT1 receptor
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Figure 30.2 Assessment of angiotensin II receptor blockade induced by a series of angiotensin II receptor antagonists in normotensive

volunteers by using two different techniques.

Angiotensin II Receptor Antagonists 507



blocker, usually losartan 50 or 100 mg od, with various

doses of ACE inhibitors. Again, the main issue is to

demonstrate that the same effect could not be obtained

with a higher dose of the receptor antagonist alone. To

test this hypothesis, we have recently quantified the

degree of blockade obtainable in normotensive subjects

with increasing doses of losartan and telmisartan given

once or twice a day alone or in combination with lisinopril

(17). When both drugs were administered at their

maximum recommended doses, 100 mg for losartan and

80 mg for telmisartan, the addition of lisinopril 20 mg pro-

vided a clear additional blockade of the receptor at trough.

However, with the use of higher doses of antagonist (upto

200 mg for losartan and 160 mg for telmisartan), as much

blockade of the renin–angiotensin system could be

obtained with the receptor antagonist as with the ACE

inhibitor/angiotensin II receptor blocker combination.

This suggests that combining an ACE inhibitor with an

AT1 receptor blocker may indeed provide additional

benefits if the dose of the receptor antagonist is relatively

low and does not block the system for 24 h. However, with

the use of higher doses of the antagonists, the combination

may not be necessary. In line with this idea, the newly pub-

lished VALIANT trial did not convincingly demonstrate

the benefits of combining an ACE inhibitor and an AT1

receptor antagonist following an acute myocardial infarc-

tion (45); nor did the CHARM (44) and VALHeft (10)

studies demonstrate a clear advantage of combining

these drugs in heart failure.

Thus, whether combining two drugs interfering with the

renin–angiotensin system is really beneficial remains to be

demonstrated. Additional information will be generated by

two large ongoing trials conducted in patients with a high

cardiovascular risk—the ONTARGET trial and the

TRANSCEND substudy. These studies will provide

important information on the efficacy and safety of this

combined therapy.

VII. CLINICAL TRIALS WITH
ANGIOTENSIN II RECEPTOR
ANTAGONISTS

Several large trials have been designed to assess the effects

of angiotensin II receptor antagonists on morbidity and

mortality in hypertensive patients (Tables 30.2 and 30.3).

The first trial demonstrating the clinical efficacy of an

antagonist on morbidity and mortality was the LIFE trial

(12). This study compared two regimens—losartan-based

and atenolol-based—in 9193 hypertensive patients with

ECG-documented left-ventricular hypertrophy. Patients

were followed for an average of 4.7 years. Although

blood pressure was comparably reduced in both the losar-

tan-based and the atenolol-based treatments, the losartan-

based treatment was associated with a significantly lower

relative risk of primary cardiovascular event (i.e., death,

myocardial infarction, or stroke) and with significantly

less fatal and nonfatal strokes (225%, P , 0.001). In a

subgroup of 1195 diabetic patients, the protection was

even more marked, with a highly significant 24%

reduction of the combined risk and a 39% decrease in mor-

tality (26). In addition, losartan also diminished new-onset

diabetes and was more effective than atenolol in reversing

left-ventricular hypertrophy. Thus, this study effectively

suggests that angiotensin II receptor blockade presents

additional cardiac and metabolic benefits beyond the

reduction of blood pressure when compared with a

b-blocker (12).

A second study, SCOPE, has been designed to evaluate

the effects of candesartan cilexetil compared with placebo

on cardiovascular mortality and morbidity and on

Table 30.2 Medical Trial Names and Acronyms

ACCESS Acute Candesartan CilExetil therapy

in Stroke Survivors

CALM CAndesartan and Lisinopril

Microalbuminuria

CHARM Candesartan in Heart failure-Assessment

of Reduction in Mortality and morbidity

ELITE Evaluation of Losartan In The Elderly

IDNT Irbesartan Diabetic Nephropathy Trial

I-PRESERVE Irbesartan in heart failure with

PRESERVEd systolic sunction

IRMA-2 IRbesartan MicroAlbuminuria study

LIFE Losartan Intervention For Endpoint

reduction in hypertension

MARVAL MicroAlbuminuria Reduction with

VALsartan

ONTARGET ONgoing Telmisartan Alone and in

combination with Ramipril Global

Endpoint Trial

OPTIMAAL OPtimal Therapy In Myocardial

infarction with the Angiotensin II

Antagonist Losartan

RENAAL Reduction in End points in NIDDM

with the Angiotensin II Antagonist

Losartan

RESOLVD Randomized Evaluation Strategies fOr

Left Ventricular Dysfunction

SCOPE Study on COgnition and Prognosis in

the Elderly

TRANSCEND Telmisartan Randomized AssessmeNt

Study in aCE iNtolerant subjects with

cardiovascular Disease

VALHeFT VALsartan Heart Failure Trial

VALIANT VALsartan In Acute myocardial

iNfarction Trial

VALUE Valsartan Antihypertensive Long-term

Use Evaluation
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cognitive performances in a population of 4500 elderly

hypertensive patients (70–89 years old) over 4 years

(21). Unfortunately, because of ethical considerations,

many of the placebo-allocated patients went on to treat-

ment and only 16% received placebo alone as defined

per protocol. Thus, the power of the trial was reduced,

and there was only a nonsignificant 11% decrease in the

primary endpoint (cardiovascular mortality/nonfatal myo-

cardial infarction/stroke) but a 28% reduction in nonfatal

stroke (P ¼ 0.04). When considering only those patients

who had no “add-on” drugs other than hydrochlorothia-

zide, candesartan reduced the relative risk of a primary

end-point event by 32%. Also in this study, angiotensin

II receptor blockade significantly diminished new-onset

diabetes compared with controls. In addition, candesartan

has no deleterious effect on cognition, despite strict control

of blood pressure.

Recently, the result of a third study, the VALUE trial has

been published (23). This trial compared a valsartan-based

regimen (80–160 mg od) and the long-acting calcium

channel blocker amlodipine (5 to 10 mg od) in more than

15,000 hypertensive patients older than 50 years who are

at high risk for a cardiovascular event. The hypo-

thesis that for a same level of blood-pressure control

(,140/90 mmHg), angiotensin II receptor blockade will

be more effective than amlodipine to decrease cardiovas-

cular mortality (acute MI, heart failure, and cardiac death)

was not verified. Indeed, a significant difference in blood

pressure control in favor of amlodipine, partly due to the

relatively low dose of valsartan used in the beginning

of the study, precluded valid comparison of drug effects

on outcomes. However, despite poorer blood pressure

control, valsartan-treated patients did as well as those

prescribed amlodipine for the primary composite outcome.

ONTARGET is an ongoing trial, which compares the

efficacy of the angiotensin II receptor blocker telmisartan

with that of the ACE inhibitor ramipril, either drug given

alone or in association with telmisartan in about 30,000

patients at high risk of cardiovascular disease with or

without hypertension for an observation period of up to

5.5 years (58). This study is the first large trial directly

comparing an ACE inhibitor and an angiotensin II receptor

antagonist in reducing stroke, myocardial infarction, cardi-

ovascular death, and hospitalization for congestive heart

failure. It should also provide important information on

the potential benefits of combining an ACE inhibitor and

an antagonist, particularly in diabetic patients.

As part of the ONTARGET trial program, the

TRANSCEND trial will be the largest cardiovascular pro-

tection trial ever conducted in patients intolerant to ACE

inhibitors (58). The TRANSCEND trial is specially set

up because there is increasing awareness of treatment

discontinuations in patients on ACE inhibitors because

of their specific side effects. Approximately 5000 patients

will be enrolled worldwide in this double-blind, parallel-

group study. The primary objective of the study is the

effect of angiotensin II blockade on the composite end-

point of cardiovascular mortality, stroke, acute myocardial

infarction, and hospitalization for congestive heart failure.

The secondary objective is the impact of angiotensin II

receptor blockade on the incidence of re-vascularization

procedures, newly diagnosed diabetes, dementia, new-

onset atrial fibrillation, and microvascular complications

of diabetes.

VIII. CARDIAC AND RENAL EFFECTS OF
ANGIOTENSIN II RECEPTOR
ANTAGONISTS

Besides their antihypertensive properties, the angiotensin

II receptor antagonists may also be active in other clinical

indications. Indeed, it is well established from ACE inhi-

bitor trials that inhibition of RAS:

. prolongs the survival of patients after acute myocar-

dial infarction or of patients with congestive heart

failure;

. retards or even inhibits left-ventricular hypertrophy

progression in hypertensive patients;

. slows progression of renal disease in patients with

diabetes;

. reduces morbidity associated with atherosclerotic

disease.

Because angiotensin II receptor antagonists share most

of the pharmacological actions of ACE inhibitors but

with a better tolerability profile, they were of course con-

sidered as an ideal alternative to this therapeutic approach.

Table 30.3 presents a summary of the major clinical trials

conducted so far with AT1 receptor antagonists in various

clinical indications.

Several randomized trials have been designed to assess

the efficacy and safety of angiotensin II receptor antagon-

ists in chronic heart failure and acute myocardial infarc-

tion. These latter were triggered by the results of the

ELITE I trial, which compared the renal safety of losartan

50 mg qd and captopril 50 mg tid in elderly patients with

heart failure. In this study, a secondary end-point (com-

bined mortality from and hospital admission for heart

failure) was astonishingly lower in the losartan group

(46). Unfortunately, these results were not confirmed by

the larger ELITE II follow-up trial (47). Although there

was no significant difference in all-cause mortality or

sudden death between the two treatment groups, because

of the statistical and regulatory definitions due to the

special design of the study, the investigators were

obliged to conclude that losartan was not superior to

the ACE inhibitor captopril in reducing the primary
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end-point. Hence, after this study, ACE remained the stan-

dard of therapy in patients with heart failure due to systolic

dysfunction (47).

The RESOLVD pilot study comparing candesartan,

enalapril, and a combination of both drugs in patients

with heart failure also failed to find a significant difference

between treatments in term of improvement of the physical

capacity, quality of life, and tolerability. In addition, this

study was discontinued earlier than expected because of

an increase, albeit nonsignificant, of heart-failure-related

hospitalizations and deaths in the candesartan and combi-

nation group compared with the enalapril group (36).

The relatively negative findings of both the ELITE II

and RESOLVD trials have yet to be interpreted carefully.

Thus, in the ELITE II study, the chosen dose of losartan

(50 mg qd) was probably too small to achieve effective

24 h AT1 blockade (32). In the RESOLVD study, although

it was terminated early because of the increase in heart

failure-induced hospitalization after angiotensin II recep-

tor blockade, the number of patients in the ACE inhibitor

group was small and the mortality rate was considerably

lower than that reported in SOLVD, an earlier, larger

trial of ACE inhibition (51). Thus, conclusions regarding

mortality differences cannot really be drawn from these

trials.

The VALHeFT trial was designed to evaluate the long-

term effects of the addition of valsartan 160 mg or a

placebo twice daily on top of standard therapy for heart

failure (10). In addition to mortality, a combined end-

point of mortality and morbidity (cardiac arrest, hospital-

ization for heart failure, or receipt of intravenous inotropic

or vasodilator therapy) was the primary outcome measure.

After a mean follow-up of 23 months, no difference was

observed in all-cause mortality, but valsartan significantly

lowered the incidence of the combined end-point, mainly

because of a high reduction rate in hospitalizations for

worsening heart failure. The favorable impact of valsartan

was particularly impressive in patients who were not being

treated with an ACE inhibitor, with a 42% reduction of the

relative risk.

The emergence of a new class of drug for RAS inhi-

bition has also presented the opportunity to investigate

additional questions not formally tested in previous trials

with ACE inhibitors. This is the case with studies of

patients with chronic heart failure with preserved left-

ventricular systolic function. The series of CHARM

trials (45) evaluated the potential benefits of candesartan

in 7600 patients divided into three groups with different

cardiac function and concomitant therapies. The results

of this large study showed that the long-acting candesartan

reduces both cardiovascular mortality and hospitalization

for heart failure, whatever the concomitant therapies,

with the greatest benefits in ACE-intolerant patients. Of

note, patients with preserved left-ventricular function did

not gain significant further benefit from candesartan in

this study. Moreover, no interaction was found in patients

treated with a b-blocker. Another trial, the I-PRESERVE

study, is currently ongoing. This trial is enrolling subjects

with heart failure, left-ventricular ejection fraction .45%,

and raised plasma brain natriuretic peptide. It will deter-

mine whether irbesartan is effective in decreasing

mortality and decreasing cardiovascular hospitalization.

Results are expected in mid-2006.

The use of angiotensin II receptor antagonists in mana-

ging patients with acute myocardial infarction has been

studied in the OPTIMAAL and VALIANT trials.

The OPTIMAL trial hypothesized that the addition of

losartan 50 mg daily to standard care would reduce mor-

tality in patients with left-ventricular dysfunction follow-

ing myocardial infarction compared with captopril three

times 50 mg daily (14). Unfortunately, this study did not

show any significant difference between the two treatment

groups. But, as in the ELITE II trial, suboptimal dosing

and relatively slow uptitration of losartan may have

accounted for these apparently negative results.

The results of the second study, VALIANT, have

recently been published (45). This study demonstrates

that valsartan 160 mg bid is equally as effective as ACE

inhibition with captopril 50 mg tid in reducing death and

cardiovascular events in patients at high risk after acute

myocardial infarction. A combination of both drugs did

not improve survival over the effect of single-agent treat-

ment, but it did increase the rate of adverse events in these

patients. In addition, it also showed that in contrast to

VALHeFT, there is no particular interaction in patients

receiving a b-blocker (44).

Finally, angiotensin II receptor antagonists have also

been evaluated in managing stroke survivors. Although

mechanisms by which these drugs affect cardiovascular

morbidity and mortality are still unclear, the phenomenal

results of the ACCESS study represent a major break-

through in the treatment of ischemic stroke, because they

show that a modest blood pressure reduction by candesar-

tan in the early moment of stroke (reduction by 10–15% of

the blood pressure within 24 h during the first 7 days after

stroke) significantly affects the cumulative 12 month

mortality (odds ratio, 0.475; 95%; 0.252–0.985) (48).

Numerous experimental and small clinical studies have

demonstrated that angiotensin II receptor antagonists have

effects on kidney function similar to those of ACE inhibi-

tors. They have no influence on glomerular filtration rate,

but they increase renal blood flow, resulting in a decrease

of filtration fraction (6). Because ACE inhibitors were

known to have a favorable impact on long-term renal func-

tion in diabetic and nondiabetic proteinuric or microalbu-

minuric patients (2,24,37), the role of angiotensin II

receptor antagonists has been the subject of several large

clinical studies, particularly in type 2 diabetes. Recent
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trials with losartan (RENAAL), irbesartan (IRMA-2 and

IDNT), and valsartan (MARVAL) have provided strong

evidence that this drug class has renoprotective effects in

patients with type 2 diabetes, macro- or micro-

albuminuria, and varying levels of renal dysfunction.

These favorable renal effects seemed to be, at least in

part, independent of blood-pressure control (2,25,43,53).

IX. CONCLUSIONS

Angiotensin II receptor antagonists represent an effective

new therapeutic approach to block the renin–angiotensin

system and to lower blood pressure in hypertensive

patients. Because of their high selectivity for the AT1

receptor, angiotensin II receptor antagonists have an excel-

lent tolerability profile, which in large placebo-controlled

studies is comparable to placebo. Within a decade, several

large clinical trials have demonstrated their usefulness in

decreasing the cardiovascular morbidity of patients with

essential hypertension, in reducing mortality and morbid-

ity in patients suffering from congestive heart failure,

and in retarding the progression of diabetic nephropathy

in type 2 diabetes. Thus, because of their efficacy and tol-

erability profile, angiotensin II receptor antagonists could

become the leading compounds for managing patients

with cardiovascular and renal diseases.
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KEYPOINTS

. Calcium antagonists dilate arterioles and thus

reduce peripheral resistance.

. Calcium antagonists reduce cardiovascular mor-

bidity and mortality.

. Calcium antagonists are metabolically neutral.

SUMMARY

Calcium antagonists are primarily arteriolar vasodilators

that reduce peripheral resistance. They are safe and effec-

tive antihypertensive drugs in their recommended dosage

range and have been shown to reduce cardiovascular mor-

bidity and mortality. The antihypertensive properties of

calcium antagonists are dependable in a variety of patients

regardless of race, age, gender, salt-intake, or the use of

concomitant drugs (such as NSAIDS). Calcium anta-

gonists can be used safely in combination with other

antihypertensive drugs and have uniquely neutral meta-

bolic interactions. Calcium antagonists help delay the

progression of renal disease when used in combination

with drugs that block the renin–angiotensin system.

I. INTRODUCTION

Over the past 30 years, calcium antagonists have emerged

as an essential therapeutic class of medications for a wide

variety of cardiovascular indications. Initially, in 1962,

they were observed to significantly lower blood pressure

and improve renal blood flow; subsequently, in the 1970s,

they were introduced as antianginal agents. But it was not

until the 1980s that the administration of calcium antagon-

ists for the long-term treatment of hypertension became

517



widespread. Multiple clinical trials have convincingly

demonstrated the efficacy and safety of calcium antagonists

and have lead to widespread recommendations that they be

used as “first-line” monotherapy for hypertension (1,2). In

general, calcium antagonists are potent antihypertensive

drugs that are particularly effective in the elderly, in

African-Americans, and in patients with low renin hyper-

tension. Recently, interest has focused on the protective

effects of calcium antagonists on target organs, both inde-

pendent of and in addition to their ability to lower blood

pressure; these other protective effects include antioxidant

activity, potentiation of nitric oxide, and their ability to

reduce atherosclerosis.

II. MECHANISM OF ACTION

The pharmacologic and clinical effects of calcium antag-

onists are related to their ability to attenuate calcium trans-

port in a variety of tissues. Cells normally maintain a low

resting intracellular concentration of ionized calcium in

the setting of a large, inwardly directed extracellular

calcium concentration. Upon entering the cell, calcium

binds to calcium-binding proteins, including calmodulin,

which causes stimulation of a number of second messen-

ger systems within the cell. Calcium entry is then

coupled to cellular responses in physiologic and patholo-

gic states. Excessive calcium influx after cell injury is

toxic and may lead to irreversible cell death (3). Control

of calcium mobilization by pharmacologic agents provides

a therapeutic means to manipulate cellular communication

and regulatory functions and prevent cellular injury.

Calcium antagonists inhibit the entry of calcium into the

cytosolic space from both extracellular and intracellular

stores. They do not antagonize the effects of calcium directly.

Among the various calcium channels that have been

described, the L-type calcium channels dominate the

majority of functions in the cardiovascular system. This

voltage-gated channel is a multimeric complex with

binding sites for both activators and antagonists. Despite

the ubiquitous distribution of voltage-gated calcium chan-

nels, calcium antagonists are highly selective for the cardio-

vascular system. Each class of calcium antagonist is

quantitatively and qualitatively unique, possessing differ-

ential sensitivity and selectivity for binding pharmacologic

receptors in various vascular beds. Nondihydropyridines

typically exhibit significant cardiac depressant activities,

whereas the dihydropyridines are vasodilators. Even

among subclasses, minor structural changes impart con-

siderable pharmacologic variability and specificity for

the vascular system. For example, lacidipine has a

60-fold greater vascular selectivity than nitrendipine (4).

This differential selectivity of action has important clinical

implications for the use of these drugs. It explains why the

different calcium antagonists vary considerably in their

effects on regional circulatory beds, sinus and atrioventri-

cular nodal function, and myocardial contractility, as well

as in the diversity of clinical indications and side effects.

III. PHARMACOLOGY

Despite their shared mechanism of action, the calcium

antagonists represent a very heterogeneous group of com-

pounds and cannot be used interchangeably. As stated pre-

viously, they differ with respect to their receptor binding,

chemical structure, and pharmacokinetic profiles. Two

primary categories are distinguished on the basis of their

behavior: 1,4-dihydropyridines and nondihydropyridines.

The nondihydropyridines are further divided into the

papaverine-like diphenylalkylamines (verapamil) and the

benzothiazepines (diltiazem). All calcium antagonists

vasodilate coronary and peripheral arteries (Table 31.1).

The dihydropyridines, a membrane-active group, exert

their most potent effects on the peripheral vessels, with

very little effect on myocardial cells, which depend less

heavily on external calcium influx. This vasodilatory

action stimulates baroreceptor reflexes, eliciting a

prompt compensatory increase in sympathetic nervous

activity and activation of the renin–angiotensin system.

This positive inotropic stimulus appears to be important

for the first-generation, short-acting dihydropyridines

(nifedipine), but clinically unimportant for the long-

acting drugs (5). This is an important distinction because

short-acting drugs are no longer recommended for the

treatment of hypertension and may predispose patients to

Table 31.1 Hemodynamic Effects of Calcium Antagonists

Calcium antagonist

Dihydropyridines Diltiazem Verapamil

Arteriolar dilation """ "" ""

Coronary dilation """ """ ""

Cardiac afterload ## # #

Cardiac

contractility

$ # ##

Myocardial

oxygen

demand

# # #

Cardiac output " $ $ $

Avioventricular

conduction

$ # ##

Sinoatrial

automaticity

$ ## #

Heart rate

Acute " # #

Chronic " # $ # $

Activation of

baroreceptor

reflexes

" $ $ $
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stroke, angina, and myocardial infarction as a result of

their rapid blood pressure lowering effects (6).

Second-generation and third-generation drugs have

been modified so that they have a slower onset of action

and longer half-lives and only require once daily dosing.

They have no significant effect on cardiac output except

in patients with severely impaired systolic ventricular func-

tion (Table 31.1). In fact, because of the increased vasos-

electivity, these drugs have lesser effects on cardiac rate,

contractility, and sympathetic activity. Third-generation

dihydropyridines have been found to improve the exercise

capacity in patients with mild to moderate heart failure (7).

Conversely, the nondihydropyridines have only moder-

ate arterial vasodilatory effects, but they have significantly

slow atrioventricular nodal conduction and possess nega-

tive inotropic and chronotropic effects (Table 31.1).

Because of their negative inotropic action, they are more

useful for inhibiting stress-induced cardiovascular

responses and tachyarrhythmias, but they are contraindi-

cated in patients with systolic heart failure.

IV. ANTIHYPERTENSIVE MODE OF ACTION

Calcium antagonists have attracted a great deal of interest

as antihypertensive agents because they reduce peripheral

vascular resistance uniformly. They have reliable clinical

effects in patients regardless of race, age, gender, or co-

morbid conditions. They reduce blood pressure through

inhibition of calcium influx into the cell through the

L-type calcium channel. In hypertensive patients, there is

an abnormal influx of calcium into the cytosol, where it

binds with calmodulin. This initiates a sequence of cellular

events that promotes the interaction between actin and

myosin, which results in smooth muscle contraction.

Therefore, blockade of the channel interferes with contrac-

tion and basal vascular tone.

There are several other properties of calcium antagonists

that facilitate blood pressure reduction (8). First, there is

considerable evidence that calcium antagonists interfere

with a2 (and possibly a1) adrenergic receptor-mediated

vasoconstriction. They also dampen the vascular responses

to angiotensin II and reduce the synthesis of aldosterone.

Interestingly, patients with low renin and angiotensin II

activity exhibit the greatest vasodilatory responses to

calcium antagonists, which suggests a more important role

for calcium-mediated vasoconstriction in these patients.

Alternatively, amlodipine and others may partially inhibit

local angiotensin-converting enzyme (ACE) activity that

results in increased activity of the vasodilatory kinins and

nitric oxide (9). An equally important property of calcium

antagonists is that they facilitate natriuresis by several

mechanisms. They cause increases in atrial natriuretic

peptide, and the dihydropyridines, in particular, cause pre-

ferential dilation of the afferent arteriole, resulting in

reduced tubular sodium re-absorption and improved renal

blood flow (10). The sodium excretion rate has been shown

to correlate with blood pressure reduction (Fig. 31.1) (11).

V. PHARMACOKINETICS AND UNIQUE
PROPERTIES

Despite the wide range of pharmacodynamic effects, the

original calcium antagonists have remarkably similar

pharmacokinetic profiles (Table 31.2).

Overall, the drugs are well absorbed, but they undergo

extensive first-pass hepatic metabolism and biotransform-

ation. With the exception of diltiazem, verapamil, and

possibly nifedipine, the metabolites are inactive. Dose

adjustments are necessary in hepatic failure, but not with

renal disease. Many studies have demonstrated a consist-

ent–concentration effect relationship of the calcium

antagonist, which allows prediction of the long-term effec-

tiveness of the therapy from the first dose response. The

recommended daily doses are outlined in Table 31.3.

The most important goal of hypertension treatment is to

reduce total peripheral resistance without interfering with

cardiac output. Patients with hypertension frequently have

normal or slightly reduced cardiac output and blunted bar-

oreceptor-mediated responses to exercise as a result of

inadequate compensatory increases in stroke volume.

Many patients, particularly those with isolated systolic

hypertension, also have reduced arterial compliance that

contributes to the increased blood pressure, and these

patients may be susceptible to exaggerated hemodynamic

fluctuations with antihypertensive therapy. Similarly,

older patients frequently lack the appropriate compensa-

tory sympathetic vasoconstrictor responses and may

experience more acute drops in blood pressure. Therefore,

the best approach to management of these patients is to

begin with a low dose of calcium antagonist and titrate

the dose as needed over several weeks.

Figure 31.1 Relationship between change in the mean arterial

pressure to the percent change in sodium clearance induced by

calcium antagonists.
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VI. CLASSIFICATION

With the development of novel formulations and newer

drugs, the most practical clinical approach is to divide

drugs into classes according to their onset and offset of

action (Table 31.4). With this method, the first-generation

calcium antagonists consist of immediate-release nifedi-

pine, verapamil, and diltiazem. The second-generation

compounds were modified to improve the pharma-

cokinetic profile and improve vascular selectivity and

are subdivided into slow-release formulations or novel

agents. The third-generation compounds, typified by

amlodipine, possess increased lipophilicity and a much

longer onset and duration of action, providing more con-

sistent peak-to-trough levels and steadier blood pressure

control.

A. First-Generation Drugs

Diltiazem hydrochloride is almost completely absorbed

following oral administration, but due to extensive first

pass metabolism, the bioavailability is only 40%.

Table 31.3 Pharmacodynamic Properties of Calcium Antagonists

Drug generic name (trade name)

First dose

(mg)

Usual

daily dose

(mg)

Maximum

daily dose

(mg)

Maximal

hypotensive

response (h)

Duration of

hypotensive

response (h)

Diltiazem (Cardizem) 60 60–120 tid/qid 480 2.5–4 8

Diltiazem SR (Cardizem SR) 180 120–240 bid 480 6 12

Diltiazem CD (Cardizem CD) 180 240–280 qd 480 — 24

Diltiazem XR (Dilacor XR) 180 180–480 qd 480 3–6 24

Diltiazem ER (Tiazac) 180 180–480 qd 480 6–10 24

Amlodipine (Norvasc) 5 5–10 qd 10 — 24

Felodipine (Plendil ER) 5 5–10 qd 20 2.5 24

Isradipine (DynaCirc) 2.5 2.5–5 bid 20 2–3 12

Isradipine CR (DynaCirc CR) 5 5–20 qid 20 2 7–18

Nicardipine (Cardene) 20 20–40 tid 120 1–2 8

Nicardipine SR (Cardene SR) 30 30–60 bid 120 2–6 12

Nifedipine (Procardia, Adalat) 10 10–30 tid/qid 6,120 0.5–1 12

Nifedipine GITS (Procardia XL) 30 30–90 qd 120 4–6 24

Nifedipine ER (Adalat CC) 30 30–90 qd 120 2–4 24

Nisoldipine (Sular) 20 20–40 qd 60 — 24

Verapamil (Calan, Isoptin) 80 80–120 tid 480 6–8 8

Verapamil SR (Calan SR, Isoptin SR) 90 90–240 bid 480 — 12–24

Verapamil SR pellet (Veralan) 120 240–480 qd 480 — 24

Verapamil COER-24 (Covera-HS) 180 180–480 qHS 480 .4–5 24

Mibefradil (Posicor) 50 50–100 qd 100 2–4 17–25

Note: SR, sustained release; CD, controlled-diffusion; XR and ER, extended release; GITS, gastrointestinal therapeutic system; COER, controlled-onset

extended release.

Table 31.4 Clinical Pharmacologic Classification of Calcium Antagonists

Group

(tissue selectivity)

First

generation

Second generation

Third generation

Novel

formulations (IIa)

New chemical

entities (IIb)

Dihydropyridine Nifedipine Nifedipine SR/GITS Isradipine Amlodipine

Nicardipine Felodipine ER Manidipine Lacidipine

Nicardipine Nicardipine SR Nimoldipine Lercanidipine

Nisolidpine

Nitrendipine

Benzothiazepine Diltiazem Diltiazem SR

Phenylalkylamine Verapamil Verapamil SR

Note: ER, extended release; SR, sustained release; GITS, gastrointestinal therapeutic system.
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Diltiazem is metabolized in the liver into metabolites that

possess only 25–50% of the original biologic activity.

This pathway is responsible for metabolism of numerous

other drugs, accounting for the substantial number of inter-

actions that occur with diltiazem. Diltiazem is highly

protein bound and widely distributed. Renal excretion

accounts for 35%, with the remainder eliminated in the

feces. Rates of elimination are slower with repeated oral

dosing in the elderly and in patients with liver disease

and are unaffected by renal function. Newer formulations

include tablets, sustained-release (SR) capsules, con-

trolled-diffusion (CD) capsules, and Geo-matrix extended

release capsules. Buccoadhesive formulations that bypass

the effects of hepatic metabolism are under investigation.

The usual daily doses are outlined in Table 31.3. Peak

responses occur in 4–6 h, and the half-life averages 10 h.

Verapamil hydrochloride is also well absorbed (.90%)

from the gastrointestinal tract but undergoes extensive

first-pass metabolism, resulting in only 10–30% bioavail-

ability. Consequently, there is significant variation in

plasma levels between patients from dose to dose. Verapa-

mil consists of a racemic mixture of the two optically

active isomers, D and L, which have different pharmaco-

logic properties and, therefore, contribute to further varia-

bility. Verapamil is metabolized in the liver into 13 known

metabolites. Of these, norverapamil is the only one with

cardiovascular activity, and it has �20% of the potency

of the parent compound.

The bioavailability increases from twofold to threefold

with chronic administration, relative to single-dose admin-

istration, as a result of saturated hepatic elimination path-

ways. This prolongs the half-life from 4–5 h with a single

dose to 8–12 h with chronic administration. The onset of

action is achieved in 6–8 h, and the maximal therapeutic

effect occurs in 1–4 weeks.

Sustained release caplets have an onset of action of

5–6 h, but this is delayed by concurrent food ingestion.

The usual daily dose is equal to that of the immediate

release preparation, but twice-daily dosing improves

the antihypertensive effect of this formulation. The

sustained-release, pellet-filled verapamil capsules are

gel-coated, which renders the medication immune to

the effects of food on absorption. The onset of action is

7–9 h, and the peak concentration is �65% that of the

immediate-release tablet, but with 30% higher trough

concentrations. The controlled-onset, extended release

(COER) and chronotherapeutic oral drug absorption

system (CODAS) formulations are uniquely designed to

deliver verapamil 4–5 h after ingestion, making it ideal

for nighttime dosing. Blood levels are low during the

nighttime hours (minimizing diurnal blood pressure vari-

ations), but they increase during the early morning from

6:00 a.m. to 12:00 noon and remain sustained through

the course of the day.

Nifedipine is the prototype dihydropyridine calcium

antagonist that causes reduced peripheral resistance with

no significant depression of atrioventricular conduction,

sinus node recovery, or sinus rate. Administration of the

immediate-release preparation results in vasodilation,

with a reflex increase in sympathetic tone that prompts

slight increases in cardiac index and heart rate. In

general, it causes a modest antihypertensive effect that is

well tolerated. However, in the elderly and others, the

effect is profound and has been associated with a threefold

increase in mortality from myocardial infarction, stroke,

and death when compared with other antihypertensive

drugs, including other calcium antagonists. Therefore,

the immediate release form should be used only for

short periods, if at all, and certainly not in the setting of

acute coronary syndromes. There is no clinical advantage

to the bite-and-swallow route or sublingual route of

administration.

Nifedipine is rapidly absorbed with a 60% bioavailabil-

ity and can be detected in the serum within 10 min. Peak

drug levels are achieved within 30 min, with a half-life

of 2 h. Nifedipine is extensively metabolized in the liver

into at least two inactive metabolites that are excreted

into the urine. Doses should be adjusted in patients with

liver disease.

Several creative modifications to the delivery vehicle

allow a more extended release and sustained absorption

of nifedipine. The gastrointestinal therapeutic system for-

mulation consists of an inner, active drug core that is sur-

rounded by an osmotically active inert layer; this outer

layer swells within the gastrointestinal tract and dis-

solves the inner core. The drug is then slowly released

over 16–18 h. Peak concentration is reached in 6 h and

remains steady for 24 h, with a bioavailability of 86%.

Dosage conversion from the immediate-release form is

done on an equi-milligram basis. The gastrointestinal

therapeutic system tablet should not be divided or crushed.

The core-coat form of nifedipine is composed of an

outer layer that contains slow-release nifedipine, surround-

ing an inner layer of immediate release drug. The peak

serum concentrations occur within 3–5 h, followed by a

second peak 6–12 h later when the inner core is

exposed. However, the peak serum level may be variable

and unreliable. Ingestion of three 30 mg tablets results in

a 29% higher peak plasma concentration when compared

with the 90 mg tablet. Therefore, substitution of 30 mg

for 90 mg tablets is not recommended. The bioavailability

of the core-coat form is 89%, and its half-life is prolonged

to 7 h.

B. Second-Generation Drugs

Felodipine is a dihydropyridine calcium antagonist that is

almost completely absorbed from the gastrointestinal tract.
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Because of extensive first-pass hepatic metabolism, the

bioavailability is only �18%, but it increases to 50%

with concomitant ingestion of grapefruit juice or large

meals. The elimination half-life of felodipine extended

release (ER) is 11–16 h and is triphasic. Felodipine is

solubilized into a matrix-embedded tablet, with a release

rate that is determined by the amount of gel coat swelling

generated by contact with gastrointestinal secretions. Felo-

dipine is metabolized into inactive metabolites that are

excreted primarily in the urine. The peak clinical response

occurs within four weeks, and doses can be titrated at 2

week intervals. Felodipine has a higher affinity for periph-

eral vascular smooth muscle cells than for cardiac tissue,

which results in reduced peripheral vascular resistance.

Isradipine is a dihydropyridine calcium antagonist that

has a high affinity for the peripheral vessels, lowering per-

ipheral vascular resistance by 37% and increasing arterial

compliance. In vitro studies show SA node depression.

The clinical effect appears to be insignificant. Isradipine

is rapidly and almost completely absorbed following oral

administration, with a bioavailability of 25%. Isradipine

drug delivery is formulated upon the gastrointestinal thera-

peutic system principle. The peak anti hypertensive

activity can be seen as early as 2–3 h after ingestion, but

the full clinical response may take up to 2 weeks. The

terminal half-life of isradipine is 8 h, and the metabolites

are inactive.

Manidipine is a dihydropyridine that structurally

resembles nifedipine. Up to 60% is absorbed after oral

administration. Manidipine undergoes extensive hepatic

metabolism into metabolites that are excreted primarily

in the feces. The elimination half-life is 5–8 h. Doses

should be adjusted at 2 week intervals for maximum

clinical effect.

Nicardipine is a dihydropyridine calcium antagonist

that is well absorbed, with 35% systemic bioavailability.

The long-acting sustained-release form activates in

1–4 h, with a half-life of 8.6 h. Nicardipine also selec-

tively inhibits vascular smooth muscle contraction and

can elicit a compensatory increase in heart rate that

usually disappears after several weeks of therapy.

Nisoldipine is available in a core-coat formulation that

allows drug delivery in variable amounts throughout the

gastrointestinal tract. Eighty percent of the dose is con-

tained in the outer layer, and is absorbed slowly in the

stomach and upper intestine. In the lower intestine,

where, in general, absorption is slow, the remaining 20%

of the drug is released rapidly. This core-coat formulation

results in a true once-daily dosing with continuous 24 h

drug delivery. The pharmacokinetic profile is variable

because of fluctuations in hepatic blood flow. The drug

is metabolized in the liver and small intestine into pri-

marily inactive metabolites. The elimination half-life is

10–22 h. Recently available in the United States,

nisoldipine has demonstrated efficacy comparable to the

third-generation drug, amlodipine (12).

C. Third-Generation Drugs

Newer dihydropyridine medications with intrinsically

longer half-lives do not require unique delivery systems

for maximum drug effect. They offer a more sustained

onset of action and fewer peak-trough variations in

blood levels and therapeutic response, and they may

enhance compliance. In addition, because of the long

half-lives of these drugs, the therapeutic effects persist

for several days, even if a patient misses a dose.

Amlodipine possesses a distinctly unique pharmaco-

logic profile when compared with other dihydropyridines.

Absorption is slower and more complete after oral admin-

istration. It does not undergo significant first-pass metab-

olism, which results in a bioavailability of up to 88%.

The peak plasma concentrations occur 6 h after dosing

and reach their maximal effect after 7 days. The serum

levels are linear with increasing doses and do not appear

to be affected by the age of the patient. Amlodipine is

metabolized extensively in the liver into inactive frag-

ments. The elimination half-life is 30–50 h, which pro-

vides a clinical therapeutic response for several days

beyond the last dose that was administered. Amlodipine

also is unique among the dihydropyridines in that it

appears also to bind to nondihydropyridine calcium chan-

nels, which results in peripheral arterial vasodilation

without the compensatory activation of the sympathetic

nervous system (8).

Recently, significant interest has focused on ancillary

properties of amlodipine that are attributable to the

effects on nondihydropyridine binding sites. Amlodipine

has been demonstrated to depress smooth muscle cell pro-

liferation and matrix formation modulate nitric oxide pro-

duction. It also improves arterial compliance when it is

combined with HMGCoA reductase inhibitors (13). In

addition, amlodipine shows antioxidant activity in vivo,

reduces LDL cholesterol uptake by the vessel wall, and

can cause a dose-dependent regression of atherosclerotic

lesion formation in the aorta, possibly by inhibiting

monocyte-endothelial adhesion (14).

Iacidipine is an unusually potent dihydropyridine

calcium antagonist, with a great degree of vascular selec-

tivity. Lacidipine has an intrinsically slow onset of action,

resulting in no significant reflex tachycardia. It has a long

duration of action, in part due to unique membrane binding

properties and greater diffusion into lipid bilayers. Lacidi-

pine is absorbed rapidly after oral administration.

However, it undergoes extensive first-pass metabolism

and has a bioavailability of only 2–9%. The duration of

action is 12–24 h, with an elimination half-life ranging

of 3–19 h. Hepatic metabolism into inactive compounds

Calcium Antagonists 523



is complete. Although lacidipine is not currently available

in the United States, it is attractive as an antihypertensive

drug because it is as effective as other drugs and causes

less peripheral edema. In addition to its increasing vasodi-

lation of peripheral vascular beds, lacidipine has greater

antioxidant activity in comparison with other dihydropyr-

idines, and it has been shown in clinical trials to signifi-

cantly reduce atherosclerotic disease progression and

plaque formation when compared with the effects of b-

blockers (15).

Lercandipine is similar to lacidipine, but it demon-

strates an even greater solubility within the arterial cellular

membrane, which results in a 10-fold increase in vaso-

selectivity when compared with amlodipine. After oral

administration, the time to peak dose is 2–3 h, and bio-

availability is limited by extensive first-pass hepatic

metabolism. The terminal half-life of lercandipine is

only 8–10 h, although there is a long-lasting effect at the

receptor level and membrane level that corresponds to

extended clinical effects. It causes less peripheral edema

and flushing than other third-generation calcium antagon-

ists and has no cardiodepressant or reflex stimulatory prop-

erties (16). Dosage reductions in cases of severe hepatic

and renal impairment are necessary to prevent drug

accumulation.

Although lercandipine is not widely available in the

United States, it is an important therapeutic agent in

much of Europe, Asia, South America, and Australia. It

has considerable efficacy in the management of hyperten-

sion and may be particularly effective in severe or resistant

hypertension. Like other third-generation calcium antag-

onists, lercandipine possesses antiatherogenic activity

that is independent of its blood pressure-lowering effect.

In both diabetic and nondiabetic patients, lercandipine

reduces LDL oxidation and promotes vascular protection.

In animal models, lercandipine also has been reported

to dilate the efferent renal arteriole in contrast to other

drugs in this class, which results in a 10% increase in crea-

tinine clearance (17). The clinical consequences of these

findings are currently under investigation.

VII. CARDIOVASCULAR EFFECTS OF
CALCIUM ANTAGONISTS

The widespread availability of calcium channel antagon-

ists has been an important advance for a variety of cardio-

vascular disorders. They are now indicated for first-line

treatment of arterial hypertension and ischemic heart

disease and for the treatment and prevention of supraven-

tricular arrhythmias. They are beneficial as second-line

therapy in hypertrophic cardiomyopathy, primary pulmon-

ary hypertension, migraine, and other vasculospastic

disorders.

A. Hemodynamic Effects

Most patients with primary hypertension have an increased

peripheral vascular resistance. This is in large part due to

an abnormal influx of calcium into the cytosol. This

influx is blunted by calcium antagonists. The result is a

reduction in peripheral vascular resistance and a lowering

of systemic blood pressure. Thus, the primary hemody-

namic effect is vasodilation. Interestingly, calcium antag-

onists are the most potent in constricted vascular beds, and

the greatest vasodepressor responses occur in patients with

the highest pretreatment blood pressures. There is little, if

any, change observed in normotensive patients. Calcium

antagonists preferentially dilate the arterial vasculature

over the venous system. This may contribute to fewer

orthostatic responses in comparison to the effects of con-

ventional vasodilators, but it also may contribute to the

development of peripheral edema. Multiple studies have

demonstrated that total peripheral vascular resistance and

regional vascular resistance are reduced in the short term

and with chronic therapy. There is no significant affect

on cardiac function unless the patient has an ejection

fraction ,30%. In these patients, the dihydropyridines

(particularly amlodipine and felodipine) are the least

likely to depress cardiac output and are safe. To variable

degrees, all of the drugs dilate coronary arteries and

improve cardiac perfusion (Table 31.1). They are effective

for the treatment of hypertension-induced diastolic dys-

function, and because they act as coronary vasodilators

and reduce afterload, the negative inotrophic effects

(of verapamil and diltiazem) are rarely of clinical

consequence.

The effects on heart rate vary but are clinically negli-

gible. Diltiazem reduces sinoatrial node conduction and

has more potent effects on the atrioventricular node.

This makes it, along with verapamil, very useful for the

treatment of supraventricular arrhythmias. Conversely,

dihydropyridines may acutely induce a reflex increase in

heart rate, which normalizes with long-term therapy.

Although higher doses may be expected to increase the

pulse rate, the doses commonly recommended for the

treatment of hypertension have no effect on heart rate. A

few patients may experience a 10% heart rate reduction

with the nondihydropyridines, but this effect is only one-

half to one-third the effect observed in treatment with

b-blocker therapy. In addition, calcium antagonists do

not interfere with exercise performance, and they do not

inhibit stress-related increases in blood pressure.

B. Renal Effects

The beneficial effects of calcium antagonist therapy in

hypertensive patients with renal disease is well described.

Calcium antagonists exert natriuretic effects that can
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facilitate antihypertensive activity and protect existing

renal function, probably by direct inhibition of sodium

reabsorption at the distal tubule sodium channels, by

inhibition of aldosterone synthesis, and by augmentation

of atrial natriuretic peptide action (8). In hypertensive

patients, calcium antagonists acutely increase sodium

excretion onefold to threefold, often unrelated to any

reduction in blood pressure. Natriuresis occurs after the

first 6 h of dosing, then plateaus after 2–3 days and per-

sists for the duration of therapy. Although there are no sig-

nificant changes in body weight, the effects of natriuresis

are most pronounced on a high-salt diet and are reversible

after cessation of calcium antagonist treatment. In general,

calcium antagonists increase glomerular filtration rate by

preferentially dilating the afferent renal arteriole. Chronic

administration causes no significant change in glomerular

filtration rate, and calcium antagonists may help slow pro-

gression of chronic kidney disease when they are used in

conjunction with drugs that block the renin–angiotensin

system, in large part due to better blood pressure reduction

(18). However, when calcium antagonists are used without

a renin–angiotensin system blocker, they may increase

glomerular hyperfiltration and are not as renoprotective

as ACE inhibitors or angiotensin II receptor blockers (19).

There is clinical evidence that nondihydropyridines,

such as diltiazem and verapamil, can reduce proteinuria

when they are used as monotherapy (20,21). This is a

unique effect that is not seen with dihydropyridines

unless there is a substantial reduction in blood pressure.

The mechanism of this differential effect is not known

for certain, but it may reflect an alteration in glomerular

basement membrane permselectivity to proteins (20,22).

The clinical significance of this difference is unknown

because most patients will already be treated with an

ACE inhibitor or an angiotensin receptor blocker.

C. Clinical Use

All calcium antagonists have been shown to be equally

efficacious in reducing systolic and diastolic blood

pressure. Overall response rates for monotherapy are

�50% in all patients, but the response rates approach

85% in patients with mild to moderate hypertension

alone. However, the initial calcium antagonist that is

selected for a particular patient should take into account

concomitant conditions (Table 31.1) and, where possible,

be selected from the longer-acting preparations to facili-

tate more reliable blood pressure control and compliance.

Initial doses should be started at the lowest recommended

range and then titrated upward over 1–2 weeks as needed.

The higher the patient’s initial blood pressure, the more

effective the therapy will be. It was thought initially that

the dosages required to achieve satisfactory blood pressure

reduction were lower than those required to control

angina, but clinical experience and more recent trials do

not support this theory. Dosages do not need to be adjusted

for high dietary salt intake. Sustained systolic and diastolic

blood pressure reductions of 16–28 and 14–17 mmHg,

respectively, can be expected, particularly with the dihy-

dropyridines. There is a moderately steep dose-response

relationship. The development of tolerance to the clinical

effects has not been reported.

Several factors may help predict the response to

calcium antagonists. The drugs have been demonstrated

to be effective in young, middle aged, and elderly patients,

with blood pressure levels that range from white coat and

mild hypertension to severe hypertension. Moreover,

calcium antagonists tend to be more effective than b-

blockers and ACE inhibitors in older patients, particularly

at preventing strokes. The response may be inversely

related to plasma renin, comparable to diuretic responses.

Specifically, they normalize blood pressure in �20% of

patients under the age of 40 or with high renin, compared

with 80% of patients over the age of 60 or with low plasma

renin (8). Gender does not determine the effectiveness of

calcium antagonists, although women may be more

likely to report side effects. In contrast to other antihyper-

tensive classes, calcium antagonists are reliably effective

in African-American hypertensive patients and may be

the most potent drugs for this subgroup of patients. More-

over, the responses do not depend on underlying renal

function; therefore, patients with end-stage renal disease

can be treated effectively. Calcium antagonists maintain

a robust ability to lower blood pressure regardless of

dietary salt consumption or NSAID use (23–25).

However, modest dietary salt restriction can facilitate

better blood pressure reduction (24).

Long-acting calcium antagonists, in general, improve

myocardial oxygen demand, improve ventricular filling,

conserve contractility, and decrease ventricular arrhythmias.

They are equally as effective as b-blockers for reducing

angina symptoms, cardiac events, variant angina, and hyper-

trophic cardiomyopathy in patients with coronary artery

disease. Acutely, calcium antagonists facilitate diastolic

relaxation, and, chronically, they can prevent or reverse

left ventricular hypertrophy better than a b-blocker or a

thiazide can (26) (Fig. 31.2). This may be particularly

important because left ventricular hypertrophy is a powerful

risk factor for cardiovascular endpoints. When treatment

with calcium antagonists is initiated early in the course of

hypertension, they can normalize altered-resistance arterio-

lar structure and endothelial dysfunction and, thus, prevent

progression to higher stages of hypertension (27).

Only diltiazem and verapamil have been shown to be

effective for secondary prevention of cardiac events after

myocardial infarction. Verapamil may be preferred in

those patients who cannot tolerate a b-blocker, when treat-

ment is initiated 1–2 weeks after a myocardial infarction.
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It should be emphasized that abrupt cessation of nondi-

hydropyridines in patients with variant angina or diastolic

dysfunction may precipitate anginal events. Calcium

antagonists offer a particularly important therapeutic strat-

egy for patients with peripheral vascular disease or

bronchospastic disorders, such as asthma, who may be

unable to tolerate b-blocker therapy. High-risk patients,

such as those with dysmetabolic syndrome or diabetes,

may benefit especially from the reduction of atherogenesis

induced by calcium antagonists.

The dihydropyridine amlodipine was as effective as

chlorthalidone or lisinopril, either alone or with other

antihypertensive therapy, in preventing fatal or nonfatal

myocardial infarction in the Antihypertensive and Lipid-

Lowering Treatment to Prevent Heart Attack Trial

(ALLHAT) study (28). Additionally, nitrendipine was

demonstrated to be as effective in reducing stroke-

related morbidity and mortality in the Systolic Hyper-

tension in Europe (Sys-Eur) study (29).

There are relatively few contraindications for calcium

antagonists. However, they should not be used in patients

with ejection fractions ,30% (with the exception of amlo-

dipine or felodipine), sick sinus syndrome (unless the

patient has a functional pacemaker), or second-degree or

third-degree heart block. Verapamil and diltiazem are pre-

ferred in patients with acute and chronic supraventricular

arrhythmias unless these arrhythmias are associated with

an accessory pathway. Patients with pre-excitation syn-

dromes associated with a rapid ventricular response

should not be treated with verapamil because it may

accentuate conduction through the accessory pathway.

D. Combination Therapy

Numerous recent clinical trials have proven that the most

effective way to achieve the desired blood pressure level is

with the use of multiple classes of medications. The

calcium antagonists are an attractive class of drugs to

use in combination with other drugs because of their effi-

cacy and relatively neutral side-effect profile. Overall, the

greatest antihypertensive efficacy is achieved with the

combination of calcium antagonist with a b-blocker,

ACE inhibitor, or angiotensin receptor blocker. There is

less of an anithypertensive effect when a calcium antagon-

ist is combined with a diuretic, which reflects the fact that

calcium antagonists possess inherent diuretic activity.

Treatment response rates approach 70% when dihydropyr-

idines are added to ACE-inhibitor or angiotensin receptor

blocker therapy. The combination of these classes takes

advantage of simultaneous precapillary and postcapillary

vasodilation to lower peripheral resistance. This approach

may cause synergistic blood pressure lowering, more com-

plete renal protection, and result in less peripheral edema.

In fact, the addition of verapamil to chronic ACE inhibitor

therapy has been shown to reverse the decrease in glomer-

ular filtration rate that is associated with the ACE inhibitor,

without further lowering blood pressure (30).

In the recently published International Verapamil–

Trandolapril Study (INVEST), hypertensive patients with

coronary artery disease were randomized to receive either

verapamil, alone or in combination with the ACE inhibitor

trandolapril, and hydrochlorothiazide (HCTZ) as needed; or

atenolol, with or without hydrochlorothiazide, and the ACE

Figure 31.2 Percent reduction in left ventricular mass with various classes of antihypertensive drugs.
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inhibitor as needed. After 2.7 years of follow-up, there were

no significant differences between treatment strategies with

respect to the primary endpoints of death, fatal or nonfatal

myocardial infarction, stroke, angina, hospitalizations,

or adverse events (31). Blood pressure control over the

2 year period was similar between groups, and the calcium

antagonist-based therapy was associated with significantly

fewer new diagnoses of diabetes. This important trial

provides convincing evidence that verapamil, alone or in

combination with an ACE inhibitor, is as effective as a

b-blocker and thiazide combination for the treatment of

hypertensive patients with coronary artery disease (31).

Because b-blockers and diuretics decrease insulin

sensitivity and impair glucose tolerance, there is some

concern with using these drugs in diabetics. Holzgrove

et al. (32) recently demonstrated in diabetics that the

same calcium antagonist strategy used in the INVEST

trial was associated with no short-term or long-term

change in HbA1c levels (7.9%), whereas the b-blocker

group had significant impairment of glycemic control

(HgA1c increased from 7.8% to 8.6%).

Another attractive approach combines the use of a

dihydropyridine with a b-blocker to maximize protection

against adverse effects that are caused by either drug

alone. Calcium antagonists can inhibit potential vasocon-

striction that is induced by the b-blocker; the b-blockers

can attenuate the reflex activation that is induced by

dihydropyridines. The use of nondihydropyridines with

b-blockers can accentuate conduction delays, contracti-

lity, and heart rate and should only be used with extreme

caution and close monitoring.

Combining dihydropyridines with other calcium antag-

onists has been effective for blood pressure control, but

data supporting the safety and rationale for this approach

is limited, and the incidence of pedal edema is increased

(33). Routine use of calcium antagonists with even three

or four additional antihypertensive classes, however, is

safe and frequently necessary to control blood pressure.

VIII. PITFALLS, DANGERS, AND
SIDE EFFECTS

Calcium antagonists as a group are well tolerated. Unlike

conventional antihypertensive drugs, calcium antagonists

are not associated with significant alterations in sexual func-

tion, depression, or masking of hypoglycemic awareness.

Orthostatic blood pressure changes are uncommon because

the mechanisms for venoconstriction remain intact.

However, because calcium antagonists are primarily vaso-

dilators, hypotension can occur. Hypotension is less fre-

quent with oral dosing than with intravenous treatment

and is more common, as expected, with the more potent

dihydropyridines. Hypotension is more common with

initiation of drug therapy or in patients who are receiving

multiple antihypertensive drugs, particularly b-blockers

(34). The vasodilatory action also is directly associated

with flushing, dizziness, nausea, and headaches. These

side effects are more pronounced with the shorter acting

drugs and are often dose related and transient. Perhaps the

most common and bothersome side effect of the dihydropyr-

idines is peripheral (and occasionally periorbital) edema.

The edema is likely the result of uncompensated precapil-

lary vasodilation, which increases intracapillary hydrostatic

pressure and results in a transudative shift of fluid into the

extravascular space. Because this edema is neither gravita-

tional nor associated with increased sodium retention, it

does not respond well to diuretics (35). In contrast, preferen-

tial postcapillary vasodilation with ACE inhibitors or

angiotensin receptor blockers reduces intracapillary hydro-

static pressure and reverses the hydrostatic forces favoring

extravascular fluid shifts (35,36).

Another common side effect of the dihydropyridines is

gingival hyperplasia. Nifedipine, in particular, enhances

the ability of oral bacterial plaques to stimulate an inflam-

matory B-cell infiltration in the gingiva that results in

growth of the bacteria. This effect is exaggerated in the

presence of cyclosporine (37). Gingival hypertrophy is

reversible with cessation of drug therapy. Side effects of

the nondihydropyridines, particularly verapamil, are

more likely to result from direct inhibition of calcium-

dependent smooth muscle contraction. In the gastrointesti-

nal tract, they cause relaxation of the lower esophageal

sphincter and a reduction in peristaltic contractions in

the bowel wall. Clinically, patients experience nausea

and constipation. The effects of diltiazem and verapamil

on cardiac conduction may be more troublesome.

Because they inhibit conduction at the sinus and atrio-

venticular node, they can cause conduction delays and

atrioventicular block (8). These effects are seldom associ-

ated with any clinical symptoms and, indeed, form the

basis for the use of these drugs in tachycardia syndromes.

As stated previously, calcium antagonists are unique

among antihypertensive drugs with regard to their

neutral metabolic side effect profile. They do not impair

glucose or insulin homeostatis, do not reduce HDL choles-

terol or increase oxidized LDL cholesterol or triglycerides,

and are not associated with changes in serum sodium,

potassium, or uric acid. On the contrary, they have been

shown to have additive vasculoprotective metabolic

effects when they are used in combination with statins

(38). Therefore, they may be one of the preferred drugs

for patients with the dysmetabolic syndrome or diabetes.

A. Safety and Drug Interactions

A number of questions about the long-term safety of calcium

antagonists have been raised over the last 10 years, and there
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has been considerable debate about their cardiovascular

safety. The use of short-acting drugs, particularly nifedipine,

has been associated with a small increased risk of cardiovas-

cular events due to compensatory activation of the renin–

angiotensin and sympathetic nervous system activity (6).

For this reason, the indications for short-acting drugs have

been modified to exclude their use from the treatment of

hypertension. Similar concerns have been raised about the

clinical safety of dihydropyridines in diabetics, which are

based on the results of several clinical trials in which dihy-

dropyridines were compared to ACE inhibitors (39,40). In

these studies, diabetic patients treated with the ACE inhibi-

tors experienced fewer cardiovascular events. However,

these data need to be interpreted with caution, as there

were no placebo groups with which to compare the

calcium antagonists. Recent, well-controlled trials demon-

strate unequivocally the beneficial effects of calcium antag-

onists in diabetics and nondiabetics (28,29,41–45).

Concerns about possible increased risks of gastrointestinal

bleeding or cancers have not been substantiated (46). The

large number of patients currently being treated with

calcium antagonists and the ongoing trials and observational

studies in which there is more aggressive blood pressure

reduction are expected to allay many of these concerns (28).

Perhaps more clinically relevant are the multiple poten-

tial drug interactions that occur with calcium antagonists.

Table 31.5 outlines the more frequent drug interactions

that are encountered in clinical practice. Simultaneous

use of the combinations are not contraindicated; they

merely warrant closer clinical observation.

IX. CONCLUSIONS

Since their introduction .30 years ago, calcium antagon-

ists have generated both significant debates as well as

ongoing excitement. Calcium antagonists reduce periph-

eral vascular resistance by inhibiting the intracellular

influx of calcium, a process that is abnormal in a majority

of hypertensive patients. As a result, they interfere with

excitation–contraction coupling in vascular and, to some

extent, in cardiac smooth muscle. As a class, they have

considerably more variable effects on the vasculature,

heart, and target organs, such as the kidney, than most

antihypertensive drugs. However, their pharmacokinetic

profiles are remarkably similar.

Numerous studies have demonstrated the efficacy of

calcium antagonists in treating hypertension. They are

reliably effective in patients regardless of age, gender,

race, salt intake, or even NSAID use. Calcium antagonists

are as effective as all other antihypertensive drugs in redu-

cing blood pressure and cardiovascular events and may be

better for stroke reduction. Because of their neutral or

favorable metabolic profile, ease of dosing, and low inci-

dence of side effects, they are ideal drugs for a variety

of patients, both as monotherapy and in combination

therapy with other drugs.

In general, doses should be started at the lowest rec-

ommended range, and a slow-release or long-acting form

should be selected to improve compliance and reduce

blood pressure variability and reflex stimulation of the

sympathetic nervous system. Side effects are infrequent

Table 31.5 Drug–Drug Interactions with Calcium Antagonists

Calcium antagonist Interacting drug Result

Verapamil Digoxin Increases digoxin levels by 50–90%

Diltiazem Digozin Increases digoxin level by 40%

Verapamil b-blockers Increases AV nodal blockade, hypotension,

bradycardiaasystole

Verapamil, diltiazem Cyclosporine/tacrolimus

and sirolimus

Increases cyclosporine levels by 25–100%

Verapamil, diltiazem Cimetidine Increases verapamil and diltiazem levels by

decreasing metabolism

Verapamil Rifampin/phenytoin Decreases verapamil levels by enzyme induction

Dihydropyridines Amiodarone Exacerbates sick sinus syndrome and AV nodal blockade

Dihydropyridines b-blockers Results in excessive hypotension

Dihydropyridines Propanolol Increases propanolol levels

Dihydropyridines Cimetidine Increases area under the blood pressure curve and

plasma levels of calcium antagonist

Nicardipine Cyclosporine Increases cyclosporine levels (nicardipine 40–50%;

amlodipine 10%)

Amlodipine

Felodipine Flavonoids Increases bioavailability by 50%

Diltiazem Methylprednisone Increases methylprednisone 0.5-fold

Nifedipine Diltiazem Increases nifedipine levels 100–200%
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and can be managed easily. The choice of a parti-

cular calcium antagonist should take into account other

co-morbidities as discussed previously in this chapter.

Emerging data indicates that calcium antagonists also

may have protective effects that are independent of their

blood pressure-lowering properties. Many have intrinsic

antioxidant activity, improve endothelial function and

arterial compliance, and reduce atherogenesis. The clinical

importance of these findings has not yet been established,

but in addition to the clinical efficacy and safety of calcium

antagonists, they provide compelling reasons to support

the widespread use of drugs from this class for the treat-

ment of hypertension.
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KEYPOINTS

. Direct vasodilators are useful in the treatment of

specific types of hypertension characterized by a

failure to achieve goal if BP is .140 systolic and

on maximum doses of 4 drugs. Also conditions

such as heart failure.

. Direct vasodilators generally are not recommended

as first-line agents except in the case of preeclampsia.

SUMMARY

Direct vasodilators can be used alone or in conjunction

with other drugs to achieve blood pressure goals or to

address situations of hypertensive emergency or urgency.

There are currently four drugs in this class of medications:

hydralazine, minoxidil, nitroprusside, and fenoldopam.

I. INTRODUCTION

Direct vasodilators are antihypertensive medications,

which produce direct relaxation of the arteriolar smooth

muscles and, hence, result in vasodilation. Medications

in this class include hydralazine, minoxidil, nitroprusside,

and fenoldopam. The first two drugs are recommended as

adjunct agents to be used with more established therapy to

achieve blood pressure goals (1); the latter two drugs

are recommended for cases of hypertensive urgency (2).
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A summary of these drugs is presented in Table 32.1,

including clinical, dosing, and side-effect profiles.

The specific mechanism of vascular relaxation and the

reason for the selectivity of resistance vessels for hydrala-

zine are not known. Minoxidil is known to open potassium

channels and, hence, result in smooth muscle relaxation.

Nitroprusside is a direct acting intravenous vasodilater

that disrupts cerebral autoregulation and has limited useful-

ness in people with advance nephropathy due to increase in

this cynate concentration. Fenoldopam is a selective dopa-

mine-1 (D1) receptor agonist, which results in a dose-

dependent relaxation of vascular smooth muscle, but it

can only be administered intravenously.

II. HYDRALAZINE (APRESOLINE)

Hydralazine is the prototype direct vasodilator. It was one

of the first orally active antihypertensive agents on the

market. However, it is generally not used as a single

agent to achieve blood pressure goals and requires some

other agents such as a b-blocker that blocks sympathetic

tone secondary to development of tachycardia and tachy-

phylaxis (3). Its recommended use is as a fourth-line

agent in concert with diuretics and sympatholytic agents

so that it can be better tolerated.

A. Mechanism of Action

Hydralazine causes direct relaxation of the arteriolar

smooth muscle by a mechanism, which is currently

unknown. However, a number of mechanisms have been

proposed for the vasodilating action of hydralazine. One

is the inhibition of calcium influx into the smooth

muscle; another is the inhibition of phosphorylation of

myosin light chain kinases (4).

Hydralazine has a greater effect on the precapillary

resistance than on the postcapillary resistance vessels.

It also causes a preferential decrease in the vascular

resistance in coronary, cerebral, and renal vascular beds

when compared with skin and muscular beds (5).

Because of its preferential dilation of arterioles over

veins, postural hypotension is not a common problem.

Although, theoretically hydralazine may be useful for

treating pulmonary hypertension, the vasodilation this

drug produces in the pulmonary vasculature is offset by

the relatively greater increase in cardiac output, which,

in turn results in mild pulmonary hypertension. It is

difficult to predict what patients will respond to hydrala-

zine in this manner, but the increase in cardiac output

can be attenuated by the concurrent use of a b-adrenergic

blocking agent (6,7).

Although most of hydralazine’s effect in increasing

heart rate and cardiac output is due to baroreceptor-

mediated responses, hydralazine also may stimulate the

release of norepinephrine from the sympathetic nerve

terminals and augment myocardial contractility directly

(8). In addition, fluid retention results from a decrease in

blood pressure, which stimulates the renin–angiotensin–

aldosterone system, and an increase mechanism to also

increase sodium reabsorption from the proximal tubule

of the nephron (9).

Table 32.1 Oral and Intravenous Vasodilating Agents

Vasodilator Mechanism Dose

Onset of

action Side effects

Hydralazine Opens potassium

channels

Intravenously, 10–50 mg

IV/IM q 4–6 h for

15–30 min.

Orally, 50 mg bid

up to 150 mg bida

Within 2 h Hypotension, reflex sympathetic

stimulation, exacerbate angina,

myocardial infarction

Minoxidil Opens potassium

channels

Start oral dose 2 mg bid,

and increase up to

40 mg/day in divided

dosesa

Within 2 h Reflex sympathetic stimulation,

exacerbate angina, myocardial

infarction, pericardial effusion

Sodium

nitroprusside

Increases cyclic

GMP; blocks

cell calcium

0.25–10 mg/kg per min Immediate Nausea, severe hypotension,

thiocyanate toxicity.

(Check thiocyanate levels

every 48 h, especially in cases

of renal failure.)

Fenoldopam D1 receptor

agonist

0.1–0.3 mg/kg per min ,5 min Tachycardia, headache, nausea,

flushing

abid, to be ingested twice daily.
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B. Pharmacokinetics and Pharmacodynamics

The peak serum concentration of hydralazine and the peak

hypotensive effect of the drug occur within 30–120 min of

ingestion. However, when hydralazine is given intrave-

nously, the peak blood level of the drug and the time of

maximal effect differ from those observed with oral

administration. This is because hydralazine is extensively

metabolized in the gastrointestinal mucosa and the liver,

which results in the inactivation of 75–90% of an orally

administered dose.

Hydralazine is N-acetylated in the liver and the bowel.

The rate of acetylation is genetically determined. About

half of the hypertensive patients in the United States are

fast acetylators, and the other half are slow acetylators

(10,11). Because the acetylated compound is inactive,

the oral dose that is required to produce a systemic

effect is larger in fast acetylators. No difference exists in

dose effect between fast and slow acetylators when hydra-

lazine is administered intravenously (12,13).

The half-life of hydralazine is 1 h, and the systemic

clearance of the drug is �50 mL/kg per min. Because

systemic clearance exceeds hepatic blood flow, extra-

hepatic metabolism must occur; hydralazine combines

with circulating a keto acids to form hydrazones. The

major metabolite recovered from the plasma is hydralazine

pyruvic acid hydrazone (14). However, although hydra-

lazine’s half-life is only �1 h, the duration of the hypo-

tensive effect can last �12 h. The reason for this

discrepancy is not understood clearly. One explanation is

the persistence of the active metabolites in the plasma.

Another possible explanation is the tissue binding of

hydralazine that occurs in the walls of arteries in the

muscles, which might allow hydralazine to persist much

longer and exert a prolonged pharmacologic effect. It

has also been postulated that its prolonged pharmacologic

effect is due to a sustained effect on endothelium-derived

relaxing factor (15).

C. Adverse Effects

The most common adverse effects of hydralazine are

related to its direct reflex-mediated hemodynamic

actions including flushing, headache, palpitations, hypo-

tension, and angina. It can cause electrocardiographic

changes of myocardial ischemia that are a result of

an increased oxygen demand that is imposed by the

baroreflex-mediated stimulation of the sympathetic

nervous system. Moreover, because hydralazine does not

dilate the epicardial coronary arteries, the arteriolar

dilation it produces results in the blood flowing away

from the ischemic region. For this reason, parenteral

administration to patients with coronary artery disease is

contraindicated.

The salt and fluid retention that result from using hydra-

lazine also may precipitate heart failure. Therefore, as pre-

viously mentioned, hydralazine is better tolerated with the

concomitant use of a b-blocker and a diuretic.

Repeated administration of hydralazine can cause a

drug-induced, lupus-like syndrome. This syndrome is fre-

quently dose dependant and rarely occurs in patients who

receive ,200 mg/day of hydralazine. The occurrence of

this syndrome is also related to the age, gender, and acety-

lator phenotype of the patient (16). The syndrome is four

times more common in women than in men. Its clinical

features are similar to most other drug-induced lupus syn-

dromes and include arthralgias, arthritis, fever, and,

occasionally, pleuritis, and pericarditis. The symptoms

disappear when the drug is discontinued. The majority of

patients who develop a positive antinuclear antibody titer

do not develop the drug-induced lupus syndrome, and

the drug need not be discontinued unless clinical symp-

toms develop.

The use of hydralazine also can result in an antineutro-

phil cytoplasmic antibody-positive vasculitis or in a

rapidly proliferative glomerulonephritis (17). Note that

these conditions are extremely uncommon. The mechan-

ism for the genesis of these conditions is unknown;

however, hydralazine is known to inhibit the methylation

of DNA, and it induces self-reactivity in T-cells (18).

Hydralazine also can produce a pyridoxine-responsive

polyneuropathy, although this side effect is encountered

very seldom.

D. Clinical Uses

Hydralazine has several clinical uses in the treatment of

hypertension and cardiac failure:

. Preeclamptic conditions in pregnant women.

. Hypertensive emergencies.

. Perioperative hypertension.

. Management of refractory hypertension.

. Management of hypertension during pregnancy.

. Heart failure.

However, hydralazine has no role as a first-line agent

except in one circumstance: in preeclamptic pregnant

women, where this drug should be considered as one

of several other possible agents. A systolic blood pressure

of .169 mmHg and a diastolic blood pressure of

109 mmHg are considered an emergency in a pregnant

woman. Eclampsia poses a great risk to both maternal and

fetal well-being. Poor maternal outcomes are related to com-

plications, such as cerebral hemorrhage and seizures, if

eclampsia develops. The recommended dose is 5–10 mg

administered intravenously every 20–30 min (19).

Parenteral antihypertensive therapy with hydralazine

is indicated in patients with symptomatic stage 2
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hypertension as defined by the Joint National Committee

7th Report classification (1). This is the class of patients

who have severe hypertension with evidence of progress-

ive target organ damage to the central nervous system,

retina, cardiovascular system, or the kidney as evidenced

by severe headache, mental status changes, seizures, loss

or blurring of vision, chest pain, shortness of breath, or

edema, with the physical findings of focal or diffuse neuro-

logical deficits, papilledema, gallop rhythm, or pulmonary

crackles. In this setting, an initial dose of 10–20 mg

should be administered intravenously and repeated as

needed.

Perioperative hypertension is one of the most common

settings for episodic severe hypertension. Hydralazine can

be used both intraoperatively and postoperatively.

Improved blood pressure control may decrease surgical

bleeding and protect vascular anastomotic suture lines.

As mentioned previously in this chapter, hydralazine is

very useful in the management of refractory hypertension

as an adjunct to other drugs to help achieve blood pressure

goal (20).

Hydralazine also is used in the management of hyper-

tension during pregnancy, which helps to prevent maternal

and perinatal morbidity and mortality (21).

In addition, hydralazine is used in conjunction with

nitrates for the treatment of chronic heart failure, which

is a result of systolic dysfunction in patients who cannot

tolerate angiotensin-converting enzyme inhibitors or

angiotensin receptor blockers. Hydralazine confers a

favorable effect on left ventricular function and on

decreasing the mortality rate (22).

III. MINOXIDIL (LONITEN)

Minoxidil was discovered in 1965. It has been proven to be

efficacious in the treatment of patients with very severe

hypertension and drug-resistant hypertension (20).

A. Mechanism of Action

Minoxidil is inactive in vitro. It is metabolized by hepatic

sulfotransferase to the active molecule minoxidil N–O

sulfate. Minoxidil sulfate relaxes vascular smooth

muscle by activating adenosine triphosphate (ATP)-

modulated potassium channels in smooth muscle, which

results in a potassium efflux and the hyperpolarization of

smooth muscle (23).

Minoxidil produces arteriolar vasodilation with no

effect on the capacitance vessels, in which regard it

resembles hydralazine. It increases blood flow to the

heart, skin, skeletal muscle, and gastrointestinal tract

more than it affects blood flow to the central nervous

system. Hence, the administration of minoxidil causes an

increase in myocardial contractility and cardiac output

(24). However, long-term use can result in the develop-

ment of pericardial effusions and, rarely, cardiac

tamponade.

Minoxidil is a renal vasodilator, but the systemic hypo-

tension produced by the drug can decrease renal blood

flow. It is a potent stimulator of renin secretion and

leads to profound sodium retention and the development

of substantial edema.

B. Pharmacokinetics and Pharmacodynamics

Minoxidil is absorbed well from the gastrointestinal tract.

Peak concentrations of the drug occur 1 h after oral admin-

istration, but the maximum hypotensive effect occurs later

because the formation of the active metabolite is delayed.

Twenty percent of the drug is excreted unchanged in the

urine, and the main route of elimination is through

hepatic metabolism.

C. Adverse Effects

Minoxidil causes the retention of salt and water secondary

to increased proximal tubular absorption, which is, in turn,

secondary to reduced renal perfusion pressure and reflex

stimulation of renal tubular a adrenergic receptors. Fluid

retention can be controlled with a diuretic.

Minoxidil can cause direct reflex-mediated hemo-

dynamic actions that include flushing, headache, pal-

pitations, and hypotension and also angina and

electrocardiogram changes of myocardial ischemia that

are a result of an increased oxygen demand, which is

imposed by the baroreflex-mediated stimulation of the

sympathetic nervous system. These effects are similar to

the effects of hydralazine. They can be attenuated by the

concomitant use of a b-blocker.

The increased cardiac output that is caused by minoxi-

dil can adversely affect patients who have left ventricular

hypertrophy and diastolic dysfunction. The poorly compli-

ant ventricles do not respond optimally to an increased

volume load, which results in an increase in left ventricular

filling pressure. This is the major contributor to the

increase in pulmonary artery pressure that is observed

with minoxidil therapy. Heart failure can occur in this

patient population secondary to minoxidil therapy.

Pericardial effusion also can occur in rare cases. In most

instances, it is reversible when administration of the drug

is discontinued (25).

Hypertrichosis occurs in all patients who use minoxidil

for an extended period of time. It is secondary to the

potassium channel activation. Growth of hair is seen on

the face, arms, legs, and back. Topical minoxidil is now

marketed commercially for the treatment of male pattern

baldness.
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Other rare side effects include Stevens–Johnson syn-

drome, antinuclear antibody formation, and glucose

intolerance.

D. Clinical Uses

Because of its side-effect profile, minoxidil is used only as

a last resort to help achieve the blood pressure goal.

Minoxidil is used in both adults and children in the man-

agement of severe refractory hypertension and is always

used in conjunction with a diuretic and a b-adrenergic

blocking agent. It is administered once or twice a day.

The initial dose is 2.5–5 mg/day. The maximum dose is

100 mg/day.

Minoxidil is also used in the treatment of alopecia. It

modifies the hair cycle by prolonging the anagen phase

and has been used for treatment of both androgenetic alo-

pecia and alopecia areata. Its use is being studied in the

treatment of chemotherapy-induced alopecia (26).

In addition, minoxidil is being investigated as a combi-

nation drug with tamoxifen in the treatment of breast

cancer (27).

IV. NITROPRUSSIDE

Nitroprusside is a direct-acting vasodilator, which is used

for hypertensive emergencies.

A. Mechanism of Action and Pharmacology

Nitroprusside increases cyclic guanosine monophosphate

(GMP) and partially blocks calcium fluxes in the cell. In

this way, nitroprusside catalyzes events that lead to vaso-

dilation (2,28). It has a half-life of minutes and, thus, can

be titrated easily when it is used to lower blood pressure.

An intravenous dose of 0.25–10 mg/kg per min usually

reduces arterial pressure.

B. Adverse Effects

A number of adverse effects have been reported with

nitroprusside, including nausea, severe hypotension, and

thiocyanate toxicity. Thiocyanate toxicity is especially

prominent in people with renal insufficiency. Therefore,

levels of thiocyanate should be checked every 48 h,

especially in patients with renal failure (2,28).

C. Clinical Uses

This agent is used in hypertensive crisis when parenteral

therapy is required should be used with caution in

people with kidney disease due to increases in thiocynate

and potential cynaide toxicity if levels are not monitored.

Most commonly used in conditions where patients have

decreased mental status with very high blood pressure

(.190–200 mmHg systolic) already receiving oral

therapy.

V. FENOLDOPAM

Fenoldopam is a direct-acting vasodilator that is used for

hypertensive crisis.

A. Mechanism of Action and Pharmacology

Fenoldopam is a selective dopamine agonist that

causes peripheral vasodilation via the stimulation of

D1 receptors. The half-life of fenoldopam is on the order

of minutes (2,29).

B. Adverse Effects

Because fenoldopam is indicated only for hypertensive

urgencies or emergencies, the only untoward effects

are hypotension that may result from too large a dose.

Given the fenoldopam’s short half-life, this hypotension

is corrected easily by reducing the dose of the drug (2,29).

C. Clinical Uses

The efficacy of an intravenous infusion of fenoldopam for

decreasing blood pressure in patients with hypertensive

urgency (including patients who develop hypertension

after coronary artery bypass graft surgery and in a small

number of patients with hypertensive emergency) is

similar to the efficacy of treatment with sodium nitroprus-

side. However, unlike sodium nitroprusside, fenoldopam

also increases renal blood flow and causes diuresis and

natriuresis (29). There is no evidence of rebound hyperten-

sion after stopping the infusion. Because the tolerability

profile of fenoldopam is generally similar to that of

sodium nitroprusside, fenoldopam appears to be an effec-

tive alternative to sodium nitroprusside in the immediate

treatment of patients who develop severe hypertension

and for whom oral treatment is not practical. Fenoldopam

may be particularly useful in patients who develop hyper-

tension after coronary artery bypass graft surgery, but

further studies are required to confirm its role in hyperten-

sive emergency.
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KEYPOINTS

. Aldosterone antagonists may prevent the develop-

ment of cardiac fibrosis.

. Dopamine 1 agonists cause arterial vasodilation in the

renal, mesenteric, cerebral, and coronary arterial beds.

. Peripheral dopamine 2 receptor agonists reduce

norepinephrine and aldosterone release.

. Endothelin antagonists may reduce blood pressure,

prevent left ventricular hypertrophy, and preserve

myocardial function.

. Central imidazoline agonists and 5HT1A antagon-

ists reduce central sympathetic outflow.

. Neutral endopeptidase inhibitors prevent ANP

breakdown and angiotensin II generation.

. Potassium channel openers are of limited use

because of reflex tachycardia and headache.

. Renin inhibitors prevent angiotensin II formation.

SUMMARY

Several groups of drugs are in development for treatment

of hypertension. While some may come to fruition,

difficulties with the development of each has limited

their potential. The most promising at present appears to

be the metalloprotease inhibitors, if the problem of the

angioedema can be solved.

I. INTRODUCTION

Several groups of drugs are in development for treatment

of hypertension. Although some may come to fruition, dif-

ficulties with the development of each have limited their

potential. The most promising, at present, appears to be

the metalloprotease inhibitors, if the problem of the angio-

edema can be solved. Several other groups look as though

they may not add to our useful armamentarium for treat-

ing hypertension for the reason that they lower blood

pressure, but not with fewer adverse effects or with

more efficacy than the drugs that we have available

already. Part of their dilemma is that with some excep-

tions, the risk of hypertension appears to fall largely as

a function of the extent of the blood pressure reduction,

rather than as a function of the form of therapy used to

reduce it. This means that it is much more difficult for a
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new form of therapy to distinguish itself from currently

available therapy.

Several classes of drugs are under investigation as

therapy of hypertension. These include the following:

– Aldosterone antagonists may prevent the develop-

ment of cardiac fibrosis.

– Dopamine 1 agonists cause arterial vasodilation

in the renal, mesenteric, cerebral, and coronary

arterial beds.

– Peripheral dopamine 2 receptor agonists reduce

norepinephrine and aldosterone release.

– Endothelin antagonists mixed endothelin ETA/
ETB receptor antagonists may reduce blood

pressure, prevent left ventricular hypertrophy, and

preserve myocardial function.

– Central imidazoline agonists reduce central sym-

pathetic outflow without the sedation.

– 5HT1A antagonists reduce central sympathetic

outflow.

– Neutral endopeptidase inhibitors prevent ANP

breakdown and angiotensin II generation.

– Potassium channel openers are of limited use

because of reflex tachycardia and headache.

– Renin inhibitors are a specific way to prevent angio-

tensin II formation.

II. ALDOSTERONE ANTAGONISTS

It is no longer considered sufficient to lower blood pressure

to normal or near-normal in essential hypertension.

Clinicians now also have a duty to try to reverse the patho-

physiologic changes which have occurred in the cardio-

vascular system as a result of the hypertension. It has

been shown that aldosterone plays a central role in indu-

cing fibrosis of the heart muscle and of the large arteries.

It probably does this by acting directly on the heart

through cardiac mineralocorticoid receptors (1). Adminis-

tration of the aldosterone antagonist spironolactone pre-

vents the development of cardiac fibrosis in rats with

experimentally induced left ventricular hypertrophy at doses

which do not alter blood pressure. It does so without redu-

cing the left ventricular hypertrophy itself. This finding sup-

ports the idea of a direct effect of aldosterone on generation

of cardiac fibrosis and on the ability of aldosterone anta-

gonists to oppose the formation of this fibrous tissue.

Two aldosterone antagonists, eplerenone and spirono-

lactone, have been used clinically in the therapy of hyper-

tension. They cause a greater increase in left ventricular

diastolic indices compared with a control group, without

changing blood pressure, and with a similar decrease in

left ventricular mass index. In essential hypertension

patients, left ventricular diastolic function was improved

when a low dose of aldosterone antagonist was added to

other hypertensive therapy.

Eplerenone has recently been approved for use in

hypertension in doses of 50–100 mg daily. Peak blood

levels are seen �2 h after oral dosing. The plasma

protein binding is 50%, and the apparent distribution

volume is �1 L/kg. The drug is broken down by cyto-

chrome P450 3A4, principally in the liver. The plasma

half-life is �5 h. Side effects are few in number and

include gynecomastia and hyperkalemia. These adverse

effects appear to occur with lower frequency than with

spironolactone. They occur in ,1% of patients receiving

eplerenone. Eplerenone appears to have greater selectivity

for aldosterone receptors compared with other receptors.

There has been no direct comparison between eplerenone

and spironolactone with regard to efficacy and safety.

These two drugs are approximately equi-effective in

reducing blood pressure in hypertension, but their ability

to reverse target organ damage has not been compared.

Spironolactone is extensively metabolized to

several breakdown products including canrenone and 7

a-thiomethylspirolactone. Both these metabolites are

pharmacologically active. Canrenone is the dethioacetyl-

ated (i.e., nonsulfur-containing) breakdown product. It is

canrenone which is thought to account for much of

spironolactone’s therapeutic effect. Canrenone and can-

renoate exist in equilibrium in plasma. Canrenoate does

not contribute much antagonism of mineralocorticoid

activity (2–5).

Canrenone acts by competing with aldosterone for

intracellular mineralocorticoid receptors. Canrenoate pot-

assium has one major advantage over spironolactone in

that it is soluble in water. This permits intravenous admin-

istration when rapid effect is required.

Blood pressure lowering is seen in hypertensive

patients within�1 week after administration of canrenoate

potassium. Oral absorption of both canrenone and

canrenoate potassium is good (.80%) after oral

administration (6). The drugs are highly protein-bound,

85–90% in plasma, volume of distribution is 0.5 L/kg

for canrenoate potassium, and 1.8 L/kg for canrenone

(2,7). Total body clearance of canrenoate potassium is

�1 L/h and of canrenone is �0.3 L/h (8,9). Elimination

half-life varies from 4 to 22 h depending on which study

is reviewed.

III. DOPAMINE 1 RECEPTOR AGONISTS

Dopamine 1 (DA1) receptors cause arterial vasodilation in

the renal, mesenteric, cerebral, and coronary arterial beds

when stimulated. Dopamine 2 (DA2) receptors, when

stimulated, prevent norepinephrine release in presynaptic

areas.
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Dopamine is used in the emergency treatment of hyper-

tension, but its use in essential hypertension is limited by its

failure to be absorbed when it is given by mouth. Several

agents which are absorbed from the gastrointestinal tract

are being investigated for use in hypertension. One of

these is the drug ibopamine. This drug is an agonist at

DA1, DA2, b and a receptors. It is a pro-drug and is

de-esterified by esterase hydrolysis in the gastrointestinal

tract, in the liver, and in the blood, to form N-methyl dopa-

mine (epinine), which is the active component. It is rapidly

absorbed when given by mouth and has an elimination

half-life of �2.5 h. Approximately 60% of the drug is

excreted through the kidneys (10–12). Because of its

multiple actions, its main use will probably be in heart

failure and possible in acites, caused by hepatic cirrhosis,

rather than in the treatment of essential hypertension.

The dopamine agonist presently available for use in

hypertension in the United States is fenoldopam. It has

selective postsynaptic DA1 receptor agonist properties

(13). It is effective after being given by mouth but at

present is used only after administration by the parental

route, as there have been problems with the formulation

of an oral preparation. This drug lowers blood pressure

by vasodilation, particularly in the renal and splanchnic

vascular beds. Oral administration is followed �1 h later

by an anti-hypertensive response (14). The oral prep-

aration is quite well absorbed, but there is extensive pre-

systemic extraction, which results in low blood levels of

the compound. The volume of distribution is �0.5 L/kg

(15), and the drug is broken down in the liver by Phase I

and Phase II metabolism to sulfate, glucuronide, and

methoxy metabolites (14). Half-life is extremely short,

between 5 and 10 min, which is a problem for a drug

proposed to be used by mouth in the treatment of essential

hypertension (16). The oral bioavailability is ,6%, which

is also a problem.

Dopexamine is being investigated in heart failure.

It stimulates vascular DA1 receptors, resulting in

arterial vasodilation, and also stimulates b-2-adrenergic

receptors, which adds to the degree of peripheral

vasodilation (17).

IV. PERIPHERAL DA2 RECEPTOR AGONISTS

Peripheral DA2 receptor agonists are found presynapti-

cally on adrenergic nerve terminals and on the ganglia of

the sympathetic nervous system. Activation of these recep-

tors reduces norepinephrine release. In theory, selective

stimulation of DA2 receptors provides a desirable

therapy for hypertension with reduction of norepi-

nephrine-induced vasoconstriction and also reduction of

aldosterone release. The aldosterone reduction would

prevent the adverse restructuring effects caused by

aldosterone in the vasculature, and inhibition of norepi-

nephrine release causes arterial vasodilation with

reduction in peripheral resistance.

V. ENDOTHELIN ANTAGONISTS

The endothelins are a group of vasoconstrictor peptides,

which are important in the control of blood pressure.

They are produced in many tissues, including in the vas-

cular endothelium. Stimulation of the ETA receptors

causes arterial vasoconstriction, myocardial hypertrophy,

and fibrosis. Stimulation of the ETB receptors, on the

other hand, causes differing effects depending on where

the stimulation is seen. In vascular smooth muscle,

there is vasoconstriction, and the vascular endothelial

cells release nitric oxide and prostacyclin, which results

in vasodilation. It may be seen, therefore, that antagonism

of endothelin A and B receptors in the vascular smooth

muscle, and the myocardium, may be of use in treating

both hypertension and some of the end-organ damage

(18). It is not clear whether it would be better to

develop specific ETA receptor antagonists or mixed

ETA/ETB receptor antagonists for the treatment of

hypertension.

We know at least three different endothelins, which

have significance with regard to the cardiovascular

system in hypertension. The main endothelin produced

by the endothelium is endothelin-1 (ET-1). This substance

interacts with ETA or ETB receptors in the vascular

smooth muscle to cause vasoconstriction and with ETB

receptors in the endothelial cells to cause vasodilation.

Bosentan is the first orally administered endothelin

antagonist. Oral bioavailability is 50%. Plasma protein

binding is .98%, mainly to plasma albumen. Distribution

volume is 0.5 L/kg (19). Bosentan is broken down in the

liver by the hepatic isoenzymes cytochrome P450 2C9

and 3A4. It induces the activity of these enzymes and

may induce the rate of its own metabolism, making

dosing adjustment difficult when the drug is given chroni-

cally. The blood concentrations of bosentan on multiple

dosing are �50% of those seen after single dose adminis-

tration, possibly caused by this auto-induction. The elim-

ination half-life in adults is between 5 and 8 h. This

means that multiple daily doses may have to be taken

(20,21). The most common adverse effect is mild-to-mod-

erate headache occurring in about one-quarter of patients.

Elevations in liver enzyme levels to more than three times

the upper limits of normal are seen in �11% of patients.

They tend to be asymptomatic and be reversible after

reduction or cessation of dosing with bosentan. Drug inter-

actions with other drugs metabolized by the same liver iso-

enzymes will be expected. These drugs will include

warfarin and ketoconazole.
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In one study, the mixed ETA/ETB receptor antagonist

bosentan was given to adult hypertensive patients and was

found to reduce blood pressures to approximately the same

extent as was seen with 20 mg/day of the angiotensin con-

verting inhibitor, enalapril (22). It did this without altering

plasma levels of norepinephrine, angiotensin II, and

plasma–renin activity. Unfortunately, bosentan is classi-

fied as being a pregnancy category X, indicating that it

is expected to cause fetal harm if it is administered to

pregnant women.

Tezosentan is also an ETA/ETB antagonist. However,

it must be administered by intravenous infusion and is,

therefore, not likely to be of use in the chronic treatment

of hypertension. Most studies have been in the treatment of

acute heart failure, where it has been shown to be effective

at infusion rates of 20–50 mg/h for up to 48 h (23).

Enrasentan is a mixed endothelin ETA/ETB receptor

antagonist, which reduces blood pressure, prevents left

ventricular hypertrophy, and preserves myocardial func-

tion in an animal model of hypertension. Further studies

are needed to determine whether it will be of clinical use

in the treatment of hypertension (24).

The selective ETA receptor antagonist darusentan has

been studied in patients with severe heart failure, being

added to standard therapy, including angiotensin-

converting enzyme inhibitors and b adergernic receptor

antagonists. The drug produced some beneficial effects

on hemodynamic parameters, together with reduction of

neurohormonal levels in the blood (25).

VI. CENTRAL IMIDAZOLINE AGONISTS

Clonidine is an anti-hypertensive agent, which has been

used for many years in the treatment of essential hyperten-

sion, with considerable success. It is quite effective at low-

ering blood pressure and the main limitation to its use is

the high incidence of side effects. These side effects are

symptomatic and troublesome to patients, thereby limiting

its use. They include sedation and dry mouth, which occur

in up to 30% of patients taking the drug. In addition, with

doses approximately .0.8 mg/day, there is a risk of sig-

nificant rebound hypertension, if the drug is stopped

abruptly. This could readily occur in patients who forget

to take their medications or who run out of tablets

without ready access to a further prescription.

Clonidine acts in the brain by stimulating both a-2-

adrenergic receptors and imidazoline receptors. The anti-

hypertensive action is by reduction in central sympathetic

outflow. This lowers blood pressure, principally by periph-

eral vasodilation, thus lowering peripheral resistance. It

does so without stimulating the heart and without causing

sodium retention. Thus, the hemodynamic profile is desir-

able but the side effects are a problem. Most, not all of

these side effects, have been shown to occur by its action

on the central a 2 adrenergic receptors. However, drugs

have been developed, which act preferentially on imidazo-

line (Ii) receptors. Thus far, the two which are furthest

along in development are moxonidine and rilmenidine.

Figure 33.1 shows the central action of this group of drugs.

Figure 33.1 Targets of [a]2-adrenoceptor and imidazoline (I1)-receptor stimulants in the central nervous system. [With permission

from van Zwieten. J Hypertens 1999; 17(12):1787–1797.]
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Moxonidine acts centrally at imidazoline (Ii) receptors

and has up to a 600-fold selectivity at these sites than at a 2

receptors. It reduces serum norepinephrine and epineph-

rine levels by about one-third and also reduces plasma

renin activity. After oral administration, plasma levels

peak within 2 h. Oral bioavailability is �90% (26).

Plasma protein binding is low at �7% (27). Distribution

volume is between 2 and 3 L/kg. A 10–20% of the drug

is broken down in the liver to metabolites, which have

little activity. Plasma half-life is relatively short, 2–3 h,

but duration of effect is quite long, permitting once daily

dosing. The usual initial dose is 200 mg daily, which

may be increased to a maximum of 600 mg daily in two

divided doses. Because of the renal excretion, the plasma

half-life increases with severe renal impairment, and

thus, dose should be reduced.

Rilmenidine acts in the same way but does not appear to

be quite so specific for imidazoline receptors as is moxo-

nidine. Rilmenidine is well absorbed after oral adminis-

tration with oral bioavailability of �100%. Food

ingestion does not appear to change bioavailability. Peak

blood levels occur within �2 h after oral dosing. Like

moxonidine, rilmenidine is little bound to plasma proteins

(�11%) and has a distribution volume between 4 and

5 L/kg. Most of the drug excreted is unchanged in the

urine and the elimination half-life is between 8 and 10 h.

The usual dose is 1–2 mg once daily.

It appears likely that even more selective agonists of I1

receptors will become available, thus reducing further the

likelihood of adverse effects and reducing the potential for

hypertensive rebound with sudden cessation of the drug.

VII. SEROTONIN 5HT1A AGONISTS

Stimulation of 5HT1A receptors in the rostral ventrolateral

medulla in the brain stem (28) will cause peripheral sym-

pathetic inhibition and a reduction in heart rate (29,30).

Urapidil is a non stereoisomer drug with at least two

clinically significant actions. The first is peripheral post-

synaptic alpa-1 adrenoceptor antagonism, and the second

is probably stimulation of the 5HT1A receptors in the

brain stem. In animal experiments, the central action has

been shown to be inhibited by the 5HT1A receptor antagon-

ist, spiroxatrine (29,30). Because of ethical concerns, it is

not possible at present to determine whether the same

agonism occurs in humans with hypertension. There are,

however, some suggestions that this is clinically relevant.

It is known from animal experiments that reduced sympath-

etic outflow caused by agonism at 5HT1A receptors will

reduce heart rate. Culbertson et al. (32) found that with

increasing doses of urapidil, the heart rate did not increase

as would be expected if the sole anti-hypertensive action

was peripheral postsynaptic a-1 adrenoceptor antagonism.

The pharmacokinetics of urapidil are simple. It is rapidly

and well absorbed with oral bioavailability of 78%. Term-

inal half-life is �3 h, and plasma clearance is 12 L/h.

Approximately 17% of the drug appears in the urine as

parent compound within 24 h of dosing. There is extensive

hepatic metabolism to the para-hydroxylated (34% in

urine), N-demethylated (4% in urine), and O-demethylated

(3% in urine) products. Elimination is linear at usual clini-

cal doses. This drug is not yet approved for use in the

United States, but it has been in use in many European

and other countries for some time. The drug is

administered as a sustained-release capsule on a once or

twice daily basis. Initial dose is usually 30 mg once

daily in the morning, ranging up to a total of 180 mg

daily in some patients. Dizziness occurs in �10% of

patients, headache in 3%, and fatigue in 2%. Orthostatic

hypotension and palpitations are seen in 1–2% of patients.

As would be expected from knowledge of its mechanism

of action, there are no alterations in biochemical par-

ameters including cholesterol, triglycerides, and fasting

blood sugar (33).

Several other 5HT1A agonists have also been investi-

gated, but at this time it is not clear whether they will

prove to be useful in treating systemic hypertension.

VIII. NEUTRAL ENDOPEPTIDASE INHIBITORS

The natriuretic peptides are substances secreted in the

body, which possess the three properties of being diuretics,

natriuretics, and vasodilators. Three different groups have

been identified. Atrial natriuretic peptide (ANP) is pro-

duced mainly in the atria of the heart. Brain natriuretic

peptide (BNP) is produced in the ventricles of the heart

and of the brain. C-type natriuretic peptide (CNP) is pro-

duced in the vascular endothelium. The site and mechan-

ism of action of the natriuretic peptides is shown in

Fig. 33.2.

Figure 33.2 Description of the natriuretic peptide system.

[With permission from Burnett JC Jr. Vasopeptidase inhibition:

a new concept in blood pressure management. J Hypertens

1999; 17(suppl 1):S37–S43.]
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ANP is a 28 residue peptide, which has diuretic,

natriuretic, and vasodilator properties. It also inhibits

vasopressin, aldosterone, and renin release. Other poten-

tially beneficial effects in hypertension and heart failure

include increase in glomerular filtration rate and reduction

in cardiac pre- and after-load. Because blood levels of

ANP are elevated in hypertension (34), it was initially

felt that giving exogenous ANP might be of benefit in

treating systemic hypertension. However, this largely

failed to be of benefit, because the drug is poorly absorbed

when given by mouth, and in addition, is rapidly cleared

from the circulation.

Efforts then turned to prevent the breakdown of

endogenous ANP. These efforts were met with much

more success. This is done by inhibiting the zinc-depen-

dent membrane-bound endopeptidase known as neutral

endopeptidase (NEP). This endopeptidase is very similar

to angiotensin-converting enzyme. At present, three

classes of compounds are identified. These groups are

well described in the article by Nawarskas et al. (35).

1. The first is the carboxyl inhibitors. Compounds

identified are SCH 3937O (36) and UK 69578 (37).

2. The second is the thiol inhibitors, of which thior-

phan was the first (38,39).

3. The third group is the phosphoryl and hydroxamic

acid inhibitors represented by kelatorphan (40).

By inhibiting the degradation of ANP, its half-life is

prolonged and its clinical effect is increased. In addition

to its direct effect of diuresis and natriuresis, these com-

pounds may increase the level of bradykinin in the

kidney (41). This may increase the levels of bradykinin

in the heart, which would be expected to have a cardio-

protective effect. In addition, these compounds decrease

circulating endothelin levels. Endothelin is a potent vaso-

constrictor substance.

There is no doubt that inhibiting neutral endopeptidase

in healthy volunteers can cause increases in plasma ANP

levels and can cause a natriuresis. The drugs which have

been used are UK 69578 (37) and acetorphan (42).

Neither of these drugs has demonstrated a reduction in

blood pressure in healthy volunteers. Hypertensive sub-

jects have, in some instances, had lowering of blood

pressure, and in other instances, failed to have any anti-

hypertensive effects. Patients on a high salt diet failed to

have a reduction in blood pressure, and the blood pressure

in patients on a normal salt diet was minimally reduced. It

appears, therefore, that selective NEP inhibition by itself is

not likely to provide useful anti-hypertensive effects in

hypertensive patients. Their effect in heart failure is

more likely to be of clinical benefit.

When an NEP inhibitor was combined with an

angiotensin-converting enzyme inhibitor, the blood

pressure reduction was enhanced in rats (39) and in

hypertensives (43). Because of this finding, molecules

have been synthesized, which will inhibit both NEP and

angiotensin-converting enzyme. The first of these to

come close to being on the market is omapatrilat, being

developed by Bristol Myers Squibb. This drug has the

appearance of being almost ideal because the angio-

tensin-converting enzyme inhibitors are more likely to

be efficacious in high renin hypertension and the NEP

inhibitors to be more effective in low renin hypertension.

Thus, this drug should be effective in both high and low

renin hypertension. Omapatrilat is a dual vasopeptidase

(metalloprotease) inhibitor.

Omapatrilat has 20–30% systemic bioavailability when

given by mouth and this is not altered by concomitant food

ingestion. Protein binding is 80% in plasma, and the

volume of distribution is �21 L/kg. The drug is exten-

sively metabolized in the liver, and there dots not appear

to be significant accumulation of active metabolites in

blood. The plasma half-life in healthy subjects is

between 14 and 19 h, probably permitting once daily

dosing. The clinical efficacy is good. Blood pressure is

reduced by 26/17 mmHg at peak effect (44). The safety

profile appeared to be what one would expect, that is,

very few, symptomatic adverse effects. However, the

drug was found to cause a threefold higher incidence of

angioedema in hypertensive patients than enalapril (2.2%

vs. 0.7%). In heart failure, the likelihood of angioedema

was not different between the two agents. The risk of

angioedema from omapatrilat has been well reviewed by

Floras (45). It was found that �2.2% of all patients,

5.5% of blacks, 3.9% of smokers, and 1.8% of nonsmokers

had symptomatic angioedema when given omapatrilat. In

congestive heart failure, the likelihood is much lower,

with only 0.8% of patients having symptomatic angio-

edema. Further work on defining the risk in the different

groups is being undertaken.

IX. POTASSIUM CHANNEL OPENERS

The ability to open potassium channels resides in a broad

range of endogenous and synthetic substances. Adenosine

50-triphosphate (ATP)-sensitive Kþ channels have been

identified in vascular smooth muscle (46). They are acti-

vated by ATP-dependent Kþ channel openers (47,48).

This results in hyperpolarization of the plasma membrane

and vasodilation of the smooth muscle, possibly by pre-

venting the opening of voltage-activated calcium channels

in the smooth muscle. These ATP-sensitive Kþ channel

openers have been investigated for the treatment of hyper-

tension and angina (49,50).

Several potassium channel openers have been investi-

gated, including SKP-450, aprikalim, cromakalim, lema-

kalim, and nicorandil. Other potassium channel openers,
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including diazoxide, pinacidil, and minoxidil, have been in

clinical use for some time. None is used a great deal for the

treatment of hypertension, although each has a niche in our

armamentarium. The main reason for their limited use is

that the vasodilation induced causes a reflex increase in

heart rate and a longer term induction of edema to limit

the fall in blood pressure. This means that they cannot

be used as monotherapy. In addition, a migraine-like head-

ache is an expected adverse effect caused by cerebral

vasodilation.

KR-30450 is orally absorbed in humans and 200–

300 mg causes arterial vasodilation. Concurrent food

intake does not affect the extent of absorption. Aprikalim

may have utility in cardioplegic arrest and dilates human

coronary arteries. Cromokalim has been investigated for

treating hypertension and asthma (51,52).

Although this group of substances may have utility in

treating other forms of human disease, the hemodynamic

profile and the symptomatic adverse effects will signifi-

cantly limit their use in the maintenance therapy of

hypertension.

X. RENIN INHIBITORS

The development and utilization of angiotensin-

converting enzyme inhibitors in the treatment of systemic

hypertension was a major advance. Their use has

permitted clinicians to effectively treat hypertension with

a lower likelihood of symptomatic adverse effects than

was seen with older medications. However, their nonspe-

cificity may well be the basis for the adverse effects

seen. These adverse effects may be due to accumulation

of bradykinin and consist of a dry, irritating cough, seen

in approximately one patient in 10, and angioedema,

which is usually mild but may result in the necessity for

emergency tracheostomy in a few patients.

Renin and pro-renin are found in the juxtaglomerular

apparatus in the tubules of the kidneys. They are released

in response to several stimuli and cause cleavage of angio-

tensinogen, resulting in liberation of angiotensin

I. Angiotensin I interacts with angiotensin-converting

enzyme, resulting in angiotensin II, a potent vasoconstric-

tor. Unfortunately, angiotensin-converting enzyme not

only interacts with angiotensin I but also with bradykinin,

encephalon, and other hormones. This nonspecificity

results in accumulation of bradykinin, which not only

contributes to the anti-hypertensive effect but also

probably to the adverse effects described earlier. An

alternative, and more specific, way to prevent angiotensin

II formation would be to inhibit the action of renin. Renin

is highly specific for angiotensinogen.

A diagram of the renin–angiotensin system, with the

site of action of the renin inhibitors is shown in Fig. 33.3.

Development of clinically useful renin inhibitors has

been difficult for several reasons. The first group to be

Figure 33.3 Diagram of renin–angiotensin aldosterone system. [With permission from Foote EF, Halstenson CE. New therapeutic

agents in the management of hypertension: angiotensin II-receptor antagonists and renin inhibitors. Ann Pharmacother 1993;

27(12):1495–1503.]
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developed were antibodies to renin. Initially, these were

nonspecific, being prepared from crude kidney extracts.

Because these are antibodies, they must be given parenter-

ally, and in addition, when given over a period of time,

they are likely to be significantly antigenic.

Subsequently, molecules based on angiotensinogen

were developed which bound tightly to renin and pre-

vented its action. The next step was the development of

pepstatin analogs which resulted, unfortunately, in a low

level of renin inhibition with poor specificity. More

recently, an angiotensinogen analog substrate was found

to compete for renin activity and resulted in an inactive

compound being formed. This development process has

been advanced by the synthesis of lower molecular

weight peptides, with substances as small as dipeptides

(53,54) being developed. Most recently, nonpeptide

compounds have been found to have high potency and

specificity as substrate renin inhibitors (55–57). This

development has been well described in the excellent

review article by Lin and Frishman (58). The development

of this latter group of renin inhibitors has not been without

its problems. Their systemic bioavailability after oral

administration has generally been poor because of poor

absorption from the gastrointestinal tract and high first-

pass uptake by the liver. In addition, they have tended to

have small volumes of distribution, with most of the

drug being found in the central compartment. This

makes it available for elimination by the liver and also

results in them penetrating less well into the tissues,

which is their site of action. Remikiren has a longer

plasma half-life than prior drugs of the same class, prob-

ably because it is distributed more peripherally to the

tissues rather than because it is broken down by the liver

more slowly (59). Their potency in inhibiting renin activity

has been significantly lower in vivo than in vitro, probably

because of extensive plasma protein binding. This results

in a much lower free, active, drug concentration in the

blood. For example, the potency of remikiren, enalkiren,

and CGP 38560 was up to 35-fold lower in human

plasma than against pure renin in solution (60).

When these drugs are given to salt replete healthy vol-

unteers, there is no change in blood pressure or in heart

rate, as is seen also with the angiotensin-converting

enzyme inhibitors (55,59,61). Their efficacy in hyperten-

sive patients appears to improve with salt depletion.

Remikiren was given to hypertensive patients for 1

week, and over that week, the anti-hypertensive effect

diminished (62,63). One of the most recently developed

and investigated renin inhibitors is aliskiren, an octana-

mide which is a nonpeptidic orally active renin inhibitor

(64). Aliskiren seems to be closer to a clinically useful

drug, from a pharmacokinetic point of view, as it has

dose-dependent drug levels in the plasma. Angiotensin 2

levels were also reduced in a dose-dependent fashion,

indicating the potential for clinically useful effect in

humans. Maximal reduction of angiotensin II was

achieved within 1 h of aliskiren administration. The

plasma half-life is �24 h, indicating that once-a-day

dosing would be possible.

The incidence of adverse effects has generally been low

with this group of drugs, as would be expected from their

high specificity for inhibition of renin.
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KEYPOINTS

. Worldwide, far less than one-third of all hyperten-

sive patients are treated to goal blood pressure of

,140/90 mmHg or to 130/80 mmHg if they have

concomitant diabetes mellitus or chronic renal

disease.

. Achieving these goal blood pressures usually

requires more than one antihypertensive drug.

. Commercially available combination drugs can be

substituted for individual drugs in order to

improve patient compliance with therapy and

often reduce cost.

. Combination drugs can be used as initial antihyper-

tensive therapy when the baseline blood pressure is

.20/10 mmHg above goal blood pressure or when

goal is unlikely to be achieved with a single agent.

. Ideal combination products last at least 24 h, have

at least additive components, and have minimal

adverse effects.

SUMMARY

Evidence supports the concept that therapeutic reduction

of intra-arterial pressure (blood pressure) well into the bio-

logically normal range confers substantial protection

against death and target organ damage associated with

arterial hypertension. This is especially true for patients

who also have diabetes mellitus, chronic renal disease,
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isolated systolic hypertension, or other cardiovascular risk

factors. There is also evidence that most patients will

require more than one drug in order to achieve these

more aggressive therapeutic goals. Therefore, it has

become appropriate to use more than one drug as initial

therapy for such patients (1). Many commercially avail-

able combination products are now recommended for

initial antihypertensive therapy.

I. INTRODUCTION

Although one always hopes for a “magic bullet” that will

target a specific problem when used alone, many diseases

have been treated more effectively with combination che-

motherapy. Examples include combination chemotherapy

for tuberculosis, cancer, certain diseases of the kidney, and

Human Immunodeficiency Virus (HIV). Combination

therapy for the treatment of hypertension is not new.

Dr. Edward D. Freis designed his landmark trial of antihy-

pertensive therapy to use the combination of reserpine

0.1 mg and hydrochlorothiazide 50 mg in a single tablet

to be given twice daily. Hydralazine 25 mg given three

times daily was added to that combination (2). The triple

combination was later marketed as Ser-Ap-Es, which con-

tained 0.1 mg reserpine, 25 mg hydrochlorothiazide, and

15 mg hydralazine in the same tablet. This combination

continues to be marketed worldwide under many trade

names (see Table 34.1). Simply put, the majority of hyper-

tensive patients are going to require two or more drugs in

order to achieve their goal blood pressure.

Much has been written about what the clinician can do

or should do when confronted by failure of the initially

selected antihypertensive drug. We have recently

reviewed the basic concepts (3). If the practitioner has

carefully matched the patient to the drug selected, the

odds of success are considerably increased. Should the

drug fail to achieve goal, the practitioner should consider

possible causes for that failure such as unidentified sec-

ondary hypertension, unrecognized sleep apnea, counter-

effects by drugs such as nonsteroidal anti-inflammatory

drugs or pressor agents, office or clinic (white coat) hyper-

tension, psychological problems, or failure of the patient to

take the drug as prescribed. If these factors are ruled out,

the practitioner has four basic choices:

1. Stop the first drug and select a drug better matched

to the patient’s age-by-race profile (sequential

therapy).

2. Titrate the first drug to maximum dose or toxicity

and then add a second drug (stepped care). If the

first drug was not a diuretic, a diuretic should be

strongly considered as the second drug.

3. Add a second drug without reaching the maximum

or toxic dose of the first drug (combination therapy).

4. By-pass this entire sequence by recognizing those

patients who are likely to benefit from at least

two drugs (4) and treat with two drugs initially

(initial combination therapy).

II. MONOTHERAPY

Before we consider combination therapy in detail, it is

important to address single-drug therapy in that population

of hypertensive patients who are most likely to benefit

from only one drug.

A. Veterans Administration Cooperative
Study on Single-Drug Therapy

The Veterans Administration Cooperative Study Group on

Antihypertensive Agents (5) performed a prospective,

double-masked clinical trial on the monotherapy of hyper-

tension (6–8). In this trial, 1292 hypertensive men were

randomly assigned to placebo or one of the following

drugs: the diuretic hydrochlorothiazide (12.5–50 mg/d),

the b-blocker atenolol (25–100 mg/d), the calcium

antagonist diltiazem (120–360 mg/d, sustained-release

preparation), the a1-blocker prazosin (4–20 mg/d), or the

centrally acting sympatholytic, clonidine (0.2–0.6 mg/d).

The study started with a 4–8 week titration period and con-

tinued for 1 year. Good responders were defined as patients

with diastolic blood pressure ,90 mmHg at the end of the

titration phase and ,95 mmHg at 1 year.

Together, the six classes of agents controlled diastolic

blood pressure in �62% of the patients. However, when

the patients were divided into four groups, two by age

(,60 or �60 years) and two by race (white Euro-

American, or black African-American), substantial differ-

ences in the response to the six drugs became evident.

Blacks responded best to the calcium antagonist and

older blacks also responded well to the diuretic but

poorly to the angiotensin-converting enzyme (ACE)

inhibitor. Younger whites responded well to the

b-blocker and ACE inhibitor as well as the calcium anta-

gonist, but poorly to the diuretic. Older whites responded

similarly to all of the drug classes. Therefore, the overall

62% response underestimates some drugs and over-

estimates others in the age-by-race categories.

The age-by-race paradigm was tested against the

Laragh–Sealey method of plasma renin profiling (9).

Logistic regression analysis determined that the most

important predictor of response to a single drug was the

baseline diastolic blood pressure. This is one of the

reasons that we suggest limitation of the age-by-race

paradigm to patients with stage 1 hypertension. The other

is that we expect the majority of patients with stage 2 hyper-

tension will require combination therapy. Nevertheless, the
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Table 34.1 Combination Antihypertensive Medications

Chemical name Trade name(s)

ACE inhibitors in combination with calcium antagonists

Amlodipine–benazepril (2.5/10, 5/10/5/20, 10/20)

Enalapril–felodipine (5/5)

Enalapril–diltiazem

Ramipril–felodipine (2.5/2.5, 5/5)

Trandolapril–verapamil (2/180, 1/240, 2/240, 4/240)

Lotrel (Novartis)

Lexxel (Astra-Zeneca)

Teczema

Triapin Mite, Triapin (Aventis, UK)

Tarka (Abbott)

ACE inhibitors and diruretics

Benazepril–HCT (5/6.25, 10/12.5, 20/12.5, 20/25) Lotensin–HCT (Novartis)

Cibadrex (Novartis)

Captopril–HCT (25/15, 25/25, 50/15, 50/25) Acezide, Capozide (Bristol–Myers–Squibb, Apothecon);

Capozide, Capozide LS (Squibb, UK); Captozide (Par);

Tensobon (Schwarz); Generic (Geneva, Mylan)

Enalapril–HCT (5/12.5,10/25) Vaseretic (Biovail, Merck); Co-Renitic (Merck);

Neotensin-Diu (Schwarz, Spain); Innozide (Merck, UK);

Renacor, Renidur (Merck); Generic (Mylan, Par, Taro)

Fosinopril–HCT (10/12.5, 20/12.5) Monopril–HCT (Bristol–Myers–Squibb)

Lisinopril–HCT (10/12.5, 20/12.5, 20/25) Prinzide, Vivazid, Novazyd (Merck);

Zestoretic (AstraZeneca); Carace Plus (Squibb, UK);

Generic (Geneva, Mylan)

Moexipril–HCT (7.5/12.5, 15/25) Uniretic (Schwartz)

Perindopril–indapamide (4/1.25) Coversyl Plus (Servier)

Quinapril–HCT (10/12.5, 20/12.5, 20/25) Accuretic (Parke–Davis)

Angiotensin receptor blockers and diuretics

Candesartan–HCT (16/12.5, 32/12.5) Atacand–HCT (AstraZeneca)

Eprosartan–HCT (600/12.5, 600/25) Teveten–HCT (Biovail)

Irbesartan–HCT (150/12.5, 300/12.5) Avalide (Bristol–Myers–Squibb); CoAprovel (Sanofi/BMS,

France); Karvezide (BMS, France); CoAprovel

(Sanofi Synthelabo, UK)

Losartan–HCT (50/12.5, 100/25) Hyzaar (Merck); Cozaar–Comp (Merck, UK)

Olmesartan–HCT (20/12.5, 40/12.5, 40/25) Benicar–HCT (Forest, Sankyo)

Telmisartan–HCT (40/12.5, 80/12.5) Micardis–HCT (Boehringer, Ingelheim); BolusacPlus,

Kinzelcomb (Bayer); MicardisPlus (B–I, UK & Germany);

Pritor Plus (Glaxo, Germany)

Valsartan–HCT (80/12.5, 160/12.5) Diovan–HCT, Co-Diovan (Novartis); Miten Plus

(Schwarz, Spain)

b-blockers and diuretics

Atenolol–chlorthalidone (50/12.5, 50/25, 100/25) Tenoret 50, Tenoretic (AstraZeneca); Generic (Mylan, Watson)

Bisoprolol–HCT (2.5/6.25, 5/6.25, 10/6.25) Ziac (Wyeth); Generic (Geneva, Mylan, Watson)

Metoprolol–chlorthalidone (100/12.5, 200/25) Legroton Retard (Novartis); Co-Betaloc, Co-Betaloc LA

(Pharmacia, UK)

Nadolol–bendrofluazide (40/5) Corgaretic (Sanofi Synthelabo)

Oxprenolol–chlorthalidone Trasitensin

Oxprenolol–cyclopenthiazide (160/0.25) Trasidrex (Novartis)

Pindolol–clopamide (10/5) Viskaldix (Novartis)

Pindolol–HCT (10/25, 10/50) Viskazide

Propranolol–bendrofluazide (80/2.5, 160/5) Inderetic, Inderex (AstraZeneca, UK)

Propranolol LA–HCT (40/25.80/25) Inderide LA (Wyeth); Generic (Mylan)

Metoprolol–HCT (50/25, 100/25) Lopressor HCT (Novartis)

Nadolol–bendroflumethiazide (40/5, 80/5) Corzide (Monarch)

Timolol–bendrofluazide (10/2.5) Prestim (ICN Pharmaceuticals, UK)

Timolol–HCT (10/25) Timolide (Merck)

(continued )
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Table 34.1 Continued

Chemical name Trade name(s)

Centrally acting drugs and diuretics

Clonidine–chlorthalidone Clorpres

Clonidine–chlorthalidone Combipres

Generic (Mylan)

Deserpidine–methychlothiazide Enduronyl

Methyldopa–chlorothiazide (250/250) Aldoclor (Merck)

Methyldopa–HCT (250/15, 250/25, 500/30, 500/50) Aldoril (Merck);

Generic (Mylan)

Rauwolfia serpentina–bendroflumethiazide Rauzide

Reserpine–chlorthalidone Demi-Regroton, Regroton

Reserpine–chlorothiazide (0.125/250, 0.25/500) Diupress

Reserpine–HCT (0.125/15, 0.125/25, 0.125/50) Hydropres, Hydro-Reserp (Camall); Hydro-Serp,

Hydroserpine; Hydrotensin (Mayrand Pharmaceutical);

Mallopres (Mallard, Inc.)

Reserpine–hydroflumethiazide (0.125/25–50) Salutensin (Apothecon)

Hydropine, Hydropine H.P. (Rugby Laboratories)

Reserpine–methyclothiazide (0.125/2.5) Wallace Laboratories

Reserpine–polythiazide Renese-R

Reserpine–methyclothiazide Diutensen-R

Reserpine–trichlormethiazide (0.125/2) Metatensin;

Naquival (Schering)

Diuretics and diuretics

Amiloride–HCT (2.5/25, 5/50) Moduretic (Merck; BMS, UK), Moduret 25 (BMS, UK);

Moduret (DuPont Merck) Diuzine (Schwarz, Spain)

Generic (Mylan, Par)

Amiloride–cyclopenthiazide (2.5/0.25) Navispare (Novartis)

Spironolactone–furosemide (50/20) Lasilactone (Borg Medicare, UK)

Spironolactone–HCT (25/25, 50/50) Aldactazide (Searle);

Generic (Geneva, Mylan, Schein)

Tiamterene–chlorthalidone (50/50) Kalspare (Pliva, UK)

Triamterene–HCT (37.5/25, 75/50) Dyazide (GlazoSmithKlein);

Maxzide (Bertek); Apo-Triazide (Arlington Scientific);

Generic (Barr, Geneva, Mylan, Schein, Watson)

Other drug combinations

Guanethidine–HCT Esimil

Hydralazine–HCT (25/25,50/50, 100/50) Apresazide (Par)

Nifedipine–atenolol (20/50) b-Adalat (Bayer); Tenif (AstraZeneca)

Prazosin–polythiazide Minizide

Multiple-drug combinations

Atenolol–HCT–amiloride (50/25/2.5) Kalten (AstraZeneca)

Oxprenolol–hydralazine-chlorthalidone Trepress

Reserpine, dihydroergocristine, clopamide Brinerdina (Giofil, Italy)

Reserpine, dihydroergocristine, clopamide, Hydralazine Brinerdin (Novartis)

Reserpine, hydralazine–HCT (0.1/25/15) Ser-Ap-Es (Novartis); Cam-Ap-Es (Camall);

Cherapas (Key); Hydrap-Es, Marpres, Ser-A-Gen,

Seralazide, Serpazide, Tri-Hydroserpine, Unipres,

Uni-Serp, Marpres

Timolol–HCT–amiloride (10/25/2.5) Moducren (Merck, UK)

aDiscontinued by original supplier.

Note: Drug combinations are listed alphabetically with known dose combinations expressed as milligrams in parentheses. Not all doses are available in all

countries or in all brands. Brand names are listed with the original or last-known supplier in parentheses. The suppliers may not be current or the same in

each country. HCT, Hydrochlorothiazide; BMS, Bristol–Myers–Squibb; B–I, Boehringer–Ingelheim.
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age-by-race paradigm not only compared well to the plasma

renin profiling method, but also was actually somewhat

superior to it.

On the basis of these data, we believe that the results of

single-drug therapy of stage 1 hypertension in a racially

diverse population may be misleading if not considered

by the age-by-race paradigm.

The Veterans Administration Cooperative Study Group

on Antihypertensive Agents also had an opportunity to look

at sequential therapy in their single-drug therapy of hyper-

tension trial. In brief, of the 410 men (of the original 1292)

who did not achieve goal blood pressure with the initial

drug to which they were randomized, 352 qualified for

random allocation to a second single drug. The double

mask was maintained. Forty-nine percent of these patients

achieved the goal with the second single drug. Keep in

mind that, as patients had already failed to respond to one

drug, it is not surprising that a drug given as the second

choice was less effective as when it was given as the first

choice. What was surprising is how close the initial and

sequential response rates were for all of the drugs except

atenolol (60% initial response vs. 41% second response),

and captopril (50% vs. 37%). The age-by-race subgroups

also were similar. For example, captopril and clonidine

had the highest rates and hydrochlorothiazide had the

lowest rates for younger whites. Diltiazem, hydrochlor-

othiazide, and clonidine had the highest rates for older

blacks, whereas captopril had the lowest response rate. If

a patient failed initial hydrochlorothiazide therapy, they

achieved the best response when the second drug was diltia-

zem. Similar pairs were clonidine best after atenolol failure,

prazosin after captopril failure, diltiazem after clonidine,

captopril after diltiazem, and clonidine after prazosin

failure. This study supported the concept of sequential

therapy for patients with stage 1 hypertension.

B. Role of Single-Drug Therapy

Approximately two-thirds of all hypertensive patients

have stage 1 hypertension, which means that their systolic

blood pressure is between 140 and 159 mmHg and dias-

tolic pressure is between 90 and 99 mmHg (10). If a

single drug is selected carefully according to the patient’s

individual characteristics, including age and race, the

success rate in this group should be �60–80% (6–8). If

the initial drug fails to control the blood pressure ade-

quately, one strategy is to substitute another single drug

from a class with different pharmacological properties

(sequential therapy) (5). Alternatively, a second drug, pre-

ferably a diuretic if the first drug is not a diuretic, can be

added.

But in the majority of hypertensive patients it is unli-

kely that a single drug will control blood pressure to

target levels (1). Clinical trials demonstrate that combi-

nation therapy is required in approximately two-thirds of

hypertensive individuals. For example, in the Hyperten-

sion Optimal Treatment (HOT) trial (11), 33% of patients

reached their blood pressure target with one drug, 45%

required two drugs, and 22% needed three or more

agents. In a recent meta-analysis of studies involving

renal disease of various etiologies, Bakris et al. (12)

reported that an average of more than three drugs per

patient was required.

C. Issues Related to Monotherapy

There are several possible reasons for the inability of

single-drug therapy (monotherapy) to adequately control

blood pressure in a large number of patients (Table 34.2).

First, recommended blood pressure goals are being

reduced for many high-risk hypertensive subgroups

including isolated systolic hypertension (140 mmHg),

diabetes (130/80 mmHg), and renal impairment

(130/80 mmHg). The added benefit of the new lower

goals is paid for by the cost of adding antihypertensive

drugs to reach the new lower target. There is growing evi-

dence that systolic blood pressure is more important than

elevated diastolic blood pressure as a cardiovascular risk

factor (1), and thus controlling systolic blood pressure

provides significant protection against major cardiovascu-

lar complications. This has been demonstrated in large

trials involving elder patients with isolated systolic

hypertension (1).

This recent emphasis on the control of systolic as well

as diastolic blood pressure has probably further increased

the number of patients requiring multi-drug therapy. Sys-

tolic blood pressure is often less responsive to treatment

than diastolic blood pressure. Over 50% of patients with

isolated systolic hypertension participating in the Systolic

Hypertension in the Elderly (SHEP) study (13) needed

more than one drug despite the fact that the target systolic

Table 34.2 Potential Reasons for Failure of a Single

Drug

Lower blood pressure goals

Isolated systolic hypertension (140 mmHg)

Diabetes mellitus (130/80 mmHg)

Renal impairment (130/80 mmHg)

Higher prevalence of factors that produce resistance to

antihypertensives

Obesity

Renal disease

Counter regulatory mechanisms

Unpredictability of blood pressure response

Volume overload

Nonadherence
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blood pressure was much higher than the currently rec-

ommended goal of 140 mmHg. In the Losartan Inter-

vention for Endpoint reduction (LIFE) trial (14), where

treatment to goal (,140/90 mmHg) was aggressively

pursued for both systolic and diastolic blood pressure in

.9000 patients with an average baseline blood pressure

of 175/98 mmHg, .90% of patients required multiple

agents.

A second reason monotherapy is not effective is that a

variety of factors that coexist with hypertension, such as

obesity, renal impairment, and the concomitant use of

nonsteroidal anti-inflammatory drugs (NSAIDS), can

attenuate and complicate hypertension management by

producing or exacerbating resistance to antihypertensives.

Therefore, goals are decreasing while clinical conditions

that make blood pressure control more difficult are becom-

ing more prevalent.

A third reason is that some counter-regulatory mechan-

isms are activated in response to blood pressure lowering

and can attenuate the antihypertensive effects of a given

agent. For example, reducing intravascular volume with

diuretics activates the renin–angiotensin–aldosterone

system, leading to renal sodium retention and vasocon-

striction. In addition, vasodilators stimulate the sympath-

etic nervous system, increasing both cardiac output and

vascular resistance, further leading to renal sodium

retention.

A fourth reason for the failure of monotherapy in many

patients is the unpredictability of blood pressure response

to a given drug in a given patient. There has been a large

body of data gathered to allow prediction of which patient

will respond to which drug, but on an individual basis the

physician must still resort to trial and error. This process

can lead to frustration both for the physician and for the

patient. The multifactorial nature of primary hypertension

is also reflected by the unpredictability of individual blood

pressure responses to antihypertensive agents belonging to

various classes. This is apparent when each patient

receives sequentially all test agents in studies performed

according to a cross-over design. As shown repeatedly, a

patient may respond favorably to one given agent only,

two or more drugs, or possibly not to any drug (5–8).

This is important conceptually because any antihyperten-

sive drug, whatever its mechanism of action, may be the

best one for one patient but unsatisfactory for another.

The only way to ascertain whether a medication is appro-

priate is to administer it empirically for several weeks.

Volume overload is a common underlying cause for

failure to respond to a single drug in many patients, and

often aggravates hypertension in patients receiving mono-

therapy with nondiuretic agents. It is especially important

in many salt-sensitive patients whose blood pressure is

very responsive to small variations in sodium intake. It

is also a factor in patients with hypertension and renal

disease, heart failure, primary aldosteronism, or those

with renal artery stenosis as the etiology of their hyperten-

sion. Concomitant medications, in particular nonsteroidal

anti-inflammatory agents (which are available over-

the-counter and are commonly used or abused), may also

contribute significantly to undesired volume overload.

Nonadherence to prescribed therapy is altogether too

often an underlying cause of the failure of monotherapy.

Several surveys found a large number of patients begun

on antihypertensive drug treatment were no longer

taking their medication a year later. Side effects related

to drug therapy are a common reason for patient discon-

tinuation of treatment.

Primary hypertension is not only highly heterogeneous

in terms of response to treatment, but also various patho-

physiologic mechanisms might be involved to a greater

or lesser degree in the abnormal blood pressure elevation

in a given patient. There is also reciprocal reinforcement

among pressor systems. For example, angiotensin II facili-

tates the presynaptic release of norepinephrine and epi-

nephrine which stimulates renin secretion by activating

b-adrenoceptors. These two vasoconstrictors also have a

sodium retaining effect. Further, renin secretion depends

on the state of sodium balance; sodium depletion leads

to hyper-reninemia, so that controlling high

blood pressure becomes angiotensin II-dependent. The

pathogenesis of primary hypertension might involve

many abnormalities other than excessive sodium reten-

tion and/or hyperactivity of the renin–angiotensin–

aldosterone and sympathetic nervous systems. On the

other hand, medications are available to decrease total

body sodium (diuretics), or interfere with the renin–

angiotensin–aldosterone system (ACE inhibitors, angio-

tensin II antagonists), or the sympathetic nervous system

(b- and a1-blockers, and centrally acting sympatholytics).

Therefore, one advantage of combinations of antihyperten-

sive drugs is that selection can be tailored to offset the each

drug’s counter-regulatory effects.

III. PROFILE OF COMBINATION
DRUG THERAPY

Combining drugs with additive properties makes good

pharmacological sense. This is especially true of combi-

nations with a diuretic drug. When two or more drugs

are combined, any age-by-race interaction attributable to

a single drug is abolished and need not be considered

further (Fig. 34.1).

A summary of the characteristics of an ideal drug com-

bination is presented in Table 34.3. The combination

should contain components that have an approximately

equal duration of action and should control blood pressure

over 24 h. They should have at least an additive effect and
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should mutually reduce their adverse drug reactions. For

example, the ACE inhibitor benezepril has been shown

to reduce the frequency of edema associated with the dihy-

dropyridine amlodipine (16). The adverse drug effects

should be distinguishable. The preceding two drugs have

very different side effect profiles, so a clinician who is con-

fronted with a new onset, unexplained chronic cough

might want to substitute an angiotensin receptor blocker

for the ACE inhibitor.

When prescriptions are filled individually, there is a

cost for the pharmacist who is doing the work that may

be passed on to the patient. In some healthcare delivery

models such as Health Maintenance Organizations

(HMOs), the patient may be required to pay a fee for

each prescription filled. A combination drug would incur

only one such fee. Finally, although we are not aware of

such a product on the market at the time of this writing,

delivery of combination products transdermally may be

technically feasible and would increase both convenience

and patient compliance.

IV. VETERANS ADMINISTRATION
COOPERATIVE STUDY GROUP ON
ANTIHYPERTENSIVE AGENTS

The 1993 Veterans Administration Cooperative Study

Group on Antihypertensive Agents tested the concept of

sequential therapy as described earlier and also tested

the concept of combination therapy (17). This preplanned

phase of the study was conducted on a small subset of 102

patients who had failed to achieve goal blood pressure

both during the initial trial and with the randomly allocated

alternate drug in the second trial. They were given a com-

bination of the first and second drug which they had

previously received. This part of the study could not be

masked for either the patient or the staff because both

drugs were known to be active, and placebos were not

permitted.

Of the 102 patients, 59 (57.8%) responded to the com-

bination of the two drugs. If one of the two drugs was the

diuretic hydrochlorothiazide, the response rate was higher:

69% for diastolic and 77% for systolic blood pressure

compared with 51% and 46%, respectively, if neither

drug was a diuretic (Fig. 34.2). Eight patients were discon-

tinued from the trial because of adverse effects. Of these,

six were taking prazosin as one of the two drugs.

Although the numbers are small, ranging from 2 to 14

in each group, it is interesting to observe how each avail-

able combination fared in achieving diastolic goal blood

pressure of ,90 mmHg. This is displayed in Table 34.4.

Figure 34.1 An example of racial difference in response to

antihypertensive medication that is abolished by combination

therapy. These data are from 130 white and 178 African-

American patients who were treated with bendroflumethiazide

alone (n ¼ 68), nadolol alone (n ¼ 104), or the combination

of the two drugs (n ¼ 136). [From Veterans Administration

Cooperative Study Group on Antihypertensive Agents (15).]

Table 34.3 Characteristics of Ideal Antihypertensive Drug

Combinations

Long-acting components for once-daily administration

Equal duration of action of component drugs

At least an additive effect of the component drugs

Few or no adverse drug effects for each component drug

Component drugs mutually reduce adverse drug effects

Component drugs should have distinguishable adverse effects

Combination should cost less than the sum of the components

purchased separately (includes cost of dispensing and

co-payments by patient)

Possible application by long-lasting transdermal patch

Figure 34.2 In combinations of two drugs, blood pressure

control was greater if one of the two drugs was hydrochlorothia-

zide (HCTZ) (solid bars), as compared to the combination of two

nondiuretic drugs (shaded bars). The combinations were of drugs

that had each had failed to achieve blood pressure control when

used alone. [From Materson et al. (17); data reconstructed from

source information.]
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As noted earlier combinations with hydrochlorothiazide

fared best, from 50% to 77.8%.

All three of the patients who received the combination

of clonidine plus diltiazem achieved goal. Figure 34.3

compares the response to combinations containing each

of the six drugs with combinations that did not contain

each of the drugs.

The Group posed the question of whether it mattered

which drug the patient received first, and two types of

“order effect” were found (18). The first was the case in

which there were different results for each of the com-

ponents, but the combination result was the same. An

example is that when a patient failed on diltiazem, only

6% of patients responded to prazosin, but 86% responded

to the combination. For patients who had failed on prazo-

sin, diltiazem had a 22% response rate and the combi-

nation rate was 84%, similar to the other order.

The second type of response was one in which the order

of drug administration yielded a different combination

result. For patients who had failed atenolol, 30%

responded to clonidine, but the combination added only

2% for a total of 97% response rate. For patients who

received clonidine first and failed, only 9% responded to

atenolol and the combination added 13% for a total of

87% response rate. If captopril was followed by the

addition of diltiazem, the combination was 88% effective,

but reversing the order yielded 97%. These results

included some effects of age and race, but the numbers

were quite small in each subgroup.

V. SPECIFIC COMBINATIONS OF
ANTIHYPERTENSIVE DRUGS

There are several possible drug class combinations that

potentially could be effective for a particular patient.

A. Drug Combinations that Include a
Thiazide Diuretic

Thiazide diuretics are often included in antihypertensive

drug combinations. These agents combine the advantages

of low cost with proven efficacy in reducing the long-term

target organ complications of hypertension. Low-dose

diuretics are recommended by the seventh report of the

Joint National Committee on the Detection, Evaluation,

and Treatment of High Blood Pressure (JNC7) as first-

line therapy. At the low doses generally prescribed in

current practice, diuretics are well tolerated and their

side effect profile is often improved when other agents

are added. Many fixed-dose combinations are available

that include a diuretic in combination with other diuretics,

b-blockers, ACE inhibitors, and angiotensin receptor

blockers. In all of these combinations, additive effects on

blood pressure are observed.

Figure 34.4 shows the results of various combinations.

In every case, the addition of hydrochlorothiazide

enhanced the result of the single drug and was superior

to the combination of two nondiuretic drugs.

Figure 34.5 further supports this point and gives some

insight to triple-combination therapy. Propranolol alone

was not as effective as propranolol plus hydralazine. Pro-

pranolol plus hydrochlorothiazide was even more effec-

tive. Reserpine, although not widely used now, was quite

effective when combined with a diuretic.

Table 34.4 Goal Blood Pressure (,90 mmHg) Achieved with

Various Combinations of Antihypertensive Drugs

Drug combination N % at goal

Hydrochlorothiazideþ atenolol 9 77.8

Hydrochlorothiazideþ captopril 14 71.4

Hydrochlorothiazideþ clonidine 5 80.0

Hydrochlorothiazideþ diltiazem 5 60.0

Hydrochlorothiazideþ prazosin 6 50.0

Atenololþ captopril 11 36.4

Atenololþ clonidine 2 50.0

Atenololþ diltiazem 6 50.0

Atenololþ prazosin 6 66.7

Captoprilþ clonidine 6 33.3

Captoprilþ diltiazem 7 57.1

Captoprilþ prazosin 10 60.0

Clonidineþ diltiazem 3 100.0

Clonidineþ prazosin 8 50.0

Diltiazemþ prazosin 4 25.0

Note: This is not an original untreated population. Each patient had failed

to achieve goal blood pressure when exposed to the component drugs as

single-drug therapy.

Source: Materson et al. (5)

Figure 34.3 There were 15 possible pairings of each of the six

drugs used in the third phase (Combination) of the Veterans

Administration Cooperative Study on Antihypertensive Agents.

This illustration shows the response of combinations that did or

did not contain each drug. HCTZ (hydrochlorothiazide), CLON

(clonidine), DILT (diltiazem-SR), ATEN (atenolol), CAPT

(captopril), PRAZ (prazosin). [From Materson et al. (17).]
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Diuretic combinations that include potassium-sparing

agents such as triamterene, spironolactone, or amiloride

lower the risk of serious hypokalemia and appear to

improve the long-term outcome of diuretic treatment.

Current recommendations emphasize the use of low-dose

diuretics.

The combination of either an ACE inhibitor or an angio-

tensin receptor blocker with a low-dose diuretic, in addition

to lowering blood pressure, may confer additional long-

term benefits in cardiovascular endpoint reduction via

blockade of the renin–angiotensin–aldosterone system.

In the Heart Outcomes Prevention Evaluation (HOPE)

study (19), for example, the ACE inhibitor ramipril

reduced the subsequent risk of death, myocardial infarction,

and stroke. The effect could not be accounted for on the

basis of blood pressure reduction alone. In the Irbesartan

Diabetic Nephropathy Trial (IDNT) (20), Reduction of

Endpoints in Non-Insulin Dependent Diabetes Mellitus

(NIDDM) with the Angiotensin II Antagonist Losartan

(RENAAL) (21), Irbesartan Microalbuminuria Study

(IRMA)-2 (22), and LIFE in hypertension study (14), anti-

hypertensive regimens that included an angiotensin recep-

tor blocker (irbesartan and losartan) were associated with

more effective endpoint reduction compared with regimens

based on standard therapy (placebo), dihydropyridine

calcium channel blocker, or b-blocker. In fact, these trials

were studies of combination therapy. In RENAAL,

approximately three additional drugs were administered

to each patient. In LIFE, .90% of patients in the losartan

group also received a diuretic.

B. Combination of an ACE Inhibitor and a
Calcium Channel Antagonist

Calcium channel blockers are very effective antihyperten-

sive agents that remain an essential component of therapy

for many hypertensive patients in whom blood pressure

control cannot be achieved control with a single drug. In

the RENAAL study, 78% received calcium channel block-

ers even though calcium channel blockers were not given

as first-line treatment.

Calcium channel blockers are effective in combination

with ACE inhibitors, and the combination of low doses of

a calcium antagonist and an ACE inhibitor is associated

with reduced edema compared with titration of the

calcium antagonist to higher doses (25–28). The ACE

inhibitor partially neutralizes the dependent edema that

is the most frequent dose-limiting side effect seen with

calcium antagonists. The edema is believed to be a result

of the selective reduction in precapillary resistance pro-

duced by calcium channel blockers. ACE inhibitors

lower postcapillary resistance, decreasing the hydrostatic

pressure gradient across capillary membranes and the

tendency for fluid extravasation.

Messerli et al. (28) studied 1079 patients whose diastolic

blood pressure remained between 95 and 115 mmHg after

treatment with either nifedipine or amlodipine randomized

to 8 weeks of amlodipine 5 mg/benazepril 10 mg,

Figure 34.4 Percent achievement of goal blood pressure by

one-, two-, or three-drug therapy in a variety of Department of

Veterans Affairs Cooperative studies. These studies were done

at different times, with different protocols, and on different

patient populations. Nevertheless, the results are remarkably

similar. TZ, hydrochlorothiazide; Bendro-TZ, bendroflumethia-

zide. [From Veterans Administration Cooperative Study Group

on Antihypertensive Agents (15,23) and Materson et al. (24).]

Figure 34.5 Reduction of systolic and diastolic blood

pressure (mmHg) by propranolol (P) alone, combined with

hydralazine (H), hydrochlorothiazide (T), both hydralazine and

hydrochlorothiazide, and the combination of reserpine (R) with

hydrochlorothiazide. The combinations with hydrochlorothiazide

were more effective than the combination of propranolol plus

hydralazine. Triple therapy was most effective. Note the high

efficacy of the reserpine plus hydrochlorothiazide combination.

[From Veterans Administration Cooperative Study Group on

Antihypertensive Agents (23).]
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amlodipine 5 mg/benazepril 20 mg, nifedipine 30 mg or

nifedipine 60 mg and amlodipine 5 mg/benazepril 10 mg,

amlodipine 5 mg/benazepril 20 mg, amlodipine 5 mg, or

amlodipine 10 mg. Both doses of the calcium antagonist/
ACE inhibitor combination therapy lowered diastolic

pressure as much as the high dose of the calcium antagonist

and more than the lower dose. This finding was the same for

both nifedipine and amlodipine. In addition, there was a

reduced rate of edema with the combination treatment

compared with the highest dose of the calcium antagonist.

Gradman et al. (26) studied 707 patients with diastolic

blood pressures in the range of 95–110 mmHg who were

randomized to receive enalapril, felodipine extended

release, or the combination of the two drugs. Following

8 weeks of treatment, the combination had a significant

additive effect on blood pressure. The combination pro-

duced a reduction of 15.4 mmHg compared with the

highest dose of felodipine extended release monotherapy

(10 mg/d) which reduced blood pressure by an average

of 11.7 mmHg. Peripheral edema was reduced from

10.8% with felodipine single drug therapy to only 4.1%

in patients receiving the combination of felodipine and

enalapril.

Given the success of these combinations, it would

appear logical to combine an angiotensin receptor

blocker with a calcium channel antagonist. We are aware

of two products that are under development: telmisartan

plus amlodipine and telmisartan plus lacidipine. We

would expect to see many similar products to be studied

and eventually marketed.

C. Combination of an ACE Inhibitor and an
Angiotensin Receptor Blocker

There has been recent investigative interest in the combi-

nation of ACE inhibitors and angiotensin receptor blockers

both for lowering blood pressure and for reducing

hypertensive target organ injury. ACE inhibitors and

angiotensin receptor blockers inhibit the renin–

angiotensin–aldosterone system via different mechanisms

and several studies have suggested that they may produce

additive antihypertensive effects when used in combi-

nation. ACE inhibitors reduce the production of angioten-

sin II, whereas angiotensin receptor blockers block its

effects directly at the AT1 receptor site. In the Candesartan

and Lisinopril Microalbuminuria (CALM) study (29), the

combination of candesartan (16 mg) and lisinopril (20 mg)

appeared to have additive effects in reducing diastolic

blood pressure. The study also reported greater reduction

in proteinuria with the combination. Maximum doses of

each agent were not tested, which leaves the question

open of whether there is a true additive effect in the drug

classes when both are given at maximum dosages. It is

also unclear from this study whether the greater reduction

of proteinuria is the result of the greater blood pressure

reduction with the combination vs. a selective effect

upon the renal microvasculature.

Nakao et al. (30) assessed the efficacy and safety of

combined treatment of ACE inhibitor and angiotensin-II

receptor blocker, and monotherapy of each drug at its

maximum dose, in 263 patients with nondiabetic renal

disease randomly assigned angiotensin-II receptor

blocker (losartan, 100 mg daily), ACE inhibitor (trando-

lapril, 3 mg daily), or a combination of both drugs at

equivalent doses (COOPERATE trial). Survival analysis

compared the effects of each regimen on the combined

primary endpoint of time to doubling of serum creatinine

concentration or end-stage renal disease.

Ten of eighty five patients (11%) on combination treat-

ment reached the combined primary endpoint compared

with 20 of 85 (23%) on trandolapril alone (P ¼ 0.018)

and 20 of 86 (23%) on losartan alone (P ¼ 0.016). Fre-

quency of side effects with combination treatment was

the same as with trandolapril alone. This trial suggests

that the combination of an ACE inhibitor and an angioten-

sin receptor blocker has a synergistic effect on progression

of nondiabetic renal disease.

Song et al. (31) attempted to avoid the confounding

effects of blood pressure reduction and of disease hetero-

geneity by treating a group of patients with either IgA or

diabetic nephropathy who had their blood pressure con-

trolled long-term with the ACE inhibitor ramipril. They

added 4–8 mg of candesartan or placebo once daily and

measured urinary protein excretion and urinary transform-

ing growth factor b1 levels as surrogate indicators of renal

injury. There was no change in 24 h mean blood pressure

by the addition of candesartan in either group. In the IgA

nephropathy group, but not the diabetics, the combination

of ramipril and candesartan significantly reduced both

urinary protein excretion (212.3%) and transforming

growth factor b1 levels (228.9%) compared with the

addition of a placebo. There were no such significant

changes in the patients with diabetic nephropathy although

there was a nonsignificant (214.3%) decrease in trans-

forming growth factor b1 urinary excretion. This study is

important in that it used 24 h ambulatory blood pressure

monitoring, it selected patients whose blood pressure

was already controlled before the addition of the angio-

tensin receptor blocker, it was double-blind and placebo

controlled, and the renal disease was proven by biopsy.

The African American Study of Kidney Disease and

Hypertension (AASK) trial (32) found ramipril-based

therapy to be superior to amlodipine-based treatment in

reducing the progression of hypertensive renal disease.

This landmark study also demonstrated that blood pressure

levels in patients with renal impairment, a documented

cause of resistance to antihypertensive therapy, could

556 Management and Treatment in General and in Special Populations



be controlled to below the newer recommendations of

130/80 mmHg for renal patients. Thus, the work of the

AASK investigators demonstrated that patients with

significant levels of hypertension and coexisting renal

impairment can reach lower target blood pressure.

Further, the addition of a low-dose diuretic significantly

enhances the effectiveness of ACE inhibitors or angioten-

sin receptor blockers in African-American patients. For

example, Flack et al. (33) studied 433 African-Americans

with a diastolic blood pressure of 95–109 mmHg random-

ized to either placebo, high-dose losartan (150 mg/d), or

the combination of losartan 100 mg/HCTZ 25 mg. A dias-

tolic blood pressure goal of ,90 mmHg was reached in

56% of patients treated with the combination compared

with 36% of patients receiving losartan alone.

D. Fixed Low-Dose Combinations of Drugs

According to the stepped-care approach, the initial step in

treating hypertension is selecting a single drug and

increasing its dosage to reach treatment goals. A second

drug is added to the regimen only if blood pressure

control cannot be obtained with a single agent at the

maximum dosage. A disadvantage of this approach is

that upward dose titration of antihypertensive agents

may result in a significant increase in side effects with

little additional blood pressure reduction. Addition of a

low dose of a second agent may be a more successful strat-

egy for achieving blood pressure control without side

effects in some patients. This alternative approach to anti-

hypertensive therapy is recognized in JNC 7. Low-dose

combinations may also be used as first-step therapy, par-

ticularly in patients with initial diastolic blood pressures

.100 mmHg or systolic pressures .160 mmHg.

Numerous trials have suggested that fixed-dose combi-

nations are as or more effective in lowering blood pressure

than the single components given alone. This enhanced

efficacy can be regarded as an important condition for

approval of a fixed-dose combination. Fixed-dose combi-

nations are very attractive because of their high efficacy

and their excellent tolerability (34–36). They offer a

good chance of success whether used as first- or second-

line therapy compared with sequential therapy which

requires changing or withdrawing drugs in order to find

the most appropriate regimen for an individual patient.

The latter has a tangible cost in terms of medications,

number of visits, and aggravation for both physician and

patient. The fact that fixed-dose combinations reduce the

number of tablets to be taken every day is an additional

factor facilitating the adherence to antihypertensive

treatment (37). As a result, the use of fixed-dose combi-

nations may yield a better cost-effectiveness and

long-term compliance than monotherapy (38). Beyond

the protection afforded by their blood pressure-lowering

action, fixed-dose combinations might confer prognostic

advantages. For instance, the untoward metabolic effects

associated with thiazide diuretics (hyperglycemia,

hypercholesterolemia, hyperuricemia, and hypokalemia)

are reduced when the diuretic is co-administered with a

blocker of the renin–angiotensin system (39,40), primarily

because minimal doses of diuretics are required when the

renin–angiotensin system is blocked. Another example is

the synergy of ACE inhibition and calcium entry blockade

with verapamil in reducing proteinuria (41). Further

studies are needed to establish whether some drugs

protect better against target organ damage when they are

combined than when they are administered as single

agents.

Current recommendations propose that fixed low-dose

combinations may be appropriate for initiating antihyper-

tensive therapy (1). There is general consensus that hyper-

tension should be more consistently treated to target goals

than it has in the past, and that the treatment should be

individualized not only to achieve the target blood press-

ures but also to preserve as much as possible the patients’

quality of life. Fixed low-dose combinations are useful in

everyday practice, whether prescribed as first- or second-

line therapy, because they can increase the probability of

rapidly finding an effective and well-tolerated treatment.

This is key because the achievement of sustained blood

pressure normalization represents the over-riding aim of

antihypertensive therapy today.

E. Combinations of Calcium Antagonists

Dihydropyridine (DHP), diltiazem-like (D-type), and ver-

apamil-like (V-type) calcium antagonists bind at different

sites on the a1 subunit of the calcium channel (42). If a

DHP (N-type) or a D-type drug binds to the receptor, the

other receptor is up-regulated, at least in vitro. Receptor

blockade with a V-type drug appears to down-regulate

the N- and D-type receptors. On the basis of this infor-

mation that was originally obtained in a conference in

1991, Materson (43) later proposed a pharmacological

separation of calcium antagonists with the idea that it

would then be logical to combine an N-type with a D-

type drug for clinical purposes. Clinical trials of these

combinations are difficult to perform. Nevertheless, there

is evidence to support this powerful interaction. In contrast

to the in vitro studies, clinical trials suggest that verampa-

mil potentiates and is also potentiated by DHP calcium

antagonists (44,45). There is a suggestion that verapamil

must be used in much higher doses than comparable

doses of diltiazem and that the incidence of lower extre-

mity edema is much higher. One study (44) demonstrated

that diltiazem increased the area under the curve for nife-

dipine levels and imputed a pharmacokinetic mechanism

to the positive interaction. This potent combination may
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avert the need for the use of minoxidil in patients with very

severe hypertension. Adverse effects include the risk of

hypotension, lower extremity edema (as much as 30%),

and gingival hypertrophy. The combination must be

titrated carefully to the desired effect.

F. Dual or Multiple Purpose Combinations

A new trend in therapeutics is emerging: combination of

two or more drugs for the treatment of separate but

related conditions. Pfizer has marketed Caduetw, a combi-

nation of the antihypertensive dihydropyridine, amlo-

dipine, with the lipid-lowering “statin,” atorvastatin. The

concept is to attack two components of the metabolic

syndrome simultaneously. Possible future combinations

include an antihypertensive with one or more drugs to

improve glucose metabolism.

In the United Kingdom, Law and colleagues (46)

performed a meta-analysis of 354 randomized, double-

blind, placebo-controlled trials of five classes of anti-

hypertensive medication. This robust database of 40,000

actively treated patients and 16,000 subjects who received

placebo permitted them to develop a mathematical model

for treatment effect. They estimated that the use of a com-

bination of three antihypertensive drugs at half-dose would

lower blood pressure by 20/11 mmHg and effect a dra-

matic reduction in the risk of stroke (63%) and ischemic

heart disease events (46%) for patients aged 60–69 years.

Wald and Law (47) have proposed a 6-drug combination in

one delivery system. They have coined the term “Polypill”

for a pill that would target elevated LDL cholesterol,

hypertension, elevated homocysteine, and increased clot-

ting tendency. The tentative drugs would be: atorvastatin

10 mg or simvastatin 40 mg; half-doses of hydrochloro-

thiazide, atenolol and enalapril; folic acid 0.8 mg; and

75 mg aspirin. They estimated that if such a polypill

were used as a preventive strategy, especially in people

aged 55 years or over with known cardiovascular

disease, ischemic heart disease could be reduced by 88%

and stroke by 80%. Whether it will be possible to manu-

facture, gain regulatory approval for and market such a

product remains to be seen.

VI. COMPILATION OF COMBINATION
PRODUCTS

We reviewed the 2003 Physicians Desk Reference, wrote

to pharmaceutical companies, queried contacts within

the pharmaceutical industry, and reviewed multiple Web

sites in order to identify combination antihypertensive pro-

ducts that are marketed worldwide. This effort will always

be a work in progress because of the frequent mergers and

spin-offs of pharmaceutical companies and their divisions,

a wide variety of world-wide licensing agreements exe-

cuted by the companies (all subject to rapid change), the

evolution of brand name drugs to generic as they lose

patent protection, the sale or licensing of drugs to other

companies, and the laws and marketing needs of different

countries. We have made an effort to be as complete as

possible; however, some material available on the Internet

reflects companies that no longer exist as independent enti-

ties, and there are many other errors. Corporate Web sites

generally promote their branded name drugs that remain

under patent. It is therefore difficult, if not impossible, to

determine what company in at any given time actually

markets a given drug. The information on manufacturers

is a best effort but by no means should it be considered

authoritative. For example, the combination of clonidine

and chlorthalidone has been discontinued by its original

supplier but is marketed by other companies as a

generic. In contrast, the combination of enalapril and dil-

tiazem (Teczem) was discontinued by its original supplier

but has not, to our knowledge, been picked up by any other

company. Nevertheless, we have elected to list it as an

example in the hope that it may have a future market.

As with other products, pharmaceuticals that are

approaching the end of their marketing life cycle must

either be reinvented or fall into decline. Some smaller

pharmaceutical companies have carved a niche by identi-

fying these drugs, acquiring the rights to them and selling

them in a more defined market. As a consequence, rela-

tively few drugs simply just disappear. Interest in market-

ing combination antihypertensive drugs is not yet a

worldwide phenomenon. Nevertheless, with the increased

emphasis on achieving goal blood pressure, the lowering

of some target blood pressures, which makes them difficult

to achieve, and the legitimization of combination therapy

by organizations that write treatment guidelines, we

expect that the market for antihypertensive drug combi-

nations will blossom the world over.

The following Web sites were used in the compiling

information about combination drugs currently on the

market. You can use these as a starting point for research-

ing available drugs for specific conditions.

1. MEDLINEplus Drug Information (http://
www.nlm.nih.gov/medlineplus/druginfo)

2. Prentice Hall Health—Drug Guides. Wilson BA,

Shannon MT, Stang CL. Drug Guide 2003:

(http://wps.prenhall.com/chet_wilson_drugguides_1/
0%2C5513%2C403550-%2C00.html)

3. Mythos Pharmacy (http://www.mythos.com/
pharmacy)

4. HYPERTENSION MEDICATIONS (http://
www.hypertensionmeds.com)

Note that Web sites are subject to change. These were

accurate and functional as of October 2003.
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VII. CONCLUSIONS

The many millions of people whose blood pressure

averages between 140 and 149 mmHg systolic are likely

to respond to a carefully selected single drug. Those

whose systolic pressure averages between 150 and

159 mmHg are more likely to require two drugs in order

to achieve goal blood pressure. Those whose systolic

blood pressure is 20 or more mmHg or diastolic 10 or

more mmHg above goal will most likely require two or

even more drugs in order to achieve goal.

The growing availability of combinations of two or

more drugs should facilitate adherence for the patient as

well as possible cost savings. Numerous combinations

already exist. Many more will be marketed in the future.

Expect to see combinations of antihypertensive medi-

cations with other medications directed at cardiovascular

risk factors in addition to hypertension.
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KEYPOINTS

. Compliance is the extent to which patient’s beha-

vior in terms of taking medication corresponds

with agreed recommendations from a health care

provider.

. Compliance with antihypertensives is affected by

the interplay of patient-related, condition-related,

therapy-related, health care system-related, and

socio-economic factors.

. Measuring compliance is difficult, a gold standard

does not exist.

. Medical event monitoring system improves the

assessment of compliance substantially.

. Hearing patients’ thoughts about taking drugs (e.g.,

antihypertensives) and patients’ disease model is

essential.

. An open and trusting partnership between

patient and physician is crucial for optimal

compliance.

. Side effects, complex treatment regimen, and

therapy failure of antihypertensives substantially

lower compliance.

. An effective, simple, and side effects free antihy-

pertensive therapy for an optimal compliance is

mandatory.

. Non- or mal-compliance as the single cause not

achieving target blood pressure is overestimated.

561



SUMMARY

Compliance is a multidimensional phenomenon that is

affected by the interplay of many dynamic issues: social

and economic factors, condition-related-factors, therapy-

related factors, patient-related factors, health care team,

and system-related factors. In hypertension, a chronic

and frequently asymptomatic condition, the handling of

noncompliance with antihypertensive medication

remains a difficult task. However, compliance rates in

patients resistant to antihypertensive drugs is better than

often assumed and corresponds to compliance rates for

many drugs in many conditions and diseases.

The measuring of compliance is difficult and a golden

standard does not exist. Medical event monitoring

system (MEMSw) improved the assessment of compliance

substantially. However, electronic monitoring is expensive

and not readily available in busy clinical practice.

There is no single intervention that has been shown to

be effective in all patients or settings. Poor compliance

to long-term therapies, such as hypertension, severely

worsens the clinical outcome regarding hypertension-

related morbidity and mortality.

The most important element in determining compliance

is the relationship between physician and patient. Patients

need to be supported and not blamed. Open and trusting

partnerships concerning the management of hypertension

improve compliance. Similarly, sufficient information in

the patient’s own language and taking account of the

patients’ disease model increase compliance. Unpleasant

aspects, such as forgotten doses of antihypertensive

drugs, side effects, the difficulty in attaining an effect,

and other impediments, to therapy have to be discussed

openly. Both partners have to evaluate the success and

failure of therapy in regularly fixed consultations and to

find individually tailored solutions.

The aim of an antihypertensive therapy is to make it an

effective and simple therapy that is free of side effects.

Achieving this aim provides the basis for optimal compli-

ance. Obviously, the patient needs to know that this can be

difficult and may require time or be impossible all

together.

I. INTRODUCTION

Effective and usually well-tolerated drugs are available for

the treatment of arterial hypertension. Nevertheless,

normal blood pressures are not achieved, even after pro-

longed treatment, in a substantial number of patients

(1,2). Poor compliance might be one explanation for unsa-

tisfactory blood pressure control with antihypertensive

therapy (3).

Compliance of the patient with the physician’s pre-

scriptions and adherence to medication is a much-

debated problem in hypertension. Often, physicians

would like to believe that a lack of compliance is the

main reason for therapy-resistant hypertension, and that

resistance to therapy is therefore the patient’s problem.

In line with this, efforts to understand poor blood pressure

control have focused especially on patient’s compliance

with antihypertensive medication and patient character-

istics associated with non- or poor-adherence. On the

other hand, more and more evidence is emerging that

physicians may not be aggressive enough with the man-

agement of hypertension (4). Although physicians seem

to be familiar with guidelines for treating hypertension,

this knowledge is not fully implemented into daily clinical

practice. Nevertheless, lack of adherence by the patient has

been identified as one reason that antihypertensive therapy

is not successful (5,6).

Nonadherence to medication is believed to be

especially common when complex antihypertensive drug

regimens have to be established. The complexity of regi-

mens includes multiple drugs and dosages. Reducing the

number of daily doses seems to be effective in increasing

compliance with blood pressure-lowering medication

(5,7). Furthermore, if the patient’s knowledge, understand-

ing (5,8), and perception (5,9) of hypertension is insuffi-

cient, an optimal compliance to antihypertensive therapy

is unlikely (5,10).

The nature and determinants of noncompliant behavior

is multifaceted, and despite of intense research efforts not

fully understood. Incompliant behavior is a problem with

self-administered treatments for all disorders. Addition-

ally, patients tend to miss appointments and drop out of

care when there are, for instance, long waiting times at

clinics or long time lapses between appointments. These

factors are definitely not patient-related.

Obviously, adherence to pharmacological therapy is a

critical factor for the success of any therapy. Nonadher-

ence to prescribed medication increases the economic

burden of disease and also precludes beneficial effects,

especially of antihypertensive treatments. In clinical prac-

tice, the differentiation between nonresponse to prescribed

medication and noncompliance to medication is crucial for

the treating physician and the quality of the interaction

between the patient and physician.

II. DEFINITIONS

Most research has focused on compliance with medication.

However, compliance also includes several health-related

behaviors that extent beyond taking prescribed pharmaceu-

ticals. The definition of compliance as “the extend to which

the patient follows medical instructions” is assumed to be
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insufficient in describing the range of intervention used to

treat chronic diseases such as arterial hypertension. Fur-

thermore, the term “instructions” implies that the patient

is a passive, acquiescent recipient of expert advice as

opposed to an active partner and collaborator in the treat-

ment process and decisions about it (5,11).

Two different terms are used to describe compliance.

However, in our view, the terms compliance and adher-

ence should be used as synonyms. The point to be stressed

is that both terms are intended to be nonjudgmental, a

statement of fact rather than of blame of the prescribing

physician, patient, or treatment (5,12).

A. Persistence

Persistence is the continued taking of the initially pre-

scribed medication over the long-term. The duration of

time, a patient remains on a prescribed treatment, is

based on the physician’s willingness to continue prescrib-

ing a medication and the patient’s willingness to continue

taking it. Persistence is thus a reflection of both efficacy

and tolerability (Fig. 35.1). It depends on adverse

effects, comorbidity, and costs. Especially, patients with

chronic and asymptomatic conditions are at risk to discon-

tinue treatment due to real or falsely attributed adverse

effects or because they perceive the medication to be inef-

fective. Hypertension is a prime example for a chronic

condition without typical symptoms and therefore a par-

ticular challenge in terms of persistence. Persistence

with antihypertensive therapy decreased in the first 6

months after treatment was started and continued to

decline over the next 4 years (5,13). At the end of 1 year

only 78% of the patients with newly diagnosed hyper-

tension persisted with therapy. These results have been

confirmed and reproduced (5,14,15). Among those with

newly diagnosed hypertension, older patients were more

likely than younger ones to persist, and women were

more likely than men to persist ( p , 0.001) (Fig. 35.1).

B. Compliance

Compliance (or “adherence”) is the extent to which the

patient’s actual dosing history conforms to the prescribed

regimen or the extent to which the patient’s behavior in

terms of taking medications, following diets, or making

other lifestyle changes corresponds with recommenda-

tions from a health care provider to which the patient

has agreed (16).

Compliance affects persistence, but it explains only a

minor part of low persistence rates on antihypertensive

drugs (8). Moreover, a patient may still persist on a pre-

scribed drug while being partially noncompliant. Compli-

ance is a mainly patient-centered variable that is affected

by physician–patient interactions. The definition of per-

sistence and compliance shows the difficulties that many

medical regimens present for the patient. For example,

the regimen described for a patient with metabolic syn-

drome includes a special diet, increased physical activity,

smoking cessation, antidiabetic drugs and/or injection of

insulin, antihypertensive treatment, antilipidemic medi-

cation, and possibly additional drugs. Such a therapy

fulfills theoretical, physiological, and empirical consi-

derations about optimal care of patients with metabolic

syndrome. At the same time, practical patient-centered

concerns, such as the nature, culture, and personal

attitudes of the patient or costs, and adverse effects of

the treatment are ignored. As a result the patient may

get confused with the complex treatment and become

(partially) incompliant to the therapy regimen.

Definitions of compliance using pill counting data can

complicate the interpretation of knowledge achieved

from clinical trials. To address this problem, Eisen et al.

(17) compared two definition of compliance in patients

based on counting the prescribed daily doses. A first defi-

nition represents the percentage of prescribed doses that

the patient removed during the interval of observation

(no. of doses removed/no. of doses prescribed). This defi-

nition corresponds to pill counting during a consultation or

in clinical trials. It is independent of information about

timing of dose removal and suggests perfect compliance

(100%) even if the patient forgets doses and removes all

doses briefly before the consultation. A second definition

equals the percentage of days during which less than the

prescribed number of doses or greater than the prescribed

number of doses were removed. This definition suggests a

worse than real compliance in patients who do not remove

the prescribed number of doses of a multiple dose regimen

each day. Using the first definition, patient compliance was

higher on a once- (96%) or twice- (93%) daily dose

regimen compared with a three times (84%) daily

regimen (p , 0.05) (17) (Fig. 35.2).

Examining mean daily compliance according to the

second definition revealed that the percentage of days on
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Figure 35.1 Compliance medication regimens after 1 year

according to drug class initially prescribed to patients. [From

Bloom (14).]
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which the prescribed were removed correctly, decreased

significantly with dose frequency (once-daily 83.6%,

twice-daily 75%, three times daily 59%) (17) (Fig. 35.3).

This example shows how compliance can vary depending

on the definition used. Both definitions can be used to

measure compliance and provide substantially different

compliance rates. This complicates the interpretation of

findings from clinical trials enormously. It also demon-

strates the degree to which compliance may be overesti-

mated with the simple pill count method or

underestimated with other methods.

If one uses the MEMS the definition of compliance has

to be very precise in order to correct compare findings

from various studies.

Timing compliance is the strictest of the definitions of

adherence. It can be defined as the percentage of the pre-

scribed number of doses taken within a correct interval.

The correct interval between two doses is determined by

the prescribed drug regimen. For a regimen with one

dose per day the correct inter-dose interval is 24 h, for

two doses per day it is 12 h, and for three doses per day

it is 8 h. Allowing for a tolerance of +25%, for a

regimen of one dose per day the correct inter-dose interval

is between 18 and 32 h. The percentage of doses taken

within a correct interval is the number of correct inter-

dose intervals divided by the total number of doses taken

less one, because there is one less interval between doses

than the total number of doses taken.

“Correct dosing” is the percentage of days on which the

correct number of doses was taken. Taking compliance is

the number of doses taken divided by the number of

doses prescribed during a monitored interval. The

number of doses prescribed corresponds with the number

of monitored days multiplied by the number of doses

prescribed per day and provides the equivalent data to a

“pill count.” This adherence measure is the least strict of

the three described.

III. THE FIVE INTERACTING DIMENSIONS
AFFECTING COMPLIANCE

Recently, the World Health Organization described the

issue of compliance as a multidimensional phenomenon

determined by the interplay of five sets of factors

(Fig. 35.4) (18): (1) social/economic factors; (2) health

care team and system-related factors; (3) condition-

related factors; (4) therapy-related factors; and (5)

patient-related factors. The authors of this document

point out that patient-related factors are just one determi-

nant affecting compliance (19). They also stress that the

common belief patients are solely responsible for taking

their medication is obviously misleading (19).

The socio-economic status of a patient has been

reported to have an effect on adherence (18). Notably,

poverty, illiteracy (20), low level of education, and
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Figure 35.4 The five dimensions that affect compliance

according to the World Health Organization. [From Sabate (18).]
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scribed doses that the patient removed during the interval of

observation. One, once daily; two, twice daily; three, three

times daily. [From Eisen et al. (17).]
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unemployment seem to lower adherence to medication

(21,22). For example, in a case–control study examining

an inner-city minority population (low income or no

employment, black or Hispanic, drug addiction, or

unskilled employee), severe, uncontrolled hypertension

was found to be more common among patients who had

no primary care physician [adjusted odds ratio, 3.5; 95%

confidence interval (CI) 1.6–7.7] or lack of health insur-

ance compared with a hypertensive control group (23).

In developing countries, factors, such as unstable

living conditions (24), long distance from treatment

centers or nonaffordable costs of medication (25), also

influence the level of adherence. In a cross-sectional

study of hypertensive patients in eastern Sudan, inability

to buy drugs was negatively and significantly associated

with noncompliance (26). Poorly developed health ser-

vices, poor medication distribution systems, and lack of

knowledge and training for health care workers on mana-

ging chronic diseases are important factors, which have

negative effects on adherence independent of the patient’s

performance (18).

Condition-related factors refer to disease-specific

demands faced by the patient. Hypertensive patients are

at risk to become incompliant, because the condition is

asymptomatic for a long time. Other strong determinants

of adherence with respect to condition-related factors are

rate of progression or severity of disease, and the avail-

ability of treatments.

Therapy-related factors affecting adherence are mani-

fold. Side effects and complexity of the medical regimen

substantially affect compliance. Also, frequent changes

in treatment lowers adherence. Availability of accurate

information for the patient concerning the prescribed

medication improves compliance.

Patient-related factors include patient’s knowledge and

beliefs about their illness and the motivation to manage it.

Patients seem to be concerned about the necessity of their

prescribed medication and are interested in information

about the necessity of their medication weighed against

the potential adverse effects of taking it (27). Patients

also seem to have a fairly negative view of drugs. They

attribute generally harmful effects of drugs that are over-

used by doctors in other situations (27). In a qualitative

study in two urban general practices, the thoughts of

taking antihypertensive drugs were analyzed by interview-

ing hypertensive patients in a primary care setting (28).

Results showed that four in every five people (80%) had

reservations about taking antihypertensives and two-

thirds preferred to lower blood pressure without taking

drugs. Nearly, 40% of patients were concerned of having

side effects in the near future or in the long run (28).

About half of these patients (17%) stated feeling unwel-

come side effects from the actually taken antihypertensive

medication.

IV. MEASURING COMPLIANCE

These are the factors to consider in measuring compliance.

. Patient interview

. Keeping arranged appointments

. Prescription refills

. Pill counts

. Standardized patient-administered questionnaires

. Drug concentration in urine or serum

. Concentrations of marker substances in urine or

serum

. Electronic medication monitoring

Accurate assessment of compliance is necessary for

effective and efficient treatment planning, and for ensuring

that changes in health outcomes can be attributed to the

recommended regimens. One of the most important

problem is the lack of entirely satisfactory methods to

measure compliance. This has made research into compli-

ance difficult. Most methods are indirect and fault-prone.

Indisputably, a commonly accepted gold standard does

not exist (29,30). Although no clinical measurement of

compliance approaches perfection, clinical information

can be used to find situations in which the patient may

be incompliant to medication. Generally, patients should

be informed about the assessment of compliance and

asked for consent, because possibly the patient’s privacy

could be invaded against patient’s will. Patients usually

agree to have their compliance measured or measure it

themselves if the physician explains the purpose of the

assessments. The patient should be informed that the aim

is to better understand how effective the taken medicine

is or why a therapy does not work as expected (31).

Pill boxes that electronically record every opening,

such as MEMS (Fig. 35.5), have substantially improved

the assessment of compliance and have been successfully

used in several clinical trials in arterial hypertension and in

other conditions (32–34).

This electronic monitor consists of a container similar

to traditional drug bottles and a large lid, which holds a

microchip and a pressure release system. Closure and

opening of the bottles activates the system and is called

a medication event. The monitor stores the exact time

and date of each opening sequence, and summary data

can be downloaded onto a personal computer (Fig. 35.6).

The medication event is defined as the electronically

detected, time-stamped maneuver made by the electronic

monitor, which is a necessary condition for removing a

dose of a drug. In practice, this is assumed to designate

the taking of a prescribed drug dose. There is no assurance

that patients actually consume their medications, but they

have to open and close the bottle at prescribed intervals on

a daily basis to create a false pattern of adherence. This is

very unlikely. Results based on electronic monitoring have
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been reported in over 350 publications, including over 50

peer-reviewed original research papers. Electronic moni-

toring is now considered as a “gold standard” for the

measurement of adherence (35,36). MEMS is reliable

with a failure rate (dysfunction of the electronic chip or

problems of downloading data) of ,1% (37).

Keeping arranged appointments or prescription refills

can give a crude estimate of patients compliance. Patient

interviews seem to be more accurate despite their potential

for inaccuracy. Obviously, it is very helpful when patients

admit noncompliance upon appropriate questions, but

denial of noncompliance is common. Patients who reveal

that they have not followed treatment advice in general

terms tend to describe details of their behavior accurately

(11,38), whereas patients who deny their failure to follow

recommendations in general terms report details of their

behavior inaccurately (39). Generally, when health care

providers have to rate the degree to which patients

follow their recommendations they overestimate compli-

ance (40). In one study, primary care physicians were

asked to estimate compliance of patients they felt to

know well (41). The sensitivity of clinical judgment was

only 10%. This value is very low and physicians should

not trust their unaided judgment regarding the compliance

of individual patients.

Pill counts have been widely used in various studies.

However, pill counts may not adequately describe true

compliance because unused pills can be discarded by

patients. Furthermore, timing of dosage and patterns of

missed doses are not detected. Still, weekly pill counts

provide better information than long-term average pill

counts (42).

The use of brief medication questionnaires to screen for

adherence and barriers to adherence have been validated

and been made available to physicians in busy clinical

practice. Ogedegbe et al. (43) recently developed and eval-

uated a 26-item medication self-efficacy scale. The authors

aimed to identify situations in which patients have low

self-efficacy, which is a known predictor for a wide

range of health behaviors. This scale showed good internal

consistency and stable scores, and it was easy to use and

understand for patients. However, it has only been evalu-

ated among African-Americans in the United States and

it seems to be too extensive for a busy primary care prac-

tice. Furthermore, the scale did not quantify prediction of

adherence to prescribed antihypertensive medication. A

much shorter questionnaire to assess patient’s compliance

to antihypertensive medication was developed recently

(44). The tool includes a five-item Regimen Screen,

which asks patients about they took their medication

during in the past week, a two-item Belief Screen asking

about drug effects and bothersome features of drugs, and

a two-item Recall Screen about potential difficulties of

memory. The validity of this instrument was assessed in

20 patients who were prescribed ACE inhibitors by

using MEMS as a comparator. This questionnaire

showed an 80–100% sensitivity for different types of

adherence, suggesting that this tool is more sensitive

than existing tools. This study was the first to demonstrate

that sensitivity levels vary by type of nonadherence and by

type of screening tool.

Another method to gage medication compliance is

measurements of drug concentrations in serum or urine

(45) or of low dose chemical markers added to the drugs

in plasma and urine. However, in most clinical settings,

these methods are not readily available for any of the anti-

hypertensive drugs and may strain the relationship and

mutual trust between physician and patient. Furthermore,

satisfactory serum or urine levels of drugs can usually be
Figure 35.6 Example of optimal compliance with antihyper-

tensive therapy. Once-daily drug regimen measured by MEMS.

Figure 35.5 MEMS. Pill box that measures compliance by

recording openings.
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attained if the patient takes the drugs for a few days before

the consultation, that is, patients with white coat compliance

or a “tooth brush effect” are not identified. In other words, in

patients with toothbrush effect drug levels may be high or

even toxic and compliance still very poor (Fig. 35.7).

A few drugs induce typical clinical effects that can be

assessed as a measure of compliance, such as pulse rate

reduction with beta-blocking agents, increased urinary fre-

quency with the initiation of diuretics, dry mouth with

anticholinergics, or dark stool with oral iron.

Independent of the technique used to gage compliance

threshold of good and poor compliance are widely used,

despite the lack of evidence to support such thresholds.

In practice, good and poor compliance might be grossly

inadequate terms because a poor compliance of 50%

may be sufficient in a patient that responds well to the

therapy, whereas a good compliance of 80% may be

insufficient because of a poor response. A demonstrative

example that compliance should not be treated as a dichot-

omous variable (e.g., taking .80% compliance is good,

taking ,80% compliance is poor) is adherence to oral

anticontraceptive therapy. A taking compliance of 80%

in this condition may not suffice for contraception and

lead to pregnancy. Similarly, for highly active antiretro-

viral therapy to suppress emergence of viral mutations in

HIV, compliance should exceed even 95% (46). In sinu-

sitis, compliance with a specific antibiotic treatment

during the first 3 days of treatment may be sufficient (47).

Measurement of compliance gives useful information

that monitoring of outcome alone cannot provide.

However, available methods can only estimate the patient’s

actual behavior. No single measurement is optimal. An

approach using multiple methods that combines self-

reporting and objective measurements is currently the

best way to assess compliance.

V. TYPES OF NONCOMPLIANCE

Noncompliance can be described as falling into one or

more of several categories.

. Total

. Nondeclared

. Partial

. Drug holiday

. Over-compliance

. Toothbrush effect or white coat compliance

Degrees of noncompliance with drug regimens vary

from total, nondeclared noncompliance (taking no drug

at all and not telling the treating physician) to over-

compliance which means taking more drugs than pre-

scribed and agreed. The most common form of poor

compliance in hypertension, and almost all other con-

ditions, is partial compliance. An example of partial com-

pliance is a “drug holiday”; patients intentionally omit or

unintentionally forget their medication for a few days,

for example on a business trip or on weekends. Another

form of partial compliance is termed as the toothbrush

effect or white coat compliance, that is, an increase of

compliance before and after a consultation at the

doctor’s office. In general, patients frequently change

their degree and pattern of noncompliance. Compliance

is therefore a dynamic process and any measurement of

compliance only looks at a selected phase of the patients

variegated lives.

VI. COMPLIANCE IN HOME BLOOD
PRESSURE MEASUREMENTS

Measuring blood pressure at home is recommended to dis-

tinguish sustained from white coat hypertension and to

monitor treatment (48,49). Furthermore, home blood

pressure measurement can improve compliance with

medication and empower patients in the management of

their condition (50,51).

An analysis of 1350 consecutive patients in a represen-

tative sample of the hypertensive population showed that

home blood pressure measurement is widely performed

by hypertensive patients managed in a hypertension hospi-

tal clinic (52). This practice was associated with a signifi-

cantly higher rate of clinic blood pressure control (52). In

addition, age, male gender, and educational level were

associated with the use of home blood pressure measure-

ment (52). Home blood pressure measurement also lead

to less intensive drug treatment and lowered costs margin-

ally (53). On the other hand, patients measuring their

home blood pressure more often stopped their antihyper-

tensive therapy (25.6% vs. 11.3%; P , 0.001). Further-

more, patients monitoring their therapy with office blood

Figure 35.7 Example of partial compliance with antihyper-

tensive therapy (toothbrush effect). Once-daily drug regimen

measured by MEMS.
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pressure and ambulatory blood pressure had significantly

lower blood pressure values after a mean of 350 days of

follow-up (53).

We, recently, examined whether patients with hyper-

tension or suspected hypertension, who had been referred

for 24 h ambulatory blood pressure monitoring, accurately

reported their home blood pressure measurements (54)

(Table 35.1) and whether reporting accuracy affected the

assessment of the patients’ condition (55). Reporting accu-

racy of blood pressure measurements taken at home was

acceptable in most patients (73%). Patients of lower edu-

cational level tended to report less accurately (relative

risk 3.39 for reporting ,80% correct measurements).

Inadequate conclusions regarding the assessment of a

hypertensive patient owing to poor reporting were possible

but rarely clinically relevant (55).

VII. COMPLIANCE WITH DRUG TREATMENT

Obviously, individuals with hypertension need to stay on

therapy with antihypertensive medication to obtain the

full benefits of blood pressure reduction. The complex

pathophysiology of hypertension is an important factor

influencing the success of pharmacological treatment

(56). Thus, the antihypertensive agent prescribed may

not be effective because its mechanism of action is inap-

propriate for the underlying condition. Unfortunately, the

response to a particular agent can seldom be predicted

on clinical grounds alone.

The initial choice of an antihypertensive agent may

influence the extent to which patients stay on therapy. In

a retrospective study, drug persistence over nearly 5

years was significantly associated with the initial choice

of drug class (57). Angiotensin receptor blockers had the

highest persistence followed by ACE inhibitors, calcium

channel blockers, beta-blocker, and diuretics (57).

Generally, persistence decreased with time.

Compliance to antihypertensive medication is also

affected by the frequency of daily dosage. A meta-analysis

of eight studies involving .10,000 observations demon-

strated that once-daily dosing is associated with higher

rates of adherence than either twice-daily or multiple-

daily regimens (58). In elderly outpatients aged between

65 and 99 years, good compliance (�80%) was asso-

ciated with the use of newer agents such as angiotensin-

converting enzyme inhibitors (OR 1.9, 95% CI 1.6–2.2)

and calcium channel blockers (OR 1.7, 95% CI 1.5–2.1)

(59). In addition, adverse drug reactions to antihyper-

tensive medication, especially in older patients, correlate

with noncompliance (60). Avoiding side effects can, there-

fore, be an important consideration when prescribing anti-

hypertensive drugs. However, perceived side effects are

more likely to occur at the beginning of therapy and tend

to decrease over time (61). In general, younger patients

tend to quit their medication because blood pressure has

improved, whereas older patients tend to discontinue treat-

ment because adverse effects have occurred (62). Women

are more likely to adhere to antihypertensive therapy and

to achieve better blood pressure control than men (62).

Furthermore, discontinuation of antihypertensive medi-

cation is associated with younger age, lower prevalence

of previous hospitalizations for cardiovascular disease,

and less concurrent chronic pharmacotherapies (62).

Depressive symptoms may be an underrecognized but

modifiable risk factor for poor compliance with antihyper-

tensive medications (63).

VIII. COMPLIANCE IN THERAPY-RESISTANT
HYPERTENSION

Patients in whom a prespecified blood pressure cannot be

achieved are commonly referred to as having therapy-

resistant hypertension (2,49). Therapy-resistant hyperten-

sion is described in details in Chapter 37. Noncompliance

with antihypertensive therapy can be a limiting factor in

achieving the therapeutic goals in hypertensive patients.

To obtain reliable prevalence data is difficult because

therapy resistance strongly depends on the setting. For

example, therapy-resistant hypertension in a primary

care setting (64) or among New York employees (65) is

�3%. In referred patients (66) and hypertension clinics

(67), the prevalence of therapy-resistant hypertension is

much higher and can exceed 20% of all patients.

Earlier studies had shown relatively poor compliance in

patients with arterial hypertension (68,69). However,

many recent hypertension trials have shown compliance

rates �80% with antihypertensive drugs (70,71). We,

recently, performed a prospective study in which

Table 35.1 Types of Mistakes in Incorrectly Reported

Measurements of Blood Pressure (n ¼ 794) Taken at Home

(27% of All Performed Measurements) (54)

Mistake

No. of

mistakes

(%)

No. of

patients

(n ¼ 54)

Timing 270 (34) 27

Averaging 231 (29) 25

Single measurements 209 (26) 23

False high systolic values 50 (6) 14

False high diastolic values 51 (6) 18

False low systolic values 48 (6) 13

False low diastolic values 60 (8) 16

Invented measurements 57 (7) 9

Measurements not reported 13 (2) 7

Miscellaneous 14 (2) 7
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medication compliance was .80% in patients with an ade-

quate response to treatment and also in patients with resist-

ance to treatment in hypertension (34). In the study, 103

consecutive patients were analyzed on stable treatment

with at least two antihypertensive agents, that is, 49 nonre-

sponders were compared with 54 responders (34). Compli-

ance, measured by using MEMS during 1 month for two

drugs, did not significantly differ between the two

groups (82% in nonresponders, 85% in responders) (34).

Furthermore, the compliance rate in most patients was

.80% (Fig. 35.8). Patients with compliance rate ,50%

were an exception (8.7%).

Another recent study investigated whether monitoring

compliance with MEMS affected therapy resistance in

41 patients without controls (32). Although similar rates

of compliance were obtained in comparison to our study,

blood pressure levels improved significantly upon

MEMS monitoring, suggesting that increasing compliance

can ameliorate blood pressure control in therapy-resistant

patients. However, even with almost perfect compliance

rates achieved through MEMS monitoring, most blood

pressures remained in the range that would commonly be

described as therapy resistant and further improvements

of blood pressures occurred upon modifications of the

drug regimen (32). Similarly, MEMS monitoring

improved blood pressure control significantly in those

patients categorized as nonresponders in our study, but

not in those categorized as responders to therapy

(Edouard Battegay et al., unpublished data). Nevertheless,

the majority of patients with therapy resistance remained

poorly controlled upon compliance monitoring in spite

of high compliance rates in both studies. Compliance,

therefore, turns out to be only one of the many variables

in explaining resistance in the majority of patients.

Indeed, the lack of a perceived effect of an

antihypertensive drug, that is, therapy resistance itself,

may hypothetically induce patients assessing their own

blood pressure to become noncompliant.

IX. IMPROVING COMPLIANCE

Compliance with treatment recommendations by phys-

icians has a major impact on health outcomes and costs

of care for patients with arterial hypertension. The

process aims at achieving normal blood pressure values

by an individually tailored, well-tolerated treatment

regimen. Physicians must be aware of several important

factors that influence patients’ compliance with antihyper-

tensive therapy. Factors that might affect compliance

should be systematically evaluated and discussed with

the patient. If possible, measurement of compliance

should be done by appropriate methods.

A recent systematic review of randomized controlled

trials that assessed, which types of intervention to increase

adherence. Simplification of dosing regimens increased

adherence (measured by MEMS) by 8–19.8% (7) and

was the most effective measure to be taken. The effects

of motivational (e.g., nurse telephone calls, written edu-

cational material, group education) or complex health

and organizational interventions (work-side management

by nurse/physician, intervention by clinical pharmacist,

combined postcard/telephone/nurse-led educational

appointments reminders) were mixed, that is, partly suc-

cessful or inconclusive. These results add evidence in

the field of adherence to antihypertensive medication;

however, included trials were heterogeneous and often of

poor methodological quality, and more evidence from

carefully designed randomized trials is needed. With

respect to the following points, adherence to antihyper-

tensive drugs may be improved in clinical practice.

A. Side Effects

Patient surveys, which attempted to determine risk factors

for poor compliance, have repeatedly shown that side

effects of antihypertensive drugs are strongly associated

with reduced compliance rates (8,60). Furthermore, the

fear of dose-dependent side effects are probably one of

the important reasons that physicians accept inadequate

blood pressure control and do not titrate the dose

upward. Low-dose combination therapy may provide an

effective alternative to titrating upward with monotherapy

regimen. In fact, guidelines suggest the use of low-dose

combination therapy as antihypertensive first-step treat-

ment (49), and this may be a more efficient way to

achieve blood pressure targets with acceptable side

effects (72).
Figure 35.8 Compliance rates in 103 patients taking antihyper-

tensive medication measured by MEMS. [From Nuesch et al. (34).]
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B. Dosing Interval

Antihypertensive agents that are dosed once-daily are

taken more regularly than drugs that have to be taken

more than twice-daily (7,73). Indeed, there is no evidence

for improved blood pressure control or better outcomes

when drugs are taken or must be taken three times a day

in a hypertensive patient. Therefore, it is important to

choose a drug that provides adequate blood pressure

control over an entire 24 h interval. Duration of action

can be best assessed by instructing patients to omit

dosing on the morning of their clinical visit.

C. Avoidance of Polypharmacy

The number of drugs that a patient has to take and their

compliance with a drug regimen correlates inversely

(74). Patients may become confused by complex multiple

drug regimen and might therefore take them incorrectly.

D. Exploration of Patients’ Thoughts About
Antihypertensive Medication

For the treating physician, it is crucial to explore patients’

ideas and concerns when planning an antihypertensive

treatment. Patients balance their reservations about antihy-

pertensives and drugs, in general, with reasons to take

them. Generally, patients felt medicines were best

avoided and seen unnatural or unsafe. Some patients

spoke with doctors prescribing medicine too readily, and

taking tablets were seen as an unwelcome sign of ill

health (75). Regarding antihypertensive medication, in

particular, patients were worried about taking drugs for

the rest of their lives (75) and long-term or hidden risks.

On the other hand, patients’ reasons for taking antihyper-

tensive medication were advice from physicians, achiev-

ing a good outcome, and improved blood pressure

reading (75).

E. Patient Involvement in Treatment

Patients need advice, support, and information from the

physician in order to better understand the importance of

maintaining blood pressure control, to use their drugs

rationally, to learn how to deal with missed doses, how

to identify side effects and what to do when they occur

(18). Sharing this responsibility with the physician is a

must. The patient does not need to cope alone with his

condition. Compliance to long-term medication regimen

requires behavioral change, which involves learning,

adopting, and sustaining a medication-taking behavior.

Getting patients involved in their antihypertensive treat-

ment influences compliance.

Use of home blood pressure monitors might empower

patients to take control of their blood pressure treatment.

Adequate patient education in this situation is crucial.

Patients should understand the disease to a degree that

lets them adequately judge the consequences of poor com-

pliance. Patients should be instructed to use a validated

monitor and to correctly measure blood pressure.

F. Other Interventions

A telephone-linked-computer system was tested as an aid

to staying on therapy (76). Subjects reported self-

measured blood pressures, knowledge and adherence to

antihypertensive medication regimens, and medication

side effects weekly. Mean antihypertensive medication

adherence moderately improved by 17.7% for telephone

system users and 11.7% for controls (P ¼ 0.03).

Incorporating family members (77), office assistants, or

technical aids such as MEMS-devices can help to improve

compliance (32). For that, simple communication and

negotiation skills are necessary.

Various interventions to remind the patient taking anti-

hypertensive medication were tested in terms of improving

adherence. Postal reminders (78), and e-mail reminders

(79) or educational newsletter (79) may improve adher-

ence. Furthermore, avoiding too many changes from one

clinic to the other may substantially improve persistence

on specific antihypertensive drugs (80). However, these

studies used less reliable methods of measuring adherence,

such as pill counts, direct questioning, and prescription

refill reports.

X. CONCLUSIONS

Compliance with antihypertensive medication is a multi-

dimensional phenomenon which is affected by the

interplay of several dynamic issues such as social and

economic factors, therapy-related factors, patient-related

factors, interaction with the health care team, and system-

related factors. Many clinicians find it difficult to differen-

tiate between non- or poor compliance and non-response

to antihypertensive drug treatment if a patient does not

improve despite being prescribed effective drugs. Parti-

cularly in chronic medical conditions such as arterial

hypertension, knowing the reasons why a patient’s blood

pressure isn’t getting better is important, since the man-

agement strategies will be different.

Compliance rates in patients resistant to antihyper-

tensive drugs is better than often assumed and corresponds

to compliance rates for many drugs in many conditions

and diseases. Efforts should be made to improve compli-

ance such as simplifying dosing interval and choosing

the most effective drug with least side effects.
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The most important element in determining compliance

is the relationship between physician and patient. Open

and trusting partnerships concerning the management of

hypertension improve compliance. Patients need to be

supported and not blamed. Sufficient information in the

patient’s own language and taking account of the patient’s

disease model increases compliance. Provided an optimal

compliance with antihypertensive medication as the result

of a substantial effort by patients and physicians cardio-

vascular damage can be prevented.
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KEYPOINTS

. Resistant hypertension is the failure to control

blood pressure to goal levels using at least three

antihypertensive agents, including a diuretic.

. Causes for resistance include errors in drug selec-

tion and dosing, secondary causes, and the inter-

action of other medications and lifestyle practices.

. The key to management of resistant hypertension

lies in recognition by the practitioner and the

patient that blood pressure readings are above

goal levels.

. A detailed review of historical features, physical

findings, basic laboratory test results, and an inven-

tory of all medications and lifestyle factors will

often provide clues to the cause of drug resistance.

. Decisions on the extent of testing indicated require

careful examination of the patient’s health status,

balancing the risks of intervention against the

risks of missing a contributing cause.

. Although a number of theoretic methods have been

proposed, systematic approaches to treatment have

demonstrated some success in trial settings, includ-

ing supervised regular nurse intervention and

follow-up, and use of serial measurement of hemo-

dynamic parameters or volume indicators.

SUMMARY

Resistant hypertension is increasing in prevalence related

in part to lower blood pressure goals in an aging popu-

lation. Costs of this condition are high including target

organ damage and the financial burden and emotional frus-

tration of using increasing numbers of medications at

higher dosages yet without achieving normal blood

pressure levels. The key to managing this condition lies

in recognition by the treating practitioner that first, the

blood pressure is not controlled and requires a change in

treatment and second, that further historical information,

examination and laboratory testing may reveal the cause

for resistance and the pathway to successful control.

Causes for resistant hypertension include flaws in
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medication selections and dosing, secondary hypertension

(most commonly due to renal parenchymal disease, reno-

vascular hypertension, primary aldosteronism, or obstruc-

tive sleep apnea), lifestyle factors, and drug interactions.

Decisions on the extent of testing or intervention appropri-

ate for an individual patient require careful review to

balance the risks of intervention against the risks of

leaving a secondary cause unrecognized. A single treat-

ment approach has not been proven superior, but several

systematic approaches show demonstrated success in

study settings, including protocol-based nurse intervention

and follow-up, or use of serial physiologic measurements

(systemic hemodynamic measurements, plasma renin

activity, plasma volume) to adjust treatment.

I. INTRODUCTION

Resistant hypertension is increasing in prevalence, fueled

by an aging population and stepwise lowering of blood

pressure targets. Within our tertiary hypertension practice,

resistant hypertension is now the most common reason for

referral. The patient may be aware of the importance of

blood pressure control but frustrated by the large number

of medications prescribed and their failure to achieve

blood pressure targets. Laboratory testing may be

minimal, or may harbor clues to a secondary cause that

has been missed. Many patients with resistant hyperten-

sion carry a high cardiovascular risk burden, significant

co-morbidity, and sub-clinical or symptomatic target

organ damage. Evaluation of these patients provides an

opportunity to treat or definitively exclude a reversible

cause, adjust and simplify often complex medication

regimens, educate the patient on the effects of lifestyle

practices and achieve blood pressure goals. Particularly

for those with multiple co-morbidities, blood pressure

control may slow further injury and improve quality

of life.

Although awareness and treatment rates have improved

over the past 20 years, hypertension control rates remain

disappointingly low. On the basis of the most recent

National Health and Nutrition Examination Survey

(NHANES), 34% of hypertensive Americans achieve

blood pressure levels ,140/90 mmHg using antihyper-

tensive therapy (1). With the implementation of lower

targets for those at high cardiovascular risk or with

target organ damage, control rates are even lower.

Surveys of two nephrology practices reported control

rates of 15% for ,125/75 mmHg in a population of 201

patients with proteinuric renal disease (2) and 5% for

,130/85 of 107 patients requiring initiation of dialysis

support (3). Even with focused efforts and expertise,

hypertension control may be difficult to achieve, particu-

larly in the setting of renal disease.

II. DEFINITIONS

Resistant hypertension is the failure to control blood

pressure ,140 mmHg systolic and 90 mmHg diastolic,

using a rational combination of at least three antihyperten-

sive agents, including a diuretic (4). Refractory hyperten-

sion is a more inclusive term designating treatment failure

using two or more agents; the terms are sometimes used

interchangeably. With recent trends to lower diuretic pre-

scription rates (5), some patients present taking three or

more agents without a diuretic. Although outside the

classic definition, these patients may be considered to

have resistant hypertension as well. On the basis of

target blood pressure levels ,140/90 mmHg, reported

prevalence rates for resistant hypertension vary from

,1% at a hypertension job site clinic to 11–13% in

hypertension referral clinics (6,7). Prevalence rates are

likely much higher for those with cardiac or renal compro-

mise where goal blood pressure levels are ,130/
80 mmHg. These patients with evident target organ

damage carry a disproportionately high risk of cardiovas-

cular events (8).

Blood pressure measurement is classically defined by

American Heart Association (AHA) standards on the

basis of carefully standardized office technique (9).

Advances in technology now provide convenient afford-

able electronic units for home or out of office measure-

ment. Because some patients do show stereotypic blood

pressure elevations at physician visits, termed “office” or

“white-coat hypertension,” out of office measurements

are essential to the identification of truly resistant hyper-

tension (10). We utilize multiple approaches to blood

pressure measurement including standardized AHA

measurements by trained nurses, shortened versions of

ambulatory blood pressure monitoring, and patient home

measurements with physician review (9,11,12). Accurate

measurement may be challenging in the obese patient

where cuff size may be inadequate. As specified by

AHA guidelines, the bladder of the blood pressure cuff

must be wide enough to cover at least two-thirds the dis-

tance from axilla to antecubital space and long enough

to encircle at least 80% of the arm (9). The use of a cuff

that is too short or too narrow may lead to erroneously

high readings; a cuff that is too large may produce false

low or normal values. For accurate measurement, it is

vital to keep four cuff sizes easily available, including

pediatric, standard adult arm, large adult arm, and thigh

versions. With the increasing prevalence of obesity in

the Western world, the large adult arm cuff is appropriate

for most patients. Cuff sizes for home blood pressure

equipment are limited to standard and large, and are not

adequate for the morbidly obese arm. Electronic wrist

measurement devices are becoming more reliable and

may be a better choice in this setting.
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III. PATHOPHYSIOLOGY

Causes for resistant hypertension are listed in Table 36.1.

Despite the introduction of several new classes of antihy-

pertensive agents over the past two decades, suboptimal

selection of drug therapy remains among the most

common causes for treatment failures. In a series of 91

patients referred to a tertiary care center with resistant

hypertension, 43% were felt to be resistant due to subopti-

mal therapy, another 10% due to noncompliance, and

14% from adverse effects (13). Results from randomized

clinical trials indicate that 19–47% of enrolled hyperten-

sive subjects require two or more antihypertensive agents

to achieve treatment goals (14–17). For patients with mani-

fest target organ damage, diabetes mellitus or renal disease

where treatment goals are lower (,130/80 mmHg), 78–

93% require two or more medications (18,19). Current

guidelines advise initiation of treatment with combination

agents if starting pressures are 20 mmHg systolic or

10 mmHg diastolic above targets to improve early response

and compliance (1). Although diuretics potentiate the effec-

tiveness of angiotensin-converting enzyme inhibitors,

angiotensin receptor blockers and other agents, the effects

of other combinations are less clear. Combination therapy

agents are limited to those brought forth from the pharma-

ceutical industry and may not concur with patterns of

combination tested to be effective in rigorous trials. For

treatment with more than two agents, there are few data

evaluating added efficacy of the third and fourth agents or

the risks for drug interactions or side effects.

Several reports implicate physician inattention as a

cause for inadequate blood pressure treatment. Hyman

and Pavlik (20) analyzed data from the NHANES to eluci-

date patient characteristics and health care practices that

contribute to poor blood pressure control. Among those

receiving treatment, hypertension control rates fell with

increasing patient age. The predominant elevation was in

systolic pressure and the extent of elevation above target

blood pressure was mild. Inadequate control was concen-

trated in older individuals with access and contact with

health care providers. Berlowitz et al. (21) examined prac-

tice patterns within the Veterans Administration system to

elucidate clinical factors that led to intensified therapy.

Even though blood pressure was poorly controlled in

many, there was a clear link between more intensive treat-

ment and improved control. Oliveria et al. (22) queried

physicians 10–90 days after a patient visit regarding

reasons they changed or did not change treatment. The

most frequently cited reason for no change was satisfac-

tion with blood pressure control even though blood

pressure remained above national targets. To evaluate

the impact of patient adherence, Nuesch et al. (23) com-

pared blood pressure control by 12 h ambulatory blood

pressure monitoring to medication usage as recorded by

electronic medication containers. Adherence to treatment,

defined as taking at least 80% of prescribed doses, was

similar in those responsive to medication (85%) and

those with treatment resistant hypertension (82%). The tra-

ditional profile of the resistant hypertension patient as a

young man, often African-American, with poor adherence

may be changing, with increasing prevalence of this con-

dition in an older, but compliant population manifest pri-

marily as systolic pressure elevation.

Secondary hypertension is the presence of a specific

condition known to cause hypertension. Major secondary

causes of hypertension are listed in Table 36.2. This con-

dition may be the primary cause for hypertension in an

individual, or may be a contributing factor in a patient

who already has essential hypertension. Secondary hyper-

tension may contribute to drug resistance related to

increased severity and underlying hormonal abnormalities.

Although the Yakovlevitch and Black (13) series reported

a prevalence of 11%, our own experience suggests it may

occur more commonly, as noted in 31% of a group of 104

patients enrolled in a resistant hypertension treatment trial

(Fig. 36.1) (24).

Table 36.1 Causes of Resistant Hypertension

Improper blood pressure measurement

Excess sodium intake

Inadequate diuretic therapy

Medication related causes

Inadequate doses

Drug actions and interactions (oral contraceptives, NSAIDs,

illicit drugs)

Over-the-counter drugs; herbal supplements

Excess alcohol intake

Identifiable (secondary) causes of hypertension

Obesity

Note: NSAIDs, Nonsteroidal anti-inflammatory drugs.

Source: Adapted from Chobanian et al. (1).

Table 36.2 Causes of Secondary Hypertension

Category of

condition Specific cause

Renal Renal parenchymal disease

Ureteral or bladder outlet obstruction

Renovascular Renovascular hypertension

Aortic coarctation

Endocrine Primary aldosteronism

Hypothyroidism or hyperthyroidism

Pheochromocytoma

Cushing’s disease

Hyperparathyroidism

Other causes Obstructive sleep apnea
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In some situations, correction of the secondary cause

even if feasible, does not resolve the resistant hyperten-

sion. Although 13% of the patients in our series received

treatment directed specifically at the secondary cause,

they remained resistant to therapy. This underscores the

challenge of distinguishing between the presence of an

exacerbating condition and defining its contribution to

resistance. Rates of secondary hypertension reported in

other series range from 6% to 18% (25,26). Prevalence

rates vary widely depending on whether patients are

screened prior to the diagnosis of resistant hypertension

and the extent of screening or exclusions. Some individ-

uals with secondary hypertension can be treated to

achieve goal blood pressure levels using medical

therapy. Decisions regarding the extent of evaluation

appropriate must consider the patient’s age, long-term

prognosis, and the adequacy of medical therapy, then

balance the risks of leaving the condition undetected

against the risks of intervention. If the risks are prohibi-

tive, one should consider forgoing complex diagnostic

procedures. Patient response to medical treatment and tol-

erance of that treatment must be reviewed. If medical

therapy fails, one may need to go back then and address

the secondary cause. In fact, a key role for the hyperten-

sion specialist is to determine the extent of testing and

indications for treatment appropriate for the individual

patient.

Recent trends in hypertension management emphasize

lifestyle changes and initiation of drug treatment with

limited laboratory investigation. Thus many hypertensive

patients receive treatment over years, without extensive

testing to exclude secondary causes. The most common

indication for secondary evaluation is the failure to

achieve blood pressure targets on escalating numbers

and doses of medication. Secondary hypertension is

more likely when the clinical picture departs from

expected patterns with atypical features in the patient’s

history, clues on physical exam, or unexpected laboratory

findings. Decisions on extent of testing and indications for

intervention are often complex. The over-riding goal is to

address the causative mechanisms for resistance as a

means to improve responsiveness to prescribed antihyper-

tensive medications. It is appropriate to evaluate for

curable forms of hypertension although they are rare.

Efforts to detect and treat secondary causes should focus

on younger and more severely afflicted hypertensives to

achieve maximum benefit. In older individuals, it is com-

monly the failure to achieve blood pressure targets or a

progressive decline in renal function that merit reconsi-

deration of a secondary cause. Renal parenchymal

disease is the most common secondary cause, but

urinary outlet obstruction should be considered. Renovas-

cular disease occurs in young and old hypertensive

patients, although from different causes. There are a

number of endocrine disorders that cause hypertension

including primary aldosteronism, pheochromocytoma,

and cortisol or thyroid abnormalities. Obstructive sleep

apnea is an increasing problem with the current obesity

epidemic and may mediate a relative aldosterone excess

state (27,28).

Clues to secondary hypertension can be historical,

physical, or biochemical. Historical clues include early

age of onset (i.e., under the age of 30), severe or acceler-

ated hypertension (29–31), and absence of a family

history of hypertension. The diagnosis of hypertension in

a young person merits more aggressive evaluation, as the

long-term economic and medical costs of drug treatment

over a lifetime are substantial, even if the blood pressure

is well controlled. In this setting, early diagnosis may

provide an opportunity for cure that will be lost later if

hypertension persists over a longer time. Drug intolerance

can be a clue to secondary hypertension. Development of

hypokalemia disproportionate in severity to that antici-

pated or the need for large amounts of potassium sup-

plementation to maintain normokalemia suggests

excessive aldosterone or other mineralocorticoid pro-

duction, whether primary or secondary, or corticosteroid

excess. It is important to distinguish renal parenchymal

disease from renovascular hypertension or renal outflow

obstruction. The development of acute renal failure

with introduction of an angiotensin-converting enzyme

inhibitor or angiotensin receptor blocker or the rapid

onset of pulmonary edema (“flash pulmonary edema”)

suggest bilateral renovascular disease. Specific symptom

constellations merit further investigation. These include

hypertensive spells and lability suggesting pheochro-

mocytoma, urinary obstructive symptoms suggesting

obstructive uropathy, and snoring with daytime hypersom-

nolence suggesting obstructive sleep apnea. Although

multiple drug intolerance is not related to secondary
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Figure 36.1 Causes of resitant hypertension in a hypertension

treatment trial. Thirty-one percent of 104 patients referred for an

intensive treatment program had one or more secondary causes as

shown.
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hypertension directly, the inability to tolerate multiple

agents may result in inadequate control and greater risk

of target organ damage. In this setting, it is appropriate

to search more extensively for a reversible cause that if

treated could reduce the need for multiple medications.

Physical findings are infrequent and require additional

studies to confirm a diagnosis. Specific features include

café au lait spots or neurofibroma (pheochromocytoma,

paraganglioma), posterior pharyngeal soft tissue crowding

and large shirt collar size (obstructive sleep apnea), moon

facies, cervical fat pad and pigmented striae (Cushing’s

disease), reduced thigh blood pressure (coarctation),

carotid or femoral bruits or abdominal bruit (renovascular

disease), and enlarged palpable kidneys (polycystic kidney

disease). Abdominal systolic bruits are not specific for

renovascular disease, but the detection of an abdominal

bruit increases the possibility of renal artery disease five-

fold (32). Laboratory abnormalities relate primarily to

serum potassium, higher or lower than normal or detection

of reduced renal function. Secondary hypertension is

associated with disturbances in circadian blood pressure

rhythm and increased risk for target organ damage. The

presence of target organ damage out of proportion to

office blood pressure levels provides a clue to nocturnal

hypertension and may reflect a secondary cause.

An extensive discussion of the work-up of secondary

hypertension is beyond the scope of this chapter and the

reader is referred to more in-depth reviews in Part E of

this book. A classification of testing procedures by diagno-

sis is presented in Table 36.3.

For the patient with resistant hypertension, one must

begin with a general consideration of multiple secondary

causes then focus in on contributing mechanisms based

on preliminary test results (Fig. 36.2). Beyond the basic

laboratory tests advised by JNC 7, preliminary testing

should include a noninvasive imaging study of the

kidneys and renal arteries and hormonal screening for

excess aldosterone or catecholamine states. It is important

to distinguish renal parenchymal disease from renovas-

cular hypertension. Parenchymal renal disease is

Table 36.3 Laboratory Evaluation for Secondary Causes

Secondary cause Tests

Renal parenchymal disease Renal ultrasound

Vasculitis serologies

Renal biopsy

Renovascular disease or co-arctation Renal artery imaging

Renal artery duplex ultrasound

Renogram

MR angiography

CT angiography

Angiography

Primary aldosteronism Aldosterone/renin ratio

Nonsuppressible aldosterone after sodium load

Adrenal imaging by CT or MR

Adrenal vein sampling

Aldosterone antagonist treatment trial

Pheochromocytoma Plasma metanephrines

24 h urine metanephrines and fractionated catecholamines

Adrenal CT

MIBG scanning

Cushing’s disease 24 h urine cortisol

1 mg overnight dexamethasone suppression test

Adrenal CT

Hyperthyroidism or hypothyroidism Thyroid stimulating hormone

Total and free thyroxine, tri-iodothyronine

Thyroid ultrasound

Hyperparathyroidism Serum calcium, phosphorous, parathyroid hormone

Obstructive sleep apnea Overnight oximetry

Polysomnography with CPAP trial

Coarctation Simultaneous arm and thigh blood pressure measurement;

Aortogram/MR angiography/ultrasound

Note: MR, Magnetic resonance; CT, Computed tomography; MIBG, Iodine 123 meta-iodobenzylguanidine scintigraphy;

CPAP, Continuous positive airway pressure.
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characterized by an elevated serum creatinine and in some

settings, an active urinary sediment. Renal biopsy may be

necessary for definitive diagnosis. Renal outflow tract

obstruction due to prostatic obstruction, mass lesion or

complications of prior surgery, should be excluded

before moving to invasive vascular testing. Normal renal

imaging and a bland urinary sediment suggest renal vascu-

lar disease and coupled with drug resistant hypertension

merit further vascular imaging. Duplex ultrasonography

provides images of the renal arteries and blood-flow vel-

ocity and pressure waveforms, but with failure rates of

10–20% related to operator inexperience, obese body

habitus or intestinal gas (36). Current techniques for

gadolinium-enhanced magnetic resonance angiography

and computed tomographic angiography offer excellent

views of the renal circulation and aorta, but are less

reliable for visualizing distal segments and small acces-

sory arteries (37,38). Gadolinium is safe for patients

with renal insufficiency, without evident nephrotoxicity.

Significant renal vascular disease causing resistant hyper-

tension or progressive renal dysfunction may respond well

to renal revascularization and for selected individuals,

percutaneous or surgical intervention may salvage critical

renal function.

Clinical features should guide the investigation of hor-

monal secondary causes. Hypokalemia may occur due to

mineralocorticoid or glucocorticoid excess. Hyperaldos-

teronism is increasingly recognized as a correctable

cause for resistant hypertension, thus screening should

be considered early in the evaluation. The obese patient

with resistant hypertension may have a relative aldoster-

one excess but fall short of the classic criteria for

primary aldosteronism. Chemokines in visceral fat may

stimulate the renin–angiotensin–aldosterone system, par-

ticularly in patients with concurrent sympathetic activation

from untreated sleep apnea (27). The initial evaluation is

directed to demonstration of inappropriate aldosterone

production, using the aldosterone/renin ratio for screening

and confirmed by demonstration of inappropriate aldoster-

one production after salt loading. After the diagnosis of

primary hyperaldosteronism is confirmed, imaging

studies are indicated to discriminate adenomatous

disease from adrenal hyperplasia. Invasive adrenal vein

sampling may be necessary to predict the success of adre-

nalectomy in individual cases (35).

Less common secondary causes may present with

subtle findings and screening is appropriate even without

florid clinical manifestations. The pursuit of secondary

causes is intended to ensure treatment of all potential con-

tributing mechanisms so that blood pressure control is

achieved. At each step in the pathway, the clinician must

decide whether the condition has been sufficiently

excluded in the individual patient or whether more defini-

tive testing is indicated. Such decisions should consider

patient age, long-term prognosis, risks of leaving the con-

dition undetected, risks of intervention, and adequacy of

medical therapy.

IV. PITFALLS, DANGERS, AND SIDE EFFECTS

Although secondary hypertension must be considered and

excluded, resistant hypertension more commonly results

from effects of concurrent drug use or drug interactions

that interfere with antihypertensive treatment efficacy.

Although there are numerous drugs causing potential inter-

ference, the most common and most significant today is

the nearly universal use of nonsteroidal antiinflammatory

agents (NSAIDS) and COX II inhibitors, causing sodium

retention and reduced drug efficacy of many antihyperten-

sive agents. These agents reduce vasodilatory prostaglan-

dins, particularly within the kidney and produce a rise in
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Figure 36.2 Outline of the laboratory evaluation for secondary causes of resistant hypertension, highlighting the more common

contributing causes.
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systemic resistance and impaired sodium excretion. Epide-

miologic studies indicate that NSAID exposure causes

enough blood pressure elevation to trigger the initial diag-

nosis of hypertension in some individuals (39). Use of

NSAIDs during antihypertensive therapy can blunt the

effectiveness of several classes of drugs and allow blood

pressures to rise substantially (40,41). COX II inhibitors

appear to have similar class effects, although product

differences have been emphasized by marketers (42).

A variety of vasoconstrictive sympathomimetic agents

may cause hypertension or exacerbate control

(Table 36.4). Among the most common of these are cold

remedies containing agents such as phenylephrine, pseu-

doephedrine and until recently, phenylpropanolamine.

Numerous herbal preparations containing ephedra, Ma

Hwong, St. John’s wort or ginseng have been associated

with worsened hypertension (43). Confectioners’ black

licorice and chewing tobacco contain glycyrrhizic acid

causing a clinical picture suggestive of primary aldoster-

onism. Other prescription medications may also aggravate

hypertension. Specific offending agents include the immu-

nosuppressive calcineurin inhibitors cyclosporine and

tacrolimus, and erythropoietin. Some of the medications

used for treatment of mood disorders or depression

(e.g., methylphenidate, modafinil, venlafaxine) can

produce labile and sometimes severe rises in blood

pressure. Sibutramine, an anorexiant/stimulant used for

weight reduction, may cause or exacerbate hypertension

by inhibiting catecholamine reuptake.

Equally important to drug interactions are lifestyle

factors including obesity, high sodium intake, and exces-

sive alcohol use that may cause hypertension and drive

resistance. In the setting of a high sodium diet so

common in our society, most patients show no outward

signs of excess cardiopulmonary volume. Recent trends

to use of micro-dose diuretic therapy or avoidance of

diuretics (5) are based on marketing strategies that empha-

size potential metabolic interactions, and sometimes

weaken the practitioner’s resolve to advance diuretic

therapy. Ethanol abuse may be easily overlooked yet con-

tributes to drug resistance and poor adherence to

treatment.

V. TREATMENT APPROACHES

An algorithm for approaching resistant hypertension is

shown in Fig. 36.3, highlighting potential measurement,

lifestyle and treatment factors. Nonadherence is more

likely with increasing complexity of treatment, numbers

of agents and dosing frequency. Drug intolerance, financial

constraints or other causes contribute to missed or reduced

doses of medication and may result in inadequately treated

hypertension and acceleration to more severe levels (29).

Nonadherence with prescribed medications can at times

be addressed by simplifying the regimen or changing to

agents better tolerated by the individual patient. Some indi-

viduals label themselves intolerant to agents that were

ineffective in past trials, but perhaps this was with their

use as monotherapy. Use of these agents in combination
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Figure 36.3 Considerations in the evaluation of resistant hypertension: addressing measurement errors, contributing lifestyle factors,

drug selection, and dosage.

Table 36.4 Drugs that Cause Resistant Hypertension

Prescription drugs Nonprescription drugs

NSAIDS

Sympathomimetic agents

Exogenous corticosteroids

Immunosuppressive agents

Erythropoietin

Antidepressants

Oral contraceptives

NSAIDS

Sympathomimetic agents

Licorice

Illicit drugs (cocaine,

amphetamines)

Herbal preparations

(ephedra)
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or at different dosage may be effective and well tolerated. In

examining the pre-existing drug regimen, the use of agents

with overlapping mechanisms of action, or at inadequate

doses, should be considered. Blood pressure lability or

loss of blood pressure control may occur with the use of

short acting agents or rapid drug metabolism.

Previous resistant hypertension treatment trials in the

1980s utilized standardized multi-drug regimens with

agents added in stepwise fashion starting with a diuretic

or b-adrenergic blocker then adding peripheral vasodila-

tory agents. These trials were not randomized, with the

more potent agents reserved for those most refractory.

(7,44). More intensive treatment was limited by an increase

in side effects. More recently, Yakovlevitch and Black

(13) controlled blood pressure in 34 and improved blood

pressure in another 8 of 46 patients with resistant hyperten-

sion attributed to a suboptimal treatment regimen. For half

of these patients, diuretic therapy was started or intensi-

fied. In another 17, the addition of a newer agent or the

reduction of sympatholytic medications led to improved

blood pressure. There were no specific guidelines or clini-

cal features used to guide treatment changes. Studies by

Calhoun and coworkers and others (45,46) report additive

blood pressure reduction from the addition of low dose

spironolactone to multiple agent regimens in subjects

with and without primary aldosteronism. Extent of the

blood pressure reduction was similar in those with and

without demonstrated aldosterone excess.

When considering actual medication options for treat-

ment of resistant hypertension, there are several choices.

One can add a fourth agent, use higher than recommended

doses of those agents already prescribed, or substitute

another agent from the same drug class to see if there is

a better individual response. New medications should be

introduced individually to simplify the interpretation of

drug reactions or side effects should they occur. Beyond

these adjustments, most experts utilize a systematic

approach with examples listed in Table 36.5.

Decisions regarding treatment changes are based on

algorithms for drug selection. The Birmingham Hyperten-

sion Square is designed to optimize the choice of add-in

drugs in the management of resistant hypertension (47).

One can choose any of four agent classes on the corners

of a square on the basis of clinical characteristics of the

patient or compelling indications as specified in JNC VI.

If a single agent is not effective, one would select a

second agent using one of the drug classes adjacent on

the square to the initial selection, but avoid the selection

at the corner opposite to that initial choice. Variations to

this schematic have also been published (48). The evi-

dence for this approach is based on a few small trials

using limited agents and small patient numbers then

extrapolated to generalizations about entire drug classes

and the resistant hypertension population. The authors

note that third drug selection is speculative, anecdotal,

and based on less reliable trial evidence. Other approaches

to treatment focus on system changes for intervention

(49,50) and follow-up (12). Stroebel et al. reported use

of a team approach with a nurse safety net using nurse

measurements and an algorithm for repeat measurements

to maintain focus on the blood pressure until control was

achieved. During a pilot study, control rates improved

from 33% to 50% during the intervention period and

remained at 56% 1 year later. Corresponding rates for

the control group were 25% at entry, 31% at the end of

the intervention, and 24% 1 year later. Denver et al. (50)

reported threefold greater hypertension control rates

using a nurse-led hypertension clinic compared with

Table 36.5 Treatment Approaches to Resistant Hypertension

Type of treatment change Examples of treatment

System change approach Nurse–physician team with nurse follow-up (49)

Nurse-based follow-up and drug titration (50)

Rapid titration followed by home measurement reports to

a nurse (12)

Add-on treatment Not randomized; usually a single add-on agent

Fourth agent

Higher than recommended doses

Substitution of another agent from same drug class

Treatment algorithms Birmingham Hypertension Square (47)

Round 1, Round 2 (48)

Treatment using serial

measurements

Laragh method of sodium-volume and renin vasoconstrictor

drugs (51)

Hemodynamic measurements by thoracic bioimpedance (24)

Attention to volume Plasma volume measurements (65)

Volume assessment by thoracic bioimpedance (24)

Empiric use of combination diuretic treatment
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conventional primary care. Patients were seen monthly for

blood pressure measurement, review of medication adher-

ence and recommendations for lifestyle interventions and

initiation of physician supervised medication adjustments.

Canzanello et al. demonstrated the long-term efficacy of

rapid initiation of physician directed medication titration

over days followed by interval home blood pressure

measurements and medication adjustments over 1 year to

achieve and maintain extended control. These approaches

may be effective, but most of the patients in these treat-

ment trials did not have resistant hypertension but less

severe forms of hypertension.

Beyond these system change approaches, some experts

utilize spot or serial measurements to adjust complex drug

therapy. The Laragh method classifies antihypertensive

agents according to their effects on sodium-volume and

renin vasoconstrictor determinants of blood pressure.

Using a standardized measurement of plasma renin, medi-

cations are selected to correct the primary pathologic

mechanism behind the blood pressure elevation, either a

high sodium and volume state or a renin–angiotensin

mediated vasoconstricted state (51). Serial measurements

are utilized to guide treatment decisions and titrate or

alter treatment for patients already taking medications

who remain hypertensive (Laragh Protocol II). We use

noninvasive hemodynamic measurements obtained by

thoracic bioimpedance to adjust and change complex anti-

hypertensive treatment. The premise of this approach is to

control the compensatory responses to initial treatment by

use of antihypertensive agents with different hemody-

namic actions. It is recognized that effective blood

pressure control requires a reduction in vascular resist-

ance; however, the effects of specific drugs can be hetero-

geneous and can lead to both volume retention and reflex

changes that offset the desired result (52–54). Use of

hemodynamic measurements to characterize blood

pressure disorders is not new (55–57); application to

guide therapy has been limited by a lack of methods to

obtain reproducible measurements noninvasively. Recent

developments have improved consistency and reliability

of systemic hemodynamic measurements using thoracic

bioimpedance in normal and disease states (58–61). This

technique detects changes in thoracic fluid volume

during electrical systole using skin electrodes and a low

voltage current to derive stroke volume. Coupled with

heart rate and blood pressure measurements, thoracic

impedance offers real-time measurement of cardiac

output and systemic vascular resistance. Absolute impe-

dance measurements and changes in impedance with

posture change from a supine to a standing position

serve as markers of cardiopulmonary volume on the

basis of data from normal subjects studied on controlled

sodium intakes. Application of this method in a random-

ized clinical trial demonstrated improved control rates

and lower blood pressure levels in resistant hypertensive

patients using serial hemodynamic measurements com-

pared to standard drug adjustment made by hypertension

experts. Improved blood pressure control correlated with

an incremental reduction in systemic vascular resistance

in those treated according to hemodynamic values.

Nearly all subjects were taking a diuretic at entry (91%),

but more intensive diuretic therapy was prescribed in the

hemodynamic treatment group than in the specialist care

group. Our results indicate that therapy based on hemody-

namic measurements with an emphasis on targeted control

of volume using diuretic therapy achieved blood pressure

control superior to that attained by empiric selection of

drugs.

Volume expansion is well recognized as a cause for

resistance to antihypertensive therapy (54,62). The mech-

anism of resistance is an insensitivity to standard diuretic

therapy, perhaps mediated by obesity and the sodium

retaining properties of certain antihypertensive agents,

regardless of renal function. Plasma volume is normal in

untreated essential hypertensives but increased in patients

with renal parenchymal disease (63). Studies in resistant

hypertensives support a positive correlation between

measured blood volume and systolic and diastolic blood

pressure in patients treated with sympatholytic agents or

vasodilators (54). Intensified diuretic treatment effects

improve blood pressure control by a reduction in plasma

volume (54,62,64,65). Practical assessment of effective

cardiopulmonary volume may be difficult in the setting

of arterial vasodilating agents, such as calcium channel

blocking agents, where edema formation may not reflect

accurately total body sodium (66). Other markers of

volume status, such as plasma renin activity, can be

affected by numerous drugs and other conditions. Hence,

titration of diuretic dose in a specific patient can be diffi-

cult. An alternative explanation for resistance may relate

to the effects of antihypertensive agents in combination,

a consequence of the use of multiple agents leading to sec-

ondary volume retention, activation of the sympathetic

nervous system or the RAA system. Increased fluid

volume occurs commonly as a compensatory response to

antihypertensive therapy and may manifest as fluid reten-

tion (weight gain, edema) or a poor response to increased

amounts of medication. Graves et al. (65) used measure-

ments of plasma volume to adjust therapy in a sample of

nine patients with resistant hypertension. Plasma volume

was increased in eight of the nine, all of whom responded

to aggressive diuretic therapy allowing simplification of

their regimens. For the one patient with contracted

plasma volume, vasodilation was effective in controlling

blood pressure. None of the patients had clinical evidence

of volume overload and those with expanded plasma

volume were already taking diuretic agents, either thiazide

or loop diuretics at conventional dosages.
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VI. REFERING PATIENTS FOR MORE
SPECIALIZED CONSULTATION

Decisions on when to refer a patient depend largely on the

comfort and experience of the treating practitioner. The dis-

cussion in this chapter is directed to the level of the internist

or sub-specialist physician with expertise in the selection

and use of multiple agents for the treatment of hypertension.

After a patient has been diagnosed with resistant hyperten-

sion, it is appropriate to consider the causes discussed here,

with a focus on potential secondary causes. Decisions

regarding the extent of evaluation require consideration of

the likelihood of diagnosis, the patient’s overall health

status and prognosis, and balancing the risks of intervention

against the risks of missing a diagnosis. Referral is indicated

when these risks appear prohibitive, there are questions

regarding selection of optimal studies or extent of interven-

tion and blood pressure remains uncontrolled. Referral pat-

terns vary with regional expertise and the question at hand.

Resources include Nephrologists (renal parenchymal

disease, renovascular hypertension, volume overload),

Pharmacists and Pharmacologists (drug interactions,

regimen simplification, adherence), and Endocrinologists

(endocrine secondary causes, referral and interpretation of

adrenal imaging, and adrenal vein sampling).

VII. CONCLUSIONS

The availability of multiple effective antihypertensive

medications in recent years offers greater choice in antihy-

pertensive therapy than ever before. Yet hypertension

resistant to treatment with three or more agents continues

to present complex challenges to the clinician. Although

suboptimal treatment is most common, other causes

include secondary hypertension, lifestyle practices, and

drug interactions. Careful evaluation provides the opportu-

nity to treat or definitively exclude a reversible cause,

adjust and simplify complex medication regimens,

educate the patient on the effects of lifestyle practices

and achieve blood pressure goals. A variety of treatment

strategies are reviewed including systems approaches

that often depend on nonphysician pathways.
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KEYPOINTS

. Incorporating nurses in the care of patients has

consistently produced more effective control of

hypertension.

. Nurses and nurse practitioners can contribute to many

aspects of the every day management of hypertension.

SUMMARY

The management of hypertension requires longterm,

effective collaboration among healthcare professionals

and patients. The benefits of nurses participating in

or leading hypertension care has been demonstrated in

a wide variety of studies from uncontrolled community-

based and clinic-based surveys to randomized multi-

site clinical trials, and in studies in developing as

well as developed countries. An interdisciplinary team

approach to hypertension care that includes nurses has

consistently produced effective control of hypertension

in clinical trials and many practice settings. The roles

of the nurse and nurse practitioner in hypertension man-

agement include all aspects of hypertension man-

agement: detection, referral, and follow-up; medication

management; patient education, counseling, and skill
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building; coordination of care; and clinic or office

management.

I. INTRODUCTION

Since the late 1960s, when the detection, evaluation, and

treatment of hypertension became a public health, as well

as a medical mandate, nurses have contributed to

improved care and outcomes for patients with hyper-

tension. The benefits of nurses participating in or

leading hypertension care have been demonstrated in a

wide variety of studies from uncontrolled community-

based and clinic-based surveys to randomized, multisite

clinical trials, and in studies in developing as well as

developed countries (1–17). Moreover, a multidisciplin-

ary team approach, including nurses, has consistently pro-

duced effective control of hypertension in clinical trials

and many practice settings (14,18–22). The proactive

involvement of nurses, and other providers, such as phar-

macists, nutritionists, social workers, and community

health workers, allows flexibility in matching patient

needs with the competencies of providers and staff

members who have different but complementary skills

and interests.

Nurses are the largest group of health professionals;

they practice in all settings where patients are seen, includ-

ing specialty clinics, private practice offices, worksite set-

tings, primary care clinics, hospitals, and community

centers. Patients with hypertension are identified, evalu-

ated, and treated in all of these settings as well as in hyper-

tension specialty clinics. As the health care environment is

challenged across the world by increasing rates of chronic

illness, aging populations, and concerns about escalating

healthcare costs, awareness is increasing that a team

approach to hypertension management is needed. Phys-

icians, working in collaboration with nurses, pharmacists,

nutritionists, social workers, and community health

workers, can help patients develop the knowledge and

skills they need to control their hypertension and to opti-

mize their health. This chapter will describe the roles of

the nurse and nurse practitioner (see Table 37.1) in hyper-

tension management in outpatient or ambulatory settings

and provide examples of their effectiveness.

II. ROLE OF THE NURSE

Nurses have demonstrated the necessary critical clinical

judgment in the management of patients with hyperten-

sion. The role of nurses in the care of patients with hyper-

tension includes all aspects of hypertension management,

although the role of any individual nurse may vary by edu-

cation, motivation, the staffing needs of the practice site,

and the needs of the patients. For example, in a physician’s

private practice office, the nurse’s involvement may be

limited to the measurement of vital signs prior to the

patient being seen by the physician. Alternatively, in

another setting, the nurse may not only measure blood

pressure when assessing vital signs but also assess

patient adherence to the prescribed treatment regimen

and any barriers to optimal adherence to that regimen.

They may provide counseling regarding risk factor modi-

fication, for example, smoking cessation or dietary sodium

reduction. As the patient visit concludes, the nurse may

assess the need for prescription renewals and reinforce

the recommended treatment plan. Nurse involvement in

hypertension management provides an ideal example of

nurse specialty practice with a variety of potential roles.

In managing a cohort of patients in a hypertension

clinic, the nurse is responsible for taking a thorough

medical history and for ordering appropriate diagnostic

tests, such as sodium, potassium, creatinine, blood urea

nitrogen, cholesterol, a complete blood cell count, a urina-

lysis, and an electrocardiogram. This allows physicians to

devote their efforts during a subsequent visit to perform

the physical examination and to formulate an appropriate

treatment plan that is based on extensive medical social

history and laboratory data provided by the nurse. In set-

tings in which the nurses do not have advanced practice

credentials, physicians are responsible for making the diag-

nosis of hypertension and for determining secondary

causes that may influence decisions about appropriate

treatment. Physicians help formulate a treatment plan and

provide consultation to nurses in the management of

complex cases.

III. ROLE OF THE NURSE PRACTITIONER/
ADVANCED PRACTICE NURSE

Nurse practitioners are registered nurses who have

acquired the expert knowledge base, complex decision-

making skills, and clinical competencies for expanded

practice, characteristics which are shaped by the context

or country in which he or she has credentials to practice

(23). The nurse practitioner role was developed in

response to the need for creative ways to improve health

care by providing competent, approachable, and accessible

health care services. This role was first developed in the

Table 37.1 Roles of Nurses and Nurse Practitioners in

Hypertension Management

† Detection, referral, and follow-up

† Medication management

† Patient education, counseling, and skill building

† Coordination of care

† Management of clinic or office
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United States in the early 1970s when pediatricians and

nurses began to practice collaboratively, with the nurses

assuming greater responsibility for the continuous

primary care of well children. The role was developed to

improve the care of well children and children with

common, self-limiting, problems such as otitis media,

and chronic illness, such as diabetes mellitus, by comple-

menting and supplementing the role of the physician.

Initially designed as certificate programs, the preparation

has been integrated into masters-level preparation or into

a level following masters certificate programs. In addition

to advanced training, the functional role that distinguishes

a nurse practitioner from other nurses is the legal authority

to write prescriptions. The legal aspects of practice, which

include continuing education requirements, credentialing,

and scope of practice (including prescribing medication)

are regulated by the government and depend on local

custom and requirements.

With the increasing emphasis on health promotion and

disease prevention and the recognition of the benefits of an

interdisciplinary approach to care, nurse practitioners are

part of the solution to care. It has been established in devel-

oped countries that 60–80% of primary and preventive

services traditionally performed by physicians can be pro-

vided by nurses with similar or better clinical outcomes,

and high levels of patient and provider satisfaction, and

for less money (24,25). This cost effectiveness is explained

by a variety of factors that relate to lower salaries, lower

cost of liability insurance, and lower cost of educating

nurse practitioners compared with physicians (24). Fur-

thermore, in a randomized trial that compared physician

primary care (n ¼ 510) with nurse practitioner primary

care (n ¼ 806), Mundinger et al. (26) found that at 6

months, there were no differences in patients’ health

status, health care utilization, or satisfaction. For patients

with hypertension, diastolic blood pressure was signifi-

cantly lower for patients of nurse practitioners than for

patients of primary care physicians (82 vs. 85 mmHg,

P ¼ 0.04).

Depending on local practice regulations, nurse prac-

titioners who are caring for patients with hypertension can

practice independently, using protocols developed jointly

with they collaborating physician with whom they coll-

aborate. Nurse practitioners follow the same hypertension

treatment consensus guidelines as physicians do. (See

Chapter 23 for an overview of treatment and management

guidelines.) Implementation of treatment guidelines in a

practice setting decreases variation in practice and improves

appropriateness and efficacy of care. The effective

implementation of guidelines requires not only dissemina-

tion and awareness but also a commitment by all providers

and staff to set expectations for the standards, encourage

implementation, create and explain incentives for adoption,

build skills, and provide resources (i.e., tools). Nurses and

nurse practitioners play an important role in enforcing the

use of hypertension treatment guidelines.

IV. ROLE OF INTERDISCIPLINARY TEAM
APPROACH IN HYPERTENSION
MANAGEMENT

To achieve effective management of hypertension, in

addition to engaging the patient as an active partner in

care it is important that all health professionals must under-

stand the value of their own contribution, the roles and

skills of other professionals, as well as the importance of

interdisciplinary collaboration. When pharmacists, nutri-

tionists, social workers, community health workers, and

others join nurses and physicians the expertise of each dis-

cipline supplements and complements that of the others.

Case conferences, chart review sessions, and journal

clubs are effective strategies to bring together other health

professionals who are involved in hypertension manage-

ment. Team case conferences are an ideal forum for discus-

sion of guidelines and the extent to which they need to be

modified, if at all, for implementation at the individual

patient level. Selecting a case with particularly complex

and challenging issues for the conference can be an effec-

tive method to gain input from the interdisciplinary team

in revising the plan of care to assist the patient in achieving

blood pressure control. Sample questions to guide a Hyper-

tension Team Management Case Conference are provided

in Table 37.2. Journal clubs can provide a forum to increase

team awareness of new or revised treatment guidelines as

well as newly published research findings that may lead

Table 37.2 Questions for a Hypertension Team Management

Case Conference

† Have blood pressure goals been set, clearly communicated to

the patient and all members of the care team, and achieved?

† What type of care does the patient require?

† What is the ideal approach (e.g., individual or group basis) to

providing the needed care?

† Which team members are skilled and licensed to provide the

various elements of care?

† Which team members provide the various elements of care in

the most effective and efficient manner?

† Does this patient need to be referred to specialty medical

care, a social worker, a nutritionist, or others?

† What are the barriers to hypertension control? What is the

plan for overcoming barriers to blood pressure control?

† Does the patient have the resources to pay for the needed

care, including prescription medications?

† Does the patient have family or others who offer social

support and assist the patient with blood pressure control

behaviors? How can this support be engaged?

† How can quality care be delivered at a reasonable cost?
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to changes in practice patterns and improved patient

outcomes.

An interdisciplinary team approach to hypertension

care and control permits flexibility in matching patients’

needs with the competencies of staff with different, yet

complementary skills and interests. Nonphysician health

professionals, particularly nurses, nurse practitioners, nurse

case-managers, pharmacists, health educators, and nurse-

supervised community health workers, working in

collaboration with physicians in a variety of settings have

demonstrated effective, safe, and well-received interventions

to effectively improve adherence and blood pressure control

amongpatientswithhypertension(13,14,18–22).Inaddition,

involving family, friends, community resources, as well as

other health professionals can assist patients in modifying

lifestyle and home blood pressure care behaviors and main-

taining these changes over time.

Classic hypertension care and control clinical trials,

such as HDFP, MRFIT, SHEP, and TOMHS, demon-

strated that extensive and continuous interventions pro-

vided by interdisciplinary teams improved adherence and

outcomes (3,6,27,28). These and other studies designed

to meet patient, provider, and organizational needs and

minimize barriers to blood pressure control have been

effective in a variety of clinical and community settings.

One innovative program in which a nurse practitioner-

led, interdisciplinary team addressed patient’s beliefs and

concerns in a multifaceted manner, providing outreach,

follow-up, feedback, and free medication, if needed, has

been highly successful (14). In this randomized clinical

trial with 309 hypertensive, urban black men 21–54

years old, Hill et al. (14) evaluated the effectiveness of a

more intensive comprehensive educational–behavioral–

pharmacological intervention by a nurse practitioner–

community health worker–physician team and a less

intensive education and referral intervention in controlling

blood pressure and minimizing progression of left ventri-

cular hypertrophy and renal insufficiency. At 36 months,

the mean systolic blood pressure/diastolic blood pressure

change from baseline was 27.5/210.1 mmHg for the

more intensive group and þ3.4/23.7 mmHg for the less

intensive group (P ¼ 0.001 and 0.005 for between-group

differences in systolic blood pressure and diastolic blood

pressure, respectively). The proportion of men with con-

trolled blood pressure (,140/90 mmHg) was 44% in the

more intensive group and 31% in the less intensive

group (P ¼ 0.045). Left ventricular mass was significantly

lower in the more intensive group than in the less intensive

group (274 g, more intensive; 311 g, less intensive;

P ¼ 0.004). There was a trend towards slowing of the pro-

gression of renal insufficiency (incidence of 50% increase

in serum creatinine) in the more intensive group compared

with the less intensive group (5.2%, more intensive; 8.0%,

less intensive; P ¼ 0.08). Most important, the clinical and

cost effectiveness of an interdisciplinary team approach to

care compared with physician care alone for chronic

illness has been demonstrated (21).

V. SPECIFIC ROLES

Specific roles of the nurse and nurse practitioner in hyper-

tension care reported in the literature have been reviewed

(29–31). In addition to clinical care, a significant amount

of work has been carried out by nurses in the field of

hypertension research, including research focused on

blood pressure measurement techniques, hypertension

knowledge, blood pressure measurement training, sphyg-

momanometer validation, and various aspects of clinical

care (29). The roles of the nurse and nurse practitioner

in hypertension management, which will be further deli-

neated in this section, involve all aspects of hypertension

management, including detection, referral, and follow-

up; medication management; patient education, counsel-

ing, and skill building; coordination of care; management

of the clinic or office.

A. Detection, Referral, and Follow-Up

Nurses routinely measure blood pressure in most health

care settings as part of the initial and ongoing assessments

of each patient. In addition, nurses lead many blood

pressure screening and verification initiatives in commu-

nity, work site, church, school, and other settings. After

blood pressure is measured and recorded, the nurse ana-

lyzes the data to determine whether the readings are in

the normal, pre-hypertensive, or hypertensive range per

site protocol. A system to flag charts can help to ensure

that uncontrolled hypertension is recognized and treated.

In addition, the nurse often assesses the patient’s level of

cardiovascular risk. There are a number of tools, such as

the interactive tool found on the National Heart, Lung,

and Blood Institute Web site, that are helpful in guiding

healthcare providers as they assess cardiovascular risk;

these tools can also be utilized in patient education

efforts (32). It may be necessary to refer the patient for

specialist evaluation as needed when blood pressure

remains uncontrolled despite intervention or for abnormal

renal or vascular findings. The nurse often plays an impor-

tant role in implementing referrals and in educating

patients regarding the purpose and importance of the

referral.

Follow-up between visits via telephone or mail can be

an effective method to reinforce goals and enhance provi-

der–patient relationship. Moreover, it is essential to

follow-up on all missed appointments to maintain

contact with the patient and to reinforce the importance

of achieving blood pressure targets. Nurses are often the
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first health professionals to detect hypertension and there-

fore have a key role in communicating with patients and

other health professionals to enforce treatment guidelines

through development and appropriate revision of the

patient’s treatment plan.

B. Medication Management

Nurses or nurse practitioners may also be responsible for

the pharmacological aspects of hypertension management.

Using well-defined protocols based on national treatment

guidelines such as the Seventh Report of the Joint National

Committee on Prevention, Detection, Evaluation, and

Treatment of High Blood Pressure (JNC7), nurse prac-

titioners can prescribe and titrate medications to achieve

blood pressure control (33). Nurse management of antihy-

pertensive medication has been demonstrated to result in

greater rates of blood pressure control than those achieved

with standard care (2,14,18,26,34). These improved out-

comes have resulted from nurses placing a greater

number of patients on medications, altering drug regimens

more frequently in response to inadequate blood pressure

control, and placing a higher proportion of patients on

multiple drug regimens in order to achieve greater

control (2,14,18,26,34). Greater use of antihypertensive

medications may produce higher costs initially, as noted

by Logan (35). However, if the goals of a clinic are to

keep patients in treatment and achieve greater adhe-

rence and blood pressure control rates, then obtaining

the best regimen for the patient must be paramount (36).

In addition to management of hypertension, nurses

have been shown to effectively manage other cardio-

vascular risk factors, such as diabetes (12,13,15) and

dyslipidemia (37).

C. Patient Education, Counseling, and
Skill Building

In the majority of hypertension clinics as well as in other

settings, nurses provide the education, counseling, and

skill building necessary to ensure that patients are under-

taking lifestyle changes that may favorably influence

blood pressure (36). A combination of strategies is

required to maximize long-term adherence and blood

pressure control by engaging patients and maintaining

them in care and preventing, recognizing, and responding

to adherence problems. Effective, evidence-based strat-

egies to promote blood pressure control are identified in

Table 37.3 and are clustered under the following general

approaches (36,38):

. identify patient knowledge, attitudes, beliefs, and

experiences;

. educate the patient about conditions and treatment;

. individualize the treatment regimen;

. provide reinforcement;

. promote social support;

. collaborate with other professionals.

It is important to consider that patient education is a means

to an end. That is, knowledge is necessary but insufficient

to bring about the desired behaviors without the develop-

ment of skills and other multiple reinforcing factors. The

ultimate goal is for the patient to have the skills and

resources, in addition to the knowledge, to follow treat-

ment recommendations, and to achieve and sustain blood

pressure control.

1. Identifying Patient Knowledge, Attitudes,

Beliefs, and Experience

A classic framework to guide healthcare professionals in

assessing four critical patient behaviors with concomitant

knowledge, attitudes, and skills necessary to achieve and

sustain long-term blood pressure control has been

adapted and is presented in Table 37.4 (39). This presen-

tation is most useful in guiding nurses and other pro-

fessionals as they provide patient education, counseling,

and skill building to facilitate patients’ attainment of the

following four critical behaviors:

1. make the decision to control blood pressure;

2. take the medication as prescribed;

3. monitor progress towards the target blood pressure;

4. resolve barriers that prevent reaching the target

blood pressure.

The premise of this evidence-based framework is that

active participation by the patient as the decision-maker

and problem-solver with the nurse or other health pro-

fessional functioning as advisor and guide favors success-

ful management of hypertension (39).

2. Educating the Patient About Conditions

and Treatment

Adequate knowledge of hypertension, including conse-

quences of uncontrolled hypertension and treatment

regimen is essential to achieve blood pressure control. It

has been shown that patients who receive education and

counseling on hypertension management exhibit increased

adherence (40). The nurse must practice patient centered

care, engaging the patient in shared decision making and

establishing mutually agreed upon blood pressure

targets. The patient must always be informed of blood

pressure and related diagnostic testing values. This pro-

vides an ideal opportunity to assess patient knowledge,

educate, and establish clear goals with the patient as

well as to follow-up regularly to assess and discuss pro-

gress towards goals. The nurse must emphasize the need
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to continue treatment even when blood pressure control

has been achieved, that is, control does not mean cure.

The nurse also plays a key role in educating patients

regarding the necessary self-monitoring skills (e.g.,

home blood pressure monitoring). Patient knowledge is

necessary but insufficient if appropriate action does not

follow. In addition to patient education, effective com-

munication and a trustful relationship between the

patient and the nurse along with patient skill building are

of paramount importance to sustained blood pressure

control.

3. Individualizing the Treatment Regimen

Successful education and counseling to promote adher-

ence to treatment regimen and blood pressure control

requires that nurses and other health professionals indivi-

dualize care to maximize the patient’s motivation to

control their hypertension by remaining in care, maintain-

ing a healthy lifestyle, taking prescribed medication, and

monitoring progress towards goals. Nurse efforts to indivi-

dualize the regimen should focus on patient response to the

treatment regimen as well as self-care behaviors and skills

necessary to hypertension control. The nurse can assist the

patient to incorporate the treatment regimen into the

patient’s daily lifestyle which is required for long-term

sustainability. The nurse works with the patient to

mutually develop realistic, outcome-oriented goals and

strategies for attaining the goals. Equally important, the

nurse follows up with the patient frequently to assess pro-

gress towards goal and if necessary to revise strategies for

attaining goals.

Table 37.3 Strategies to Promote Blood Pressure Control

Identify knowledge, attitudes, beliefs, and experience:

† Assess patient’s understanding and

acceptance of the diagnosis and expectations of

being in care

† Discuss patient’s concerns, and clarify

misunderstandings

Educate about conditions and treatment:

† Inform patient of blood pressure level

† Agree with patients on a target blood pressure

† Inform patient about recommended treatment,

providing specific oral and written information

† Elicit concerns and questions and provide

opportunities for patient to state specific behaviors to

carry out treatment recommendations

† Emphasize need to continue treatment, that

patient cannot tell if blood pressure is elevated,

and that control does not mean cure

† Teach self-monitoring skills

Individualize the regimen:

† Include patient in decision-making

† Simplify the regimen

† Incorporate treatment into patient’s daily lifestyle

† Set (with the patient) realistic short-term objectives

for specific components of the treatment plan

† Encourage discussion of side effects and concerns

† Encourage self-monitoring of blood pressure

† Prioritize critical aspects of the regimen

† Implement treatment plan in steps

† Modify dosages or change medications to reduce

side effects

† Minimize cost of therapy

† Indicate that you will ask about adherence at next visit

† When weight loss is established as a treatment goal,

discourage quick weight-loss regimens, fasting, or unscientific

methods because these methods are associated with weight

cycling, which may increase cardiovascular morbidity and mortality

Provide reinforcement:

† Provide feedback regarding blood pressure level

† Ask about behaviors to achieve blood pressure control

† Give positive feedback for behavioral and blood pressure

improvement

† Hold exit interviews to clarify regimen

† Make appointment for next visit before patient leaves

the office

† Use appointment reminders, and contact patients to

confirm appointments

† Schedule more frequent visits to counsel patients who

do not adhere to program

† Contact and follow-up patients who missed appointments

† Consider clinician-patient contracts

† Consider home visits

Promote social support:

† Educate family members to be part of the blood pressure

control process and to provide daily reinforcement

† Suggest small group activities to enhance mutual support

and motivation

Collaborate with other professionals:

† Draw upon complementary skills and knowledge of

nurses, pharmacists, dietitians, optometrists, dentists,

and physician assistants

† Recognize shared practice goals

† Refer patients for more intensive counseling

Source: Adapted from the U.S. Department of Health and Human Services (38) and Miller and Hill (36).
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Table 37.4 Four Critical Patient Behaviors with Concomitant Knowledge, Attitudes, and Skills

Knowledge

(The patient is able to state:)

Attitude

(The patient believes that:)

Skill

(The patient is able to:)

Make Decision to Control Blood Pressure

Current blood pressure and

normal limits

His/her blood pressure exceeds normal Differentiate between normal and abnormal

That high blood pressure can be

asymptomatic

His/her blood pressure is high even if

there are no symptoms

That untreated high blood pressure

can lead to stroke, kidney failure,

or heart disease

Although consequences may not occur

for years, they are nevertheless real and

serious

That drug therapy can control high

blood pressure and reduce risk of

these complications

Drug therapy and high blood pressure

control lessen risk of stroke,

kidney failure, or heart disease

Explain the benefits of high blood pressure

control, e.g., increased length and

quality of life

The necessity of lifelong therapy for

control of high blood pressure

Potential problems can be resolved Differentiate between control and cure

The benefits of control outweigh the costs Identify potential problems related to

medication regimen, fear of medication,

time, and money

Take Medication as Prescribed

Medical regimen: which pill to take,

when to take it, what to do if

doses are missed

Prescribed medicine will lower blood

pressure, is needed every day for

blood pressure control, should not be

stopped without medical advice

Develop habit of taking medicine by

tailoring plan to fit personal schedule

Folk remedies are not substitutes for

prescribed medication

Cue medication taking (if necessary) by

associating with daily activities, storing

in a prominent place, marking

medication calendar

Select accessible source to obtain

medications

Make financial plan and arrangements to

obtain medications

Renew prescription before supply exhaustion

Monitor Progress toward Blood Pressure Goal

Individualized blood pressure target As a partner with provider(s), he has

the right to understand what is

expected of him, follow own progress,

interact with advisor concerning progress

Identify and communicate progress toward

goal: state of health, problems

encountered with therapy

That blood pressure readings vary

and the trend during time is

the basis for therapeutic decisions

Accepts daily blood pressure fluctuations

(within range provider defines) without

undue concern

Keep track of blood pressure trend

(if the provider recommends

self-monitoring of blood pressure,

then additional skills need to be developed)

That medication may need to be

changed

Date and time for next appointment Continuous therapy is important, including

appointment keeping

Reschedule appointment

Resolve Barriers that Prevent Achieving Blood Pressure Control

A. Communication

That blood pressure control requires

a combined effort by both

provider and patient

Provider is interested in his concerns State concerns; ask questions

As a partner, he has responsibility to

know what is expected, state what

he expects of provider

With the provider: identify possible

solutions, select and try out solutions,

evaluate progress

That other health professionals

can help solve problems

Others can assist him to solve problems Select appropriate health professionals

Aforementioned attitudes apply here

as well

Aforementioned skills apply here as well

(continued )
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Nurses are trained to provide counseling regarding

lifestyle modification, which is recommended for all

hypertensive patients with lifestyle risk factors, for

example, obesity, excessive alcohol consumption, and a

high-sodium diet (33). Weight loss, which may be the

most successful nonpharmacological technique for lower-

ing blood pressure, requires behavior change in both diet

and physical activity patterns (33). Such nonpharmacolo-

gical approaches include helping patients to initiate or

maintain an aerobic exercise program and to limit

sodium intake and alcohol consumption to one to two

drinks per day (33). In addition, many hypertensive

patients present with multiple risk factors for cardiovascu-

lar disease. The nurse can also provide education and

counseling for smoking cessation and lipid reduction to

help patients further lower their risk of cardiovascular

disease. Modifying lifestyle behaviors requires many

clinical interventions: assessment of an individual’s

baseline behaviors; education about how to make the

appropriate changes; counseling to develop strategies

such as setting short-term goals and self-monitoring that

will ensure the achievement and maintenance of the

changes; constant follow-up with the patient to determine

whether adherence is a problem; working with patient to

identify and resolve barriers to blood pressure control;

reinforcement of progress toward the goal of change in

behavior (39).

The extent to which patients are able to adhere to or

comply with treatment recommendations is a major issue

in blood pressure control and depends on many factors.

A review of adherence in randomized controlled trials on

cardiovascular disease prevention strategies identified the

following successful approaches: signed agreements;

behavioral skill training; self-monitoring; telephone/mail

contact; spouse support; self-efficacy enhancement; con-

tingency contracting; exercise prescriptions; external cog-

nitive aids; persuasive communication; nurse–managed

clinics; work- or school-based programs (40). Patients,

nurses, and other health care professionals and health

care organizations can prevent, monitor, and address

adherence problems by utilizing effective strategies.

Improving adherence to evidence-based guidelines is a

Table 37.4 Continued

Knowledge

(The patient is able to state:)

Attitude

(The patient believes that:)

Skill

(The patient is able to:)

That blood pressure control requires

emotional support from friends

and relatives

He/she can ask and will gain empathy,

support, and assistance with high blood

pressure therapy from friends and

relatives

State when and how family members can

help and ask for that assistance

Request instruction for friends and relatives

about blood pressure control and its

management

Accept and use reinforcement and support

B. Medication regimen

Important side effects of his blood

pressure drugs

Side effects occur Recognize symptoms as possibly being

drug-induced

Action to be taken if symptoms

occur

Provider will correct problems that pose

danger to health

Consult provider about bothersome

symptoms

Methods of minimizing side effects,

e.g., dosage scheduling, dietary

supplements, activity precautions

Utilize methods when necessary

That other medications are available

if side effects are intolerable

Living with minor side effects is more

acceptable than consequences of

uncontrolled blood pressure

Request that other medication be prescribed

if side effects are intolerable

That other drugs can interfere with

blood pressure target, e.g.,

over-the-counter medications

such as decongestants

Drug interactions can interfere with blood

pressure goals

Inform all providers of current regimen

Seek advice before taking nonprescription

medications

C. Costs

Time required for follow-up

visits, getting medication

How this time will be built into his life

Dollar costs of medicine and

follow-up visits

Time commitment to high blood pressure

therapy is as important as conflicting

time demands

Treatment of high blood pressure has high

priority in budget

Inform provider of special time constraints

Request advice on how to minimize time

spent on treatment of high blood pressure

Inform provider of special financial

problems

Request advice on resources to assist

with cost

Source: Adapted from Working Group to Define Critical Patient Behaviors in High Blood Pressure Control (39).
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multilevel challenge and multiple strategies are required

beginning with patient education, counseling, and skill

building (18).

Another important aspect of individualizing the

regimen to promote blood pressure control involves asses-

sing potential barriers to blood pressure control. Nurses are

motivated and trained to assess common barriers to blood

pressure control. Barriers may include: knowledge defi-

cits, lack of health care or pharmacy insurance, inadequate

communication with clinicians, cost of medication, com-

plexity of the regimen, adverse effects of medication,

transportation to and from the visit, work schedule, incon-

venient clinic or office location or difficulty in scheduling

appointments, child or elder care, or other competing life

demands (41,42). Following identification of barriers, the

nurse works with the patient and collaborating health

professionals to minimize or eliminate the barriers, thereby

promoting blood pressure control.

4. Providing Reinforcement

It is important to work with individual patients to assure

that they understand what is necessary to achieve treat-

ment goals and that they participate in treatment decisions.

Nurse responsiveness to patient concerns with joint

problem solving to prevent or minimize barriers to care

and treatment as well as reinforcement and support are

crucial. Provision of reminders, outreach, and follow-up

services are beneficial. Follow-up between visits via tele-

phone and/or mail can be an effective method to reinforce

goals and enhance provider–patient relationship. It is

essential to follow-up on all missed appointments to main-

tain contact with the patient and to reinforce the import-

ance of achieving blood pressure goals. Success in

implementing the treatment regimen to achieve blood

pressure control requires frequent monitoring of blood

pressure, modification of treatment regimen, and inter-

action with the patient. These roles are most appropriate

for a health professional, such as a nurse, who has requisite

training and dedicated time to provide the education

and counseling necessary to build skills for and reinforce

successful behavior change.

5. Promoting Social Support

The nurse can also be effective in educating family

members and/or friends to participate in the blood

pressure control process. Family members can play a fun-

damental role providing daily reinforcement of the

patient’s efforts to achieve blood pressure control. If the

patient desires greater family participation, the nurse

should encourage the patient to invite family members to

attend and participate in clinic visits. In addition, some

patients may benefit from small group activities, for

example, clinic support groups or group visits, to

enhance social support and motivation.

6. Collaborating with Other Professionals

In planning care, the nurse works in conjunction with the

patient, physician, and other members of the care team.

The nurse functions as a co-interventionist with any or

all of the following roles: detection, referral, and follow-

up; medication management; patient education, counsel-

ing, and skill building; coordination of care; managing

the clinic or office. Ongoing collaboration with other pro-

fessionals with complementary skills and shared practice

goals is in the best interest of the patient. It may be necess-

ary to refer the patient for specialist evaluation as needed

when managing complex cases with uncontrolled hyper-

tension despite intervention. Nurse-supervised community

health workers, nurse case-managers, and nurse prac-

titioners, in collaboration with physicians and other

health professionals, in a variety of settings have

effectively improved the outcomes of patients with hyper-

tension (13,14,16–20). Involving family, friends, commu-

nity resources, and other health professionals can help

patients to achieve and sustain blood pressure control.

Achieving and sustaining target blood pressure levels

over time requires continuous educational and behavioral

strategies, an individualized regimen, and reinforcement

so that patients have the knowledge, skills, motivation,

and resources to carry out treatment recommendations.

Successful blood pressure control requires that patients

know what steps to take and develop skills in problem

identification and problem solving to address barriers.

Strategies to help patients develop these skills need to be

adapted so that they are culturally salient and feasible

for staff to implement.

D. Coordination of Care

Long-term maintenance of hypertension control requires

continual monitoring of blood pressure, refilling of pre-

scriptions, providing counseling and reinforcement of

behavior change efforts, and titrating therapy as indicated.

Each patient’s plan of care must be individualized. It is

also important that costs incurred by patients be mini-

mized. Patients often see different providers at several

settings for various health problems, fill prescriptions in

more than one pharmacy, receive inconsistent messages,

and experience interruption of therapy and inadequate

communication among providers. Nurses are skilled at

building and maintaining both informal and formal colla-

borative linkages among providers, resources, and services

within and outside their practice setting. Nurse can assist

patients in understanding complex treatment regimen
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(45) and navigating through the complex, challenging, and

commonly confusing health care structure.

E. Managing the Clinic or Office

A nurse may be in the position of managing or planning for

the initiation of a hypertension clinic. A simple checklist

for use in developing a hypertension clinic is shown in

Table 37.5 (46). Nurses frequently direct and/or coordinate

the efforts of other team members who are working within

the clinic or providing direct consultation. Collaborative

teams may include physicians, nurses, nutritionists, phar-

macists, and community health care workers. To enhance

consistency and quality of care and to facilitate adherence

to treatment guidelines, in collaboration with other team

members the nurse may develop decision support systems

(electronic and paper) such as flow sheets and feedback

reminders. In addition, it may be the responsibility of the

nurse to hire, supervise, and train the community health

workers to deliver appropriate intervention strategies and

other staff, such as office assistants and receptionists, to

take blood pressures, schedule appointments, make remin-

der telephone calls, obtain laboratory results, and enter data

to support evaluation of clinical outcomes, which can be

helpful and can also decrease costs (36). Nurses influence

utilization of resources including appropriate length of

visit and caseload size as well as reimbursement for ser-

vices in the hypertension clinic setting.

It is imperative that all health professionals who

measure blood pressure use correct measurement tech-

nique following guidelines developed and promulgated

by professional societies such as the World Hypertension

League (47,48). In addition to ensuring proper blood

pressure measurement technique among staff, nurses

often are responsible for ensuring that blood pressure

measurement equipment is properly calibrated and func-

tioning (47).

Documentation of clinical outcomes is becoming

increasingly important and necessary. Often it is the

nurse in the hypertension care setting who has responsibil-

ity for tracking process and outcome measures. Integrated

systems with continuous quality improvement approaches

enhance provider’s delivery of care and patient outcomes.

Tracking the blood pressures, frequency of visits, medi-

cations, patient adherence, hospitalizations, and emer-

gency room visits, through a computer program enables

timely evaluation of clinical outcomes and the costs

incurred in providing antihypertensive treatment.

Table 37.5 Outpatient Hypertension Clinic Start-Up Checklist

1. Establish need and cost benefits

2. Assess and establish staff support and qualifications

3. Designate physician medical director and coordinator

4. Ensure efficient assessment and educational

physical space

5. Develop written policies and procedures

Entry and referral criteria

Treatment Algorithms

Exit criteria

Laboratory standards

Pricing

Fee-for-service schedule

Compute capitation rate or contribution to global

rate for managed care contracts

Billing and corrections policy

Operational budget and pro forma

outcome measures (JNC7 goals)

6. Develop standard forms

Patient information (medical history, lifestyle)

Initial assessment and treatment plan

Return visit and progress report

Drug descriptions and patient

administration instructions

Individual lifestyle counseling prescription

(dietary, exercise, stress management)

Dietary and body fat assessment (BMI)

7. Determine sequence and pathway of patient visit flow

Schedule for new and return visit

Physician consultation schedule with new patients

8. Develop patient data tracking system

Assess existing patient tracking software packages

Determine protocol for monitoring clinical events and

associated costs

9. Acquire and maintain patient education materials

Pharmacological information

Lifestyle information

Other resources

10. Marketing and promotion plan

Internal marketing and promotion: Medical and

ancillary staff

Patients

Referring physicians, PPOs and HMOs

Business and industry

Alliances with hospitals, PPOs and drug companies

to form organized and efficient disease-management

programs

11. Develop continuing education schedule for clinic staff

New research funding

New reimbursement guidelines and legislation

12. Develop link and network with national hypertension

organizations

Note: BMI, body mass index; PPOs, preferred provider organizations; HMOs, health maintenance organizations.

Source: Adapted from La Forge and Thomas (46).
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VI. ADVANTAGES AND BARRIERS TO
NURSE INVOLVEMENT

The advantages of involving nurses in the management of

hypertension are numerous. Nurses provide effective care

by adhering to treatment guidelines and protocols resulting

in improved outcomes, including patient satisfaction and

retention in care, and physician satisfaction. They function

as essential hypertension care team members in the

following roles: providing detection, referral and follow-

up; medication management; patient education, counsel-

ing, and skill building; coordination of care; managing

the clinic or office.

The barriers to optimal participation of nurses in the

management of hypertension are similar to the barriers

that limit the most effective involvement of physicians

and other health professionals in the care of patients

with any chronic illness. These include inadequate aware-

ness of the role, lack of time and resources, and lack of

incentives and reimbursement. The reporting of hyperten-

sion clinical trial methods has historically limited our

understanding of the role of nurses in hypertension care

(29). For example, the American Hypertension Detection

and Follow-up Program (HDFP) was a randomized trial

of efficient and organized stepped care vs. routine clinical

practice or referred care. Both heart attacks and strokes

were prevented in the stepped care group. These patients

were largely managed by well trained and highly motiv-

ated nurses. However, in most of the publications from

this study, information about who provided the care to

the stepped care group was not well described (3,29). In

some settings the barriers also include lack of practical

implementation tools, such as decision support systems,

and local social norms and ethics that preclude nurses

from assuming greater responsibility for patient care and

outcomes. A major barrier to nurse practitioners’ practice

in some provinces or states involves practice regulations.

VII. CONCLUSIONS

The prevalence and asymptomatic nature of hypertension

and the need for life-long treatment to prevent compli-

cations pose challenges that require professional expertise

beyond that of physicians. Nurses, who are the largest

group of nonphysician providers, participate importantly

in the care of patients with hypertension, especially in

the care of patients with uncomplicated essential hyperten-

sion. The care of patients with hypertension is commonly

provided by physician–nurse teams, even in settings

where the team approach is not clearly recognized.

Advanced practice nurses are trained and licensed to

provide management of acute and chronic conditions

including the diagnosis, treatment, and management of

hypertension.

Collaborative partnerships, based upon recognition of

nurses’ roles and a supportive environment, are essential

to the successful involvement of nurses in the management

of hypertension. The meaningful involvement of nurses in

the management of hypertension involves bringing nurses,

physicians, and other health professionals together to

improve patient care, to advance nurses and nursing, and

to influence health policy.
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KEYPOINTS

. Postural changes in blood pressure (BP) are

common in patients with hypertension.

. To avoid overtreatment or undertreatment of hyper-

tension, BP, and heart rate should be measured in

the supine, sitting, and standing positions in all

hypertensive patients.

. Orthostatic hypotension could be due to excessive

reduction in effective intravascular volume despite

appropriate autonomic reflex compensation (hyper-

adrenergic) or primary abnormalities in the auto-

nomic reflex adjustments to postural fall in venous

return (hypoadrenergic).

. Treatment of orthostatic hypotension is depending

on the cause and the presence or absence of intact

autonomic nervous system function. However,

diuretics should be avoided in patients with hypo-

adrenergic orthostatic hypotension.

SUMMARY

Orthostatic hypotension is commonly found in hyper-

tensive patients with the prevalence between 10–30%.

Orthostatic hypotension can be classified as either (a)

“hyperadrenergic” indicating that the autonomic nervous

system is responding appropriately to an excessive
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postural fall in venous return, or (b) “hypoadrenergic,”

indicating a defective reflex compensation to a normal

fall in venous return. Patients with hyperadrenergic

states should be treated according to the cause of intravas-

cular volume depletion. Patients with hypoadrenergic

orthostatic hypotension require both nonpharmacologic

and pharmacologic intervention to reduce the postural

symptoms. Although diuretics are first-line antihyper-

tensive therapy for most patients with hypertension, they

should be avoided in patients with hypoadrenergic ortho-

static hypotension. Supine hypertension in the setting of

autonomic failure is a rare indication for short-acting vaso-

dilator therapy at bedtime. Orthostatic hypertension (elev-

ated blood pressure only when standing) is less common

than orthostatic hypotension and often goes undetected.

The pathophysiology is not well understood but overactiv-

ity of sympathetic nervous system may play a major role.

Alpha-adrenergic receptor blockade should be considered.

I. INTRODUCTION

When a normal subject assumes upright posture, �500–

800 cc of blood pools in the leg and splanchnic veins,

reducing central blood volume, cardiac output, and blood

pressure. The adequate circulatory adjustment to upright

posture requires the activation of several autonomic

reflexes shown in Fig. 38.1. First, reduced central blood

volume unloads cardiopulmonary (“low pressure”) baror-

eceptors located in the left atrium, left ventricle, and pul-

monary veins. The deactivation of these receptors trigger

a reflex increase in sympathetic outflow to the peripheral

circulation, increasing peripheral vascular resistance to

maintain blood pressure with little effect on the heart

rate or cardiac output. Secondly, reduction in systemic

blood pressure decreases the stretch of the carotid sinus

and aortic arch (“high pressure”) baroreceptors, which

project centrally via the glossopharyngeal or vagus nerve

to the nucleus tractus solitarius into the brainstem. The

reflex response is to increase sympathetic efferent dis-

charge to the blood vessels to increase vascular resistance

and to the sinus node to increase heart rate and cardiac

output. Withdrawal of cardiac vagal activity also contrib-

utes to immediate rise in heart rate within the first 30 s of

standing, resembling the abrupt increase in the heart rate

observed in normal subjects at the onset of exercise. The

more gradual increase in the heart rate 1–2 min after

standing is due to baroreflex-mediated further decrease

in cardiac vagal activity and increase in sympathetic

tone to the sinus node. In addition to the autonomic

reflex adjustments, skeletal muscle contraction in the

legs plays a critical role in emptying the vein and increas-

ing the venous driving pressure back toward the heart to

maintain cardiac output. For this muscle pump to be effec-

tive, venous valves must be competent.

Therefore, in normal subjects, postural reduction in

blood pressure is usually 20/10 mmHg and increase in

heart rate is 30 beats/min. Any abnormalities in the arter-

ial or cardiopulmonary baroreceptors, afferent nerves, the

nucleus tractus solitarius where the afferent nerves termi-

nate, and the efferent nerve output in the sympathetic

nervous system to increase norepinephrine release to the

heart and blood vessels can lead to OH. On the other

hand, patients with severe reduction in intravascular

volume may experience OH or tachycardia despite intact

autonomic nervous system function.
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II. PATHOPHYSIOLOGY OF ORTHOSTATIC
HYPOTENSION

OH is defined by the Consensus Committee of the

American Autonomic Society and the American

Academy of Neurology as a reduction of systolic blood

pressure of at least 20 mmHg or diastolic blood pressure

of at least 10 mmHg within 3 min of standing (1). The

prevalence of OH in individuals with hypertension

varied between 10% and 30% (2–5).

OH can occur in hypertensive patients in the presence

or absence of intact autonomic function (Fig. 38.2).

Patients with intact autonomic function usually have fea-

tures of hyperadrenergic state, such as reflex tachycardia

and elevated plasma catecholamines, indicating an appro-

priate compensation to excessive intravascular volume

reduction or vasodilation from variety of causes. Patients

with autonomic dysfunction have hypoadrenergic features

with fixed or blunted heart rate and plasma catecholamine

responses to postural changes, indicating an impaired

reflex compensation.

A. Hyperadrenergic OH

Volume depletion from gastrointestinal or renal loss is the

common cause of hyperadrenergic type of OH. Severe

venous insufficiency reduces ability of muscle pump to

prevent pooling of blood in the legs. Patients with pheo-

chromocytoma frequently have both hypertension and

OH from reduced intravascular volume and vasodilation

effects of epinephrine. Phenylpropanolamine, a nonpre-

scription sympathomimetic drug used for weight

reduction, can lead to OH probably by a mechanism

similar to pheochromocytoma (6). Mastocytosis and

carcinoid syndrome are potential causes of episodic OH,

flushing, and palpitation related to massive intermittent

release of histamine from the mast cells and serotonin

from carcinoid tumors, leading to excessive peripheral

vasodilation. Antihypertensive medications can also lead

to OH. a-Adrenergic receptor blocker (7), dihydropyridine

calcium channel blockers (8), and diuretics (7) appeared

to cause this problem more than angiotensin-converting

enzyme (ACE) inhibitors. However, the use of slow-release

forms or drugs with longer half-life reduced this difference

in the incidence of postural hypotension among different

classes of antihypertensive drugs (9).

B. Hypoadrenergic OH

The lesions producing hypoadrenergic OH could be at the

level of postganglionic efferent sympathetic fibers, central

nervous system, or afferent baroreceptor input.
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1. Lesions in Afferent Baroreceptor Input

(Baroreflex Failure)

Abnormalities in the baroreceptors, the glossopharyngeal

or vagus nerve, or their brainstem connections can lead

to baroreflex failure. Carotid surgery, such as carotid

endarterctomy or carotid body tumor resection, either uni-

laterally or bilaterally can lead to acute increases in blood

pressure immediately after surgery (10). A smaller subset

of patients develop persistent reduction in baroreflex sen-

sitivity and episodic labile hypertension and tachycardia,

resembling clinical picture of pheochromocytoma (11).

Patients with baroreflex failure have exaggerated pressor

response to cold pressor test but may or may not present

with OH (11). The same clinical presentation have been

reported as a late complication of neck irradiation (12).

Aging is commonly associated with increased preva-

lence of OH, possibly related to age-related decline in

baroreflex function and/or attenuated vasoconstrictor

responses to norepinephrine �30% of noninstitutionalized

subjects .65 years of age have OH (3,13), most of whom

are asymptomatic (14). However, aging alone should not

cause symptomatic OH unless patients have concomitant

volume depletion, venous insufficiency, or postprandial

hypotension (15).

2. Lesions in the Central Nervous

System/Sympathetic Preganglionic Site

Multisystem atrophy (MSA) (Shy–Drager syndrome) is a

neurodegenerative disorder characterized by the loss of

sympathetic preganglionic neurons in the intermediolat-

eral cell column (16). The disease usually begins in

middle age around the fifth decade of life and affects

more men than women. In addition to OH, MSA patients

also suffer from genitourinary dysfunction and other

neurological involvement due to subcortical white matter

disease. Movement disorders similar to Parkinson’s

disease, such as bradykinesia, inexpressive facies, hyper-

tonia, truncal ataxia, are also present. Patients with MSA

have limited survival of approximately only 9 years from

the symptom onset (17). Unlike Parkinson’s disease,

MSA is generally unresponsive to levodopa. Indeed, the

clinical response of the movement disorder to levodopa

often is used to distinguish MSA from Parkinson’s

disease. MSA patients have a large reduction in supine

blood pressure with ganglionic blocker trimethaphan and

a large pressor response to a2 antagonist yohimbine, indi-

cating residual sympathetic activity (18).

Tricyclic antidepressant and psychotropic drugs are

common causes of central hypoadrenergic OH (6). Ortho-

static symptoms can persistent even months after discon-

tinuation of medication. Brainstem stroke is an obvious

cause of OH. Posterior fossa tumors are important to

consider as a reversible cause and should be excluded

with neuroimaging studies including posterior fossa cut.

3. Lesions in the Postganglionic

Sympathetic Efferents

Pure autonomic failure (PAF) (Bradbury–Eggleston syn-

drome) is the classic idiopathic form of postganglionic

efferent cause of OH. Patients with PAF have diminished

postganglionic sympathetic neuron in the sympathetic

ganglia, resulting in denervation supersensitivity. Patients

have both OH and supine hypertension, beginning in the

sixth decade of life. Autonomic involvement of other

organs is also present leading to impotence, decreased

sweating, papillary dysfunction, neurogenic bladder, and

gastrointestinal dysmotility. The consequence of supine

hypertension is pressure diuresis, particularly at nighttime,

which leads to intravascular volume depletion and exacer-

bation of OH in the morning hours (19). In marked contrast

to MSA, PAF patients usually do not have neurologic

abnormalities other than involvement of autonomic

nervous system. Mechanism of supine hypertension in

PAF is not well understood. Unlike MSA, PAF is charac-

terized by little or no residual SNA as evidenced by

minimal reduction in blood pressure with ganglionic

blocker trimethaphan (18).

Parkinson’s disease is frequently accompanied by

symptoms of autonomic failure such as OH, constipation,

urinary incontinence, erectile dysfunction. Despite simi-

larity in clinical presentation to MSA, recent data

suggest an important component of peripheral denervation

in Parkinson’s disease with OH (20). Most patients with

Parkinson’s disease and OH have low baroreflex gain,

low levels of plasma norepinephrine both in supine and

in upright position, and reduced cardiac sympathetic inner-

vation as evidenced by reduced myocardial concentration

of 6-[18F]fluorodopamine-derived radioactivity by PET

scanning (20–22). Patients with Parkinson’s disease with

autonomic involvement, OH often becomes symptomatic

when the neurologists titrate the dose of levodopa, a

potent peripheral vasodilator through activation of the

dopamine 1 receptor in the vascular smooth muscle or

stimulation presynaptic dopamine 2 receptor to inhibit

norepinephrine release from sympathetic nerve endings.

Deficiency of the enzyme dopamine-b-hydroxylase

(DbH) is a very rare congenital disorder resulting in defec-

tive conversion of dopamine to norepinephrine in the

adrenal medulla and in the sympathetic nerve terminals

at the central and peripheral sites. DbH deficiency is

characterized by isolated failure of noradrenergic neuro-

transmission with normal sympathetic cholinergic and

parasympathetic function. Therefore, patients with DbH

deficiency suffer from OH and ptosis, but have normal

sweating and respiratory variation of the heart rate.
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Patients have undetectable levels of epinephrine and

norepinephrine with elevated dopamine levels. Patients

have normal postganglionic sympathetic nerve traffic as

evidenced by direct microneurographic studies with

appropriate increase in response to handgrip exercise and

cold pressor test and normal baroreflex-mediated suppres-

sion in SNA with phenylephrine, indicating an intact

central sympathetic outflow with defective catecholamine

synthesis (23).

Diabetes mellitus is a frequent cause of secondary auto-

nomic failure, accounting up to 15% of patients referred

for evaluation of symptomatic OH (6). Prevalence of pos-

tural hypotension in patients with diabetes mellitus is

between 17% and 43%, but only one-third of diabetic

patients with postural hypotension have postural dizziness

(24,25). Patients usually have had diabetes for 15–20

years prior to symptom onset. Involvement of vagal effer-

ent fibers, resulting in loss of respiratory sinus arrhythmia,

usually precedes involvement of postganglionic sympath-

etic efferent fibers leading to OH. Autonomic neuropathy

involving other organ systems, causing erectile dysfunc-

tion, diarrhea, constipation, sudomotor dysfunction,

urinary retention or incontinence, and diabetic nephro-

pathy are commonly present. Patients with asymptomatic

autonomic neuropathy have much poorer prognosis than

those with normal autonomic function (26). Patients with

symptomatic OH have highest mortality rate, ranging

from 25% to 50% .5 years of follow-up (27,28). By con-

trast, the 5 year mortality rate is ,5%, if autonomic func-

tion tests are normal. The most common cause of death is

renal failure followed by sudden cardiac death, which

could be related to cardiac vagal denervation.

Amyloid neuropathy can present as autonomic failure

and OH. Patients develop clinical signs of widespread sym-

pathetic and parasympathetic failure, such as anhidrosis,

constipation alternating with diarrhea due to involvement

of myenteric and submucosal plexus, and dysphagia due

to esophageal involvement. Distal sensory loss, macroglos-

sia, weight loss, and impotence may also develop.

Porphyrias are rare cause of autonomic dysfunction,

characterized by acute or subacute onset of tachycardia, per-

ipheral motor neuropathy, skin manifestation, and central

nervous system involvement. Constipation, bladder disten-

tion, abdominal pain, nausea, and vomiting may also occur.

Botulism should be suspected when patients develop

acute onset of ptosis, blurred vision, dysphagia, extraocu-

lar muscle weakness, generalized muscle weakness, and

OH after ingestion of food contaminated by Clostridium

botulinum for 12–36 h. Patients may have severe cholin-

ergic failure, resulting in anhidrosis, dry eyes, dry

mouth, ileus, and urinary retention.

Autoimmune autonomic neuropathy, or acute pandy-

sautonomia, has a classic triad of OH, anhidrosis, and

gastrointestinal dysmotility involving previously healthy

individuals. Patients develop acute or subacute onset of

generalized autonomic failure involving both sympathetic

and parasympathetic nervous system with relative sparing

of somatic nerves. The pathogenesis of autoimmune auto-

nomic neuropathy is not completely understood, but is

thought to be immune-mediated because of frequent

history of preceding viral illness and detectable levels of

ganglionic nicotinic acetylcholine receptor antibodies.

Clinical pictures of autoimmune autonomic neuropathy

can be separated from those of Guillain–Barré syndrome

(GBS) by the absence of somatic nerve involvement that

leads to generalized muscle weakness and areflexia seen

with GBS.

Patients with malignancy may develop subacute or

acute onset of paraneoplastic autonomic neuropathy.

Small-cell carcinoma of the lung is the most common

cause (25), and is thought to be related to antineuronal

nuclear antibody type-1. Gastrointestinal motility pro-

blems are also common in this setting. Some chemothera-

peutic agents, such as cisplatinum and vinca alkaloids, can

result in autonomic neuropathy.

III. DIAGNOSIS OF OH

Clinical recognition of OH requires measurement of blood

pressure and heart rate both in the standing and in the

supine positions. Blood pressure and heart rate measure-

ments should then be repeated immediately upon standing

and after 3 min of standing. Measurement of blood

pressure in the sitting and then in the standing position

may be more convenient, but could miss OH up to two-

thirds of the patients (29). Therefore, both supine and

standing blood pressure should be part of routine assess-

ment in all hypertensive patients with postural dizziness,

diabetes mellitus, or those over the age of 50.

Once OH is detected, careful history taking and phys-

ical examination should be obtained to determine the tem-

poral pattern of symptoms and the associated neurological

and autonomic abnormalities. If the onset of disease is

acute or subacute, the main differential diagnosis should

be autonomic neuropathy due to autoimmune disease,

paraneoplastic syndrome, drugs, toxins, botulism, or por-

phyria. For chronic progressive onset, one should consider

diabetes mellitus, amyloidosis, neurodegenerative dis-

orders such as PAF, MSA, and Parkinson’s disease.

Initial laboratory evaluation should begin with routine

chemistry and complete blood count to exclude systemic

disease that may cause autonomic failure such as diabetes

mellitus or uremia. Twenty-four hour ambulatory blood

pressure monitoring may be helpful in determining sever-

ity and frequency of symptomatic OH and labile hyperten-

sion. Patients with large orthostatic drop in clinic blood

pressure are more like to have blunted nocturnal blood
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pressure dipping or even reversed dipping during 24 h

ambulatory blood pressure monitoring (4,30).

Other laboratory studies such as immunoelectrophor-

esis of blood or urine, fat aspirate for amyloid, paraneo-

plastic autoantibody panel, and urinary porphyrins

should be considered depending on the history and index

of suspicion. Autonomic function testing should be per-

formed. The normal range of commonly used autonomic

testing is shown subsequently in Table 38.1.

Autonomic function tests can be separated into two

major categories, bedside tests and specialized tests.

A. Bedside Tests

Respiratory sinus arrhythmia can be assessed during con-

trolled breathing at the rate of six deep breaths per minute

at the bedside. The sinus arrhythmia ratio is calculated by

dividing the longest to shortest RR interval and is con-

sidered to be abnormal, if the ratio is ,1.2. Heart rate

response to standing provides similar information to

heart rate response during Valsava maneuver (see sub-

sequently). Subject is asked to lie quietly in bed, then

stand up, and remain standing quietly for 3 min, while

ECG is constantly monitored. In normal subject, reduction

in blood pressure upon standing is accompanied by baror-

eflex-mediated increase in the heart rate (or shortening of

the RR interval), reaching the nadir at about the 15th beat.

The increase in sympathetic outflow to the heart and per-

ipheral circulation cause recovery of blood pressure and

relative prolongation of the RR interval at about the 30th

beat. The ratio of RR interval at 30th beat of standing to

the RR interval at 15th beat (30:15 ratio) should be

.1.04 (31). Cold pressor test is another simple and nonin-

vasive test of autonomic function. The test is accom-

plished by immersing patients’ hands in the cold water

of 48C for 2 min. In normal subjects, muscle sympathetic

nerve increased by more than twofold (32) and mean

arterial pressure increases by .20 mmHg. Such responses

exclude presence of autonomic failure, but subnormal

blood pressure response is not definitive for because

10–15% of normal subjects show negative response.

B. Specialized Autonomic Function Tests

More specialized autonomic function test include Valsa-

va’s maneuver, which can be performed by having the

subject blow against a 40 mmHg for at least 12 s, while

a continuous beat-to-beat measurement of blood pressure

is monitored. Blood pressure monitoring can be done non-

invasively by using finger plethysmography device or

radial artery tonometry. Typically, the Valsava response

is divided into four phases (Fig. 38.3).

In the first phase, there is brief increase in blood

pressure due to direct compression of aorta form elevated

intrathoracic pressure. Blood pressure is then reduced in

the early part of second phase when venous return is

reduced during continued straining. The reduction in

blood pressure is accompanied by baroreflex-mediated

increase in heart rate and peripheral vascular resistance.

Thus, there is a partial recovery of blood pressure during

the late part of second phase. In the third phase, there is

a further reduction in blood pressure immediately after

Valsava release due to sudden reduction in intrathoracic

pressure that compresses the aorta. In the fourth phase,

blood pressure overshoots above baseline values because

there is increase in venous return and cardiac output,

whereas the peripheral resistance remains elevated. The

increase in blood pressure during this phase is

accompanied by baroreflex-mediated increase in cardiac

vagal tone causing reduction in the heart rate. For patients

with autonomic failure, blood pressure will decrease pro-

gressively throughout the early and late part of second

phase without reflex increase in sympathetic outflow to

the sinus node and peripheral circulation. In addition,

blood pressure of patients with autonomic failure fail to

overshoot in phase IV and heart rate also remains constant.

The Valsava ratio can be calculated by dividing the fastest

heart rate during phase II by the slowest heart rate during

phase IV. The ratio of ,1.2 was considered to be

abnormal (31,33).

Blood pressure responses to isometric handgrip provide

similar information to cold pressor tests. During this test,

subject is asked to maintain handgrip at 30% of maximal

voluntary contraction, using a handgrip dynamometer,

for 5 min. The increase in systolic or diastolic blood

pressure just before release of the handgrip in normal

subjects is .15 mmHg compared with baseline (18,31).

Plasma catecholamines and metanephrines should be

obtained at rest in the supine position for 15–30 min,

Table 38.1 Autonomic Function Tests

Test Normal values

Bedside tests

Sinus arrhythmia ratio .1.2

30:15 ratio .1.04

DSBP or DBP during cold pressor test .20 mmHg

Specialized tests

Valsava HR ratio .1.2

DSBP in Valsava phase II ,20 mmHg

DSBP in Valsava phase IV .20 mmHg

DSBP during isometric handgrip .15 mmHg

Percent increase in plasma

norepinephrine with standing

.60%

PHEBP25 204 + 28 mg

NTPBP25 1.2 + 0.2 mg/kg

Note: SBP, systolic blood pressure; DBP, diastolic blood pressure.
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and after 15–30 min of standing. In normal subjects, the

concentration of norepinephrine in the plasma doubles

within 5 min of standing from the supine position.

Failure of plasma norepinephrine to increase .60%

while standing suggests impaired baroreflex-mediated

increase in sympathetic activity (34). Thus, patients with

PAF, MSA, and Parkinson’s disease with OH have sub-

normal increase of plasma norepinephrine in the upright

posture. However, plasma levels of catecholamines in

the supine position may help separate these three groups

of patients. Patients with PAF have low supine plasma

levels of norepinephrine, epinephrine, normetanephrine,

and metanephrine. Patients with PD and OH have

normal supine plasma levels of norepinephrine, epineph-

rine, and metanephrine, but low plasma normetanephrine

(35). The mechanism responsible for low plasma normeta-

nephrine in PD patients are not known, but is thought to be

because of decreased uptake of NE by extraneuronal cells,

the main site of conversion of norepinephrine into norme-

tanephrine (35). MSA patients with OH have normal

supine plasma levels of catecholamines and metane-

phrines. Patients with DbH deficiency have low plasma

levels of norepinephrine, but high plasma dopamine

levels with the ratio of dopamine to norepinephrine

greater than 10:1 (23).

Other specialized autonomic function tests include

responses to bolus infusion of phenylephrine and nitro-

prusside. In normal subjects, the dose of phenylephrine

that increases systolic blood pressure by 25 mmHg

(PHEBP25) and nitroprusside dose that decreases systolic

blood pressure by 25 mmHg (NTPBP25) is 204 + 28 mg

and 1.2 + 0.2 mg/kg, respectively. Patients with auto-

nomic failure have augmented pressor responses to

phenylephrine and depressor response to nitroprusside;

therefore, PHEBP25 and NTPBP25 are much lower. Further-

more, at this dose of phenylephrine or nitroprusside, there

will be minimal or no change in the heart rate due to

impaired baroreflex control of heart rate.

Other autonomic testing can also be considered are

thermoregulatory sweat test and bladder function test.

The detail of these tests has been described elsewhere

(36) and beyond the scope of this book chapter. Heart

rate variability has also been advocated to test influence

of sympathetic and parasympathetic nervous system on

the sinus node. The low frequency power of the spectral

analysis of heart rate was proposed to reflect both sym-

pathetic and parasympathetic influences, whereas the

high frequency (HF) power is accepted as a reliable,

valid, and rather specific index of cardiac vagal activity

(37). However, our recent study indicates that the HF
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Figure 38.3 Changes in blood pressure (top panel) and heart rate (bottom panel) during phase I–IV Valsava maneuver in a normal

subject (left panel) and an 18-year-old patient with baroreflex failure from brainstem tumor.
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component of heart rate variability can also be influenced

by sympathetic activity and nonneural mechanism and,

thus, cannot be used to substitute other autonomic

testing as a specific measure of vagal control of sinus

node function (38). Direct intraneural recording of post-

ganglionic sympathetic action potentials using micro-

neurographic technique may be useful in some patients

with OH whom are not suspected to have autonomic

failure but are treated with medications that interfere

with accurate interpretation of heart rate responses to

Valsava maneuver such as b-blockers or vagolytic drug.

The presence of normal sympathetic traffic responses

with normal increase during nitroprusside infusion and

decrease during phenylephrine infusion excludes diagno-

sis of autonomic failure. However, the technique is cum-

bersome, operator-dependent, and may not be successful

in detecting sympathetic nerve activity in 10–20% of sub-

jects even in the presence of intact autonomic function.

Neurochemical assessment to detect norepinephrine spil-

lover from a specific organ can be used to determine sym-

pathetic outflow in humans, but the technique is more

invasive. Sympathoneural imaging studies using

[18F]fluorodopamine or [123I]metaiodobenzylguanidine

of the heart has been used to determine presence or

absence of cardiac sympathetic denervation. However,

experiences are still limited in a few centers and the clini-

cal applicability of the tests are unclear as cardiac denerva-

tion may be present even in subjects without OH (20).

IV. TREATMENT OF OH AND SIDE EFFECTS

Patients with hyperadrenergic OH with intact autonomic

function should be treated according to etiology of

reduced intravascular volume or excessive vasodilation.

Hypoadrenergic OH is very challenging to treat for both

OH and supine hypertension. Rarely is there an exception

to the rules for antihypertensive therapy such as high-salt

diet, no diuretics, and short-acting vasodilators. The goal

of treatment for patients with hypoadrenergic features is

to achieve functional capacity and avoid falls during the

daytime, while minimizing target-organ damage from

supine hypertension.

A. Nonpharmacological Therapy

Patients with no history of heart failure should be encour-

aged to increase fluid and salt intake. To minimize OH,

patients should also be instructed to avoid hot environ-

ments, limit early morning and postmeal activities, and

have frequent small meals with caffeinated beverages to

minimize postprandial hypotension (39). Compression

garments encompassing abdomen (Jobst stocking) may

be useful in patients with venous insufficiency to prevent

venous pooling in the lower extremities and pelvis. At

nighttime, patients should be instructed to sleep in the

head-up tilt position with the head of the bed elevated by

6–9 in. to minimize nocturnal diuresis and sodium loss

(40). Drinking water rapidly was reported to be effective

in some patients.

B. Pharmacological Therapy for OH

Pharmacologic treatment of postural hypotension may

exacerbate supine hypertension, and thus, it should be

reserved only for patients with symptoms of postural-

related cerebral hypoperfusion or underperfusion of other

organs such as visual disturbance or angina. Patients

with asymptomatic postural hypotension should not be

treated as reduction in blood pressure may not be

accompanied by reduction in cerebral blood flow until

systolic blood pressure was ,80 mmHg in some patients

(41). Antihypertensive medication should be given

mainly at nighttime (as indicated in Section C of treatment

of supine hypertension) and titrated according to standing

blood pressure during the day.

1. Fludrocortisone

Fludrocortisone reduces OH primarily by plasma volume

expansion. Therefore, it should not be used in patients

with congestive heart failure. The therapeutic dose is

between 0.05 and 0.4 mg/day. Fludrocortisone is a

potent mineralocorticoid with little, if any, glucocorticoid

effect at this dose range. Orthostatic symptoms may not

improve until several weeks after drug administration or

until adequate volume expansion has occurred. Hypokale-

mia and hypomagnesemia are frequent side effects and are

needed to be monitored and replaced.

2. Sympathomimietic Drugs

Sympathomimetic drugs are another class of pharma-

cotherapy used to reduce OH. These drugs should be

given early in the days to improve symptoms and mini-

mize supine hypertension. Because of the vasoconstricting

properties, the use of these drugs should be avoided in

patients with coronary artery disease or peripheral vascu-

lar disease.

Midodrine is a prodrug that is converted to desglymido-

drine after absorption. Midodrine increases blood pressure

by a1-adrenergic-mediated constriction of arterioles and

veins. It has high (.90%) oral bioavailability with the

half-life of active metabolites of 2–3 h. Because of the

hypersensitivity of a1-adrenergic receptor in patients

with autonomic failure, midodrine should be titrated

from low dose of 5 mg/day until symptoms improve or

the dose of 30 mg/day is reached. To minimize nocturnal

hypertension, midodrine should not be given after 6 p.m.
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Midodrine does not cross the blood-brain barrier and,

therefore, has no central nervous system side effects. In

a large multicenter randomized trial, midodrine has been

shown to be safe and effective in improving standing

blood pressure and symptoms of lightheadedness (42).

However, patients with supine blood pressure .180/
110 mmHg was excluded from the study and the safety

of midodrine in this group of patients remains unknown.

Side effects of midodrine are sensation of gooseflesh

from piloerection, prutitus, and paresthesia of the scalp

were reported in �10% of patients (42,43).

Ergot alkaloids have long been used for treatment

of hypoadrenergic OH because of their predominant

venoconstricting effects (44,45), which can reduce ortho-

stasis without exacerbation of supine hypertension. The

bioavailability of oral ergotamine is variable. Inhaled

ergotamine may have higher bioavailability, but experi-

ence is still limited (46). Caffeine may increase absorption

of ergotamine and we found that combination of ergota-

mine and caffeine are effective in reducing OH in 90%

of patients with MSA or Parkinson’s disease with auto-

nomic failure (45). The main side effect of ergot alkaloids

is vasospasm in the peripheral, cerebral, or even retinal

arteries. Valvular heart disease, resembling carcinoid or

methysergide-induced heart disease, has been reported

with long term use in patients receiving ergot alkaloids

for migraine headache, but has not been reported in

patients with OH from autonomic failure (47).

Clonidine administration has been shown to reduce fre-

quency and severity of episodic hypertension in patients

with baroreflex failure from lesions in the afferent input.

However, when it is used in patients with autonomic

failure from damage in the postganglionic sympathetic

efferents, it can increase both standing and supine blood

pressure by its postjunctional a2-adrenergic-mediated

arterial vasoconstriction without venoconstrictor effect

(44). Compared with ergotamine, clonidine was not

shown to prolong standing time in patients with neuro-

genic OH and even exacerbate supine hypertension (44).

Thus, its use should be avoided in these patients.

Yohimbine can increase blood pressure in patients with

PAF or MSA, presumably by increasing the residual central

sympathetic outflow through its central a2 antagonistic

property (48,49). It has been shown to be as effective as

midodrine in increasing blood pressure in PAF and MSA

patients in one study (49). It is ineffective in patients with

DbH enzyme deficiency.

Dihydroxyphenylserine (DOPS) is a synthetic precur-

sor of norepinephrine and is a treatment of choice for

patients with DbH enzyme deficiency. DOPS is converted

to norepinephrine by aromatic acid decarboxylase

(AADC) enzyme and can reverse norepinephrine

deficiency even in the absence of DbH enzyme. Recent

studies have indicated that it is also effective in other

forms of primary autonomic failure such as PAF and

MSA (50). However, concomitant use of carbidopa in

patients with Parkinson’s disease inhibits peripheral

L-AADC enzyme and blunt the increase in plasma

norepinephrine and the pressor response, thereby limiting

its usefulness (51).

3. Erythropoietin

Up to 40% of patients with primary autonomic failure have

anemia, which is unrelated to iron deficiency, megaloblas-

tic disease, or inflammatory states (52). In these patients,

plasma upright norepinephrine levels directly correlates

with hemoglobin levels, suggesting an important role of

sympathetic nervous system in stimulating erythropoiesis

in humans (52). Erythropoietin has been shown to reduce

OH in patients with primary autonomic failure and

anemia. Mechanism by which erythropoietin increases

blood pressure is not known, but may be related to

increased blood viscosity and/or vasoconstriction (43).

Although erythropoietin has a clear role in treatment of

patients with anemia and primary autonomic failure, its

role in patients without anemia is not known.

C. Pharmacological Therapy for
Supine Hypertension

The goal of treatment for supine hypertension is to mini-

mize hypertensive target-organ damage and the conse-

quent nocturnal diuresis, which further promotes OH.

Although the use of long-acting antihypertensive medi-

cation is recommended for treatment of essential hyperten-

sion in general, the use of short-acting medication at

bedtime is preferable in treatment of supine hypertension

to avoid exacerbation of OH during the daytime. Hyper-

tensive diabetic patients with OH should be given short-

acting ACE inhibitor, such as captopril, because of

benefit of this class of drugs in preventing adverse cardio-

vascular outcomes. Transdermal nitrates should be used

before bedtime and removed in the morning in patients

with primary autonomic failure because it is effective in

lowering supine blood pressure without augmenting noc-

turnal diuresis or fall in standing blood pressure (53). In

contrast, bedtime nifedipine reduced supine blood pressure

by a similar magnitude, but caused a more prolonged

reduction in standing blood pressure by augmenting noc-

turnal sodium excretion (53). Thus, nifedipine should be

avoided in these patients. ACE inhibitor and angiotensin

receptor blocker have been shown to reduce intraglomeru-

lar hypertension and reduce the rate of decline in renal

function in patients with chronic renal insufficiency and

diabetes mellitus. It is unknown whether an ACE inhibitor

may reduce both supine blood pressure and nocturnal

diuresis in patients with primary autonomic failure.
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V. ORTHOSTATIC HYPERTENSION

Although described for over 50 years, there is still no con-

sensus on the definition of orthostatic hypertension. Some

studies have advocated the definition of “increase in blood

pressure from normal values in the supine position to

hypertensive range upon standing (diastolic blood pressure

from ,90 to�90 mmHg and/or increase in systolic blood

pressure form ,140 to �140 mmHg)” (54,55). Others

have defined orthostatic hypertension as an increase in sys-

tolic blood pressure �10 (56) or �20 mmHg (5) upon

assuming an upright position from a supine position.

Although very few studies so far have focused attention

on this clinical condition, it is not a rare clinical condition.

Approximately 10–15% of hypertensive subjects were

reported to have orthostatic hypertension (54,55). Patients

with diabetes mellitus (54), patients with nephroptosis

(abnormal mobility of kidney) (57), and patients with

excessive dipping (�20% decrease in nocturnal blood

pressure from awake blood pressure) during 24 h ambulat-

ory blood pressure monitoring (56) are more likely to have

orthostatic hypertension. One large epidemiological study

in both normotensive and hypertensive subjects indicated

that blacks and people who are obese were also associated

independently with increased systolic blood pressure upon

standing (58). Therefore, it is essential to obtain both

sitting and standing blood pressure because failure to

recognize orthostatic hypertension can lead to undertreat-

ment of hypertension, particularly during the daytime.

The precise mechanism mediating orthostatic hyperten-

sion is unknown, but sympathetic overactivity may play an

important role. Patients with orthostatic hypertension were

reported to have normal plasma catecholamines in supine

position but have excessive increase in plasma norepi-

nephrine and vasopressin levels, decrease in cardiac

output, and increase in peripheral vascular resistance

upon standing (5,55). Such an increase in sympathetic

activity could be due to excessive gravitational pool of

blood in the legs, increase vascular adrenergic sensitivity,

or augmented cardiopulmonary baroreflex gain (55,59). In

observational studies, patients with orthostatic hyperten-

sion were reported to have increased carotid intimal thick-

ness (60) and elevated risks of silent cerobrovascular

disease (5). In one study, a-adrenergic receptor blockers

have been shown to abolish increase in orthostatic blood

pressure without affecting supine blood pressure (5).

VI. POSTURAL TACHYCARDIA SYNDROME OR
ORTHOSTATIC INTOLERANCE

Postural tachycardia syndrome (POTS) is a clinical syn-

drome characterized by excessive tachycardia (increased

heart rate by �30 beats/min or heart rate �110 beats/
min) and symptoms of cerebral hypoperfusion upon

standing without OH. Although POTS is thought to be

one of the most common disorders of autonomic regulation,

most patients with this condition do not have hypertension.

Patients affected by this syndrome are generally young

women between the age of 20 and 50 (61). Pathogenesis

of POTS is not completely understood. Patients with

POTS have high-normal or elevated levels of plasma nor-

epinephrine in supine position with exaggerated increase

upon standing than normal subjects (62). The ratio of dihy-

droxyphenylglycol, a product of intraneuronal metabolite of

norepinephrine, to plasma norepinephrine is usually low,

resembling biochemical changes seen in normal subjects

receiving norepinephrine reuptake inhibitors such as desi-

pramine (62). As a result, impairment in norepinephrine

transporter function is thought to be the main mechanism

of orthostatic intolerance (63). Indeed, this syndrome has

been identified in one patient and her identical twin with

loss-of-function mutation in norepinephrine transporter

gene encoding a change from guanine to cytosine at pos-

ition 237 of exon 9 (G237C) (63). However, more recent

studies indicated that this mutation is absent in most patients

with POTS and elevated heart rate in these patients is

explained by elevated cardiac sympathetic activity as

measured by cardiac norepinephrine spillover technique,

causing increased norepinephrine release rather than

impairment of norepinephrine reuptake (64). The mechan-

isms underlying increased cardiac sympathetic outflow are

also not known, but could be related to hypovolemia (65)

or excessive venous pooling in the lower extremities from

partial sympathetic denervation in the legs (66), resulting

baroreflex-mediated increase in cardiac SNA. The mechan-

ism underlying dizziness or symptoms of cerebral hypoper-

fusion, despite absence of OH, is also unknown but may be

related to impaired regulation of cerebrovascular tone upon

standing in POTS patients (67).

Therapy for POTS includes volume expansion with salt

and hydrocortisone, because it has been shown to decrease

both supine and upright heart rate at least in the acute

setting (68). Treatment with a-1 agonist, such as phenyl-

ephrine and midodrine, but not a-2 agonist clonidine,

have also been shown to be effective in reducing ortho-

static symptoms and heart rate (68,69). However, both flu-

drocortisone and midodrine should not be used in patients

with uncontrolled hypertension. b-adrenergic receptor

blockers were reported to be efficacious in some (61,70),

but not all studies (69). Patients with POTS have favorable

prognosis. A cross-sectional study reported 80% patients

are improved, 60% are functionally normal, and 90% are

able to return to work over a 5.5 year follow-up period (61).

VII. CONCLUSIONS

Our approach to orthostatic abnormalities in hypertensive

patients is shown in Fig. 38.4.
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Patients with OH and supine hypertension should

undergo formal autonomic function tests. Patients with

suspected hyperadrenergic OH, the purpose of the auto-

nomic function test is to confirm that autonomic reflexes

are intact and respond appropriately to hypovolemia.

Blood pressure and heart rate are normalized by volume

repletion. The treatment is to remove primary cause of

intravascular volume depletion and/or inappropriate

vasodilation. Patients with suspected hypoadrenergic

OH, the goal is to establish impaired autonomic adjust-

ments to standard stimuli. Most of conditions are not

reversible, but it is important to exclude underlying carci-

noma, offending drugs, or posterior fossa tumor. Once

excluded, patients with primary autonomic failure

should be given short-acting antihypertensive medication

mainly at bedtime to avoid postural hypotension in the

morning. They should sleep on an incline with head of

bed elevated 6–9 in. to minimize supine hypertension.

Patients with orthostatic symptoms should liberalize salt

intake. Patients who remain symptomatic should be

treated with fludrocortisone to further expand blood

volume. Sympathomimetics can exacerbate supine hyper-

tension should be reserved for refractory cases of OH.

Sympathomimetic drug, which has more venoconstrictor

property such as ergotamine, is preferable to arterial vaso-

constrictor, such as midodrine, because it is less likely to

cause such side effects.
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KEYPOINTS

. Hypertension is a common disease in patients

presenting for surgery.

. End organ damage is caused to cardiovascular,

cerebrovascular, and renal systems.

. Poorly controlled hypertension and end organ

damage indicates high risk patients.

. Drugs used to treat hypertension can affect responses

to anaesthesia and surgery.

. Cardiovascular stability during anaesthesia reduces

risk of increased morbidity and mortality in the

hypertensive patient.

. Cardiovascular stability is more difficult to achieve

in hypertensive patients.

. Good knowledge is required of agents which are

used to treat acutely high blood pressure.

. Some diseases in which hypertension is present

require expert management.

SUMMARY

Hypertension is a common disease and its prevalence is

increasing. It is associated with end organ disease which

increases peri-operative morbidity and mortality predomi-

nantly due to cardiovascular complications.

Anaesthetic management of the hypertensive patient

should include assessment to identify end organ damage,

treatment to ameliorate hypertensive responses to surgery,

and maintenance of cardiovascular stability. Appropriate

monitoring to detect adverse occurrences and provide

correct treatment is mandatory. The extent of monitoring

depends on the severity of the disease and its effects.

There are a variety of agents used to treat acute hyper-

tensive episodes, of which some are better than others.

b-Blockade and nitroglycerin are most appropriate. A

thorough knowledge of agents used in hypertension is

required due to the deleterious effects some popular treat-

ments have and the potential for interaction with anaesthesia.

Hypertension does occur as part of more complex con-

ditions and experienced assistance should be sought for

appropriate management.

I. INTRODUCTION

In the first half of the 20th century, hypertension and

ischaemic heart disease were considered to be contraindi-

cations to anaesthesia because of high perioperative

morbidity and mortality rates. In the beginning of the

21st century, hypertension is a common problem, with

10–25% of the population affected, including .50% of

people over the age of 65. With an aging population, its

prevalence is likely to increase (1).

Initially, the introduction of treatments for hypertension

caused further concern, with reports of severe hypotension

and bradycardia attributed to the preoperative adminis-

tration of these agents. The benefits of treatment have

now been established and there are fewer cardiovascular

deaths and complications in treated patients in the

nonsurgical setting.

The outcome of hypertensive subjects undergoing

anaesthesia and surgery has also been extensively studied.

Uncontrolled systemic hypertension alone may pose a

minor risk for perioperative cardiovascular complications

when compared with major risk factors such as unstable

coronary syndromes and decompensated heart failure (2).

However, chronic hypertension is a marker for numer-

ous potential predictors of perioperative complications, as

well as being a risk itself.

The range of problems encountered in hypertensive

patients during the perioperative period can be due to

one or more of the following:

. Pathophysiological changes in the cardiovascular

system, that cause an exaggerated pressor response.

. End-organ damage, especially to the heart and

kidneys, and cerebrovascular disease.

. Co-morbid problems commonly associated with

hypertension, for example, diabetes.

. Drug therapy for the treatment of hypertension or

sequelae.

Management of the hypertensive patient is based on:

. Increased understanding of the pathophysiology of

hypertension.

. Problems associated with hypertension.

. Preoperative assessment requirements.

. Intra-operative anaesthetic management.

. Postoperative care, and

. Treatment and prevention of acute hypertensive

episodes.

This chapter will consider the potential problems

caused by hypertension and its treatment with respect to

anaesthesia and surgery and present an approach to these

patients as dictated by current best evidence and expert

consensus opinion.

A number of still widely quoted studies were completed

.20 years ago (3–5), but subsequent changes in

anaesthesia, monitoring and treatment may change their

relevance to current practice. Conclusions and recommen-

dations in this chapter are based on numerous studies of

the peri-operative hypertensive patient. Major compli-

cations in the hypertensive patient are relatively uncommon

and consequently, difficult to study. Large randomised

controlled trials into best practice are lacking.
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II. PATHOPHYSIOLOGY OF HYPERTENSION

The pathophysiology of essential hypertension is uncer-

tain, but the derangement of several interrelated factors

controlling blood pressure is probably responsible. A

discussion of these factors can be found elsewhere in

this book.

Features associated with essential hypertension include

arteriolar changes, ventricular hypertrophy, altered autore-

gulation, and accelerated atheromatous plaque formation.

A. Arteriolar Changes

Cardiac output and systemic vascular resistance determine

arterial blood pressure. Arterioles determine the systemic

vascular resistance. Arteriolar changes lead to pathologi-

cal increases in resistance; most patients with essential

hypertension have a normal cardiac output and raised

peripheral arteriolar resistance.

The changes that occur in arterioles are increased wall

thickness to lumen ratio and reduction in arteriolar density

to particular tissues.

1. Increased Wall Thickness to Lumen Ratio

At equal external diameters, the internal diameter of these

vessels is less than those of the normotensive patient as a

result of medial smooth muscle hypertrophy and depo-

sition of mucopolysaccharides, fibrin, and elastin into the

media and intima. Because of the smaller internal diam-

eter, there is a greater change in resistance with changes

in intra-luminal diameter in the hypertensive patient.

This is expected from Poiseuille’s equation and is the

basis of the exaggerated responses to constriction and

dilatation that are observed in the hypertensive patient.

2. Reduction in Arteriolar Density

of Particular Tissues

Reduction in arteriolar density of particular tissues

(arteriolar rarefaction) can be considered as compensa-

tory effects to prevent raised arterial pressure from being

transmitted to a capillary bed, where it may have deleter-

ious results. Loss of elastin and deposition of collagen,

glycosaminoglycans, and calcium as an individual ages

results in a more rigid vascular tree. This leads to systolic

hypertension with a relatively normal diastolic pressure.

B. Ventricular Hypertrophy

The greater workload required to maintain cardiac output

with longstanding increased after-load leads to left ventri-

cular hypertrophy. Diastolic compliance also decreases as

a result of impaired muscle distensability, and filling is

compromised. Cardiac output becomes more dependent

on the Frank–Starling mechanism, that is, if preload

decreases, filling is reduced more than in a normal heart

and may lead to an exaggerated decrease in stroke

volume. Volume overload is more likely to result in pul-

monary oedema that is caused by high pulmonary

venous pressures.

C. Altered Autoregulation

Chronic hypertension leads to a shift of the autoregulation

curve to the right. Decreasing the mean arterial pressure by

25% in normotensive and hypertensive patients reaches

the lower limit of autoregulation (6). That is, auto-

regulation is lost at a higher mean arterial pressure in

hypertensive patients.

D. Accelerated Atheromatous
Plaque Formation

Hypertension is associated with endothelial dysfunction

and abnormalities of blood constituents and flow (cf.

Virchow’s triad), resulting in a hypercoagualable state.

Atheroma development is promoted in the presence of

high plasma lipoprotein levels.

III. POTENTIAL PROBLEMS ASSOCIATED
WITH HYPERTENSION

Chronic hypertension leads to pathological changes, and

compensatory mechanisms that are present during

normal activity may not be sufficient during anaesthesia.

The types of complications that can occur as a result of

these compensatory mechanisms failing to perform

adequately during anaesthesia are cardiovascular com-

plications, cerebrovascular complications, renal compli-

cations, and surgery-specific complications.

A. Cardiovascular Complications

Perioperative cardiac morbidity is a leading cause of death

after surgery. In England and Wales, �18,000 deaths

occur within 30 days of anaesthesia and surgery, with

�8000 attributable to cardiovascular causes. Hypertension

is associated with an increased risk (7).

Up to 20 major cardiovascular complications, such as

myocardial infarction, new or unstable angina, acute left

ventricular failure, or life-threatening arrhythmias occur

for each cardiovascular death. These are high-risk events;

for example, postoperative myocardial infarction and

unstable angina reduce 2 year survival from 95% to 23% (8).

Myocardial ischaemia is a risk factor for these com-

plications (9). It is often not painful (“silent”). Why it is

silent is unclear, but the effects are the same as when
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pain is present. Silent myocardial ischaemia is common in

hypertensive patients, especially in the presence of left

ventricular hypertrophy, previous myocardial infarction

[per history or electrocardiogram (ECG) evidence] and

in patients presenting for coronary artery bypass grafting

(10). Patients with more acute cardiovascular abnormal-

ities (hypertensive episodes, dysrhythmias, infarction,

left ventricular dilatation, and pump failure) also have

significantly more episodes of ischaemia than those do

not have these abnormalities (9).

Silent myocardial ischaemia is clinically important

whenever it occurs because the prognosis of patients

who have it is worse than those who do not have it.

Adverse events are temporally associated with its presence

and support current consensus that preventing silent

myocardial ischaemia is important (11). Whether it

occurs pre-operatively or perioperatively, it predicts

immediate postoperative complications. In one study,

.90% of major postoperative cardiac events occurred in

patients with silent myocardial ischaemia (12).

Silent myocardial ischaemia may be a marker of

patients with more severe cardiovascular disease, or its

occurrence may lead to adverse events that increase the

long-term risk. Silent perioperative myocardial ischaemia

has been associated with increased mortality at 2 years.

(Mortality rate without silent myocardial ischaemia is

5%; mortality rate with silent myocardial ischaemia is

9%.) (8). Because hypertension causes silent myocardial

ischaemia, and silent myocardial ischaemia is associated

with an increased number of adverse cardiac events, it is

not surprising that preoperative hypertension is a signifi-

cant predictor of postoperative morbidity. A 36% inci-

dence of perioperative silent myocardial ischaemia in

uncontrolled or poorly controlled hypertensive patients

falls to 16% in controlled hypertensive or normotensive

patients (13,14). This indicates that appropriate preopera-

tive treatment of hypertension may reduce the number of

adverse cardiac events.

Major cardiovascular complications are uncommon.

Adequately powered trials to detect the link between

well controlled hypertension and a reduction in cardiovas-

cular morbidity and mortality have not been performed.

Still, there are important studies that have added sig-

nificantly to our knowledge of the hypertensive patient

under anaesthesia and surgery.

Prys-Roberts et al. (5) demonstrated the haemodynamic

problems of anaesthetizing untreated patients and sug-

gested that preoperative blood pressure control reduced

problems. However, at least four out of seven untreated

hypertensive patients were less healthy than those who

were treated, which created bias for the preoperative treat-

ment. Blood pressure levels did not differ between treated

and untreated groups, and the overall number of patients

studied were not large. Therefore, the efficacy of

preoperative treatment cannot be stated confidently from

these results, but these results do reveal the haemodynamic

problems of inadequate treatment.

The findings of Goldman and Caldera (4) were differ-

ent, concluding that treatment does not affect outcomes,

but there were flaws in the data gathering methods. In

this study, for example, groups were not randomized; the

patients who were more sick were allocated to the treat-

ment group, and this adversely affected the results of treat-

ment vs. nontreatment. Only 34 of 117 “hypertensive”

patients had a diastolic blood pressure �100 mmHg, and

no patients had severe hypertension (diastolic blood

pressure .120 mmHg). The total number of patients

included makes it unlikely that a difference would have

been detected, and the authors noted that adverse effects

number were too small to analyze meaningfully.

Despite deficiencies in these and other studies, it is an

important, well-demonstrated fact that hypertension

remains a marker of cardiovascular, renal, and neurologi-

cal risks (3,15–17). Poor preoperative control can lead to

haemodynamic instability though to date we do not know

the true efficacy of treatment in the mild, moderate, and

severe hypertensive patient.

B. Cerebrovascular Complications

There is a strong association between cerebrovascular

disease and hypertension. Chronic hypertension causes

two problems that put the brain at risk perioperatively.

They are vascular dysfunction and altered autoregulation.

1. Vascular Dysfunction

Vascular degeneration and accelerated atheroma for-

mation predispose subjects to cerebrovascular incidents.

These are usually thrombotic rather than haemorrhagic,

despite the blood vessels being exposed to high pressure

(the so-called “Birmingham Paradox”) (1). The same is

true for the myocardium and is due to plaque rupture,

and the resultant thrombosis and infarction.

2. Altered Autoregulation

In altered autoregulation, the autoregulatory curve is

shifted to the right, which means the ischaemic threshold

is at a higher mean arterial pressure. A decrease of 25%

in mean arterial pressure reaches the lower limit of autore-

gulation. A decrease of 50% in nonanaesthetized patients

causes reversible cerebral ischaemia (18). Hypertensive

patients are at risk at the same mean arterial pressures

that adequately perfuse the brain in normotensive subjects.

Increases in mean arterial pressure of similar degrees

exceed the upper limit of autoregulation.

In animal studies, chronic treatment may restore the

lower limit of autoregulation to normal (19). Similar
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results occur in humans, especially with the use of ACE

inhibitors, but it may take 12 months to happen and then

may still be incomplete (20).

Anaesthesia affects autoregulation. Intravenous agents

have no effect, but all volatile agents (with the possible

exception of sevoflurane) impair control as a consequence

of direct cerebral vasodilatation. With impaired autoregu-

lation, increases and decreases in the mean arterial

pressure have greater effects on cerebral perfusion than

they do in the nonanaesthetized patient.

Acute hypertensive episodes increase the risk of ather-

omatous plaque and vessel wall rupture. Hypotension

causes global ischaemia or “watershed infarction” in

areas of prior critical perfusion.

C. Renal Complications

Chronic hypertension is associated with renal impairment

that is a result of nephrosclerosis. This is associated with

pathological changes in the preglomerular vasculature

(e.g., arteriolar intimal thickening and atheroma) and sec-

ondary changes that involve the glomeruli and interstitium.

The reduction in renal blood flow may be further

compromised during hypotensive episodes perioperatively,

which increases the risk of pre-renal renal failure (i.e., renal

failure due to inadequate perfusion of the kidneys).

Impaired renal clearance has implications for the

elimination of the drugs that are administered during the

perioperative period.

D. Surgery-Specific Complications

Two examples of surgery-specific complications are

. Haemorrhage. High intra-luminal pressure

increases the risk of bleeding. This may make

haemostasis more difficult intra-operatively and

increase the risk of ocular bleeding and haematoma

formation postoperatively.

. Increased intra-ocular pressure. Intra-ocular pres-

sure is raised by an increase in choroidal blood

volume. Transient changes in intra-ocular pressure

have no significant effect within the intact globe.

During surgery, or following a penetrating eye

injury, when the globe is open, high intra-ocular

pressure can cause further damage, including lens

prolapse, vitreous extrusion, and haemorrhage with

potential loss of vision.

IV. PREOPERATIVE ASSESSMENT

The goal of preoperative assessment is the detection of

poorly controlled hypertension and end-organ damage,

which is relevant to how anaesthesia will be administered.

If these tasks have not already been performed, a sufficient

medical history, examination, and investigation are

necessary to exclude secondary hypertension.

Not all of the investigations described subsequently are

required for all hypertensive patients. This would be

impractical. The type of surgery required and the identifi-

cation of higher risk patients through evaluation of their

medical history and examination determine the need for

further tests. Attempts have been made to stratify risk

and provide the rationale for subsequent investigation (2).

The treatable problems that are identified should be

corrected to optimize the patient’s condition. This might

include treatment of hypertension and might necessitate

postponing surgery and referring the patient to another

specialty. Problems range from diuretic-induced hypo-

kalemia, requiring potassium supplements, to reversible

ischaemia generally considered an indication for coronary

angiography and revascularization prior to major surgery.

Preoperative hypertension is a predictor of post

operative morbidity and mortality. Untreated and poorly

controlled hypertensive patients have more intra-operative

haemodynamic instability, and this may cause adverse car-

diovascular events. It has been suggested that patients with

mild and moderate hypertension (blood pressure ,180/
110 mmHg) are at no more risk than normotensive patients

and may proceed with surgery if they are carefully moni-

tored and treated to prevent hypotensive or hypertensive

episodes (4). Owing to the original patient selection on

which this conclusion is based, this cut-off point may not

prevent putting the hypertensive patient at risk of myocar-

dial ischaemia. More recent work reveals ischaemia also

occurs perioperatively in patients with mild and moderate

hypertension (15). If the patient is otherwise fit for surgery

but the blood pressure is �180/�110 advice based on

Prys-Robert’s original studies recommended postponing

surgery. This is probably not necessary but care should

be taken to maintain cardiovascular stability (21).

Optimal preoperative treatment of blood pressure leads

to fewer haemodynamic fluctuations and is widely rec-

ommended before elective surgery. The evidence for this

is clearest in those with the most severe hypertension. For

patients with mild or moderate untreated or poorly con-

trolled hypertension, it may be wise to delay elective

surgery in the presence of end-organ damage. This allows

further assessment of the degree of damage and treatment

of the blood pressure and end-organ decompensation.

Untreated or poorly controlled mild to moderate hyper-

tension without end-organ damage is a more controversial

area but relevant to for greater numbers of patients.

Careful monitoring and treatment of cardiovascular

instability is necessary. Additional treatments, such as

acute perioperative b-blockade, also may prove to be ben-

eficial. The true value of such additional interventions is

still to be determined.
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The availability of monitoring for physiological factors

(i.e., electrocardiography including ST segment analysis,

blood pressure, oxygen saturation, and end tidal carbon

dioxide), the availability and quality of perioperative

care facilities, and the experience of the anaesthetist may

be more important than any specific cut-off points (9).

A. History

Problems including angina and its precipitants, dyspnaea,

orthopnaea, and paroxysmal nocturnal dyspnaea should be

sought. Evidence of heart failure is a major predictive risk

factor (22), and exercise tolerance (functional capacity) is

very informative (2).

History alone may not be very reliable for the detection

of coronary artery disease. Ischaemia may be silent or

absent during usual activity if the activity is limited by

other co-morbidities, for example, osteoarthrosis.

Other important factors are smoking history, age, other

relevant illnesses (e.g., diabetes), previous arteriopathic

diseases (e.g., end-organ damage), myocardial infarction

(especially if recent) (22), heart failure, stroke, retino-

pathy, claudication, and renal failure.

A current list of medications and any recent changes in

medication that are indicative of a progressive disease

should be established. The use of various antihypertensive

agents during anaesthesia is discussed later in this chapter.

B. Examination

Clinical examination may reveal important evidence of

arrhythmias, raised venous pressure, cardiomegaly,

additional heart sounds, or pulmonary oedema (22).

Other signs of end-organ damage may include impaired

vision, haemiplegia, and evidence of renal disease, for

example, arterio-venous fistulae.

C. Investigations

Investigations performed pre-operatively include those

considered to be baseline for any hypertensive patient and

those performed in patients considered to be higher risk

as judged by their history, clinical examination or type of

surgery for which they have presented. Guidance has

been issued in the United Kingdom for this purpose (23).

Some investigations used to guide therapy associated

with better peri-operative outcomes are not feasible on a

large scale at this time due to economic constraints (24).

1. Blood Pressure

Poorly controlled hypertension is a significant predictor of

postoperative morbidity (17). Several individual readings

are recommended for assessment of blood pressure

though this may not be possible between admission and

surgery. Cooperation with primary care physicians can

help. Arterial pressures measurements made at the time

of admission to the hospital may be useful to identify

patients at risk of perioperative ischaemia (9,13) although

findings are not consistent (25).

2. 12-Lead Electrocardiograph

The resting 12-lead ECG does not identify increased peri-

operative risk in patients undergoing low-risk surgery (26)

and is often normal despite the presence of heart disease.

It is important as a comparison in case a perioperative

event occurs. Some abnormalities are predictors of

adverse events in intermediate-risk and high-risk patients.

These include evidence of ischaemia, previous myocardial

infarction, left ventricular hypertrophy, conduction

defects, and a rhythm other than sinus (10,22).

Ambulatory (Holter) monitoring has shown that silent

myocardial ischaemia is common in hypertensive patients

and that it is an important risk factor (17). Holter monitor-

ing is relatively inexpensive and simple to use except

when there are significant ECG abnormalities (such as

left bundle branch block, pacemaker, left ventricular

hypertrophy with significant strain, and digitalis effect)

that prevent analysis. It should be used in those patients

who have been identified as being at risk on the basis of

their past medical history and current physical state. It is

a tool for determining which patients require further evalu-

ation but by itself is not the definitive end investigation.

3. Chest Radiograph

The chest radiograph may reveal signs of pulmonary

congestion and increased cardiothoracic ratio. Rarely,

coarctation of the aorta may be identified.

4. Blood and Urine Tests

Full blood count. Anaemia decreases oxygen delivery

to an ischaemic myocardium.

Urea and electrolytes. Evidence of renal dysfunction or

electrolyte abnormalities associated with drug

therapy. Rarely, hypokalaemia may be associated

with hyperaldosteronism, causing hypertension.

Glucose. Many diabetics are currently undiagnosed.

Urine. Proteinuria and glycosuria are associated with

renal impairment and diabetes.

Other discretionary blood tests may be performed.

5. Echocardiography

Echocardiography is noninvasive and relatively inexpen-

sive; it is not routinely required, but it is useful to confirm

or refute the presence of left ventricular hypertrophy
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suggested by ECG changes (27). Low ejection fractions are

associated with silent myocardial ischaemia, but objective

measurement by transthoracic echocardiography is often

inaccurate. Patients with an ejection fraction of .55%

are 10 times less likely to suffer an adverse outcome than

those in whom it is ,35% (28).

Cardiovascular risk is better determined when echocardio-

graphy is used in combination with pharmacological stres-

sing agents (29). This technique has been used to identify

at-risk patients who then received perioperative b-blockade.

Subsequent improvements in outcome were reported (24).

6. Exercise Stress Testing

Approximately 20–50% of patients without a cardiac

history and with a normal resting ECG will have an abnor-

mal exercise ECG. In known at-risk patients (e.g., those

with previous myocardial infarction, abnormal resting

ECG, or peripheral vascular disease), the exercise ECG

is higher; when an abnormal exercise ECG occurs at low

workloads, it identifies significantly increased risk (30).

However, in a general population, routine preoperative

exercise stress testing did not predict cardiac risk (31).

7. Dipyridamole Thallium Scanning

Dipyridamole thallium scanning is a noninvasive test for

detecting reversible myocardial ischaemia that can be

used when baseline ECG abnormalities preclude Holter

monitoring. When it is used rationally (32), it may be

regarded as a screening test for coronary angiography. It is

a widely used tool for risk stratification in high-risk patients.

Its use in lower risk patients may be limited by a lack of

equipment, time, and skilled personnel to perform the test.

D. Antihypertensive Drugs

Numerous agents are now used for treatment of hyperten-

sion in the presence of concurrent disease and end-organ

damage and to reduce the side effects associated with

high-dose monotherapy. The relevance of commonly

used antihypertensive drugs to anaesthesia and surgery

should be considered (Table 39.1).

V. MANAGEMENT OF ANAESTHESIA

The practical conduct of anaesthesia for the hypertensive

patient requires appropriate monitoring and modification

of standard techniques to prevent excessive pressor

responses. Up to 50% of intra-operative ischaemic episodes

may be preceded by acute hypertension (33). Patient

management goals are to maintain safe preoperative levels

of blood pressure and heart rate and to avoid the damage

that is associated with periods of haemodynamic instability.

A. Monitoring

Adequate intra-operative monitoring is one of the foun-

dations of modern anaesthetic management. Appropriate

monitoring should start in the anaesthetic room and

continue until recovery (34).

The following are considered essential during induction

and maintenance of anaesthesia: pulse oximeter, electro-

cardiograph, noninvasive blood pressure monitor, and

capnograph.

The use or measurement of the following can be con-

sidered: invasive blood pressure, central venous pressure,

pulmonary artery occlusion pressure, and trans-oesophageal

echocardiograph.

B. Pulse Oximeter

Hypoxaemia should be avoided in anaesthetic practice

regardless of pre-existing diseases and use of a pulse oxi-

meter is considered by most anaesthetists to be mandatory.

C. Electrocardiograph

CM5 , a modified bipolar lead of V5, demonstrates the

greatest magnitude of ST change, with good P-wave

visualization, and it is inexpensive to implement (35).

Computerized ST analysis is a significant advance in

perioperative monitoring. Both are recommended.

Ischaemic changes are difficult to detect in the presence

of right bundle branch block, left ventricular hypertrophy

with strain, and atrial fibrillation. They cannot be detected

with left bundle branch block and pacemaker dependency.

D. Blood Pressure Monitor

For minor surgery in a well-controlled patient, noninva-

sive monitoring should suffice. For major surgery and

poorly controlled patients, invasive monitoring offers

potential benefits:

. Beat-to-beat monitoring that allows early detection

and treatment of problems.

. Detection and monitoring of change due to vaso-

active drugs.

. Arterial blood gas sampling.

. Supplementary clues from waveform (not validated

in subjects with rapidly changing arterial tone,

which may include poorly controlled hypertensive

patients).

E. Capnograph

Hypocapnia causes decreased cardiac output and hypo-

tension, and may cause dysrhythmias by exacerbating

diuretic-associated hypokalaemia.
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F. Central Venous Pressure Monitor

The Central Venous Pressure Monitor is poorly validated

in determining the adequacy of circulating blood volume

and right ventricular preload. There is little direct evidence

of clinical benefits of invasive monitoring, but it may

guide treatment if used in combination with other clinical

details (36). It is probably no more useful in the hyper-

tensive patient than in others having similar types of

surgery.

G. Pulmonary Artery Occlusion
Pressure Monitor

Providing potentially more reliable left heart data by over-

coming intrinsic inaccuracies caused by hypertensive heart

disease, although clinical outcome studies do not support its

use (37). Detection of ischaemia with a pulmonary artery

occlusion pressure (PAOP) catheter is possible but not feasible

because of the constant or frequent balloon inflation required.

Other less invasive methods are likely to supersede it.

Table 39.1 Commonly Used Antihypertensive Drugs During Anaesthesia and Surgery

Drug type Actions Relevance to anaesthesia and surgery

Diuretics Vasodilatation and volume contraction

(vasodilatation predominates

chronically).

May lower potassium level.

Not necessary to fluid load pre-op [most patients

on diuretic not dehydrated (55)].

Hypocapnia also causes hypokalaemia.

This may precipitate tachyarrhythmias.

Calcium channel

antagonists

Negative chronotropy and inotropy.

Vasodilatation.

Moderate effects additive to those caused by

anaesthetic agents.

b-Adrenoreceptor

blockers (56)

Sympatholytic effect causing negative

chronotropy and inotropy.

Excess sympathetic activity worsens myocardial

supply-demand balance and is associated with

atheromatous plaque rupture causing coronary

artery occlusion.

Some studies report lower major cardiovascular

complications (e.g., MI/death) in high risk

patients treated peri-operatively with

b-blockers.

Timing of treatment or who best to treat is not

known. Chronic b-blockade is not protective.

Withdrawal can cause rebound effects.

Evidence base does not currently support routine

peri-operative, short-term b-blockade.

Angiotensin-converting

enzyme (ACE)

inhibitors (57)

Inhibits conversion of angiotensin I to

angiotensin II. Reduced activity of

renin-angiotensin system (RAS)

causes vasodilatation.

RAS integrity required during physiological stress

to maintain cardiovascular stability and organ

perfusion. Blockade by ACE inhibitors may be

deleterious.

Pre-op administration makes vasopressor use

more likely.

Stopping drug prior to surgical procedures where

large fluid losses or shifts are expected should

be considered.

Angiotensin II

antagonists (58)

Specific antagonism at angiotensin II

receptors. Reduced activity of renin-

angiotensin system (RAS) causes

vasodilatation.

Effects during anaesthesia are still being

elucidated. Similarities to ACE inhibitors are

expected.

a-Adrenoreceptor

blockers

Vasodilatation. Moderate effects additive to those caused by

anaesthetic agents.

Centrally acting drugs

(methyldopa and

clonidine)

Variety of mechanisms, including a2

receptor agonism.

Moderate effects additive to those caused by

anaesthetic agents.

Withdrawal of clonidine can cause rebound

effects.

Can reduce pressor response to intubation.

No effect on peri-operative cardiovascular

complication rate (59).

Source: Roberts (55), Howell et al. (56), Mirenda and Grissom (57), Bertrand et al. (58), and Oliver et al. (59).
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H. Trans-oesophageal Echocardiograph

Two-dimensional trans-oesophageal echocardiography

provides a good, real-time view from an ultrasound

probe placed in the oesophagus looking forward at the

heart. It is one of the most sensitive monitors of cardiac

function and is able to detect wall motion abnormalities

associated with myocardial ischaemia before ECG

changes occur (38). Limitations exist due to training,

equipment cost, and poor tolerance during regional anaes-

thesia and postoperative periods.

VI. INDUCTION

There is insufficient evidence to favor regional or general

anaesthetic techniques (39).

A. General Anaesthesia

A major problem with this is sympathetically mediated

hypertension and tachycardia caused by laryngoscopy

and intubation. The former is the most stimulating. In

healthy patients, this transient effect is not a problem,

but can be a problem in the presence of cardiovascular

and cerebrovascular disease (40).

Hypotension may occur due to venous dilatation,

impaired baroreceptor reflexes, and decreased arousal.

In treated and untreated hypertensive patients, induc-

tion and laryngoscopy is associated with pronounced car-

diovascular instability. Increases in blood pressure and

heart rate are more pronounced than in normotensive sub-

jects. Well-controlled hypertensive patients have a smaller

pressor response than untreated patients. The latter also

have the greatest fall in blood pressure and the highest

percentage of arrhythmias and ischaemia (41).

Various factors can limit cardiovascular responses:

. Hypertensive patients should be well controlled on

medication

. Several drugs may be effective in attenuating or

obliterating the sympathetic pressor response.

These include

. b-blockers,

. induction agents, and

. peripheral vasodilators

. Local anaesthetics (topical and intravenous)

. Narcotics

. Centrally acting adrenergic agonists

. Calcium channel blockers

The results of a Cochrane review to substantiate the

efficacy and adverse effects of one agent against another

will be published in 2005 (42). Currently favored agents

are short acting b-blockers (esmolol or labetalol) and

high doses of fentanyl.

. Avoidance of laryngoscopy

. Blind nasal intubation (41)

. Laryngeal mask airway (standard and intubating) (43)

. Regional anaesthetic technique

. Avoidance of ketamine in hypertensive patients

. Avoidance of large doses of traditional induction

agents, and slowly titrating administration to

effect reduction in hypotension.

B. Regional Anaesthesia

There are advantages for using a regional technique but

significantly decreased cardiac morbidity has not been

demonstrated (39). Well-controlled hypertensive patients

tolerate epidural blockade favorably (44). Combining

general and regional techniques is well-tolerated and

may have significant benefits postoperatively.

In comparison, untreated hypertensive patients

frequently develop unacceptable hypotension during

extradural blockade requiring vasopressors (44).

VII. MAINTENANCE

There is sufficient evidence to establish if one method for

maintenance of general anaesthesia (i.e., volatile or total

intravenous anaesthesia) is superior. There may be advan-

tages to avoiding volatile anaesthetics associated with

tachyarrythmias or hypertension (e.g., halothane, isoflur-

ane, and desflurane) or using an anaesthetic technique that

requires low concentrations (less than 1 minimum alveolar

concentration) at which these effects are unlikely to occur.

Either controlled or spontaneous ventilation can be used,

although excess hypo- or hypercapnia should be avoided

due to effects on vascular tone and serum potassium levels.

Unacceptable hypertension (mean arterial pressure

.25% of preoperative pressure) occurring intra-operatively

can cause end-organ damage (e.g., ventricular failure, cer-

ebral haemorrhage) and should be treated. Treatment should

take into account the likely underlying cause (Table 39.2).

Preoperative blood pressure is determined by taking

several readings to ascertain normal values for a particular

patient. Pressures at which no evidence exists of increased

end-organ compromise may be considered normal. Blood

pressure readings that fall outside this range can be

considered unacceptable.

VIII. POSTOPERATIVE CARE

There is no significant pressor response associated with

extubation if the patient does not cough on the endo-

tracheal tube (5). However, predicting which patients

will not cough is unreliable. Extubation can therefore be

performed either during deep anaesthesia or following
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treatment with those agents that are used acutely at laryn-

goscopy to prevent hypertension.

Common causes of postoperative hypertension are

pain, hypoxaemia, anxiety (e.g., associated with residual

neuromuscular blockade), full bladder, hypercapnia, and

preoperative hypertension.

Rare causes include drug interactions [e.g., pethidine

and monoamine oxidase inhibitor (MAOI)], phaeochro-

mocytoma, and malignant hyperthermia.

Treatment of postoperative hypertension includes pro-

vision of adequate analgesia, continued adequate monitor-

ing, exclusion of urinary retention, exclusion of residual

neuromuscular blockade, and titration of antihypertensive

drug of choice to effect.

Most episodes of postoperative hypertension are not

long lasting.

When the usual oral medication cannot be administered

postoperatively (e.g., for a patient who is not to be fed after

bowel resection, prolonged ventilation, nausea, and vomit-

ing), the situation must be addressed. Consider alternative

agents or routes of administration.

Patients who have suffered a hypertensive crisis may

require transfer to a level-two or level-three area (high-

dependency unit or critical care unit) for further treatment

or observation.

IX. ACUTE TREATMENT OF HYPERTENSION

Although the ideal agent for the acute treatment of hyperten-

sion does not currently exist, the desirable properties of such

an agent have been described by several authors (45–47).

Features of the ideal agent are:

. It is short acting.

. It is intravenously administered.

. It prevents reflex tachycardia (maintains subendo-

cardial perfusion).

. It does not cause respiratory depression (avoiding

hypoxaemia/hypercapnia).

. It is non-sedating.

. It is non-toxic.

There are several commonly used drugs available for acute

hypertension control.

A. Labetalol (IV)

. Competitive blocker for a1-adrenergic and

b-adrenergic receptors.

. Hypotensive effect within 5 min and persists for

�2–4 h.

. Heart rate slightly reduced, cardiac output main-

tained (unlike pure b-blockers).

. Reduces peripheral vascular resistance without

reducing peripheral blood flow; cerebral, renal,

and coronary blood flows are maintained.

. Incremental boluses of 20–80 mg cause a rapid,

smooth reduction in blood pressure without reflex

tachycardia. Injections of 1–2 mg/kg have been

reported to produce precipitous falls in blood

pressure and should be avoided.

. Used intravenously in hypertensive women in the

last trimester of pregnancy, has been shown to not

change uteroplacental blood flow or fetal heart

rate, despite a significant reduction in maternal

blood pressure and heart rate.

. Intravenous use is effective without causing signifi-

cant hypotension, bradycardia, bronchospasm, or

electrocardiographic changes in patients with

acute postoperative hypertension and during

general anaesthesia. Responses are similar with or

without prior treatment with a b-blocker.

. Can cause nausea, vomiting, paraesthesia and

sweating, and rarely hepatotoxicity, which can be

fatal.

B. Esmolol (IV)

. Very-short-acting cardioselective b1-adrenergic

blocker metabolized by blood esterase to inactive

compounds.

. Onset of action is within 60 s with a duration of

10–20 min.

. The recommended initial dose is 0.5 mg/kg fol-

lowed by an infusion of 25–300 mg/kg per min.

. Safe in patients with acute myocardial infarction,

even those who have relative contraindications to

b-blockers, and is valuable perioperatively.

Table 39.2 Causes of Intra-Operative Hypertension

General category Specific type

Pre-existing condition Essential hypertension

Secondary hypertension

Pregnancy-related hypertension

Increased sympathetic tone Inadequate anaesthesia

Inadequate analgesia

Hypoxaemia

Hypercapnia

Drugs Adrenaline

Ephedrine

Ketamine

Ergometrine

Other Hypervolaemia

Aortic cross-clamping

Phaeochromocytoma

Malignant hyperthermia
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. Does not produce excessive reduction in diastolic

blood pressure and reflex tachycardia sometimes

seen with other agents.

C. Nitroglycerin (IV)

. Interacts with nitrate receptors on vascular smooth

muscle with a rapid onset and short half-life

(1–4 min).

. Not an effective vasodilator, but a potent venodila-

tor. Affects arterial tone only at high doses.

. Reduced preload or after-load decreases left ventri-

cular myocardial wall tension, reducing oxygen

consumption and favoring redistribution of blood

flow to the subendocardium.

. May dilate coronary vessels and increase blood

supply to ischaemic regions.

. Other drugs are also frequently needed in conjunc-

tion to control hypertension.

. Relatively safe when used correctly. May cause

headache, nausea and vomiting, hypotension, and

rarely bradycardia. A rare but potentially serious

complication is methemoglobinaemia, particularly

in infants.

. Care needed in patients with left ventricular outflow

limitations in order not to precipitate cardiovascular

collapse.

. More data needed in humans regarding the safety of

such treatment during pregnancy.

D. Sodium Nitroprusside (IV)

. A rapid onset, short-acting vasodilator given as a

constant intravenous infusion, effective in decreas-

ing blood pressure in all patients irrespective of

severity or etiology.

. Arterial and venous vasodilatation decreases after-

load and preload.

. Can cause coronary steal in patients with coronary

artery disease, may worsen myocardial ischaemia,

increase intracranial pressure, and interfere with

hypoxic pulmonary vasoconstriction.

. Contains cyanide. Malnutrition, renal or hepatic

disease, and high doses for prolonged periods of

time are risk factors for the development of toxicity.

Current monitoring methods for cyanide toxicity

are inadequate, and toxicity has been seen after

short periods of treatment. Metabolic acidosis is

usually a preterminal event.

. Even recommended doses can result in cyanide

formation at a greater rate than can be detoxified.

. Not as effective or safe as several other agents.

Should be used only when other agents are not

available, and then only in patients with normal

renal and hepatic function. Duration of treatment

should be as short as possible.

E. Hydralazine (IV)

. Following a dose of hydralazine (IV), there is an

initial latent period of 5–15 min followed by a pro-

gressive fall in blood pressure lasting for up to 12 h.

Although the circulating half-life is about 3 h, the

half-time effect on blood pressure is �100 h and

may cause cerebral, myocardial, and renal ischae-

mia or infarction.

. Not recommended for treatment of hypertensive

episodes in the perioperative period but widely

used in pre-eclampsia.

F. Nifedipine (Oral/Sublingual)

. Causes vasodilatation of arterioles, reducing

peripheral vascular resistance.

. A significant decrease in blood pressure is observed

after 5 min, peak effect at 30–60 min, and duration

of action is �6 h.

. Hypotensive effects cannot be closely regulated fol-

lowing oral or sublingual administration. Serious

adverse affects have been reported and there is a

lack of evidence of benefit.

. Not approved for the treatment of hypertensive

emergencies; the American Food and Drug Admin-

istration’s 1996 advisory recommended “great

caution” in its use for this indication (46).

. Should not be used in the treatment of acute

hypertension.

G. Phentolamine (IV)

. An a-adrenergic blocking agent used for man-

agement of catecholamine-induced hypertensive

crises (i.e., phaeochromocytoma).

. Given in 1–5 mg boluses, the effect is immediate

and may last up to 15 min.

. May cause tachydysrhythmias or angina.

Several other group IV drugs, such as nicardipine, fenol-

dopam, and enaliprat, are increasingly used. The agents

described have largely replaced reserpine, methyldopa,

and guanethidine.

X. SPECIAL CIRCUMSTANCES

Hypertension may be present in various conditions requir-

ing expert anaesthetic management. These conditions

cause hypertension as part of their pathophysiological pro-

cesses, e.g., pre-eclampsia or phaeochromocytoma, or may
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depend on a higher than normal blood pressure to perfuse

end organs adequately e.g., carotid artery stenoses.

A. Pre-eclampsia

Pre-eclampsia is a multi-system disorder of unknown

etiology occurring after the 20th week of pregnancy

causing a state of endothelial dysfunction, generalized

vasoconstriction, and hypoperfusion. It is one of the

leading causes of pregnancy related death, most often

occurring after delivery.

Hypertension (diastolic blood pressure �110 mmHg on

one occasion or diastolic blood pressure �90 mmHg on

two occasions .4 h apart) and proteinuria are associated

with other variable features (49,50). Severe symptoms

include:

. Oliguria due to a reduced glomerular filtration rate.

. Cerebral irritability (visual disturbance, hyper-

reflexia, and headache) the cause of which may be

due to vasospasm, hypertensive encephalopathy,

or cerebral oedema. Seizures (eclampsia) can occur.

. Epigastric/right upper quadrant pain due to liver

capsule distension. This is associated with haemo-

lysis, elevated liver enzymes, low platelets

(HELLP) syndrome.

. Pulmonary oedema, especially with concomitant

medical problems (diabetes, chronic hypertension)

and older maternal age. It is a common cause of

death.

. Severe hypertension (systolic blood pressure

.160 mmHg or diastolic blood pressure

.110 mmHg).

Early diagnosis, prevention of complications and blood

pressure control are management aims. Delivery of the

baby is the cure.

An assessment must be made to identify disease mani-

festations. Haemodynamic monitoring should be estab-

lished. Good intravenous access is important to

administer fluids and drugs especially because haemor-

rhage and fitting are major complications. Monitoring

central venous pressure may be useful. A low central

venous pressure is helpful to determine intravascular

volume status, but at higher values correlation with pul-

monary capillary wedge pressure is poor. Mean arterial

pressure should be controlled to 100–140 mmHg.

Labetalol, hydralazine, and methyldopa are commonly

used to treat hypertension. The first two are the intrave-

nous agents of choice.

Effective analgesia reduces maternal catecholamines

and blood pressure changes. Epidural analgesia is the pre-

ferred choice and can be used for labor and Caesarean

section, performed as a combined spinal–epidural if

necessary. Epinephrine should not be used in the epidural

mixture. Hypotension may occur as the block reveals the

relative intravascular depletion. It is treated with fluids

judiciously because of the risk of pulmonary and cerebral

oedema, and vasopressors to which the pre-eclamptic

patient is particularly sensitive. Despite previous concerns,

mild hypotension may be associated with increased utero-

placental perfusion.

Patient refusal or coagulation abnormalities may pre-

clude epidural use. A concern associated with the use of

general anaesthesia is the possibility of airway oedema

complicating intubation, and exaggerated hypertension

during laryngoscopy and intubation.

Awake intubation may be considered if upper body or

facial oedema is present. Because oedema may worsen

intra-operatively, the cuff should be deflated and an air

leak confirmed prior to extubation.

Agents that are used to attenuate the pressor responses

to laryngoscopy and extubation are described elsewhere.

Because pre-eclampsia can worsen after delivery and

most deaths occur postpartum, close monitoring and treat-

ment must continue during this time in a critical care facil-

ity. Particular attention to fluid balance and blood pressure

control is essential, and one must be aware that patients

with underlying chronic hypertension or diabetes are at

the greatest risk for developing pulmonary oedema. Anti-

hypertensive drugs and analgesia remain important and

may be required for several days before the disease state

resolves. Uterine bleeding may be worsened by uterine

atony caused by magnesium sulphate.

B. Carotid Endarterectomy

Patients presenting for carotid endarterectomy are at risk

from both surgical and anaesthetic technique, although

most neurological complications are related to the

former. Hypertension is a common comorbidity.

The cohort of patients that presents for all types of vas-

cular surgery there is a high incidence of hypertension and

coronary artery disease (51,52). They are at risk from

surgical and anaesthetic technique, alhough most neuro-

logical complications are related to the former.

Many consider regional and local techniques the gold

standard. There are no differences in the incidence of

death, stroke, transient ischaemic attack, or myocardial

infarction between general and regional techniques but

there are advantages to the latter. They are:

. Continuous assessment of the awake patient

without cerebral monitoring.

. Blood pressure that is more stable.

. Reduced vasopressor requirements.

. Reduced luminal shunting requirement (i.e., less

intimal dissection, air, and thromboembolism).
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Higher catecholamine levels than with general anaes-

thesia may cause tachycardia, this would require

treatment.

Intra-operatively, carotid sinus manipulation can cause

bradycardia and hypotension due to baroreceptor reflexes.

Infiltration of the carotid bifurcation with lidocaine usually

prevents recurrence, but it may increase the likelihood of

postoperative hypertension.

Emergence and extubation may cause hypertension and

tachycardia requiring intervention. Good control can be

more challenging than at induction. Hypertension is

common postoperatively, is associated with cerebral and

cardiac complications, and must be aggressively con-

trolled. Appropriate drugs to do this are the same as

those listed earlier.

Surgical denervation of the baroreceptors has been

implicated, although the common causes of postoperative

hypertension should be sought and treated if present.

C. Phaeochromocytoma

Anaesthesia can precipitate a hypertensive crisis associ-

ated with appreciable morbidity and mortality. Phaeochro-

mocytomata may be known about pre-operatively and be

the reason for surgery or may be discovered incidentally.

Severe hypertension is a risk in both cases. Management

should be at a specialist center; up to 50% of hospital

deaths occur during induction of anaesthesia or during

surgery for other causes (53,54).

Preoperative assessment should include full investi-

gations for hypertensive end-organ damage. Catecholamine

induced cardiomyopathy causing heart failure has a high

mortality and is diagnosed in about one-third of patients.

Blockade of vasopressor activity is usually with phe-

noxybenzamine, a long-acting drug with a high affinity

for a1 receptors. Persistent arrhythmias or tachycardia

are treated with a b-blocker. a-adrenoreceptor blockade

precedes b-blockade to prevent unopposed a activity.

This avoids the risk of unopposed vasoconstriction

causing a crisis, although many patients have been on

b-blockers before a diagnosis has been made with no

problems.

The optimal duration of treatment before resection is

performed is not known. Objective tests of pharmacologi-

cal sympathectomy can be made. Resolving vasoconstric-

tion requires titrated fluid replacement.

Various other antihypertensive agents have been used

successfully for control before surgery. These include

prazosin, doxazosin, calcium channel-blocking drugs,

clonidine, and magnesium.

Premedication should be considered because stress and

anxiety can provoke a crisis. Perioperative cardiovascular

monitoring is mandatory and allows detection of extremes

of blood pressure and their response to anaesthetic

intervention.

Many anaesthetic agents and techniques have been used

successfully. An epidural may be used for analgesic pur-

poses but will not block receptor-mediated effects of circu-

lating catecholamines and cannot be relied upon to prevent

hypertension. The latter is common during manipulation of

the tumor.

Phentolamine, labetalol, sodium nitroprusside, and

esmolol are commonly used for acute control of intra-

operative hypertension. In this setting, cyanide toxicity is

not a problem because only small amounts are typically

used. Effects are rapid but brief and more effective than

nitrates or phentolamine.

Postoperatively, patients should be managed in a criti-

cal care unit. Common causes of hypertension should be

addressed and blood pressure controlled. Hypertension

that is a result of circulating catecholamines is unusual,

and it resolves if resection has been successful. Hypoten-

sion is a more common problem and has been suggested

to be due to the use of phenoxybenzamine and the persist-

ent a-adrenoceptor blockade.

XI. CONCLUSIONS

Hypertension is a common condition and is likely to

become more prevalent. Chronically, it causes end organ

damage involving the heart, brain, and kidneys. This is

due to various pathological changes. These include

increased resistance to blood flow through organs, hyper-

trophy of the heart pumping against a higher pressure

increasing its need for oxygen and making an oxygen

deficit more likely, and occlusion, or rupture, of a vessel

with resultant stroke or organ infarction.

Treatment of hypertension is associated with a wide

range of drug therapy.

The presence of the disease and related sequelae are

risk factors for increased morbidity and mortality in

patients who require anaesthesia and surgery. Adequate

preoperative control, identification, and careful manage-

ment of high-risk subjects and their appropriate monitor-

ing, perioperative care facilities, and anaesthetic

experience can reduce adverse events.
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KEYPOINTS

. Hypertension, diabetes and other components of the

metabolic syndrome are frequent concomitant

conditions.

. Hypertension accounts for substantial excess mor-

bidity and mortality in patients with diabetes.

. Management of hypertension in diabetes or the

metabolic syndrome mandates insistent lifestyle

measures, blood pressure and lipid lowering.
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. Angiotensin-converting enzyme (ACE) inhibitors and

angiotensin receptor blockers are often the drugs of

choice, but thiazide-type diuretics have also been

shown to reduce cardiovascular disease risk in dia-

betic patients. The latter are usually required as a

part of multidrug therapy to control blood pressure.

SUMMARY

Hypertension is twice as common in people with diabetes

compared with nondiabetics and accounts for up to 85%

excess cardiovascular disease risk; patients with hyperten-

sion also are more prone to diabetes compared with normo-

tensive individuals. In type 2 diabetes, hypertension tends to

cluster with other components of the metabolic syndrome

such as microalbuminuria, central obesity, dyslipidemia

increased inflammatory, and procoagulant state. Hyperten-

sion in people with diabetes is usually associated with

increased salt sensitivity, volume expansion, isolated systo-

lic hypertension, loss of nocturnal dipping of the blood

pressure and pulse, orthostatic hypotension, and micro-

albuminuria. Management of hypertension in this high car-

diovascular disease risk population mandates the weight

reduction and exercise together with the use of aspirin,

lowering of low-density lipoprotein (LDL) cholesterol to

100 mg/dL (2.6 mmol/L), and blood pressure lowering to

130/80 mmHg with agents that afford cardiovascular

disease and renal protection such as angiotensin-converting

enzyme (ACE) inhibitors and angiotensin receptor blockers.

The use of thiazide-type diuretics also has been shown to

reduce cardiovascular disease risk in the diabetic patients

and is usually required as a part of the multidrug therapy

necessary to control blood pressure in this patient

population.

I. INTRODUCTION

Cardiovascular disease is the main cause of mortality

in diabetic patients (1,2). Hypertension is a frequent

co-morbid condition with diabetes and is as up to three

times as frequent in diabetic patients when compared

with nondiabetics (3). Hypertension markedly increases

the risk for cardiovascular disease and accounts for up to

80% of excess morbidity and mortality in these patients.

Diabetes mellitus is dramatically increasing throughout

the world (4). Among people who are �60 years, approxi-

mately one-third of them have either diabetes or impaired

fasting glucose (5). Furthermore, diabetes is the leading

cause of end-stage renal disease, nontraumatic amputation,

and blindness in western countries (6). Hypertension also

greatly increases the risk for microvascular disease in

diabetic patients, that is, blindness and end stage

nephropathy (7–9).

In type 1 diabetes, there is a close relation between

hypertension and diabetic nephropathy (7). However,

hypertension in type 2 diabetes has more complex etiology

and is part of a constellation of other cardiovascular risk

factors: that is, other components of the cardiometabolic

syndrome such as central obesity, insulin resistance, dysli-

pidemia, hypercoagulation, increased inflammatory status,

microalbuminuria, and left ventricular hypertrophy (8,9).

Rigorous hypertension control should be an integral part

of a comprehensive approach involving management of

other cardiovascular risk factors. During the last two

decades, our understanding of the mechanisms of hyper-

tension, insulin resistance, and diabetic nephropathy has

substantially improved and has lead to development of

improved therapeutic strategies.

II. EPIDEMIOLOGY OF HYPERTENSION IN
THE METABOLIC SYNDROME

As a component of the metabolic syndrome, hypertension

is much more prevalent than diabetes. In a recent analysis

of data from the Third National Health and Nutrition

Examination Survey (NHANES III) (10), involving a

representative sample of 8814 adult United States popu-

lation and using the National Cholesterol Education

Panel (NCEP) Adult Treatment Panel III (ATPIII) defi-

nition (11) (Table 40.1), the prevalence of hypertension

(as defined by blood pressure .130/85 mmHg or the

use of antihypertensive medications) was 34.0% compared

with only 12.6% of those with hyperglycemia. In this

analysis, hypertension was the second most prevalent

component of the metabolic syndrome, compared with

central obesity, which was the most prevalent component

(38.6%). Hypertension was followed in prevalence by low

HDL-cholesterol (37.6%), hypertriglyceridemia (30.0%)

and diabetes (12.6%) (10). However, it is important to

emphasize that although most patients with the metabolic

syndrome do not have diabetes, the prevalence of this syn-

drome in the diabetic population is very high (86%)

(12,13). Furthermore, the prevalence of the metabolic syn-

drome in patients with impaired glucose tolerance (IGT)

was 31% and 71% in those with impaired fasting

glucose (.110 mmHg) (12,13).

The overall prevalence of the NCEP-defined metabolic

syndrome (11) among adults .20 years of age was 24%

and was .40% in those .40 years of age (10,12,13).

The prevalence among women was 23.4% when compared

with 24% for men. However, there were significant racial

differences where Mexican-American women had the

highest prevalence of 35.6% compared with 22.8% for

white women (10). African-American men in this analysis

had the lowest prevalence of the metabolic syndrome

(16.4%) (10). This could be explained by the use of separate

lipid criteria as defined by NCEP (high triglycerides and
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low HDL-cholesterol), which likely offset the high preva-

lence of hypertension and hyperglycemia in this ethnic

population (10,12). In fact, African-American men had

highest prevalence of hypertension, as a component of the

metabolic syndrome, of 49.9%, followed by African-

American women (43.3%) and Mexican men (40.2%) (10).

Another analysis of NHANES data aiming to evaluate

the risk of coronary heart disease, among people .50

years of age with the metabolic syndrome with and

without diabetes showed that the overall prevalence of

this syndrome is 44% (14). In this analysis, which also

used the NCEP definition (Table 40.1) (11), the prevalence

of diabetes was 17% for the entire population and 86% for

those with the metabolic syndrome (14). Hypertension was

almost as twice as common in the diabetic patients with

the metabolic syndrome (82.7%), compared with diabetic

patients without the syndrome (43%) (14). These data

underscores the common occurrence of diabetes and

hypertension as components of the metabolic syndrome

particularly in older population.

Hypertension was the strongest predictor for the presence

of coronary heart disease in patients .50 years of age, fol-

lowed by low HDL-cholesterol, and diabetes. The odds

ratio, 95% confidence interval (95% CI) was 1.87 (1.37–

2.56), 1.74 (1.18–2.58) and 1.55 (1.07–2.25) for hyperten-

sion, low HDL cholesterol, and diabetes, respectively (14).

A third analysis, from Europe (15), using the World

Heath Organization (WHO) definition (16) (Table 40.1),

was conducted to evaluate the prevalence and cardiovas-

cular disease risk associated with the metabolic syndrome.

In this analysis, a total of 4483 patients, aged 35–70 par-

ticipating in a large family study of type 2 diabetes in

Finland and Sweden [the Botnia study (17)] were

examined. The metabolic syndrome, as defined by the

WHO, was present in 10% of those without diabetes com-

pared with 50% of those with IFG/IGT, and 80% of

those with diabetes (15). The prevalence of the metabolic

syndrome in diabetic patients in this European population,

using the WHO definition, was close to that of the United

States population using the NCEP criteria (80% vs. 86%,

respectively) (14,15). Furthermore, hypertension occurred

frequently in those with diabetes (59%), this prevalence

increased with age and was 67% in those 60–69 years of

age (15). In this study, hypertension was only second to

microalbuminuria as the most predictor for cardiovascular

disease mortality with relative risk (RR) ¼ 1.78 (1.06–

2.91) (95% CI) (15). These data from United States and

Europe across different ethnic population using the

NCEP or WHO consistently demonstrate the high preva-

lence of the metabolic syndrome, which is approaching

epidemic proportions in the United States and worldwide.

These data also demonstrate the frequent occurrence of

hypertension and diabetes mellitus as components of the

metabolic syndrome conferring high risk for cardiovascu-

lar disease in this patient population (10,14,15).

III. METABOLIC AND HEMODYNAMIC
CHARACTERISTICS OF HYPERTENSION
IN PATIENTS WITH DIABETES AND
THE METABOLIC SYNDROME

Hypertensive patients with diabetes, compared with those

without diabetes, have unique features such as increased

salt sensitivity, volume expansion, loss of nocturnal

dipping of blood pressure and pulse, increased propensity

Table 40.1 Definitions of the Cardiometabolic Syndrome

WHO NCEP

Hyperinsulinemia (upper quartile fasting INS of

the nondiabetic population) or FPG �110 mg/dL

(6.1 mmol/L) or 2 h postglucose load of

.200 mg/dL (11.1 mmol/L) plus at least two

of the following

At least three of the following

(1) Abdominal obesity: waist-to-hip ratio .0.9,

BMI �30 kg/m2, or a waist girth �94 cm (37 in.)

(1) FPG �110 mg/dL(6.1 mmol/L)

(2) Dyslipidemia: serum TG �150 mg/dL

(1.7 mmol/L) or HDL-C ,35 mg/dL (0.9 mmol/L)

(2) Abdominal obesity: waist girth in

men .102 cm and in women .88 cm

(3) Hypertension: �140/90 mmHg or on medications (3) Serum TG .150 mg/dL (1.7 mmol/L)

(4) Microalbuminuria: urinary albuminexcretion

rate .20 mg/min or albumin to creatinine

ratio .30 mg/g

(4) HDL-C: in men ,40 m/dL (1 mmol/L)

in women ,50 mg/dL (1.3 mmol/L)

(5) Blood pressure �130/85 mmHg or on

medications

Note: NCEP, The National Cholesterol Education Program: Adult Treatment Panel III (ATPIII); WHO, World Health Organization;

FPG, fasting plasma glucose; BMI, body mass index; INS, insulin; TG, triglyceride; HDL-C, high density lipoprotein cholesterol.

Source: Adapted from The National Cholesterol Education Program (NCEP) Adult Treatment Panel III (ATPIII) (11) and Alberti

and Zimmet (16).
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to proetinuria and orthostatic hypotension, and isolated

systolic hypertension (6). Most of these features are con-

sidered risk factors for cardiovascular disease (9) and are

particularly important for selecting the appropriate antihy-

pertensive medication, for example, low dose diuretics for

treatment volume expansion and ACE inhibitors or angio-

tensin receptor blockers for proteinuria.

A. Salt Sensitivity and Volume Expansion

Alterations in sodium balance and extracellular fluid

volume have heterogeneous effects on blood pressure in

both normotensive and hypertensive subjects (18).

Increased salt intake does not raise blood pressure in all

hypertensive subjects and sensitivity to dietary salt intake

is greatest in the elderly, those with diabetes, obesity,

renal insufficiency, low renin status, and African-Americans

(19,20). Studies demonstrated that salt sensitivity in normo-

tensive subjects is associated with a greater age-related

increase in blood pressure (21). This is particularly import-

ant to consider in management of hypertension in patients

with diabetes, especially elderly persons, because the preva-

lence of both diabetes and salt sensitivity increases with

age. Thus, a decreased salt intake along with other aspects

of diet, such as reduced fat and increased potassium, are

important to institute in these patients (6).

B. Loss of Nocturnal Decline of
Blood Pressure

In normotensive individuals and in most patients with

hypertension, there is a reproducible circadian pattern to

blood pressure and heart rate during 24 h ambulatory

monitoring (22). Typically, the blood pressure is highest,

while the patient is awake and lowest during sleep, a

pattern called “dipping”, in which blood pressure decreases

by 10–15%. Patients with loss of nocturnal decline in blood

pressure “nondippers” have ,10% decline of blood pres-

sure during the night compared with daytime blood

pressure values (23). In patients with diabetes, and many

of those with the cardiometabolic syndrome, there is a

loss of nocturnal dipping as demonstrated by 24 h ambu-

latory monitoring of blood pressure. This is particularly

important since the loss of nocturnal dipping conveys

excessive risk for stroke and myocardial infarction. In

fact, ambulatory blood pressure has been reported to be

superior to office blood pressure in predicting target

organ involvement such as left ventricular hypertrophy

(24,25). About 30% of myocardial infarctions and 50%

of strokes occur between 6:00 a.m. and noon. This is par-

ticularly important in deciding the optimal dosing strat-

egies of antihypertensive medications, where drugs that

provide consistent and sustained 24 h blood pressure

control will be advantageous (26).

C. Microalbuminuria

There is considerable evidence that hypertension in type 1

diabetes is a consequence, rather than a cause of renal

disease, and that nephropathy precedes the rise in blood

pressure (27). Persistent hypertension in patients with

type 1 diabetes is often a manifestation of diabetic nephro-

pathy as indicated by an elevation of the urinary albumin

at diagnosis of the disease (27). Both hypertension and

nephropathy appear to exacerbate each other. In type 2 dia-

betes, microalbuminuria is associated with insulin resist-

ance (9), salt sensitivity, loss of nocturnal dipping, and

left ventricular hypertrophy (28). Elevated systolic blood

pressure is a significant determining factor in the pro-

gression of microalbuminuria (29,30). Indeed, there is an

increasing evidence that microalbuminuria is an integral

component of the metabolic syndrome associated with

hypertension (9,28). This concept is important to consider

in selecting the pharmacologic therapy for hypertension in

patients with diabetes where medications that decrease

both proteinuria and blood pressure, such as ACE inhibi-

tors and angiotensin receptor blockers, have evolved as

increasingly important tools in reducing the progression

of nephropathy in such patients. Further, aggressive

blood pressure lowering, often requiring several drugs, is

very important in controlling the progressive diabetic

renal disease.

D. Isolated Systolic Hypertension

With the progression of atherosclerosis in patients with

diabetes, the larger arteries lose elasticity and become

rigid and the systolic blood pressure increases dispropor-

tionately because the arterial system is incapable of expan-

sion for any given volume of blood ejected from the left

ventricle leading to isolated systolic hypertension, which

is more common and occurs at a relatively younger age

in patients with diabetes (6,31).

E. Orthostatic Hypotension

Pooling of blood in dependent veins during rising from a

recumbent position, normally leads to decrease in stroke

volume and systolic blood pressure with concomitant

increase in systemic vascular resistance, diastolic blood

pressure, and heart rate. In patients with diabetes and auto-

nomic dysfunction, excessive venous pooling can cause

immediate or delayed orthostatic hypotension, which

might cause reduction in cerebral blood flow leading to

intermittent lightheadedness, fatigue, unsteady gait, and

syncope (32–34). This is important to recognize in

patients with diabetes and concomitant hypertension as it

has several diagnostic and therapeutic implications, for

example, discontinuation of diuretic therapy and volume

634 Management and Treatment in General and in Special Populations



repletion might be necessary for the treatment of chronic

orthostasis. In addition, in the subset of patients with

“hyperadrenergic” orthostatic hypertension as manifested

by excessive sweating and palpitation, the use of low

dose clonidine might be necessary to blunt excess sym-

pathetic response (35). Furthermore, increased propensity

for orthostatic hypertension in patients with diabetes

renders a adrenergic receptor blockers less desirable and

a second-line agents for these patients. In addition, doses

of all antihypertensive agents must be titrated more care-

fully in patients with diabetes who have greater propensity

for orthostatic hypertension, while having high supine

blood pressures.

IV. PATHOGENESIS OF HYPERTENSION IN
DIABETES AND METABOLIC SYNDROME

The relation among hypertension, obesity, insulin resist-

ance, and diabetes is complex. For example, hypertension

is considerably more prevalent in diabetic patients than

nondiabetics (7,9). Hypertensive patients are 2.5 times

more likely to develop in type 2 diabetes than in normo-

tensive counterparts when matched to age, sex, ethnicity,

adiposity, level of physical activity, and family history

(9,36). The possible reasons for the increased propensity

to develop diabetes in persons with essential hyperten-

sion have been extensively reviewed (9,36,37). These

included an altered skeletal muscle tissue composition

(i.e., more fat and less insulin-sensitive slow twitch

fibers) and decreased blood flow to skeletal muscle

tissue, due to vascular hypertrophy, rarefaction, and vaso-

constriction (9).

In type 1 diabetes, hypertension is uncommon in the

absence of diabetic renal disease. Blood pressure readings

start to rise �3 years after the onset of microalbuminuria

(9). In contrast, in Hypertension in Diabetes Study

(HDS), 3648 patients recruited for the UKPDS were exam-

ined; hypertension has already existed in 39% of newly

diagnosed type 2 diabetes cases (38). In these patients,

hypertension was associated with other components of

the metabolic syndrome such as obesity, elevated trigly-

cerides, and hyperinsulinemia. The prevalence microalbu-

minuria in this hypertensive group was 24% (38). These

findings highlight differences in the pathophysiology of

type 1 and type 2 diabetes.

Microalbuminuria is the first clinical sign of diabetic

nephropathy. It is not only a risk factor for diabetic

nephropathy, but also a risk factor for cardiovascular

disease morbidity and mortality in both diabetic and non-

diabetic patients (39). Microalbuminuria reflects general-

ized endothelial cell dysfunction including renal

glomeruli (9). Hypertension and diabetic nephropathy

exacerbate each other and contribute to a cycle of pro-

gressive hypertension, nephropathy, and cardiovascular

disease. Several factors contribute to the increased propen-

sity to develop hypertension and subsequent complications

in diabetic patients. Diabetic patients have an increased

propensity to sodium retention and volume expansion

(40). Increased salt sensitivity in these patients involve

multiple mechanisms including hyperglycemia-induced

renal sodium reabsorption in the proximal renal tubule

(41), hyperinsulinemia, and renal abnormalities in

renin–angiotensin–aldosterone system (42). Thus, restric-

tion of salt in the diet of these patients is important in the

management of their hypertension.

Essential hypertension, unlike secondary hypertension,

is often associated with hyperinsulinemia. For example, in

a cross-sectional study, patients with essential hyperten-

sion exhibited significantly higher fasting insulin and

C-peptide levels and significantly lower glucose/insulin

ratios when compared with normotensive subjects. In con-

trast, no differences were observed between secondary

hypertensive and control subjects (43).

Insulin resistance and hyperinsulinemia increase sym-

pathetic activity and associated with renal sodium retention,

and predispose to increased vascular resistance (9). Insulin

normally enhances vasodilatation and increases muscle

blood flow, which facilitates glucose utilization (42–46).

This effect is mediated, in part, by nitric oxide (45), as

insulin increases endothelial nitric oxide production.

Insulin fails to enhance muscle blood flow in both obese

and diabetic patients due to decreased ability to stimulate

nitric oxide (46). Hyperinsulinemia and insulin resistance

do not consistently lead to hypertension. Pima Indians

have an increased incidence of obesity, insulin resistance,

and hyperinsulinemia, but have a relatively low incidence

of hypertension (2). These observations indicate that the

relationship between insulin resistance and hypertension is

complex and ethnically dependant.

Obesity, especially central obesity, is a risk factor for

both hypertension and diabetes (47,48). Central obesity,

insulin resistance, hypertension, and diabetic dyslipidemia

are parts of the cardiometabolic syndrome (8,9,49–61).

There are other abnormalities found in the cardiometabolic

syndrome such as microalbuminuria, increased coagul-

ability, impaired fibrinolysis, and active inflammatory

status (9). Several definitions of the cardiometabolic syn-

drome have been recently published (Table 40.1): one by

the World Health Organization (WHO) (16) and other by

the National Cholesterol Education Program (NCEP)–

Third Adult Treatment Panel (ATP III) in the United

States (11). Metabolic syndrome is a common disorder,

the prevalence in the United States, using NCEP criteria,

is 22% (14). The prevalence of this syndrome, as well as

that of type 2 diabetes, increases progressively with advan-

cing age (8,9,41).
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The etiology of the cardiometabolic syndrome is

complex involving genetic and acquired abnormalities

(9). Central obesity is a key element in the pathogenesis

of this syndrome (Table 40.2). It is characterized by a

greater deposition of fat in the upper or central part of

the body (visceral fat). Visceral adipocytes are more meta-

bolically active, and insulin-resistant, than peripheral adi-

pocytes (47). They release several cytokines, such as

tumor necrosis factor-a (TNF-a) and interleukin-6

(IL-6), that promotes inflammation, dyslipidemia, hyper-

tension, microalbuminuria, abnormal coagulability, and

impaired fibrinolysis (47,48).

Lipolysis of the abdominal fat releases free fatty acids,

which are substrates for triglycerides production in the

liver (46,53,54). The renin–angiotensin system is very

active in the central adipocytes (42,54). Furthermore, adi-

pocytes derived peptide hormones have a role in promot-

ing the cardiometabolic syndrome. Leptin levels are high

in obese patients, and elevated leptin levels may stimulate

the sympathetic nervous system and may contribute to the

pathogenesis of hypertension associated with obesity

(42,48,55). Adiponectin has anti-inflammatory effects

and its levels are low in insulin resistance conditions

(48,56,57). Decreased adiponectin levels may be particu-

larly important, given the role of adiponectin in enhance-

ment of insulin mediated vasodilatation and glucose

transport activities (48,58). Finally, high concentrations

of resistin (an adipocytes-derived peptide) in visceral fat

are correlated to both insulin resistances and obesity

(59). This peptide in contradistinction to adiponectin inhi-

bits insulin metabolic actions (47,48,58,60).

A. Cardiovascular Effects of Insulin
and IGF-1

Insulin is produced only in the pancreas (61). On the other

hand, insulin-like growth factor-1 (IGF-1) is an autocrine/
paracrine peptide (61–68) produced by endothelial cells

(EC) and vascular smooth muscle cells following stimu-

lation by insulin (62,63), angiotensin 2 (62,64), and mech-

anical stress (66,67). Furthermore, IGF-1 receptors are

expressed to a greater extent than insulin receptors in vas-

cular smooth muscle cells (61,62). IGF-1 has many

important biological effects on vascular tissue, including

maintenance of the normal differentiated vascular

smooth muscle cell phenotype (68), glucose transport

(69,70), and modulation of vascular tone (62,65,69–82).

IGF-1 and insulin attenuate vasoconstriction/enhance

relaxation through a phosphatidylinositol 3-kinase (PI3-

K) dependent stimulation of vascular nitric oxide synthase

(NOS) enzyme (62,69,70,79,81,82) and Naþ, Kþ-ATPase

pump activity (62,65,75,81,83,84). In animal models of

obesity, insulin resistance, and hypertension, there is

accumulating evidence that resistance to PI3-K-signaling

by IGF-1 and insulin plays an important role in the patho-

genesis of hypertension (62,76,79,85), impaired myocar-

dial function (62,81,85–94), and attenuated glucose

transport (68,84,87). Thus, alterations of cardiovascular

and skeletal muscle signaling responses may explain the

common coexistence of hypertension, insulin resistance,

and type 2 diabetes (62,66,71).

Insulin and IGF-1 induce vasorelaxation, in part, by

lowering vascular smooth muscle cell intracellular

calcium ([Ca2þ]i) levels (68,73,75,84) and myosin light

chain (MLC) phosphorylation/Ca2þ sensitization (73,84).

These actions involve activation of both vascular NOS and

Naþ, Kþ-ATPase pump activity (65,69–75,78–84). Upon

stimulation, the b subunit of the insulin and IGF-1 receptor

not only become phosphorylated on various tyrosine sites

but also induces phosphorylation of a number of accessory

molecules (61), such as insulin receptor substrate-1 (IRS-1),

which serves as an important docking site for many

kinases and phosphatases. Many insulin and IGF-1 meta-

bolic effects are mediated by PI3-K upon binding to

IRS-1 through its regulatory subunit (p85) SH2 domain

(61). An important downstream target of IGF-1/insulin-

stimulated PI3-K is the serine–threonine kinase, Akt

(protein kinase B) (61,74,95,96). Akt interacts through

its pleckstrin homology domain with the phospholipids

produced by PI3-K. Phosphorylation of Thr308 and

Ser473 of Akt is important for its activation (95,96). Akt

is involved in insulin and IGF-1 regulated glucose trans-

port and other cell functions (95–101). A number of

studies have demonstrated a critical role for Akt signaling

in mediating the vascular actions of IGF-1/insulin

(72,78,98–104). Further, we have observed that Ang II

Table 40.2 Cardiovascular Risk Factors Associated with

Visceral Obesity

Essential hypertension

INS resistance/Hyperinsulinemia

Low serum HDL-C levels

High serum triglyceride levels

Increased serum apolipoprotein B levels

Small, dense LDL-C particles

Increased PAI/PA ratio

Increased serum fibrinogen levels

Increased serum C-reactive protein levels

Increased production of TNF-a

Increased production of interleukin-6

Microalbuminuria

Increased blood viscosity

Increased systolic and pulse pressure

Left ventricular hypertrophy

Premature atherosclerosis

Note: HDL-C, High-density lipoprotein cholesterol; LDL-C, low-density

lipoprotein cholesterol; INS, insulin; PAI/PA, plasminogen activator

inhibitor/plasminogen activator; TNF-a, tumor necrosis factor a.
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inhibits IGF-1 signaling through the PI3-K/Akt pathway

result in less NOS/Naþ, Kþ-ATPase activation in vascular

smooth muscle cells (80).

We (9,37,41,42,65,72) and others (74,78,82,98,99)

have demonstrated that vascular relaxation in response to

insulin and IGF-1 signaling is dependent, in part, on EC

and vascular smooth muscle cell production of nitric

oxide and reductions in vascular smooth muscle cells

[Ca2þ]i. The nitric oxide/cGMP increase in response to

insulin and IGF-1 stimulation results in inhibition of

MLC phosphorylation/activation (105) by increasing the

activity of the myosin-bound serine/threonine specific

phosphatase (MBP) (105–108). This effect of insulin

and IGF-1 thus counterbalances the increase in [Ca2þ]i

and the Ca2þ-MLC sensitization effects mediated by vaso-

constrictor agonists such as Ang II (109–112). Accumu-

lating evidence suggests that Ang II may antagonize the

vasodilatory actions of insulin/IGF-1 through a Rho A

signaling mechanism (109–111). Rho A inactivates

MBP (113,114) and directly increases phosphorylation

and activation of MLC (110,111). Thus, there appears to

be counterbalancing actions between insulin/IGF-1 and

Ang II in the modulation of MLC-Ca2þ sensitization/
vascular tone.

Insulin and IGF-1 also regulates vascular tone by

increasing the vascular smooth muscle cell Naþ, Kþ-

ATPase pump activity in vascular smooth muscle cells

(65,73,75,78), consequently elevating the transmembrane

Naþ gradient that drives Ca2þ efflux via Naþ/Ca2þ

exchange (65,73,75,83,84). Insulin (83) and IGF-1 (78)

increase a catalytic pump subunit messenger RNA

levels. However, the extent of catalytic subunit message

expression is inadequate to explain the level of increased

pump activity (65,75,78,83), suggesting post-translational

modifications. such as mobilization of a catalytic subunits

to the plasma membrane (75,78), increased b docking sub-

units (75,78,115), and/or alteration of the phosphorylation

state of the catalytic subunits (75,78,115). Furthermore,

insulin/IGF-1 may indirectly activate the Naþ, Kþ-

ATPase pump, as well as MBP, in vascular smooth

muscle cells by stimulating vascular smooth muscle cell

nitric oxide/cGMP (78,116). Studies from our laboratory

(80), as well as others (75), have shown that the PI3-K/
Akt signaling pathway is crucial for insulin and IGF-1

stimulation of the Naþ, Kþ-ATPase pump.

B. Rho A and the Vascular Renin–
Angiotensin System

An autocrine/paracrine cardiovascular renin–angiotensin

system plays a major role in modulating vascular smooth

muscle cell contractility (85,117) growth and remodeling

(117,118). Ang II inhibits IGF-1/insulin PI3-K signaling

(80,91,119–122) and induces vasoconstriction through

an AT1 receptor mediated increase in vascular smooth

muscle cells [Ca2þ]i and Ca2þ-MLC sensitization

(111,112). An important mechanism by which insulin

and IGF-1 mediate vasodilation is via EC and vascular

smooth muscle cell-NOS activation and consequent

increases in vascular production of nitric oxide. Insulin

induces vascular smooth muscle cell relaxation by activat-

ing MBP and by inhibiting Rho A (106,116). GTP-bound

Rho A specifically interacts with the 130 kDa subunit of

MBP (MBS), which binds to myosin and regulates the cat-

alytic activity of MBP. Pretreatment with insulin pre-

vented vasoconstrictor agonist-mediated increases in

activated/membrane-associated Rho A, site-specific phos-

phorylation of Thr695 of MBS, and thus activates MBP

(106,122). Pretreatment with an NOS inhibitor or a

cGMP antagonist markedly attenuates insulin’s inhibitory

effect on Rho translocation and restored Rho-kinase acti-

vation and site-specific MBS phosphorylation resulting

in MBP inactivation (106,122). It has also been reported

that a cGMP agonist mimicked insulin’s inhibitory

effects of insulin via abrogation of vasoagonist-mediated

Rho signaling/phosphorylation of MBS, resulting in

MBP activation. Lastly, expression of a dominant-

negative construct of Rho A decreases basal as well as

agonist-induced MBS Thr695 phosphorylation and

permits insulin activation of MBP (106).

Given the critical role of nitric oxide in mediating IGF-1

(62,73–80,104), insulin (72,78,82–84,106), and induced

vasorelaxation, a major mechanism by which IGF-1 pro-

motes relaxation is via inhibition of Rho A membrane

translocation/activation via nitric oxide/cGMP signaling.

Nitric oxide promotes MBP activation via site-specific

dephosphorylation of its regulatory subunit MBS

(108,109). In contrast, Ang II activates Rho A in vascular

smooth muscle cells through the coupling of the AT1 recep-

tor to heterotrimeric G proteins (123). These observations

are in concert with data indicating that Ang II reduces

IGF-1 mediated NOS activation in EC (75,84) and vascular

smooth muscle cells (78) through inhibition of PI3-KK/
Akt signaling (78). As activation of Rho A is also associ-

ated with decreased NOS/nitric oxide in vascular smooth

muscle cells (124), Ang II may attenuate IGF-1 induced

nitric oxide production via its activation of Rho A

(110,113,123). This would result in less nitric oxide/
cGMP suppression of post-translational Rho A activation

(108,130,132) and a consequent feedback loop accen-

tuating the negative impact of Ang II on IGF-1-induced

vasorelaxation. Finally, recent observations that Ang II

interferes with IGF-1 stimulation of Naþ, Kþ-ATPase

pump activity, via effects on the PI3-KK/Akt signal-

ing pathway (78), suggest another mechanism by which

Ang II antagonizes the vasorelaxing effects of IGF-1

(Fig. 40.1).
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C. Vascular IGF-1 Resistance and
Renin–Angiotensin System
Overexpression Impairing of Insulin
and IGF-1 Vasorelaxation

Insulin-resistant animal models of hypertension also mani-

fest resistance to the cardiovascular actions of INS/IGF-1

(76–81,87–95,125–131,133). Primary cultured EC (78),

and vascular smooth muscle cells (96,97) from insulin/
IGF-1 resistant hypertensive rats have decreased insulin

and IGF-1 stimulation of NOS related to decreased PI3-

K activation. Reduced vascular smooth muscle cells

(78,125) and cardiomyocyte (88) glucose transport and

associated attenuated PI3-K responses to insulin/IGF-1

have been observed in hypertensive insulin/IGF-1 resist-

ant Zucker obese (ZO) rats. Our laboratory has also

reported reduced IGF-1/PI3-K stimulation and reduced

NOS expression/activity and glucose transport in vascula-

ture from ZO rats (78,125).

Ang II, like IGF-1, is a pleiotropic autocrine/paracrine

peptide, synthesized by vascular smooth muscle cells

(117,118) and cardiomyocytes (117). There is increasing

evidence that Ang II is overexpressed in cardiovascular

tissue from rodent models of insulin resistant hypertension

(91,134–136). Indeed, hyperinsulinemia, as exists in

insulin/IGF-1 resistant rodent models (86–88,94,125–

127), appears to enhance the renin–angiotensin system

in vascular smooth muscle cells (135). In insulin/IGF-1

resistant ZO rats, hypertension is characterized by

markedly elevated contractile responses to Ang II

(78,86,87,104,136). Collectively, these data suggest that

excessive Ang II action in vascular tissue impairs IGF-1

mediated vasorelaxation through Rho A mediated interfer-

ence with Akt signaling in EC and vascular smooth muscle

cells (77,79,103,116,119,120,122).

Like IGF-1 and insulin (107,116,120–123), Ang II

modulates vascular smooth muscle cell contraction and

relaxation by the phosphorylation/dephosphorylation

of MBS, but via a G protein-dependent mechanism

(106–113). Vascular smooth muscle cell [Ca2þ]i (regulated

by Naþ, Kþ-ATPase activity) (78) dynamically controls the

relative activity of MBP and MLC and the counterregulatory

effects of IGF-I and Ang II (80, 106–125). Further, the Ca2þ

sensitivity of MLC is also dynamically regulated by insulin/

Rho Kinase

cGMP

NO

Akt

PI3-K

IRS-1 Rho A
Rho A

IGF-1

IGF-1R AT1 Receptor

Ang II

MBS MBS

MBP-Active MBP-Inactive

Inactive Activep p

p

P

RELAXATION CONTRACTION

MYOSIN MYOSIN

Ca2+-MLC Ca2+-MLC

Figure 40.1 Counterregulatory actions of IGF-l and Ang II in modulation of calcium myosin light chain (MLC) sensitivity. IGF-1

stimulated receptor tyrosine kinase phosphorylates IRS-I, promoting association/activation of PI-3K/Akt and the NO/cGMP

pathway, which inactivates Rho A and Rho kinase. This results in enhanced MBP activity and a consequent reduction of Rho-kinase

mediated phosphorylation of myosin bound substrate (MBS) is the subunit that binds to myosin and regulates the catalytic activation

of MBP. Vascular IGF-l resistance and/or Ang II overexpression/action is accompanied by enhanced Rho A/Rho-kinase pathway

due to impaired activation of Akt and NO/cGMP signaling resulting in reduced MBP activity and higher phosphorylated MBS levels

which leads to increased vascular sensitization and contraction.
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IGF-1 and Ang II interactions (106–113). Ang II has been

shown to interfere with insulin/IGF-1 signaling through

the PI3-K pathway (80,98,108,122) resulting in reduced

nitric oxide (78–80) and Naþ, Kþ-ATPase activity (80–

133). Whereas insulin/IGF-1 reduce MBP activity via

nitric oxide/cGMP mechanisms (99–108,124), Ang II

appears to have opposite effects indirectly via inhibition

of IGF-1 stimulation of nitric oxide and directly by activat-

ing Rho A (110–113, 123,124). In vasculature in insulin/
IGF-1 resistant hypertensive states, there is attenuated

insulin and IGF-1 signaling via Akt resulting in reduced

NOS/Naþ, Kþ-ATPase activation/reduced MBP and

impaired relaxation (Fig. 40.1).

V. MANAGEMENT OF HYPERTENSION IN
PATIENTS WITH DIABETES

Treatment of hypertension in diabetic patients has two

important goals: to decrease the risk of cardiovascular

disease morbidity and mortality and to delay, or preferably

prevent, the progression of diabetic nephropathy and retino-

pathy (8). The benefits of tight blood pressure control in dia-

betic patients are well established (8,48,134,135). However,

the two important questions that arise in management of

hypertension in diabetic patients are “What level of blood

pressure should be the goal of treatment”? And “Which

medications should be used, especially in the initial man-

agement of these patients?” In recent years, accumulating

evidence from large randomized controlled trials provided

some answers to these important questions.

The United Kingdom Prospective Diabetes Study

(UKPDS) (134) included 1148 hypertensive patients who

were followed-up for �8.4 years. Tight blood pressure

control (,140/82 mmHg) compared with less tight

control (,180/105 mmHg) was associated with a 24%

reduction in diabetic-related end-points, 32% in death

related to diabetes, 44% in stroke, and a 37% reduction

in microvascular complications (134). Interestingly, the

relative benefits of strict blood pressure control out-

weighed the benefits of tight blood glucose control.

Another major study, the Hypertension Optimal Trial

(HOT) demonstrated a 51% reduction in major cardiovas-

cular events in the diabetic subgroup who were random-

ized to a diastolic blood pressure goal of ,80 mmHg

compared with a goal of ,90 mmHg (135). Other

studies reported significant advantages of hypertension

treatment in special categories of diabetic patients like

the elderly and those with isolated systolic hypertension

(136,137). On the basis of the results of these clinical

trials and on the data from epidemiological studies

which suggested an increase in cardiovascular disease

events and mortality with blood pressures .115/
75 mmHg (134–139), the currently recommended blood

pressure goal in diabetic patients is now ,130/
80 mmHg (Fig. 40.2) (139,140).

A. Lifestyle Modifications to Manage
Hypertension

Adaptation of a healthy lifestyle is an essential component

for managing hypertension in patients with diabetes or the

cardiometabolic syndrome (8,40). These interventions

include weight loss, dietary sodium reduction, increased

aerobic physical activity, cigarette smoking cessation,

and moderation of alcohol intake (Table 40.3) (141). The

Dietary Approach to Stop Hypertension (DASH) diet

when combined with sodium reduction (2300 mg/day) is

effective in lowering blood pressure (141). The DASH

diet is rich in fiber, potassium, and calcium, low in choles-

terol (150 mg/day), and low in total and saturated fat

(20% and 6% of daily calories, respectively), with 55%

of daily calories comes from carbohydrates.

In addition to lowering blood pressure, weight reduction

and increased physical activity improve insulin resistance,

serum glucose levels, and lipid profiles (142), Exercise

and weight reduction have also been shown to reduce the

development of type 2 diabetes in patients with impaired

glucose tolerance (143). The protective effects of physical

activity have been demonstrated in two prospective cohort

studies (144,145) where the development of type 2 diabetes

was significantly lower in patients who exercise regularly

even after adjustment for obesity, hypertension, and

family history of diabetes. In these studies, the reduction

in the development of type 2 diabetes was strongest

among patients with hypertension, and those with the

Table 40.3 Lifestyle Modification in Management of

Hypertension

Modification Recommendation

Weight reduction Maintain normal body weight

(body mass index 18.5–24.9 kg/m2.

Dietary sodium

reduction

Not more than 11 mmol/day

(2.4 g sodium or 6 g sodium

chloride).

Adoption of

DASH diet

Foods high in fiber, fruits, vegetables,

and low-fat dairy products,

with reduced saturated and total fat.

Physical activity Regular aerobic exercise such as

walking 30–45 min at least three

times a week.

Reduced alcohol

intake

,1 oz. or 30 mL of ethanol

(e.g., 24 oz. of beer per day).

Cessation of

smoking

Recommended for all smokers.

Note: DASH, Dietary Approaches to Stop Hypertension.

Source: Sowers et al. (41).
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highest risk for the development of diabetes (144,145).

More recently, the Finnish study and the United States Dia-

betes Prevention Program (DPP) (146,147) have shown that

diet and exercise reduce the risk of development of type 2

diabetes by .50% in high risk patients with glucose intol-

erance. Therefore, these interventions are highly rec-

ommended in patients with hypertension who are at risk

for the development of type 2 diabetes.

B. Pharmacological Therapy for
Hypertension in Patients with Diabetes

Diet and lifestyle modifications are usually the first step in

the management of hypertension, but most patients will

also require pharmacological treatment (Fig. 40.2). In

fact, most diabetic patients need more than one medication

to maintain their blood pressure within the target range of

,130/80 (140). Initiation of therapy with two drugs

should be considered if blood pressure is .20/
10 mmHg above the goal (i.e., �150/90) (140). The

optimal goal blood pressure in patients with the cardio-

metabolic syndrome (without overt diabetes) is not

known. However, because these patients are at high risk

for cardiovascular disease, it currently appears prudent

to treat blood pressure more aggressively than in the

general population (i.e., same goal as in type 2 diabetic

patients ,130/80) (7,9).

1. Thiazide Diuretics

Thiazides are important component of hypertension treat-

ment in almost all hypertension cases. They are

Treatment goal < 130/80*
- Assess and treat other CVD risk factors

- Start lifestyle modifications 

BP 130–149/80–89 mmHg BP ≥150/90 mmHg 

No microalbuminuria + Microlbuminuria / 

proteinuria 

RAS blocking agent Low-dose thiazide** 

Combination therapy with: 

ACE/ARB

Diureteics

Beta Blocker 

Calcium channel blockers 

Goal not achieved 

Increase dosage Add another agent from 

different class 

Intensify lifestyle 

modifications 

Goal not achieved 

with 3 agents 

- Consider secondary etiology 

- Consider reference to BP 

specialist 

Figure 40.2 Clinical algorithm for hypertension treatment in diabetics. BP, Blood pressure; ARB, Angiotensin receptor blocker. �Goal

is 125/75 mmHg in renal insufficiency or proteinuria ,1 g/24 h urine. ��Not to be used if creatinine is �1.8 mg/dL.
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inexpensive and effective, especially in treating systolic

hypertension (8,148). The Antihypertensive and Lipid

Lowering treatment to prevent Heart Attack Trial

(ALLHAT) included more than 33000 patients aged �55

with at least one other coronary heart disease risk factor

who were followed up for a mean period of 4.9 years

(148). The study showed that there was no difference

between chlorthalidone (a thiazide), lisinopril (an ACE

inhibitor), and amlodipine (a calcium channel blocker) in

preventing major coronary events or in their effects

on overall survival. Chlorthalidone was associated with

less combined cardiovascular disease, stroke, and

better blood pressure control than lisinopril, especially in

African-Americans. In addition, Chlorthalidone, however,

was associated with less heart failure incidence rate than

both lisinopril and amlodipine (148).

The ALLHAT study, the largest hypertension trial to-

date, was not designed to prospectively assess the treat-

ment effect in the diabetic patients. However, the diabetic

cohort was predesigned for subgroup analysis. About 36%

of ALLHAT participants had diabetes (149); the benefits

of chlorthalidone were noticed in both diabetic and non-

diabetic population, however, for the diabetic patients,

several points need to be made in order for the results of

the ALLHAT trial to be viewed in the proper context.

First, optimal control of blood pressure in people with

diabetes is difficult to achieve and requires multiple medi-

cations. Data from our group showed that in a large dia-

betic cohort with a mean age of 64.5 years (close to

ALLHAT 66.6 mean age in the diabetic subgroup), a

blood pressure goal of 130/80 was achieved in only

25% of the patients. Furthermore, an average of 3.1 medi-

cations was required to achieve such a goal (150). The fact

that diabetic patients require multiple antihypertensive

medications for blood pressure control is documented in

all the major hypertension trials. This fact makes the

issue of the initial antihypertensive therapy in people

with diabetes less relevant.

Secondly, the study clearly illustrates the importance of

lowering blood pressure in order to improve the cardiovas-

cular disease outcome. Therefore, efforts should be

directed towards improving blood pressure control that is

currently suboptimal (148).

Thirdly, although blood pressure reduction was in favor

of the diuretic group, the study did not offer the lack of

difference in the primary outcome (fatal coronary heart

disease or nonfatal myocardial infarction) among treat-

ment groups. Although ACE inhibitors have been shown

to be beneficial in reducing mortality in heart failure

patients (149), the observation that diuretic treatment is
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ACE I 
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AT II receptors

≠Vasodilation 
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Figure 40.3 Sites of actions of ACE inhibitors and angiotensin receptor blockers. ARB, Angiotensin receptor blocker; PAI-1,

Plasminogen activator inhibitor.
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associated with less incidence of heart failure than ACE

inhibitor treatment was largely unexpected and, in this

study, the ACE inhibitor group was at disadvantage com-

pared with the diuretic group. This may be explained by

the higher blood pressure in the ACE inhibitor group,

and in particular African-American subjects who may

not respond to ACE inhibitors compared with whites.

The efficacy of ACE inhibitors in diabetic nephropathy

is well documented. Therefore, it would be of major

importance to know the results of the drug comparisons

in the diabetic subjects involved in the study.

Fourthly, the ALLHAT with its simple office-based

design did not offer information that is particularly rel-

evant for the diabetic population such as the use of anti-

diabetic agents, glucose control, or microalbuminuria.

Fifthly, it is important to note that thiazide diuretics

have been shown to increase insulin resistance (9) and

have some adverse metabolic side effects, such as a

small increase in serum blood sugar, increased serum tri-

glycerides, increased total cholesterol, increased serum

uric acid, hyponatremia, hypokalemia, and hypomagne-

saemia. However, all these adverse effects can be mini-

mized by using low doses of thiazides such as 12.5 mg

of chlorthalidone or 25 mg of hydrochlorothiazide.

In using diuretics, it is important to avoid volume

depletion and orthostatic hypotension. Diabetic patients

with autonomic neuropathy, especially elderly people,

are more prone to orthostatic hypotension with subsequent

risk of falls (9). This is particularly important in elderly

diabetic patients who are often on multiple hypertensive

medications (32–34).

2. Angiotensin-Converting Enzyme Inhibitors and

Angiotensin Receptors Blockers

The renin–angiotensin–aldosterone system is linked

to the pathophysiology of various conditions such as

hypertension, dyslipidemia, insulin resistance, and inflam-

mation. Angiotensin (Ang) II mainly has two types of

receptors. AT I and AT II. AT I receptors are responsible

for most of the effects of Ang II including vasoconstriction

and aldosterone release (151,152). ACE inhibitors block

the conversion of Ang I to Ang II. Angiotensin receptor

blockers selectively block the binding of Ang II to

(AT1) receptors (Fig. 40.3). ACE is also a kininase,

degrading bradykinin to nonactive products, thus ACE

inhibitors treatment increases kinins levels (151). Bradyki-

nin is a vasodilator, which might be beneficial for hyper-

tension, as it promotes endothelial production of nitric

oxide (9). However, it might be also responsible for the

cough that some patients develop while taking ACE

inhibitors.

Multiple clinical trials have provided cumulative evi-

dence that using antihypertensive agent that interrupt

with the renin–angiotensin system results in beneficial

cardiovascular disease and renal outcomes in hypertensive

diabetic patients (151,152). For example, the Heart

Outcomes Prevention Evaluation (HOPE) study included

3577 diabetic patients who had also at least one other

cardiovascular disease risk factor. The participants were

randomized to get either ramipril (an ACE inhibitor) or

placebo and were followed-up for �4.5 years. When com-

pared with placebo, ramipril lowered the rates of myocar-

dial infarction, stroke, and all-cause mortality in diabetic

patients by 22%, 33%, and 24%, respectively (153). The

cardiovascular benefits of an angiotensin receptor

blocker (losartan) were compared with a b blocker (ateno-

lol), in the Losartan Intervention For Endpoint reduction

(LIFE) study. Losartan in diabetic hypertensive patients

with left ventricular hypertrophy lowered the cardiovascu-

lar disease mortality and total mortality by 37% and 39%,

respectively (154). In the HOPE trial, new onset diabetes

was decreased by 35%, and in the LIFE study, new

onset diabetes was decreased by 25% of those that began

the study without evidence of clinical diabetes (153,154).

Renin–angiotensin–aldosterone system blockade has

also been shown to reduce the risk for renal disease and

renal disease progression in diabetes (7). In a study con-

ducted in patients with type 1 diabetes and proteinuria,

captopril reduced the risk of the combined endpoints of

death, dialysis, and renal transplantation by 50% (155).

The benefits of ACE inhibitors in renal disease in type 2

appear promising, but there is a need for more investi-

gation (156). On the other hand, several major clinical

trials—the Reduction of Endpoints in NIDDM with

Angiotensin II Antagonist Losartan (RENAAL) trial

(157), the IRbesartan MicroAlbuminuria type II diabetes

in hypertension patients (IRMA II) trial (158), the

Irbesartan in Diabatic Nephropathy Trial (IDNT) (159),

and the Microalbuminuria Reduction with VALsartan

(MARVAL) (160) demonstrated the renal protection

effects of the angiotensin receptor blockers. Indeed, the

mean blood pressure was similar in the placebo and valsar-

atan treated groups, indicating that angiotensin receptor

blockers renal protection effects are independent of

blood pressure reduction. In the RENAAL trial, which

was done on diabetic patients with impaired renal function

(creatinine 1.3–3 mg/dl) and proteinuria, losartan reduced

the risk of the primary endpoint [a composite of doubling

of serum creatinine, end stage renal disease (ESRD), and

death from any cause] by 16%. The risk of doubling of

serum creatinine and ESRD was reduced by 25% and

28%, respectively (157). Furthermore, the risk of the first

hospitalization for congestive heart failure was reduced

by 32%. Treatment with 300 mg irbesartan in IRMA II

trial increased regression of microalbuminuria back to

values within the normal range by 37% (158). The combi-

nation of an ACE inhibitor and an angiotensin receptor
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blocker in the Candesartan and Lisinopril Microalbumi-

nuria (CALM) trial was associated with significantly

more reduction in urinary albumin-to-creatinine ratio

(50%) than with either agent alone (24% for candesartan

and 39% for lisinopril) (161).

ACE inhibitors are generally well tolerated by patients;

they have no adverse effects on lipids or cation metab-

olism. Clinically, important side effects are cough (up to

15%), hyperkalemia, and rarely angioedema. In patients

with underlying renal disease or long standing hyperten-

sion, initiation of ACE inhibitor therapy might cause a

small increase in serum creatinine levels, which does not

necessitate discontinuation of the agents. If creatinine

levels rise to .30% or show progressive increase on

repeated measurements, treatment should be stopped and

volume status examined carefully (162). Many of these

patients will be hypovolumic due to diuretics over-

treatment, and with the resumption of more normal

volume status, the ACE inhibitors can be safely reinitiated.

ACE inhibitors are relatively contraindicated in patients

with bilateral renal artery stenosis or unilateral renal steno-

sis if they have one kidney due to a greater risk of these

patients to develope acute renal failure. Angiotensin recep-

tor blockers are very well tolerated, and the incidence rates

of cough and angioedema are much lower than those of

ACE inhibitor treatment (163,164). Both hyperkalemia

and azotemia may be associated with angiotensin receptor

blocker, as well as ACE inhibitory therapy. The combi-

nation of ACE inhibitors/angiotensin receptor blockers

with thiazides helps to minimize the adverse effect on

serum potassium levels. The interesting finding from

HOPE and LIFE trials suggests that both ACE inhibitors

and angiotensin receptor blockers decrease the incidence

of new onset diabetes (153,154). Ongoing prospective

studies are more definitely evaluating the potential of

these agents to lessen the development of clinical diabetes

in patients with essential hypertension and others with

high risk for developing diabetes.

3. b-Blockers

b-blockers are useful in the treatment of hypertensive dia-

betic patients with ischemic heart disease. There are some

concerns regarding their metabolic adverse effects. In the

Atherosclerosis Risk In Communities (ARIC) study, b

blockers treatment was associated with 28% increased

risk of developing diabetes compared with no-medication

group (165). b blockers are a heterogeneous class of medi-

cations, having disparate metabolic and hemodynamic

properties (165). Both selective b-1 blockers and nonse-

lective b blockers increase insulin resistance. In contrast,

vasodilating b blockers may improve insulin action

(166). In a study of 45 hypertensive diabetic patients

who were treated with either carvedilol or atenolol,

carvedilol was associated with 20% increase in glucose

disposal (vs.10% decrease with atenolol), a 20% reduction

in serum triglyceride levels (vs. 12% elevation), and an 8%

increase in serum HDL cholesterol (vs. 12% decrease with

atenolol) (167). Further trials are needed to investigate the

potential benefits of vasodilator b blockers in diabetic

patients. On the other hand, results from large clinical

trials demonstrated the benefits of b-1 selective blockers

in diabetic population, particularly in those with coronary

heart disease. In the UKPDS study, atenolol was as effec-

tive as captopril in reducing microvascular and macrovas-

cular events (168).

4. Calcium Channel Blockers

Calcium channel blockers (CCBs) are generally classified

into two classes, dihydropyridines (DHP-CCBs) (e.g.,

nifedipine and newer agents like amlodipine) and nondi-

hydropyridines (NDHP-CCBs) (e.g., verapamil and diltia-

zem). Long-acting DHP-CCBs and NDHP-CCBs are safe,

effective, and have no adverse effects on serum lipids.

They can be added to ACE inhibitors and diuretics in dia-

betic patients to achieve the blood pressure target of 130/
80 mmHg (31). In ALLHAT study, amlodipine had com-

parable effects to chlorthalidone on coronary heart

disease, stroke, and all-cause mortality rate. Interestingly,

noncardiovascular mortality rate was significantly lower

and renal function was better preserved in amlodipine

group (148). The ALLHAT study underscores the value

of DHP-CCBs, as one of the antihypertensive drugs that

are useful in treating the patients with diabetes and hyper-

tension (31,148).

C. Other Pharmacological Interventions
to Treat Cardiovascular Disease
Risk Factors

In addition to lifestyle modifications and antihypertensive

medications, it is very important to address the other car-

diovascular disease risk factors, which are commonly

found in hypertensive diabetic population. For example,

the degree of hyperglycemia is associated epidemiologi-

cally with the incidence of microvascular and macrovascu-

lar disease. Controlling blood sugar significantly improves

microvascular complications, but effects on macrovascular

complications have not been proved (168). On the other

hand, statin therapy is highly beneficial for diabetic

patients (169,170). The beneficial effects of statins are

independent of their classical actions on lipoproteins

(171). These effects include reductions in inflammation

in the vasculature, kidney, and bone. Potential beneficial

effects of these agents also include enhancement of nitric

oxide production in vasculature and the kidney. These

agents may improve insulin sensitivity and reduce the
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likelihood of persons progressing from impaired glucose

tolerance to type 2 diabetes (171).

The low-density lipoprotein cholesterol (LDL-C) goal in

diabetic patient, as generally recognized, is ,100 mg/dL

(11) or lower. Further, a non-HDL cholesterol of

,130 mg/dL, in those with serum triglyceride levels

.200 mg/dL is increasingly recognized as an important

target goal, as well (11). Diabetes and hypertension associ-

ated with high risk for stroke. Using aspirin along with

hypertension and lipid treatment significantly reduces the

risk (172).

VI. CONCLUSIONS

Diabetes and the cardiometabolic syndrome are rapidly

growing public health problems, partly because of increas-

ing obesity and aging in our population. Hypertension is

common in diabetic patients and is usually a component

of the cardiometabolic syndrome. Treatment of hyperten-

sion in those patients is based on therapeutic strategies

that have been shown to reduce cardiovascular disease.

An effective approach should includes lipid lowering

therapy (LDL-C ,100 mg/dL), strict blood pressure

control (,130/80 mmHg), daily aspirin, and good glyce-

mic control along with adaptation of a healthy diet and

lifestyle. Smoking cessation in these patients is a very

important lifestyle modification for reducing renal and car-

diovascular disease risk. Treatment with antihypertensive

medications in patients with diabetes usually requires

multiple medications, which should include an agent

that modulate renin–angiotensin–aldosterone system.

These agents have been shown to reduce cardiovascular

disease, and renal disease as well as to improve insulin

resistance.
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KEYPOINTS

. Most hypertensive emergencies occur in the

patients with longstanding untreated or poorly con-

trolled hypertension.

. Hypertensive emergencies are defined as severe

uncontrolled hypertension causing ongoing or

imminent acute end-organ damage; Reduction of

blood pressure in a monitored setting is crucial to

patient outcome.

. Hypertensive urgencies are defined as severe

uncontrolled hypertension not associated with

ongoing or imminent acute organ dysfunction; in

these cases, effective oral therapy, brief obser-

vation, and appropriate follow-up medical care are

indicated.
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SUMMARY

Hypertensive emergencies usually start with an abrupt rise

in blood pressure to a level which significantly exceeds

the normal resting blood pressure of the patient. In normo-

tensive and hypertensive subjects blood flow in critical

organ beds is maintained across a wide range of blood press-

ures by autoregulatory mechanisms. Adaptation of these

mechanisms allows a constant blood flow to be maintained

even in the setting of chronic hypertension, albeit across a

new, higher range of pressures. However, in hypertensive

emergencies hyperperfusion overwhelms normal autoregu-

latory mechanisms and results in target organ damage.

Still, the pathophysiology of hypertensive emergencies is

poorly understood, but perhaps also involves damage to

the endothelium and generation of a prothrombotic state.

The term “hypertensive emergency” is used when

severe uncontrolled hypertension is a causative factor in

demonstrable ongoing or imminent acute end-organ

damage. This represents situations in which immediate

reductions of blood pressure in a monitored setting are

crucial to patient outcome. Rapid triage followed by

immediate attempts to reduce blood pressure to lower,

but not necessarily normal, values with appropriate parent-

eral antihypertensives are the critical, lifesaving steps in

the care of patients with hypertensive emergency. Multiple

effective parenteral agents are available to the clinician.

Certain agents, such as nitroprusside and fenoldopam,

are effective for multiple causes of hypertensive emergen-

cies. Others, such as hydralazine or phentolamine, have

limited utility. Matching the appropriate agent to the sus-

pected pathophysiology improves the therapeutic utility

when treating hypertensive emergencies.

The term “hypertensive urgency” is used in situations

in which severe uncontrolled hypertension is observed,

but is not associated with ongoing acute organ dysfunc-

tion. In these cases, a coordinated approach to manage-

ment using effective oral therapy, brief observation, and

ensuring appropriate follow-up medical care is a cost

effective and advisable approach to care.

I. INTRODUCTION

This chapter will discuss the pathogenesis, diagnosis, and

management involved in conditions of severe uncontrolled

high blood pressure, namely, hypertensive emergencies

and urgencies. Hypertension itself is among the most

common diseases in the developed countries, over 50

million patients diagnosed in North America alone (1). In

the vast majority of patients, hypertension is a chronic con-

dition; morbidity and mortality are typically not prominent

until after several years of disease. Similarly, the treatment

of chronic hypertension requires an extended period of

controlled blood pressure before improvement in outcomes

becomes significant or measurable. However, uncontrolled

severe hypertension can cause accelerated damage to

patients over a much shorter timeframe. This is seen most

commonly in two settings: in patients with longstanding

untreated or undertreated hypertension, which progresses

to severe levels, or in situations in which severe hyperten-

sion occurs rapidly, most often in association with another

condition. These crises may affect up to 500,000 Ameri-

cans each year and represent situations in which extreme

elevations in blood pressure can result in adverse outcomes

over a much shorter time period than that observed in

chronic hypertension (1). Because hypertensive emergen-

cies and urgencies differ in the acuity of the situation as

well as the optimal management, a clarification of termi-

nology is both instructive and clinically relevant. In some

sense, the two conditions represent points along a conti-

nuum of severity of blood pressure elevation which is

divided by the presence of acute end-organ damage.

II. DEFINITIONS

The hypertensive emergency represents a situation in

which severe uncontrolled high blood pressure is a causa-

tive factor in demonstrable ongoing end-organ damage

(2,3). This represents a process which, if left untreated,

results in morbidity and mortality over a time frame of

minutes to hours owing to end-organ dysfunction, most

commonly observed in the organ systems outlined in

Table 41.1. The hypertensive emergency requires urgent

attention and an immediate reduction of blood pressure,

if organ damage is to be avoided or minimized.

The hypertensive urgency is a less clearly defined con-

dition in which severe uncontrolled high blood pressure is

observed in a patient who may have evidence of previous

end-organ damage related to hypertension, but in whom

there exists no evidence of ongoing or imminent target-

organ dysfunction related to the current episode of hyper-

tension. Most often this occurs in patients with previously

diagnosed chronic hypertension (1). In this scenario, there

is considerably less benefit associated with an immediate

Table 41.1 End-Organ Damage Seen in Hypertensive

Emergencies (4)

Organ system Pathophysiology

Neurologic Hypertensive encephalopathy,

stroke/intracranial hemorrhage

Cardiac Acute myocardial infarction,

acute left ventricular failure

with pulmonary edema

Vascular Acute aortic dissection, other

vascular dissection, arteritis/
thrombosis

Endocrine/obstetrical Eclampsia

Renal Acute renal failure
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reduction in the level of blood pressure; rather, the blood

pressure can be treated over a period of time, from several

hours to 24 h. These patients are typically at low risk for

adverse outcomes related to the present hypertension and

can usually be managed outside of the hospital setting.

Hypertensive crises (urgencies and emergencies) rep-

resent a clear danger to patients, as well as a significant

burden on the health-care system. Although they affect

only�1% of all hypertensive patients, together these diag-

noses may account for up to 3–4.9% of all emergency

room visits and .27% of all patients presenting to the

emergency room with a medical emergency (1,4–7).

III. PATHOPHYSIOLOGY OF HYPERTENSIVE
EMERGENCIES

Hypertensive emergencies result when blood pressure is

present at a level which overwhelms compensatory

mechanisms present in the body, exposing target-organs

to the full force of the elevated blood pressure with resul-

tant vascular compromise, arteritis, or ischemia (5,8). The

etiology of the high blood pressure itself is not necessarily

unique; hypertension of any origin can progress in severity

and culminate in a hypertensive emergency or urgency.

However, there are specific conditions in which either

the rapidity of the development of hypertension or the

underlying pathophysiology lowers the threshold for the

development of hypertensive urgency or emergency.

Often, these are situations in which accelerated hyperten-

sion occurs in a previously normotensive patient, over-

comes the body’s ability to adapt to the rising blood

pressure, and overwhelms autoregulatory measures

designed to prevent end-organ damage. Situations com-

monly associated with the development of hypertensive

urgencies and emergencies are listed in Table 41.2.

A brief discussion of autoregulatory mechanisms may

allow a better understanding of the development of the

Table 41.2 Conditions Associated with the Development of Hypertensive Emergencies

System Underlying disorder

General

Hypertension Essential hypertension (accelerated)

Kidney

Renal disease Acute glomerulonephritis, tubulointerstitial nephritis, vasculitis

(including Takayasu’s arteritis and polyarteritis nodosa), hemolytic

uremic syndrome, thrombotic microangiopathy, renovascular

hypertension (atherosclerotic), renovascular disease (fibromuscular dysplasia),

advanced chronic kidney disease or end-stage renal disease with volume

overload, systemic lupus erythematous, systemic sclerosis

Cardiovascular

Aorta Acute dissection, coarctation of the aorta

Heart Congestive heart failure, ischemic cardiac disease

Obstetrical/gynecology

Pregnancy Preeclampsia/eclampsia

Endocrine

Catecholamine system Pheochromocytoma

Glucocorticoids Cushing’s syndrome

Renin–angiotensin–aldosterone axis Renin secreting tumor (rare) with subsequent hyperreninemic–hyperaldosteronism

Aldosterone secreting tumors (rare) with hyperaldosteronism

Neurologic systems

Autonomic hyperreactivity Guillain–Barré syndrome, acute intermittent porphyria

Central nervous system Acute head injury, stroke, brain tumor

Exogenous agents

Drugs Antihypertensive medication withdrawal (e.g., clonidine withdrawal),

sympathomimetics, cocaine use, phencyclidine use, ingestion of

tyramine-containing foods in a patient on a monamine-oxidase inhibitor,

cyclosporin (rare), oral contraceptive medication (rare), erythropoietin (rare)

Other

Situational Severe postoperative hypertension

Note: In select cases, the clinical presentation and recommendations for further evaluation are noted (2,7).
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hypertensive emergency, as well as the logic behind the

treatment goals. In all mammalian organisms, there

exists a multitude of factors which impact upon blood

pressure on a moment-to-moment basis and which threaten

to disrupt blood flow. To attenuate this possibility, autore-

gulatory mechanisms have developed and act to stabilize

the pressure/flow relationship within different organ

systems. The premier example of this is the autoregulation

of cerebral blood flow (9). The brain is an organ with a

high, fixed metabolic rate which requires a constant

stable blood flow for optimum function. Thus, the vascula-

ture supplying the brain must continuously adjust to devi-

ations in systemic blood flow in order to deliver this

required constant cerebral perfusion. In normotensive indi-

viduals, this is accomplished by variable regulation in the

tone of cerebral resistance vessels: during periods of rela-

tive systemic hypotension these resistance vessels dilate to

increase blood flow, whereas during period of relative

systemic hypertension these same vessels constrict to

decrease blood flow (10). In this manner, cerebral blood

flow is maintained across the spectrum of blood pressures

observed daily in a normal individual. The extremes

beyond which this mechanism fails are not exactly

known; however, it seems adequate for the 50–

150 mmHg range of blood pressures. Lower systemic

pressures result in a fall in cerebral blood flow, whereas

higher pressures exceed the ability of autoregulatory-

mediated dampening and can precipitate hypertensive

crises (11–13).

This situation is somewhat modified in the hypertensive

patient population. Exposure to chronically elevated blood

pressure seems to result in structural changes in resistance

vessels, resulting in an increased media–lumen ratio (14–

16). These changes may be compensatory mechanisms,

which reduce wall stress and otherwise allow the small

vessels to affect a higher net resistance, in keeping with

the higher systemic pressures over which autoregulation

must be effective in this population (14). Primate models

suggest this results in improved preservation of cerebral

blood flow at higher systemic pressures (17). Chronic hyper-

tension, by priming the body’s auto regulatory system to

function better at higher pressures, also tends to raise the

threshold for the development of a hypertensive emergency

(9,11,12,18). As a result, the chronically hypertensive

patient can tolerate higher blood pressures, upward of a

mean arterial pressure of 180 mmHg (19), before autoregu-

lation fails. The cost for this adaptation is that these morpho-

logically altered blood vessels are less able to dilate in

response to sudden drops in systemic pressure, and the

entire range over which cerebral blood flow can be main-

tained by autoregulation is shifted in this circumstance (14).

This can be represented graphically by plotting blood

pressure vs. blood flow relationships in normal patients

and in hypertensive patients as shown in Fig. 41.1.

Figure 41.1 Idealized autoregulation of cerebral blood flow and vascular bed resistance in normotensive and chronically hypertensive

patients. (A) Autoregulation in normotensive patients. The lower limit of autoregulation occurs at mean blood pressures ,70–80 mmHg

(12,18). (B) Autoregulation in chronic hypertensive patients. The lower limit of autoregulation occurs at mean blood pressures below

�115–120 mmHg in uncontrolled hypertensives, and below �100 mmHg in patients with improved hypertension control (12,18). Note

the shift rightward in mean arterial blood pressures over which autoregulation functions in the setting of chronic hypertension. As a

result, patients with chronic underlying hypertension are more resistant to developing hypertensive emergencies. However, by virtue of

this shift in autoregulation, these same patients are more susceptible to the adverse effect of cerebral hypoperfusion, as a result of rapid

reduction in blood pressure. Adapted from Strandgaard et al. (12), Strandgaard et al. (17), Strandgaard et al. (18), Gao et al. (20).
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In either case, an extreme deviation in blood pressure

above the upper limits of the autoregulatory process

results in a dramatic increase in blood flow which over-

whelms the ability of the vascular bed to constrict. This

surge of flow is transmitted directly to the vascular and

organ tissues and is thought to be the mechanical origin

of the damage seen in hypertensive encephalopathies

(8,11,21). It then follows that although there is no

minimal threshold with regard to the level of blood

pressure for the diagnosis of hypertensive emergency, it

is unusual for this condition to develop in any individual

patient without a severe increase in blood pressure above

the normal resting blood pressure for that patient.

Further, the maintenance of a hypertensive emergency pre-

sumably requires that the elevation in blood pressure be

maintained at a level which overwhelms the normal

autoregulatory mechanisms present in the patient.

The exact pathophysiology surrounding the failure of

autoregulatory mechanisms during a hypertensive emer-

gency is complex and poorly understood. One important

factor involves the vascular endothelium, which functions

as a mediator of normal blood pressure regulation in the

mammal (2). The endothelium is known to produce

factors which can constrict resistance vessels, and

data suggests removal of vascular endothelium impairs

vasoconstrictor-mediated autoregulation in animal

models (22,23). Intact endothelium is also able to secrete

substances such as nitric oxide, a potent vasodilator, in

response to mechanical stress or hormonal or paracrine

substances (2,24–26). This process is partially disrupted

in the microvasculature of hypertensive patients (26),

and animal data suggests that high arterial pressure itself

induces oxidative stress in the endothelium and elicits pro-

duction of reactive oxidative species which interfere with

nitric oxide-mediated vasodilation (27). Taken together,

these findings suggest that endothelial dysfunction may

play a central part in disorders of impaired autoregulation;

in some instances this dysfunction may permit hyperperfu-

sion in the setting of high blood pressure, whereas in other

cases this results in a deficiency of vasorelaxation as press-

ures are acutely reduced.

The precipitating event for the development of a hyper-

tensive emergency seems to be an abrupt rise in blood

pressure. This may be mediated by a number of factors

working in isolated or additive combinations including

release of catecholamines, vasopressin, or endothelin or

thromboxane. In addition, abundant data suggests that

over-activation of the renin–angiotensin–aldosterone

system alone or in conjunction with the earlier-mentioned

factors seems to be a key component in the initiation,

maintenance, and progression of hypertensive crises

(2,28). In cases of hypertensive emergency, the endo-

thelium is either abnormally activated or overwhelmed;

this leads to inadequate dampening of blood flow with

the resulting hyperperfusion of target organs. In addition

to the mechanical impact implied in the earlier construct,

there exists mounting evidence that as elevations in hyper-

tension approach more extreme values, endothelial

damage and a prothrombotic state ensue. The endothelium

itself becomes increasingly permeable with the develop-

ment of perivascular edema and endothelial cell dysfunc-

tion, with resultant exposure of the intima-media layers

of blood vessels to clotting factors (2,19). A recent study

found a stepwise increase in fibrinogen, soluble p-selectin,

and von Willebrand factor when measured in normal,

hypertensive, and severely hypertensive patients (29).

Some of these changes were favorably altered with antihy-

pertensive treatment. These alterations may help explain

why many of the major complications of hypertensive

emergencies center around microangiopathic hemolysis

and intravascular thrombotic events, rather than purely

hyperperfusion-mediated mechanical damage.

As these mechanisms of injury progress, there is com-

promise of blood flow and resultant target-organ hypo-

perfusion. This leads to release of cytokines and

proinflammatory agents and further activation of the

renin–angiotensin–aldosterone system. These effectively

promote vasoconstriction and fluid retention and lead to

further aggravation of the injury to the endothelium;

ultimately, the situation becomes cyclical as blood

pressure rises and target-organ damage worsens (2,19,28).

A. Initial Evaluation

Particular areas of the history, physical examination, and

laboratory work-up must be carefully addressed when

evaluating a patient for a hypertensive emergency. Pre-

sented here is a general approach to the evaluation of

any patient presenting with extreme elevations in blood

pressure; a more specific approach to select hypertensive

emergencies follows. However, it must be remembered

that patients presenting with hypertensive emergency are

in need of immediate therapy; therefore, the desire to com-

pletely explore all areas of the history and physical exam-

ination must often be delayed until after initial treatment

based upon a presumptive diagnosis has been initiated.

The prime duty of the clinician caring for any patient pre-

senting with severe hypertension is to perform a concise,

targeted assessment of those portions of the history, exam-

ination, and laboratory work-up sufficient to diagnose

target-organ damage and, if present, embark immediately

upon treatment of the hypertension.

B. The History

The vast majority of patients presenting to the emergency

room with a hypertensive emergency carry a known diag-

nosis of hypertension; it is therefore important in the
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patient presenting with severe hypertension to inquire about

this diagnosis and, if positive, the cause, duration, intensity,

and previous treatment efforts with regard to the hyper-

tension. If the patient is not known to have hypertension,

it is insightful to inquire as to the last time the patient was

known to have had a normal recorded blood pressure.

Background demographics of patients with malignant

hypertension is helpful in determining the etiology of the

underlying disorder. In white subjects, essential hyperten-

sion is the cause of malignant hypertension in only �30%

of cases, and secondary causes are almost always discov-

ered in white patients presenting with malignant hyperten-

sion under age 30. On the other hand, .80% of black

patients presenting with malignant hypertension have

underlying essential hypertension, and these patients

may present at a younger age (5).

A detailed history of drug therapy with a specific focus

on prescription drug medication, particularly antihyperten-

sive medications, is mandated. Many antihypertensives

can result in significant rebound hypertension when non-

compliance with the prescribed dosage and/or schedule

occurs. This possibility must be sought. Abrupt discon-

tinuation of clonidine is a common situation in which

extreme hypertension occurs as a result of drug withdra-

wal. A number of nonprescription or illicit drugs can

cause significant hypertension; this includes over-the-

counter sympathomimetics, cocaine, amphetamines, and

other illicit substances. Extreme hypertension can be

seen in withdrawal states of patients with a history of

heavy alcohol or benzodiazepines use. Finally, foodstuffs

and seemingly unrelated drugs may have interactions

with other conditions or medications which can result in

severe hypertension; example include the use of erythro-

poietin, interactions with monamine-oxidase inhibitors

and tyramine, haloperidol and other neuroleptics, and

others (2). These possibilities should be explored.

Female patients should have a detailed documentation

of obstetrical history, including information on previous

pregnancies and oral contraception usage. A history of pre-

vious hypertension during pregnancy is a known risk factor

for the development of hypertensive emergency (30).

Renal disease, whether renal vascular disease or par-

enchymal injury, accounts for the majority of secondary

causes of hypertension in all patient populations (5).

Patients with known chronic kidney disease and particu-

larly end-stage renal disease must be questioned regarding

their compliance with diet and medications, changes in

weight, and any change or alterations in dialysis therapy

if applicable.

The clinician must also determine the presence of

symptoms which may be related to the hypertension, par-

ticularly those which may represent ongoing organ

damage. Important are symptoms of neurologic compro-

mise such as seizures, confusion, or headaches, which

may represent hypertensive encephalopathy; chest pain

or pressure, which may represent acute myocardial infarc-

tion; severe neck, chest, or back pain, which may represent

carotid or aortic dissection; dyspnea, orthopnea, cough, or

hemoptysis, which may represent pulmonary edema from

congestive heart failure; hematuria or alteration in voiding

character or frequency, which may represent renal

compromise.

C. The Physical Examination

Key areas of the physical examination center around the

evaluation and stratification of the blood pressure, as

well as the identification of the end-organ effects seen in

hypertensive emergencies.

The vital signs should include a blood pressure taken by

the clinician in each arm, as previously outlined, in both

the sitting and the standing position to aid in assessing

intravascular volume status. Blood pressure should be

compared between the two arms, and any significant

differences should immediately raise suspicion for aortic

dissection or coarctation of the aorta. If possible, the pre-

senting blood pressure should be compared with pre-

viously recorded values in the patient to establish the

degree of change from baseline. The heart rate and

rhythm should be noted and extremes in either direction

must be incorporated into the decision on therapeutics,

as many antihypertensives will influence heart rate.

Physical examination should start with a neurologic

assessment to exclude signs of stroke, meningeal irritation,

and encephalopathy, and to gage the level of conscious-

ness. A fundoscopic examination with visualization and

grading of the fundi is crucial. This allows direct inspec-

tion of the effects of the blood pressure on a vascular

bed and is necessary to exclude papilledema, hemorrhage,

or exudates. Any of these, if new, are diagnostic of hyper-

tensive emergency. Cardiovascular exam should focus on

assessment of the intravascular volume status with esti-

mation of the jugular venous pressure and should seek to

determine any negative effect of the hypertension on

cardiac function as indicated by the presence of a third

or fourth heart sound, a cardiac murmur, or the presence

of pulmonary rales. A peripheral vascular examination

should be performed to assess intactness of the vasculature

and exclude the presence of bruits or discordant pulse

characteristics which may indicate vascular dissection.

Careful assessment of the abdominal area may disclose

the presence of a pulsatile mass consistent with an abdomi-

nal aortic aneurysm or the bruit of a renovascular lesion.

D. The Laboratory Investigation

The minimum laboratory investigation will include a com-

plete blood count and peripheral smear to exclude
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schistocytes, determination of the serum chemistries and

blood urea and creatinine, urinalysis with careful inspec-

tion of the urinary sediment, chest radiograph, and electro-

cardiogram. It is reasonable to include markers of cardiac

ischemia, including creatinine kinase and troponin, par-

ticularly if the history is suggestive or the electrocardio-

gram reveals any abnormalities. In addition, reproductive

age females should have pregnancy confirmed or excluded

by laboratory means during the initial evaluation.

E. Diagnostic Stratification

The aforementioned information will allow the clinician to

assess the end-organ impact of the elevated blood pressure

and allow a risk stratification of patients. Those patients in

whom signs or symptoms suggest progressive end-organ

damage should be classified as true hypertensive emergen-

cies. These patients may require further evaluation cen-

tered upon the organ system at risk and will require

immediate treatment in the hospital, preferably in the

intensive care unit, using parenteral agents. Specific rec-

ommendations depending upon the specific organ system

in jeopardy follows. Patients in whom there is no sign of

imminent organ damage should be considered to have

hypertensive urgency, and the treatment of this follows

in the subsequent section.

F. Secondary Causes of Hypertension

If the history, physical examination, or initial laboratory

testing is suggestive, investigations should be undertaken

to exclude underlying disorders which may be causing

the severe hypertension. Again, it must be emphasized

that the prime duty of the physician assessing a patient

with severe hypertension is to assess for target-organ

damage and to treat immediately, if detected. However,

once blood pressure has been appropriately treated, an

investigation into possible causes of the hypertension

may be helpful in guiding future therapy.

IV. PHARMACOLOGY OF THE TREATMENT
OF HYPERTENSIVE EMERGENCIES

It would be helpful to have a strong evidence base to

dictate to the treating clinician the exact reduction in

blood pressure, optimal agents, and precise time course

over which the reduction in pressure should occur, which

lead to optimal outcomes in hypertensive emergencies.

Unfortunately, as noted in a recent review of the literature,

there is no such evidence base upon which to build a stan-

dard algorithm to fulfill all these requirements (7). The

authors of this review suggest the guidelines of a reduction

in mean blood pressure of ,25% in 2 h and a goal of 160/

100 mmHg by 6 h of treatment, subject to modification

based upon clinical context and frequent ongoing assess-

ment of the patient’s course. We agree that these are

reasonable benchmarks to keep in mind when reviewing

the specific therapeutic agents and types of emergencies,

with a strong emphasis on the point that the clinician

should feel comfortable customizing the treatment

program to the individual patient’s circumstance.

A. Agents Used in the Treatment of
Hypertensive Emergency

Select preferred agents used for the acute treatment of

hypertensive emergencies are listed in Table 41.3. Hyper-

tensive emergencies require treatment in the hospital,

preferably within the intensive care unit, where adequate

nursing care and continuous blood pressure monitoring

are available. In these situations, the goals of treatment

include an immediate and sustained reduction in blood

pressure, not necessarily to normal values. Because most

patients presenting with hypertensive emergency either

have known previous hypertension or have unclear

history regarding hypertension, it is prudent in the acute

setting to attempt to immediately lower blood pressure

to a level below which target-organ damage occurs yet

within the potentially higher range at which autoregulatory

function can reasonably be expected to operate. These

requirements mandate the use of parenteral agents with a

short onset of action, as well as a short half-life, in order

that precise control of the timing and magnitude of antihy-

pertensive therapy remain in the hands of the treating

physician. However, other circumstances may dictate

the use of oral therapeutic agents even in emergencies;

these are covered in a subsequent portion of the text

(see Section E).

B. Specific Agents for Discussion

1. Sodium Nitroprusside

Nitroprusside is a lipophilic, hydrated nitrosyl-

pentacyanoferate which acts as a nonselective vasodilator.

It is metabolized by sulfhydryl groups found in blood

vessels and red cells into cyanogen as well as nitric

oxide. Its ultimate mechanism of action is identical to

that of endogenous nitric oxide; specifically it mediates

vascular relaxation through the generation of cyclic

GMP and intracellular calcium modulation (33). It

causes vasodilation of both arterial and venous vessels

and is effective in reducing hypertension of any etiology.

Nitroprusside has an immediate onset of action and is

rapidly titratable to desired effect.

Nitroprusside-induced vasodilation generally results in

a decrease in cardiac output as a result of decreased venous

return to the heart. However, it is effective in decreasing
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both pulmonary capillary wedge pressures and reducing

myocardial oxygen demands and can increase cardiac

output in patients with heart failure. These actions make

it an excellent choice for postoperative hypertension in

patients with impaired left ventricular function and in

patients with heart failure and pulmonary edema.

Its effects on patients with cardiac disease have been

compared principally against nitroglycerin. Nitroprusside

is an effective antihypertensive in these patients;

however, nitroglycerin may be preferable in situations in

which ongoing myocardial ischemia is suspected, as it

seems to improve electrocardiographic abnormalities and

cause a greater reduction in myocardial oxygen require-

ments than nitroprusside (34,35).

Specific to instances of neurologic hypertensive emer-

gency, there is some concern that nitroprusside decreases

cerebral perfusion and increases intracranial pressure,

and its use in patients at risk for cerebral perfusion impair-

ment requires attention to this possibility (36,37). Primate

models show that nitroprusside augments cerebral blood

flow in situations of experimental vasospasm, although it

does not appear to affect cerebral blood flow in healthy

animals (38,39). Implications of this discrepancy in the

treatment of human disease are unclear, although some

evidence suggests that the drug does relieve cerebral

vasospasm in subarachnoid hemorrhage.

The cyanogen metabolite of nitroprusside is ultimately

metabolized by rhodanese in the liver to thiocyanate, and

subsequently, thiocyanate is excreted by the kidneys.

Thiocyanate can accumulate in renal impairment and has

been implicated in causing symptoms such as fatigue,

hallucination, nausea, and psychosis. In addition, cyanide

toxicity itself, suggested by resistant metabolic acidosis

with venous hyperoxemia, can occur with high rates of

infusion or in situations in which metabolism of the drug

is impaired (19). These occurrences are relatively uncom-

mon; however, high dose nitroprusside (�10 mg/kg per

min) for .10 min or situations of prolonged therapy

(�48 h infusion) require extreme care. Thiocyanate tox-

icity can be prevented or treated with hydroxocobalamin

crystalline, whereas cyanide toxicity is improved with

the use of sodium thiosulfate.

2. Fenoldopam

Fenoldopam mesylate is a vasodilator that predominantly

acts as an agonist which binds selectively to the

dopamine-1 receptor site at therapeutic dosages and has

activity in coronary, renal, mesenteric, and peripheral

arteries. This results in a decrease in peripheral vascular

resistance and pulmonary capillary wedge pressure, with

an increase in heart rate but seemingly without significant

impact on cardiac index (40). It has been shown to be an

effective parenteral antihypertensive agent in patients

with severe hypertension, with a dose-dependent magni-

tude of blood pressure reduction observed with titration

and a time to maintenance infusion of 1.5 h, similar to

nitroprusside (41). Fenoldopam is metabolized by conju-

gation, with most metabolites excreted by the kidneys.

The mechanism of action of fenoldopam is similar to

that postulated for low dose dopamine, and experimental

studies on the regional effects of fenoldopam have demon-

strated that mesenteric and renal blood flow is increased

during infusion, apparently through dopamine-1 receptor-

mediated stimulation (42,43). This appears to have clinical

implications in the treatment of hypertensive emergencies,

and increases in urinary flow rates, natriuresis, and creati-

nine clearance have been observed in severely hyperten-

sive patients treated with fenoldopam when compared

with a similar group treated with nitroprusside (44). In

this study, the improvement in these surrogates for renal

flow occurred with equivalent hemodynamic impact

upon blood pressure and heart rate between the two

agents and without significant differences in side effects.

3. Hydralazine

Hydralazine has the principal effect of direct vasodilation

at arterioles, with almost no vasoactive effects on veins. It

undergoes extensive first pass metabolism by hepatic

acetylation into inactive metabolites; the metabolites are

excreted by the kidneys and renal failure results in

extended half-life.

It is an effective agent and is considered safe in preg-

nancy. Hydralazine has long been advocated as the agent

of choice in suspected preeclampsia, as it may better

preserve intrauterine blood flow during systemic blood

pressure reduction (45,46). However, a recent meta-

analysis did not find firm evidence to support the use of

hydralazine over other agents as first line therapy for the

treatment of severe hypertension in pregnancy (47).

The use of hydralazine is associated with significant

reflex tachycardia, making it unsuitable for situations

such as acute coronary syndromes or suspected aortic dis-

section, unless concomitant rate controlling agents are

used. In addition, the use of hydralazine is associated

with increases in intracranial pressure, making it unsuit-

able for patients with hypertensive encephalopathy,

stroke, or subarachnoid hemorrhage.

4. Nitroglycerin

Nitroglycerin is a nitric oxide donor with variable, dose-

dependent activity. At low doses (5–10 mg/min), nitro-

glycerin acts predominantly to dilate capacitance vessels,

whereas at higher doses some arterial vasodilation

occurs. Nitroglycerin has a rapid onset of action and

short half-life, allowing for rapid titration to the desired

effect. However, it is neither as potent nor as predictable
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an antihypertensive agent as nitroprusside. In addition, the

use of nitroglycerin is associated with tachyphylaxis and,

perhaps more importantly, significant tolerance to the anti-

hypertensive effects develops in patients over several

hours to days of therapy. Metabolism is hepatic with a sig-

nificant first pass effect, and metabolites are excreted by

the kidneys.

Nitroglycerin is indicated in patients with elevated

blood pressure in the setting of an acute coronary syn-

drome, as nitroglycerin has proven benefits in the treat-

ment of coronary ischemia through a preferential

vasodilation of coronary vessels and their collaterals. It

diminishes preload and decreases left ventricular volume

and wall tension, which reduces myocardial oxygen

demand. It is also useful in pulmonary hypertension and

in other hypertensive emergencies, particularly in combi-

nation with agents such as labetalol, which help to mitigate

tachycardia. Nitroglycerin has been used in pregnant

patients with hypertension as well.

Of some concern, nitroglycerin has been implicated in

increasing intracranial pressure which may increase the

transmural pressure on cerebral vasculature; as this can

negatively impact upon cerebral blood flow, it should be

used only with great caution in patients with neurologic

compromise related to hypertension (37).

5. Nicardipine

Nicardipine is a dihydropyridine calcium channel antagon-

ist available for intravenous delivery. Nicardipine has a

primary site of action on slow calcium channels, where

it inhibits calcium ion entry and produces relaxation of

vascular and myocardial smooth muscle cells. Metabolism

is hepatic, with a significant first pass effect, and metab-

olites are excreted by the kidneys.

Nicardipine has a rapid onset of action and is easily

titratable without requiring adjustment for weight. Its

mode of action may make it useful in vasospastic coronary

syndromes, although nitroglycerin is preferable in

ischemic coronary disease.

A potential drawback to nicardipine is that it has a

relatively long duration of action, and over-titration can

result in relative or absolute hypotension and bradycardia.

4-Aminopyridine is an antidote, but is not available in the

United States; persistent hypotension may be improved

with adrenergic agents, glucagon, or amrinone.

6. Diazoxide

Diazoxide is a benzothiadiazine derivative with a potent

direct effect upon the smooth muscle of arterioles which

causes smooth muscle relaxation and vasodilation.

This results in decreased peripheral resistance with a

reflex tachycardia and increased cardiac output. It is

also an inhibitor of insulin release from the pancreas.

Approximately 50% of the drug is excreted unchanged

by the kidneys.

Diazoxide is rarely used for hypertensive emergencies

today. It has numerous potential side effects including

tachycardia, significant hypotension, hyperglycemia, and

rarely, extrapyramidal effects. It can cause maternal and

fetal hyperglycemia and arrest of labor through relaxation

of uterine muscles, and so is best avoided in the pregnant

female. It is contraindicated in acute coronary syndromes

and aortic dissection, and its mode of delivery does not

allow for the flexibility of titration afforded by other

agents.

7. Enalaprilat

Enalaprilat, the active metabolite of the oral drug Enala-

pril, is a competitive inhibitor of converting enzyme

which is available for intravenous delivery. Enalaprilat

prevents the conversion of angiotensin I to the potent

vasopressor agent, angiotensin II.

The use of enalaprilat is particularly appropriate in

patients with congestive heart failure and hypertension,

in whom angiotensin converting enzyme (ACE) inhibitors

are a primary treatment.

Caution must be exercised when using enalaprilat

in patients with renal insufficiency, as renal blood flow

may be dependent upon an intact renin–angiotensin–

aldosterone system. Its use is contraindicated in the

cases of suspected renal artery stenosis, as ACE inhibition

can precipitate acute renal failure in these settings. In

addition, there is evidence for teratogenicity when ACE

inhibitors are administered to pregnant patients in the

second or third trimester; so care must be exercised

when enalaprilat is given to reproductive age females.

8. Labetalol

Labetalol is an antiadrenergic agent with predominant

nonselective b-receptor blocking activity, which also

exhibits a-1 receptor blocking ability. It is principally

metabolized by the liver via glucuronide conjugation.

Labetalol has a rapid onset of action and is usable both

as an injection and as a continuous infusion for the treat-

ment of hypertensive emergencies. It has significant nega-

tive inotropic and chronotropic effects and is an excellent

agent for decreasing heart rate and myocardial oxygen

consumption in the setting of acute coronary syndrome

or suspected aortic dissection. Its a blocking abilities

probably help preserve renal blood flow despite systemic

reductions in blood pressure by relaxing preglomerular

vessels.

Labetalol can cause or exacerbate bradycardia and is

contraindicated in heart block greater than first degree

(unless a concomitant electronic pacing device is in use).

It should be used only with great caution in compensated
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congestive heart failure and should be avoided in decom-

pensated failure. b-receptor blockade should be avoided

in patients with a history of bronchospasm. Although the

b-antagonist effects are more potent than the a-agonist

effects, the possibility of developing a relative unopposed

a-adrenergic stimulation demands extreme caution when

labetalol is considered for use in patients with adrenergic

crisis, pheochromocytoma, or severe hypertension in the

setting of cocaine use (48).

9. Esmolol

Esmolol is a selective competitive b-1 receptor antagonist

with almost no effect at the b-2 site. Esmolol is metab-

olized in the blood by serum esterases and is excreted in

the urine predominantly as metabolites.

Esmolol has a rapid onset of action and the shortest

half-life of the adrenergic blocking agents in use today.

These properties allow for rapid titration of infusions

and make it a good choice for hypertension, particularly

in patients in whom decreasing the heart rate is desirable

(myocardial ischemia or aortic dissection). Esmolol is

also useful in perioperative control of severe hypertension.

Similar to labetalol, esmolol is contraindicated in heart

block greater than first degree unless a pacing device is in

place. It should also be avoided in patients with decompen-

sated congestive heart failure or a history of bronchospasm.

10. Phentolamine

Phentolamine is a competitive a-1 receptor antagonist

with some positive inotrophic and chronotrophic effects

on the heart. It has a rapid onset of action and is available

for intravenous injection. It is metabolized by the liver and

metabolites are excreted through the urine.

Phentolamine has a particular role in the diagnosis and

management of patients suspected of having a catechol-

amine excess state driving their hypertension, such as

pheochromocytoma. In these settings, phentolamine pro-

duces acute and effective lowering of the blood pressure.

Phentolamine may also be useful in reversing myocardial

ischemia due to cocaine-induced coronary vasospasm

(48). It is otherwise somewhat difficult to titrate and,

because its use increases myocardial oxygen consumption,

it is not suitable in other acute coronary syndrome states.

It is worth remembering that in the event phentol-

amine causes persistent or severe hypotension, treatment

with agents possessing only a-adrenergic agonist action

(so as to avoid unopposed b-agonist effects) is appropriate.

C. Specific Hypertensive Emergencies

There are a select number of common situations in which

end-organ damage occurs as a result of hypertensive emer-

gencies. These situations are usually apparent after routine

history, physical examination, and laboratory work-up.

The common situations for each are presented here,

along with comments specific to the pathophysiology,

diagnosis, and management.

1. Neurologic Emergencies

A patient can be diagnosed with a neurologic hypertensive

emergency when any one of the following is present in the

setting of severe hypertension: papilledema, exudate or

hemorrhage on fundoscopic exam (otherwise unex-

plained), new focal neurologic finding, or diminished or

altered level of consciousness. In addition, patients who

present with severe hypertension and new or unexplained

neurologic symptoms such as headache, paresthesias,

weakness, new onset seizures, or sensory deficits should

undergo further work-up to exclude a neurologic hyper-

tensive emergency (Table 41.4).

Neurological hypertensive emergencies result in

hemorrhage, thrombotic or ischemic stroke, or pressure-

induced extravasation of fluid into the perivascular

tissue, and the development of hypertensive encephalopa-

thy. Distinguishing between these potential mechanisms of

injury is often difficult clinically, yet the distinction does

impact upon management. The best approach is to utilize

one of the imaging methods presented in Table 41.4.

Stroke or hemorrhage usually presents with a more acute

course, and often the clinical signs correlate with the

areas of injury identified by imaging. Hypertensive ence-

phalopathy typically follows a more subacute time

course; this may be a diagnosis of exclusion once the

other possibilities are ruled out by imaging studies.

There is some controversy as to the optimal manage-

ment of patients suffering from stroke in the setting of

hypertension. Stroke or subarachnoid hemorrhages may

result from hypertension, or hypertension may be a conse-

quence of the event itself (49). A stroke may result in the

creation of watershed areas of tissue which are not truly

ischemic and remain viable as long as perfusion is main-

tained. These areas may depend upon the higher perfusion

pressure conferred by systemic hypertension, and thus

acute reductions in blood pressure may result in extension

of the ischemic damage to these areas. In addition, one

study suggests no significant relationship between hyper-

tension at presentation and subsequent outcome in stroke

patients, and in fact found a spontaneous decrease in

blood pressure in the first 5 days following a stroke to be

a poor prognostic sign (49). These results seem to call

into question the utility of aggressive treatment of hyper-

tension in this setting. In a recent review, no evidence

was found to support the treatment of hypertension

per se in the setting of ischemic stroke (50). The same

authors suggest that antihypertensive therapy be reserved

for patients with compelling comorbid conditions (such
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as acute coronary syndrome, acute aortic dissection, or

hypertensive encephalopathy) and patients with severe

hypertension who require thrombolytic therapy, with a

consensus goal of gradual reduction in blood pressure

not to exceed a 20 mmHg reduction in mean arterial

pressure (8).

Hypertensive encephalopathy is typically treated with

sodium nitroprusside to reduce the systemic mean pressure

by �20–25% over 1–3 h or to a diastolic blood pressure

of 100 mmHg (whichever is less) (2,37). Other agents

which may be used include fenoldopam or labetalol.

Certain data suggests that agents which target the renin–

angiotensin system may improve cerebral blood flow auto-

regulation in hypertension, and this benefit should be

exploited in the setting of hypertensive encephalopathy

by treating with b-blockers or ACE inhibitors

(28,51,52). There is some concern regarding the use of

hydralazine or nitroglycerin in patients with neurologic

compromise related to hypertension, and so these agents

are best avoided. As noted previously, the goals of

treatment are to reduce blood pressure to a level just

below that at which autoregulatory mechanisms can be

re-established, and to do so without dropping the blood

pressure at too rapid a rate or below a level which would

compromise cerebral perfusion. This requires the use of

parenteral agents with short half-lives and the frequent

assessment of the patient’s neurologic status. Reductions

in blood pressure usually result in the improvement of

neurologic status; consideration for alternative diagnoses

and further work-up are required in patients who do not

improve despite appropriate treatment.

If treatment of elevated blood pressure in the setting of

stroke or subarachnoid hemorrhage is pursued, we rec-

ommend not .20% reduction over 1–3 h, while keeping

the diastolic blood pressure .100 mmHg. First line

agents in this scenario include fenoldopam, nicardipine,

or labetalol. Nitroprusside is also a useful agent in this

circumstance, although there is some concern that it can

increase intracranial pressure. Calcium channel anta-

gonists have benefit in the setting of subarachnoid hemor-

rhage; hydralazine and diazoxide should be avoided in

patients with stroke or hemorrhage (37).

2. Cardiovascular Emergencies

A patient should be diagnosed with, and immediately

treated for, a cardiovascular hypertensive emergency

when any one of the following is present in the setting

of severe hypertension: new onset chest pain, signs of

congestive failure, electrocardiograph or serum chemistry

evidence for myocardial ischemia, or evidence of acute

aortic dissection (Table 41.5).

Acute coronary syndrome includes patients presenting

with unstable angina or myocardial infarction. In this

setting, hypertension is often a result of adrenergic stimu-

lation. Hypertension increases myocardial oxygen

demands, a direct ongoing threat in a patient with compro-

mised coronary circulation. Effective management of

blood pressure will help alleviate this increase in myo-

cardial oxygen demand and should proceed with a goal

of 20–25% reduction over 1–3 h. Specific agents that

confer advantages in this situation are nitroglycerin,

which improves collateral circulation and labetalol,

which reduces heart rate and oxygen consumption. Nitro-

prusside and fenoldopam are also appropriate agents in

this setting. Blood pressure control is an important

adjuvant to the medical management of acute coronary

syndromes and is perhaps the most important step to estab-

lish prior to consideration of thrombolytic therapy.

Acute aortic dissection is an extremely dangerous con-

dition which presents almost invariably with severe chest

pain and hypertension. The presence of severe

Table 41.4 Further Work-up in Patients Presenting with Neurologic Symptoms in the Setting of Severe Hypertension

Test Results

Computerized axial tomography (CT)

or magnetic resonance imaging (MRI)

of central nervous system (CNS)

Useful in patients with an array of neurologic signs or symptoms.

Imaging of the CNS may reveal a new stroke or cerebral hemorrhage

which can be diagnostic of hypertensive emergency and impacts upon

treatment; CT is test of choice for evaluation of blood in the subarachnoid

space and is 95% positive (Forbes and Jackson, 1997); imaging may reveal

tissue edema or posterior leukoencephalopathy consistent with elevated

intracranial pressure which may be diagnostic of encephalopathy, a common

hypertensive emergency (2); imaging may be needed to exclude evidence of

raised intracranial pressure before attempting lumbar puncture

Lumbar puncture May be indicated in patients with neurologic symptoms, particularly headache,

neck pain, or altered consciousness, particularly, if imaging studies are not

diagnostic. Uniform blood in the cerebrospinal fluid (CSF) (in first 24 h) or

xanthochromia suggest subarachnoid hemorrhage Forbes and Jackson, 1997.

CSF is usually under increased pressure in hypertensive encephalopathy
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hypertension and tachycardia contributes to the pathophy-

siology by increasing intravascular pressure and shear

stress on the already dissecting vessel. This can result in

propagation of the dissection or overt rupture of the

vessel. Management requires emergent reductions in

blood pressure and heart rate, essentially to the lowest tol-

erable levels, in an effort to reduce the contributions these

make toward the aortic pulse wave (28). This typically

requires combination therapy using direct vasodilators in

concert with antiadrenergic agents, such as the combi-

nation of nitroprusside and labetalol. Once blood pressure

control is established, confirmatory studies should be

undertaken as proximal aortic dissections may require

urgent surgical management.

Congestive heart failure with severe hypertension often

results in pulmonary edema and reduction in effective

circulating volume. In this setting, agents which reduce

preload and left ventricular volume are indicated. The

most effective agents in this regard are nitroprusside and

fenoldopam, although nitroglycerin can also be effective.

In addition, appropriate and timely use of diuretics is

usually necessary in these cases.

3. Renal Emergencies

It is important to attempt to distinguish between chronic

abnormalities in estimated glomerular filtration rate

(GFR) or urinalysis and new findings in the patient present-

ing with severe hypertension, as chronic kidney disease is

commonly associated with hypertension. A patient should

be diagnosed with, and immediately treated for, a nephro-

logic hypertensive emergency when any one of the follow-

ing is present in the setting of severe hypertension: new or

acutely worsening azotemia or presence of dysmorphic red

cells or red cell casts in the urine (Table 41.6).

The general goal in treating hypertensive emergencies

with renal organ damage remains a reduction in blood

pressure of 20–25% over 1–3 h, although some authors

advocate a more stepwise reduction in mean pressure of

10–20% over the first 1–2 h followed by a further decrease

of 10–15% during the subsequent 6–12 h (8). Nitroprus-

side, labetalol, and nicardipine are all effective in this

setting; however, strong consideration should be given to

fenoldopam as the agent of choice, as it is both effective

in reducing blood pressure and has the additional advan-

tage of increasing mesenteric and renal blood flow (41).

A temporary reduction in GFR may accompany acute

treatment of severe hypertension of any cause, in spite of

a careful and appropriate approach to lowering the blood

pressure. This may culminate in a need for renal replace-

ment therapy. Fortunately, these occurrences are usually

reversible with continued appropriate treatment.

D. Other Select Emergencies

1. Adrenergic Crises

The typical background for hypertensive emergency due

to catecholamine excess states includes presence of

pheochromocytoma, dietary noncompliance in a patient

taking monamine-oxidase inhibitors, and cocaine or

amphetamine intoxication (8). In these settings, a careful

history and physical examination, and selection of

appropriate laboratory tests, can usually distinguish

between the three. This is a clinically relevant diagnosis

to make, as in all three cases care must be taken to

select antihypertensive treatments that will not result in

unopposed a-adrenergic stimulation which could worsen

hypertension. Phentolamine may be a useful agent in this

setting. b-Blockers are generally avoided; if they are

Table 41.5 Further Work-up in Patients Presenting with

Cardiovascular Symptoms in the Setting of Severe Hypertension

Test Results

Electrocardiogram Evaluate for Q/ST/T wave changes

consistent with myocardial infarction

or ischemia

Creatinine kinase/
troponin

If positive, these are markers of

myocardial cell injury

Chest radiograph Evaluate for cardiomegaly or pulmonary

edema suggestive of congestive

failure; evaluate mediastinal shadow

for evidence of widening

(aortic dissection)

CT or MRI of

chest

Useful to evaluate for aortic dissection

Angiography Useful to evaluate for coronary

thrombosis or aortic dissection

Table 41.6 Further Work-up in Patients Presenting with

Nephrologic Symptoms in the Setting of Severe Hypertension

Test Results

Urinalysis Screen for proteinuria, hematuria, or both;

if present, these are indicative of

renal injury

Urine sediment Evaluate for dysmorphic red blood cells,

red blood cell casts, or both; if present,

these are indicative of glomerular injury

BUN, creatinine These are useful as surrogate markers for

changes in GFR; an acute decline in

GFR may be seen in nephrologic

emergencies

Renal ultrasound Useful to determine the size and

echogenicity of the kidneys. Duplex

ultrasound is useful to evaluate for

renovascular disease
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required, they should be used only after appropriate a-

receptor blockade has occurred. Labetalol may be useful

as a parenteral agent with both a- and b-blocking

characteristics.

2. Pregnancy

Hypertensive emergencies occurring during pregnancy

constitute a particular problem for the clinician. Most

often these occur as part of the syndrome of preeclampsia,

defined as the onset of gestational hypertension (systolic

blood pressure of .140 mmHg or diastolic blood pressure

of .90 mmHg in a patient normotensive before 20

weeks), edema, and proteinuria or as part of the syndrome

of eclampsia which includes seizures secondary to hyper-

tensive encephalopathy (28). In addition, patients with

chronic hypertension may present with an escalation in

blood pressure during pregnancy, a condition distinct

from the aforementioned syndromes.

The treatment of hypertensive emergency in the preg-

nant patient requires particular attention to the use of

agents considered safe for both mother and fetus. Hydrala-

zine has traditionally been the drug of choice in this

setting, although there is little consensus evidence that it

is superior to alternative agents such as parenteral

labetalol, nicardipine, and fenoldopam (47). Enalaprilat,

other ACE-inhibitors or angiotensin receptor blockers,

nitroprusside, and oral or sublingual nifedipine are not

recommended in this setting.

Eclampsia can be effectively treated with magnesium

sulfate, which is considered preferable to antiepileptic

mediations in preventing seizures (53). Of note, the risk

of seizures remains high in the early postpartum period

and treatment should continue in this period. Concomitant

use of magnesium sulfate and calcium channel blockers

increases the risk of significant hypotension and requires

particular caution (54). In situations of preeclampsia and

eclampsia, the syndromes should rapidly resolve following

delivery of the fetus.

E. The Hypertensive Urgencies

The hypertensive urgency is a situation in which severe

elevations in blood pressure are not accompanied by

ongoing or impending end-organ dysfunction. This is a

diagnosis of exclusion with important treatment ramifica-

tions. The difference between hypertensive emergencies

and urgencies is clear: hypertensive emergencies are dis-

tinguished by progressive target-organ damage and the

requirement of a need for immediate treatment in a hospi-

tal setting. As urgencies have neither of these character-

istics, the need to distinguish between a hypertensive

urgency and simply hypertension (newly diagnosed or

chronic) is less clear. There is little evidence to suggest

that patients presenting with hypertensive urgency are at

immediate risk for a target-organ event. In fact, it has

been demonstrated that patients presenting with severe

but uncomplicated hypertension derive no benefit in

terms of sustained control of blood pressure when given

rapid loading doses of antihypertensive medications

when compared with similar patients treated with a

single dose of medication and discharged (55). The term

“hypertensive urgency” is therefore of questionable

value; it may promote an emphasis on the need to

acutely lower the presenting blood pressure, which is of

uncertain value in this setting, rather than emphasizing

the need for appropriate follow-up and long-term treat-

ment of the hypertension.

In light of the lack of evidence favoring acute

reductions in blood pressure in patients presenting with

uncomplicated hypertension, we suggest that patients

with a hypertensive urgency do not require immediate

lowering of the blood pressure and do not require parent-

eral agents for the same. Instead, these patients should

be managed with an appropriate regimen of oral medi-

cations. This process should start in a supervised setting,

such as in the outpatient clinic or within the emergency

room; however, the willing and capable patient can then

be transitioned to home care with appropriate scheduled

follow-up within 48–72 h.

Oral agents which have been studied in the acute setting

to treat hypertensive urgencies are presented in Table 41.7.

Although these agents are effective in reducing blood

pressure within a timely fashion, they are all not necess-

arily ideal drugs for long-term treatment and do have

associated side effects (7). In light of the earlier discussion,

many have wondered whether there is any advantage

in using these specific drugs over simply starting a

more traditional maintenance antihypertensive regimen

(56,57). In addition, it is unlikely that severe hypertension

will be adequately treated with a single agent; consider-

ation for starting two agents (perhaps with the second a

diuretic) should be given. These decisions should be

made on a case by case basis. Regardless of the starting

regimen, caution should be exercised to avoid overly

aggressive initial reductions in blood pressure. A goal of

pressure in the range of 160/100 mmHg is an appropriate

target. Care should also be taken to place the patient in a

quiet room, free of distractions, to avoid anxiety-driven

increases in the blood pressure which could be mistaken

for resistance to therapy.

It should be kept in mind that patients presenting with

uncomplicated hypertension will ultimately require super-

vised care for the rest of their lives. Multiple studies have

documented that attempts to treat such patients without

attention to prompt follow-up result in unacceptably high

failure rates. Therefore, the best use of time spent treating

such patients is in devising arrangements for continuity of
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care, rather than the search for an “optimal” primary treat-

ment agent.

F. Other Agents

Urapidil is a peripheral a-1 blocker with central 5-

hydroxytriptamene1a receptor antagonist activity, which

has been widely studied and seems effective in the treat-

ment of hypertensive urgencies and emergencies. Most

studies have used intravenous doses of 12.5–25 mg,

repeating, if needed. This agent has been shown to be

safe and efficacious and perhaps particularly useful in

the setting of intracranial pathology; however, it is not

yet approved in the United States (58–60).

V. PITFALLS, DANGERS AND SIDE EFFECTS

Unquestionably, the major risk involved with patients with

a hypertensive emergency involves either the failure to

recognize the condition or the failure to ensure appropriate

and immediate treatment of the blood pressure.

Beyond this, it is worth repeating that the hypertensive

emergency represents a process in which normal autoregu-

latory mechanisms have failed, and that this usually occurs

in the context of chronic underlying hypertension which

may have altered the range over which autoregulation

occurs. Extreme high blood pressure in this setting

should be viewed more as a process than as a measure-

ment, with the goal of treatment to reduce blood pressure

to a level at which target-organ damage is minimized,

but also to prevent a drop in blood pressure below which

autoregulation cannot function in the individual under

treatment. The use of potent modern antihypertensive

drugs can usually achieve a rapid and dramatic reduction

in the level of the blood pressure; however, ongoing

clinical assessment is mandatory to confirm resolution of

target-organ damage as well as to exclude the development

of new signs or symptoms of hypoperfusion possibly

related to treatment itself. This requires intensive super-

vision by nursing staff as well as physicians, best guided

by invasive arterial blood pressure monitoring. Just as a

hypertensive emergency is not defined by a level of

blood pressure, successful management of a hypertensive

emergency occurs only after a patient has been transitioned

from parenteral medications to a stable oral medicine

regimen which maintains blood pressure at a level below

which target-organ damage occurs and above which symp-

toms related to hypotension or hypoperfusion develop.

VI. CONCLUSIONS AND OUTLOOK

Coincident with the development of improved antihyper-

tensive agents and increasing awareness of the importance

of controlling high blood pressure, there has been remark-

able progress in the prevention and the treatment of hyper-

tensive emergencies. Current estimates of the prevalence

of hypertensive emergencies among patients with hyper-

tension are at 1%, a great improvement over previous

reported rates of 7% (61,62). Similarly, prior to the

modern era of antihypertensives, patients who presented

with hypertension and grade IV retinopathy had exceed-

ingly high short-term mortality rates (63). More recent

analysis now shows these same patients, treated appropri-

ately, have survival rates nearly equivalent to those seen in

patients with uncomplicated hypertension (64). In this

respect, modern medicine has made considerable progress

in treating this formerly terminal condition.

However, there exists pause for concern. Studies have

suggested that in the modern era of medicine, 93% of

patients admitted to the hospital with severe hypertension

were previously diagnosed with hypertension (2,65).

Indeed, the most common history obtained in patients

presenting with a hypertensive emergency is that of a

patient diagnosed with chronic hypertension who has

been noncompliant with treatment or who has been

undertreated (8). Similarly, a previous trial identified the

absence of access to a primary care provider as the

single most important risk factor present in patient

seen at an inner-city emergency room for severe hyper-

tension (66). Conversely, persistence in the treatment of

hypertensive patients and adherence to an antihypertensive

regimen have been conclusively demonstrated to signi-

ficantly reduce progression to levels of severe hyper-

tension (8,67).

In spite of the tremendous improvements witnessed in

the treatment of hypertensive emergencies, they still rep-

resent potentially lethal complications of high blood

pressure. The earlier-mentioned data suggests that those

at highest risk for the development of this complication

are easily identified with noninvasive screening tests.

Further, hypertension remains an eminently treatable con-

dition and those patients who are continuously and persist-

ently treated are at much less risk to develop a hypertensive

emergency, whereas those in whom treatment failure

occurs represent the group at highest risk. It stands to

reason then that further efforts to make improvements in

this arena should focus upon early diagnosis, aggressive

treatment, and meticulous follow-up to prevent the pro-

gression of hypertension and the resulting presentation

with a hypertensive emergency or urgency. Fortunately,

the data suggest this is an achievable goal for virtually all

communities and populations. In fact, this may require no

more, and no less, than a renewed focus on the initial

identification, aggressive treatment to goal blood pressures,

and routine follow-up of the uncomplicated hypertensive

patient in the ambulatory setting by either the primary

care doctor or the hypertension specialist.
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KEYPOINTS

. Hypertension is a common medical complication of

pregnancy with morbid consequences to mother

and fetus and may be not only due to essential or

secondary hypertension, but also due to two preg-

nancy-specific conditions, preeclampsia and gesta-

tional hypertension.

. While hypertension is defined as BP . 140 systolic

or 90 diastolic, these values are based on ausculta-

tion, as oscillometric measurements are often incor-

rect. There is disagreement regarding appropriate

treatment targets for BP during pregnancy.

. The clinical diagnosis of preeclampsia or “superim-

posed preeclampsia” is often uncertain, especially

in parous women or those with underlying hyper-

tension or renal disease; one should err towards

overdiagnosis and careful clinical evaluation.

. Gestational vasodilation often obviates the need for

antihypertensive drugs early in pregnancy. ACE

inhibitors and ARBs are contraindicated in the

latter half of pregnancy.

. Magnesium prevents and treats eclamptic convul-

sions. It remains unclear whether specific groups

of preeclamptic women benefit from this therapy

and how long it should be administered.
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SUMMARY

Evaluation and treatment of hypertension in pregnancy is

more the subject of consensus statements, meta-analyses,

and often-thoughtful reviews than it is of well-designed

and adequately-powered clinical studies or treatment

trials. Care of these women depends on some understand-

ing of the normal hemodynamic adaptations to pregnancy,

on the differing pathophysiology of specific hypertensive

disorders in pregnancy, and on pregnancy-specific con-

cerns in blood pressure measurement. Choice of antihyper-

tensive agents and blood pressure targets remain as

important subjects for research, though guidelines are

available. Importantly, blood pressure control in hyperten-

sive gravidas should be but part of a multidisciplinary

attempt to assure maternal well-being and optimize preg-

nancy outcome. This chapter attempts to provide the clin-

ician with practical guidance regarding the evaluation and

management of these high-risk pregnant women, with

reference to the latest research and clinical information.

I. INTRODUCTION

Hypertension complicates 10–15% of all pregnancies, is

the second leading cause of maternal death and increases

risk of other morbid outcomes to mother and fetus, includ-

ing those of preterm birth, intrauterine growth restriction

(IUGR), placental abruption, and perinatal mortality.

Hypertension in pregnancy may be due to underlying

chronic essential or secondary hypertension, to gestational

hypertension, or to preeclampsia; the latter two disorders

are unique to human pregnancy. Importantly, each of

these causes of hypertension may have distinct hemody-

namics, molecular mechanisms, risks to mother and

fetus, and long-term sequelae. The cardiovascular adap-

tations which attend normal pregnancy make it surpris-

ingly difficult to diagnose underlying hypertension in

many women and it is often difficult to distinguish pree-

clampsia from the other disorders, particularly from gesta-

tional hypertension. There are no data to guide treatment

goals or blood pressure targets in hypertensive gravidas.

Defining blood pressure targets is even more difficult as

most automated oscillometric blood pressure devices

give erroneous results in hypertensive pregnant women.

In most women without target organ damage, there

appears to be no benefit of tight blood pressure control,

but, since cerebrovascular catastrophe may occur in

women with blood pressure of 170 systolic or 110 dias-

tolic, efforts focus on avoiding these high levels and on

early recognition of preeclampsia, which may evolve

rapidly and unpredictably towards multisystem failure

and life-threatening complications. Antihypertensive

therapy is limited by contraindications to the use of

angiotensin-converting enzyme (ACE) inhibitors and

AT1 receptor blockers late in pregnancy, by concerns

regarding fetal safety of other agents, and by a paucity

of well-designed and adequately powered studies, all of

which have not limited a profusion of meta-analyses and

consensus treatment guidelines.

II. BLOOD PRESSURE MEASUREMENT
AND DEFINITION OF HYPERTENSION

Hypertension in pregnancy is defined as a blood pressure

.140 systolic or .90 diastolic, occurring at any time

during pregnancy (1). In the past, many had also used a

case definition of an increase in blood pressure of .30

systolic or .15 diastolic over values noted prior to con-

ception or early in the first trimester. Although outcomes

data have not supported the latter definition, women with

increasing blood pressure should be considered high risk

and demanding of close antenatal monitoring.

Blood pressure measurement during pregnancy is best

performed in the sitting position, with the arm supported,

using an appropriately sized cuff, a mercury sphygmomano-

meter, and defining diastolic blood pressure as the fifth

Korotkoff sound (2). In some women, blood pressure

may be increased late in pregnancy because of mass

effect of the gravid uterus when supine. This has led to

an unfortunate folklore favoring blood pressure measure-

ment in the left lateral decubitus position; when blood

pressure is recorded from the right arm (inadvertently

elevated relative to the heart), it is then artifactually low

and falsely reassuring. In contrast, it is not unreasonable

to record blood pressure from the left arm with a patient

in the left lateral decubitus position when it is impractical

for her to sit. Most of the oscillometric devices now used

routinely for blood pressure measurement in hospital

clinics and even in labor and delivery units have not

been validated in hypertensive pregnant women; nearly

all provide erroneous calculations of diastolic blood

pressure, so all automated readings should be confirmed

by auscultation when they might impact on the need for

urgent antihypertensive therapy.

Despite the difficulties that attend use of automated

oscillometric devices, there seems to be great utility in

home blood pressure monitoring by women at high risk

for preeclampsia or with more severe underlying hyperten-

sion (3). This is based not on their accuracy, but rather on

their ability to detect significant changes in systolic

pressure, leading to early evaluation of preeclampsia or

to more careful titration of antihypertensive medications.

An evolving literature suggests some promise in the use

of ambulatory blood pressure monitoring for risk assess-

ment in pregnancy, though confirmatory and outcomes

data remain lacking (4).
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III. RISKS OF HYPERTENSION IN
PREGNANCY AND GUIDELINES FOR
EVALUATION AND MANAGEMENT

There have been many reviews describing the increased

risk of morbid outcomes in hypertensive pregnancy,

including superimposed preeclampsia, preterm birth,

IUGR, placental abruption, perinatal death, and acceler-

ated hypertension threatening the mother, which result

from hypertension in pregnancy (5–7). Recognition of

these risks has led to recent consensus guidelines for the

evaluation and management of hypertensive gravidas by

groups in the United States, Canada, and Australia

(2,8,9). Unfortunately, antihypertensive treatment fails to

prevent any of these outcomes, save for the occurrence

of more severe hypertension later in pregnancy. This

may, however, be of considerable importance because

adverse perinatal outcomes seem closely related to sever-

ity of maternal hypertension and because severe hyperten-

sion may be a major cause of both hospitalization and early

delivery.

Even without clear outcomes data, it is well estab-

lished that blood pressures as low as 170/110 mmHg

can lead to cerebrovascular hemorrhage during preg-

nancy, making treatment of such pressures a medical

emergency. At the opposite extreme, it has been

suggested that tight blood pressure control may impair

fetal growth (10). The Australasian Society for the

Study of Hypertension in Pregnancy suggests maintaining

blood pressures ,140/90 mmHg (8). Similarly, the

Canadian Hypertension Society suggests tight control

only for some groups of women (9). In contrast, the

NHBPEP Working Group on Hypertension in Pregnancy

suggests (re)instituting drug therapy at pressures of 150–

160/100–110, targeting lower pressures in selected

patients with end organ damage or underlying renal

disease (2). A recent survey of Canadian practitioners

highlighted the lack of consensus regarding blood

pressure targets in hypertensive pregnant women (11)

and serves as justification for adequately powered pro-

spective trials, which would be more informative than

our current collection of consensus guidelines.

A. Hemodynamic Adaptation to Pregnancy

An understanding of hypertension in pregnancy depends

on appreciation of the striking hemodynamic and renal

adaptations that characterize normotensive pregnancy, is

reviewed briefly in subsequent sections. Pregnancy is

characterized by systemic vasodilation so striking that,

despite an increase in cardiac output (CO) of nearly

50%, blood pressure falls early in the first trimester

(12,13). Paradoxically, this gestational hypotension is

even more striking in women with chronic hypertension,

so that blood pressure may fall by 30/15 mmHg,

masking the recognition of underlying hypertension

when the patient is examined at her first prenatal visit

(14). In this respect, careful history, review of records, fun-

duscopic exam, and evidence of target organ damage may

be the only good clues to chronic hypertension and blood

pressure of 120/80 should lead to suspicion of underlying

hypertension. The mechanisms of gestational vasodilation

remain uncertain, but appear not to depend upon either

vasodilator prostaglandins or nitric oxide (NO).

Pregnancy leads to striking changes in the renin–

angiotensin–aldosterone system (15). Levels of angioten-

sinogen, plasma renin activity, angiotensin II, Ang 1–7,

and aldosterone are all increased markedly in normal preg-

nancy. However, there is a specific refractoriness to the

vascular AT1 receptor-mediated effects of angiotensin,

leading to impaired constriction of isolated human resist-

ance arteries and to a decreased pressor response to

infused angiotensin II.

In addition to generalized systemic vasodilation, preg-

nancy leads to specific renal vasodilation with balanced

afferent and efferent arteriolar vasodilation and parallel

increments of renal plasma flow and glomerular filtration

rate (GFR) (13). As in the case of underlying essential

hypertension, these normal changes may obscure under-

lying renal insufficiency (chronic kidney disease); a

serum creatinine �0.8 mg/dL early in pregnancy should

be viewed with suspicion. Careful animal experimentation

has suggested a mechanistic cascade leading to renal vaso-

dilation in rat pregnancy. The ovarian hormone relaxin

appears to act via gelatinase to cleave big endothelin

(ET), leading to ETB receptor-mediated activation of NO

synthase (16). Whether similar mechanisms occur in

women is yet to be determined.

IV. CLASSIFICATION AND DIAGNOSIS OF
HYPERTENSION IN PREGNANCY

In accord with the recommendations of the International

Society for the Study of Hypertension in Pregnancy

(ISSHP), along with several national and international

obstetrics groups, and the National High Blood Pressure

Education Program (NHBPEP) Working Group, we cur-

rently recognize four diagnostic categories for hyperten-

sive disorders of pregnancy (1,2). Chronic hypertension

(antedating pregnancy) may be either essential or second-

ary. Two hypertensive disorders occur only in pregnancy:

gestational hypertension and preeclampsia. Finally, pree-

clampsia may be superimposed upon underlying chronic

hypertension. Older terms such as pregnancy-induced

hypertension usually include a mix of disorders, with

differing pathophysiology and risks; both the literature

and our patients are ill-served by their continued use.
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A. Chronic Hypertension

With an epidemic of obesity, insulin-resistance, and early

onset of essential hypertension, this appears to be the most

rapidly growing cause of hypertension in pregnancy. Most

chronic hypertension is essential in nature, though young

women may certainly suffer from secondary forms of

hypertension. Three of these are worthy of specific

mention: pheochromocytoma, renovascular hypertension,

and primary hyperaldosteronism (14). Although extraordi-

narily rare, physicians should have a low threshold for

suspecting pheochromocytoma when hypertension is

associated with classic symptoms and signs, as it may

lead to hypertensive crisis during labor. Suspicion of pheo-

chromocytoma should lead to a-adrenoreceptor blockade

and confirmatory measurements of catecholamines and

their metabolites; there are several case reports of life-

saving surgical management with proper pharmacologic

blockade during pregnancy. Renovascular hypertension, as

may most commonly result from fibromuscular dysplasia

in women of childbearing age, carries such a high risk of

superimposed preeclampsia and poor outcome that it

also should be corrected prior to or even during pregnancy

if diagnosed. Unfortunately, diagnosis is difficult because

usual measurements of circulating elements of the

renin–angiotensin system are of no diagnostic utility

during pregnancy, doppler ultrasound measurements are

often misleading, and radionuclide renal scans are

avoided in pregnancy. There are, however, case reports

of diagnosis by magnetic resonance angiography and of

correction by angioplasty during pregnancy with good

outcome. Finally, hypertension due to hyperaldosteronism

may have a variable and often surprisingly benign course

during pregnancy. This is because progesterone may act

in part as an aldosterone receptor antagonist (15,17). In

these cases, both hypertension and hypokalemia may be

unmasked following delivery.

Importantly, the lack of routine medical care for appar-

ently healthy young women conspires with the normal

hemodynamic changes of early pregnancy to make it diffi-

cult to diagnose underlying chronic hypertension, which

may then only be recognized later in pregnancy and mis-

taken either for gestational hypertension or for

preeclampsia.

B. Gestational Hypertension

Gestational hypertension is hypertension occurring

de novo, usually during the latter half of pregnancy in

the absence of proteinuria and other signs or symptoms

suggestive of preeclampsia and resolving postpartum.

Although it may result in severe hypertension-requiring

treatment, its course is usually more benign than that of

preeclampsia. It may recur in subsequent pregnancies

and often predicts essential hypertension and increased

cardiovascular risk later in life.

C. Preeclampsia

Preeclampsia is a multisystem disorder characterized by

de novo hypertension, usually during the latter half of

pregnancy, though cases have been reported as early as

16 weeks, associated with proteinuria (.300 mg/day)

and resolving postpartum. It occurs in �6% of (usually

primigravid) pregnancies. Risk factors, listed in

Table 42.1, include a family history of preeclampsia,

multifetal gestation, diabetes mellitus, renal or collagen

vascular diseases, and obesity with insulin resistance. In

addition, a variety of unrelated genetic abnormalities

seem to increase the risk of preeclampsia in some popu-

lations, including mutations of angiotensinogen or NO

synthase genes. Although clinically evident target organ

damage characterizes more severe disease, subtle symp-

toms or laboratory evidence of target organ damage is

common, including hyperuricemia and sometimes throm-

bocytopenia or abnormalities of liver function or coagu-

lation tests. As preeclampsia can have a variable course

and explosive clinical evolution (18), with real risks of

maternal morbidity and mortality, one should err

towards diagnosing preeclampsia, even in the absence of

proteinuria (which can occur later in the evolution of the

disorder), when hypertension is accompanied by abdomi-

nal pain, neurologic symptoms including headache or

blurred vision, or any evidence of thrombocytopenia or

liver function or coagulation abnormalities (2). Pree-

clampsia can evolve rapidly to a convulsive and life-

threatening phase, termed eclampsia. An especially

threatening variant of preeclampsia is the HELLP (Hemo-

lysis, Elevated Liver enzymes, Low Platelets) syndrome,

which may seem mild in its initial presentation, then

evolve over hours to microangiopathic hemolysis, severe

thrombocytopenia, and hepatic necrosis with rupture.

Table 42.1 Risk Factors for Preeclampsia

Primigravida

First pregnancy with this partner

Family history of preeclampsia

Multifetal pregnancy

Preeclampsia in prior pregnancy

IUGR, placental abruption, or fetal demise in prior pregnancy

Obesity

Renal disease of any cause or severity (including microhematuria

or microproteinuria without specific etiologic diagnosis)

Diabetes mellitus

Chronic hypertension

Connective tissue disease

674 Management and Treatment in General and in Special Populations



It would seem easy to distinguish preeclampsia from

gestational hypertension by the detection of proteinuria

and, perhaps by hemodynamic assessment; unfortunately,

this is often not the case. Obstetricians in the United States

typically screen for proteinuria using urine dipsticks, con-

firming positive (1þ) results by 24 h urine collection. The

sensitivity of urine dipsticks and their prediction of 24 h

urine protein are poor (19), due in large part to variations

in urine concentration, which might be overcome by

efforts to standardize screening techniques on the basis

of measurement of albumin:creatinine ratios (20). More-

over, although proteinuria may occur in synchrony with

hypertension, it may be delayed, by many weeks in

some cases (21). This important observation explains

why the diagnosis of preeclampsia can only now be

made with any certainty in retrospect and also may

explain the common misconception that gestational hyper-

tension may “evolve into preeclampsia”. It is hoped that

markers such as soluble fomesin-like tyrosine kinase-1

(sFLT-1) or AT1 receptor autoantibodies (see in the

following section) or convenient noninvasive hemody-

namic measurements may, in the future, allow for more

certain differential diagnosis during pregnancy.

D. Superimposed Preeclampsia

Although “pure” preeclampsia occurs in �6% of (usually

primigravid) pregnancies, it can be superimposed on up to

20–40% of underlying cases of chronic hypertension, or

other predisposing medical diseases including (even

minor) renal disease of any cause, such as early diabetic

nephropathy or microscopic hematuria (22,23), or col-

lagen vascular disease. Superimposed preeclampsia is

apt to be more severe, with greater risks to mother and

fetus than preeclampsia absent an underlying medical

predisposition; as well, it is more apt to recur in sub-

sequent pregnancies. Superimposed preeclampsia, along

with progression to more severe hypertension, represent

the two major risks of chronic hypertension in pregnancy.

It is often difficult to decide when an already-hypertensive

or already-proteinuric woman’s course has worsened due

to the onset of superimposed preeclampsia. Indeed, in a

careful study which used renal biopsies to verify diagnosis,

a nephrologist and obstetrician correctly diagnosed pree-

clampsia and distinguished it from competing disorders

in only 58% of cases (24). Underlying proteinuria can be

expected to worsen during pregnancy, often to nephrotic

levels, in any woman with underlying glomerular

disease. Because of these diagnostic uncertainties, we

advocate a strategy of close monitoring, repeatedly

re-establishing baseline data in order to detect interval

changes in blood pressure, proteinuria, symptoms, or

blood test results, which might suggest superimposed

preeclampsia.

V. PATHOPHYSIOLOGY OF PREECLAMPSIA
AND ECLAMPSIA

Elegant invasive hemodynamic studies of untreated pree-

clamptic women demonstrate that hypertension in this dis-

order is due to systemic vasoconstriction, associated with

decreased CO and left ventricular filling pressures (25).

Interestingly, early in pregnancy, CO is increased more

in women who subsequently develop either gestational

hypertension or preeclampsia than in women who progress

to uneventful normotensive pregnancies, although not so

reliably as to provide a premorbid diagnosis of these

disorders. Hemodynamics diverge when hypertension

becomes manifest, with further increments of CO [and

low systemic vascular resistance (SVR)] in women with

gestational hypertension and a “switch” to high SVR and

low CO in women with preeclampsia (26). Preeclampsia

is characterized not only by vasoconstrictor hypertension

but also by widespread endothelial dysfunction and by

evidence of increased oxidative stress.

Preeclampsia decreases GFR more so than ERPF,

consistent with selective afferent arteriolar renal vasocon-

striction, and usually decreases renal uric acid clearance,

elevating serum levels above the norms for pregnancy

(2.8–3.2 mg/dL) (13). Proteinuria is nonselective, with

increased excretion of albumin and nonalbumin proteins.

Preeclampsia is the major cause of nephrotic range protei-

nuria during pregnancy. The occurrence of edema (which

is common even in normal pregnancy) is quite variable in

preeclampsia; indeed, many women who present with

eclamptic seizures may be free of edema.

There has been persisting controversy regarding the

mechanisms which lead to CNS complications in pree-

clampsia and which may result in eclamptic seizures.

Some have viewed these complications as a form of hyper-

tensive encephalopathy, whereas others have suggested

that brain injury is due to ischemia resulting from local

vasoconstriction. The latter view seems best supported

by the classic autopsy series of Sheehan and Lynch (27)

noting hemorrhage and petechiae, likely the result of

focal ischemia. In contrast, several recent studies have

used noninvasive Doppler techniques to suggest a role

for increased cerebral perfusion pressure in most, but not

all, cases (28). If confirmed, this may have significant

implications for the choice of antihypertensive agents in

preeclamptic women, as labetalol and magnesium (but

not vasodilators) appear to decrease elevated cerebral

perfusion pressure in hypertensive gravidas (29).

As preeclampsia may occur in molar pregnancy (i.e.,

without a fetus), tends to resolve following delivery of

the placenta, and seems uniformly associated with

typical defects in placentation, much attention has been

focused on a pathophysiologic role of the placenta. It is

currently held that early abnormalities in trophoblastic
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invasion and remodeling of spiral arteries may fail to

decrease placental resistance appropriately, leading to

focal ischemia in the placenta and elaboration of factors

which may act on the maternal vasculature to result in

preeclampsia. A large literature seems to support this con-

struct by demonstrating that experimental uteroplacental

hypoperfusion leads to hypertension in pregnant labora-

tory animals (30). Indeed, in preeclamptic women, the

placenta elaborates sFLT-1, a soluble receptor for (and

functional antagonist of) the growth factors VEGF and

PlGF (16,31). Decreased availability of these growth

factors may increase blood pressure and almost certainly

leads to proteinuria and to the renal biopsy lesion of “glo-

merular endotheliosis”, which is typical of preeclampsia.

Sympathetic outflow is increased in women with pree-

clampsia, perhaps contributing to hypertension (32). More

recently, several studies have demonstrated changes in

angiotensin receptor expression and activity (33) or the

occurrence of autoantibodies which activate AT1 recep-

tors in women with preeclampsia (16,34). These autoanti-

bodies, which clear following delivery, may underlie not

only vasoconstriction and hypertension, but also oxidative

stress (via AT1 receptor activation of superoxide synthesis

by NAD(P)H oxidase) and endothelial dysfunction. Unfor-

tunately, even though the effect of these autoantibodies is

inhibited in vitro by angiotensin receptor blockers (ARBs),

their use, along with use of ACE inhibitors, is contraindi-

cated in late pregnancy because of fetal toxicity.

VI. STRATEGIES TO PREVENT
PREECLAMPSIA

Several meta-analyses of antihypertensive use in pregnant

women with chronic hypertension suggest that blood

pressure control per se fails to prevent preeclampsia

(35,36). Likewise, neither salt restriction nor prophylactic

diuretics prevent preeclampsia; earlier claims to the con-

trary were wrong, due to misdiagnosis of gravidas with

misdiagnosis of gravidas with nonproteinuric hypertension

(37). Despite observations of hypocalciuria in preeclamp-

tic women, several large studies of calcium supplemen-

tation failed to demonstrate any significant prevention of

proteinuric hypertension (38). There remains the possi-

bility of some benefit to women with extremely low

dietary calcium, the subject of a recently completed trial

in developing countries.

Among many studies of circulating vasoconstrictor

factors in women with preeclampsia, several suggested an

imbalance in arachidonic acid metabolism, favoring vaso-

constrictor thromboxanes over prostacylcin and leading

to many studies of low dose (60–100 mg/day) aspirin.

Unfortunately, extraordinarily promising results of many

early small studies have not been confirmed in subsequent

well-designed large trials including more than 25,000

women and demonstrating only trivial effects on maternal

or fetal outcome or on the occurrence of preeclampsia

(39,40). Additional studies of women at high risk for recur-

rent or superimposed preeclampsia (as described in the fol-

lowing sections) also failed to demonstrate meaningful

prevention of proteinuric hypertension. Although meta-

analyses of trials including more than 36,000 women

have suggested some benefit (RR 0.81 [0.75–0.88]) of

aspirin prophylaxis, it is striking that this conclusion is

not supported by any of the larger well-designed trials

included within the meta-analysis and has failed to identify

any aspirin-sensitive subgroups of women at risk (41). For

example, in women at moderate risk for preeclampsia,

aspirin was without significant effect in any of the eight

trials with more than 400 women/study arm. Similarly, a

single negative study accounted for 2503 of the 4222

women included in the meta-analysis of 19 aspirin trials

in women at high risk for preeclampsia. It remains possible

that increased dose or altered dosing schedule might reveal

benefits of antiplatelet therapy, though further large studies

seem unlikely (42).

More recently, on the basis of the increased oxidative

stress which characterizes preeclampsia and could

account for its vascular abnormalities, a small study of

vitamins C and E supplementation in women at high risk

for preeclampsia appeared to decrease proteinuria (and

thus the diagnosis of preeclampsia) but not hypertension

(43). Of concern, the incidence of low birthweight

seemed to increase in the treatment group. On the basis

of these early results, two large and hopefully definitive,

trials are currently underway (44).

VII. EVALUATION AND MANAGEMENT OF
HYPERTENSION IN PREGNANCY

Evaluation of women with chronic hypertension or with a

history of hypertension in a previous pregnancy should

ideally begin prior to conception. Evaluation should

focus on the possibility of secondary hypertension, on

assessment of renal function and hypertensive target

organ damage, on detection of underlying diabetes or

renal disease, and on family history of pregnancy compli-

cations. Proteinuria, per se, appears to increase pregnancy

risk in hypertensive women. In addition, the obstetric

history should focus on both maternal and neonatal

outcome, including premature birth, IUGR leading to

small-for-gestational-age infants, placental abruption,

fetal demise, neonatal morbidity and mortality, and the

severity and timing of superimposed preeclampsia.

Early in pregnancy it is reasonable to discontinue all

antihypertensive drugs in women whose hypertension

was reasonably well controlled using two or fewer

676 Management and Treatment in General and in Special Populations



agents. Owing to gestational vasodilation, most of these

women will require no antihypertensives, at least until

later in pregnancy, and will avoid any concerns regarding

antihypertensive safety during the first trimester. Women

should have a baseline laboratory evaluation, including uri-

nalysis and urine culture, 24 h urine for evaluation of

creatinine clearance, protein and albumin excretion, com-

prehensive chemistry panel including measurement of

transaminases, uric acid and electrolytes, and CBC with

platelets. Most would repeat these studies each trimester

in order to establish a new baseline to aid in the recognition

of superimposed preeclampsia. Women will then be seen

every 2–3 weeks for measurement of blood pressure,

urine protein, and for fetal assessment as indicated.

Higher risk chronic hypertensive women include those

with advanced maternal age, longstanding hypertension or

any evidence of target organ damage, diabetes mellitus,

renal disease of any cause or severity, any connective

tissue disease, cardiomyopathy, vascular malformation, pre-

vious history of fetal or perinatal loss, or worsened hyperten-

sion early in pregnancy. These women require closer

observation, collaborative care with appropriate subspecia-

lists, and probably tighter blood pressure control to avoid

progressive target organ damage during the course of preg-

nancy. Worsened hypertension or suspicion of superimposed

preeclampsia will commonly lead to inpatient evaluation in

order to assure maternal and fetal well-being, titrate antihy-

pertensive therapy, and to decide whether pregnancy may be

prolonged safely with close monitoring.

VIII. ANTIHYPERTENSIVE THERAPY
REMOTE FROM DELIVERY

With some small differences, the American, Canadian, and

Australia–New Zealand consensus statements recognize

methyldopa as a preferred antihypertensive with the great-

est experience in pregnancy (2,8,9). It is well tolerated by

pregnant women, does not alter uteroplacental or fetal

hemodynamics, and has the best long-term follow-up of

childhood development following exposure in utero,

albeit in an underpowered study (45). Methyldopa-

induced hepatitis is a rare adverse effect; Coombs positive

hemolytic anemia is rare with short-term treatment, though

many women will be unable to tolerate its common

adverse effects of drowsiness or dry mouth. Of note, a

recent meta-analysis along with a large retrospective

single-center report suggested that other antihypertensive

drugs might be superior to methyldopa in limiting perina-

tal morbidity and mortality (36,46). Adequately powered

prospective comparative trials are entirely lacking and

should be required before we would be comfortable aban-

doning the long clinical experience and consensus support

for use of methyldopa.

b-blockers are near to methyldopa in their wide use in

pregnancy, have been assessed in several randomized

trials, and are the subject of a Cochrane meta-analysis

(35). Early preclinical and clinical observations raised

concerns of impaired uteroplacental perfusion, fetal

growth restriction, and harmful cardiovascular effects on

the fetus. However, most prospective studies, focusing

on b-blocker use in the third trimester, have shown effec-

tive blood pressure control, prevention of more severe

hypertension, and an absence of significant adverse

effects on the fetus. In contrast, early use of atenolol in

one trial led to striking fetal growth restriction, a con-

clusion supported by several reviews, retrospective

series, and meta-analyses (47–49). More recently, a

large nonrandomized single-center series noted improved

perinatal outcome with b-blockers (primarily atenolol)

compared with other agents (primarily nifedipine or

methyldopa) (46). Finally, there was a suggestion in one

recent meta-analysis of several small trials that b-blockers

might decrease (and calcium channel blockers increase)

the incidence of proteinuria or superimposed pre-

eclampsia; this preliminary observation should provoke

further study rather than a change in practice (36).

Although many older studies focused on agents such as

atenolol, the NHBPEP Working Group advocates labetalol

(a combined a- and b-blocker) as an alternative to meth-

lydopa, and the Australasian group advocates use of

b-blockers with intrinsic sympathomimetic activity, such

as oxprenolol (not available in the USA) or pindolol (8).

Calcium channel blockers, principally extended-release

nifedipine, are widely used, apparently safe and effective

in pregnancy (2). Although data are limited, nifedipine is

widely viewed as an acceptable alternative to methyldopa

or b-blockers for chronic use during pregnancy.

Hydralazine is the most commonly used second-line

agent (following combinations of those discussed pre-

viously); it is used in combination with either a b-blocker

or methyldopa to limit reflex tachycardia. There seems

little basis for use of a-adrenergic blockers other than in

the setting of suspected pheochromocytoma. Diuretic use

during pregnancy is quite controversial. Diuretics will

limit normal gestational volume expansion, can decrease

amniotic fluid volume, and lead to electrolyte abnormalities.

However, they do not seem to impair fetal outcome, may be

continued if they were crucial to blood pressure control prior

to conception, and may be combined with other agents,

especially in patients with renal insufficiency, heart

disease, or when clinical volume overload is a problem.

Diuretics are not used when preeclampsia is suspected, as

its hemodynamics are characterized by decreased CO and

primary systemic vasoconstriction (12,25).

Increased circulating elements of the renin–angiotensin

system during pregnancy and evidence for AT1 receptor

activation in preeclampsia might seem to support use of
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ACE inhibitors or AT1 receptor blockers in hypertensive

gravidas. Indeed, these drugs are now widely used for

“renal protection” in young women of childbearing age

with underlying diabetic nephropathy or proteinuric renal

disease. Unfortunately, they are contraindicated during the

latter half of pregnancy, because of a specific fetopathy

(including renal dysgenesis and calvarial hypoplasia) and

the risk of (fatal) neonatal acute renal failure (50). These

drugs are often discontinued when pregnancy is planned

but, as they are not teratogenic and all adverse outcomes

appear because of fetal exposure in the second or third

trimester (51), reliable patients who are followed closely

can continue these drugs through conception, discontinuing

them in the first trimester if pregnancy is detected early.

Table 42.2 summarizes those agents most commonly used

for chronic blood pressure control in pregnancy.

IX. ANTIHYPERTENSIVE THERAPY OF
MORE SEVERE HYPERTENSION

Table 42.3 lists the antihypertensives most commonly

used for urgent control of severe hypertension late in preg-

nancy. Hydralazine is used either in small (5–10 mg)

repeated doses or as a continuous infusion, because

larger doses or frequent dosing may lead to precipitous

maternal hypotension and fetal distress. Parenteral labeta-

lol, by continuous intravenous infusion or in repeated

boluses, has replaced hydralazine at many centers and

appears to have similar safety and efficacy, though com-

parative studies are few and it may result in less effective

blood pressure control (52,53). Despite its lack of approval

by the US Food and Drug Administration for the treatment

of hypertension, the NHBPEP Working Group, along with

many workers, advocated oral (or sublingual) nifedipine as

an acceptable alternative to hydralazine or labetalol for

urgent blood pressure control during pregnancy (2). Its

efficacy and safety appear similar to the other agents,

whereas diazoxide and ketanserin seem inferior (52).

Although most studies have suggested little difference in

outcome among patients treated with these three agents,

a recent meta-analysis has suggested that hydralazine

may be inferior to labetalol or calcium channel blockers

because it more often leads to excessive hypotension,

fetal distress, oliguria or renal dysfunction, maternal side

effects, placental abruption, and caesarian delivery,

clearly suggesting the need for further studies (53).

Sodium nitroprusside remains a relatively contraindicated

agent of last resort, usually reserved for urgent blood

pressure control in the minutes leading up to delivery

(54). Finally, although there have been reports of ACE

inhibitor use as “salvage therapy” during pregnancy (55),

Table 42.2 Oral Antihypertensives Used Commonly in Pregnancy

Drug (FDA riska,b) Dose Concerns or comments

Most commonly used first-line agents

Methyldopa (B) 0.5–3.0 g/day in

2–3 divided doses

Preferred agent of the NHBPEP working group; maternal

side effects sometimes limit use.

Labetalol (C) or other

b-receptor antagonists

200–2400 mg/day in

2–3 divided doses

Labetalol is preferred by NHBPEP working group as

alternative to methlydopa. Atenolol most commonly used in

Canada and b-blockers with intrinsic sympathomimetic

activity are preferred by some in Australia. May cause fetal

growth restriction when started early.

Nifedipine (C) 30–120 mg/day of a

slow-release preparation

Less experience with other calcium entry blockers.

Adjunctive agents

Hydralazine (C) 50–300 mg/day in

2–4 divided doses

Few controlled trials, long experience; used only in

combination with sympatholytic agent (e.g., methyldopa

or a b-blocker) to prevent reflex tachycardia.

Thiazide diuretics (C) Depends on specific agent Most studies in normotensive gravidas.

Contraindicated

ACE inhibitors and AT1

receptor antagonists (D)

Leads to fetal loss in animals; human use associated with

fetopathy, oligohydramnios, growth retardation, and

neonatal anuric renal failure, which may be fatal.

aNo antihypertensive has been proven safe for use during the first trimester (i.e., FDA Category A).
bUS Food and Drug Administration classifies risk for most agents as C: “Either studies in animals have revealed adverse effects on the fetus (teratogenic or

embryocidal effects or other) and there are no controlled studies in women, or studies in women and animals are not available. Drugs should only be given if

the potential benefit justifies the potential risk to the fetus”. This nearly useless classification unfortunately still applies to most drugs used during

pregnancy.
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there seems to be no justification for use of these agents or

of ARBs during the second or third trimester.

X. CLINICAL AND ADJUNCTIVE
MANAGEMENT OF PREECLAMPSIA

Suspicion of preeclampsia should lead to hospitalization

and inpatient evaluation. Near to term (.34 weeks), if

fetal maturity can be assured, delivery is the definitive

treatment of choice for preeclampsia. Earlier in pregnancy,

it may seem desirable to temporize, attempting to control

blood pressure, administer glucocorticoids to hasten fetal

lung maturation, and monitor laboratory and clinical

status closely so as to prolong pregnancy. The obstetric

literature on such temporizing strategies often appears

confusing and contradictory, but seems to agree that

such approaches may result in days to weeks of additional

fetal maturation; however, they are best reserved to

tertiary centers and, regardless of gestational age, any of

the ominous signs or symptoms noted in Table 42.4

should lead to delivery. As noted earlier, accelerated

hypertension should be treated at systolic levels of .160

or diastolic levels of .105, to avoid the intracerebral

bleeds which can occur at pressures of �170/110. We

advocate treatment at these somewhat lower pressures

because of increased blood pressure lability and uncer-

tainty in blood pressure measurement in women with

preeclampsia. Central nervous system signs or symptoms

(including even headache or blurred vision) should

provoke treatment at even lower pressures.

Parenteral magnesium sulfate has long been favored by

North American clinicians for prevention or treatment of

eclamptic seizures. It has been proven more effective

than either phenytoin or diazepam in preventing recurrent

seizures in women with eclampsia (56,57). More recently,

a placebo-controlled, double-blind study demonstrated the

efficacy of 24 h of magnesium therapy for primary preven-

tion of eclamptic seizures in women with preeclampsia

(58). This study of over 10,000 women was without sig-

nificant short-term adverse effects to mother or baby,

and was conducted without monitoring of serum mag-

nesium levels. Interestingly, there was a strong trend

towards decreased maternal death, apparently unrelated

to the effect on convulsions. It remains unclear,

however, which women with preeclampsia should be

offered magnesium and for how long. In most centers,

treatment usually entails a loading dose of 4–6 g MgSO4

(infused .10 min, never as a bolus), followed by continu-

ous infusion of 1–2 g/h to achieve plasma levels of 5–

9 mg/dL. Magnesium is then usually continued until the

patient stabilizes or for 24 h following delivery. Lower

doses should be used without continuous infusion,

guided by serum levels, in women with any degree of

renal insufficiency, as magnesium is excreted renally.

Finally, a vial of calcium gluconate should always be

kept at the patient’s bedside to treat magnesium toxicity,

should it occur.

Overall, our clinical approach to evaluation, manage-

ment, and treatment of pregnant women with underlying

hypertension is in accord with recommendations made

by the NHBPEP Working Group (2). Our key objectives,

to be carried out in close coordination with experienced

Table 42.3 Antihypertensives Used Commonly for Urgent Blood Pressure Control

Drug (FDA riska) Dose and route Concerns or commentsb

Hydralazine (C) 5 mg, iv or im, then 5–10 mg every 20–40 min;

or constant infusion of 0.5–10 mg/h

Preferred by NHBPEP working group. Higher doses

or more frequent administration often precipitate

maternal or fetal distress, which appear more

common than with other agents.

Labetalol (C) 20 mg iv, then 20–80 mg every 20–30 min, up to

maximum of 300 mg; or constant infusion of

1–2 mg/min

Probably less risk of tachycardia and arrhythmia than

with other vasodilators, likely less blood pressure

control than hydralazine.

Nifedipine (C) 5–10 mg po, repeat in 30 min if needed, then

10–20 mg every 2–6 h

Parenteral calcium channel blockers seem reasonable

alternatives, but less data.

aUS Food and Drug Administration Class C, as noted in footnote to Table 42.2.
bAdverse effects for all agents, except as noted, may include headache flushing, nausea, and tachycardia (primarily because of precipitous hypotension and

reflex sympathetic activation).

Table 42.4 Ominous Signs and Symptoms in Preeclampsia

Suggesting Prompt Delivery

Inability to control blood pressure (systolic ,160 mmHg or

diastolic ,105 mmHg)

Any evidence of acute renal failure or progressive oliguria

Falling platelets or thrombocytopenia ,105/mm3

Any evidence of microangiopathic hemolysis or coagulopathy

Upper abdominal (epigastric or right upper quadrant) pain

Headache, visual disturbance, or any CNS signs

Retinal hemorrhage or papilledema

Acute congestive heart failure or pulmonary edema
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high-risk obstetric colleagues, are to achieve blood

pressure control adequate to assure maternal safety, to

carefully and serially monitor maternal blood pressure,

well-being, and laboratory data in order to facilitate

early recognition of superimposed preeclampsia, and to

proceed to expeditious delivery (+magnesium prophy-

laxis) in the face of preeclampsia or accelerated hyperten-

sion when it presents a threat to maternal safety.

XI. POSTPARTUM ANTIHYPERTENSIVE
THERAPY IN NURSING MOTHERS

Although the pharmacokinetic principles which govern

drug distribution to milk and delivery to the infant are

well understood (59), there are few well-designed studies

assessing neonatal effects of maternally administered anti-

hypertensive drugs delivered via breast milk, though this

literature was the subject of a comprehensive and thought-

ful recent review (60). Factors which favor drug passage

into milk are a small maternal volume of distribution,

low plasma protein binding, high lipid solubility, and

lack of charge at physiologic pH. Even when drugs are

ingested by nursing infants, effective infant exposure

depends on the volume of milk ingested, intervals

between drug administration and nursing, oral bioavail-

ability (in the infant), and the capacity of the infant to

clear the drug.

Neonatal exposure to methyldopa appears low and it is

considered safe. Similarly, calcium channel blockers,

while transferred into milk, appear safe to nursing

infants. Exposure to either labetalol or propranolol like-

wise seems low, while atenolol and metoprolol are con-

centrated in breast milk. Diuretics may decrease milk

production significantly, though studies are limited.

Because of concerns regarding effects of ACE inhibitors

and AT1 receptor antagonists on neonatal renal function,

these drugs are usually avoided, especially in very prema-

ture infants; however, milk concentrations of captopril are

undetectable, suggesting use of this agent when an ACE

inhibitor is required (61).

XII. CONCLUSIONS

Medical treatment of hypertension in pregnancy or of

preeclampsia may seem to have changed little over the

past three decades. While basic and translational research

on these disorders have made tremendous leaps forward,

this has not yet resulted in answers to simple questions

regarding choice of antihypertensive agents or treatment

targets, strategies for clinical monitoring, or early diagno-

sis of preeclampsia. In the meantime, careful attention to

appropriate blood pressure measurement, understanding

of expected hemodynamic changes during pregnancy,

vigilance for subtle signs and symptoms of target organ

damage, collaborative management with obstetric col-

leagues, and familiarity with drugs commonly used

during pregnancy will all aid us in optimizing care and

improving pregnancy outcome.
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KEYPOINTS

. Hypertension occurs in 1 to 3% of children.

. Secondary causes of hypertension can be identified

more frequently in younger children.

. Children with hypertension should receive treat-

ment to lower blood pressure.

SUMMARY

Essential or primary hypertension can occur in childhood.

Because of the rising rates of childhood obesity, the

expression of essential hypertension in childhood will

increase. Despite this trend, the possibility of secondary

hypertension should be considered in a child with

documented hypertension. Children with suspected sec-

ondary hypertension may require a more extensive when

evaluation when compared with children and adolescents

expressing characteristics of essential hypertension.

I. INTRODUCTION

The literature on hypertension has generally regarded

hypertension in children and adolescents as a “special popu-

lation” problem. Certain aspects of childhood hypertension

are unique with the young. Compared with hypertension in

adults, childhood hypertension is defined differently and

occurs less frequently. Secondary causes of hypertension

are detected more frequently in children than in adults,

often requiring a different approach in the evaluation of

the hypertension. But childhood hypertension also has

some striking similarities to hypertension in adults. Severe

untreated hypertension in children has as poor an outcome

as it does in adults (1). Children with essential hypertension

683



can express the same risk factors as adults for cardiovascu-

lar disease, and children with hypertension can benefit from

interventions to control blood pressure.

Hypertension may occur at any phase of childhood,

from the newborn period through adolescence. An import-

ant aspect of blood pressure surveillance in the young is to

determine when elevated blood pressure in a child is a

symptom of an underlying disease, that is, secondary

hypertension, or an early expression of primary (essential)

hypertension.

II. DEFINITION OF HYPERTENSION
IN CHILDHOOD

The definition of hypertension in children and adolescents

is based on the upper portion of the normal blood pressure

distribution for children. The definition of hypertension in

adults is based on the level of blood pressure that is linked

with an increase in risk for cardiovascular events.

Although the risk for cardiovascular events increases as

blood pressure rises .120 mmHg (2), hypertension con-

tinues to be defined as blood pressure that exceeds 140/
90 mmHg, regardless of adult age or gender. However,

in children, with the exception of extreme hypertension

noted earlier, there is not yet data that definitively links

a level of blood pressure with subsequent cardiovascular

events. In the absence of such data, childhood hyperten-

sion is defined statistically. The results of several large epi-

demiologic studies that measured blood pressure in

healthy children and adolescents (3–9) provide data on

blood pressure pattern and distribution. There is a pro-

gressive increase in blood pressure level with increasing

age throughout childhood concurrent with the normal

age-related increase in height and weight. Thus, there is

a consistent relationship of blood pressure to body size

in childhood, with a normal upward shift in blood pressure

with growth. A gender difference in blood pressure distri-

bution emerges in adolescence that is consistent with a

gender difference in height.

The current definition of hypertension in children and

adolescents is systolic or diastolic blood pressure that is

equal to or greater than the 95th percentile for age,

gender, and height (5). This definition delineates the top

segment of the normal blood pressure distribution at

each phase of childhood. prehypertension is systolic blood

pressure or diastolic blood pressure that is between the

90th and 95th percentile for age, gender, and height.

Normal blood pressure is systolic and diastolic blood

pressure that is less than the 90th percentile for age,

gender, and height. Table 43.1 provides the level of

blood pressure for the 95th and 90th percentile for age,

gender, and height percentile for boys, and Table 43.2 pro-

vides the same percentile levels for girls (5).

Although it is limited, there is some data on the normal

range of blood pressure in newborns and very young

infants (6,7,10). When blood pressure is measured at

birth and then daily in healthy newborns, there is a rapid

and consistent increase in blood pressure from day of

birth through the first 5 days of life (11). This upward

shift in blood pressure, over the first few days following

birth, reflects the normal hemodynamic transition from

intrauterine to extrauterine life. Similar observations

were made in a larger study on newborn infants that

included a broad range of birth weight and gestational

age (12). There is a direct relationship of blood pressure

with both birth weight and gestational age at birth. Regard-

less of birth weight or gestational age at birth, there is a

transition, reflected by a progressive increase in blood

pressure that occurs during the first 5 days of postnatal

life. Subsequently, blood pressure is directly related to

body weight and age in terms of gestation or postconcep-

tion age. The upper 95th percentile confidence limit for

systolic blood pressure in a term infant (40 weeks postcon-

ception) is 90 mmHg. Blood pressure levels that exceed

90 mmHg are considered to be hypertensive in a term

infant; by 4–6 weeks of age (44–46 weeks postconcep-

tion), a systolic blood pressure that exceeds 100 mmHg

is hypertension.

III. MEASUREMENT OF BLOOD PRESSURE
IN THE YOUNG

Measurement of blood pressure in children and adoles-

cents should be performed in a standardized manner that

is similar to the methods that were used in the development

of the blood pressure tables. In an outpatient office or

clinic setting, the preferred method for blood pressure

measurement in children aged �3 years is by ausculta-

tion with a standard sphygmomanometer. The rec-

ommended instrument is mercury column manometers.

However, access to mercury-containing instruments is

becoming restricted at many clinical sites because of

concern about the environmental hazards of accidental

mercury spills. When mercury-containing devices for

blood pressure measurement are not available, ausculta-

tion with an aneroid instrument is an acceptable

alternative.

Correct blood pressure measurement in children

requires the use of a cuff that is appropriate for the size

of the child’s upper arm (13). A technique that can be

used to select a blood pressure, cuff size of appropriate

size is to select a cuff that has a bladder width �40–

50% of the arm circumference midway between the ole-

cranon and the acromion. This usually will be a cuff

bladder that will cover 80–100% of the circumference

of the arm. The equipment that is necessary to measure
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Table 43.1 BP Levels for Boys by Age and Height Percentile

Age

(years)

BP

Percentile

SBP (mmHg) DBP (mmHg)

Percentile of height Percentile of height

5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

1 50th 80 81 83 85 87 88 89 34 35 36 37 38 39 39

90th 94 95 97 99 100 102 103 49 50 51 52 53 53 54

95th 98 99 101 103 104 106 106 54 54 55 56 57 58 58

99th 105 106 108 110 112 113 114 61 62 63 64 65 66 66

2 50th 84 85 87 88 90 92 92 39 40 41 42 43 44 44

90th 97 99 100 102 104 105 106 54 55 56 57 58 58 59

95th 101 102 104 106 108 109 110 59 59 60 61 62 63 63

99th 109 110 111 113 115 117 117 66 67 68 69 70 71 71

3 50th 86 87 89 91 93 94 95 44 44 45 46 47 48 48

90th 100 101 103 105 107 108 109 59 59 60 61 62 63 63

95th 104 105 107 109 110 112 113 63 63 64 65 66 67 67

99th 111 112 114 116 118 119 120 71 71 72 73 74 75 75

4 50th 88 89 91 93 95 96 97 47 48 49 50 51 51 52

90th 102 103 105 107 109 110 111 62 63 64 65 66 66 67

95th 106 107 109 111 112 114 115 66 67 68 69 70 71 71

99th 113 114 116 118 120 121 122 74 75 76 77 78 78 79

5 50th 90 91 93 95 96 98 98 50 51 52 53 54 55 55

90th 104 105 106 108 110 111 112 65 66 67 68 69 69 70

95th 108 109 110 112 114 115 116 69 70 71 72 73 74 74

99th 115 116 118 120 121 123 123 77 78 79 80 81 81 82

6 50th 91 92 94 96 98 99 100 53 53 54 55 56 57 57

90th 105 106 108 110 111 113 113 68 68 69 70 71 72 72

95th 109 110 112 114 115 117 117 72 72 73 74 75 76 76

99th 116 117 119 121 123 124 125 80 80 81 82 83 84 84

7 50th 92 94 95 97 99 100 101 55 55 56 57 58 59 59

90th 106 107 109 111 113 114 115 70 70 71 72 73 74 74

95th 110 111 113 115 117 118 119 74 74 75 76 77 78 78

99th 117 118 120 122 124 125 126 82 82 83 84 85 86 86

8 50th 94 95 97 99 100 102 102 56 57 58 59 60 60 61

90th 107 109 110 112 114 115 116 71 72 72 73 74 75 76

95th 111 112 114 116 118 119 120 75 76 77 78 79 79 80

99th 119 120 122 123 125 127 127 83 84 85 86 87 87 88

9 50th 95 96 98 100 102 103 104 57 58 59 60 61 61 62

90th 109 110 112 114 115 117 118 72 73 74 75 76 76 77

95th 113 114 116 118 119 121 121 76 77 78 79 80 81 81

99th 120 121 123 125 127 128 129 84 85 86 87 88 88 89

10 50th 97 98 100 102 103 105 106 58 59 60 61 61 62 63

90th 111 112 114 115 117 119 119 73 73 74 75 76 77 78

95th 115 116 117 119 121 122 123 77 78 79 80 81 81 82

99th 122 123 125 127 128 130 130 85 86 86 88 88 89 90

11 50th 99 100 102 104 105 107 107 59 59 60 61 62 63 63

90th 113 114 115 117 119 120 121 74 74 75 76 77 78 78

95th 117 118 119 121 123 124 125 78 78 79 80 81 82 82

99th 124 125 127 129 130 132 132 86 86 87 88 89 90 90

12 50th 101 102 104 106 108 109 110 59 60 61 62 63 63 64

90th 115 116 118 120 121 123 123 74 75 75 76 77 78 79

95th 119 120 122 123 125 127 127 78 79 80 81 82 82 83

99th 126 127 129 131 133 134 135 86 87 88 89 90 90 91

13 50th 104 105 106 108 110 111 112 60 60 61 62 63 64 64

90th 117 118 120 122 124 125 126 75 75 76 77 78 79 79

(continued )
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blood pressure in children 3 years of age through adoles-

cence includes three pediatric cuffs of different sizes, as

well as a standard adult cuff and an oversized cuff, and a

thigh cuff for leg blood pressure measurement. The latter

two cuffs may be needed for use in obese adolescents.

Blood pressure measurement in children should be con-

ducted in a quiet and comfortable environment after

3–5 min of rest. With the exception of situations of

acute illness, the blood pressure should be measured

with the child in a seated position, with the cubital fossa

supported at heart level. It is preferable that the child has

their feet on the floor while the blood pressure is measured,

rather than having the feet dangling from an exam table.

Overinflation of the cuff should be avoided because of

the discomfort it causes, particularly in younger children.

The blood pressure should be measured and recorded at

least twice on each measurement occasion.

Systolic blood pressure is determined by the onset of

the auscultated pulsation—the first Korotkoff sound. The

last Korotkoff sound that is heard, or fifth Korotkoff

sound (K5), is the definition of diastolic pressure in

adults. In children, particularly preadolescents, a differ-

ence of several millimeters of mercury is frequently

present among the fourth Korotkoff sound, the muffling

of Korotkoff sounds, and K5 (14). The substantial body

of normative blood pressure data in children indicates

that K5 can be used as the measure of diastolic blood

pressure in children as well as in adults. At least two

blood pressure measurements should be taken and the

average of these two measurements used as the blood

pressure measurement.

The measured blood pressure level in a child is inter-

preted by comparing the child’s blood pressure to the

blood pressure tables. Precise interpretation requires plot-

ting the blood pressure according to the child’s height per-

centile as well as to age and gender. The child’s height is

measured and plotted on the standard child growth curves.

The height percentile is used in the tables, wherein the

blood pressure level for the 90th and 95th percentile at

the child’s age, gender, and height percentile are compared

with the child’s measured blood pressure.

Elevated blood pressure measurements in a child or

adolescent must be confirmed on repeated visits before

characterizing a child as having hypertension. A more

accurate characterization of an individual’s blood pressure

level is an average of multiple blood pressure measure-

ments taken for weeks or months. A notable exception to

this general guideline would be situations in which the

child is symptomatic or has profoundly elevated blood

pressure. Children with elevated blood pressure on

repeat measurements also should have their blood pressure

measured in the leg as a screen for coarctation of the aorta.

To measure the blood pressure in the leg, a thigh cuff, or an

oversized cuff should be placed on the thigh and the blood

pressure measured by auscultation over the popliteal fossa.

Coarctation is suspected if the systolic blood pressure

measured in the thigh is �10 mmHg than the systolic

blood pressure measured in the arm.

Table 43.1 Continued

Age

(years)

BP

Percentile

SBP (mmHg) DBP (mmHg)

Percentile of height Percentile of height

5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

95th 121 122 124 126 128 129 130 79 79 80 81 82 83 83

99th 128 130 131 133 135 136 137 87 87 88 89 90 91 91

14 50th 106 107 109 111 113 114 115 60 61 62 63 64 65 65

90th 120 121 123 125 126 128 128 75 76 77 78 79 79 80

95th 124 125 127 128 130 132 132 80 80 81 82 83 84 84

99th 131 132 134 136 138 139 140 87 88 89 90 91 92 92

15 50th 109 110 112 113 115 117 117 61 62 63 64 65 66 66

90th 122 124 125 127 129 130 131 76 77 78 79 80 80 81

95th 126 127 129 131 133 134 135 81 81 82 83 84 85 85

99th 134 135 136 138 140 142 142 88 89 90 91 92 93 93

16 50th 111 112 114 116 118 119 120 63 63 64 65 66 67 67

90th 125 126 128 130 131 133 134 78 78 79 80 81 82 82

95th 129 130 132 134 135 137 137 82 83 83 84 85 86 87

99th 136 137 139 141 143 144 145 90 90 91 92 93 94 94

17 50th 114 115 116 118 120 121 122 65 66 66 67 68 69 70

90th 127 128 130 132 134 135 136 80 80 81 82 83 84 84

95th 131 132 134 136 138 139 140 84 85 86 87 87 88 89

99th 139 140 141 143 145 146 147 92 93 93 94 95 96 97
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Table 43.2 BP Levels for Girls by Age and Height Percentile

Age

(years) BP Percentile

SBP (mmHg) DBP (mmHg)

Percentile of height Percentile of height

5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

1 50th 83 84 85 86 88 89 90 38 39 39 40 41 41 42

90th 97 97 98 100 101 102 103 52 53 53 54 55 55 56

95th 100 101 102 104 105 106 107 56 57 57 58 59 59 60

99th 108 108 109 111 112 113 114 64 64 65 65 66 67 67

2 50th 85 85 87 88 89 91 91 43 44 44 45 46 46 47

90th 98 99 100 101 103 104 105 57 58 58 59 60 61 61

95th 102 103 104 105 107 108 109 61 62 62 63 64 65 65

99th 109 110 111 112 114 115 116 69 69 70 70 71 72 72

3 50th 86 87 88 89 91 92 93 47 48 48 49 50 50 51

90th 100 100 102 103 104 106 106 61 62 62 63 64 64 65

95th 104 104 105 107 108 109 110 65 66 66 67 68 68 69

99th 111 111 113 114 115 116 117 73 73 74 74 75 76 76

4 50th 88 88 90 91 92 94 94 50 50 51 52 52 53 54

90th 101 102 103 104 106 107 108 64 64 65 66 67 67 68

95th 105 106 107 108 110 111 112 68 68 69 70 71 71 72

99th 112 113 114 115 117 118 119 76 76 76 77 78 79 79

5 50th 89 90 91 93 94 95 96 52 53 53 54 55 55 56

90th 103 103 105 106 107 109 109 66 67 67 68 69 69 70

95th 107 107 108 110 111 112 113 70 71 71 72 73 73 74

99th 114 114 116 117 118 120 120 78 78 79 79 80 81 81

6 50th 91 92 93 94 96 97 98 54 54 55 56 56 57 58

90th 104 105 106 108 109 110 111 68 68 69 70 70 71 72

95th 108 109 110 111 113 114 115 72 72 73 74 74 75 76

99th 115 116 117 119 120 121 122 80 80 80 81 82 83 83

7 50th 93 93 95 96 97 99 99 55 56 56 57 58 58 59

90th 106 107 108 109 111 112 113 69 70 70 71 72 72 73

95th 110 111 112 113 115 116 116 73 74 74 75 76 76 77

99th 117 118 119 120 122 123 124 81 81 82 82 83 84 84

8 50th 95 95 96 98 99 100 101 57 57 57 58 59 60 60

90th 108 109 110 111 113 114 114 71 71 71 72 73 74 74

95th 112 112 114 115 116 118 118 75 75 75 76 77 78 78

99th 119 120 121 122 123 125 125 82 82 83 83 84 85 86

9 50th 96 97 98 100 101 102 103 58 58 58 59 60 61 61

90th 110 110 112 113 114 116 116 72 72 72 73 74 75 75

95th 114 114 115 117 118 119 120 76 76 76 77 78 79 79

99th 121 121 123 124 125 127 127 83 83 84 84 85 86 87

10 50th 98 99 100 102 103 104 105 59 59 59 60 61 62 62

90th 112 112 114 115 116 118 118 73 73 73 74 75 76 76

95th 116 116 117 119 120 121 122 77 77 77 78 79 80 80

99th 123 123 125 126 127 129 129 84 84 85 86 86 87 88

11 50th 100 101 102 103 105 106 107 60 60 60 61 62 63 63

90th 114 114 116 117 118 119 120 74 74 74 75 76 77 77

95th 118 118 119 121 122 123 124 78 78 78 79 80 81 81

99th 125 125 126 128 129 130 131 85 85 86 87 87 88 89

12 50th 102 103 104 105 107 108 109 61 61 61 62 63 64 64

90th 116 116 117 119 120 121 122 75 75 75 76 77 78 78

95th 119 120 121 123 124 125 126 79 79 79 80 81 82 82

99th 127 127 128 130 131 132 133 86 86 87 88 88 89 90

13 50th 104 105 106 107 109 110 110 62 62 62 63 64 65 65

90th 117 118 119 121 122 123 124 76 76 76 77 78 79 79

(continued )
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There continues to be an increase in the use of auto-

mated devices to measure blood pressure in children.

Because of concerns about the reliability of the various

instruments, lack of established reference standards, and

the difficulty in obtaining regular recalibration of these

devices, auscultation continues to be the recommended

method for measurement of blood pressure in the young.

However, situations in which use of an automated device

are acceptable include blood pressure measurement in

newborn and young infants in whom auscultation is diffi-

cult, as well as in an intensive care setting, where frequent

blood pressure measurement is necessary.

IV. CAUSES OF SECONDARY
HYPERTENSION IN THE YOUNG

Prior to the development of normative data on blood

pressure levels in children, blood pressure was measured

infrequently. When elevated blood pressure was detected

in children, the hypertension was, by current standards,

quite severe. Because secondary hypertension is generally

characterized by marked blood pressure elevation, this

lead to the belief that hypertension in children is always

secondary. This concept has now changed, largely because

of a better understanding of normal levels of blood

pressure in the young and the practice of regularly

measuring the blood pressure in children as part of

health maintenance. However, in comparing children

with hypertension to adults with hypertension, underlying

causes of hypertension, or secondary hypertension due to

renal or endocrine disorders, occur more frequently

among children. The portion of children with hypertension

who have a secondary cause of hypertension varies

according to the age of the child and the severity of the

hypertension. Hanna et al. (15) identified a secondary

cause of hypertension in 90% of children who were ,10

years of age, and only 10% of these young children were

considered to have essential hypertension. Another

report on a series that included both children and adoles-

cents with hypertension, describes secondary hypertension

in 65% of the adolescents, with 35% of the adolescents

having essential hypertension (16).

Young children, ,12 years of age, with sustained

hypertension are more likely to have a secondary cause

for the hypertension. Also, the degree of hypertension

is an important clue because severe blood pressure

elevation in a young child is most likely to be a result

of an underlying abnormality. In general, a child that

has either a systolic or a diastolic blood pressure that is

consistently 8–10 mmHg above the 95th percentile has

significant hypertension, and a child that has either a

systolic or a diastolic blood pressure that is consistently

15 mmHg or more above the 95th percentile has severe

hypertension. Children and adolescents with this degree

of hypertension should have a careful evaluation for

the possible cause of the hypertension and also for evi-

dence of target damage from the hypertension. Although

Table 43.2 Continued

Age

(years) BP Percentile

SBP (mmHg) DBP (mmHg)

Percentile of height Percentile of height

5th 10th 25th 50th 75th 90th 95th 5th 10th 25th 50th 75th 90th 95th

95th 121 122 123 124 126 127 128 80 80 80 81 82 83 83

99th 128 129 130 132 133 134 135 87 87 88 89 89 90 91

14 50th 106 106 107 109 110 111 112 63 63 63 64 65 66 66

90th 119 120 121 122 124 125 125 77 77 77 78 79 80 80

95th 123 123 125 126 127 129 129 81 81 81 82 83 84 84

99th 130 131 132 133 135 136 136 88 88 89 90 90 91 92

15 50th 107 108 109 110 111 113 113 64 64 64 65 66 67 67

90th 120 121 122 123 125 126 127 78 78 78 79 80 81 81

95th 124 125 126 127 129 130 131 82 82 82 83 84 85 85

99th 131 132 133 134 136 137 138 89 89 90 91 91 92 93

16 50th 108 108 110 111 112 114 114 64 64 65 66 66 67 68

90th 121 122 123 124 126 127 128 78 78 79 80 81 81 82

95th 125 126 127 128 130 131 132 82 82 83 84 85 85 86

99th 132 133 134 135 137 138 139 90 90 90 91 92 93 93

17 50th 108 109 110 111 113 114 115 64 65 65 66 67 67 68

90th 122 122 123 125 126 127 128 78 79 79 80 81 81 82

95th 125 126 127 129 130 131 132 82 83 83 84 85 85 86

99th 133 133 134 136 137 138 139 90 90 91 91 92 93 93
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the list of conditions that can cause hypertension in the

young is quite long, the majority of the identifiable causes

of hypertension in the young are related to renal dis-

orders. Table 43.3 provides a list of underlying causes

for chronic hypertension in the young, as well as the

conditions associated with acute hypertension in the

young.

Hypertension is uncommon in healthy newborn infants.

However, certain neonatal conditions increase the risk for

hypertension. Some severely ill newborn infants require

treatment in intensive care units where umbilical artery

catheterization may be required for vascular access. The

umbilical artery catheters are a risk for thromboembolic

events (17,18), and a thrombus in a renal vessel can

cause acute hypertension. Low birth weight infants, with

respiratory distress syndrome, can progress to bronchopul-

monary dysplasia, a chronic lung condition. The chronic

steroid therapy used to treat bronchopulmonary dysplasia

can cause sodium retention and subsequent blood pressure

elevation (19). The most commonly identified causes of

hypertension in the newborn infant are renal artery throm-

bosis, renal artery stenosis, congenital renal malfor-

mations, coarctation of the aorta, and bronchopulmonary

dysplasia (4). In some critically ill newborn infants with

hypertension, an underlying cause may not be identified.

Regardless of whether an etiology for the hypertension is

determined, blood pressure control and monitoring in

these infants are important.

Leading causes of hypertension in children up to 10 years

of age are renal parenchymal diseases, coarctation of the

aorta, and renal artery stenosis. Coarctation of the aorta, a

congenital cardiac anomaly that can be missed in infants

and toddlers, should be considered in a hypertensive child

(20–22). In the clinic or office, measurement of the blood

pressure in the leg is an effective way to screen for coarcta-

tion. In later childhood, essential hypertension also can be

detected. The acute childhood illness hemolytic uremic

syndrome may cause permanent renal scaring that results

in chronic hypertension.

During the adolescent years, the most common cause of

hypertension is essential hypertension. The secondary

causes of hypertension that are detected most frequently

in adolescents are renal parenchymal diseases such as

chronic pyelonephritis and chronic glomerulonephritis.

Some toxic adolescent behaviors that may contribute to

high blood pressure are illicit substance use, especially

Table 43.3 Secondary Causes of Hypertension

Chronic hypertension

Renal

Chronic glomerulonephritis

Interstitial nephritis

Chronic pyelonephritis

Collagen vascular diseases

Reflux nephropathy

Polycystic kidney disease

Medullary cystic disease

Hydronephrosis

Hypoplastic/dysplastic kidney

Cardiac and Vascular

Coarctation of aorta

Renal artery stenosis

Takayasu arteritis

Endocrine

Hyperthyroidism

Pheochromocytoma

Primary aldosteronism

Acute hypertension

Renal

Acute postinfectious glomerulonephritis

Schönlein-Henoch purpura

Hemolytic uremic syndrome

Acute tubular necrosis

Vascular

Renal or renal vascular trauma

Neurogenic

Increased intracranial pressure

Guillain–Barré syndrome

Drugs

Corticosteroids

Alcohol

Appetite suppressants

Anabolic steroids

Oral contraceptive

Nicotine

Syndromes

Alport syndrome (renal parenchymal)

Williams (renovascular lesions)

Turner (coarctation or renovascular)

Tuberous sclerosis (cystic renal)

Neurofibromatosis (renovascular)

Nail patellar syndrome (renal parenchymal)

Adrenogenital syndromes

Little syndrome

Drugs

Cocaine

Phencyclidine

Amphetamines

Jimson weed

Miscellaneous

Burns

Orthopedic surgery

Urologic surgery
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cocaine and amphetamine-related compounds (23,24).

Other substances that have been associated with high

blood pressure in adolescents include appetite suppres-

sants (both prescription and over the counter remedies),

oral contraceptives, excessive alcohol intake, and use of

anabolic steroids for body building (25).

V. CAUSES OF ESSENTIAL HYPERTENSION
IN THE YOUNG

Essential hypertension had been considered to be a dis-

order that occurred only in adulthood. The concept that

essential hypertension has its origins in childhood can be

inferred from blood pressure tracking data that demon-

strates that children with elevated blood pressure will con-

tinue to have elevated blood pressure as adults (5). Classic

risk factors for hypertension, such as overweight and a

positive family history of hypertension or cardiovascular

disease, may be present in childhood. The combination

of higher blood pressure and typical risk factors had

been considered to be a risk for future hypertension.

However, recent reports indicate that this condition is

more than a risk for future problems. Effects of high

blood pressure on left ventricular mass have been investi-

gated. Using echocardiography and appropriate childhood

reference values for cardiac structure, left ventricular

hypertrophy has been reported in 30–40% of children

and adolescents with hypertension (26,27). Longitudinal

data is now becoming available that demonstrates a

direct link between risk factors in childhood (including

blood pressure level) with evidence of target-organ

injury in young adulthood (including greater intima-

media thickness of carotid arteries and stiffening of the

aorta) (26,28,29). Essential hypertension in childhood

should now be considered an early phase of a chronic

disease.

Children and adolescents with essential hypertension

generally demonstrate several clinical characteristics or

associated risk factors. The degree of blood pressure

elevation is generally mild, approximating the 95th per-

centile, and there is often considerable variability in

blood pressure level over time. Laboratory and observa-

tional studies have demonstrated a marked cardiovascular

response to stress, characterized by large heart rate and

blood pressure responses to stimuli (30–33). A positive

history of hypertension in parents or grandparents is a con-

sistent clinical observation in children with mild essential

hypertension (30,34,35).

In both children and adults, greater body weight and

increases in body weight correlate with higher blood

pressure (36,37). Essential hypertension in children is fre-

quently associated with obesity, which appears to be a con-

tributory factor because even a modest reduction in excess

adiposity is associated with a reduction in blood pressure

(38,39). The cluster of mild blood pressure elevation, a

positive family history of hypertension, and obesity is a

typical pattern in children and adolescents with essential

hypertension (40).

Currently, the prevalence of childhood obesity is

increasing (41) and has more than doubled in the past 20

years (42). Obesity augments the risk for cardiovascular

disease and warrants attention for both prevention of

chronic disease and for health promotion. In a study by

Daniels et al. (27), cardiac structure was examined by

echocardiography in young adolescents with essential

hypertension. The echocardiographic data in these young-

sters with even mild blood pressure elevation, demon-

strated a 30% incidence of left ventricular hypertrophy.

The adolescents who had echo criteria of cardiac hypertro-

phy, despite mild blood pressure elevation, were all obese.

Rocchini et al. (38,39) have demonstrated augmented

blood pressure sensitivity to sodium intake in obese ado-

lescents and a significant dampening in the blood pressure

response to sodium following weight reduction.

Over the past two decades, the literature on hyperten-

sion and cardiovascular disease in adults has focused on

the overlap of hypertension, noninsulin-dependent dia-

betes mellitus, atherosclerosis, and obesity. This constella-

tion within individuals and within populations has been

described as the insulin-resistance syndrome (43–45).

Children as well as adults may exhibit characteristics of

the insulin-resistance syndrome (39,46,47). Some investi-

gators have detected the insulin-resistance syndrome in

nonobese offspring of hypertensive parents (48,49),

which indicates a hereditary component to the syndrome.

The characteristics of the insulin-resistance syndrome

also are congruent with the overweight child who has a

strong family history of hypertension or early heart

disease. These children often have high blood pressure

(50). Although these children are not at risk for immediate

adverse effects of the higher than normal blood pressure,

they should be considered at risk for future cardiovascular

disease (51). These children can benefit from health beha-

vior changes that improve insulin action, including an

increase in physical activity, diet modifications, and

control of excess adiposity.

The cause of essential hypertension is believed to be

multifactorial and the outcome of an interplay of genetic

and environmental factors. Barker et al. (52) have proposed

an alternative cause of hypertension based on observations

of an association of hypertension and ischemic heart

disease in adults with a low recorded birth weight. These

investigators propose that lower birth weight is a conse-

quence of abnormalities in the intrauterine nutritional

environment. Impaired fetal growth affects an alteration

in organ structure and impairment in organ function in

later life (52,53). Higher blood pressure is the link
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between compromised intrauterine growth and the long-

term risk for cardiovascular disease (52). Despite the

reports, based on retrospective data, which support the

low birth weight–high blood pressure hypothesis

(52–55), this concept is in conflict with the body of data

for hypertension in childhood as well as in adulthood,

which consistently demonstrates a direct relationship

between body weight and blood pressure (56–59). Longi-

tudinal data that demonstrates blood pressure tracking in

childhood (34,60–65) also is in conflict with the birth

weight concept. Studies on small cohorts have failed to

detect a significant relationship between low birth weight

and later elevations in blood pressure (58,59). When the

reports on the association of birth weight with future

blood pressure are examined, the effect of birth weight on

future blood pressure level is in the range of 2–3 mmHg

blood pressure reduction for each 1 kg increase in birth

weight. When the current child weight or adult weight is

taken into consideration, the birth weight effect is

minimal (66). Although the birth weight hypothesis has

some appeal, clinical investigations have not yet firmly

demonstrated that birth weight has a substantial effect on

future blood pressure level.

VI. EVALUATION OF HYPERTENSION IN
CHILDREN AND ADOLESCENTS

When sustained hypertension is established in a child by

repeated blood pressure measurements that are at or

above the 95th percentile, additional evaluation is needed.

The extent of the diagnostic evaluation is determined by

the type of hypertension that is suspected. When a second-

ary cause is considered, a more extensive evaluation may be

necessary. On the other hand, when the patient’s elevated

blood pressure is more likely to be an early expression of

essential hypertension, a few screening studies may be suf-

ficient. The medical history and physical examination are

key in determining if the patient’s presentation is character-

istic of essential hypertension or if the patient’s presen-

tation is indicative of a secondary, and potentially

correctable, cause. Children or adolescents with severe

hypertension, in particular very young children, generally

have an identifiable underlying cause. As noted previously,

the higher the blood pressure and the younger the child, the

more likely a secondary cause is present.

A particular symptom complex revealed in the history

or findings upon physical examination also may prompt

a thorough investigation. In these patients, the direction

of the evaluation is dictated by the particular symptom

or physical examination findings. Any pediatric patient

who is hypertensive and is not growing normally also

should undergo an evaluation for secondary causes. A

sudden onset of elevated blood pressure in a previously

normotensive child should always prompt a search for sec-

ondary causes. Absence of a positive family history of

hypertension should increase the level of suspicion for

an underlying disorder.

Another set of findings characterize children and

adolescents with essential hypertension. These character-

istics include the following: slight to mild elevations in

blood pressure, a strong family history of essential hyper-

tension, an elevated resting heart rate, variable blood

pressure readings upon repeat measurements, and

obesity. If no other abnormalities are found in the

medical history or on physical examination, these children

require less extensive evaluations than those in whom

secondary causes are suspected.

A. Medical History

The medical history and physical examination are used to

detect clues to determine whether the blood pressure

elevation is secondary or essential. It is also helpful to

determine whether the hypertension is long-standing or

of acute onset. The family history is particularly important.

In both first-degree and second-degree relatives, the family

history of essential hypertension, myocardial infarction,

stroke, renal disease, diabetes, and obesity should be

obtained. It can be relevant to the diagnosis in a hyperten-

sive child if relatives had an early onset of any of the

earlier conditions. Parents should also be asked about

those conditions in family members that are inheritable

and have hypertension as a component (e.g., polycystic

kidney disease, neurofibromatosis, and pheochromocy-

toma). Another familial type of hypertension is glucocor-

ticoid-remediable aldosteronism, an autosomal dominant

condition, which should be considered when multiple

family members have childhood-onset hypertension

associated with hypokalemia or stroke (67,68).

Details about previous health problems, such as history

of urinary tract infections, are important because there

may be associated reflux nephropathy, renal scarring,

and resultant hypertension. A history of both prescribed

medications and over-the-counter medications can be

helpful (69,70). Information should be obtained about

health-related behaviors such as the child’s usual diet,

amount of physical activity, or athletic participation.

Other adverse lifestyles to consider in adolescents are

the use of “street” drugs, smokeless tobacco, oral contra-

ceptive pills, cigarette smoking, diet aids, ethanol, and

anabolic steroids.

B. Physical Examination

The physical examination of a hypertensive child should

be comprehensive. An assessment of the child’s general

growth rate and growth pattern should be made. Weight,
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height, and body mass index (BMI) should be plotted

according to age and gender on the child growth charts.

Abnormalities in growth that are associated with hyperten-

sion can be seen with chronic renal disease, hyper-

thyroidism (causing primarily systolic hypertension),

pheochromocytoma, adrenal disorders, or certain genetic

abnormalities, such as Turner syndrome.

To rule out coarctation of the aorta, the evaluation of

every child for hypertension should include upper- and

lower-extremity blood pressure measurements taken with

appropriately-sized cuffs. Normally, the leg blood pressure

levels are slightly higher than the arm blood pressure

levels. A child with coarctation will have systolic hyper-

tension in an upper extremity, sometimes absent or

decreased femoral pulses, and a blood pressure level in

the lower leg that is .10 mmHg lower when compared

with the blood pressure level in the arm (20,22).

There are other physical exam clues that could suggest a

secondary etiology for child hypertension (71). Abnormal

facies or dysmorphic features may suggest one of the syn-

dromes that are associated with specific lesions causing

hypertension. For example, both Turner and Williams syn-

dromes are associated with renovascular or cardiac lesions,

which cause hypertension. Renal vascular lesions may

sometimes have an audible abdominal bruit that is detect-

able by auscultation of the abdomen. Skin lesions are some-

times the first manifestation of disorders such as tuberous

sclerosis and systemic lupus erythematosus.

C. Diagnostic Testing

When the medical history and physical examination provide

clues for a specific underlying cause for the hypertension,

such as an endocrine or cardiac disorder, the testing

should be directed to the area of clinical suspicion. Other

important historical information, such as a history of

urinary tract infections, might dictate studies to evaluate

vesicoureteral reflux and renal scarring. However, in the

absence of clues, renal parenchymal disease should be con-

sidered a likely etiology because this diagnosis is the most

frequent cause of secondary hypertension in the pediatric

population. The initial studies to screen for renal abnormal-

ities include a full urinalysis, electrolytes, creatinine, com-

plete blood count, urine culture, and renal ultrasound.

The other component of the evaluation includes an

assessment of target-organ injury. The presence of

target-organ injury provides a measure of chronicity and

severity (characteristics sometimes difficult to ascertain

from the medical history) and will aid in determining

whether pharmacologic therapy should be initiated.

Echocardiography is a sensitive means to detect interven-

tricular septal and posterior ventricular wall thickening

(72–75). Chest X-ray and ECG are much less sensitive

measures of left ventricular hypertrophy in children. An

ophthalmologic examination can also be helpful. In a

study of 97 children and adolescents with essential hyper-

tension, Daniels et al. (76) found that 51% displayed

retinal abnormalities. The usefulness of microalbuminuria,

sometimes used as a marker for renal injury in adults (77),

has not been determined for children. The remainder of the

evaluation should be directed by specific findings in the

medical history and physical examination as well as by

the results of initial screening studies.

The use of 24 h ambulatory blood pressure monitoring

has become used increasingly in the evaluation of adults

with hypertension (78). Some population standards for

ambulatory blood pressure values in children and adoles-

cents are now available (79), and there are some situations

in which this information can be quite helpful (80). Ambu-

latory blood pressure monitoring can be used to determine

how consistently blood pressure readings are elevated over

a 24 h period. If ,25% of the ambulatory blood pressure

measurements are above the 95th percentile, the child or

adolescent may have white coat hypertension. The degree

of blood pressure elevation and the frequency of abnormal

blood pressure measurements also are helpful in assessing

the need for implementing pharmacologic therapy. The fol-

lowing summarizes a method for applying diagnostic

studies in hypertensive children:

Blood pressure is above 90th percentile, but below 95th

percentile

Counseling on lifestyle changes and monitoring of

blood pressure

Blood pressure is above 95th percentile

Detailed medical history and physical examination

Complete blood count, electrolytes, creatinine,

urinalysis

If ,12 years of age and blood pressure above 95th

percentile

Additional diagnostic tests based on screening

results

Renal ultrasound, echocardiogram, endocrine

studies, and treatment to lower blood pressure

(below 90th percentile)

If .12 years of age and blood pressure above 95th per-

centile (mild) and with risk factors for essential hyper-

tension plus negative screening

Treat with lifestyle changes.

If no response, consider renal ultrasound, echo-

cardiogram, and drug treatment.

If .12 years of age and blood pressure above 95th

percentile (mild) and with no risk factors or with

positive screening tests

Do additional diagnostic tests based on screening

results (renal ultrasound, echocardiogram, endocrine

studies) and use drug treatment to lower blood

pressure (below 90th percentile).
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If .12 years of age and blood pressure above 95th per-

centile (significant or severe)

Do additional diagnostic tests based on screening

results (renal ultrasound, echocardiogram, endocrine

studies, and renal vessel imaging studies) and use

drug treatment to lower blood pressure (below 90th

percentile).

VII. TREATMENT OF HYPERTENSION IN
CHILDREN AND ADOLESCENTS

In adults with mild essential hypertension, changes in

health-related behaviors, including diet patterns, physical

activity, and weight control may facilitate blood pressure

control. Children may also benefit in these lifestyle

changes. Children and adolescents with a mild elevation

of blood pressure and without end-organ damage, should

begin treatment with nonpharmacologic interventions

that include weight reduction if overweight, aerobic exer-

cise (particularly if sedentary), and diet modification.

Obesity, as discussed earlier, is often associated with

mild hypertension in childhood. When weight reduction

can be achieved, there is often a reduction in blood

pressure in obese children. Brownell et al. (81) showed

that weight loss in obese adolescents, achieved by a

program of both behavior modification and parental invol-

vement, was associated with a significant decrease in

blood pressure. There is also evidence that exercise train-

ing lowers blood pressure in both school aged children and

adolescents (82–84). Rocchini et al. (38) demonstrated

that a program that included both caloric restriction and

exercise produced a decrease in blood pressure as well

as a reversal of structural changes in forearm resistance

vessels. Weight reduction can be extremely difficult and

generally requires multiple strategies that include the

input of a nutritionist, dietary education, emotional

support, information about exercise, and family involve-

ment. Power weight-lifting should be discouraged in

hypertensive adolescents because of its potential to

induce marked blood pressure elevation. Participation in

other sports should be encouraged as long as blood

pressure is under reasonable control, regular monitoring

of blood pressure occurs, and a thorough examination

has been conducted to exclude cardiac conditions (25).

The guidelines for dietary modifications in the pediatric

population are less clear than in adults. Information about

the effects of salt on blood pressure in children are not as

definitive as in adults. There does seem to be a subset of

adolescents, particularly those who are obese, who demon-

strate blood pressure sensitivity to salt as well as other risk

factors for hypertension (38). Because the usual dietary

intake of sodium for most children and adolescents in

the United States far exceeds nutrient requirements, it is

reasonable to restrict sodium intake to ,4 g/day by

decreasing fast-food consumption and refraining from

adding salt to cooked foods (85).

Current information about the effects of potassium and

calcium intake on blood pressure in children are even less

definitive. Some reports suggest that a diet high in potass-

ium and calcium may help to lower blood pressure (86),

yet no study has definitively shown this effect in children

or adolescents. The dietary intervention clinical trial,

Dietary Approaches to Stop Hypertension (DASH)

reported results that could be relevant to diet benefits in

children. This study, which was conducted on adults

with mild hypertension, demonstrated a significant

reduction in both systolic and diastolic blood pressure in

subjects who consumed a diet high in fruits, vegetables,

and low-fat dairy products compared with subjects who

consumed the usual diet. These results indicate that a

benefit on blood pressure occurs from diets that are high

in potassium, calcium, magnesium, and other vitamins

(87). A similar approach may be of benefit for children

and adolescents, although investigations to test this

effect in children or adolescents with hypertension have

not yet been conducted.

Pharmacologic therapy is indicated if nonpharmacolo-

gic approaches are unsuccessful, or when a child is symp-

tomatic, has severe hypertension, or has end-organ

damage. Children with diabetes mellitus or chronic renal

disease may achieve renal protective benefits from blood

pressure reduction. For children with these disorders, it

is reasonable to use pharmacologic therapy to lower

blood pressure to a level that is below the 90th percentile

for age, gender, and height.

Most of the medications used for adults can be used

for children. However, efficacy data, as well as long-

term safety data, are limited for the pediatric population.

The choice of antihypertensive medication must be indi-

vidualized and depends on the child’s age, the etiology of

the hypertension, the degree of blood pressure elevation,

adverse effects, and concomitant medical conditions. In

most patients, therapy is begun with a single agent. The

dose is titrated upward until control of the blood pressure

is attained. Blood pressure control, in most instances, is

defined as maintaining systolic and diastolic pressure

below the 90th percentile. If control cannot be achieved

by using the maximum dose of a single agent, a second

medication can be added or, alternatively, another agent

from a different class selected. The more commonly

used medications for chronic antihypertensive therapy

in children are listed in Table 43.4; those more com-

monly used in acute, hypertensive emergencies are

listed in Table 43.5. Presently, the dosing recommen-

dations for children have been largely based upon prac-

titioner experience, not on large, multicenter trials.

Some clinical trial work is now being conducted on the

Childhood Hypertension 693



Table 43.4 Treatment of Chronic Hypertension in Children

Drug Dose Frequency Available preparations

Diuretics

Chlorothiazide 20–30 mg/kg per day q12–24 h Tablets: 250, 500 mg

Max: 2 g per day Solution: 250 mg/5 mL

Hydrochlorothiazide 1–4 mg/kg per day q12–24 h Tablets: 25, 50, 100 mg

Max: 200 mg/day

Metolazone 0.1–0.5 mg/kg per day q24 h Tablets: 2.5, 5, 10 mg (Zaroxolyn)

Max: 20 mg/day (Zaroxolyn)

0.5–1 mg/day (Mykrox) q24 h Tablets: 0.5, 1.0 mg (Mykrox)

Furosemide 0.5–4 mg/kg per day q6–24 h Tablets: 20, 40, 80 mg

Max: 80 mg/dose Solution: 10 mg/mL, 40 mg/5 mL,

80 mg/10 mL

Spironolactone 1–3.0 mg/kg per day q8–24 h Tablets: 25, 50, 100 mg

Max: 200 mg/day for

hypertension

b-adrenergic antagonists

Nonselective

Propranolol 0.5–5 mg/kg per day q6–12 h Tablets: 10, 20, 40, 60, 80 mg

Max: 480 mg/day Long-acting capsules: 60, 80, 120,

160 mg

Solution: 20, 40 mg/5 mL

Nadolola 40–240 mg/day q24 h Tablets: 20, 40, 80, 120, 160 mg

Selective

Atenolol 0.5–2 mg/kg per day q24 h Tablets: 25, 50, 100 mg

Max: 100 mg/day

Metoprolol 1–6 mg/kg per day q12–24 h Tablets: 50, 100 mg

Max: 450 mg/day

Bisoprolol/HCTZ 2.5–6.25 mg/day q24 h Tablets: 2.5/6.25, 5/6.25,

10/6.25 mg

Max: 10–6.25 mg/day

a-adrenergic antagonists

Prazosin 0.02–0.5 mg/kg per day q6–12 h Tablets: 1, 2, 5 mg

Max: 20 mg/day

Complex adrenergic antagonists

Labetalol 2–3 mg/kg per day initially q8–12 h Tablets: 100, 200, 300 mg

Max: 20 mg/kg per day

Central a agonists

Clonidine 0.05–0.1 mg/dose q6–12 h Tablets: 0.1, 0.2, 0.3 mg

Max: 0.6 mg/day Patches: 0.1, 0.2, 0.3 mg/week

Methyldopa 10–65 mg/kg per day q6–12 h Tablets: 125, 250, 500 mg

Max: 3 g/day Solution: 250 mg/5 mL

Angiotensin-converting

enzyme inhibitors

Captopril 0.05–6 mg/kg per day q8–12 h Tablets: 12.5, 25, 50, 100 mg

Max: 200 mg/day

Enalapril 0.1–0.6 mg/kg per day q12–24 h Tablets: 2.5, 5.0, 10, 20 mg

Max: 40 mg/day

Lisinoprila 0.07–0.6 mg/kg per day q24 h Tablets: 5, 10, 20 mg

Max: 40 mg/day

Quinaprila 5–80 mg/day q24 h Tablets: 5, 10, 20 mg

Ramiprila 1.25–20 mg/day q12–24 h Capsules: 1.25, 2.5, 5, 10 mg

Fosinopril 0.1–0.6 mg/kg per day q24 h Tablets: 10, 20, 40 mg

Max: 40 mg/day

Benazepril 0.2–0.6 mg/kg per day q24 h Tablets: 5, 10, 20, 40 mg

Max: 40 mg/day

(continued)
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Table 43.5 Treatment of Hypertensive Emergencies in Children

Drug Dose Route Comments

Furosemide 1–4 mg/kg per dose IV, IM, or PO Nephrotoxic, ototoxic

Max: 160 mg/dose When administered in IV, infuse

slowly to avoid ototoxicity

Onset: 5–20 min

Hydralazine 0.1–0.5 mg/kg per dose IV, IM Tachycardia, flushing, salt retention

Max: 50 mg/dose Onset: 10–20 min

Diazoxide 1–5 mg/kg per dose q5–15 min IV Pain at injected vein, sodium retention

Max: 150 mg/dose Onset: 2 min

Sodium

nitroprusside

0.3–10 mg/kg per min by

continuous infusion

IV Cyanide poisoning in patients with

renal failure

Onset: seconds

Nifedipine 0.2–0.5 mg/kg per dose PO, sublingual, bite,

and swallow

Headaches, edema

Max: 10 mg/dose Onset: 2–3 min

Nicardipine 0.1–5.0 mg/kg per min IV Dizziness, flushing

Labetalol 0.2–1 mg/kg per dose by bolus

.2 min period

IV q10 min Contraindicated in congestive

heart failure, diabetes mellitus,

and asthma

or

0.4–3 mg/kg per h Continuous IV

infusion

Onset: 5–10 min

Max: 80 mg/dose or

300 mg/total dose

Enalapril 15 mg/kg per dose IV bolus Cough, angioedema, renal failure,

hyperkalemia

Max: 1.25 mg/dose Onset: 15 min

Note: Onset, usual time to reduction in blood pressure.

Table 43.4 Continued

Drug Dose Frequency Available preparations

Vasodilators

Hydralazine 1–8 mg/kg per day q12–24 h Tablets: 10, 25, 50, 100 mg

Max: 200 mg/day

Calcium antagonists

Nifedipine 0.25–3 mg/kg per day q6–24 h Capsules: 10, 20 mg

Max: 180 mg/day Extended release: 30, 60, 90 mg

Isradipine 0.15–0.8 mg/kg per day q8–12 h Capsules: 2.5, 5, 10 mg

Amlodipinea 0.06–0.34 mg/kg per day q24 h Tablets: 2.5, 5, 10 mg

Max: 10 mg/day

Felodipine ER 2.5–20 mg/day q24 h Tablets: 2.5, 5, 10 mg

Angiotensin II receptor

blocking agents

Losartan 0.75–1.44 mg/kg per day q24 h Tablets: 25, 50, 100 mg

Max: 100 mg/day

Irbesartana 75–300 mg/day q24 h Tablets: 75, 150, 300 mg

Telmisartana 20–80 mg/day q24 h Tablets: 40, 80 mg

Candesartana 2–32 mg/day q24 h Tablets: 4, 8, 16, 32 mg

Valsartan 80–160 mg/day q24 h Tablets: 80, 160 mg

aThe pediatric dose is under investigation.
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medications that have been tested on adults in large clini-

cal trials and are prescribed for hypertension in adults.

This information, as it becomes available, will provide

more information about efficacy, safety, and dosing in

children.

b-Adrenergic blockers, such as propranolol, metopro-

lol, and atenolol, are good choices in some non-asthmatic

children, but they may not be tolerated well by athletes in

whom exercise capacity could be decreased. More fre-

quently, first-line medications are either angiotensin-

converting enzyme (ACE) inhibitors or calcium channel

blockers. ACE inhibitors rarely cause side effects (e.g.,

cough, rash, and neutropenia) in children and are usually

well tolerated, and many formulations have the advantage

of once-a-day dosing. Not only are they effective at con-

trolling blood pressure, but also they may have beneficial

effects on renal function, peripheral vasculature, and

cardiac function (88). What is most important is that chil-

dren with diabetes and those with chronic renal disease

may be at special risk for progressive renal deterioration

and may benefit from ACE inhibitors (89,90). Because

of their vasodilator effects on the efferent arteriole, ACE

inhibitors can severely reduce glomerular filtration and

should therefore be used with caution in patients with

renal artery stenosis, a solitary kidney, or a transplanted

kidney (91). ACE inhibitors are contraindicated during

pregnancy because of teratogenic effects upon the lungs,

kidneys, and brain of the fetus (92). Therefore, these

drugs should be used with special caution in adolescent

females. Angiotensin receptor blockers also interact with

the renin–angiotensin system and have benefits similar

to the ACE inhibitors. Some experience is now being

gained with these agents in treatment of children with

hypertension.

Several of the calcium channel blockers are being used

in children. In children, the calcium channel blockers can

be used as initial therapy, or as the second or third medi-

cation when more than one drug is needed to control

blood pressure. As with most of the oral antihypertensive

preparations, the appropriate dose for small children is

often lower than the strength of available tablets, which

makes initial dose determinations challenging. Use of

short-acting calcium channel blockers should be limited

to children with acute hypertension, such as occurs with

acute glomerulonephritis. When calcium channel blockers

are needed for blood pressure control in chronic hyperten-

sion, long-acting preparations are preferred, provided that

the correct dosage preparation can be used.

Diuretics are generally recommended as initial drug

therapy for uncomplicated hypertension in adults. This

recommendation is based on a vast amount of clinical

trial data in adults. No such information is available to

guide recommendations for pharmacological management

of hypertension in children and adolescents. Unless there

is clinical evidence of fluid retention in a hypertensive

child, such as may occur when the elevated blood pressure

is related to chronic steroid use, diuretics are usually not

the preferred first step in drug treatment. Although some

hypertensive children may achieve adequate blood

pressure control with a thiazide diuretic alone, most will

not. Children receiving thiazide diuretics often will

develop hypokalemia and require potassium supplements;

for children, taking the potassium supplements are extre-

mely unpleasant. The necessity of taking potassium sup-

plements in turn can lead to compliance problems.

Although low-dose diuretics are not favored as an initial

drug for treating hypertension in children, they can be

very useful as a second or third drug in those children

who require multiple drugs to achieve blood pressure

control.

VIII. CONCLUSIONS

Whether the hypertension is determined to be secondary

hypertension or essential hypertension, these children

require careful monitoring as well as interventions to

control their blood pressure. Long-term follow-up, which

includes education on the benefits of blood pressure

control, is important. Considering the long-term morbidity

and mortality associated with essential hypertension, inter-

ventions, including preventive interventions, which focus

on blood pressure control beginning in the young are

needed. Essential hypertension may be found to encom-

pass several distinct pathophysiological entities, each

with its own genetic basis and management approach.

As new information develops, improved management

strategies can be created for hypertension in the young

as well as in adults.
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KEYPOINTS

. Isolated systolic hypertension is the predominant

type of hypertension in the elderly and is associated

with an increased cardiovascular risk. Isolated sys-

tolic hypertension is characterized by an increase in

pulse pressure.

. Increased pulse pressure is a late manifestation of

increased arterial stiffness, which is generally

recognized as an important factor underlying cardi-

ovascular complications in the elderly.

. Placebo-controlled intervention trials have clearly

shown that pharmacological treatment of isolated

systolic hypertension improves outcome in the

elderly.

SUMMARY

Isolated systolic hypertension is the predominant type of

hypertension in the elderly and is associated with cardiovas-

cular complications such as stroke, coronary heart disease,

and heart failure. In this chapter, the role of arterial stiffness,

endothelial function, atherosclerosis, and oxidative stress in

the pathogenesis of isolated systolic hypertension is exten-

sively discussed. Placebo-controlled intervention trials such

as the Systolic Hypertension in Europe Trial and the Systo-

lic Hypertension in the Elderly Program have clearly shown

that pharmacological treatment of isolated systolic hyper-

tension improves outcome in the elderly. Nevertheless,

isolated systolic hypertension remains the major subtype

of untreated and uncontrolled hypertension.
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I. INTRODUCTION

Hypertension refers to a lasting elevation of blood pressure

with heterogeneous genetic and environmental causation.

The increasing prevalence of hypertension with aging

has been noted in numerous epidemiological studies.

The process of vascular aging is characterized by a

wider pulse pressure. In cross-sectional and longitudinal

population studies, systolic blood pressure increase with

age until the eighth decade of life (Fig. 44.1) (1). In con-

trast, diastolic blood pressure rises only until 50 years of

age, after which it either becomes constant or even

decreases slightly. Isolated systolic hypertension in older

patients is a separate disease entity due to stiffening of

the large arteries with advancing age. This chapter gives

an overview of the epidemiological and pathophysiolocal

consequences of the blood pressure–age relationship and

the clinical consequences in the elderly.

II. EPIDEMIOLOGY

In the Framingham Heart Study, diastolic pressure was the

strongest predictor below age 50, all three blood pressure

indexes were comparable predictors at age 50–59, and

from 60 years on, diastolic pressure was negatively

related to risk of coronary events, so that pulse pressure

became superior to systolic pressure (2). The predictive

role of pulse pressure in the elderly is consistent in men

and women, in treated and untreated hypertensive subjects

(3), and in patients with a history of myocardial infarction

(4) or renal failure (5). Furthermore, in older patients with

isolated systolic hypertension, pulse pressure (6), and

especially ambulatory pulse pressure (7), are a stronger

predictor of cardiovascular risk than mean pressure.

According to guidelines proposed by the ESH/ESC,

hypertension is defined as a systolic blood pressure

�140 mmHg, a diastolic blood pressure �90 mmHg, or

taking antihypertensive drug treatment. The prevalence

of hypertension is �25% in the general adult population

and increases to 60–70% in the age group .60 years

(1). In the general US population, studied in the National

Health and Nutrition Examination Survey III (NHANES

III), men had a higher prevalence of hypertension than

women up to 59 years, whereas the reverse was true

from 60 years on (1).

In a random Belgian population sample of 2241 men

and 2362 women with a median age (IQR) of 41 (29–

56), systolic blood pressure averaged 119 mmHg in sub-

jects below the age of 41 and 131 mmHg in subjects

above the age of 41 (8). The corresponding mean values

for diastolic blood pressure were 71 and 78 mmHg. The

distribution of blood pressure according to the WHO cri-

teria in the Belgian population is given in Table 44.1.

The prevalence of hypertension in the Belgian population

was 25.6% of whom, 52.5% was treated. Blood pressure

Figure 44.1 Systolic and diastolic blood pressure in 5 year

age classes in a representative sample (n ¼ 4202) of the popu-

lation of five Belgian districts. * represents women; B represents

men. [From Burt et al. (1).]

Table 44.1 Classification of Blood Pressure Levels (mmHg)

Based on Conventional Blood Pressure Measurement in

Adults Aged 10 and Older in a Random Population Sample by

Median Age

Age �42

(n ¼ 2241)

Age .42

(n ¼ 2362)

Normotension

Optimal

(SBP ,120 and

DBP ,80)

1573 (49.8%) 591 (19.5%)

Normal (SBP ,130

and DBP ,85)

828 (26.2%) 600 (19.8%)

High-normal

(SBP 130–139 or

DBP 85–89)

425 (13.5%) 478 (15.8%)

Hypertension

Controlled on medication 59 (1.9%) 356 (11.8%)

Fase 1 (SBP 140–159

or DBP 90–99)

245 (7.8%) 739 (24.4%)

Fase 2 (SBP 160–179

or DBP 100–109)

20 (0.6%) 195 (6.4%)

Fase 3 (SBP �180

or DBP �110)

8 (0.3%) 66 (2.2%)
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was well controlled in half of the treated subjects (8).

Above the age of 41, only 20% of the subjects had an

optimal blood pressure (systolic pressure ,120 mmHg

and diastolic pressure ,80 mmHg).

Isolated systolic hypertension, defined as a systolic

blood pressure�140 mmHg and a diastolic blood pressure

,90 mmHg, is the predominant type of hypertension in

the elderly. The NHANES III data demonstrated that

below the age of 50, isolated diastolic hypertension

(SBP ,140 mmHg and DBP �90 mmHg) was most

common (46.9%) among untreated hypertensives,

whereas combined systolic/diastolic hypertension (SBP

�140 mmHg and DBP �90 mmHg) was most common

(45.1%) among inadequately treated individuals. In both

untreated and inadequately treated groups, isolated systo-

lic hypertension became the primary hypertensive

subtype for subjects after the age of 50.

Few studies provide information on the incidence of

hypertension in the general population. In the Framingham

Heart Study, 5.3% of participants with optimal blood

pressure, 17.6% with normal, and 37.3% with high-

normal blood pressure below the age of 65 developed

hypertension over a period of 4 years (9).

III. PATHOPHYSIOLOGY

Pulse pressure, the difference between systolic and dias-

tolic blood pressure, is determined by the compliance of

the arterial vascular bed and the stroke volume, and to a

lesser extent by the ejection rate of the left ventricle.

Mean arterial pressure, a weighted average of systolic

and diastolic blood pressure, is dependent on cardiac

output and total peripheral resistance.

A. Arterial Stiffness as Determinant
of Systolic Hypertension

Arterial stiffness is emerging as the most important deter-

minant of primary isolated hypertension in our aging com-

munity. Arterial distensibility and pulse wave velocity

reflect the elasticity of an artery. Aortic pulse wave vel-

ocity doubles while distensibility coefficients halve

between 20 and 70 years of age [Fig. 44.2(A) and (B)].

The arterial pressure wave consists of a forward com-

ponent generated by the heart and reflected waves return-

ing to heart form peripheral sites (5). In healthy young

adults, the reflected waves coincide with diastole, raise

diastolic pressure, and boost coronary perfusion. With

arterial stiffening, the reflected waves move faster, reach

the proximal aorta during systole, and cause an augmenta-

tion of late systolic pressure, whereas diastolic pressure

decreases. The early return of the reflected pulse wave to

the aorta during systole is the primary mechanism

accounting for the rise in systolic blood pressure and the

decline in diastolic blood pressure that occurs with arterial

stiffening. Lowered diastolic pressure may impair coron-

ary blood flow and predispose to myocardial ischemia.

The higher systolic pressure augments cardiac work and

may lead to heart failure (5). Histopathologic examination

of the aorta of the elderly reveals thickening of the media

because of the accumulation of collagenous fibers as well

as calcium deposition (10). A functional component may

be superimposed on these structural changes. Indeed, the

vasoconstrictor tone in the large arteries may well rise

with age, when the number of b2-adrenoreceptors that

mediate vasodilatation decreases (11).

B. Endothelial Function and Arterial Stiffness

Endothelial function estimated as flow-mediated vasodila-

tation apparently starts to deteriorate at about 50 years

[Fig. 44.2 (C)], that is, when pulse pressure begins to

rise. Endothelial function is more per formant in premeno-

pausal women than in men. This observation suggests that

estrogens might enhance endothelial function [Fig. 44.2

(C)]. Indeed, estrogens activate endothelium-dependent

vascular relaxation mechanisms, including the nitric

oxide-cGMP and prostacyclin-cAMP pathways (12).

The endothelium generates a variety of biological

mediators which influence the tone and structure of the

blood vessel and determine the susceptibility of the

vessel wall to atherogenesis. One of these mediators is

nitric oxide, which is synthesized from the amino acid

L-arginine via the action of the enzyme nitric oxide

synthase.

Endothelin-1 is an important vasoconstrictor released

by the endothelium and may also increase arterial stiffness.

Indeed, plasma endothelin-1 concentration, shows a sig-

nificant positive correlation with aortic stiffness in patients

with coronary artery disease (13). This observation illus-

trates that endothelial function affects the function of

large arteries. Thus large arteries are more than simply

passive conduits.

C. Atherosclerosis in Hypertension

Many of the histological alterations that occur in the vessel

wall with aging resemble those that come with arthero-

sclerosis. Figure 44.2 (D) shows the increase in carotid

intima media thickness, a sign of early atherosclerosis

associated with advancing age. Nevertheless, the role of

atherosclerosis in the pathogenesis of isolated systolic

hypertension remains debatable. In autopsy specimens of

human aorta, compliance decreases with age, but the rela-

tive contributions of aging and atherosclerosis remain

unknown (14). Moreover, clinical experience shows that

many patients with severe generalized atherosclerosis
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maintain a normal central complaince. In contrast, in some

populations with a low prevalence of atherosclerosis, sys-

tolic pressure does rise with age and isolated systolic

hypertension is observed (15).

D. Hypertension Cause or Effect of
Arterial Stiffness?

Whether the acceleration of the aging process occurs

through an increase in arterial stiffness or through hyper-

tension-associated changes in large artery structure has

been debated. Liao et al. (16) evaluated the prospective

relation between the baseline arterial elasticity and the

development of hypertension in a population sample.

After 6 years of follow-up, one standard deviation

decrease in arterial elasticity was associated with a 15%

greater risk of hypertension, independent of established

risk factors for hypertension, and the level of baseline

blood pressure. These results suggest that lower arterial

elasticity is causally related to the development of systolic

hypertension.

E. Chronological and Biological Aging
in Arterial Hemodynamics

The age-related changes in cardiac function, circulatory

hemodynamics, lipid metabolism, and detoxification of

reactive oxygen species all contribute to morbidity and

mortality in the elderly. Although age is an outstanding

risk factor for high blood pressure, stroke, and coronary

Figure 44.2 Wall characteristics by gender and age in a sample of the general population. B represents men and * represents women.

(A) Pulse wave velocity; (B) carotid artery distensibility; (C) endothelial function; (D) Intima-media thickness of the carotid artery. Data

are mean for each age group.
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artery disease, the precise pathophysiological mechanisms

underlying these observations are presently unknown.

Telomeres are long stretches of characteristic DNA

repeat sequences and associated proteins at the ends of

chromosomes. These structures are essential to the life

of the cell—they cap the ends of the chromosomes and

therefore protect them from degradation and fusion.

Recent experimental data support the concept that telo-

mere length might serve as a biological clock not only at

the cellular level but also probably at the systemic level

(17,18). Telomerase is an enzyme that compensates for tel-

omere shortening during DNA replication by adding telo-

mere repeat sequences to the 50 ends of the DNA strands.

Its expression decreases with aging. Consequently, telo-

meres shorten each time DNA in a somatic cell replicates.

The progressive loss of telomere length during life might

contribute to cellular aging.

Evidence in support of this hypothesis comes from

several observations:

. telomeres are shorter in somatic than in germline

cells (17);

. fibroblasts from children suffering from progeria (a

congenital disease characterized by accelerated

aging) have shorter telomeres (18);

. telomere length in white blood cells decreases with

age at a faster rate in men than women (19).

Of interest is the fact that homocysteine, a known risk

factor for atherosclerosis (20), enhances the rate of telo-

mere attrition per replicative cycle in cultured human vas-

cular endothelial cells (21). To a large extent, this effect

appears to be mediated by reactive oxygen species.

Recently, it was shown that both pulse pressure and

pulse wave velocity are inversely correlated with telomere

length independent of chronological age (22). These

observations suggest that pulse pressure and pulse wave

velocity might be markers of the biological age of the vas-

cular system.

F. Established Cardiovascular Risk Factors
and Arterial Stiffness

Obesity is associated with decreased aortic elasticity. The

rise in blood pressure following gain in body-weight is

associated with profound changes in cardiovascular–

renal physiology, including increased plasma volume,

enhanced tubular sodium reabsorption, an initial decrease

in total peripheral resistance, increased heart rate, acti-

vation of the sympathetic nervous system, and activation

of the systemic renin–angiotensin–aldosterone axis (23).

Adipose tissue secretes the hormone leptin, which

increases sympathetic activity (23).

Adults with familial hypercholesterolemia have a sig-

nificantly lower aortic distensibility than control subjects

(24). The changes in vessel wall properties due to hyper-

cholesterolemia may due to (1) impaired responses to

endothelial relaxing factors (such as nitric oxide); (2)

an increased content of collagen and calcium subsequent

to deposition of cholesterol in the vessel wall; (3) a toxic

effect of oxidized lipoproteins on the endothelium (25).

Even in the young, cigarette smoking increases arterial

stiffness (26), aortic blood pressure (26), and plasma

von Willebrand factor (a marker of endothelial damage)

(27). More than 3800 chemicals present in tobacco

smoke cause oxidative stress either directly or via bio-

transformation of these compounds. Smoking acutely

increases sympathetic tone (28). Furthermore, smoking

decreases nitric oxide production, the primary vasodilator

produced by endothelial cells (26).

Diabetes is associated with increase arterial stiffness

and decreased endothelial function (29). Glycation of pro-

teins due to alterations in cellular metabolism remain a

reasonable pathophysiological link between the hypergly-

cemia and the development of complication in diabetes.

These chemically modified proteins may interact with

cells in the vascular wall, inducing expression of cytokines

and growth factors, which cause cross-linking of collagen

molecules to each other (30), leading to an enhanced loss

of collagen elasticity with a subsequent reduction in arter-

ial distensibility.

Homocysteine a sulfur containing amino acid, which is

formed in the metabolism of methionine to cysteine,

behaves as an independent risk factor for cardiovascular

disease. The two most important determinants of the

plasma homocysteine concentration are folate status and

renal function. From in vitro and animal models, there is

evidence that high homocysteine concentrations are

associated with endothelial toxicity attributed to oxidative

stress that results from auto-oxidation of homocysteine

(31). During this process, hydrogen peroxide and superox-

ide are formed that may increase low-density lipoprotein

oxidation, and decrease the biovailability of nitric oxide

(31). The decrease in nitric oxide leads to vasoconstriction.

In hypertensive patients, plasma homocysteine is posi-

tively correlated with aortic stiffness as assessed by

carotid–femoral pulse wave velocity, independent of

sex, age, blood pressure, and renal function (32).

However, homocysteine lowering therapy had no ben-

eficial effect on carotid distensibility in patients with

end-stage renal disease (33), nor in healthy siblings of

patients with premature atherosclerosis (34).

G. Risk Factors Tracking During Aging

Traditionally, research on aging deals with processes that

begin late in life, but many of these processes may have

origins at young age. Hypertension, hypercholestero-

laemia, and overweight are usually well tolerated at
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younger age and are therefore barely perceived as harmful,

but over time they may track and lead to excess morbidity

and mortality from cardiovascular causes in middle-aged

people (35–37). Findings from the Bogalusa Heart

Study in the USA demonstrated that childhood blood

pressure levels at or above the 80th percentile, not necess-

arily in hypertensive ranges, were associated with an

increased prevalence of elevated blood pressure during

adulthood (36). A follow-up study (35), showed that

blood pressure in a group of male students at the age of

20.5, was associated with the incidence of cardiovascular

diseases in the following 41.3 years. These findings

suggest that elevated blood pressure during youth may

have later clinical significance. Moreover, epidemiologi-

cal studies have shown that cardiovascular risk factors

tend to cluster within young persons (38) and that cluster-

ing of cardiovascular risk factors increases the risk of cor-

onary heart disease. From the public health point of view,

prevention is better than cure. Among 17-year-old Flemish

adolescents, we recently found that 4.5% had hyperten-

sion, 9.0% were overweight (body mass index .25 kg/
m2), and 13.5% had a serum cholesterol concentration of

200 mg/dL or higher (38). Girls on oral contraceptive

pills had a 4.6 mmHg higher blood pressure and an

increase of 4.27 in the odds of not having an optimal

blood pressure (systolic blood pressure ,120 mmHg and

diastolic blood pressure ,80 mmHg) (39). If smoking

and excessive alcohol intake were considered, 41.0% of

the youngsters had one cardiovascular risk factor and 8%

combined two or more risk factors. Prevention should

therefore start at a young age. In Belgium, school attend-

ance is compulsory until 18 years. Trained physicians

examine the students at regular intervals. Unfortunately,

the physical examination does not include blood sampling

for the measurement of cholesterol and new directives are

being implemented which place less emphasis on physical

health.

IV. OUTCOME TRIALS

A. Placebo-Controlled Trials

The ultimate goal of treating patients with hypertension is

not only to reduce blood pressure, but also to prevent the

cardiovascular and renal complications of an elevated

blood pressure, so that survival is prolonged and the

quality of life is improved. Since 1991, three outcome

trials have been published, which addressed the question

whether in the elderly the cardiovascular risk conferred

by hypertension is reversible by antihypertensive drug

treatment. In all trials and subgroups combined (40),

among 7757 control patients, 734 deaths and 835 major

cardiovascular complications occurred; in 7936 patients

allocated active treatment, these numbers were 656 and

647, respectively. Median follow-up amounted 3.8 years.

Overall, active treatment reduced total mortality by 13%,

cardiovascular mortality by 18%, all cardiovascular com-

plications by 26%, stroke by 30%, and coronary events

by 23% (40).

In the Systolic Hypertension in Europe (Syst-Eur) trial,

patients (�60 years) with isolated systolic hypertension

were randomized to active treatment (n ¼ 2398), that is,

nitrendipine, with the possible addition of enalapril and

hydrochlorothiazide, or to matching placebos (n ¼ 2297)

(41). The between-group difference in blood pressure

amounted to 10.1/4.5 mmHg (P , 0.001). Active treat-

ment reduced the incidence of fatal and nonfatal stroke

by 42% and that of major cardiovascular complications

by 30%. Cardiovascular mortality tended to be lower on

active treatment (226%, P ¼ 0.08), but all-cause mor-

tality was not significantly influenced (213%, P ¼ 0.28)

(41,42). Furthermore, active treatment reduced the inci-

dence of mild renal dysfunction (serum creatinine

�176.8 mmol/L) by 64% (13 vs. 5 cases, P ¼ 0.04)

(43). The relative benefits of active treatment were

evenly distributed across the two sexes and across patients

with and without a history of cardiovascular complications

(44). Further analysis also suggested similar benefit in

patients who remained on nitrendipine monotherapy (45).

At randomization into the Syst-Eur trial, 492 patients

(10.5%) had diabetes mellitus. In these patients, with

adjustments for possible confounders, active treatment

reduced all-cause mortality by 55%, cardiovascular mor-

tality by 76%, all cardiovascular endpoints by 69%, fatal

and nonfatal strokes by 73%, and all cardiac endpoints

by 63%. The reductions in total mortality (P ¼ 0.04),

cardiovascular mortality (P ¼ 0.02), and all cardiovas-

cular endpoints (P ¼ 0.01) were significantly larger in

diabetic than in nondiabetic patients (Fig. 44.3) (46).

Furthermore, active treatment reduced the risk of pro-

teinuria more (P ¼ 0.04) in diabetic than in nondiabetic

patients (71 vs. 20%).

The Syst-Eur Vascular Dementia Substudy (47) inves-

tigated whether antihypertensive treatment could reduce

the incidence of dementia. In total, 2418 patients were

enrolled. After a median follow-up of 2 years in the

double-blind trial, active treatment reduced the incidence

of dementia by 50% (P ¼ 0.05) from 7.7 to 3.8 cases per

1000 patient years (11 vs. 21 patients). Active treatment

prevented mainly Alzheimer’s dementia (8 vs. 15 cases).

These results were confirmed in the open-label follow-up

study (48). During extended follow-up, the number of inci-

dent cases of dementia increased from 32 to 64. Long-term

active treatment (n ¼ 1485), compared with control

(n ¼ 1417), reduced the incidence of dementia by 55%,

from 7.4 to 3.3 cases per 1000 patient-years (43 vs. 21

patients) (48). Several reports suggest that calcium

channel blockers, which cross the blood–brain barrier
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and bind to brain receptors located in areas affected by

Alzheimer’s disease, may confer specific neuroprotection

(49). However, the concept that antihypertensive therapy

with long-acting dihydropyridines might protect against

dementia needs further testing in controlled clinical trials.

The double-blind Syst-Eur trial (P ¼ 0.009) (44)

showed an interaction between treatment allocation and

age. Randomization to active treatment was associated

with a decreased relative risk of death in subjects aged

60–69 (59%) and 70–79 (58%), but with a slightly

increased risk of death in patients aged �80 (11%).

Similarly, a meta-analysis of the results of controlled

trials in hypertensive patients over the age of 80 showed

a nonsignificant of 6% excess death from all causes (50).

In view of the remaining uncertainty, the Hypertension

in the Very Elderly Trial (HYVET) is currently investi-

gating the potential benefit of antihypertensive drug treat-

ment on stroke and other cardiovascular endpoints in the

very elderly (51). This trial will include a subgroup of

patients with isolated systolic hypertension.

B. Guidelines for Antihypertensive
Drug Therapy

Most experts recommend an integrated approach of risk

management to prevent the complications of raised

blood pressure. Accordingly, the need to start treatment

increases in the presence of other cardiovascular risk

factors or when absolute risk reaches a specified threshold

(e.g., in the British population, a 10 year risk of coronary

heart disease �15%).

On the basis of evidence from trials, most but not all

guidelines suggest that low-dose thiazides might be the

most cost-effective way to start pharmacological treatment

in most patients. However, for each class of antihyperten-

sive drugs, compelling indications or contraindications

exist. For instance, b-blockers or calcium channel blockers

can be used in patients with angina pectoris. Stable heart

failure is an indication for thiazides, aldosterone receptor

blockers, b-blockers, or ACE inhibitors, but not for angio-

tensin receptor blockers (52). A history of myocardial

infarction favors the use of b-blockers or ACE inhibitors.

Renal impairment, microalbuminuria, or proteinuria is an

indication for ACE inhibitors and/or angiotensin receptor

blockers. Systolic hypertension warrants the use of thiazides

or long-acting dihydropyridines. In black people, hyperten-

sion responds better to thiazides or calcium channel block-

ers than to inhibitors of the renin system, in terms of both

blood pressure reduction and prevention of complications.

In the absence of renal impairment at the initiation of anti-

hypertensive treatment, all major drug classes equally

prevent end-stage renal disease (52).

V. CONCLUSIONS

Since age and blood pressure are continuous variables with

no discernible transition points where there is a sudden

increase in morbidity and mortality, arbitrary definitions

Figure 44.3 Adjusted relative hazard rates associated with active treatment as compared with placebo in diabetic and nondiabetic

patients participating in the Syst-Eur trial. The relative hazard rates were adjusted for sex, age, previous cardiovascular complications, sys-

tolic blood pressure at enrolment, smoking status, and residence in eastern or western Europe. The P-values are for the interaction between

treatment and diabetes and indicate whether the treatment effect was significantly associated with the presence or absence of diabetes at

enrolment. Cardiovascular events, stroke, and cardiac events included fatal and nonfatal events. The bars indicate the 95% confidence inter-

vals. The numbers above the bars indicate the benefit of the active treatment when compared with placebo. [From Tuomilehto et al. (46).]
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must be used for classification. Unlike diastolic blood

pressure, systolic blood pressure increases progressively

with age. The characteristic changes of systolic and dias-

tolic blood pressure with age lead to an increase in pulse

pressure, which has emerged as a new and potentially

independent risk factor reflecting the biological aging of

the vascular system. Arterial stiffness increasingly recog-

nized as an important factor underlying cardiovascular

complications in the elderly.
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Fagard R, on behalf of the Syst-Eur Investigators. Update

on the Systolic Hypertension in Europe (Syst-Eur) Trial.

Hypertension 1999; 33:1476–1477.

42. Staessen JA, Fagard R, Thijs L, Celis H, Arabidze GG,
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KEYPOINTS

. Chronic kidney disease, whether manifest by albu-

minuria or reduced glomerular filtration rate, leads

to hypertension and increased cardiovascular risk.

. Hypertension in the framework of chronic kid-

ney disease requires aggressive blood pressure-

lowering. ACE inhibitors and angiotensin receptor

blockers retard worsening of nephropathy in differ-

ent types of kidney disease in addition to their anti-

hypertensive action.

. Hypertension after kidney transplantation is due to

immunosuppressive drugs, renal dysfunction in

the transplanted kidney, the native kidneys, trans-

plant renal stenosis and other reasons.

. Renovascular hypertension is most often caused by

renal artery stenosis due to fibromuscular hyperpla-

sia or atherosclerosis. The unambiguous diagnosis

is difficult, and renovascular hypertension can only

be established in a part of the patients with renal

artery stenosis.

SUMMARY

The kidney and arterial hypertension are closely related. In

fact, renal disease is the most common cause of secondary

hypertension. This chapter will review the relationship

between hypertension and parenchymal and renovascular

disease, their clinical evaluation and management, with

special consideration for patients with end-stage renal

disease receiving chronic dialysis therapy or following

kidney transplantation.

I. INTRODUCTION

The kidney is an important organ in most forms of arterial

hypertension. Renal disease is by far the most common

cause of secondary hypertension and hypertension is

present in .80% of patients with chronic renal failure.

Increasing data support the significance of chronic kidney

disease as an important risk factor for cardiovascular disease.

Through its role in body fluid and electrolyte homeosta-

sis, the kidney plays an important role in long-term arterial

pressure regulation. If the kidneys cannot balance the

intake of water and electrolytes with an appropriate

excretion at a given arterial pressure level, extracellular

(including intravascular) volume increases and arterial

pressure rises. Under chronic conditions, this may lead

to arterial hypertension.

The term renal parenchymal hypertension includes a

variety of renal diseases that are often associated with

impaired renal function and hypertension. In addition to

hypertension in association with chronic renal disease,

we will examine specific varieties of renal diseases and

how they relate to hypertension, including hypertension

after kidney transplantation and elevated blood pressure

in chronic dialysis patients. Finally, we will review reno-

vascular hypertension and cardiovascular disease that are

associated with chronic kidney disease.

II. HYPERTENSION IN CHRONIC RENAL
DISEASE

Hypertension is common in patients with overt renal

insufficiency, as defined by a glomerular filtration rate

,60 mL/min or a serum creatinine .1.5 mg/dL.

Overall, hypertension is found in �85% of patients with

chronic renal disease. The prevalence is inversely correlated

to the glomerular filtration rate, but it varies considerably in

various forms of renal disease and even within the category

of chronic glomerulonephritis (1). On the other hand, hyper-

tension is associated with a more rapid progression of renal

damage regardless of the underlying renal disease (2).

A. Pathogenic Factors

Several factors have been implicated in the pathophysiol-

ogy of hypertension in patients with renal disease:

. sodium retention and excessive intravascular volume;

. activation of the renin–angiotensin–aldosterone

system (RAAS)

. sympathetic nervous system overactivity;

. endothelial dysfunction;

. oxidative stress;

. insulin resistance and other hormonal mechanism

(cortisol, parathyroid hormones);

. Exogenous erythropoietin.

1. Sodium Retention and Excessive

Intravascular Volume

The mechanisms by which sodium excess could lead to

arterial hypertension in the uremic patient are complex.

In early phases, sodium excess leads to volume expansion,
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increased cardiac preload, and increased cardiac output.

Later, hypertension is usually sustained by increased per-

ipheral vascular resistance.

2. Activation of the RAAS

There is an abnormal relationship between exchangeable

sodium or blood volume and plasma renin activity or

plasma angiotensin II. Therefore, even “normal” plasma

concentrations of renin are inappropriately high in relation

to the state of sodium and volume balance.

3. Sympathetic Nervous System Overactivity

In animal models, acute renal injury caused by an intrare-

nal injection of phenol increases the secretion of norepi-

nephrine, stimulates renal efferent sympathetic nerves,

and raises blood pressure. Among patients with renal

failure, plasma norepinephrine levels are usually

increased. On the other hand, rate of sympathetic nerve

discharge is much higher among dialysis patients with

their native kidneys than among those who have under-

gone bilateral nephrectomy or in controls. There are two

main functional types of renal sensory receptors and

afferent nerves in the kidney: renal baroreceptors, which

respond to changes in renal perfusion and intrarenal

pressure and renal chemoreceptors, which are stimulated

by ischemic metabolites and uremic toxins. Other mechan-

isms potentially responsible for the increase in sympath-

etic nerve activity in uremic patients include reduced

central dopaminergic tone, reduced baroreceptor

sensitivity, abnormal vagal function, increased calcium

concentration, and increased plasma b-endorphin and

b-lipotropin.

4. Endothelial Dysfunction

A low nitric oxide production and a diminished nitric

oxide excretion was reported both in rats and in humans

with chronic renal failure. Daily urinary nitric oxide

excretion was lower among patients with moderate and

severe renal failure compared with those with mild renal

failure and normal controls. The 24 h urinary nitric oxide

excretion and the nitric oxide clearance directly correlated

with the creatinine clearance and inversely correlated with

the serum creatinine level. On the other hand, asymmetric

dimethylarginine concentrations, an endogenous inhibitor

of endothelial nitric oxide synthase, were elevated in

patients with end-stage renal disease, in part, because it

is excreted via the kidneys (3). It has been well demon-

strated that asymmetric dimethylarginine accumulates

during chronic renal failure. Although there is controversy

concerning the absolute concentration of asymmetric

dimethylarginine, all authors found a twofold to sixfold

increase in asymmetric dimethylarginine levels in patients

with chronic renal failure when compared with controls.

Different dialysis treatment strategies differentially affect

asymmetric dimethylarginine levels. The presence of

atherosclerosis is associated with higher asymmetric

dimethylarginine levels in patients with normal renal func-

tion as well as in dialysis patients, but this phenomenon

may be unrelated to renal handling of asymmetric

dimethylarginine. Reduced nitric oxide elaboration sec-

ondary to accumulation of asymmetric dimethylarginine

may be an important pathogenic factor for atherosclerosis

in chronic renal failure (4). Thus, the early increase of

asymmetric dimethylarginine levels may be of relevance

for the excess cardiovascular morbidity and mortality

due to arterio- and atherosclerotic complications experi-

enced by patients with renal disease (5).

5. Oxidative Stress

Renal toxicity, ischemia/reperfusion, and immunological

disorders of the kidney result in an elevated formation of

reactive oxygen species active in the pathogenesis of

kidney disease. Treatment procedures are also shown to

induce oxidative stress. Increased formation of free rad-

icals leads to an accelerated lipid peroxidation. Further-

more, secondary aldehydic lipid peroxidation products,

for example, malondialdehyde and 4-hydroxynonenal,

are formed. They are shown to deplete antioxidants,

inhibit protein syntheses, mitochondrial respiration, and

enzyme functions. F2-isoprostanes, also metabolites of

polyunsaturated fatty acids represent an additional

in vivo marker of oxidative stress. Both isoprostanes and

aldehydic lipid peroxidation products can be removed by

hemodialysis. Protein carbonyls are products of such inter-

ventions. Oxysterols, another form of free radical initiated

oxidation products, are shown to initiate atherosclerosis

and plaque formation and thus increase dramatically the

risk of coronary heart disease (6).

6. Insulin Resistance and Other Hormonal

Mechanism (Cortisol, Parathyroid Hormones)

Even in patients with glomerular filtration rate within the

normal range, insulin resistance and hyperinsulinemia

are present early in the course of renal disease (7). This

observation may have potential implications with respect

to the high cardiovascular morbidity and mortality in

patients with renal disease.

7. Exogenous Erythropoietin

Recombinant human erythropoietin (rHu-EPO), which is

used to treat anemia in patients with chronic renal

failure, can worsen hypertension and increase the need

to use antihypertensive drugs. The increase in blood

pressure during treatment with rHu-EPO was not observed

in patients who were taking it for other reasons and that

suggests that renal disease may confer a particular
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susceptibility to the hypertensive action of rHu-EPO. The

rise in blood pressure during rHu-EPO administration

occurs within weeks to months. Patients with severe

anemia, with preexisting conditions, or those whose

anemia is corrected rapidly are at greater risk for develop-

ing hypertension.

B. Evaluation of the Hypertensive Patient for
Renal Parenchymal Disease

Evaluation for renal parenchymal hypertension includes a

history and a physical examination seeking appropriate

clues (Table 45.1).

1. Microalbuminuria and Proteinuria

Microalbuminuria is an important clinical finding in

patients with renal disease. In patients with diabetes, it

has a well-recognized association with progressive renal

disease. However, microalbuminuria is becoming increas-

ingly recognized as an independent risk factor for cardio-

vascular disease in patients with and without diabetes (8).

Microalbuminuria is defined as a subclinical increase in

urinary albumin excretion that is below the detection of

traditional dipstick techniques. Standard urinary reagent

dipsticks detect albumin when it is present at concen-

trations .150 mg%. By definition, microalbuminuria

corresponds to the finding of an albumin excretion rate

between 20 and 200 mg/min (30–300 mg/day), or an

urinary albumin to creatinine ratio (mg/mmol) of 2.5–

25 in males and 3.5–35 in females. Even below the

traditional microalbuminuria thresholds, urinary albumin

levels correlate with renal and cardiovascular events, and

all-cause mortality. Reducing proteinuria is renoprotec-

tive, particularly in nephrotic patients. It has been recently

reported that regardless of blood pressure control, 3 month

changes in proteinuria and residual proteinuria predict

long-term disease progression (9). Therefore, proteinuria

should be a specific target for renoprotective treatment.

2. Microscopic Examination of the Urine

Cells and cellular casts are hallmarks of glomerular dis-

eases. Red blood cell casts represent blood and proteins

derived from the glomerulus and are always indicative of

glomerulonephritis. White blood cell casts or mixed

cellular casts may also be present.

3. Ultrasonography

It is useful to estimate renal size, identify cysts, and screen

for obstructive uropathy. Small dense echogenic kidneys

may indicate diffuse renal parenchymal disease, except

in cases of diabetes and amyloidosis where renal size is

often increased.

4. Renal Biopsy

Percutaneous renal biopsy should be performed only when

the information will contribute to the treatment of the

patient. Indications for renal biopsy are limited:

. to establish a diagnosis in patients with idio-

pathic nephrotic syndrome or nonpostinfectious

glomerulonephritis;

. to establish the severity or prognosis of a renal

parenchymal disease such as lupus nephritis;

. to determine the etiology of acute renal failure;

. to determine the primary renal parenchymal disease

in potential renal transplant recipients.

Some glomerular diseases, such as diabetes mellitus,

lupus, dyslipoproteinemias, and antinuclear cytoplasmic

antibody glomerulonephritis, can be diagnosed from

blood studies, and a biopsy is not necessary.

C. Management of Renal Disease Treatment

The main objective of treatment is to slow the progress to

end-stage renal disease. In addition to control of hyperten-

sion, control of hyperlipidemia, reduction in the degree of

proteinuria, and restriction of phosphorus intake also may

be helpful. Both proteinuria and arterial hypertension often

coexist in the same patient, and therapy must be directed at

decreasing protein excretion in the urine as well as lower-

ing the blood pressure (10). The optimal level of blood

pressure and proteinuria has been amply recognized by

Table 45.1 Clinical Clues That Indicate Renal Parenchymal

Disease

Clues from the medical history

Recurrent urinary tract infections, particularly in young

patients, which suggests congenial bladder abnormalities

or reflux nephropathy

A history of excessive proprietary analgesics; use of any

potential nephrotoxin

Previous renal failure

Diabetic retinopathy, which suggests a diagnosis of diabetic

nephropathy

Proteinuria, which indicates glomerular disease

Red cell casts, which indicate glomerular inflammation

Clues from the physical examination

Periorbital edema

Lower back and leg edema

Rales

Pallor

Systolic or diastolic murmur

Pericardial rub

Decreased tactile sense

Loss of muscle mass
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guidelines (,130/80 mmHg or .125/75 mmHg if pro-

teinuria .1 g/day is present).

The feasibility of this control is still under debate.

Recent clinical trials clearly demonstrate that patients

with renal disease and hypertension, should have their

blood pressure lowered intensively. For renoprotection,

target blood pressure depends on the severity of protei-

nuria before treatment. For proteinuria of 1–3 g/day, a

mean arterial pressure of 98 mmHg provides additional

benefit, whereas the target should be as low as 92 mmHg

if proteinuria exceeds 3 g/day. The antiproteinuric effect

of antihypertensive intervention predicts renoprotection;

therefore, it is recommended that therapy should be

titrated not only by blood pressure but also by reduction

of proteinuria (11).

1. Sodium Restriction

The importance of dietary sodium restriction in proteinuric

hypertensive patients goes beyond its ability to enhance

the antihypertensive effect of all drugs. It is recommended

a sodium intake between 44 and 88 mEq/day.

2. Diuretics

Patients with chronic renal disease are resistant to acidic

diuretics, such as thiazides and loop diuretics, both

because of their reduced renal blood flow and because of

the accumulation of organic acid end products of metab-

olism that compete for the secretory pump. Thus, higher

doses can be needed until a ceiling dose is reached.

Once the ceiling dose is reached that dose should be

given as often as needed as a maintenance dose. Spirono-

lactone, triamtirene, and amiloride should be avoided in

most patients with severe chronic renal disease because

they may induce hyperkalemia.

3. Angiotensin-Converting Enzyme Inhibitors and

Angiotensin II Receptor Blockers

Apart from its physiological role in the regulation of glo-

merular filtration rate and sodium excretion, the renal

effects of angiotensin II are also crucially involved in the

development and maintenance of hypertension. On the

other hand, several experimental and clinical studies indi-

cate that the renin system may play a pivotal role in the

progression of renal disease (12).

Independent of their effect on systemic blood pressure

(13), angiotensin-converting enzyme (ACE) inhibitors

reduce blood pressure and decrease glomerular proteinuria

by specific effects on the glomerulus. By blocking intrarenal

angiotensin II, ACE inhibitors provide greater efferent arter-

iolar vasodilation. By relieving this efferent vasoconstriction

to a greater degree than the reduction of afferent resistance,

ACE inhibitors reduce pressure within the glomeruli and

thereby provide protection against progressive sclerosis. In

addition, they also block other angiotensin II-mediated

adverse renal effects. In hypertensive nephrosclerosis,

therapy containing an ACE inhibitor alone or in combination

significantly reduces the incidence of renal events. This

effect is independent of blood pressure control (14).

Renoprotective effects of ACE inhibitors were shown

in The Ramipril Efficacy in Nephropathy (REIN) study.

Among 352 patients with chronic nondiabetic nephropa-

thies associated with at least 1 g/day proteinuria, ramipril

effectively decreased proteinuria, glomerular filtration rate

decline, and incidence of end-stage renal disease. Greater

blood pressure and degree of proteinuria were the stron-

gest determinants of faster glomerular filtration rate

decline. The renoprotective effect of ramipril was similar

in patients with normotension and hypertension. Hyper-

tensive patients and those with proteinuria of 2 g/24 h or

greater, primary glomerular disease, or nephrosclerosis

gained the most from ACE inhibitor treatment (15). The

REIN study investigators also reported that ramipril was

much more effective in women than in men, regardless

of their ACE polymorphism. In men, only those with

DD genotype benefited (16).

Angiotensin receptor blockers (ARBs) have also been

shown to retard the progression of albuminuria and the

development and progression of nephropathy. In the

Japanese Losartan Therapy Intended for Global Renal

Protection (JLIGHT) Study, losartan reduced blood

pressure in similar degrees to that of amlodipine in patients

with chronic kidney disease. However, there was a signifi-

cant reduction in 24 h urinary protein excretion in the

losartan group, suggesting a renoprotective effect indepen-

dent of its antihypertensive action (17).

ARBs produce similar antihypertensive effects and a

comparable short-term effect on creatinine clearance and

lipid profiles as those of ACE inhibitors. Both drug

classes have a dose-response relationship for intermediate

renal and cardiovascular parameters. Moreover, combined

treatment with ACE inhibition and angiotensin receptor

blockade is not only safe and well tolerated in patients

with moderate chronic renal failure (18), but also seems

to provide better long-term renoprotection than mono-

therapy (19).

On the other hand, recent evidence implicates aldoster-

one as an important pathogenic factor in progressive renal

disease. Several lines of experimental evidence demon-

strate that selective blockade of aldosterone, independent

of renin–angiotensin blockade, reduces proteinuria and

glomerulosclerosis in rat models. Aldosterone may

promote fibrosis by several mechanisms: plasminogen

activator inhibitor-1 expression and consequent alterations

of vascular fibrinolysis, by stimulation of transforming

growth factor-b1 (TGF-b1) and by stimulation of reactive

oxygen species. Randomized clinical studies with aldos-

terone receptor blockade are warranted (12).
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4. Calcium Channel Blockers

Through membrane-bound voltage-dependent calcium

channels, calcium channel blockers inhibit calcium

influx and subsequently result in decreased intracellular

calcium levels and vasodilation. The family of calcium

channel blockers is subdivided into three subclasses. The

dihydropyridine group (dihydropyridine calcium channel

blockers) has mainly vasodilatory effects and relatively

small effects on cardiac inotropism or atrioventricular

conduction. Reflex tachycardia can be seen, and edema

is the most common side effect. The second group, the

benzothiazepines (dilatiazem), has moderate vasodilatory

effects and moderate negative inotropic and chronotropic

effects. The third group, the phenylalkylamines (verapa-

mil), has similar vascular and cardiac effects as diltiazem.

The benzothiazepine diltiazem and the phenylalkylamine

verapamil are referred to as NDCCBs (nondihydropyridine

calcium channel blockers).

Calcium channel blockers may dilate afferent arterioles

as much or more than efferent arterioles. Therefore, glomer-

ular pressure could increase. However, if the calcium

channel blocker lowers systemic blood pressure sufficiently,

it will also lower intraglomerular pressure and provide reno-

protection. In most studies, dihydropyridine calcium channel

blockers did not reduce proteinuria, whereas NDCCBs did.

The effects of dihydropyridine calcium channel block-

ers on 24 h urinary protein excretion rate and glomerular

filtration rate decline were evaluated in 117 nondiabetic

patients with chronic, proteinuric nephropathies enrolled

in the Ramipril Efficacy in Nephropathy study. The

effects of dihydropyridine calcium channel blocker on

24 h urinary excretion of protein were dependent on the

degree of blood pressure reduction. Among the patients

who achieved a mean arterial pressure of 117 mmHg or

105 mmHg, 24 h proteinuria was greater in patients

receiving dihydropyridin calcium channel blockers when

compared with those subjects receiving other drugs.

However, this adverse effect was no longer present in

patients achieving lower mean arterial pressure. The com-

bination of an ACE inhibitor and calcium channel blocker

resulted in significantly less proteinuria when compared

with patients on a calcium channel blocker alone. Thus,

in nondiabetic proteinuric nephropathies, dihydropyridine

calcium channel blocker may have an adverse effect on

renal protein handling; it depends on the severity of hyper-

tension and is minimized by ACE inhibitor therapy or tight

blood pressure control (20).

III. DIABETIC NEPHROPATHY

Diabetes is now the most common cause of end-stage renal

disease in adults. Approximately 20–30% of patients with

type 1 diabetes and 10–20% with type 2 diabetes will

develop end-stage renal disease (21). However, because

patients with type 2 diabetes compose�90% of the diabetic

population, they make up the largest proportion of diabetics

with end-stage renal disease. Among African-Americans,

the incidence of end-stage renal disease is five times

higher than that of whites; native Americans and Asians

also have high rates of end-stage renal disease. In some

ethnic groups, like the Pima Indians, diabetic nephropathy

is the primary determinant of hypertension in type 2 dia-

betes (22). Familial and genetic factors play an important

role in the development of this complication.

A. Pathophysiology

Glomerulosclerosis in diabetic patients is preceded by

membrane thickening, mesangial expansion, and podocyte

loss. It is usually associated with microalbuminuria.

In addition to the hyperglycemia, hypertension, and the

renin–angiotensin system have been consistently impli-

cated in the pathogenesis of diabetic nephropathy. By a

common intracellular signaling pathway, the activation

of protein kinase C (PKC) b, each of these pathogenic

factors may induce changes in cellular function. Cyto-

kines, in particular TGF-b1, seem to be important agents

in the initiation and progression of nephropathy. In vivo,

the inhibition of PKC b led to a reduction in albuminuria,

structural injury, and TGF-b expression, despite continued

hypertension and hyperglycemia. On the other hand, part

of the protective effect of ACE inhibitors may involve

their inhibition of TGF-b1.

Clinical clues in diabetic nephropathy include hyper-

glycemia, hypertension, and microalbuminuria in patients

who have been diabetic for .15 years. In these patients,

retinal capillary microaneurysms are usually present.

Microalbuminuria is usually the earliest manifestation of

nephropathy. The presence of even a minimally elevated

albumin–creatinin ratio in morning first-voided samples

beyond 30 mg/mg creatinine is an early indicator of the

risk of nephropathy. In the presence of nephropathy, extra-

cellular fluid volume, and total body sodium levels are

increased. The activity of the RAAS is reduced in these

patients, and the hypertension is volume-dependent,

similar to other nephropathies (23).

B. Management of Diabetic Neuropathy

In addition to a tight control of blood pressure, measures to

prevent progression of overt nephropathy in patients with

diabetes include (Table 45.2): the reduction of proteinuria,

control of hyperglycemia, the cessation of smoking, and

the restriction of dietary protein intake to �0.9 g/kg of

body weight/day.
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1. Glycemic Control

Several studies have shown the benefits of hyperglycemic

control to slow the progress of nephropathy both in insulin-

dependent and in noninsulin-dependent diabetic patients.

2. Antihypertensive Therapy

The purpose of antihypertensive treatment in diabetic

patients is not only to slow progress of nephropathy, but

also to reduce the morbidity and mortality from cardio-

vascular complications (congestive heart failure, coronary

artery disease, and stroke). The Seventh Report of the Joint

National Committee on the Detection, Evaluation, and

Treatment of High Blood Pressure (JNC7) recommen-

dations are consistent with guidelines from the American

Diabetes Association (ADA) (24), which has also recom-

mended that blood pressure in diabetics should be

controlled to levels of �130/80 mmHg. Whatever the

goal level, rigorous control of blood pressure is paramount

for reducing the progression of diabetic nephropathy to

end-stage renal disease. Combinations of agents are

often required. Systolic blood pressure correlates better

than diastolic blood pressure with renal disease pro-

gression in diabetics. The rate of decline in renal function

among patients with diabetic nephropathy has been

reported to be a continuous function of arterial pressure

until �125–130 mmHg systolic blood pressure and

70–75 mmHg diastolic blood pressure (24).

Randomized controlled trials that have included large

diabetic populations, including the UK Prospective Dia-

betes Study (UKPDS), Hypertension Optimal Treatment

(HOT) Trial, Systolic Hypertension in the Elderly

Program study (SHEP), Systolic Hypertension in Europe

Study (Syst-EUR), Heart Outcomes Prevention Evaluation

Study (HOPE), Losartan Intervention For Endpoint

Reduction in Hypertension Study (LIFE), and ALLHAT

have demonstrated that adequate blood pressure control

improves cardiovascular disease outcomes, especially

stroke, when aggressive blood pressure targets are achieved.

Several studies investigated the impact of antihyperten-

sive treatment on diabetic nephropathy both in type 1 or

type 2 diabetic patients. In type 2 diabetic patients, a multi-

center randomized study, UKPDS Study–Hypertension in

Diabetes Study (HDS) (25), evaluated the effects of differ-

ent levels of blood pressure control on diabetic compli-

cations. After a median of 8.4 years, “tight blood

pressure control” (goal: blood pressure ,150/85 mmHg)

was associated with a reduction of 24% in diabetes-

related endpoints, 32% in deaths related to diabetes, and

37% in microvascular endpoints (nephropathy and

advanced retinopathy). Patients assigned to the tight

control group had a 29% reduction in the risk of develop-

ing urinary albumin levels .50 mg/L at 6 years, but no

significant changes were observed in the development of

overt proteinuria or the increase in plasma creatinine

levels between the two groups.

In subjects with type 1 diabetes and overt proteinuria

(urinary albumin levels .500 mg/24 h), a large placebo-

controlled clinical trial using the ACE inhibitor captopril

(Collaborative Study Group Trial) showed a significant

decrease in the progression of diabetic nephropathy (26).

The rate of decline in renal function in this study was

11% per year in the captopril group and 17% per year in

the placebo group. The endpoints of death, end-stage

renal disease, or doubling the serum creatinine were

reduced by 50% in the captopril group compared with

standard antihypertensive treatment. The differences in

systolic and diastolic blood pressure levels between the

two groups (placebo and captopril) studied were small

and suggest that ACE inhibitors have a renal protective

effect independent of their antihypertensive effect.

Also, in studies of type 1 patients with microalbumi-

nuria without a clinical diagnosis of hypertension,

several small clinical trials suggest that ACE inhibitors

may be beneficial in delaying or preventing the pro-

gression of nephropathy (27). A recent meta-analysis of

raw data obtained for 698 type 1 diabetic patients enrolled

in several small trials has shown a statistically significant

decrease in progression to macroalbuminuria and in

regression of albuminuria with ACE inhibition (28).

Which is the best medication for the treatment of the

diabetic patients with chronic kidney disease? Both ACE

inhibitors and ARBs have been recommended for use in

diabetic patients with chronic kidney disease because

these agents delay the deterioration in glomerular filtration

rate and the worsening of albuminuria (24). In addition,

ACE inhibitors have beneficial effects on other diabetic

complications such as retinopathy and neuropathy and

have been shown to reduce cardiovascular disease in

diabetics with and without nephropathy. A recent meta-

analysis on studies evaluating the effect of ACE inhibitors

on diabetic nephropathy in patients with type 2 diabetes

mellitus concluded that ACE inhibitors produce statisti-

cally significant reductions in albuminuria and reduce

the progression of nephropathy in patients with type 2

Table 45.2 Actions to Prevent Progession of Overt Nephro-

pathy in Patients with Type 2 Diabetes

Achieve glycemic control (HbA1C concentration to normal);

avoid hypoglycemia

Maintain blood pressure as close to 125/75 mmHg as possible,

preferably with the use of an ACE inhibitor or ARB

Reduce the level of proteinuria

Stop smoking

Restrict dietary protein intake to �0.8 g/kg body weight

per day

Control associated risk factors
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diabetes mellitus (29). ACE inhibitors have been shown to

preserve renal function in type 1 diabetics with nephropa-

thy, in addition. In normotensive patients with type 1 dia-

betes mellitus and microalbuminuria, ACE inhibitors

reduce the progression to macroalbuminuria and increase

the chances of regression. Changes in blood pressure

cannot entirely explain the antiproteinuric effect of ACE

inhibitors (30).

Excellent protection against the progression of albumi-

nuria and the development and progression of nephropathy

in type 2 diabetics has been reported with angiotensin II

receptor blockers, in addition. Losartan, ibesartan, telme-

sartan, candesartan, eprosartan, and valsartan are effective

antihypertensive agents (31,32). Angiotensin II receptor

blockers have been shown to decrease proteinuria both

in type 1 and type 2 diabetic patients (33,34) and several

trials reported renoprotective effects of ARBs in hyperten-

sive patients with type 2 diabetes. These trials legitimatize

the use of the angiotensin receptor blocker class in fore-

stalling the deterioration in renal function.

Parving et al. (35) studied 590 hypertensive patients with

microalbuminuria, comparing irbesartan (at two different

doses) vs. placebo. After a 2-year follow-up, the primary

outcome (time to onset of diabetic nephropathy, defined by

persistent albuminuria, with an urinary albumin excretion

rate .200 mg/min and .30% higher than baseline) was

found in 5.2% of the 300 mg irbsesartan group, 9.7% of

the 150 mg irbesartan group, and 14.9% of the placebo

group. They concluded that irbesartan had a renoprotective

effect independent of any blood pressure-lowering effect.

Lewis et al. (36) studied 1715 hypertensive patients

with nephropathy given irbesartan, amlodipine, or

placebo. Treatment with irbesartan (300 mg), after a 2.6

year follow-up, was associated with a reduction of the

risk of 20% of the primary composite endpoint (doubling

of serum creatinine, development of end-stage renal

disease, or death) compared with the placebo group and

23% compared with the amlodipine group after. The risk

of doubling serum creatinine was 33% lower compared

with the placebo group and 37% compared with the amlo-

dipine group. The relative risk of end-stage renal disease

was 23% lower in the irbesartan group than in the

placebo or amlodipine groups. These differences were

not explained by the blood pressure reduction achieved.

Brenner et al. (37) studied 1513 hypertensive patients

with established nephropathy, comparing losartan

(100 mg) with placebo. The mean follow-up was 3.4

years. Patients in the losartan group had a 16% risk

reduction in the composite primary endpoint (doubling

of serum creatinine, end-stage renal disease, or death), a

25% risk reduction in the doubling of serum creatinine,

and a 28% reduction in end-stage renal disease. There

was no effect seen for the death rate. The composite of

mortality and morbidity from cardiovascular causes was

similar between the two groups. The benefits exceeded

those attributable to changes in blood pressure.

The Reduction in Endpoints in NIDDM with the Angio-

tensin II Antagonist Losartan (RENAAL) study and the

Irbesartan Diabetic Nephropathy Trial (IDNT) are two

recently reported trials conducted with patients in the

advanced stages of diabetic nephropathy. Both trials

showed a significant reduction in the primary pre-specified

endpoint of death or worsening of renal function (doubling

of serum creatinine) or the development of end-stage renal

disease. This effect goes beyond the reduction in blood

pressure, and makes of ARBs one of the important tools

in the treatment of type 2 diabetic nephropathy.

Two other studies-the Irbesartan Microalbuminuria

Study (IRMA)-2 and the Microalbuminuria Reduction

with Valsartan study (MARVAL) were trials conducted

in patients with type 2 diabetes with microalbuminuria.

These trials legitimatize the use of the angiotensin receptor

blocker class in forestalling the deterioration in renal

function, which is almost inevitable in the patient with

untreated diabetic nephropathy (38).

Nevertheless, data from several major prospective trials

demonstrate that attainment of goal blood pressures in dia-

betic patients is virtually impossible to achieve with mono-

therapy. Antihypertensive therapy for diabetic patients

with chronic kidney disease should include ACE inhibitors

or ARBs, or both, because these agents delay the deterio-

ration in glomerular filtration rate and the worsening of

albuminuria. Furthermore, dual blockade of the renin–

angiotensin system with both an ACE inhibitor and an

angiotensin II receptor blocker has been superior to

maximal recommended dose of ACE inhibitor with

regard to lowering of albuminuria and blood pressure in

type 1 patients with diabetic nephropathy (39). Multiple

antihypertensive medications may be necessary in most

cases. Furthermore, a target-driven, long-term, intensified

intervention aimed at multiple risk factors (hyperglyce-

mia, hypertension, dyslipidemia, and microalbuminuria)

in patients with type 2 diabetes and microalbuminuria

reduces the risk of cardiovascular and microvascular

events by �50% (40).

IV. HYPERTENSION AFTER KIDNEY
TRANSPLANTATION

Hypertension is extremely common in renal transplant

patients. It occurs in �75–90% of adults and in 65–

75% of pediatric recipients. With the introduction of

cyclosporine A, the graft survival rate after renal trans-

plantation has improved. However, the use of cyclosporine

A is associated with an increased incidence of hyperten-

sion. Tacrolimus is associated with a lower prevalence

of hypertension compared with cyclosporine A.
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In addition to calcineurin inhibitors, corticosteroids,

renal artery stenosis, primary hypertension in the kidney

donor or graft recipient, acute and chronic rejection epi-

sodes, recurrence or de novo renal disease, and obesity

have been implicated as causing post-transplant hyperten-

sion (Table 45.3). Hypertension may be a significant risk

factor for allograft survival (41) and for cardiovascular

disease. In renal transplant patients on cyclosporine A,

hypertension is characterized by sodium and water reten-

tion, enhanced sympathetic nervous system activity, and

increased peripheral vascular resistance (42).

The long-term goal in patients with post-transplant hyper-

tension is similar to that of nontransplant patients (43):

reduced morbidity and mortality by control blood pressure,

hyperglycemia, dyslipidemia, and cigarette smoking. Goal

blood pressures should be similar to those in the nontrans-

plant setting. However, the lowering of blood pressure

even within the normotensive range attenuates the pro-

gression of kidney injury. Hypertensive transplant recipients

with diabetes mellitus, dyslipidemia, or cardiac or renal

disease may require lower goals (�130/80 mmHg).

Pharmacological therapy is appropriate for the majority of

patients with post-transplant hypertension. In general, hyper-

tensive transplant recipients require two or more medications.

Animal experiments have shown that endothelin-

induced vasoconstriction of cyclosporine A depends on

the activation of L-type calcium channels, which are the

main target for calcium channel blocking agents. In

addition, calcium channel blockers have been shown to

antagonize the effects of several of the putative cyclospor-

ine A-stimulated hormonal factors, such as angiotensin II

and norepinephrine. On the other hand, calcium antagon-

ists have been shown to be useful in the case of acute

toxicity because they allow faster renal function recovery

and shorter hospitalization time. The mechanisms by

which this class reduces cyclosporin toxicity may be

related to a reduction in the calcium influx into cells

during ischemic and reperfusion periods. This reduction

would reduce the generation of oxygen-free radicals and

perhaps reduce thromboxane production (44).

As reviewed by Remuzzi et al. (42), several studies

reported benefits of calcium channel blockers in patients

with post-transplant hypertension. In fact, calcium

channel blockers have been considered for years the anti-

hypertensive agents of choice for renal transplantation.

However, the fact that some calcium channel blockers

may cause a worsening of proteinuria, which might be det-

rimental to graft function in the long-term and the higher

incidence of myocardial infarction with short acting dihy-

dropyridines compared with patients given diuretics and

b-blockers, raises concerns about the safety of these

agents in transplant patients. On the other hand, since

some calcium channel blockers (verapamil, diltiazem,

and nicardipine) interfere with the degradation of calci-

neurin inhibitors, it is prudent to monitor the cyclosporine

or tacrolimus blood levels during the initiation of calcium

channel blocker therapy.

ACE inhibitors and ARBs are usually effective in

reducing blood pressure in renal transplant recipients

(45). Their beneficial kidney effects derive from their

ability to reduce intraglomerular pressure. In addition,

they inhibit the expression of TGF-b, cytokine implicated

in the pathogenesis of chronic allograft nephropathy, and

decrease proteinuria, which is regarded as a powerful pre-

dictor of long-term graft outcome. On the other hand, the

beneficial effects of ACE inhibitors and ARBs after myo-

cardial infarction and congestive heart failure may also

be favorable for renal transplant recipients. Furthermore,

both agents can be used to counteract the erythrocytosis

after transplantation. A point of concern is that renal dys-

function may occur early after the initiation of the

therapy with ACE inhibitors or ARBs. This is the conse-

quence of a reduction of the glomerular perfusion pressure

and a fall in glomerular filtration due to the ACE inhibitor/
angiotensin receptor blocker induced dilatation of the

efferent arterioles together with a simultaneous cyclos-

porin-related constriction of the afferent arterioles. In the

majority of cases, only a small and transient increase in

serum creatinine occurs.

b-Blockers are also effective in post-transplant hyper-

tension and are also recommended for those with coronary

disease.

V. HYPERTENSION IN CHRONIC
DIALYSIS PATIENTS

By the time chronic renal failure progresses to end-stage

renal disease, hypertension is present in 80–90% of

Table 45.3 Causes of Post-

Transplant Hypertension

Use of immunosuppressive drugs

Cyclosporine

Tacrolimus

Corticosteroids

Renal dysfunction

Perioperative ischemic damage

Drug induced nephrotoxicity

Chronic allograft rejection

Recurrence of original renal disease

Native kidneys

Transplant renal artery stemosis

Donor-kidney associated hypertension

Other causes

Obesity

Use of alcohol

Obstructive sleep apnea
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patients. It is one of the major risk factors that contributes

to the development of cardiovascular disease in patients

undergoing dialysis (46). Cardiovascular disease mortality

is 5–30 times higher in dialysis patients than in subjects of

the same age, race, and gender from the general popu-

lation. The relative risk is higher at younger ages and

lower at older ages.

A weight gain as small as 2.5 kg between dialysis ses-

sions is associated with a significant rise in blood pressure.

There is a significant correlation between blood pressure

and interdialytic weight gain in hypertensive patients.

Despite the use of multiple antihypertensive drugs, control

of blood pressure may not be possible if dry weight is not

achieved by ultrafiltration and dietary sodium restriction.

Systolic hypertension and age are determinants of

complex ventricular arrhythmia in hemodialysis patients

after adjustment for other associated factors (47). The

arrhythmogenic effect of hypertension possibly involves

the promotion of myocardial ischemia aggravated by

concomitant left ventricular hypertrophy.

VI. RENOVASCULAR HYPERTENSION

Renovascular hypertension refers to hypertension that

is caused by renal hypoperfusion due to stenosis, constric-

tion, or lesion of the renal arteries involving one or both

kidneys. However, it is important to note that the mere

demonstration of a renal artery stenosis in a patient with

hypertension does not necessarily constitute renovascular

hypertension. Often, clinically nonsignificant (asympto-

matic) renal artery lesions are found in patients with essen-

tial hypertension, renal failure of other etiology (chronic

hypertension for example), or even those with normal

blood pressure. Renovascular hypertension must be distin-

guished from the much more prevalent condition of reno-

vascular disease.

Renovascular disease is a complex disorder with

various causes and presentations. The most common

causes of renovascular disease are fibromuscular dysplasia

and atherosclerosis. Patients with fibromuscular dysplasia

may be quite hypertensive; they generally do not develop

renal insufficiency. There is usually a good clinical

response to interventions like percutaneous renal artery

angioplasty (PTRA). In contrast, atherosclerotic disease

can be difficult to evaluate and manage. These patients

often have coexistent essential hypertension; progressive

loss of renal function is common; and response to surgical

or percutaneous intervention is often suboptimal. Angio-

graphic data confirm that patients with atherosclerotic

vascular disease tend to have atherosclerosis in multiple

arteries (especially in elderly patients), and thus are

prone to complications, such as stroke, myocardial infarc-

tion, and cardiovascular death.

Because fibromuscular dysplasia and atherosclerosis

are two distinct diseases, their diagnostic and treatment

strategies differ considerably. If identified, renovascular

hypertension is a potentially curable disease. If left

undiagnosed and untreated, it may lead to permanent

end-stage renal disease, heart disease, retinopathy, and

cerebrovascular disease.

A. Mechanisms of Hypertension in
Animal Models

Animals’ models allow an understanding of the local para-

crine and systemic endocrine role of the renin–angiotensin

system. Whatever the method used to induce renovascular

hypertension, the model goes through an initial stage of

renin–angiotensin activation, which is followed sooner

or later by retention of salt and water (48).

There are two main subtypes of renovascular hyperten-

sion: unilateral and bilateral renal artery stenosis. In

animals, these conditions are represented by two models:

the two-kidney, one-clip model where a constricting clip is

applied to one or both renal arteries, and the two-kidney,

two-clip model. In latter model, although there is an inap-

propriate increase in the activity of the RAAS, impaired

salt and water excretion is the main mechanism of chronic

hypertension. The difference between hypertension caused

by unilateral vs. bilateral renal arterial stenosis is the persist-

ent angiotensin II-dependency in unilateral stenosis.

Renovascular hypertension appears to evolve over three

distinct phases: the early or acute phase, a transitional phase,

and a chronic or sustained late phase. The early phase

depends primarily on the renin–angiotensin system.

Through the renal receptor mechanism, reduced renal per-

fusion stimulates renin secretion and leads to an increase

in plasma angiotensin II, which provokes systemic hyper-

tension. Plasma renin activity in the early phase typically

may become 3–10 times higher than normal.

In the second or transitional phase, angiotensin remains

elevated. In addition to its direct vasoconstrictor effect, it

may increase blood pressure through activation of second-

ary vasoconstrictors, such as the endothelium-derived con-

stricting factor thromboxane-endoperoxide. Angiotensin II

stimulation of aldostrone secretion also results in sodium

and water retention and increased extracellular volume,

which may sustain hypertension and secondarily suppress

renin release. Thus, the transitional phase is characterized

by changes away from the predominant angiotensin depen-

dence of the early phase.

The chronic or sustained late phase of renovascular

hypertension is characterized by secondary structural

damage to the kidneys, vasculature, and other organs. In

contrast to the early phase, the influence of angiotensin on

maintaining elevated blood pressure in chronic renovascu-

lar hypertension is not clear. Plasma renin activity returns
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toward normal values. Elevated blood pressure no longer

completely or consistently responds to short-term treatment

with either the ACE inhibitors or the angiotensin II antagon-

ist saralasin. This suggests a diminished role for the renin–

angiotensin system in maintaining hypertension (49).

B. Studies in Humans

As in the animal models, renovascular hypertension in

humans is caused by increased renin release from the

ischemic kidney (50). Experimental evidence indicates

that other systems may have a critical role in the long-

term maintenance of high blood pressure after renal

artery stenosis:

. activation of the sympathetic nervous system;

. increased lipoxygenase and thromboxane pathways;

. vasopressin;

. cellular hypertrophy and thickening of subcu-

taneous small arteries;

. increased levels of atrial natriuretic factor, kalik-

rein, vasodilative prostaglandins, and nitric oxide,

which may counter the effects of the activated

renin–angiotensin system.

Renovascular hypertension is one of the most common

causes of secondary hypertension, with reports of its fre-

quency varying from ,1% in unselected populations to

as high as 30% in highly selected referral populations

(e.g., white adults with diastolic blood pressure

.120 mmHg and grade III or grade IV retinopathy) (51).

Atherosclerotic renovascular disease is usually seen in

patients over 50 years of age with traditional risk factors

for atherosclerosis. Recent reports from the Cardiovascular

Health Study in North Carolina indicate that among 834

individuals over 65-year-old, important renovascular steno-

sis (defined as Doppler peak systolic velocities �1.8 m/s)

could be detected in 6.8% of the general population. The

mean age of those with renovascular disease was 77.2

years. Predictive variables include age, reduced HDL

cholesterol, and increased systolic blood pressure (52).

Fibromuscular dysplasia tends to be present in young

women (although many cases are not diagnosed until

after age 40). Occasionally, fibromuscular dysplasia and

atherosclerotic disease may coexist in older patients.

C. Causes and Clinical Features

Numerous causes can lead to renovascular disease

(Table 45.4), but the two most common are atherosclerosis

and fibromuscular dysplasia.

As the population ages and mortality due to cerebro-

vascular and coronary events decreases, advanced

atherosclerotic disease is more frequently seen in other

vascular beds. Patients with atherosclerotic renovascular

hypertension are older and have higher systolic pressure

compared with patients with primary hypertension. They

have more extensive renal damage and vascular disease

elsewhere. It typically occurs in male smokers aged over

50. Other clinical features (Table 45.5) include malignant

or drug resistant hypertension, high-grade retinopathy,

abdominal or flank bruits, and absence of family history

of hypertension.

Laboratory findings that were more common in the

population with renovascular hypertension include: sec-

ondary aldosteronism, higher plasma renin, hypokalemia,

metabolic alkalosis, proteinuria, elevated serum creati-

nine, and an elevated blood urea nitrogen level

(.20 mg/dL). Proteinuria is now recognized as a clinical

feature associated with renal arterial disease. It sometimes

reaches nephrotic range and can reverse with nephrectomy

of the stenotic kidney, blockade of the renin–angiotensin

system, or successful renal revascularization. Neverthe-

less, with the widespread application of antihypertensive

Table 45.5 Characteristics of Renal Artery Stenosis

Atherosclerosis

Patient age usually .50 years

More commonly found in men

More commonly found in patients who smoke

May be associated with vascular disease elsewhere in system

May be associated with malignant or drug-resistant hypertension

Often associated with renal impairement

Fibromuscular dysplasia

Patient age usually �50 years

More commonly found in women

Presents as hypertension

Rarely causes renal impairement

Table 45.4 Types of Lesions Associated with Renovascular

Hypertension

Intrinsic lesions

Atherosclerosis

Fibrosmuscular dysplasia

Aneurysm

Emboli

Arteritis

Ateriovenous malformation or fistula

Angioma

Thrombosis after antihypertensive treatment

Rejection of renal transplant

Injury to the renal artery (surgical ligation, trauma, radiation)

Intrarenal cysts

Extrinsic lesions

Pheocromocitoma or paraganglioma

Tumors

Retroperitoneal fibrosis

Ureteral obstruction
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drugs that block the renin–angiotensin system, many

patients with unilateral renal arterial disease and renovas-

cular hypertension are never detected as long as blood

pressures are well controlled and kidney function

remains stable. Deterioration of kidney function, reflected

by a rapid rise in serum creatinine, can occur with renal

arterial disease during blood pressure reduction. This

represents a “functional” renal insufficiency produced by

reduced transcapillary filtration pressure. Such a change

develops most commonly with ACE inhibition and angio-

tensin receptor blocker therapy.

Through medial fibroplasia of the renal artery, fibro-

muscular dysplasia leads to renovascular disease and

hypertension. It is seen most commonly in young

females (Table 45.5) and often involves multiple arteries

originating from the aorta, including the carotid and

celiac vessels. Some features were reported as more

common among patients with medial fibromuscular dys-

plasia than those with normal renal arteries: cigarette

smoking, HLA-DRw6 antigen, and a family history of car-

diovascular disease (53). Abdominal bruits have a preva-

lence of 6.5–31% in the healthy population and a

prevalence of 28% in patients with all-cause hypertension.

However, in patients with angiographically proven

renal artery stenosis, the prevalence ranges from 78% to

87% (54).

D. Diagnostic Tests for Renal Artery Stenosis

Diagnostic tests for renal artery stenosis are expensive,

invasive, and limited by their lack of sensitivity and speci-

ficity. Therefore, the selection of patients with hypertension

for evaluation of renal artery stenosis can be challenging.

Some clinical clues (Table 45.6) may increase one’s clinical

index of suspicion and direct an appropriate work-up. Mann

and Pickering (55) have formulated a diagnostic guide

based on a selective approach in which only patients with

suggestive clinical clues are tested (Table 45.7).

Two classes of diagnostic tests are used to investigate

the presence of renal artery stenosis and indirectly reno-

vascular hypertension: tests assessing plasma renin

activity and the ones imaging the renal arteries.

1. Tests Assessing Renin Release

Patients with renovascular hypertension may have elev-

ated plasma renin activity, mainly during early phases

because renal hypoperfusion is associated with hyperse-

cretion of renin. However, plasma renin activity is a

complex variable affected by medications, volume status,

and numerous other variables. Furthermore, the plasma

renin activity may decrease over time in patients with

renovascular hypertension. Thus, renin levels are gener-

ally higher in patients with fibromuscular dysplasia and

less useful in elderly patients. Since it lacks specificity,

this test is not very helpful. However, a highly suppressed

plasma renin activity (,1.0) makes uncomplicated

Table 45.6 Clinical Features and Indicators of Renal Artery

Disease

Young hypertensive patient with no family history of

hypertension (fibromuscular dysplasia)

Peripheral vascular disease

Resistant hypertension

Deteriorating blood pressure control in compliant, long-standing

hypertensive patients

Deterioration in renal function with use of ACE inhibition

Renal impairment, but with minimal proteinuria

“Flash”pulmonary edema

1.5 cm difference in kidney size on ultrasonography

Secondary hyperaldosteronism (low plasma sodium and

potassium concentations)

Table 45.7 Testing for Renovascular Hypertension: Clinical

Index of Suspicion

Low index of suspicion (should not be tested)

Borderline, mild to moderate hypertension

Moderate index of suspicion (non hypertension-invasive tests

recommended)

Severe hypertension (diastolic blood pressure .120 mmHg)

Hypertension refractory to standard therapy, excluding ACE

inhibitor or ARB

Abrupt onset of sustained, moderate to severe hypertension at

age ,20 or .50 years

Hypertension with a suggestive abdominal or flank bruit

Moderate hypertension (diastolic blood pressure

.105 mmHg) in a person who smokes, a patient with

evidence of occlusive vascular disease, or a patient with

unexplained but stable elevation of serum creatinine

Normalization of blood pressure in a patient with moderate to

severe hypertension who is being treated with an ACE

inhibitor or an ARB (particularly if the patient smokes or it

is a patient in whom the onset of hypertension is recent)

High index of suspicion (consider proceeding directly to

arteriography)

Severe hypertension (diastolic blood pressure .120 mmHg)

with either progressive renal insufficiency or refractory

hypertention even with aggressive treatment, particularly in

a patient who has been a smoker or who has other evidence

of occlusive arterial disease

Accelelerated or malignant hypertension (grade III or grade IV

retinopathy)

Hypertension with recent elevation of serum creatinine, either

unexplained or reversibly induced by an angiotensin-

converting enzyme inhibitor or an angiotensin receptor

blocker

Moderate to severe hypertension with incidentally detected

asymmetry of renal size
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renovascular hypertension less likely, while extremely

high values (.10.0) suggests a more careful work-up.

2. Tests Assessing Captopril-Enhanced Peripheral

Plasma Renin Activity

In order to improve the sensitivity and specificity of

plasma renin activity measurements, investigators have

measured plasma renin activity after captopril adminis-

tration. To perform this test, all patients must discontinue

diuretics and ACE inhibitors for 2 weeks before testing.

The plasma renin activity level is tested before and

30 min after a captopril dose. A positive test requires

three features: a stimulated plasma renin activity

.12 ng/mL per hour, an absolute increase in plasma

renin activity of at least 10 ng/mL per hour, and an

increase in plasma renin activity levels of .150% (or

.400% if the baseline plasma renin activity level was

,3 ng/mL per hour). This is a highly sensitive test, but

a high rate of false-positive captopril renin tests can be

seen among patients with high baseline plasma renin

activity levels. High unilateral renal vein renin levels

with contralateral suppression are seen in the setting of

renovascular hypertension secondary to unilateral renal

artery stenosis. This test may be particularly helpful in

determining the functional significance of a renal artery

lesion of “borderline” angiographic appearance and its

predictive curability with revascularization. However,

this test loses its accuracy in the setting of renal insuffi-

ciency, bilateral renal artery stenosis, or with the use of

antihypertensive medications.

3. Doppler Ultrasound of the Renal Arteries

Duplex ultrasonography is a noninvasive, which combines

direct visualization of the renal arteries (B-mode) with

hemodynamic measurements in the renal arteries

(Doppler) allowing direct measurement of renal size.

The procedure allows identification and measurements of

blood velocity in the renal arteries, measurements of the

renal parenchymal velocities from the upper, middle, and

lower poles of the kidneys, and renal size. The presence

of an asymmetric kidney size may be a clue to underlying

renal artery stenosis and renal ischemia.

The important Duplex ultrasonography parameter is the

ratio of velocity in the renal artery to that of the aorta. A

ratio .3.5 may indicate a stenosis .60% (56). If the

renal artery velocity is .180 cm/s, this is also considered

abnormal. The test is limited by the experience of the oper-

ator and is more difficult in obese patients; bowel gas also

makes the test more difficult. Thus, Doppler ultrasonogra-

phy of the kidneys is best performed in the early morning

after fasting. Reported sensitivity and specificity range

from 90% to 95% and 60% to 90%, respectively (56).

Doppler ultrasonography may be useful in predicting

which patients would benefit from revascularization (57).

A renal resistive index [RRI ¼ 1 2 (end-diastolic vel-

ocity/maximal systolic velocity) � l00] . 80 identified

patients with renal artery stenosis in whom angioplasty

or surgery did not improve blood pressure or renal

function (57).

4. Captopril-Augmented Nuclear Renography

Captopril-Augmented Nuclear Renography (also known

as ACE-inhibitor augmented scintigraphy) is performed

with radioactive agents that are excreted either by glomer-

ular filtration (99Tc-DPTA) or by mainly tubular secretion

combined with glomerular filtration (99Tc-MAG3). This

latter agent gives a good representation of renal blood

flow. ACE inhibitors and diuretics should be discontinued

for at least 48 h before the test. During the test, blood

pressure must be closely monitored because systolic

blood pressures ,100 mmHg or mean arterial pressures

,70 mmHg can invalidate the test. Both scintigraphic

images and time-activity curves are measured after the

injection of the tracer. Captopril is used to augment the

sensitivity of the scan. Normally, there is a rapid uptake,

followed by excretion of the tracer. However, in the pre-

sence of renal artery stenosis and captopril, there is

delayed uptake and excretion. Studies have documented

a sensitivity of �83% and a specificity of 93% for detect-

ing renal artery stenosis .70% (57). Perhaps, more impor-

tantly, the renogram had 93% sensitivity and 100%

specificity for predicting blood pressure response to revas-

cularization if the kidney function was normal (58). The

sensitivity and specificity of renograms decline consider-

ably in renal impairment. Unfortunately, ACE-inhibitor

augmented scintigraphy, like all functional tests for reno-

vascular hypertension, loses its accuracy in the setting of

bilateral disease and renal insufficiency.

5. Magnetic Resonance Angiography

This relatively new magnetic resonance angiography tech-

nique shows great promise for the diagnosis of proximal

atherosclerotic renal artery stenosis. Gadolinium, which

has a low degree of nephrotoxicity and can thus be utilized

in patients with renal insufficiency, is used as a contrast

agent. Various small trials have reported sensitivities

ranging from 83% to 100% and specificities of 92–97%

(59). In a meta-analysis (60) in which more than 4000

patients had conventional contrast angiography, both

gadolinium-enhanced magnetic resonance angiography

and computed tomographic angiography (CTA) (as

described subsequently) performed significantly better

than duplex ultrasonography, ACE-inhibitor augmented

scintigraphy, or the plasma renin captopril test for diag-

nosing. However, among patients with fibromuscular

dysplasia accuracy was reported to be lower. Therefore,
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magnetic resonance angiography is not an ideal test for

patients with suspected fibromuscular dysplasia. Other

limitations of this method include the high cost, limited

availability, and substantial expertise needed to analyze

images. Besides, because this technique requires breath

holding, it may be difficult for patients with significant

cardiac or pulmonary disease to cooperate and claustro-

phobia may create a problem. In addition, magnetic reson-

ance angiography is contraindicated in patients with

pacemakers, cerebral aneurysm clips, or intraocular metal.

Low false-negative rate in determining global renal

ischemia (bilateral renal artery stenosis or renal artery ste-

nosis in the main renal artery to a single kidney) is perhaps

the most striking aspect of magnetic resonance angiogra-

phy. A patient with renal dysfunction, who has normal

main renal arteries on magnetic resonance angiography,

is unlikely to have significant ischemic nephropathy.

6. Computed Tomographic Angiography

CTA (also referred to as “helical” or “spiral” CT) has

emerged as a promising new technique for the identifi-

cation of patients with renal artery stenosis (RAS). It

allows for high-resolution images. When compared with

conventional contrast angiography, CTA has been found

to have excellent sensitivity (up to 100%) and specificity

(98%) for detecting a .50% main renal artery lesion

(61). However, when accessory renal arteries are included

in these analyses, sensitivities can fall dramatically.

The principal disadvantage of CTA is the necessity to

administer significant amounts of potentially nephrotoxic

intravenous iodinated contrast. For this reason, CTA is

not optimal for patients with renal insufficiency. In

addition, like Duplex ultrasonography and magnetic reson-

ance angiography, CTA currently may not successfully

image accessory renal arteries and the distal renal artery.

Although accessory renal arteries can often be identified,

the extent of disease in these vessels is difficult to assess.

7. Renal Arteriography

This standard diagnostic test has long been considered to

be the gold standard in the diagnosis of renovascular

hypertension. It has the advantage of allowing for thera-

peutic intervention at the time of diagnosis. Advantages

of contrast angiography include excellent resolution,

high accuracy, and the ability to simultaneously measure

a pressure gradient across the lesion. In addition, with

new digital-subtraction techniques, small volumes of

ionic-contrast or gadolinium–carbon dioxide contrast

can be used to minimize the risk of contrast nephropathy.

However, conventional contrast angiography is invasive,

expensive, and associated with a risk of complications.

The possible complications include pseudoaneurysm,

hematoma, contrast-induced nephropathy, cholesterol

embolization, and anaphylaxis. These risks increase in

the presence of diffuse atherosclerosis, severe hyperten-

sion, and renal insufficiency all of which may be seen in

a patient with suspected atherosclerotic renovascular

disease. In high-risk patients, carbon dioxide and gadoli-

nium have been reported to confer less risk of nephrotoxi-

city than traditional iodinized contrast agents do; however,

their use decreases diagnostic resolution.

The greatest limitation of conventional contrast angio-

graphy is that while it can detect the anatomic presence of

renin–angiotensin system, it does not necessarily provide

data with regard to its physiologic, hemodynamic, or clini-

cal significance. Despite these limitations, if the index of

suspicion is high, the patient is at relatively low risk, and

the results of noninvasive testing would not effectively

exclude the possibility of renin–angiotensin system, it

may be appropriate to proceed directly to conventional

contrast angiography in selected patients.

E. Management of Renovascular Hypertension

The goals of therapy of renovascular hypertension are:

effective control of blood pressure and preservation of

renal function. Three choices are available for the treat-

ment of renovascular hypertension: medical therapy, per-

cutaneous interventions with or without stenting, and

surgical revascularization.

Generally, in patients with fibromuscular disease, the

results of surgery and percutaneous approaches appear to

be superior. In patients with atherosclerotic disease, the

data is less consistent and it appears from some trials

that a substantial number of patients can achieve reason-

able blood pressure control with medication alone. In the

Scottish and Newcastle trial (62), subjects with unilateral

renal artery stenosis had no difference in follow-up

blood pressure between the medical and PTRA group at

either 6 months or the last follow-up. In patients with bilat-

eral disease, there was no difference between groups at 6

months, but an advantage to PTRA at the last follow-up.

In the Essai Multicentrique vs. Angioplastie (EMMA)

study, although the angioplasty group required fewer anti-

hypertensive medication on average (63), there was no sig-

nificant difference in 24 h ambulatory blood pressure after

6 months. Complications were three times more common

in the angioplasty group, but early termination due to

refractory hypertension was required in seven medically

treated patients. In the Dutch Renal Artery Stenosis Inter-

vention Cooperative (DRASTIC) trial (64), the blood

pressures were similar among those of the PTRA and

medically managed group, although the PTRA subjects

were taking significantly less medication. Nearly one-

half of the medically managed patients crossed over to

PTRA because of uncontrolled hypertension.
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In general, percutaneous or surgical intervention for

renal artery disease should be limited to patients with

physiologic evidence of renovascular hypertension or

ischemic nephropathy. It is also preferable to be able to

predict whether the clinical manifestations (hypertension

or renal dysfunction) are at least partially reversible. In

summary, the appropriate management for individual

patients with renovascular disease depends on the cause

(fibromuscular disease or atherosclerosis) and the clinical

presentation.

1. Surgical Revascularization

Surgical procedures include endarterectomy, aortorenal

bypass, and extra-anatomic bypass (bypass from the

celiac or mesenteric branches). Extra-anatomic bypasses

are generally associated with fewer complications. Rates

of perioperative mortality range from 1% to 6% and are

usually higher with concurrent repair of aortic aneurysms.

Other possible complications include bleeding, infection,

myocardial infarction, stroke, atheroembolic disease, and

acute renal failure.

Most studies of surgical revascularization have shown

excellent short- and long-term patency, �85–95% at 5

years (65). Surgical revascularization has been shown to

result in clinical improvement in hypertension and in pres-

ervation of renal function. However, due to the associated

significant morbidity and mortality, and perhaps, most

importantly, patient discomfort, surgical intervention is

usually reserved either for patients with concomitant

aortic aneurysms requiring repair or complex lesions that

are not amenable to percutaneous transluminal revascular-

ization and stenting. Surgical revascularization should also

be considered in patients who have failed previous per-

cutaneous procedures.

2. PTRA and Stenting

Numerous publications reported the safety and efficacy of

PTRA. Patients with fibromuscular dysplasia usually show

a substantial clinical and anatomic responses to PTRA.

Due to the high rate of cure and the relatively low risk

of complications in these patients (who are less likely to

develop atheroembolic disease or acute renal failure),

PTRA is generally considered to be the initial procedure

of choice for patients with fibromuscular dysplasia.

However, reported technical success rates with PTRA in

atheromatous renal artery stenosis are .70%, clinical

improvement is rare. Most atheromatous renal artery ste-

nosis is due to aortic plaques on the ostium of the renal

artery. Angioplasty is less than ideal in this situation

because of the elastic recoil of the aortic plaques. To over-

come this obstacle, endoluminal stent deployment was

developed. Renal artery stenting has been shown to

achieve better long-term patency of the atherosclerotic

renal artery. Reported technical success rates are usually

.90%. Although there are very few clinical trials directly

comparing stenting to PTRA alone, the reported blood

pressure responses with stenting are generally better.

However, although there are excellent assisted-patency

and immediate clinical benefits for most patients, as

demonstrated by improved control of hypertension and

preservation of renal function, the benefit is not main-

tained within the 5-year follow-up (66).

The current indications for stenting include: poor

angiographic response to routine PTRA, early restenosis

after PTRA, and renal artery dissection during PTRA.

F. Potential Complications of PTRA
and Stenting

Complications occur in�10–20% of patients. The compli-

cations have been divided into those that involve the punc-

ture site (hematoma or pseudoaneurysm), the renal artery

(dissection, thrombosis, bleeding), and systemic compli-

cations (e.g., atheroembolism, myocardial infarction,

acute renal failure, infection). Patients with atherosclerosis

are more likely to have complications than those with fibro-

muscular disease. The presence of extensive aortic athero-

sclerosis, significant cardiovascular disease, and chronic

renal failure can also lead to increased risk.

G. Medical Management of Renovascular
Hypertension

Before the use of ACE inhibitors and ARBs, effective

control of blood pressure of patients with renovascular

disease was difficult to achieve. In 74% of 188 hyperten-

sive subjects, captopril was effective to control of blood

pressure, with no improvement in only 5%. (67). In

patients with unilateral renal artery stenosis or other

forms of moderate renal artery disease, ACE inhibitors

may be effectively used either alone or combined with

other antihypertensive agents, particularly diuretics.

In patients with high-grade bilateral renal artery steno-

sis or stenosis of a solitary kidney, ACE inhibitor therapy

should be used with caution. Acute renal failure may

appear because of a decrease in blood flow to the kidney

beyond the stenosis. It is reversible with discontinuation

of the agent. However, there is the potential risk of devel-

oping irreversible damage in the affected kidney. ACE

inhibition may hasten renal atrophy and fibrosis in the

ischemic kidney. These risks must be weighed against

the potential long-term benefits of renin–angiotensin

system blockade among patients with known athero-

sclerotic disease.

Calcium antagonists also are quite effective in lowering

blood pressure and inducing the overall impairment of

renal function in renovascular hypertension. Calcium
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antagonists maintain renal blood flow and function

because of their preferential preglomerular (afferent arter-

iolar) vasodilatory effect.

The choice of an optimal treatment for renovascular

disease includes a careful risk-benefit analysis in each

patient, considering not only the patient’s blood pressure

control and renal function but also an assessment of the

patient’s overall mortality risk and the potential for mor-

bidity from invasive procedures. In patients with fibromus-

cular disease and in many patients with uncomplicated

atherosclerotic renovascular hypertension, it is usually

reasonable to proceed directly to revascularization.

Patients at high risk for occlusion, including those with

rapidly progressive disease or .95% stenosis, may be

good candidates for intervention. In patients with fibro-

muscular disease and nonostial atherosclerotic disease,

an attempt at routine PTRA is appropriate. For patients

with ostial lesions or who have a poor response to initial

PTRA, stent placement should be considered. Surgical

revascularization is usually reserved for those patients

who have failed percutaneous attempts, have complicated

anatomy, or concomitant aortic aneurysms.

Medical management remains an important adjunct in

patients who have undergone either surgical or percuta-

neous revascularization. In patients with atherosclerotic

disease where the likelihood of success is less and the

risk of complications is greater, it is reasonable to

proceed with medical management. It is essential to care-

fully monitor for disease progression with serial serum

creatinine and renal ultrasound in medically managed

patients. In those patients whose blood pressure cannot

be adequately controlled or who exhibit progression of

clinical renal disease despite aggressive medical manage-

ment, PTRA with stent placement should be reconsidered

(67). In patients with atherosclerotic disease, aggressive

medical management requires not only just blood pressure

medications, but also antiplatelet agents, lipid-lowering

therapy, and smoking cessation. The most common

cause of death among patients with atherosclerotic reno-

vascular disease is cardiovascular disease.

VII. CARDIOVASCULAR DISEASE
ASSOCIATED TO CHRONIC
KIDNEY DISEASE

During the past few years, increasing evidence has shown

that chronic kidney disease, whether manifested by elev-

ated serum creatinine, albuminuria, or reduced glomerular

filtration rate, is associated with a high risk of cardiovascu-

lar disease, independently of its origin. A statement from

the councils on Kidney in Cardiovascular Disease, High

Blood Pressure Research, Clinical Cardiology and

Epidemiology, and Prevention of the American Heart

Association (43) has recently summarized the evidence

for kidney disease as a risk factor for the development of

cardiovascular disease and recommended that patients

with chronic kidney disease be considered as memebers

of the “highest risk group” for subsequent cardiovascular

disease events. As reviewed by Coresh et al. (68),

several prospective studies reported the strong association

between chronic kidney disease and cardiovascular

disease. Data from over 15,000 adults 45–65-year-old at

baseline and followed for 5 years in the Atherosclerosis

Risk in Communities study showed that reduced kidney

function is an independent risk factor for both de novo

and recurrent cardiovascular disease.

In the Cardiovascular Health Study, elevated serum

creatinine level (at least 1.5 mg/dL in men and 1.3 mg/
dL in women) was associated with an approximately

twofold higher risk of overall and cardiovascular disease

mortality. After adjustment for cardiovascular risk

factors and subclinical disease measures, elevated serum

creatinine remained an independent risk factor for these

outcomes as well as those for total cardiovascular

disease, congestive heart failure, and claudication. In the

Coronary Prevention Project, 1 year mortality after a myo-

cardial infarction increased from 24% to 46% and 66%

among patients with serum creatinine ,1.5 mg/dL,

1.5–2.4 mg/dL, and 2.5–3.9 mg/dL, respectively. After

adjustment for patient and treatment characteristics, elev-

ated serum creatinine was independently associated with a

substantially elevated risk of death during the first month

following a myocardial infarction.

The predictive capacity of small increases in serum

creatinine has been confirmed by the data of the Interven-

tion as a Goal in Hypertension Treatment study

(INSIGHT), SYST-EUR study, Systolic Hypertension in

China (SYST-China), and SHEP study. In fact, the

capacity of serum creatinine was comparable to that of

other well established risk factors like diabetes or a pre-

vious myocardial infarction in the HOT study. A negative

correlation between risk of cardiovascular disease and glo-

merular filtration rates was reported both in middle aged

and in elderly cohorts even after adjustment for a large

number of risk factors. Even mildly reduced kidney func-

tion (60–89 mL/min per 1.73 m2) was associated with an

increased risk of cardiovascular disease. On the other

hand, albuminuria, even at low levels predicted cardiovas-

cular risk among 40,548 adults from Groningen in the

Netherlands. Similar findings were reported in the HOPE

study.

Mild degrees of renal failure have been shown to be

associated to a series of risk factors or markers that are

summarized in Table 45.8. Gender differences have been

shown to exist in the association between cardiovascular
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risk factors and albuminuria. At higher ages, body mass

index and plasma glucose, men are prone to a more elev-

ated urinary albumin excretion than women. Available

data points to the association between chronic kidney

disease in hypertensive patients and the components of

the metabolic syndrome (Fig. 45.1). The presence of

minor abnormalities of renal function is mostly related

to the presence of metabolic alterations of glucose,

together with blood pressure levels among young hyper-

tensive patients with metabolic syndrome (69).

Simultaneous correction or prevention of renal and car-

diovascular damages are required. Life-style changes, with

particular relevance of diminishing salt intake, avoiding

obesity, and refraining from smoking are very important.

Treatment of dyslipidemia with statins are consistent

with a similar benefit among chronic kidney disease

patients to that seen in other populations. A number of

clinical trials have been initiated to test therapies for car-

diovascular disease risk reduction in chronic kidney

disease. These have focused on dyslipidemia, hyperhomo-

cysteinemia, hypertension, and anemia.

Strict blood pressure control (probably ,125/
75 mmHg) is required. A combination of drugs is needed

in most cases. ACE inhibitors and ARBs should be

included because they have been shown to improve the

long-term renal outcome of patients with nephrosclerosis.

Furthermore, dual blockade of the renin–angiotensin

system with both an ACE inhibitor and an angiotensin II

receptor blocker has been shown to safely retard the pro-

gression of nondiabetic renal disease compared with

either drug alone (70).

Table 45.8 Cardiovascular Risk Factors or Markers Asso-

ciated with a Mild Decrease in Estimated Glomerular

Filtration Rate

Disturbed lipoprotein (a) concentrations

Insulin resistance and impaired glucose tolerance

Increased oxidative stress

Increment in pulse wave velocity

Increased serum uric acid levels

Sympathetic overactivity

Accumulation of asymmetric dimethiylarginine

Inflammatory and procoagulant biomarkers (C-reactive protein,

fibrinogen, interleukin 6, factor VIIc, factor VIIIc, plasmin–

antiplasmin complex, and D-dimmer)

Obesity and body fat distribution

Nondipping pattern of ambulatory blood pressure

Figure 45.1 Chronic kidney disease, hypertension, and the components of the metabolic syndrome. ADMA, Asymmetric dimethyl-

arginine; BP, Blood pressure; GFR, Glomerular filtration rate; HDL, High-density lipoprotein cholesterol; SNS, Sympathetic nervous

system.
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VIII. CONCLUSIONS

During the past years, increasing evidence has shown that

chronic kidney disease, whether manifest by albuminuria

or reduced glomerular filtration rate, is associated with a

high risk of cardiovascular disease. Although much of the

high risk of cardiovascular disease in chronic kidney

disease is the result of elevations in traditional cardio-

vascular disease risk factors, in several large studies

have shown that an independent contribution of chronic

kidney disease to cardiovascular disease risk also exists.

There may be exceptions, but therapies that have been

beneficial at normal levels of kidney function are increas-

ingly being shown beneficial at lower levels of kidney

function.
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KEYPOINTS

. In case of suspected endocrine disorder it is import-

ant to follow a stepwise diagnostic approach with

special focus on clinical and laboratory clues.

. In the diagnostic process of endocrine hypertension

biochemical diagnosis always precedes imaging

studies.

. In daily clinical practice, hypertensive patients

often are under treatment with different medi-

cations that may interfere with diagnostic tests.

. The most common causes of endocrine hyperten-

sion are excess production of mineralocorticoids,

glucocorticoids, and catecholamines.

. Although endocrine hypertension is a rare form of

secondary hypertension, a correct and timely

diagnosis is important, in view of the available

causal treatment and because of the potential

harmful complications.

SUMMARY

Endocrine causes of hypertension are relatively rare, but

their detection offers a real chance for cure. The combi-

nation of the patient’s history, physical examination,

astute observation, and accurate interpretation of labora-

tory tests may identify such patients. In practice, it is

important to follow a stepwise diagnostic approach with

special focus on clinical and laboratory clues, suggesting

the possible presence of secondary hypertension.
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Important physical findings suggestive for endocrine

hypertension include the presence of a low to low-

normal circulating serum potassium levels (suggestive of

mineralocorticoid hypertension), a metabolic syndrome

such as central obesity, striae, and bruising, osteoporosis

(suggestive of Cushing syndrome); tremor, sweating,

or rapid pulse (suggestive of hyperthyroidism or pheochro-

mocytoma); or pallor and diaphoresis (suggestive of

pheochromocytoma).

The most common causes of endocrine hypertension

are excess production of mineralocorticoids, glucocorti-

coids, and catecholamines. The physio-pathological

mechanisms of endocrine hypertension encompass hor-

monal excess secretion by a tumor or hyperplasia,

respectively, deficiencies of key enzymes in hormonal

synthesis and mutations altering receptor or ion channel

function. Although many tests are available for bio-

chemical testing, the diagnostic potential of many tests

have not vigorously been examined prospectively in

large-scale studies. One should be aware that some of

the tests are appropriate for screening purposes, but not

for confirming the diagnosis. Furthermore, treatment

with different medications may interfere with these

tests. As a general rule, in the diagnostic process of

endocrine hypertension biochemical diagnosis always

precedes imaging studies.

I. INTRODUCTION

Endocrine hypertension is a term assigned to states in

which hormonal derangements result in clinically signifi-

cant hypertension. Hypertension is a feature of a number

of endocrine disorders, with the most common forms

resulting from excess production of mineralocorticoids

[i.e., primary hyperaldosteronism (PA)], glucocorticoids

(Cushing’s syndrome), and catecholamines (pheochromo-

cytoma and other paragangliomas). Endocrine causes of

hypertension are relatively rare (1–3%), although there

is evidence that primary aldosteronism may be much

more frequent than initially suspected (1). In view of the

available causal treatment options and because of the

potential harmful complications, a correct and timely

diagnosis is important.

Because endocrine causes of hypertension are relatively

rare, extensive testing for endocrine hypertension is pri-

marily indicated, if history and physical examination

suggest it or if adequate blood pressure control is not

achieved (2,3). Taking a careful medical history and a step-

wise approach remains mandatory for the differential diag-

nosis of endocrine hypertension. Secondary hypertension

should be suspected in severe and resistant hypertension,

ideally confirmed in a 24 h ambulatory blood pressure

monitoring, despite appropriate three-drug regimen that

includes a diuretic, hypertension with spontaneous hypo-

kalemia, and episodic, “paroxysmal” hypertension with

sweating, tachycardia, and headaches. Thereafter, more

frequent, nonendocrine causes of secondary hypertension

should be excluded, namely stress factors including

“white-coat hypertension,” the metabolic syndrome

(which can be part of Cushing’s syndrome, however),

obstructive sleep apnoea syndrome, vascular causes

(i.e., renal artery stenosis, coarctation of the aorta), and

medication and drugs with hypertensive side effects (e.g.,

nonsteroidal anti-inflammatory drugs, cycolosporin A,

antidepressants, cocaine, and alcohol) (Fig. 46.1).

Important physical findings suggestive for endocrine

hypertension include the presence of a metabolic syn-

drome including central obesity, striae rubrae, and bruis-

ing, osteoporosis (suggestive of Cushing syndrome);

tremor, sweating, rapid pulse, or pallor and diaphoresis

(suggestive of hyperthyroidism or pheochromocytoma).

The mechanisms of endocrine hypertension encompass

hormonal excess secretion by a tumor or hyperplasia,

Suspicion of secondary hypertension: 
Severe and resistant hypertension, despite appropriate 
3-drug regimen, including a diuretic, hypertension with 
spontaneous hypokalemia, and episodic, “paroxysmal” 
hypertension

Neurogenic forms: Stress, Affective Illness, White 
Coat Hypertension 
Sleep Apnea Syndrome 
Metabolic Syndrome (i.e., arterial hypertension in the 
presence of diabetes mellitus type 2, dyslipidemia, 
obesity and positive family history)
Renal Hypertension  (parenchymal, renovascular) 
Coarctation of the Aorta 
Drug-induced: Steroids, NSAID, Antidepressant 
agents, Cyclosporine, Sex hormones, Ophthalmic 
solutions, Nasal decongestants, Cough medications, 
Cocaine, Anorexics 
Alcoholism

Exclude nonendocrine forms of 
secondar  hypy ertension

Mineralocorticoid hypertension
see Figure 46.2

Cushing’s Syndrome 
see Figure 46.3

Pheochromocytoma
see Figure 46.4

Other Endocrine Causes 
Hyper- and hypothyroidism 
Hyperparathyroidism
Acromegaly

Consider endocrine causes
according to clinical and laboratory 
findings

Figure 46.1 Algorithm for the diagnosis of endocrine hyper-

tension. NSAID, nonsteroidal anti-infammatory drug.
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respectively, deficiencies of key enzymes in hormonal

synthesis and mutations altering receptor or ion channel

function.

II. MINERALOCORTICOID HYPERTENSION

Mineralocorticoid hypertension, the most common form of

endocrine hypertension, is due to an excess of mineralo-

corticoid action either by inappropriately high levels of

aldosterone or compounds with mineralocorticoid action

like deoxycorticosterone. This form of hypertension is

caused by increased sodium and water retention by the

kidney and by a consecutive expansion of the extracellular

fluid compartment, which by feedback suppresses

endogenous active plasma renin (aPR) concentrations.

However, hypertension cannot solely be ascribed to the

increased circulating volume but is also due to an

increased peripheral vascular resistance.

Frequently, mineralocorticoid hypertension is associ-

ated with hypokalemia, either spontaneous or diuretic-

induced and metabolic alkalosis. Evaluation for the

presence is recommended under the following circum-

stances (4):

. Diuretic therapy results in serum potassium

,3.0 mmol/L, even if levels normalize after

diuretics are withdrawn.

. Oral potassium supplementation and/or potassium-

sparing agents fail to maintain serum potassium

levels of �3.5 mmol/L in a patient on diuretics.

. Serum potassium levels fail to normalize after

4 weeks off diuretics.

. Patients with refractory hypertension with no evi-

dence for another secondary cause (as outlined

earlier) and with serum potassium levels of

,4 mmol/L in the absence of diuretics.

A. Primary Aldosteronism

The syndrome of PA was first described by Conn (5). It

was characterized by salt-sensitive hypertension associ-

ated with hypokalemia, metabolic alkalosis, and sup-

pressed renin secretion and an adrenal adenoma.

Initially, primary aldosteronism was believed to be a rare

form of hypertension with prevalence rates of 0.5–2.0%

in unselected patients (6). Many of these studies relied

on detection of hypokalemia and an adenoma in the

adrenal cortex and underestimated true prevalence rates.

Screening of normokalemic patients for an increased

aldosterone: renin-ratio, also referred to as “low-renin

hypertension,” has resulted in the diagnosis of larger

number of patients with primary aldosteronism with pre-

valence rates of 5–12% in selected patients (7,8). It is,

however, disputed whether this functional dysregulation

in low-renin hypertension is indeed a relevant pathologic

entity and should be treated specifically (9,10). Against a

widespread use of spironolactone in patients with an

increased aldosterone:renin-ratio, the relatively high rate

of side effects can be raised. Possibly, the improved side

effect profile of newer aldosterone antagonists (e.g., epler-

enone) will change this view in the future.

In about two-thirds of the cases, PA is caused by the

classically described aldosterone-producing adenoma

(APA) of the adrenal gland (Conn’s syndrome). In the

remaining one-third in whom no adenoma can be found,

bilateral adrenal hyperplasia is suspected. Extremely rare

forms (,2%) are glucocorticoid-remediable aldosteron-

ism or adrenal carcinomas.

The clinical features of PA are nondistinctive. Some

patients are completely asymptomatic or have minimal

symptoms. Most symptoms are related to hypokalemia

or water and salt retention and include tiredness, muscle

weakness, thirst, polyuria, and nycturia.

The optimal method for screening and establishing the

differential diagnosis of PA is controversial. The determi-

nation of decreased serum potassium levels is considered

to be a possible screening test for the disease (3).

However, only �80% of the patients have hypokalemia

(,3.5 mmol/L) in an early phase, and some authorities

maintain that hypokalemia may even be absent in

severe cases (11,12). Conversely, a circulating potassium

level of .4 mmol/L makes the diagnosis of PA extremely

unlikely. The next step in evaluation is to document renal

potassium wasting. A 24 h urinary potassium excretion

.30 mmol in the presence of a serum potassium level of

,3.5 mmol/L reflects inappropriate renal potassium

wasting. Lower excretion rates suggest extrarenal loss

caused by diarrhea, vomiting, or laxative abuse. Inter-

pretation of the rate of potassium excretion requires atten-

tion to the patient’s volume status and rate of sodium

excretion. Low-sodium intake (,4–5 g sodium/day,

UNa ,100 mmol/L) or hypovolemia can physiologi-

cally increase aldosterone levels and, thus, potassium

excretion (13).

According to Bravo et al. (14), the single best test

for identifying patients with PA is the measurement of

24 h urinary aldosterone excretion during salt loading.

An aldosterone excretion rate .54 nmol/24 h keeping to

a high-sodium diet (.4–5 g sodium/day) distinguishes

most patients with PA from those with essential hyper-

tension; sensitivity and specificity of the test are 96%

and 93%, respectively (14).

In the sequential evaluation of a patient with suspected

PA, the measurement of the aPR and aldosterone concen-

tration follows. The diagnostic algorithm of PA became

complicated recently, as renin activity became replaced

by the measurement of the active renin concentrations

(Fig. 46.2). Unfortunately, ratios of the aldosterone
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concentration to aPR are only in part comparable with the

older aldosterone concentration:renin-acitivity ratio.

Therefore, the establishment of local cut-offs must be

achieved (15). The aPR is typically suppressed to

,5 mU/L in patients with PA, but unfortunately it is

also low in 25% of patients with essential, so-called

“low-renin,” hypertension. In the latter patients, a func-

tional disturbance of the renin–angiotensin–aldosterone

system is in debate. The simultaneous measurement of

plasma aldosterone concentration (PAC) and the aPR

permits calculation of the PAC:aPR-ratio in pmol/
L:mU/L as a sensitive screening test for PA (16). The

mean value for the ratio in patients with essential hyper-

tension is ,25 vs. .80 in most patients with primary

aldosteronism. According to Weinberger the combination

of a PAC/PRA ratio .30 and a PAC .550 pmol/L had

sensitivity of 90% and specificity of 91% for PA (17).

Measuring an ambulatory paired random PAC and aPR

is preferably done in the morning (18). A number of

drugs and hormones affect the renin–angiotensin–aldos-

terone axis. According to Seifarth et al. (19), b-blockers

and aldosterone antagonists have the strongest impact on

the renin–angiotensin system. The decrease in active

renin concentration by b-blockers leads to an increase in

the PAC/aPR ratio, thus decreasing the specificity of the

ratio. Patients taking spironolactone should have their

medication withheld for 6 weeks prior to blood sampling,

as the ratio and thereby sensitivity is decreased. Calcium

channel blockers, and probably also ACE inhibitors

and ARB alone or in combination, may be continued.

Because hypokalemia reduces the biosynthesis of aldoster-

one, diagnostic studies should be performed in a potassium-

repleted state to optimize sensitivity of the ratio.

For the diagnosis of PA, an elevated PAC/aPR ratio

warrants confirmation by demonstrating inappropriate

suppression of aldosterone secretion. This can be achieved

by oral or intravenous sodium chloride challenge. At our

institute, we perform the saline infusion test. Plasma aldos-

terone is measured in the morning after 2 h of upright

posture, then 4 h after receiving 2 L of isotonic saline infu-

sion in the supine position. The PAC will fall ,170 pmol/L

in normal subjects, whereas values .280 pmol/L are

consistent with PA (20). Another very sensitive test to

demonstrate the inability to suppress plasma aldosterone

in PA is the 3 day or 4 day fludrocortisone suppression

test (21). Fludrocortisone 0.1 mg qid or 0.2 mg twice a

day is given along with supplement sodium chloride

(200 mEq/d). Other authors have used a dose of 1 mg/
day for 3 days (20). It is often necessary to supplement

with potassium to prevent aggravation of hypokalemia.

A PAC of .140 pmol/L after 3 days of fludrocortisone

confirms the diagnosis (20).

After the biochemical diagnosis of PA has been estab-

lished, a unilateral adenoma or rarely carcinoma must be

distinguished from bilateral hyperplasia. Distinction

between adenomas and hyperplasia is crucial because the

surgical removal of a unilateral adrenal adenoma results

in cure of PA and normalization of hypertension as well

as reversal of the biochemical defects in the majority of

patients. Importantly, a nonfunctional incidentaloma can

be found in 1–5% of patients with hypertension. A func-

tional adenoma can be distinguished from bilateral zona

glomerulosa hyperplasia by a variety of tests and tech-

niques. Clinical and laboratory features of classic APA

(ACTH-responsive) are typically more severe and can be

further differentiated by the aldosterone response to stimu-

lation by angiotensin II or maintaining an upright posture

for 2–4 h in the morning. Simultaneous measurement of

plasma aldosterone and cortisol is a key requirement in

the evaluation of the results of the postural test. In the

classical APA, markedly elevated plasma aldosterone

levels (recumbent typically .700 nmol/L) declines

upon rise, whereas PACs increase typically in patients

with idiopathic hyperaldosteronism (IHA). Unfortunately,

�20% of patients with aldosteronoma are responsive to

angiotensin II and, thus, plasma aldosterone increase

Serum potassium, inappropriate renal potassium 
wasting, 24-hour urinary aldosterone excretion 
and/or
Aldosterone/active plasma renin ratio  

Demonstration of inappropriate suppression of aldoste-
rone secretion (saline infusion test, fludrocortisone 
suppression test)

Establishing biochemical diagnosis 
of hyperaldosteronism 

Distinguish adenoma from bilateral hyperplasia: 
Response to angiotensin II, recumbence testing,  
Imaging (CT or MRI) 
Sampling of adrenal venous blood 

Establishing anatomical source of 
excessive aldosterone production 

Proving autonomy of aldosterone 
production

Clinical suspicion of hyperaldosteronism: 
Metabolic alkalosis, hypokalemia, severe hypertension 
with no evidence for other secondary causes 
Consider adapting antihypertensive Therapy 

Figure 46.2 Algorithm for the diagnosis of hyperaldosteron-

ism. CT, computed tomography; MRI, magnetic resonance

imaging.
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upon rising. Some adjunctive tests can assist in the differ-

ential diagnosis. 18-Hydroxycorticosterone is markedly

elevated in classic APA. Excretion of 18-hydroxycortisol

and 18-oxocortisol may also be elevated in classical

ACTH-responsive APA, but these corticosteroids are

not elevated in patients with angiotensin II-responsive

APA. These corticosteroids are of limited clinical

relevance because they are available only in a few

centers worldwide. The differentiation between angio-

tensin II-responsive APA and IHA is more difficult and

requires imaging procedures and eventually bilateral

adrenal vein catheterization (discussed subsequently) (22).

Imaging should be performed only after establishing

the biochemical diagnosis of aldosteronism due to the

prevalence of functionally inactive “incidentalomas” in

up to 5% of the population. Both high resolution computed

tomography (CT) and magnetic resonance imaging (MRI)

scanning are the radiological procedures of choice and can

detect adrenal mass .5 mm but cannot distinguish

between nonfunctional adenoma and an APA. The

finding of an adrenal mass .3–5 cm in diameter should

raise the possibility that the patient has adrenal carcinoma.

An abnormality in both glands suggests adrenal

hyperplasia.

Sampling of adrenal venous blood, preferably with cor-

ticotropin stimulation, for measurement of aldosterone and

cortisol response is invasive but is considered the gold

standard test for diagnosis of APA. This procedure

requires considerable skill and experience and carries a

risk of adrenal hemorrhage. Nuclear scanning with 131I-

6b-idiomethyl-19-norcholesterol in dexamethasone-sup-

pressed patients is helpful when bilateral zona glomeru-

losa hyperplasia is suspected and CT scan does not

detect an adenoma.

If an adenoma is found, laparoscopic adrenalectomy

should be performed (23). Patients undergoing surgery

should receive drug treatment both to decrease blood

pressure and to correct metabolic abnormalities. Spirono-

lactone for 3–4 weeks before surgery may be useful to

minimize postoperative hypoaldosteronism and to restore

potassium levels in the body to normal. The blood pressure

response to spironolactone before surgery can be a predic-

tor of surgical outcome in patients with aldosteronoma.

The patient’s age at the time of surgery and the duration

of the preoperative elevated blood pressure strongly influ-

ence the outcome of surgical therapy. Patients aged 50

years or younger with a duration of hypertension of less

than 5 years are more likely to become normotensive

after adrenalectomy (24). Conversely, a lack of response

to spironolactone prior to surgery should provoke second

thoughts on the true diagnosis of the hypertension. Long-

term medical therapy is indicated in patients with IHA,

in those with adenoma who are poor surgical risks, and

in those with bilateral adrenal adenomas. Spironolactone

has been the mainstay of medical treatment for many

years with dosages varying from 25 to 400 mg/day. Spir-

onolactone is often associated with considerable side

effects like gastrointestinal symptoms, fatigue, and gyne-

comastia. In these cases, the new drug eplerenone should

be instituted (50–100 mg/day). The aldosterone receptor

antagonists can be used in combination with other antihy-

pertensive agents.

B. Glucocorticoid-Remediable
Hyperaldosteronism

An extremely rare form of hyperaldosteronism is the

glucocorticoid-remediable hyperaldosteronism (GRA),

inherited in an autosomal dominant trait (25). The cause

is a mutation on chromosome 8q24.3, inducing a chimeric

gene caused by unequal crossover between the gene

coding for the enzyme 11-b-hydroxylase and that for

aldosterone synthase. Because of this hybrid gene, the

enzyme aldosterone synthase becomes expressed in the

zona fasciculata and, thus, under control of ACTH. Conse-

quently, aldosteronism and thus the hypertension can be

treated with low doses of a glucocorticoid (e.g., 0.5 mg

of dexamethasone daily).

Young hypertensive patients, especially with and

without a family history of hypertension, should be

tested for glucocorticoid-remediable aldosteronism.

Increase or suppression of aldosterone concentrations

after ACTH or dexamethasone-testing, respectively, is

highly sensitive and specific (26). The genetic mutation

can be identified by polymerase chain reaction and

sequencing.

C. Pseudo-Hyperaldosteronism

In the following syndromes that cause mineralocorticoid

hypertension, plasma aldosterone and plasma renin are

indeed suppressed, yet, they resemble PA in that they

also have hypertension and a hypokalemic alkalosis.

1. HSD Deficiency (“Apparent Mineralocortocoid

Excess Syndrome”)

Deficiency of the 11-b-hydroxysteroiddehydrogenase

(11-b-HSD) causes inhibition of the intrarenal conversion

from cortisol to cortisone. In this form of low-renin, low-

aldosterone hypertension, the glucocorticoid cortisol acts

as a potent mineralocorticoid. This syndrome is inherited

as an autosomal recessive trait and most heterozygotes

have a normal phenotype (27). A specific cause of

acquired 11-b-HSD deficiency is licorice abuse. In these

patients, an increase in the ratio of cortisol to cortisone

metabolites in their urine (ratio of tetrahydrocortisol to

tetrahydrocortisone) can be used to make the diagnosis.
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2. Desoxycorticosterone Excess

11-b-Hydroxylase and 17a-hydroxylase deficiency are

forms of congenital adrenal hyperplasia in which minera-

locorticoid excess occurs because of ACTH-driven deso-

xycorticosterone excess. Especially, female patients with

these syndromes also show abnormalities in sexual

development.

3. Primary Cortisol Resistance

This rare syndrome is inherited as an autosomal recessive

or dominant disorder characterized by mutations in

the glucocorticoid receptor gene, leading to diminished

cortisol action and secondary stimulation of ACTH

release (28).

4. Liddle’s Syndrome

First described by Liddle in 1963, this syndrome is inheri-

ted as an autosomal dominant trait in which there is a

primary increase in collecting tubule sodium reabsorption

and, in most cases, potassium secretion (29,30). So-called

“gain of function” mutations in the genes coding for the

b-subunit or g-subunit of the renal epithelial sodium

channel, located at chromosome 16p13, lead to constitu-

tive activation of renal sodium resorption and subsequent

volume expansion (31). None of the known mineralocorti-

coids was found to be present in increased amounts, and,

more important, neither treatment with spironolactone

nor inhibitors of adrenal biosynthesis ameliorates this

disorder. It responds well to inhibitors of epithelial

sodium transport such as triamterene.

D. Secondary Aldosteronism

This term refers to an appropriately increased production

of aldosterone in response to activation of the renin–

angiotensin system. It usually occurs in association with

the accelerated phase of hypertension or on the basis of

an underlying edema disorder. In hypertensive states,

this disorder is due either to a primary overproduction of

renin or to an overproduction of renin secondary to a

decrease in renal blood flow and/or perfusion pressure.

Secondary aldosteronism is characterized by hypokalemic

alkalosis, increases in plasma renin activity, and increases

in aldosterone levels. In some conditions, such as edema

disorders, this represents a partially beneficial response

to restore volume and sodium at the expense of hypokale-

mia. Secondary aldosteronism may also occur without

edema or hypertension (e.g., Bartter’s and Gitelman’s

syndrome).

III. CUSHING’S SYNDROME

Hypertension is a common finding in Cushing’s syndrome,

affecting�80% of patients, but occurs less frequently with

exogenous glucocorticoid therapy (32). Cardiovascular

disease, in particular hypertension, is a major cause

of morbidity and death in patients with Cushing’s syn-

drome (33).

The causes of Cushing’s syndrome include Cushing’s

disease (68%), ectopic ACTH excess (12%), adrenal

adenoma (10%), carcinoma (8%), and hyperplasia (2%)

(34). Importantly, the most common etiology of detrimen-

tal hypercorticism is treatment with steroids, for example,

in the therapy of inflammatory diseases or after

Clinical suspicion of Cushing’s syndrome: 
Truncal obesity, features of the metabolic syndrome, 
moon face with plethora, typical purple skin striae, easy 
bruising, hirsutism, muscle weakness and fatigue, 
emotional disturbances

24-hour urinary free cortisol
and/or 
Midnight salivary cortisol measurement 

Combined suppression–stimulation test 
 with dexamethasone and CRF 

Laboratory Screening

Plasma ACTH-level 
Low: Adrenal tumor 
Normal-Elevated: Pituitary adenoma or ectopic 
tumor

Further biochemical differentiation 
and localization

Exclude pseudo-Cushing’s 
Syndrome, if suspected

Adrenal source: CT scan or MRI 
Pituitary: MRI of sellar region, Inferior Petrosal Sinus 

Sampling (IPSS) 
Ectopic: CT/MRI of neck, chest and/or abdomen, CRH 

infusion test, venous catheterization

Anatomic Localization

Figure 46.3 Algorithm for the diagnosis of Cushing’s syn-

drome. ACTH, adrenocorticotropic hormone; CT, computed

tomography; MRI, magnetic resonance imaging.
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transplantations. Regardless of the etiology, all causes of

endogenous Cushing’s syndrome are characterized by an

increased production of cortisol by the adrenal glands.

Many of the signs and symptoms of the disease follow

logically from the known action of glucocorticoids. The

typical clinical presentation includes truncal obesity and

features of the metabolic syndrome (i.e., diabetes mellitus

type 2, dyslipidemia, obesity, and hypertension), moon

facies, plethora, typical purple skin striae, easy bruising,

hirsutism, muscle weakness and fatigue, and emotional

disturbances. Other symptoms are amenorrhea, loss of

libido, and osteoporosis with spontaneous fractures of

ribs and vertebrae.

The pathogenesis of hypertension in Cushing’s syn-

drome is multifactorial and the following factors are

thought to be relevant: increased peripheral vascular sensi-

tivity to adrenergic agonists, increased hepatic production

of angiotensinogen, and activation of renal tubular type 1

(mineralocorticoid) receptors by cortisol excess (35). The

last mechanism is mainly seen in patients with severe

hypercortisolism, which is usually a result of ectopic

ACTH-secretion. These patients often have concurrent

hypokalemia. Hypokalemia also can occur as a result of

adrenal hypersecretion of mineralocorticoids such as corti-

costerone and deoxycorticosterone.

The diagnosis of Cushing’s syndrome depends on the

demonstration of increased cortisol production, the loss

of circadian cortisol production and, eventually, failure

to suppress cortisol secretion normally when dexa-

methasone is administered (Fig. 46.3). To document

hypercortisolism the determination of 24 h urinary free

cortisol is recommended. Reported normal values are

,250–500 nmol/24 h, depending on the use of a specific

HPLC assay, which results in lower reference ranges. To

assess the adequacy of the urine collection, creatinine

excretions should also be quantified. As the cortisol pro-

duction is typically stress dependent in healthy persons,

limitations of the 24 h urinary cortisol production can be

anticipated. False-positive results, however, may be

obtained in several non-Cushing’s hypercortisolemic

states like major stress (i.e., trauma or infection), psychia-

tric states, chronic strenuous exercise, glucocorticoid

resistance, and malnutrition. Conversely, rare cases of

hypophyseal form of Cushing’s disease with only a peri-

odic increase in cortical production have been described

(36). Thus, 24 h urine measurement should be repeated

up to three times in order to exclude or confirm Cushing’s

syndrome, respectively (37). The loss of circadian rhythm

can be assessed measuring “midnight” (i.e., 11:00 p.m. to

12:00 a.m.) serum or salivary cortisol (38). The salivary

cortisol measurement has several advantages, namely, it

is stable, can be collected in outpatients, and shows

less fluctuations when compared with serum cortisol

levels (39). At our institution, normal reference ranges

are ,6 nmol/L, ranging from 1 to 15 nmol/L in the litera-

ture. Thus, individual cut-offs have to be defined for each

institution. The standard suppression tests designed to

identify patients with Cushing’s syndrome are the 2 day,

low-dose dexamethasone suppression test (0.5 mg every

6 h for eight doses) and the overnight dexamethasone sup-

pression test. The overnight dexamethasone suppression

test requires only a blood collection for serum cortisol,

the morning after the patient has taken a 1 mg dose of

dexamethasone at 11:00 p.m. of the previous day.

Reduction of basal plasma cortisol levels at 8:00 a.m. to

values ,50–130 nmol/L is defined as normal suppres-

sion, depending on the center evaluated and the assay

used. The suppression tests are useful for confirming a

diagnosis of Cushing’s syndrome, but should be reserved

primarily for patients with mildly increased urinary corti-

sol excretion and those thought to have pseudo-Cushing’s

syndrome (34). In latter cases, the combined suppression–

stimulation test with dexamethasone and CRF was

reported to be more reliable (40). After establishment of

hypercortisolism, plasma-ACTH levels determine

ACTH-dependence in Cushing’s syndrome. In patients

with ACTH-independent Cushing’s syndrome, ACTH

levels are usually suppressed to ,5 ng/L. Patients with

the ACTH-dependent form tend to have either normal or

elevated levels of ACTH, usually .10 ng/L. However,

variable ACTH-levels in healthy subjects as well as

patients suffering from Cushing’s syndrome are in part

due to instability of the circulating molecule or pulsatile

secretion pattern, respectively. Hence, ACTH levels may

overlap in patients with hypothalamic-pituitary dysfunc-

tion, pituitary macroadenomas, ectopic CRH production,

and ectopic ACTH production. For this reason, several

additional tests have been advocated, such as the CRH

infusion test, inferior petrosal sinus sampling (IPSS), or

venous catheterization, to identify ectopic sources,

respectively (37,40).

After the biochemical diagnosis of the etiology of

Cushing’s syndrome radiographic localization follows,

by MRI of the sellar region in suspected Cushing’s

disease, CT scan or MRI of the adrenals in primary

forms of the disease, or imaging of neck, chest and/or

abdomen by CT or MRI in the search for an ectopic

source. Thereby, the ACTH or CRH source can be very

small, less than a few millimeters and, hence, not detect-

able by any imaging technique.

Treatment should be directed, whenever possible, at the

primary cause of the syndrome. Therefore, establishing

accurate differential diagnosis is essential. In patients

with Cushing’s disease, treatment of choice is the resec-

tion of the microadenoma by transsphenoidal microadeno-

mectomy, if a clearly circumscribed tumor can be

identified. Hemihypophysectomy or subtotal resection of

the anterior pituitary might be necessary. Additional
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therapeutic options are pituitary irradiation and/or bilat-

eral total adrenalectomy. Early evidence for a cure can

be an undetectable plasma cortisol concentration in the

morning (,1 mg/mL) and an ACTH concentration of

,5 pg/mL 24 h after the last 10–15 mg dose of hydro-

cortisone, 4–7 days after surgery (34). It is important to

note that postcure of a patient with Cushing’s syndrome,

the HPA axis is still insufficient because of the preceding

long-term suppression of the nontumorous parts of the

HPA axis by the hypercortisolism. Therefore, a cortisol

substitution therapy with increasing substitution doses in

stressful life events and detailed information of the

patient are mandatory.

Some nonpituitary tumors that secrete either ACTH or

CRP are not resectable. In these cases, the hypercortisolism

can be controlled with adrenal enzyme inhibitors such as

metyrapone (250–750 mg tid–qid) or ketoconazole

(600–1200 mg qid). Unilateral adenomas of the adrenal

are cured with unilateral adrenalectomy. In patients with

bilateral micronodular or macronodular adrenal hyper-

plasia, bilateral total adrenalectomy is required. Mitotane,

a specific adrenocorticolytic agent, may be offered to

patients with inoperable, residual, or recurrent disease.

In children and adolescent with Cushing’s syndrome,

blood pressure normalized within a year from the correc-

tion of hypercortisolism (41). A positive correlation

between the systolic blood pressure and the duration of

the disease points toward the deleterious effects of

prolonged hypercortisolism and the significance of early

diagnosis and treatment.

Blocking mineralocorticoid activity with spirono-

lactone may be effective in patients with very high

serum cortisol levels, especially those with hypokalemia.

IV. PHEOCHROMOCYTOMA

Tumors of the adrenal medulla are a rare, but eminently

curable, form of endocrine hypertension. Pheochromocy-

toma occurs in ,0.2% of patients with hypertension

(42). Because hypertension is one of the key symptoms

and because hypertension is highly prevalent in the popu-

lation, many hypertensive patients undergo testing by

clinicians. Nevertheless, the diagnosis is rarely confirmed

(Fig. 46.4). These tumors are usually found in the adrenal

medulla, but as paragangliomas also occur in other

neurone ectoderm-derived tissue. Because the clinical

presentation and diagnostic approach are similar, the

term pheochromocytoma is used to refer to both adrenal

pheochromocytoma and catecholamine-secreting paragan-

gliomas. Most pheochromocytomas (90%) are benign, but

a small percentage (10%) is malignant and may meta-

stasize to liver and bone. Histologically and biochemically

malignant pheochromocytomas are comparable to benign

ones. Clues to the presence of a malignant form are local

invasion or distant metastases (43). Ten percent of the

adrenal pheochromocytomas arise bilaterally, whereas

90% are unilateral (44,45). In 10%, the pheochromo-

cytomas are familial and these are often multicentric and

bilateral. There are several primary familial disorders

associated with pheochromocytoma, both of which have

autosomal dominant inheritance: von Hippel–Lindau

syndrome, glomustumors, neurofibromatosis type I, and

MEN-2 (46). The latter is also characterized by medullary

carcinoma of the thyroid and, in some cases, hyperpar-

athyroidism due to primary parathyroid hyperplasia.

Recently, a higher percentage of genetic causes of pheo-

chromocytoma associated syndromes due to germline

mutations has been suggested, with a prevalence ranging

up to 25% of pheochromocytoma cases (47). Therefore,

the following axioma may no longer be valid as molecular

analysis has advanced the knowledge that came from clini-

cal observation (48). Traditionally, the “rule of 10” means

10% is familial, and 10% is bilateral, 10% is malignant,

and 10% is extra-adrenal (49).

Patients with catecholamine-secreting tumors may be

asymptomatic, at times, or have nonspecific symptoms

Clinical suspicion of pheochromocytoma: 
Pain (typically headache), pallor/perspiration and 
palpitations. Sustained hypertension or blood pressure 

24-h urinary excretion of catecholamines and 
metanephrines, plasma fractionated free metanephrines 
(HPLC) and catecholamines 

Clonidine suppression test 
Glucagone stimulation test 
Genetic testing for multiple endocrine neoplasia (MEN) 
2, von Hippel-Lindau syndrome, mutations of the gene 
for succinate dehydrogenase subunit D and B

Biochemical documentation of 
catecholamine hypersecretion

Adrenal CT or MRI as the first localization test. 
In suspected extraadrenal pheochromocytoma 
perform whole-body CT/ MRI, eventually MIBG scan, 
PET studies. 

Localization of pheochromocytoma 
(anatomical & functional imaging)

Highly suggestive clinical features 
and borderline screening results 

Figure 46.4 Algorithm for the diagnosis of pheochromo-

cytoma. CT, computed tomography; MRI, magnetic resonance

imaging.
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like weight loss, nausea, or constipation. However,

symptoms usually are present and are predominantly

due to the release of catecholamines and, to a lesser

extent, to the co-secretion of other substances. The

classical “triad of symptoms” consists of pain (mostly

headache), perspiration/pallor, and palpitations. These

symptoms often have an episodic character and even

hypertension is paroxysmal in �50% of the cases. The

other 50% have sustained hypertension, although signifi-

cant blood pressure lability and variability are usually

present, and half of patients with sustained hypertension

have distinct crises or paroxysms (50). Paroxysms of

these signs and symptoms can be elicited by all kinds

of physical or chemical stimuli like anesthetics, food,

micturition, and some drugs. Typically, psychological

stress does not induce these paroxysmal attacks, in con-

trast to physical manipulation of the tumor. The diagno-

sis should also be considered in other circumstances: for

example, hypertension resistant to conventional agents,

when there is marked variability in blood pressure read-

ings, or hypertension where control deteriorates after

b-blockade.

Biochemical documentation of catecholamine hyper-

secretion should precede any form of imaging study.

Biochemical tests of catecholamine excess commonly

used for diagnosis of pheochromocytoma include

measurements of urinary and plasma catecholamines

(noradrenaline and adrenaline), urinary metanephrines

(normetanephrine and metanephrine), and urinary vanil-

lylmandelic acid. More recent developed tests include

measurements of plasma concentrations of the free (i.e.,

nonconjugated and biologically active), fractionated meta-

nephrines (i.e., measured by HPLC). There is still an

ongoing controversy about the diagnostic accuracy of the

different tests available (51,52).

According to the ESH, the urinary excretion rates of

catecholamines and metanephrines are the test of choice

to screen for pheochromocytomas (3). Urine collections

may be indexed to time (12 or 24 h) or to creatinine

levels. Despite claims for the adequacy of determinations

made on random and “postparoxysmal” urine samples, we

recommend the analysis of a full 24 h urine sample. To

assess the adequacy of the urine collection, creatinine

excretions should also be quantified. Before testing, one

should be aware that some medications and clinical situ-

ations may affect the measurements of catecholamines

and metabolites (Table 46.1). At our institution, the

upper normal reference limit for total urinary adrenaline

is 22 nmol/mmol creatinine (,130 nmol daily) and for

noradrenaline 45 nmol/mmol creatinine (,610 nmol

daily). For urinary metanephrine, the upper limit of

normal is 200 nmol/mmol creatinine (,1500 nmol/
24 h) and for normetanephrine 250 nmol/mmol creatinine

(,4500 nmol/24 h).

The measurement of plasma free metanephrine has a

reported sensitivity of nearly 100% (51). However,

plasma free, fractionated metanephrines may lack the spe-

cifity to recommend it as a first line test in adults (53). The

sole reliance on this test must await its transfer to more

usual clinical settings and local regional reference labora-

tories (54). Measurements of free, fractionated plasma

normetanephrine and metanephrine may be useful in

screening for pheochromocytomas in patients with a

familial predisposition to these tumors where a highly

sensitive test is required (55).

When clinical features are highly suggestive for pheo-

chromocytoma and the urinary assay results are border-

line, functional measurement of plasma catecholamines

may be worthwhile. The usefulness of plasma catechol-

amine determinations may be increased by agents that

suppress sympathetic nervous system activity. The

clonidine-suppression test is particularly useful in cases

with increased levels of catecholamines. A large decrease

in plasma noradrenaline after clonidine suggests that

increased baseline values are due to sympathoneuronal

activation, whereas consistently and highly elevated

plasma concentrations of noradrenaline before and after

clonidine strongly indicate a pheochromocytoma. A posi-

tive clonidine suppression test is indicated by failure of

plasma catecholamines (especially norepinephrine) to

fall at least 40% from baseline and ,2750 pmol/L 3 h

after a single oral dose of 0.3 mg clonidine (56). A fall

in blood pressure associated with heart rate reduction

assures that clonidine has been adequately absorbed. Con-

versely, the glucagon stimulation test can be useful in

patients with normal baseline plasma catecholamine

levels. A positive glucagon stimulation test requires a

threefold increase in plasma catecholamine (especially

norepinephrine) concentration 2 min after a bolus iv

administration of 1 mg glucagon (57). An increase in

blood pressure is corroborative but not essential, can be

marked and potentially dangerous, and may be treated

with regitin iv in 5–10 mg boluses.

Table 46.1 Drugs and Conditions that may Alter Measured

Levels of Catecholamines and Metabolites

Tricyclic antidepressants and antipsychotics

Levodopa

Methyldopa

Labetalol

Sotalol

Drugs that contain catecholamines (e.g., decongestants)

Ethanol

Withdrawal from clonidine

Benzodiazepines

Acetaminophen and phenoxybenzamine

Major physical stress (e.g., surgery, stroke, myocardial ischemia)
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Radiological evaluation to locate the tumor should not

be initiated until biochemical studies have confirmed the

diagnosis of catecholamine-secreting tumor. Localization

of pheochromocytomas should be attempted using at

least two imaging modalities. Anatomical imaging

studies (CT and MRI) should be combined with functional

imaging studies for optimal results to locate primary,

recurrent, or metastatic pheochromocytomas (58). CT or

MRI of the adrenal glands and abdomen should be the

first localization test. They should always be carried out

over the abdomen first, because pheochromocytomas are

mostly situated within the adrenal medulla. With CT,

there is a slight risk of exacerbation of hypertension if a

radiographic contrast agent is given, which can be pre-

vented by pre-treatment with a a-adrenergic blocker

(i.e., phenoxybenzamine 10! 30 mg bid or tid) (59).

MRI can distinguish pheochromocytoma from other

adrenal masses; on T2-weighted images, as pheochromo-

cytomas appear hyperintense, typically cystic and other

adrenal tumors isointense and more homogenous, when

compared with the liver. Both techniques have a sensi-

tivity of 90–100%, but the specificity of both is limited

to only 70% (54).

In patients in whom anatomic imaging with CT or MRI

is negative and in the detection of metastatic lesions,

nuclear medicine imaging is important. Pheochromo-

cytomas usually abundantly express specific catecholamine

plasma membrane and vesicular transporter systems,

enabling imaging with 131I- and 123I-MIBG, as well as

with several PET ligands (58). If both MIBG and PET

studies are negative, the patient probably has an

unusual type or malignant pheochromocytoma. In these

cases, scintigraphy with nonspecific ligands, such as

somatostatin receptor scintigraphy with octreotide or

FDG-PET, should be carried out (58).

Once a pheochromocytoma is diagnosed, surgical

resection of the tumor is the definite therapy. Nowadays,

laparoscopic adrenalectomy is the procedure of first

choice (60). Because the removal of a catecholamine

secreting tumor is a high-risk surgical procedure, adequate

medical preparation and an experienced team of surgeons

and anesthesiologists are required. One approach is to give

the a-blocker phenoxybenzamine, 10 mg once daily, and

raise the dose every few days until the patient’s symptoms

and blood pressure are controlled. However, phenoxyben-

zamine produces significant orthostatic hypotension and

reflex tachycardia. In �30%, a b-blocker has to be

added to overcome tachycardia. A b-blocker should

never be started first because blockade of vasodilatory per-

ipheral b-receptors with unopposed a-receptor stimulation

can lead to a further elevation in blood pressure. Selective

postsynaptic a-1 adrenergic receptor antagonists have

been used to circumvent some of the disadvantages of phe-

noxybenzamine. According to Bravo, calcium channel

blockers have also been effective in controlling blood

pressure in pheochromocytoma (54,61). Acute hyperten-

sive crises may occur before or during operation and

should be treated with nitroprusside or phentolamine

administered intravenously. Postoperative hypotension

can be avoided by adequate fluid replacement, already

started preoperatively, and hypoglycemia by glucose infu-

sion. After removal of the tumor, catecholamine secretion

should fall to normal in �1 week. About 2 weeks post-

operatively, a 24 h urine sample should be obtained for

measurement of preoperatively elevated catecholamine

levels. Increased levels indicate the presence of residual

tumor, a second primary lesion, or occult metastases.

Thereafter, 24 h urinary excretion of catecholamines

should be checked annually for at least 5 years as surveil-

lance for tumor recurrence in the adrenal bed, metastatic

disease, or delayed appearance of multiple primary

tumors (62). In one series of 114 patients, pheochromo-

cytoma recurred in 16, and the recurrence was malignant

in nine (63). Diagnostic and genetic studies for familial

disorders, such as MEN-II, von Hippel–Lindau syndrome,

and familial pheochromocytoma, should be considered

during the first postoperative visit. Testing to be con-

sidered includes RET proto-oncogene or pentagastrin

stimulation test with measurement of calcitonin res-

ponse, ophthalmology consult, head MRI scan, and

screening for pheochromocytoma of all immediate family

members (64,65).

Because the manifestations of pheochromocytoma can

be versatile, the diagnosis must be considered and

excluded in many patients with suggestive clinical

symptoms. However, it should be recognized that many

conditions associated with increased activity of the sym-

pathetic nervous system may mimic a pheochromocytoma.

For example, the use of sympathomimetic drugs as appe-

tite suppressants or decongestants or the abrupt discontinu-

ation of a short-acting sympathetic antagonist drug (e.g.,

clonidine or propranolol) can lead to severe hypertension

and coronary ischemia. Increased sympathetic activity

also can be found, for example, in autonomic dysfunction,

hypoglycemia, panic disorder, migraine, and heart failure.

So-called pseudo-pheochromocytoma is a rare cause of

paroxysmal hypertension. This disorder may be due to

stress or emotional distress, which is only uncovered

after careful psychological evaluation (66).

V. OTHER FORMS OF ENDOCRINE
HYPERTENSION

The above mentioned endocrine diseases cause hyper-

tension in the majority of patients who have them. There

are, however, other endocrine conditions that have been

associated with hypertension. The evidence for causality
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is not equally strong across all of these conditions. While

most of them are relatively rare in the evaluation of

hypertensive patients, asymptomatic thyroid dysfunctions

might be found in �5% of elderly patients with hyperten-

sion (67).

A. Hyperthyroidism and Hypothyroidism

Both hyperthyroidism and hypothyroidism are reportedly

associated with hypertension. The prevalence of hyperten-

sion in hypothyroidism may be as high as 40% (68). In

hypothyroidism, the diastolic blood pressure, in particular,

is increased which is associated with an increased vascular

resistance (69,70). One of the possible mechanisms is an

increased activity of the sympathetic nervous system, as

is also demonstrated by increased plasma catecholamine

levels (70).

The prevalence of hypertension in hyperthyroidism is

�25%. Systolic hypertension dominates because of the

increased cardiac indices and decreased peripheral resist-

ance (71). Adequate treatment of hypo- and hyperthyroid-

ism usually restores blood pressure (68,72).

B. Hyperparathyroidism

Hypertension is frequently associated with primary hyper-

parathyroidism (10–60%). It is likely that this is merely

due to the effect of PTH rather than due to the effect of

calcium. PTH can cause hypertension either by increasing

total peripheral resistance or by increasing blood volume

(73,74).

C. Acromegaly

The majority of cases of acromegaly are caused by GH-

producing pituitary adenomas. Approximately half of the

patients with acromegaly exhibit high blood pressure

(75). Left ventricular hypertrophy or cardiomyopathy is

a very frequent finding in acromegaly. Cardiovascular

accidents are claimed to be the main cause of the increased

mortality in acromegaly (76). The poor prognosis for

cardiovascular accidents is not only due to systemic hyper-

tension, coronary artery disease, and arrhythmias, but also

due to a specific cardiomyopathy. Sodium retention caused

by growth hormone, an increased sympathetic tone and an

impaired endothelium-mediated vasodilation may contrib-

ute to the development of hypertension. Removal of

excess growth hormone can improve the blood pressure

level considerably.

VI. CONCLUSION

Both clinical experience and clinical studies have helped

to improve the diagnostic approach and to optimize

therapeutic options in the past. In the future, larger pro-

spective clinical studies and more experimental research,

hopefully, allow to circumscribe the optimal and simpli-

fied approach to the individual patient with suspected

endocrine hypertension.
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KEYPOINTS

. Coarctation of the aorta results in upper body

hypertension.

. Prenatal diagnosis is possible and early repair must

be considered.

. Patients showing symptoms after the age of 1 year

should be immediately assessed for repair.

. Patients should be evaluated for the presence of

other cardiac malformations.

SUMMARY

Coarctation of the aorta is a congenital vascular abnormal-

ity, which results in upper body hypertension. Long-term

follow-up of patients with previous coarctectomy reveals

the presence of adult hypertension in up to 75% of patients

20–30 years after surgery. Of these patients, about 3–26%

have a recurrence of the coarctation, but the remaining

patients appear to have developed hypertension despite

the anatomical repair.

Prenatal diagnosis is now possible, and once detected,

early repair must be considered. The optimal time for elec-

tive surgical repair is about 1 year of age. If patients show

symptoms after the age of 1 year, repair should be con-

sidered immediately to improve long-term prognosis.

The patients also are at risk of accelerated coronary

artery disease and cerebrovascular accident. Strict

control of blood pressure along with appropriate reduction

of other cardiovascular and cerebrovascular risks should

minimize subsequent morbidity and mortality. Patients

should be evaluated for the presence of other cardiac

malformations.
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I. BRIEF HISTORY

Coarctation of the aorta is a congenital localized narrow-

ing of the aorta. “Coarctation” is derived from the Latin

word coarctatio, meaning a drawing or pressing together.

Meckel first noted such a finding at postmortem in 1750,

and Legrand was the first to diagnose coarctation in a

living patient in 1835. Bonnet later categorized coarctation

into “infantile” and “adult” forms, subsequently revised to

“preductal” and “postductal.”

The clinical presentation of coarctation of the aorta

varies from cardiovascular collapse in the neonate to

being a rare finding in an adult during investigation of

secondary causes of hypertension. Untreated patients

rarely survive .50 years of age and usually die from

heart failure, rupture of the aorta, intracranial hemorrhage,

hypertension, endocarditis, or coronary artery disease.

Blalock and Park proposed the first surgical repair tech-

nique with a bypass from the left subclavian artery to the

aorta to circumvent the area of narrowing in 1944.

Crafoord and Nylin reported the first coarctation repair

in 1945 by performing resection with end-to-end reanasto-

mosis; Gross used homograft to replace the narrowed seg-

ments of aorta a few years later. Waldhausen and

Nahrwold performed the first subclavian flap aortoplasty

in 1966. Coarctation has, therefore, been surgically cor-

rected for .50 years, and multiple large series of postsur-

gical-correction patients are now available, which allows

long-term evaluation of outcomes. Advances in interven-

tional cardiology techniques over the last two decades

have led to an ever-increasing interest in percutaneous

transluminal aortoplasy, first by plain balloon dilatation

and, more recently, with endovascular stent deployment.

No long-term data are available at present to evaluate or

to compare outcomes with surgical correction.

Even with the complete anatomical repair of coarcta-

tion, patients frequently have premature morbidity and

even mortality because of a combination of recoarctation,

late aneurysm formation, severe late hypertension, and

premature cardiovascular and cerebrovascular disease.

Ongoing surveillance on an annual basis along with alter-

nate yearly imaging is the minimum requirement in order

to improve the survival rate of these patients.

II. EPIDEMIOLOGY

The epidemiological study of congenital heart disease is

limited by technical difficulties, and this has led to a lag

in our understanding of both the prevalence and the risk

factors for cardiac malformation. Changes in screening,

particularly the improvement in prenatal echocardio-

graphy, have allowed in utero detection, but there are no

historical comparisons possible.

A. Prevalence

The incidence of coarctation of the aorta is 1–8 per 1000

live births, but the incidence is thought to be as high as

1 in 10 in the case of spontaneous abortions and stillbirths.

It accounts for �6–8% of congenital heart disease. It is

twice as common in males as in females. Using the 10

year data from the Baltimore–Washington Infant Study

(BWIS), Ferencz et al. (1) showed that the prevalence of

coarctation was 1.39 per 10,000 live births compared

with 4 per 1000 live births for all cardiovascular malfor-

mations. Siblings of individuals affected by cardiac mal-

formations are more likely to be affected, a phenomenon

known as familial aggregation. The overall precurrence

risk (chance of a sibling of an affected individual having

the same cardiac malformation) for all cardiovascular mal-

formations is 3.1%; but in left-sided obstructive lesions, it

is significantly higher. The BWIS showed a precurrence

rate of 6.3% for coarctation of the aorta, which was

second only to hypoplastic left heart syndrome at 8.0%.

B. Inheritance

The nature of inheritance is unknown, but it is most likely

to be polygenic in combination with environmental risks.

Autosomal dominant inheritance with incomplete pene-

trance has been reported in one family, although most

mathematical models have favored a simple Mendelian

pattern (2). Multiple chromosomal abnormalities are

associated with coarctation. For example, the DiGeorge

syndrome that results from a microdeletion on the long

arm of chromosome 22 (22q11.2) is known to contain

abnormalities in conotruncal development. Although the

22q11 region has been mapped entirely, no single gene

function has been shown to produce the malformations

seen in the DiGeorge syndrome (3).

Some maternal infections or illnesses in early preg-

nancy have been linked to cardiac malformations but not

specifically to coarctation. For example, children with

congenital rubella syndrome have a cardiovascular

defect, most commonly pulmonary stenosis or patent

ductus arteriosus. Preconception maternal diabetes shows

the strongest association with early embryonic malfor-

mations, including left heart outflow tract abnormalities,

although this is thought to be a general risk for all

cardiac defects and other serious birth defects (4). Other

factors that have been investigated include anti-epileptic

medications, maternal fever (particularly influenza),

alcohol consumption, and cigarette smoking, although

none has been definitely linked to birth defects (5).

A common maternal concern is workplace exposure to

paints and organic solvents. Tikkanen and Heinonen (6)

reported an association between mineral oil solvents and

coarctation of the aorta, and this was supported by
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BWIS, which showed an odds ratio of 3.2 (CI ¼ 1.3–7.9)

for development of coarctation of the aorta with daily

exposure to organic solvents (7). Glutathione-S-trans-

ferases are involved in metabolizing organic solvents,

and genetic polymorphisms have been shown to mediate

the risk of pulmonary valve stenosis and atrial septal

defect with solvent exposure, but as yet, the precise mech-

anism(s) that cause coarctation is unknown.

The only well-studied and accepted method of preven-

tive strategies for reducing risk for cardiac malformations

is the consumption of folic acid in the periconception

period, although, again, this a heterogeneous effect

rather than being specific for coarctation.

III. PATHOPHYSIOLOGY

Development of the heart is a complex process. A detailed

description is beyond the scope of this chapter. Nonethe-

less, a brief description of heart development is relevant,

because it is in the early stages of cardiac formation that

the likely defects responsible for coarctation are present.

A. Cardiac Embryogenesis

Bilateral cardiac primordia are derived from the cardiac

mesoderm, which is predetermined prior to development.

These symmetrical regions migrate to the midline where

they fuse to form the primitive heart tube by 22 days of

gestation. This tube contains five regions: the aortic sac,

conotruncus (outflow tract), the right ventricle, the left

ventricle, and the bilateral atria. The tube is aligned with

an anteroposterior polarity. Via a series of folds and

loops, the functioning tube aligns itself into left–right

polarity and a four-chambered heart. To produce septation

and formation of the aorta and pulmonary arteries, the

migration of a population of cells from the neural crest

is required. These cells condense in the conotruncus to

allow aortic formation. In addition to this migration,

blood flow through the developing area is required to

drive the process. The entire process is completed by the

eighth week of gestation because a functioning cardiovas-

cular system is required for further embryogenesis.

Abnormal migration at the stage where the heart tube

forms is thought to be responsible for the formation of coarc-

tation. A family of nuclear transcription factors known as the

helix–loop–helix family is known to be required for neural

crest migration both in humans and in other species. In fish,

it has been shown that a specific gene, gridlock (grl), codes

for a helix–loop–helix factor that is expressed highly at the

stage where the neural crest migrates (8). In addition, grl is

strongly expressed at a later stage when blood flow begins.

Loss of grl in zebra fish produces failure of tube formation

at the point where the primordia fuse. It is therefore likely

that the loss of this gene would account for both stages of

incorrect development—failure of migration and the sub-

sequent flow-dependant development. Defects in helix–

loop–helix expression may be responsible for the develop-

ment of aortic coarctation in humans, although this is still

unconfirmed.

IV. MORPHOLOGY OF COARCTATION

Coarctation may occur at any point in the thoracic or

abdominal aorta. The most common type of coarctation

is a discrete narrowing at the insertion of the ductus or

ligamentum arteriosum. The presence of an additional

membranous structure at this level causes further luminal

narrowing. It is thought that the formation of this mem-

brane occurs as the ductus arteriosus shrinks. The other

types of coarctation, by definition, do not have this mem-

branous structure and are classified as tubular hypoplasia,

or arch interruption. They are diffuse and do not have a

structural relationship to the ductus origin. Abdominal

coarctation occurs in two morphologies and may be

above or below the renal arteries. The first type of mor-

phology is proximal to the renal vessels and is an hourglass

type of narrowing; the second type of morphology, called

“tubular hypoplasia,” occurs distal to this.

V. HEMODYNAMIC CHANGES

The hemodynamic consequences of aortic coarctation

depend on three factors: the relationship of the stenotic

segment to the ductus arteriosus, the level of prenatal adap-

tation, and the presence of additional cardiovascular mal-

formations. The majority of discrete coarctations occur

proximal to the mouth of the ductus, which allows the

right ventricle to supply the systemic circulation in utero.

Until the ductus closes, the coarctation does not obstruct

blood flow significantly within the aortic arch and fetal

development continues—a duct-dependant circulation.

Hypertrophy of the left ventricle and formation of arterial

collaterals do not occur because there is no pressure stimu-

lus. Therefore, as the ductus closes 2–3 days after birth, the

aortic arch pressure and afterload to the left ventricle

rapidly rise. End diastolic pressure increases, and stroke

volume decreases. In the most severe cases, because

there has been no prenatal compensation, left ventricular

failure ensues; otherwise, adaptation begins. As left atrial

pressure increases, the foramen ovale is opened and left-

to-right shunting occurs, which increases pulmonary

artery pressure. This left-to-right shunting is exacerbated

with concurrent ventricular septal defects and leads to

severe pulmonary hypertension. If the ductus arteriosus

remains patent, which it commonly does, this situation is

improved as right-to-left shunting continues and adaptation
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again takes place. For patients who survive the initial

stages of coarctation and go on to have the condition sur-

gically repaired, it is felt that long-term changes in the

pulmonary vascular bed may be only mild.

More rarely, the stenotic segment in coarctation occurs

after the opening of the ductus, and left ventricular hyper-

trophy and collateralization take place before birth.

Changes in the pulmonary vascular bed usually are rare.

If the coarctation is at the level of the ductus, a bidirec-

tional shunt develops that may partially counteract the

hemodynamic consequences of the stenosis.

From the hemodynamic changes that occur shortly after

birth, it is obvious that higher pressures will be required in

the prestenotic aorta to provide a gradient to supply the

lower limbs. These early mechanical changes are the

catalyst of upper limb hypertension in aortic coarctation.

Despite apparent successful early repair, patients are still

at substantial risk of developing late hypertension 20–30

years later. The exact etiology is unknown, although two

theories have been proposed to explain this phenomenon.

The first theory is that hypertension is produced through a

generalized increase in vascular tone mediated by a systemic

humeral response. The second theory is that as upper limb

hypertension becomes established, the upper limb vascular

bed alone undergoes changes that propagate hypertension

by a combination of paracrine and localized baroreceptor

responses; these changes may be only partially reversible.

Neither mechanism has been proven, although, as discussed

later, the evidence suggests that changes in the upstream vas-

cular bed are likely to be the responsible mechanism.

VI. HYPERTENSION IN COARCTATION
OF THE AORTA

Long-term follow-up of patients with previous coarctec-

tomy by Brouwer et al. (9) reported the presence of adult

hypertension in up to 75% of patients 20–30 years after

surgery to repair coarctation. Of these patients, �3–26%

have a recurrence of their coarctation, but the remaining

patients appear to have developed hypertension despite

the anatomical repair. Subanalysis has suggested that the

high prevalence of hypertension is related to the increased

age of the patient at the time of the operation. Certainly,

this is partially true, because repair after the age of 10 is

associated with increased hypertension in adult life; and,

historically, repairs were performed on older individuals.

O’Sullivan et al. (10) demonstrated that despite the strat-

egy of early repair, up to 28.5% of children have systolic

blood pressures .95th percentile when measured casually

7–16 years later. If the patients included in this analysis

are limited to patients on whom the operation was per-

formed in infancy, this number is 26%. Removing those

children from the analysis who, the authors felt, had

significant residual obstruction, reduced this number to

21.5%. The 24 h ambulatory blood pressure readings in

this group corroborated these findings. This supports

previous evidence that suggests that despite the young

age at the time of the operation, 19–45% of the patients

will be hypertensive at early follow-up (11). The true

number of individuals who become hypertensive may be

an underestimate because the follow-up interval for such

studies is currently 16 years, and it is expected that

additional patients will develop hypertension after this

time interval.

In an attempt to further predict which individuals would

subsequently become hypertensive, investigators have ret-

rospectively analyzed case notes, looking for other post-

operative or perioperative factors that are associated with

late hypertension. Other variables that have repeatedly

been shown to correlate with development of hypertension

are resting arm–leg gradient prior to surgery, adult body

mass index, postoperative paradoxical hypertension, and

hypertension at the first clinic visit (12). Adult body

mass index may be considered to be an independent

factor, but the remaining measures are all established

within days of the operation, although the previously men-

tioned caveat regarding a delay to surgery will still apply

and the role of such variables with the current strategy

of early repair awaits long-term follow-up.

The relationship of compensatory left ventricular

changes and aortic changes to the subsequent development

of hypertension has been investigated. In survivors, there

is an increase in left ventricular mass and left ventricular

remodeling in response to chronically increased after

load. The left ventricular mass has been demonstrated to

be hyperdynamic, and despite successful repair of the con-

dition, these changes persist even in normotensive individ-

uals (13). It can be postulated, therefore, that the left

ventricle is preconditioned to respond to other stimuli in

the development of hypertension.

Assessment of the response of the prestenotic vascular

bed to infusions of vasoconstrictors has supported the prin-

cipal that hypertension is mediated at a local level. This

was confirmed by assessing vascular tone following infu-

sion of norepinephrine in normotensive patients who had

undergone coarctation repair. Gidding et al. (14) demon-

strated that the forearm vasculature responds three times

more readily in patients with repaired coarctation than in

matched controls. Gardiner et al. (15) also demonstrated

the abnormal forearm response, but his investigation

showed that there was no difference in calf vessel

responses between subjects and controls, which suggests

a localized effect. Histologically, this is supported by find-

ings of increased arterial stiffness, decreased smooth

muscle, and high levels of collagen in these arteries.

Animal studies also have demonstrated a reduced bioavail-

ability of nitric oxide in the upstream vascular bed
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compared with bioavailability of nitric oxide below the

stenosis (16); this also supports the principal that localized

vascular changes are responsible for the condition.

A systemic role of the renin–angiotensin system and

sympathetic nervous systems also has been investigated.

Multiple studies have attempted to link the increased

output of the renin–angiotensin system and sympathetic

nervous system to hypertension in coarctation. The results

of these studies are conflicting, and it is unlikely that gener-

alized changes are responsible. Circulating levels of norepi-

nephrine and renin at rest are normal in both normotensive

and hypertensive coarctectomy patients, but these levels

have been shown to increase dramatically during exercise

when compared with controls, which suggests that

responses of the sympathetic and renin–angiotensin

system may be hyperreactive (17). It has been postulated

that this may be due to early resetting of regulatory

control, although again there is little corroborative evidence.

Established changes can therefore be demonstrated at a

hemodynamic, vascular, histological, and molecular level

at an early stage in patients who have undergone coarcta-

tion repair. These changes are restricted to the prestenotic

vascular bed, and despite normal circulating levels of renin

and sympathetic hormones at rest, hyperreactivity of these

systems also may be responsible for propagating hyperten-

sion. The mechanisms of hypertension development in

coarctation are summarized in Fig. 47.1.

A. Exercise-Induced Hypertension

During exercise, the usual response of the cardiovascular

system is to increase systolic blood pressure by a combi-

nation of increased cardiac output and vasoconstriction

of vascular beds not involved in supplying skeletal

muscle mass. Although total vascular resistance decreases,

there is a stepwise increment in systolic pressure that cor-

relates to work load. This peaks at maximal exertion and

decreases rapidly during recovery.

Numerous studies have demonstrated that normoten-

sive patients with repaired coarctation have a pathological

response to exercise testing. There is an excessive increase

in the systolic pressure with a delay in recovery. In

addition, the arm–leg blood pressure gradient becomes

re-established. This phenomenon has been demonstrated

in up to 20% of normotensive patients who do not have

a significant anatomical cause for a residual gradient (10).

Hypertension in this case is postulated to be a combi-

nation of left ventricular hyperkinesis and hyperreactivity

of the upper limb vascular beds. Of more importance is the

role of exercise testing in predicting subsequent cardiovas-

cular risk. As yet, long-term follow-up in such individuals

is not available to link the development of exercise-

induced hypertension and the subsequent development of

sustained hypertension. But some clinicians advocate con-

sidering treatment of exercise-induced hypertension in

normotensive individuals if their systolic pressure increase

to .200 mmHg (18). Other clinicians, such as Swan et al.

(19) believe that exercise-induced hypertension is of

limited predictive value in these patients.

VII. CLINICAL FEATURES AND
INVESTIGATION

The presentation and subsequent features of coarctation

clearly can be divided into two broad stages according to

Pressure rises in aortic arch
Increase LV after load

LV hypertrophy
LV hyperkinesis

Increase aortic stiffness

Exaggerated vasopressor response
Structural changes in arterial wall

Depletion of vasodilatory mediators  

Abnormal baroreceptor function
Increase release of  norepinephrine
and renin in response to stimuli   

Sustained hypertension
Exercise induced hypertension

Figure 47.1 Mechanisms of hypertension development in coarctation of the aorta.
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the degree of duct dependency in the circulation. Neonates

with severe coarctation return to the hospital 2–3 days

after birth, in extremis. They will be hypotensive, tachy-

cardic, and cyanosed and have features of left ventricular

failure along with absent femoral pulses. The character-

istic murmur and other clinical features at this time are

generally absent, and these neonates require ventilatory

and circulatory support in an intensive care setting prior

to correcting the defect as soon as it is possible to do so.

A period of stability may be gained by the use of prosta-

glandin E2 infusions to maintain the ductus arteriosus

until definitive correction can take place. The presence

of a ventricular- or atrial-septal defect, with left-to-right

shunting, exacerbates this situation and leads to pulmonary

hypertension and biventricular failure. However, if neo-

nates survive this period, it is suggested that the long-

term changes in the pulmonary vascular bed may be

only mild-to-moderate.

Infants with less severe, but significant, coarctation

usually show symptoms within the first 12 months of

life. A similar clinical picture develops, although the

onset of left ventricular failure is more insidious in

nature. As in the case of more severe coarctation, the man-

agement of the condition centers on stabilization prior to

surgical correction.

Infants over the age of 1 often remain asymptomatic,

although they may develop vague symptoms, particularly

during exercise, including headache and lower limb clau-

dication. Other symptoms are often discovered after the

discovery of a heart murmur. Clinical examination

reveals prominent brachial and radial pulses with dimin-

ished, delayed, or absent femoral pulsation. Upper limb

hypertension is present, and if coarctation is suspected,

blood pressure in the lower limbs should be measured;

this pressure in the presence of coarctation is often

normal or reduced. A pressure gradient of .20 mmHg is

invariably present in significant coarctation, but asymme-

try between lower limbs and upper limbs is rarely reported.

Auscultation reveals a loud systolic murmur at the second

left intercostal space and below the left clavicle. This radi-

ates into the back and to the apex. If the degree of obstruc-

tion is mild, the murmur is usually mid-systolic, but as the

degree of obstruction becomes worse, the murmur

lengthens to be continuous as a high-velocity jet is

forced through the constricted aorta.

Coarctation of the aorta is associated with a number of

other cardiac and noncardiac abnormalities, which may

also be detected. They are summarized in Table 47.1.

Adults in whom the condition remains undetected

usually start mentioning vague symptoms, such as head-

ache or exercise-induced claudication, in their third

decade. These patients may exhibit complications of

coarctation such as aortic dissection, endocarditis, or intra-

cerebral hemorrhage. Otherwise coarctation will be sus-

pected as a secondary cause of hypertension. The

clinical findings are the same as the symptoms in the

asymptomatic child.

A rare but clinically important consideration is in the

pregnant mother who becomes hypertensive. Although

pregnancy-induced hypertension is common, first-

trimester and second-trimester hypertension should alert

the clinician to the possibility of a secondary cause. For

example, Lip et al. (21) reported three cases of coarctation

that were detected as hypertension in pregnancy; these fea-

tures should be actively excluded in all pregnant women.

A. Electrocardiographical Features

In the neonate and younger infant, the electrocardiogram

(ECG) will show right ventricular hypertrophy and

Table 47.1 Abnormalities Associated with Coarctation of the Aorta in Order of Frequency

Cardiac

Noncardiac:

chromosomal Noncardiac: other

Patent ductus arteriosus Turner syndrome Prematurity

Ventricular septal defect Trisomy 21 Diaphragmatic hernia

Atrial septal defect Trisomy 13 Tracheo-esophageal hernia

Aortic valve abnormality Trisomy 18 Hydrops fetalis

Hypoplastic left heart syndrome Not specified DiGeorge syndrome

Transposition of the great arteries

Mitral valve abnormality

Endocardial cushion defect

Common ventricle

Tricuspid atresia

Pulmonary stenosis

Tetralogy of Fallot

Source: Adapted from Gutgesell et al. (20).
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strain because of the role of the right ventricle in supply-

ing the systemic circulation until the duct closes. In older

patients, the ECG may be normal or show a pattern of left

ventricular hypertrophy as left ventricular mass increases.

Older patients with coarctation have an increased fre-

quency of conduction defects although this is a nonspeci-

fic finding.

B. Radiological Features

On a plain postero-anterior chest radiograph, the character-

istic features of coarctation are absent in a child until the age

of 4, and there may be only cardiomegaly and engorgement

of the pulmonary vasculature up to this time. The other

classic features of coarctation develop after the age of

4. These other features include inferior rib notching that is

a result of increased blood flow through collateral vessels

and a prestenotic and poststenotic dilatation of the aorta

that visually looks like a numeral 3 or an inverted letter E

sign. This condition is best detected through use of an

orally administered barium test. If coarctation is suspected,

either computed tomography (CT) or magnetic resonance

imaging (MRI) should be performed. Coarctation can be

detected by using either CT or MRI, and it has been

suggested that magnetic resonance angiography provides

a direct equivalent to standard angiography in mapping

the lesion (22). Cardiac catheterization and an aortogram

will allow assessment of the coarctation gradient and visu-

alization of the stenosis (Fig. 47.2).

C. Echocardiography

This is now the diagnostic test of choice, especially in

neonates. Two-dimensional echocardiography can show

the site of coarctation and the presence of other cardiac

anomalies. Doppler flow can evaluate the severity of

coarctation by measuring the pressure gradients. Transe-

sophageal echocardiography also is widely used and is

invaluable intraoperatively.

D. Prenatal Detection

Prenatal detection of coarctation has been possible through

the use of a detailed two-dimensional echocardiography

for .15 years (23), although it is a difficult diagnosis to

make and screening has both a high false-positive rate

and a high false-negative rate (24). It has been postulated

that prenatal diagnosis allows stabilization prior to

surgery; by the time infants are diagnosed postnatally,

they tend to be extremely unwell. A recent retrospective

analysis of case notes demonstrated that in infants in

whom the condition was detected prenatally, there was

improved survival and preoperative state when compared

with infants who were diagnosed postnatally (25).

VIII. TREATMENT OPTIONS AND OUTCOME

There are two principal treatment options for correcting

coarctation and its effects, and their outcomes vary accord-

ing to the conditions, timing of the diagnosis, and con-

straints of the treatment method. The treatment options

include surgery and percutaneous intervention.

A. Surgery

Surgical correction of coarctation of the aorta has been

used for .50 years. Common procedures have been resec-

tion of the stenosed region with end-to-end anastomosis,

resection and extended end-to-end anastomosis, Dacron

or polytetrafluoroethylene patch aortoplasty, and subcla-

vian flap repair.

Considering the technical complexity of the surgery,

the list of complications is remarkably short. These

include perioperative mortality, suboptimal repair,

recoarctation, aneurysm formation, and later onset of

hypertension. The most feared perioperative complication

of coarctectomy is paraplegia that is a result of spinal

artery occlusion. The incidence is thought to be 0.1–

1.0% with no definitive known predisposing factors. Prob-

able risk factors, however, include poor collaterals, distal

hypertension during cross-clamp, anomalies of the origin

of the right subclavian artery, and reoperation or relative

hyperthermia during surgery. Cunningham et al. (26) and

Maeda et al. (27) have demonstrated that the use of soma-

tosensory-evoked potentials can help prevent cord

ischemia.Figure 47.2 Aortogram showing coarctation of the aorta.
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Other perioperative complications include paradoxic

hypertension, postcoarctectomy syndrome, and injury to

the phrenic and recurrent laryngeal nerves. Paradoxic

hypertension is a two-phase phenomenon and was first

described by Sealy et al. (28) in 1957. The first phase is

a rapid increase in systolic blood pressure within 24 h

after the operation that is a result of activation of the sym-

pathetic nervous system with elevation of serum catechol-

amines. An increase in the diastolic blood pressure occurs

�72 h after surgery and is a result of activation of the

renin–angiotensin system. This may lead to postcoarctec-

tomy syndrome with ileus, abdominal pain, mesenteric

vasculitis, and even visceral infarction. This syndrome is

not encountered if the postoperative diastolic blood

pressure is maintained within the normal range. Treatment

postoperatively with propranolol appears to minimize

occurrence of paradoxic hypertension (29), but its effect

on late hypertension remains uncertain.

A large amount of data is now available for evaluating

the long-term outcomes of various techniques used in

coarctation repair. A few institutes still performed

Dacron patch aortoplasty because late aneurysm formation

was found to be as high as 51% (30). Individual operator

preference, as well as the patient’s condition, now

underlies the use of resection with end-to-end anastomo-

sis, resection and extended end-to-end anastomosis, or

polytetrafluoroethylene patch repair techniques. Walhout

et al. (31) compared resection with end-to-end anastomo-

sis and polytetrafluoroethylene patch repair and found no

difference between the two techniques in the incidence

of recoarctation (21%), although polytetrafluoroethylene

patch repair, including coarctation ridge resection, was

found to be a risk factor for late aneurysm formation.

This compares less favorably with resection and extended

end-to-end anastomosis, which is claimed to have a recor-

actation rate as low as 3.7% (32). In a 40 year review of a

single institute’s practice, it was found that resection with

end-to-end anastomosis and subclavian flap repair, when

associated with aortic arch hypoplasia, have a high incidence

of restenosis (33); this further supports the use of the resec-

tion and extended end-to-end anastomosis technique.

Of more importance have been questions about when to

operate and about the relationship to long-term survival

and the development of hypertension. These questions

pertain to elective patients, because in the case of neonates

with compensated coarctation of aorta, it has been stan-

dard to proceed to surgery as an emergency as soon as

possible after a short period of stabilization.

The ideal time to operate in elective patients remains

controversial. Repair during infancy was associated with

a higher rate of recurrence than later repair (34,35).

Delaying the repair until later in childhood, on the

other hand, carries a higher risk of late hypertension

(36,37). Data from older studies in the 1970s and

1980s suggested that perioperative mortality was lowest

in infants between the age of 1 and 14 and then steadily

rose to its peak at a patient age of .30 years (38). Toro-

Salazar et al. (12) reported the outcome in 274 patients

who underwent coarctation repair between 1948 and

1976 and showed that the lowest perioperative mortality

was in the 5–10-year-old group at 1.4% compared with

an age of ,1 at 2.2%, an age of 1–5 at 4.6%, and an

age of .10 at 6.4%, respectively (Fig. 47.3). However,

when each group was reviewed at a 20 year follow-up

of these patients, the outcomes were reversed, with survi-

val being highest (95.4%) in the original 1–5-year-old

group compared with 91.4% in original 5–10-year-old

group. At a 40 year follow-up, the survival probability

was 91.3% in original ,1-year-old group of patients,

95.4% in the original 1–5-year-old group, 87.1% in the

original 5–10-year-old group, and 60.5% in the original

.10-year-old group (Table 47.2). The overall life

expectancy for the group of patients as a whole was

95% at 10 years postrepair, 89% at 20 years postrepair,

82% at 30 years postrepair, and 79% at 40 years postre-

pair. This data implied that the optimum age for coarcta-

tion repair is when the patient is 1–5-year-old. Data from

current surgical era by Seirafi et al. (39), suggest that

elective coarctation repair should be performed within

the first year of life to minimize the risk of late

hypertension.

With the improvement in surgical techniques and tech-

nology, surgery-related mortality is related almost exclu-

sively to associated cardiac anomalies. The devastating

complications of paraplegia and mesenteric ischemia

have been eliminated. The focus now is to try to perfect

the techniques of coarctation repair to eliminate recoarcta-

tion and minimize late postoperative hypertension.
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B. Percutaneous Intervention

The first case of balloon angioplasty for coarctation was

reported in 1982 (40), and since then it has become the

accepted procedure for repairing recoarctation following

previous surgery. Its role as the primary treatment

modality in native coarctation did not become popular

until the 1990s. Early limitations were related to the tech-

nique used and the devices that were available and to sub-

optimal immediate results that were caused by elastic

recoil. Earlier studies of balloon angioplasty also reported

a significantly high postprocedural aneurysm rate of

5–55% (41), although these aneurysms were now

thought to be related to over dilatation. The limitations

associated with balloon angioplasty motivated the use of

endovascular stenting following the first report on this

technique by O’Laughlin et al. (42) in 1991.

Zabal et al. (43) reported their experience comparing

balloon angioplasty and primary stenting in adult patients

with native coarctation and showed that the procedure was

safe, with zero mortality. The event rate (defined in this

case as unsuccessful dilatation, aneurysm formation, a

residual gradient .20 mmHg, recoarctation, or hyperten-

sion) was 14.8% overall, although all but one of these

occurred in the balloon angioplasty group. Subanalysis

suggests that all such events occurred in patients in

whom the intra-aortic gradient failed to drop

,10 mmHg and that in these patients the operator

should proceed to stent deployment at the same session.

In addition, it is suggested that all nondiscrete lesions

and all lesions with pre- or poststenotic aneurysm should

be stented. A potentially beneficial role for stenting is to

function as a bridge to surgery in the duct-dependant

neonate.

To date, 369 cases of aortic stenting have been reported

in series (44–56) (Table 47.3) with 240 cases in patients

with native coarctation, which included both children

and adults. Generally excellent results have been achieved

with almost complete abolishment of gradient in .95% of

the cases. Restenosis has not been a major problem, and

further dilatation for residual stenosis also has been effec-

tive so far. In adddition, stents are effective in treating

coarctation with hypoplasia of the isthmus and transverse

arch as well as in cases of long tubular stricture. Blood

pressure control usually improved following stenting,

and there appears to be a beneficial effect on left ventricu-

lar end-diastolic function (47).

Major complications seem to be rare. No deaths have

been reported to date, and the need of emergency

surgery is in ,1% of cases. Late aneurysm formation is

reported in 4% of cases, although their true incidence in

unknown. The inherent bias in reporting such series is

likely to underestimate the incidence of major compli-

cations, so the data should be viewed cautiously. Other

complications include balloon rupture, malposition of the

stent, stent embolization, femoral artery access-site neuro-

vascular complications, myocardial infarction, and stroke.

Many of these complications can be avoided with

increased experience and improvements in the technology.

The short-term results of transcatheter treatment of

aortic coarctation with endovascular stenting appear excel-

lent and encouraging. This is particularly true in the case

Table 47.2 Survival Probability Stratified by Age at the Time the Operation was Performed

Number of years

after surgery

Patient age at time of operation (n ¼ 252) (% surviving + SE)

,1 year

(n ¼ 47)

.1 �5 years

(n ¼ 22)

�5 �10 years

(n ¼ 74)

.10 years

(n ¼ 109)

0–5 97.8 + 2.1 95.4 + 4.4 98.6 + 1 93.6 + 2.2

5–10 95.7 + 2.9 95.4 + 4.4 95.9 + 1.4 91.6 + 2.5

10–15 93.6 + 3.6 95.4 + 4.4 93.1 + 1.8 85.6 + 3.2a

15–20b 93.6 + 3.6 95.4 + 4.4 91.4 + 2.1 81.4 + 3.4b

20–25 91.3 + 4.2 95.4 + 4.4 91.4 + 2.4 76.8 + 3.7c

25–30 91.3 + 4.2 95.4 + 4.4 87.1 + 3d 65.2 + 4.4c

30–35 91.3 + 4.2 95.4 + 4.4 87.1 + 3d 60.5 + 4.7c

35–40 91.3 + 4.2 95.4 + 4.4 87.1 + 3d 60.5 + 4.7c

40–45 91.3 + 4.2 95.4 + 4.4 87.1 + 3d 60.5 + 4.7c

45–50 95.4 + 4.4 87.1 + 3d 60.5 + 4.7c,d

aP , 0.05 for ,1 year, .1 �5 years, �5 �10 years .10 years.
bP , 0.01 for ,1 year, .1 �5 years, �5 �10 years .10 years.
cP , 0.001 for ,1 year, .1 �5 years, �5 �10 years .10 years.
dP , 0.05 for .1 �5 years vs. �5 �10 years.

Note: SE, standard error.

Source: Toro-Salazar et al. (12).
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of adults in whom the operative risk is much higher.

However, case numbers are small, and long-term data

are needed to evaluate the ultimate outcomes.

Figure 47.4 suggests a possible decision-making flow

chart that takes into account patient characteristics and

data from the current literature.

IX. CONCLUSIONS

Coarctation of the aorta provides a unique challenge to the

physician and surgeon. Prenatal diagnosis is now possible

and may help to stabilize the patient prior to intervention.

When coarctation is detected, early repair must be con-

sidered. The optimal period for elective surgical repair is

around 1 year of age. This strategy provides both the

lowest perioperative mortality and the best 50 year survi-

val rate. If the condition is detected in patients present

after the age of 1, repair should be considered immediately

to improve the long-term prognosis. Even when the con-

dition has been anatomically repaired and patients are

“cured,” up to 30% of individuals will develop late hyper-

tension and another 20% will have exercise-induced

hypertension. These patients also are at risk of accelerated

coronary artery disease and cerebrovascular events. Strict

control of blood pressure along with appropriate reduction

of other cardiovascular and cerebrovascular risks should

minimize subsequent morbidity and mortality. The clini-

cian also should proactively evaluate the patient for the

presence of other cardiac malformations and manage

them.

The benefits of angioplasty and stenting over surgery

remain to be determined, although these are definitely

viable alternative treatment strategies, and the current

short-term results are very encouraging. It is anticipated

that stenting may become the default option for catheter-

based intervention in the future if current trends with

respect to results continue. All patients with treated coarc-

tation should have active follow-up with detailed scan-

ning, preferably magnetic resonance angiography, which

makes possible an accurate assessment of the aorta, and

with exercise testing to predict future risk.
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KEYPOINTS

. Central nervous system disease can be the cause of

secondary arterial hypertension, but this is a rare

scenario.

. Intracranial tumors, traumatic brain injuries, stroke,

dolichoectasia or aneurysms of vertebrobasilar

arteries, and high spinal cord injuries are the most

common central nervous system diseases that can

cause arterial hypertension. They usually have dis-

tinct clinical neurological signs.

. Hypertension as the sole manifestation of yet

unknown central nervous system disease has been

reported, but should be considered extremely rare.

. Unusual presentation, such as paroxysmal hyper-

tension in the absence of a pheochromocytoma or

treatment refractory hypertension starting at a

very young age, may point to an underlying

central nervous system disease. However, the pre-

dictive value of clinical characteristics in order to

reveal central nervous system disease-related

hypertension has yet to be studied.

. Magnetic resonance imaging (MRI) of the brain

covering also the cranio-cervical junction is the

diagnostic tool of choice to reveal an underlying

central nervous system disease in suspected second-

ary hypertension.

. Surgical cure of central nervous system disease-

related arterial hypertension is possible in selected

patients with either hormone-producing tumors or

brainstem-compressing lesions.
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. In patients with chronic high spinal cord injuries,

acute hypertension can occur as a result of auto-

nomic dysreflexia. Lacking supraspinal control,

overreaction of the spinal sympathetic nervous

system below level T6 triggered by a noxious

stimulus can result in hypertensive crises.

. Autonomic dysreflexia is common in patients with

chronic high upper spinal cord injuries, with life-

time frequencies ranging from 20% to 70%.

SUMMARY

Central nervous system diseases are a rare cause of

secondary hypertension. Intracranial tumors, spinal cord

injuries, traumatic brain injuries, ischemic and hemorrha-

gic stroke, medullary compression by ectactic vertebroba-

silar arteries, as well as idiopathic intracranial

hypertension, and several other rare diseases can lead to

arterial hypertension by multiple mechanisms. No data

are available about the discriminative power of clinical

characteristics in stratifying, in which hypertensive

patients with an underlying central nervous system

disease should be searched for. As a rough rule of

thumb, paroxysmal hypertension without evidence of

pheochromocytoma, treatment refectory hypertension

starting at a very young age, and the occurrence of hyper-

tension associated with central neurological signs may

point to an underlying central nervous system disease. In

such situations, MRI of the brain with covering the

cranio-cervical junction is the diagnostic method of

choice to reveal central nervous system abnormalities

that are possibly responsible for arterial hypertension.

Treatment recommendations depend on the nature of the

central nervous system disease. Surgical cure has been

reported in some space-occupying lesions and brainstem

distortion-producing lesions. In patients with injury to

the upper end of the spinal cord, autonomic dysreflexia

is a common cause of acute hypertension. Removal of

the noxious trigger is crucial, followed by applying antihy-

pertensive agents.

I. INTRODUCTION

Hypertension is a major risk factor for several diseases

of the central nervous system, such as acute stroke,

chronic brain ischemia, vascular dementia, and hyperten-

sive encephalopathy. Chapter 17 has elaborated on how

arterial hypertension causes or contributes to these

central nervous system diseases. Conversely, central

nervous system diseases themselves can be the cause of

arterial hypertension. Although epidemiological studies

are missing, central nervous system diseases that result

in arterial hypertension should be considered a rare con-

dition estimated to account for ,1% of all hypertensive

patients.

This chapter provides a brief overview about the mech-

anisms by which central nervous system disorders can

result in arterial hypertension. In addition, possible clinical

indicators for underlying central nervous system diseases

are discussed. Several central nervous system diseases

that can cause arterial hypertension are described and diag-

nostic procedures and therapeutic options for treating them

are discussed.

II. PATHOPHYSIOLOGY AND MECHANISMS
OF CENTRAL NERVOUS SYSTEM
DISEASE-RELATED ARTERIAL
HYPERTENSION

The physiology and pathophysiology of central nervous

control of blood pressure are broadly discussed in

Chapter 10. The following paragraph provides a brief

overview of the most important mechanisms.

First, increased arterial blood pressure can result as a

consequence of increased intracranial pressure after a

specific threshold is reached. The sense of this pressure

response, namely, Cushing response is to maintain a differ-

ence between both pressures in order to assure cerebral

perfusion. The Cushing response is mediated from the

medulla oblongata and operates without higher brainstem

or supratentorial regions, as early animal studies have

shown.

Secondly, compression or distortion of the brainstem,

particularly those of the medulla oblongata, can result in

hypertension by compromising medullary pressure

regions also in the absence of elevated intracranial

pressure.

Thirdly, an increase in catecholamine production (1) or

upregulated sympathetic activity (2) can trigger arterial

hypertension.

Fourthly, baroreflex dysfunction can occur by injury of

pressure regulating medullary sides. As a consequence, the

ability of the baroreflex to buffer changes of the vascular

tone is impaired, as suggested recently (3).

Fifthly, according to older experimental studies, stimu-

lation of supratentorial lesions has been reported to

increase blood pressure, in addition. However, it remains

unclear whether these supramedullary mechanisms actu-

ally can be considered as independent pathways in gener-

ating arterial hypertension as a result of a central nervous

system disease.

Sixthly, autonomic dysreflexia, defined as sympathetic

overreaction below a high spinal cord lesion, is a mechan-

ism of acute hypertension operative in tetraplegic patients.
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III. CLINICAL INDICATORS OF A
CENTRAL NERVOUS SYSTEM
DISEASE-CAUSING ARTERIAL
HYPERTENSION

Central nervous system diseases causing arterial hyper-

tension are rare. In addition, most such patients present

with neurological signs and symptoms of the underlying

central nervous system disease; arterial hypertension is a

subsidiary finding. Furthermore, the presence of arterial

hypertension and central nervous system disease in a

given patient can reflect a coincidental, rather than a

causal relationship. However, there are some reported

cases in which hypertension is the presenting symptom

of an yet unknown central nervous system disease

(4,5). The problem in clinical practice is, therefore, to

identify those hypertensive patients in whom a yet to

be detected central nervous system disease may be oper-

ative. It has been suggested that atypical presentation of

hypertension might indicate an underlying central

nervous system disease. Hypertension may start abruptly,

may be refractory to treatment from the beginning, show

a paroxysmal pattern, or may affect children or most

elderly. However, such features usually trigger diagnostic

workup for a secondary cause of hypertension that is

mostly unrevealing. Only 2% of the patients with parox-

ysmal hypertension, for example, have pheochromocyto-

mas. Interestingly, several case studies of central nervous

system disease-related hypertension had the same parox-

ysmal blood pressure increase (6–9). Others describe a

persistent pattern of arterial hypertension (4,5). In

terms of the age of the patient, although some patients

were children (7) or young adults (4,5), age at hyperten-

sion onset was in middle-aged or advanced-aged individ-

uals reported by others (2,6,10). In the absence of any

systematic investigations, it remains speculative

whether specific blood pressure pattern (e.g., paroxysmal

hypertension) and early onset hypertension are useful

indicators of an underling central nervous system

disease. In fact, the frequent occurrence of these clinical

features in case reports of central nervous system

disease-related hypertension may simply reflect a selec-

tion or publication bias. Thus, the value of distinct clini-

cal characteristics in answering the question of which

hypertensive patients should have investigations to

reveal a causal central nervous system disease has yet

to be studied systematically (11). In the meantime, as a

rough rule of thumb, in patients with paroxysmal hyper-

tension in the absence of a pheochromocytoma or treat-

ment refractory hypertension starting at a very young

age, a diagnostic search for one of the central nervous

system diseases described in the next section might be

justified, especially if there are also neurological signs

or symptoms.

IV. CENTRAL NERVOUS SYSTEM
DISEASES THAT CAUSE ARTERIAL
HYPERTENSION

The pathological conditions in the central nervous system

that are known to cause arterial hypertension include the

following:

. Tumors

. Spinal cord injury

. Traumatic brain injury

. Stroke

. Dolichoectasia and aneurysm of vertebrobasilar

arteries

. Idiopathic intracranial hypertension

. Other more rare central nervous system diseases

A. Tumors

Intracranial tumors are associated with arterial hyper-

tension. Specifically, neoplasms in the posterior fossa are

assumed to have a significantly higher prevalence of hyper-

tension (9%) when compared with supratentorial tumors

(�1%), as reported in early studies published in 1935 by

Ask-Upmark (12). Supratentorially, meningeomas, gliomas,

and astrocytomas located in the frontal, temporal, or

parietal lobes have been reported. Infratentorially, medullo-

blastomas, astrocytomas, gliomas, hemangioblastomas

located in the cervico-medullary junction, the medulla

oblongata, the cerebellum, or the pons have been described

(1,5,7,10,12). Catecholamine and catecholamine metabolite

levels were elevated during the hypertensive episodes in

several patients, but normal in others. Paroxysmal hyperten-

sion was a frequent but not an unique finding reported in

these case studies.

Tumors of the posterior fossa can cause arterial hyper-

tension by increased intracranial pressure, increased cat-

echolamine production, and direct stimulation or

inhibition of cardiovascular centers in the medulla. The

nucleus tractus solitarius and the caudal ventrolateral

medulla have inhibitory effects; the rostral ventrolateral

medulla has excitatory effects on sympathetic outflow

(11). In particular, tumors affecting the left side of these

medullary areas can cause arterial hypertension.

In many patients with supratentorial tumors, an acute

increase in blood pressure indicates brain herniation as a

preterminal feature.

About one-third of the patients with hormone secreting

tumors, such as pituitary adenomas (e.g., acromegaly),

have arterial hypertension. Please see Chapter 46 for

further details about endocrinological forms of hypertension.

As diagnostic method of choice, MRI should be per-

formed, if an intracranial tumor responsible for arterial

hypertension is suspected. MRI has the advantage of a
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higher spatial resolution and less artifacts when compared

with computed tomography scanning. Furthermore,

modern magnetic resonance sequences, such as diffusion

and perfusion imaging, provide additional hints regarding

the histological type or the grade of malignancy of a brain

tumor (13). Removal of the tumor has been shown to cure

arterial hypertension in some case reports (1,5). In several

cases, sudden and marked drops in blood pressure immedi-

ately after surgery have been reported (4,5), which made

dopamine infusion necessary. Within a few weeks, blood

pressure reached normal values, and there was no need

for further antihypertensive medication in most of these

patients (4,5).

Patients in whom surgery was not possible, radio and

chemotherapies should be considered, depending on the

histological findings. In the clinical case study of a

10-year-old boy with astrocytoma Grad 2 adherent to the

left side of the brainstem near the floor of the fourth ven-

tricle, such an approach was successful both in improve-

ment of the neurological findings and in better control of

his hypertension (7).

Dexamethasone (initially 8–12 mg iv, followed by

4 mg iv every 6 h) could be used to reduce the surrounding

vasogenic edema, which is not curative but may relieve the

patient’s symptoms.

In patients who underwent brainstem surgery for tumor

removal, acute arterial hypertension that was not present

preoperatively has been described. Autonomic dysreflexia,

typically occurring in spinal cord patients, was the under-

lying mechanism.

B. Spinal Cord Injury

In chronic spinal cord injury, acute hypertension can

occur as a result of sympathetic overshooting caused by

spinal reflex mechanisms, namely, autonomic dysreflexia.

Autonomic dysreflexia can appear in patients with spinal

cord lesions at level T6 or higher. In these patients, a

considerable portion of the spinal sympathetic nervous

system lacks supraspinal control. Thus, a noxious stimu-

lus, mostly from bladder distension (e.g., obstruction of

urine catheter), below the level of the lesion generates a

spinal cord-mediated sympathetic response that results

in arterial hypertension (14). The increase in blood

pressure is more pronounced in complete than in incom-

plete transverse spinal cord lesions. In incomplete cord

lesions, some of the descending central inhibitory path-

ways remain intact, although they are blocked in com-

plete spinal cord injuries.

The clinical picture of autonomic dysreflexia is a

sudden increase in blood pressure, which can reach

values up to 240/140 mmHg. However, it is important to

remember that resting blood pressure declines after a

spinal cord injury, often to �90/60 mmHg. Thus, even a

blood pressure of 120/80 mmHg might be considered

elevated (15). Further symptoms are bilateral pounding

headaches, along with flushing, sweating, and nasal con-

gestion. These signs reflect the hypertension-mediated

parasympathetic output lacking the sympathetic counter-

part above the spinal cord lesion. Concerning heart rate,

tachycardia, and less often bradycardia are seen (14,15).

The diagnosis is based on the mentioned clinical signs

and symptoms. Treatment should start immediately. The

first step in measurement is to seat a patient upright to

provoke an orthostatic decline in blood pressure (15).

The next step is to search for and eliminate noxious trig-

gers. Particularly, urinary catheterization should be done.

Or if an indwelling catheter is already present, any

obstructions should be removed. If symptoms are still

present and systolic blood pressure is �150 mmHg, anti-

hypertensive agents should be given (15). Nifedipine in

a dose of 10 mg is often used. Alternatively, transdermal

nitrates applied on the skin above the level of the spinal

cord lesion can be used. The advantage of this application

is that treatment can be stopped readily when normal blood

pressures are achieved. This approach reduces the chance

for subsequent hypotension. As a caveat, before using

nitrates, male patients should be asked whether they take

sildenafil for the treatment of erectile dysfunction; the

use of sildenafil within the previous 24 h is a contraindica-

tion for nitrates because of the risk of profound hypoten-

sion (14). If neither of these agents are successful,

sodium nitroprusside can be used. Hydralazine, clonidine,

and magnesium sulfate (dose of 5 g .15 min followed by

1–2 g/h) have been successfully used (15–17).

Autonomic dysreflexia is common among patients who

had a spinal cord injury. The wide spectrum of lifetime fre-

quencies, ranging from 20% in more recent studies up to

70% in older studies, may indicate that owing to conse-

quent prophylaxis the prevalence has decreased in recent

years (15).

Though well recognized in chronic spinal cord lesions,

autonomic dysreflexia also can occur in acute spinal cord

injury. The incidence in the acute stage is estimated to

be �5% (18).

C. Traumatic Brain Injury

Hypertension after traumatic brain injury can have several

causes. In severe injuries, increased intracranial pressure

causes the increase in blood pressure via the Cushing

response. Such patients should be monitored in an inten-

sive care unit with intracranial pressure monitoring,

optimal body and neck positioning, treatment to relieve

pain, elimination of hypoxia, and correction of hyponatre-

mia. Hyperventilation and mannitol administration are the

next steps. Propofol, pentobarbital, or hypothermia can be

used in selected patients. However, a detailed discussion
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about the management of traumatic brain injury is outside

the scope of this chapter.

Alternative mechanisms of hypertension caused by

brain trauma are direct injuries to the centers of blood

pressure regulation and high levels of circulating cate-

cholamines from generalized traumas. Treatment with a

b-blocker is appropriate in these situations (19). Pheochro-

mocytomas unmasked after trauma and occult spinal cord

injuries with autonomic dysreflexia represent alternative,

although uncommon, causes of hypertension after brain

injury (19).

D. Stroke

Hypertension is a major risk factor for stroke (Chapter 17).

Furthermore, most stroke patients present with raised blood

pressure. Usually, blood pressure decline occurs without

specific therapy. However, in rare occasions stroke itself

can be the cause for secondary hypertension (2,9). All men-

tioned case reports had brainstem strokes and presented

with paroxysmal hypertension. In one patient, MRI demon-

strated major infarction of the left medulla oblongata in the

area of the nucleus tractus solitarius and intermediate reti-

cular zone, where all the baroreceptor afferents enter the

brainstem. This infarction led to baroreflex dysfunction

over a 20 day period, mimicking pheochromocytoma.

MRI with diffusion-weighted imaging sequences

should be performed, if brainstem stroke is clinically sus-

pected. Diffusion-weighted imaging offers a high lesion

detection rate in infratentorial strokes and provides hints

to the underlying etiology (20).

E. Dolichoectasia and Aneurysm of
Vertebrobasilar Arteries

Dilation of vertebrobasilar arteries that results in doli-

choectasia or aneurysms of vertebrobasilar arteries have

been described to cause arterial hypertension by vascular

compression of the brainstem (21–23). Particular attention

has been focused on the left ventrolateral medulla oblon-

gata. On the basis of results from animal studies, the

assumed mechanism is that vessel ectasia contributes to

arterial elongation and looping at the base of the brain.

An arterial loop causes pulsatile compression of medullary

pressure areas that stimulate sympathetic pathways and

results in increased blood pressure. Early case reports,

such as that of a patient with basilar artery aneurysm and

clinical features mimicking pheochromocytoma who was

cured of hypertension after microvascular decompression

surgery, seemingly proved the value of surgery in these

patients (8). However, after mostly successful and ben-

eficial results of microvascular decompression in earlier

case series, more recent studies have raised doubts about

the importance or relevance of a left-sided neurovascular

contact in the brainstem as a frequent cause of hyperten-

sion (24,25); neurovascular contact or compression of

the ventral medulla oblongata on the left or right side

was a frequent finding both in hypertensive patients and

in normotensive control individuals (26).

F. Idiopathic Intracranial Hypertension

Marked increases in intracranial pressure caused by tumors

usually result in arterial hypertension (Cushing response).

Such a pressure response is less frequently found in idio-

pathic intracranial hypertension. Digre and Corbert (27)

reported that 42% of their male and 21% of their female

patients with idiopathic intracranial hypertension also had

arterial hypertension. In some of the patients, the presence

of both idiopathic intracranial hypertension and arterial

hypertension may be coincidental, considering that

�90% of patients with idiopathic intracranial hypertension

are overweight (28). Furthermore, two patients were diag-

nosed recently with idiopathic intracranial hypertension

plus arterial hypertension and primary hyperaldosteronism,

which is a result of adrenal adenoma (29). Endocrine extra-

central nervous system lesions that mimic central nervous

system-related hypertension may be the actual cause of

hypertension in these patients.

Idiopathic intracranial hypertension has been attributed

to cerebral sinus venous stenosis, vitamin A intoxication,

drug side effects, and others (30). The typical patient is

young obese women who have complaints about chronic

daily headache and, less frequently, about tinnitus or

visual disturbances. Neurological evaluation shows only

papilledema and, in some cases, diplopia, which is due

to sixth nerve palsy. Lumbar puncture shows increased

intracranial pressure and is otherwise normal. MRI is

normal except for an empty sella and excludes hydro-

cephalus, intracranial mass, or other structural lesions (33).

Treatment focuses on the decrease of the elevated intra-

cranial pressure. About one-fifth of the patients experience

some symptom relief after the first diagnostic lumbar punc-

ture. Repetitive lumbar punctures can be done. Acetazola-

mide (500 mg two times/day) has been helpful because it

depresses the production of cerebrospinal fluid. It can be

combined with furosemid (20–80 mg/day). Optic nerve

sheath fenestration and lumbar peritoneal shunt are options

that should be reserved for patients for whom there is a

threat of visual loss despite conservative treatment. Weight

loss is recommended as long-term management (2,8,31).

G. Other Uncommon Central Nervous
System Diseases that Cause
Hypertension

Table 49.1 summarizes other central nervous system dis-

eases that can, in very rare occasions, also cause arterial
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hypertension. Chronic syndrome of inappropriate anti-

diuretic hormone secretions (SIADH) causing hyperten-

sion have been reported in a patient with olfactory

neuroblastoma producing arginine vasopressin, also

known as antidiuretic hormone (32). In another patient

with SIADH and hypertension, the blood pressure increase

was attributed to enlarged vascular volumes. Blood

pressure declined with fluid restriction (33). However,

Padfield and co-workers (34) found that in patients with

SIADH, vasopressin was increased, but blood pressure

was neither elevated nor there was a correlation between

vasopressin concentration and systolic or diastolic

pressure. This data questioned the concept that an excess

of vasopressin contributes relevantly to the increased

blood pressure.

In multiple system atrophy with prominent dysfunction

of the autonomic nervous system (formerly named

“Shy–Drager Syndrome”), disabling orthostatic hypoten-

sion is the primary problem. Nevertheless, about half of

these patients have severe supine hypertension, mostly at

night. Supine hypertension can be treated with a bedtime

transdermal nitroglycerin (35).

Subacute necrotizing encephalopathy (also known as

Leigh’s disease) with bilateral loss of function of the

tractus solitarius (36) has been treated successfully with

clonidine (17).

Arnold Chiari malformation was revealed in a child

with chronic hypertension. After posterior fossa surgery,

chronic hypertension ceased (37). This case illustrates

that cranio-cervical junction abnormalities are another

very rare, but treatable cause of arterial hypertension in

selected cases.

V. PITFALLS AND DANGERS

The most important danger in secondary hypertension that

is a result of central nervous system diseases is a rapid and

marked blood pressure decline in the setting of acute

stroke, triggered by aggressive antihypertensive treatment

(40). Up to 70% of acute stroke patients have hypertensive

blood pressures (�170/100 mmHg) (41). Some patients,

especially those with lacunar infarcts, may have systolic

blood pressures �200 mmHg (41,42). Nevertheless,

these high blood pressure values are usually clinically

well tolerated. Furthermore, during the first 4–7 days,

there is a spontaneous decline in blood pressure (41,42).

The optimal strategy for blood pressure management

in acute stroke has been debated again recently (43).

Nevertheless, the current consensus is to withhold anti-

hypertensive agents unless the diastolic blood pressure

is .120 mmHg or the systolic blood pressure is

.220 mmHg (44). There are situations that might

require urgent blood pressure lowering therapy; however,

these include aortic dissection, acute pulmonary edema,

acute myocardial infarction, and thrombolytic stroke treat-

ment (44,45). When antihypertensive treatment is indi-

cated, blood pressure should be lowered cautiously.

Labetalol (10–20 mg iv .1–2 min) is recommended

because it can easily be titrated with minimal vasodilation

of the cerebral blood vessels. Calcium antagonists (e.g.,

nimodipine) should be avoided because hazardous

effects with a worsening of the stroke syndrome have

been reported in a randomized controlled trial (46).
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KEYPOINTS

. Affective distress is a common and underapprecia-

ted contributor to hypertension.

. Negative emotions may have widespread effects on

hypertension development and treatment as well as

patients quality of life.

. There exists a significant body of prospective

evidence linking chronic negative emotional states

such as anger, hostility, and depression with the

emergence of hypertension.

. Arguments for psychological “causes” of hyper-

tension are based on both physiological changes

documented among individuals reporting high

level of affective distress, as well as higher rates

in known coronary risk factor behaviors.

. Treatments for affective illness in hypertension

vary significantly in scope, and, to date, suggest

modest blood pressure reductions for most

individuals.

SUMMARY

Evidence from several recent large-scale prospective

studies suggests a relationship between chronic negative

emotions and the development of hypertension; however,

psychological features are not assessed routinely by phys-

icians in hypertension clinics. The psychological charac-

teristics with the strongest epidemiological evidence till

date include anger, anxiety, hostility, Type A behavior

pattern, and depression. A variety of mechanisms have

been hypothesized to explain the relationship between

affect and hypertension risk, including heightened cardio-

vascular responsiveness to stress, impaired diurnal blood

pressure regulation, changes in neurohormonal activity,

and increases in behavioral risk factors that are associated

with hypertension and cardiovascular diseases. Clinical

research that investigates the effects of treating mental

health problems among patients with established hyperten-

sion indicates only modest reductions in blood pressure.

However, treatment of psychiatric conditions may also
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assist in reducing hypertension risk factors such as obesity,

high-fat diet, smoking, and low physical activity levels. At

present, there exists no data on which to evaluate the treat-

ment effects of modifying negative affect on long-term

hypertension risk. This chapter summarizes our current

knowledge on this issue, and offers suggestions—based

on the latest research—for clinicians seeking to incorpor-

ate psychological assessment and treatment options into

their service delivery to patients.

I. INTRODUCTION

Hypertension is one of the most common chronic diseases

among adults in Europe and North America. Statistics

from the Center for Disease Control (CDC) and the National

Heart, Lung, and Blood Institute (NHLBI) suggest that high

blood pressure affects upwards of 50 million people—

nearly one in five over the age of 20—in the United

States alone and accounts for .75 billion in estimated

healthcare dollars worldwide (1,2). Despite the alarming

prevalence of hypertension, however, the cause(s) of most

identified cases of high blood pressure are unknown. This

is not to suggest that we have a poor understanding of risk

factors for developing hypertension, because an enormous

and ever growing scientific literature identifies a long list

of biological, social, and psychological suspects (3).

The absence of a “smoking gun” equivalent biological

cause for hypertension raised the possibility nearly a

century ago (4) that psychosocial characteristics could be

a primary determinant in blood pressure regulation. At

the time, this perspective was strengthened anecdotally

from clinical reports made by physicians and psychiatrists

that also suggested connections between intense anger,

blood pressure, and cardiovascular events.

Our knowledgeofhypertension andmethodsofstudyhave

evolved dramatically in the years since these initial specu-

lations, but the interest in emotions and emotional disorders

as factors disposing high blood pressure risk remains remark-

ably consistent. Recent years, in fact, have witnessed some of

the most methodologically compelling evidence till date on

the issue. This chapter will review this evidence, exploring

our current understanding of affective responses with

respect to hypertension risk, discussing the possible clinical

implications of and state of the art methods for assessing

and treating psychiatric symptoms in hypertensive or at-risk

patient groups, and highlighting issues in this area that

remain problematic for researchers and practicing clinicians.

II. OVERVIEW OF RESEARCH ASSOCIATING
PSYCHOLOGICAL FACTORS
WITH HYPERTENSION

Prior to 1990, the majority of research investigating

psychological factor–blood pressure research was

cross-sectional in nature. This research typically com-

prised two forms; either correlational surveys of emotional

characteristics among hypertensive and nonhypertensive

groups completed for comparison purposes, or laboratory

models in which experimental participants made self-

reports about psychological states and traits before they

completed one or more experimental exercises. This litera-

ture base is extensive and consists of many hundreds of

studies carried out over the past 50 years. Fortunately,

there exist several high-quality narrative and meta-analytic

reviews of this area to summarize the dominant themes

(5,6). Generally speaking, the evidence favored a relation-

ship between high blood pressure and chronic negative

emotional states, in particular, characteristics such as

anxiety, anger, hostility, and Type A behavior—but the

conclusions were limited by the inconsistency in measures

and methodology. Quantitative summaries also suggested

that the magnitude of relationships between affective

symptoms and hypertension was small, at least in the

metric of correlation coefficients common to behavioral

research, and that the clinical importance of psychiatric

symptoms was likely small for nurses and physicians

practicing with at-risk patients (5). Variations on these

research approaches, notably the currently interest in

“cardiovascular reactivity” to mental stress, remain till

date popular topics of study in both the areas of hyper-

tension and cardiovascular disease.

A critical limitation to this cross-sectional research was

related to the inability to know when the affective pro-

blems appeared in relation to the emergence of the high

blood pressure. Without evidence to show that a proposed

symptom, such as an anxiety disorder, actually preceded

the onset of hypertension, it was impossible to disprove

the very credible argument that affective distress was a

consequence of learning that one had a serious chronic

illness, and not a cause of the illness itself. Some later

studies even provided direct data in support of this per-

spective, showing, for example, that awareness of a posi-

tive hypertension status was associated with increases in

self-reported mood symptoms, whereas no such increases

were observed among normotensive subjects or patients

with undiagnosed hypertension (7). Although methodolo-

gically appealing, randomized controlled trials are not a

practical solution to the problem, as we are—for obvious

ethical reasons—unable to assign chronic mental health

symptoms or illness to research participants.

As it turns out, the strongest method available by which

to assess possible affective illness and hypertension

relationships is the prospective cohort design, in which a

normotensive sample can be tracked over a period of

years to determine risk in association with baseline or his-

torical psychological symptoms. The advantages of this

approach are twofold. First, the cohort study, by design,

allows the researcher to disentangle the temporal sequence

of affective illness and hypertension. Secondly, the use of
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epidemiological methods supports the assessment of

additional risk factors or covariates and the use of epide-

miological statistics, such as risk ratios, by which to

draw better estimates of clinical significance. However,

cohort studies are vastly more expensive compared with

cross-sectional designs, making their completion com-

paratively rare, and they also suffer from their own pro-

blems in the form of maintaining participant follow-up

and the inability to randomize important variables (e.g.,

the risk that low socioeconomic standing may predispose

both depression and hypertension risk).

Methodological issues aside, the biggest drawback to

cohort studies of psychological factors was that they

were simply not enough of them from which to draw

any definitive conclusions. But this has begun to change.

A recent quantitative review identified 15 longitudinal

studies, dating from the mid-1970s to 2001, that investi-

gates psychological factors as predictors of hypertension

(8). One additional study, a follow-up from the Coronary

Artery Risk Development in Young Adults (CARDIA)

in the United States, has appeared since the release of

the latest review (9). This new evidence, summarized in

Table 49.1, overwhelmingly supports the presence of a

statistical relationship between a number of psychological

characteristics and the emergence of hypertension across a

range of age, gender, and ethnic cohorts. Further, because

many of these findings are drawn from relatively large epi-

demiological studies in which major coronary artery

disease risk and hypertension risk factors were also

sampled, we are able to evaluate the impact of affective

conditions in comparison to more established biomedical

predictors. In the majority of cases, not only do

psychological factors remain reliable predictors of hyper-

tension development after controlling for standard risk

factors, but the magnitude of the adjusted risk ratio

values also rival that of commonly used predictors such

as smoking, obesity, and low physical activity (8).

The types of psychological characteristics that are

associated with hypertension risk in the prospective

studies largely mirror that of the affective factors

measured in the previously discussed cross-sectional lit-

erature. As Table 49.1 indicates, anger, anxiety,

depression, emotional defensiveness, hostility, social iso-

lation, and Type A behavior remain the primary targets

of study (10–14). The emphasis on these symptom pat-

terns is grounded in psychological theory that, while still

evolving, dates back to the early part of the 20th

century. Probably, the most important elements of this

theoretical groundwork are the continuing integration of

social, psychological, and medical evidence, and the

importance placed on identifying biobehavioral pathways

by which affective illness may confer an increased risk

of hypertension. The identification of mediating pathways,

or mechanisms as they are perhaps more frequently

described, turns out to be one of the still incomplete

pieces of the puzzle in qualifying the relationship

between psychological characteristics and hypertension.

III. MECHANISMS

From a medical perspective, several criteria must be met in

order to establish that a proposed factor is a cause of disease.

The factor must precede the onset of the disease; it must

Table 49.1 Prospective Studies Associating Affective Symptoms with Hypertension Development

Authors

Sample

number

Duration

(years) Primary finding(s)

Davidson et al. 3343 5 Depression increases hypertension risk

Everson et al. 537 4 Anger expression predicts hypertension

Everson et al. 616 4 Feelings of hopelessness are associated with hypertension

development

Jenkins 231 3 Anger levels predict hypertension

Jonas et al. 2992 9 Anxiety and depression are linked to hypertension risk

Kahn et al. 3829 5 Anger and social isolation predict later hypertension

McClelland 78 20 Inhibition of anger is associated with hypertension

Markovitz et al. 468 3 Anxiety symptoms increase the risk of hypertension

Markovitz et al. 1123 18 Anxiety levels predict hypertension risk

Pernini et al. 121 2.5 Anger and anxiety levels are tied to an increase in

hypertension risk

Rutledge et al. 127 3 Emotional defensiveness increases hypertension risk

Siegler et al. 4650 21 There is no relationship between hostility and hypertension

Somova et al. 501 4 Inward-directed anger predicts hypertension development

Spiro et al. 838 17 A neurotic personality is associated with hypertension

Vaillant et al. 193 20 Psychiatric history does not predict hypertension later in life

Yan et al. 3308 15 Type A behavior and hostility are linked to hypertension risk
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show a statistical relationship independent of other known

causes or contributors; there should exist an established bio-

logical process by which the factor produces the disease in

question; and finally, the removal or treatment of the factor

should result in the remission of the disease or a reduction of

symptoms. For a complex, multifactorial condition such as

high blood pressure, establishing causal factors is often dif-

ficult, thus the common diagnosis of “essential hyperten-

sion.” On the basis of these criteria, affective conditions

make the initial grades of causation largely because of the

recent prospective evidence; however, the arguments for

biological pathways and the success of treatment remain

controversial. Although it is not the purpose here to compre-

hensively review the quite extensive literatures available in

behavioral medicine, psychology, and psychiatry on these

subjects, there are a select number of empirically supported

theories that may assist both researchers and clinicians in

working with hypertension patients.

Figure 49.1 illustrates a typical overview of arguments

made to connect psychological characteristics to the devel-

opment of hypertension. Importantly, these arguments

typically take one of the two forms: either they are based

on physiological processes with known involvement in

blood pressure regulation, or they are based on health

behaviors that are established predictors of hypertension.

The presence of psychological distress has been linked

to a number of pathophysiological mechanisms, including

impaired vagal control, decreases in baroreceptor sensi-

tivity, increases in platelet and cortisol release, and exag-

gerated sympathetic nervous system activity. Sympathetic

nervous system responsiveness, often referred to as reac-

tivity by researchers, is the topic of hundreds of studies

and has been independently linked to hypertension devel-

opment in several longitudinal investigations (15,16).

Researchers speculate that, over time, a pattern of

enhanced reactivity produces changes in baroreceptor

regulation and neuroendocrine and neurohormonal

responses, and also enduring changes in underlying

blood vessels and vascular tissues that may lead to

increases in tonic blood pressure levels (17). The status

of reactivity itself as a causal agent in the hypertension

process—or merely a marker of disease—remains a

subject of some debate (18). However, the emerging con-

sensus is that cardiovascular reactivity is a risk factor for

both hypertension and cardiovascular disease.

The results of many studies favor the presence of a

relationship between psychological factors such as anger,

emotional defensiveness, and hostility with increased reac-

tivity responses to mental stressors conducted in the lab-

oratory (15); and newly released research further

suggests that emotional stress can produce blood pressure

increases under real-life circumstances as measured by

ambulatory blood pressure monitors (19). The aggregated

consistency of this relationship with reactivity,

accompanied by the growing evidence for reactivity as

an important mechanism in the cardiovascular disease

process, provides by far the most compelling pathophysio-

logical argument for psychological factors as a cause of

hypertension. Notably, increased cardiovascular respon-

siveness is also the primary pathway believed to account

for the relationship observed between affective symptoms

and stroke in several studies (20,21).

Direct evidence that stress-induced reactivity responses

may produce vascular damage or permanent increases in

Affective symptoms

Anger expression •

Anxiety •

Depression •

Emotional
defensiveness

 •

Hostility •

Type A behavior •

Chronic stress •

Behavior pathways
Smoking •
Diet •
Physical activity •
Obesity •
Compliance problems •

Pathophysiological
pathways

Baroreceptor sensitivity •
Sympathetic dominance •
Endothelial changes •
Vascular stiffness •

Hypertension risk

Symptom moderators
• Duration
• Severity
• Frequency

Figure 49.1 Primary pathways associating psychological characteristics with hypertension risk.
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blood pressure is limited; the strongest support for this idea

comes from primate studies completed in the 1980s by

Manuck and coworkers (22). Results from their controlled

laboratory studies indicated that exposure to chronic psy-

chosocial stress—in the form of social instability—

among male monkeys was associated with significantly

larger atherosclerotic lesions compared with lesion size

in the low-stress primate groups. Equally compelling

was that the introduction of a b-blockers prevented the

development of endothelial damage in the high-stress

group, which suggests that the atherosclerotic lesions

were mediated by an increased sympathetic nervous

system response to the social environment (23). Many the-

orists argue that a similar physiological process may

account for the relationship between low socioeconomic

status and heart disease rates (24).

A single prospective study of college age adults com-

pleting a series of mental stress exercises in the laboratory,

as well as a period of ambulatory blood pressure monitor-

ing, also suggested that reactivity responses could explain

the relationship between psychological characteristics and

3 year hypertension risk (25). In the latter investigation,

reactivity responses documented in the laboratory statisti-

cally mediated the relationship between emotional defen-

siveness and hypertension risk, which means that

increased reactivity patterns by participants with higher

defensiveness scores functioned as the primary mechan-

ism for hypertension status at follow-up.

In contrast to the large research base assessing reactivity

responses, the association between symptoms of affective

illness and behavioral risk factors for cardiovascular

disease is sometimes overlooked; but this relationship

may be the most important pathway connecting psycho-

logical health to hypertension development. Anxiety,

depression, and hostility are each established predictors of

poor health behaviors, including increased smoking and

substance abuse rates, obesity, and lower physical activity

levels, lower socioeconomic status and unemployment,

and social isolation (26,27). Increased affective distress

also has been shown to undermine compliance to medical

treatments (28), a frequently underappreciated but critical

factor influencing patient outcomes. The contention is

sometimes raised that affective symptoms may be as

much a result of behavioral risk factors as a determinant,

a position that has support from several empirical sources,

including, for example, data showing that smoking cessa-

tion is associated with an increase in self-reported

depression symptoms (29). However, the relationship

between mental health and behavioral risk factors is a

poor example of the classic chicken-and-egg dilemma. On

whole, the evidence overwhelmingly shows that the onset

of either affective or behavioral symptoms raises the risk

of developing additional risk factors and mental health pro-

blems in a bidirectional, and potentially synergistic manner.

In a typical epidemiological study, psychological

characteristics are associated with hypertension outcomes;

the objective is to show that the psychological predictor(s)

in question has a statistically independent relationship

with hypertension rates after controlling for any number

of control variables. The latter usually consists of at least

a subset of known coronary risk factors. Many of the

prospective studies listed in Table 49.1 reflect this type

of multivariate design (30,31). Much less common is the

goal of the investigator to examine established risk

factors in either the role of a moderator (i.e., an interaction

with the predictor) or as explanatory mechanisms in the

disease process (32). In the scientific arena, a variable

linked to an important health endpoint such as hyperten-

sion gains more credibility if it cannot be easily explained

by established predictors, although the justification for this

approach is sometimes nonsensical and can eventually

produce a body of statistically intriguing but poorly under-

stood relationships. The large number of studies showing

relationships between affective symptoms and hyperten-

sion represents a convenient example of this result, with

five decades of emphasis placed on demonstrating quanti-

tative associations, but a comparatively meager collection

of findings from which we can derive meaningful, practi-

cal interpretations concerning whether or how to incorpor-

ate psychological assessment into cardiovascular care

settings. The most pronounced casualty of this research

approach is the difficulty quantifying the clinical import-

ance of affect-hypertension relationships.

A. Clinical Significance

Even the most consistent collection of statistical relation-

ships does not necessarily imply the presence of a clini-

cally meaningful relationship. The practical impact of a

relationship is affected by many variables, including the

base rate and severity of the health variable, the popu-

lations at risk, effectiveness of treatment options, and the

magnitude of the statistical association, among other con-

tingencies (33). Inferences regarding the potential clinical

significance of a relationship can also be profoundly

affected by the type of statistical analysis employed. In

much of the behavioral health literature, for example, cor-

relation and linear regression analyses are the common

medium of presentation. However, the use of correlation

coefficients with dichotomous health measures such as

hypertension status can be misleading because of the typi-

cally low base rates of disease incidence and subsequent

nonlinearity of the variable distribution. The usual effect

of this scenario is that the size of the correlation coefficient

is small, often between 0.0 and 0.10, a value most

researchers consider to be inconsequential, even in those

cases in which it meets the criteria for statistical signifi-

cance. Well over 90% of the research that describes
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relationships between affective symptoms and hyperten-

sion express their findings as correlation coefficients. Not

surprisingly, the conclusion of most experts was that affec-

tive illness was probably of small interest to practitioners

who are working with hypertension patients.

Rosenthal et al. (33), however, argue that the size of

correlation coefficients—large or small—cannot be accu-

rately interpreted in relation to dichotomous health

outcomes without additional consideration. Although a

number of alternatives are available, probably the most

common alternative is the use of odds ratio and risk ratio

analyses. The use of epidemiological statistics by beha-

vioral medicine researchers offers the primary advantage

of a standard statistical language with which to share find-

ings with biomedical researchers. Risk ratio measures are,

of course, not without flaws, not the least being that they

are insensitive to base rates. The simple conclusion is

that no statistical measure can serve, in isolation, as a

metric for quantifying clinical significance. Epidemiologi-

cal statistics are, however, a superior alternative to corre-

lation and linear regression.

As described earlier, many of the more recent prospec-

tive studies have reported outcomes in the preferred epide-

miological format, allowing direct comparisons of risk for

established risk factors for hypertension and affective

symptom predictors. The results of these analyses, at

least for proponents of behavioral health research, are

encouraging, suggesting on the whole that high levels of

anger, hostility, depression, anxiety, and possibly other

Type A behavior components more than double the risk

of future hypertension. Quantitative reviews of the

prospective evidence are equally favorable, showing that

the combined published data not only suggest effects on

a par with better-known risk factors for hypertension, but

that the findings also are highly robust to any future nega-

tive results (8). Because even the combination of all recog-

nized hypertension risk factors account for less than half of

all identified cases of hypertension, it is clear that our

understanding of dispositional variables remains incom-

plete. With this new behavioral evidence, demonstrating

that the initial statistical significance detailed in many

laboratory and cross-sectional studies is consistent with

and enhanced by prospective results possessing much

stronger implications for clinical significance, this is an

important opportunity to advance and clarify the impli-

cations of affective illness for hypertension management.

As a final comment on the potential clinical signifi-

cance of affective symptoms in hypertension, despite the

promising evidence reviewed here, there remain several

very challenging methodological obstacles. These include,

but are not limited to, furthering our understanding of

mechanisms involved, establishing criteria for the type,

severity, and duration of affective illness sufficient to

dispose risk, standardizing measures for the assessment

of affective symptoms, and demonstrating that treatments

for affective conditions can assist in the prevention or

management of hypertension. We look at some of these

clinical issues in more detail in the following section.

IV. PSYCHOLOGICAL SYMPTOMS IN
THE CLINIC

On the basis of the reviewed evidence, should clinicians

incorporate psychological assessments in their examination

of patients with hypertension or at risk for hypertension?

The best answer to this question ranges from “possibly”

to “probably”; but even the most agreeable practitioner

Table 49.2 Primary Emotional States Linked to Hypertension Risk, Clinical Definitions, and Validated Measurement Instruments

Psychological feature

(synonyms) Definition Scale(s) of measurement

Anger (anger expression,

anger-in, anger-out)

Behavior pattern characterized by the frequent experience

and displays of anger through verbal or physical means

Anger may also appear as a pattern of frequent anger

experience, but with intentional inhibition/repression

Spielberger anger expression scale

State-Trait anger scale

Hostility An attitude characterized by mistrust of others, cynicism,

disposition to anger, and a negative orientation toward

interpersonal relationships

Cook–Medley hostility scale

Type A behavior pattern A syndrome characterized by competition, hostility,

time urgency, and excessive commitment to work

Framingham Type A questionnaire

Jenkins activity survey

Depression (hopelessness,

vital exhaustion)

Psychiatric condition characterized by persistent depressed

mood, loss of interest in activities, low self-esteem,

changes in sleep patterns, excessive guilt, and thoughts

of suicide, among other clinical features

Beck depression scale

Center for Epidemiological

Studies-depression scale

Anxiety Characterized by excessive, uncontrollable, fears and

worries

State-Trait anxiety inventory
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should take heed of several qualifying factors. First of all,

only a select few affective conditions are linked reliably

to hypertension. Table 49.2 summarizes the list of psycho-

logical symptoms with the most credible evidence for

hypertension impact, along with a brief description of

each symptom pattern and a sample of validated measure-

ment questionnaires. The list of questionnaires for each

characteristic is not comprehensive, but does include

measurement scales used in one or more prospective

studies that identify increased hypertension risk. In contrast

to this list, we have no compelling evidence that schizo-

phrenia, personality disorders, somatic disorders, hyperac-

tivity, or other psychiatric conditions listed among the

hundreds of recognized mental disorders listed in an author-

itative manual, such as the DSM-IV, bear any relationship

with hypertension risk. What is also noteworthy is that

some of the psychological characteristics (e.g., anger,

Type A behavior, and hostility) with the most abundant evi-

dence for hypertension associations are not recognized as

an official mental illness by any formal classification body.

Another empirically based finding from the research

literature is that even among established psychiatric con-

ditions such as anxiety and depression, it is not necessary

for a patient to meet clinical criteria for a disorder for

their symptoms to predict an elevated risk for hypertension

development. In fact, the vast majority of participants in the

research base reviewed failed to meet clinical criteria. For

the clinician, simply the presence of elevated symptoms is

probably enough to dispose risk and to have implications

for intervention. This conclusion is further supported by a

number of depression studies among post-myocardial

infarction patients, in which even subclinical depression

levels were associated with higher mortality risk (6). The

measurement scales listed for each affective category in

Table 49.2, although validated for the assessment of their

respective symptoms, are not diagnostic instruments and

may not always be appropriate for the particular age,

ethnic, or medical population of interest to the clinician.

A third critical implication for the clinician interested in

including psychological assessment in their services is that

even the presentation of significant symptoms in a given

clinical examination or interview are not necessarily a

cause for action by the hypertension specialist. On the

basis of our current understanding of behavioral and

pathophysiological mechanisms, it is sustained or recur-

rent episodes of significant affective symptoms over a

period of time that are most capable of affecting tonic

blood pressure levels for an individual. Short-term or

less severe episodes may incur an ethical obligation for

the clinician to perform a more in depth assessment,

refer the patient to a more qualified mental health col-

league, or encourage treatment by the patient, but these

shorter or less severe episodes are less likely to have impli-

cations for cardiovascular health. This is an important

distinction because many presentations of affective dis-

tress occur in the aftermath of significant life events or

periods of stress in which emotional distress is normal

and appropriate, as long as the duration of the symptoms

is reasonable. Even in cases of untreated clinical

depression, patients frequently experience periods of

symptom remission. These clinical modifiers are included

in the bottom of the Fig. 49.1 as factors to consider by both

researchers and clinicians.

An important final consideration in the clinical arena is

that affective symptoms are highly correlated in practice.

Scores from depression and anxiety measures, for

example, typically correlate near 0.60, a value that rep-

resents a high degree of overlap. To a lesser but still sig-

nificant extent, depression symptoms also are usually

more severe among those reporting higher levels of

anger and hostility. It is not known whether a combination

of two or more affective symptoms affects hypertension

risk to greater extent than the presence of only a single

symptom category. However, there is evidence from

coronary artery disease research that “clusters” of psycho-

logical factors can synergistically increase the risk of mor-

tality for patients after a heart attack relative to single

symptom presentations (34).

In light of these multiple qualifiers and precautions,

how might hypertension clinicians effectively incorporate

knowledge of psychological symptoms into their assess-

ment and treatment process? In this era of high patient

volumes and ever present budget limitations, the objective

of including further testing materials can appear as an

unmanageable goal, but these obstacles are not daunting

as they may seem to be. Probably, the most efficient

route is to include a short set of screening tools to be com-

pleted by patients in the course of their routine physical or

cardiovascular examinations. Many clinics already include

such measures, at this stage most commonly for highly

prevalent symptoms such as depression and pain. Screen-

ing tools usually consist of only a handful of items, some-

times as short as a single question, and therefore should

never serve as the basis for any treatment decision other

than to perform a more comprehensive assessment. Never-

theless, screening measures can serve a valuable role by

flagging important symptoms to time-strapped clinicians.

In cases for which positive scores occur on screening

measures, the clinician is encouraged to follow-up either

verbally or in questionnaire form with questions that can

be helpful in identifying the severity, duration, and

quality of life effects of these symptoms and to help

make the patient aware of the potential significance of

the symptoms on their physical health. Forming a relation-

ship with a locally based and regionally licensed psychol-

ogist or psychiatrist is highly recommended because this

specialist can offer considerable expertize in developing

screening tools for your clinic, aid in the selection of
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appropriate questionnaires, supervise scoring and adminis-

tration details, provide guidance or clarification on any

ethical issues (e.g., the endorsement of suicidal ideation

on a depression measure), and otherwise assist the clini-

cian in making psychological data collection maximally

useful and minimally time intrusive. The presence of an

accessible mental health specialist is also valuable in cir-

cumstances in which significant affective symptoms are

identified because many medical practitioners will not

have the time or training to conduct interviews for

psychiatric symptoms.

A. Treatment of Affective Symptoms

One of the most pressing questions in this field also is one

that currently cannot be answered. Given the growing

number of findings in support of a relationship between

affective symptoms and hypertension risk, the question

that follows is, “Can interventions reducing the severity

or psychological distress lower a patient’s future risk of

developing hypertension?” To date, there is not a single

study that addresses this issue. Many readers may balk at

this statement, recalling that there is a long and methodo-

logically varied history of research assessing the effects of

psychological treatments on blood pressure. Although it is

true, and also relevant for the purpose of this discussion,

the stated question is fundamentally different from the

one addressed in earlier studies. From a physiological per-

spective, affecting the course of a chronic disease after its

incidence is almost always less effective than successful

prevention efforts. For example, the treatment of coronary

artery disease, despite the remarkable progress in treating

the disease in the last two decades, is largely resigned to

minimizing the risk of future coronary events and improv-

ing the quality of life for patients, rather than focused on

actually reversing the course of atherosclerosis. Similarly,

even the most successful pharmacological interventions

for hypertension usually require a lifelong program of

medication for individuals in order to maintain blood

pressure at healthy levels. An expectation that a short-

term (usually 8–12 weeks) program centered on stress-

management, anger reduction, or depression can achieve

large and permanent blood pressure reductions among

patients with hypertension is not realistic, and failure to

achieve this goal frequently is cited by those who

seek to downplay the role of behavioral treatments for

blood pressure (35). However, some of the latest

and most rigorously collected data from randomized clini-

cal trials suggests that psychological and stress-

management treatments can produce relatively enduring

and clinically relevant blood pressure reductions (i.e.,

.10 mmHg systolic) among hypertension patients when

the programs are individually tailored to the needs of the

patient (36).

V. CONCLUSIONS

This chapter began with broad aims—to review and sum-

marize an extensive body of cross-sectional, laboratory,

and cohort data that assess associations between hyper-

tension and affective symptoms, to critically examine

evidence for behavioral and pathophysiological

mechanisms by which blood pressure could be affected

by psychological factors, to form useful recommendations

for clinicians aiming to incorporate psychological assess-

ment and treatment into their services to hypertension

and cardiovascular patients, to highlight some of the

primary methodological obstacles that remain, and

finally, to touch on implications for treatment. The follow-

ing is a summary statement for each of these topics.

A. Affective Symptoms and Hypertension

In the face of still accumulating prospective data from

several large United States studies, the evidence support-

ing a relationship between high levels of psychological

distress and greater hypertension risk has never been stron-

ger. Anger, anxiety, depression, hostility, and Type A

behavior (e.g., time urgency) characteristics appear to be

the most reliable predictors in these studies, and the

results generally hold true for women as well as men,

and for African-American as well as Caucasian

subsamples.

B. Mechanisms

Theorists have proposed a variety of mechanisms in

explaining affect-hypertension relationships. Those with

the most empirical support include heightened cardiovas-

cular reactivity among individuals reporting affective

symptoms and individuals with a low socioeconomic

status and an increase in behavioral risk factors such as

smoking, obesity, alcohol use, and low physical activity

patterns. For patients with existing hypertension, data

also suggest that affective distress can impair adherence

to treatment.

C. Recommendations for Clinicians

For practitioners who seek to incorporate psychological

measurement in their clinics, the most important goal is

to create a streamlined and time-efficient process that pro-

vides clinically useful information. The recommendation

offered here was to create a tiered system in which a set

of brief screening tools could be completed by patients

as part of their routine assessments to identify symptoms;

only those patients with positive screens would be evalu-

ated with validated measurement tools or interview

methods. The clinical emphasis should be on recognizing
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affective symptoms that are severe, relatively longstanding

or recurrent, and inappropriate in light of the patient’s

recent life circumstances. An alliance with a mental

health professional can be invaluable in establishing this

addition to clinical service delivery.

D. Remaining Methodological Questions

At the present time, even the best cohort studies fail to

address the importance of symptom duration on the risk

for hypertension, many use nonstandardized measurement

tools for affective symptoms, and mechanism data is

sorely lacking. Some studies also based their findings on

suspect definitions of hypertension that do not rule out

the risk of white-coat hypertension or other methodologi-

cal problems.

E. Treatment Implications

The possible benefits of hypertension prevention efforts, in

which affective symptoms are targeted in high-risk normo-

tensive samples, are unknown because of the absence of

research on this issue. The literature examining the

blood pressure effects of treating stress, anger, and other

affective symptoms among hypertension patients is incon-

sistent in methodology and results, with the overall effects

small by most clinical standards (i.e., ,5 mmHg). The

majority of these studies, however, were group-based,

standardized treatments, whereas newer research is focus-

ing on individualized treatment programs and appears

more promising.
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KEYPOINTS

. Obstructive sleep apnea is a cause of systemic

hypertension and associated cardiovascular events.

. Hypoxemia, hypercapnia, large negative intra-

thoracic pressures, and arousal from sleep with

endothelial vascular damage are proposed

mechanisms.

. Longstanding loud snoring with witnessed apneas

by the bed partner strongly indicate the possibility

of obstructive sleep apnea.

. Treatment of obstructive sleep apnea is associated

with a reduction in blood pressure.

SUMMARY

Obstructive sleep apnea is a disorder, which occurs in

�10% and 50% of the general healthy and hypertensive

populations, respectively, and causes significant cognitive

impairment, excessive daytime sleepiness and cardio-

vascular disease.

Obstructive apneas during sleep, lasting 10–90 s and

occurring up to 600 times per night, are associated with

acute, brief, elevations in systemic blood pressure.

Accordingly, there is sawtooth blood pressure response

and, eventually, loss of the normal nocturnal dip in

blood pressure (1) (Fig. 50.1).
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Over the space of weeks to months of recurrent apneas

during sleep, blood pressure increases not only during sleep

but also during periods of wakefulness. Proposed mechan-

isms for the rise in 24 h blood pressure include elevated sym-

pathetic activity due to nocturnal hypoxemia, hypercapnia

and resetting of baroreflex activity, and vascular endothelial

damage. Hypertension associated with obstructive sleep

apnea is often refractory to conventional pharmacotherapy.

Reversal of obstructive sleep apnea results in signifi-

cant reductions in blood pressure and is now recognized

as an important, although largely unrecognized, cause of

systemic hypertension.

I. INTRODUCTION

Although an association between snoring and hyperten-

sion has been known for 25 years (2), coexistent obesity,

male gender, sedentary lifestyle, alcohol consumption,

and cigarette smoking were put forward as confounding

factors to explain the association. However, recent

robust cross-sectional (3) and prospective (4)

epidemiological studies and detailed animal (5,6) and

human basic physiological (7–9) and interventional

(10,11) studies have confirmed that obstructive sleep

apnea is a common and reversible cause of systemic

hypertension. This causal relationship was recognized

recently by the United States National Institutes of

Health document which lists obstructive sleep apnea as a

cause of hypertension (12).

Given the high prevalence of snoring among the

general (13) and hypertensive populations (14,15) and

that pharmacological management of hypertension is

poorly adhered to (16), consideration of obstructive

sleep apnea should be made in all patients with

hypertension.

II. DEFINITION

The term sleep apnea encompasses an array of breathing

disorders during sleep, which can be divided into obstruc-

tive and central types. The former group (obstructive) is

considered a cause of systemic hypertension, whereas

the latter group (central) is considered a consequence of

hypertension-related complications (e.g., heart failure

and stroke).

A. Obstructive Sleep Apnea

Complete or partial collapse of the upper airway due to

physiological (e.g., sleep-related loss of upper airway

muscle tone) or anatomical causes (e.g., retrognathia,

enlarged tonsils) results in obstructive sleep disordered

breathing, an all encompassing term to describe conditions

of upper airway obstructed breathing during sleep (as

opposed to obstructed lower airways, e.g., asthma).

At the most benign end of the obstructive spectrum,

snoring occurs intermittently or only when the patient

lies supine or is under the influence of alcohol or muscle

relaxing or sedating drugs. With increasing severity,

snoring becomes more regular, and then it is associated

with partial reductions in airflow for .10 s associated

with increased respiratory effort sufficient to cause

arousals from sleep.

Thereafter, snoring with hypopneas (reductions in ven-

tilation) sufficient to cause subconscious sleep fragmenta-

tion and brief periods of hypoxemia occur. With disease

progression, apneas (absence of airflow up to 90 s) associ-

ated with futile inspiratory effort, large negative intrathor-

acic pressure (to 280 cmH2O) occur with hypoxemia

(SpO2 down to �50%) and hypercapnia (rise of 1–

2 mmHg), and a terminating arousal from sleep (often

unrecognized by the patient) accompanied by an acute

rise in blood pressure (to �300/120 mmHg).

Figure 50.1 Ten minute recordings of continuous blood

pressure from four patients. One patient has normal ventilation

during sleep; the second patient snores; the third patient snores

and awakens from sleep; and the fourth patient has obstructive

sleep apnea. [With permission from Davies et al. (1).]
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In more severe cases, prolonged periods of hypoventila-

tion occur, particularly during rapid eye movement (REM)

sleep, associated with awake hypercapnia, hypoxemia,

polycythemia, and pulmonary hypertension which is

known as the Pickwician Syndrome. Patients with under-

lying cardiac, pulmonary, or neurological disease are

more likely to express hypoventilation earlier in the

disease process.

Symptoms of obstructive sleep disordered breathing

include excessive daytime sleepiness, nocturnal choking,

nocturnal dyspnea, orthopnea, nocturia, unrefreshing

sleep, and dry throat. The signs indicative of obstructive

sleep apnea are outlined in Table 50.1.

Various physiological metrics are used to measure

sleep disordered breathing severity with polysomnography

or limited channel monitors. Polysomnography refers to

monitoring of EEG, EOG, EMG (submental and leg),

body position, snoring noise, ECG, and respiratory chan-

nels (airflow, respiratory effort, oxygen, and carbon

dioxide) and allows details of sleep architecture to be

measured. Limited channel monitoring generally refers

to monitoring of ECG and respiratory channels, without

detailed EEG, EOG, or EMG, thus not measuring sleep.

Using polysomnography, the apnea hypopnea index

(AHI) can be calculated from the number of apneas and

hypopneas per hour of sleep. Alternatively, using limited

channel monitoring, the respiratory disturbance index

can be calculated as the number of apneas and hypopneas

per hour recording time. In either monitoring system, the

minimum oxygen saturation and the percent sleep (or

recording) time spent with an oxygen saturation ,90%

are useful markers of sleep disordered breathing severity.

Newer measures of sleep apnea include standardized

clinical assessment and indirect markers of autonomic

and inflammatory disturbance. A standardized clinical

assessment based upon symptoms (cardiovascular risk

profile and severity of neurocognitive impairment) and

signs (e.g., neck circumference, blood pressure) has been

proposed (17) with a sleep specific questionnaire (18).

Indirect assessment of autonomic disturbance due to

hypoxia and arousal from sleep have been suggested as

surrogates of sleep monitoring such as overnight urinary

norepinephrine (19), heart rate variability (20), peripheral

arterial tonometry (21), pulse transit time (22), and

vascular endothelial and inflammatory markers such as

C reative protein (23).

B. Central Sleep Apnea

This category of sleep disordered breathing can be divided

into hypercapnic and nonhypercapnic groups. The former

are associated with hypoventilation and hypercapnia (e.g.,

neuromuscular or chest wall disorders), whereas the latter

are associated with disorders of ventilatory control and

usually hypocapnia.

This latter group have a characteristic �30 s period of

hyperventilation followed by an �30 s central apnea,

recurring cyclically. Common causes of central sleep

apnea are congestive heart failure (when the condition is

known as Cheyne-Stokes respiration), frontal stroke,

high-altitude periodic breathing, narcotic use, and periodic

breathing of infancy. Acute elevations in systemic blood

pressure have also been shown to transiently pause venti-

lation through baroreflex activity (24).

Central sleep apnea, associated with Cheyne-Stokes

respiration, is seen commonly in patients who have

severe congestive heart failure, many with underlying

and longstanding systemic hypertension. Such patients

have elevated pulmonary capillary wedge pressures (25)

and catecholamine activity (19) and may have a reduced

survival.

III. CARDIOVASCULAR PHYSIOLOGY:
A SLEEP PERSPECTIVE

Normal sleep is a complex physiological state

accompanied by a 18C fall in body temperature. Darkness,

sensed by the suprachiasmic nucleus via the optic nerve,

causes the pineal gland to release melatonin, which

allows a cascade of hormonal and neuroendocrine and

autonomic changes that characterize sleep. Polysomnogra-

phy allows further staging of sleep into phasic and nonpha-

sic REM and non-REM stages 1, 2, and slow-wave sleep.

Table 50.1 Symptoms and Signs of Obstructive Sleep

Disordered Breathing

Symptoms of Sleep Disorder

Excessive sleepiness despite getting 8 h of sleep

Snoring more than two nights per week; audible in other

rooms; also in nonsupine position

Witnessed apneas

Nocturnal dyspnea

Nocturnal wheezing

Personality change

Nocturia

Physical Signs

Large neck circumference (.43 cm)

Difficult to visualize posterior pharyngeal wall

Retrognathia

Nasal obstruction

Systemic hypertension

Overnight tachy/brady-cardia

Nocturnal atrial fibrillation

Nocturnal pulmonary edema

Pulmonary hypertension

Hypercapnia

Difficult to intubate
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Changes from wake to sleep result in muscle hypotonia

and specific neurochemical (e.g., melatonin and serotonin

release) and endocrine changes (e.g., increase in plasma

histamine and growth hormone and falls in cortisol and

catecholamines). Skeletal muscle hypotonia, greatest in

REM, affects primarily the muscles of posture (thus, the

requirement of humans to sleep horizontally) and is

under the control of the locus coeruleus nucleus in the

brainstem.

During wakefulness, respiration is maintained by a

waking neural drive, a cortical drive, and a metabolic-

chemical drive (effects of PaCO2, pH, and PaO2 on

chemoreceptors). During non-REM sleep, respiration is

controlled primarily by the metabolic-chemical drive.

During REM sleep, metabolic and cortical factors are

thought to contribute, thus ventilation becomes character-

istically erratic.

With sleep onset, the respiratory muscles of the upper

airway and respiratory pump are partially inhibited so

that upper airway resistance commonly increases and

minute ventilation is reduced. Pulmonary functional

residual capacity decreases (and thus also the pulmonary

oxygen stores) because of a reduction in the balance

between chest wall muscle activity (expansive) and

elastic recoil of lung parenchyma (restrictive). Mild

hypoxemia and hypercapnia may result.

From wakefulness to non-REM sleep, sympathetic

activity is reduced and parasympathetic activity is

increased. From non-REM to REM sleep, sympathetic

activity to the skeletal muscles increases to twice that of

waking levels, especially during phasic REM. Low-

frequency power, measured by ECG spectral analysis,

indicative of cardiac sympathetic activity is reduced with

the transition from wakefulness to non-REM sleep and

increases in REM sleep. High-frequency power, indicative

of parasympathetic activity, is increased with the transition

from wakefulness to non-REM sleep and reduced again in

REM sleep. Baroreceptor sensitivity is increased in non-

REM sleep compared with wakefulness.

Overall, there is a �10–15% reduction in stroke

volume, heart rate, and systemic blood pressure during

non-REM sleep compared with wakefulness (30). Regional

blood flow is altered such that during REM sleep, blood

flow is negligible to peripheral skeletal muscles but greatest

to the brain. Blood pressure and heart rate may rise in REM,

particularly phasic REM sleep.

IV. EPIDEMIOLOGY

Epidemiological studies of obstructive sleep apnea have

focused on the relationship between obstructive sleep

apnea and breathing.

A. Obstructive Sleep Disordered Breathing

In 1956, Burwell et al. (26) described the Pickwickian syn-

drome in an obese male with pulmonary and systemic hyper-

tension who had evidence of hypercapnic respiratory failure

and hypersomnolence. In 1966, Gastaut et al. (27) described

sleep-related hypoxemia using continuous oximetry in such

patients. In 1972, Coccagna et al. (28) described the acute

rises pulmonary and systemic blood pressure (measured

invasively) that occur during sleep in patients with severe

obstructive sleep apnea with mild or nonexistent systemic

hypertension awake. By 1975, the association between

obstructive sleep apnea, loss of the nocturnal dip in blood

pressure, and awake hypertension had been made (2).

On the basis of results from modern surveys in the

United States, regular snoring is reported to occur in

44% and 28% of the middle-aged men and women,

respectively (13), whereas obstructive sleep apnea,

defined as five or more apneas and hypopneas per hour

sleep, occurs in 24% of men and 9% of women. The preva-

lence of symptomatic obstructive sleep apnea (excessive

sleepiness and AHI .5 events per hour), also known as

the obstructive sleep apnea hypopnea syndrome, is 4%

in men and 2% in women.

B. Obstructive Sleep Disordered Breathing
and Systemic Hypertension

Since the mid-1970s, an association between systemic

hypertension and snoring has been observed (2). In one

of the first studies, 30% of patients with essential systemic

hypertension had sleep apnea (as defined by .30 apneas

per night) compared with 24% in a control group

matched for age and gender (29). Worsnop et al. (14), in

a carefully conducted study that controlled for age,

alcohol consumption, and body weight, reported a

similar figure of 38% of treated and untreated hyper-

tensives having AHI .5 events per hour compared with

4% in a nonhypertensive population. Patients with

refractory hypertension (patients with blood pressure

�140/90 mmHg on more than three antihypertensive

agents) were found to have a 83% prevalence of obstruc-

tive sleep apnea (15).

Two large epidemiological studies (3,4) have now con-

firmed an epidemiological association between obstructive

sleep apnea and systemic hypertension.

The first was a large cross-sectional study (3) of 11,053

community participants over 40 years in age with no

history of sleep disordered breathing treatment, of whom

6841 (62%) agreed to undergo home polysomnography,

detailed general health and sleep questionnaires, and

blood pressure measurement. The severity of obstructive

sleep disordered breathing (AHI, arousal frequency and

hypoxemia) was significantly associated with blood
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pressure values. When controlled for body mass index, the

AHI and hypoxemic time remained significantly associ-

ated with blood pressure. The prevalence rates for hyper-

tension were 43% for AHI ,1.5 events per hour; 53%

for AHI 1.5–4.9 events per hour; 59% for AHI 5.0–14.9

events per hour; 62% for AHI 15.0–29.9 events per

hour; and 67% for AHI .30 events per hour. Although

this provided an association between severity of obstruc-

tive sleep apnea and systemic hypertension, the authors

could not claim a causal relationship.

In the second study, known as the Wisconsin Sleep

Cohort Study (4), a causal relationship could be made.

Detailed sleep monitoring was performed at baseline and

again at 4 years on 709 volunteers (and at 8 years on

184 volunteers) along with detailed body mass index,

blood pressure, and health history. Compared with no

sleep disordered breathing, the odds ratio for developing

systemic hypertension was 1.42 (95%CI 1.13–1.78) with

an AHI of 0.1–4.9 events per hour; 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 events per

hour. These odds ratios were made after adjustment for

body habitus, age, gender, cigarette use, and alcohol use.

This finding that obstructive sleep apnea preceded the

diagnosis of hypertension suggests strongly that obstruc-

tive sleep apnea plays an important role in the develop-

ment of hypertension.

V. PHYSIOLOGICAL STUDIES

The primary physiological effects of obstructive sleep

apnea are hypoxia with hypercapnia, large negative

intrathoracic pressures (with impaired baroreflex

control), and arousal from sleep, all of which lead to heigh-

tened sympathetic nerve activity (SNA) and alterations to

vascular endothelial biology.

A. Hypoxemia and Hypercapnia

Hypoxemia and hypercapnia lead to local tissue vasodila-

tation. However, hypoxia is also sensed by the peripheral

chemoreceptor (carotid body) and hypercapnia is sensed

by the central chemoreceptors in the brain stem, which

results in an overriding and counteracting stimulus that

results in globally heightened central SNA outflow. Vaso-

constriction results in most arterial beds apart from the

coronary and cerebral vessels. Increased SNA leads to

increased ventilation, which results in vagal afferent

stimulation and attenuation of the elevated SNA, thus

completing a negative feedback physiological loop.

In normal humans who are exposed to episodic hypoxia

that is sufficient to cause a drop in SpO2 to 75–85% for

20 s and then recovery to normoxia (�95%) for 40 s,

SNA to skeletal muscle remains elevated for a prolonged

period following resolution of normoxia and normal ven-

tilation (31). Thus, episodic hypoxia causes persistently

elevated central SNA outflow activity.

Elevated plasma and urine norepinephrine levels and

elevated skeletal muscle SNA (awake and asleep) are

observed in untreated obstructive sleep apnea patients

compared with normal matched controls. In addition,

treatment of obstructive SDB is associated with reductions

in markers of SNA (8,32) (Fig. 50.2). Animals exposed to

intermittent hypoxemia have increased systemic hyperten-

sion mediated via peripheral chemoreflex (6).

Blood pressure and ventilation responses to hypoxia are

exaggerated in both hypertensive and obstructive sleep

apnea populations compared with appropriate control

groups. Young hypertensive patients have a twofold

greater SNA response to hypoxia than age- and body

mass index-matched controls and a 12-fold greater SNA

during a simulated apnea (33). Moreover, patients with

obstructive sleep apnea have a significantly greater

pressor response to hypoxia than do nonapnea patients (34).

The genetic makeup of neurons of the nucleus tractus

solitarius and other brain stem regions involved in regu-

lation of tonic and reflex control of SNA and integration

of peripheral input have been observed (using c-Fos tech-

niques) to alter in rats that are exposed to episodic hypoxia

for 30 days (35). Thus, episodic hypoxia may cause long-

term cellular changes in areas of the brain stem that affect

cardiopulmonary control.

B. Arousal from Sleep

In the absence of hypoxemia, arousal from sleep also

causes acute rises in mean blood pressure of up to

8 mmHg and 5–6 beats per minute (bpm) heart rate in

normal healthy subjects exposed to auditory stimuli (36).

Thus, arousal is thought to be a factor, in addition to

hypoxemia, in the connection between obstructive sleep

apnea and hypertension.

To determine whether arousal or hypoxemia is suffi-

cient to cause an acute increase in blood pressure, sup-

plemental oxygen was provided to abolish hypoxemia

during obstructive sleep apnea. Arousals persisted and

were associated with acute elevations in blood pressure

(37). The authors estimated that �75% of the increase in

blood pressure acutely with obstructive sleep apnea

could be attributed to the arousal and �25% to the hypox-

emia. Thus, additional factors to hypoxia, such as arousal,

impaired baroreceptor activity, and vascular endothelial

factors, are likely to play a role.

A series of canine studies, in which simulated obstruc-

tive sleep apnea caused awake hypertension, auditory

arousals during sleep and elevated blood pressure during

sleep but not during wakefulness (5). Clinical human
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trials of sleep-related arousals and their effect on blood

pressure (e.g., periodic limb movement disorders) are

required to answer the question of whether sleep-related

arousals increase blood pressure and cardiovascular

risk (37).

C. Negative Intrathoracic Pressure

The negative intrathoracic pressures during the apnea are

much greater than during normal inspiration (e.g., 25

vs. 280 cmH2O), which lead to increased venous return,

increased left ventricular wall transmural pressure gradi-

ent, left ventricular chamber dilatation, and impaired

relaxation. In addition, the negative intrathoracic pressures

cause stretch of the aortic arch baroreceptors, intermit-

tently inhibiting sympathetic outflow. Evidence exists

that baroreflex control is attenuated with recurrent obstruc-

tive SDB in humans (38) and dogs (39). In humans, baro-

reflex activity is normalized with continuous positive

airway pressure (CPAP) treatment of obstructive sleep

apnea (40).

Whether episodic hypoxia or hypoxia with negative

intrathoracic pressure is required to develop awake sys-

temic hypertension has been an area of debate until

recently. In an excellent series of experiments of Fletcher

et al. (6), rats exposed to episodic hypoxia (FiO2 3–5% for

3–6 s followed by normoxia every 30 s for 6–8 h per day

for 35 days) developed a 10–20 mmHg increase in mean

arterial blood pressure that lasts 1–3 weeks following ces-

sation of hypoxia. Carotid sinus nerve sectioning blocked

this effect, suggesting that intermittent hypoxia effects on

blood pressure are mediated by peripheral chemoreflex

and ultimately sympathetic activity (6).

In a series of experiments in which tracheostomized

dogs had intermittent occlusion of tracheostomy during

sleep (�20 per hour for 1 week, then �55 per hour there-

after) for 1–3 months, awake mean systemic blood

pressure rose 16 mmHg, which reversed with discontinu-

ation of apnea (5). Moreover, the authors described a

shift in the baroreflex activity curve to the left (39) and

reduced systolic and diastolic left ventricular function

(41) with the simulated obstructive sleep apnea.

Human observational data suggest that obstructive

sleep apnea is also associated with left ventricular

hypertrophy and diastolic dysfunction that can occur in

childhood (42) as well as in adulthood (43). Children

�9-year-old who have obstructive sleep apnea (AHI

�18 events per hour) have significantly greater chance

Figure 50.2 Direct sympathetic nerve to skeletal muscle recordings from two patient groups with obstructive sleep apnea. In one of the

groups, patients are treated for obstructive sleep apnea, and in the other group, they are not. Note that the first group has a progressive drop

in the height and frequency of sympathetic bursts. In the untreated group, there is no change in burst amplitude or in frequency over a

period of 6 months. [With permission from Narkiewicz et al. (9).]
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of having systemic hypertension and a much greater

degree of left ventricular hypertrophy and estimated left

ventricular mass compared with snoring and nonsnoring

body mass index-matched children (42). Similarly in

adults, over one-third of all patients with obstructive

sleep apnea had evidence of left ventricular hypertrophy

and diastolic dysfunction (43). This latter observation

may indicate that obstructive sleep apnea takes a period

of years before clinically significant structural or physio-

logical changes (i.e., diastolic dysfunction) occur and are

recognized.

D. Vascular Biology

The role of vascular biology and function has come under

attention of sleep scientists, and an attempt has been made

to summarize the role of vascular biology and function in

the development of hypertension in obstructive sleep

apnea. Although several in number, the precise effect of

one peptide over another has not been clarified (Fig. 50.3).

First, vascular wall thickening has been observed in

obstructive sleep apnea, indicating the clinical importance

of such vascular hormones (44). Arterial diameter is

reduced in obstructive sleep apnea patients compared with

body mass index-, age-, and gender-matched controls (45).

In one of the earlier experiments, patients with obstruc-

tive sleep apnea and systemic hypertension had impaired

acute vasodilator response to acetylcholine and sodium

nitroprusside (nitric oxide-dependent and nitric oxide-inde-

pendent, respectively) compared with age- and body mass

index-matched controls (46). The same group observed a

heightened vasoconstrictor activity to angiotensin II infu-

sion in those with obstructive sleep apnea (47).

In a 2 month longitudinal study, forearm vasodilatation

response curves to bradykinin (nitric oxide-independent)

and nitroglycerine (nitric oxide-dependent) were impaired

in normotensive obstructive sleep apnea patients com-

pared with normal controls and improved to normal

following two months of CPAP (48).

Obstructive sleep apnea has been associated with

increased baseline levels of the potent vasoconstrictor

endothelin-1 (49). Moreover, plasma endothelin-1 levels

were significantly elevated �4 h following sleep onset in

a group of patients with severe untreated obstructive

sleep apnea, whereas the levels did not change in a

normal control group. In the obstructive sleep apnea

group, the changes in endothelin-1 paralleled changes in

blood pressure and changes in oxygen saturation. Thus,

endothelin-1 may be an important factor in the pathogen-

esis of hypertension in obstructive sleep apnea patients.

Plasma angiotensin II and aldosterone were both elev-

ated in a group of patients with severe obstructive sleep

apnea (n ¼ 24) compared with age- and body mass

index-matched control groups (n ¼ 18) (50). The authors

did not find altered levels of other vasoactive hormones

such as atrial natriuretic peptide or brain natriuretic

peptide. After 14 months of CPAP therapy, systemic

blood pressure and plasma angiotensin II and renin

levels decreased toward those levels observed in the

control group.

In contrast to vasodilatation induced by smooth muscle

relaxation (e.g., nitroglycerine), vasodilatation can occur

secondary to endothelial actions. Endothelium-dependent,

or “flow-mediated” vasodilatation, is a commonly utilized

technique to assess vascular function and has been used in

several recent experiments in patients with obstructive

sleep apnea. Impaired flow-mediated vasodilatation is

associated with known cardiovascular risk factors and

improves following antihypertensive therapy.

Two recent reports have added considerable strength to

the proposed role that impaired vasodilatation has in

patients with obstructive sleep apnea who develop
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Figure 50.3 A flow diagram of possible mechanisms that

connect obstructive sleep apnea with systemic hypertension.
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hypertension (45,51). The first comes from cross-sectional

epidemiological data of the Sleep Heart Health Study (45).

In that study, 1037 volunteers underwent diagnostic sleep

studies and assessment of flow-mediated vasodilatation.

The authors reported a significant association between

sleep-related hypoxemia and both flow-mediated vasodila-

tation and baseline brachial arterial diameter. Of note, the

association with flow-mediated vasodilatation was stron-

ger for hypoxemia than for AHI suggesting that perhaps

hypoxemia is a more important factor contributing to vaso-

constriction than arousal.

In the second recent study, Ip et al. (51) assessed the

endothelium-dependent and endothelium-independent

response between 28 obstructive sleep apnea patients

and 12 age-, gender-, and body mass index-matched

healthy controls. The flow-mediated vasodilatation, but

not nitroglycerine-induced vasodilation, was reduced in

the obstructive sleep apnea group but not in the control

group. Moreover, following 4 weeks randomization

process to CPAP or control, CPAP treatment was associ-

ated with a significant increase (normalization) in flow-

mediated vasodilatation compared with the untreated

obstructive sleep apnea group. Finally, the CPAP treated

group experienced a drop in flow-mediated vasodilatation

following a brief withdrawal of CPAP.

Thus, there is now very good evidence that untreated

obstructive sleep apnea patients have impaired endo-

thelium-mediated vasodilation, which can be reversed

with obstructive sleep apnea treatment with CPAP.

Elevated plasma leptin levels (49) and insulin resist-

ance (52) were observed to be more common in patients

with obstructive sleep apnea compared with weight- and

age-matched control subjects without obstructive sleep

apnea (49). Treatment with CPAP reduces leptin levels

(53), although its effect on insulin sensitivity remains

uncertain. A recent study revealed that insulin sensitivity,

measured via the hyperinsulinemic euglycemic clamp

technique, increased from 5.75 to 6.79 mmol/kg in 40

patients with obstructive sleep apnea treated with CPAP

for two nights, an effect that persisted during a 3 month

CPAP treatment time (54). The effect was greatest in

those who had a body mass index of ,30 kg/m2, which

suggests that obesity had an effect on insulin sensitivity

independent of obstructive sleep apnea.

E. Pregnancy-Related Hypertension

An important category of systemic hypertension is that

related to pregnancy, which in its most severe form can

be associated with preeclampsia. Preeclampsia is charac-

terized by systemic hypertension, proteinuria, and placen-

tal insufficiency.

The prevalence of obstructive sleep apnea in pregnancy

is not known; however, snoring is three times more

common in pregnancy compared with nonpregnant

controls and is thought to be due to increased upper

airway edema, preexisting obesity, upper airway anatom-

ical abnormalities, increased nasal resistance, narrow

upper airway, and an increased drive to breathe. Approxi-

mately 75% of preeclamptic patients snore and have

altered sleep architecture (55).

Snoring in pregnancy is associated marked intra-uterine

growth retardation and lower APGAR scores (56). In

patients with preeclampsia, snoring (often without the

clear-cut obstructive apneas and hypopneas) is common

and associated with increases in blood pressure during

sleep. Preeclamptic women with obstructive sleep apnea

had greater pressor responses to obstructive events than

pregnant women with obstructive sleep apnea alone (57).

Reversal of snoring or coexistent sleep apnea with

CPAP is associated with a drop in systemic blood pressure

and a trend towards improved fetal outcome (58). Further

studies are required to determine the role obstructive sleep

apnea plays in the pathogenesis of pregnancy-related

hypertension and preeclampsia.

VI. INTERVENTION STUDIES

Intervention studies have focused on the effects of antihy-

pertension treatment on systolic blood pressure and effects

of obstructive sleep apnea on systemic hypertension.

A. Effect of Antihypertensive Drugs on
Systolic Blood Pressure

In a study of antihypertensive drugs in obstructive sleep

apnea and systemic hypertension, five groups of drugs

were studied in 40 males with 6.4 years of systemic hyper-

tension and 2.5 years of sleepiness (59). None of the drugs

had a significant effect on sleep disordered breathing.

Atenolol caused the greatest fall in 24 h ambulatory

mean systemic blood pressure (#12 mmHg) compared

with amlodinine (#6.8 mmHg), enalapril (#4.6 mmHg),

hydrochlorthiazide (#7.4 mmHg), and losartan (#5.2

mmHg). Two conclusions can be drawn: antihypertensive

drugs have little effect on obstructive sleep apnea, and

b-blockers and, to a lesser extent, the other drug groups

have an antihypertensive effect.

B. Effect of Obstructive Sleep Apnea
Treatment on Systemic Hypertension

Randomized, controlled studies of the effects of obstructive

sleep apnea treatment on systemic hypertension have been

limited to CPAP and mandibular advancement splints.

Alternative therapies, which include lifestyle modification

(weight loss, avoidance of alcohol, upper airway surgery),

have unfortunately not undergone controlled trials,

let alone with cardiovascular outcomes (Fig. 50.4).

786 Secondary Hypertension



In one of the first medium-term, randomized controlled

trails, Engleman (60) reported a drop in daytime blood

pressure with CPAP compared to treatment with a

placebo pill in a small group of patients with nondipping

evening blood pressure over a 3 week period.

Thereafter, Dimsdale et al. (61) reported a fall in night

time mean systemic blood pressure in 21 patients (14 of

whom were normotensive) compared with 19 placebo-

treated control subjects over 1 week using ambulatory

blood pressure measurements.

Faccenda (62) reported�3 mmHg decrease (borderline

significance) in 24 h systemic blood pressure with CPAP

compared with a placebo pill in 68 patients with obstruc-

tive sleep apnea, unselected for hypertension, and a

mean blood pressure of 127/78 mmHg. Significant

reductions in blood pressure were noted from 02:00 to

10:00 h, whereas blood pressure remained unchanged

from 10:00 to 02:00 h. In a subgroup that had more

severe obstructive sleep apnea (more than twenty and

.4% dips in oxygen saturation per hour sleep), a greater

drop in blood pressure of �7 mmHg occurred.

Pepperell (10) reported a 3.3 mmHg drop in mean

blood pressure with 1 month of CPAP in a randomized,

controlled, and parallel design study involving 118

males, 19% of whom were taking antihypertensive

medications. Baseline blood pressure for the group was

134/85 mmHg. Subgroup analysis of this hypertensive

group revealed a �8 mmHg drop in mean blood pressure

with CPAP compared with the control group.

Becker (11) reported a �10 mmHg drop in mean 24 h

blood pressure in 32 patients randomized to either CPAP

or a placebo CPAP over a 9 week time period without

any change in body weight. A greater drop in blood

pressure in this study compared with previous studies

was thought to be due to greater hypertensive population

(66%), longer duration of treatment, and the method of

blood pressure measurement. In contrast to the previous

studies in which ambulatory cuff inflation techniques

were used, continuous photoplethysmography was used

in the current study (11). These studies on the effect of

sleep apnea treatment with CPAP on blood pressure are

summarized in Table 50.2.

In a rather unusual tack, 24 patients with untreated

hypertension, 14 with and 10 without obstructive sleep

apnea, underwent a 3 week trial of CPAP during which

time 24 h ambulatory blood pressure was monitored

(63). The mean nocturnal systolic and diastolic pressures

decreased significantly in the obstructive sleep apnea

group (210.4/25.2 mmHg) compared with the non-

obstructive sleep apnea group (þ1.9/þ0.3 mmHg),

findings that were sustained when the two groups were

controlled for age and body mass index. There was a “bor-

derline significant” trend towards a drop in daytime blood

pressure levels in the obstructive sleep apnea group

that was treated with CPAP (22.7/22.3 mmHg) com-

pared with the nonobstructive sleep apnea group

(þ0.4/21.7 mmHg). Thus, the effect of CPAP treatment

on blood pressure is greatest during sleep and depends

on treating the underlying obstructive sleep apnea and is

not an effect of CPAP per se.

Recently, a group of 25 patients with severe obstructive

sleep apnea, of whom 52% were receiving treatment for

hypertension, had detailed echocardiography (64).

Eighty-five percent had left ventricular hypertrophy,

64% had enlarged left atria, 48% had elevated right

atrial size, and 16% had right ventricular hypertrophy.

These findings supported the observation by Fung (43).

After 6 months of CPAP treatment, there was a significant

(�5%) reduction in the interventricular septal wall

thickness.

Figure 50.4 A polysomnogram of a patients with obstructive sleep apnea. (The left side of the illustration shows the surges in systemic

blood pressure, with each awakening terminating in an apnea. On the right side of the illustration is the same patient with obstructive sleep

apnea that is controlled with CPAP. Note the absence of surges in systemic blood pressure.) [With permission from Logan et al. (40).]
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Adherence to treatment with CPAP can be proble-

matic. In the largest follow-up studies to-date, 1200

patients were contacted several years after initiating

CPAP via a dedicated sleep center in Scotland (65).

Approximately 70% of the patients continued with

CPAP at the 5 year point, with 86% adherence in the

patient group with severe obstructive sleep apnea (AHI

.30 events per hour).

Whether alternative treatments of obstructive

sleep apnea alter blood pressure is not known. In one of

the randomized, controlled trials of splints, a small drop

in blood pressure was observed in 27 patients who were

treated with mandibular advancement splint over 4

weeks (66).

VII. PITFALLS WITH BLOOD
PRESSURE MONITORING

During sleep, the automatic cuff inflation of ambulatory

blood pressure monitors fragment sleep that causes an

arousal-related surge in blood pressure (36). In a carefully

conducted study in five normal subjects, with full poly-

somnography, blood pressure was measured by finger

photoplethysmography on one hand and by automatic

inflatable cuff on the other. Cuff inflation was associ-

ated with an arousal detected on polysomnography and

�30/20 mmHg increase in blood pressure in �10 s, and

a slow return to normal blood pressure over �30 s.

Thus, it would appear that automatic cuff inflation is

associated with arousal from sleep, one of the proposed

mechanisms of obstructive sleep apnea-related

hypertension.

VIII. CONCLUSIONS

Recently, long term (12 year) follow-up studies have

shown 3 fold greater fatal and nonfatal cardiovascular

event risk in patients with obstructive sleep apnea

untreated (67). Treatment of apnea reduced this risk to

normal control group (67). The recognition that obstruc-

tive sleep apnea is a cause of systemic hypertension has

been a significant advance in the knowledge areas of

sleep apnea and systemic hypertension. This causal

relationship is independent of obesity, diet, level of exer-

cise, and amount of cigarette smoking. The job ahead is

to determine to what degree the secondary effects of

hypertension reverse and to what extent this reversal

depends on how soon obstructive sleep apnea treatment

is initiated after the onset of symptom of sleep apnea.

Importantly, a large educational process is required for

healthcare professionals to incorporate searching symp-

toms and signs of sleep apnea in their patients withTa
b
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hypertension. Consideration of the new dimension in

blood pressure, namely, the sleep–wake dimension is

important and should be considered in patients with

idiopathic hypertension.
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KEYPOINTS

. The combined oral contraceptives have a small

adverse effect on blood pressure—on average,

�5/3 mmHg.

. As the blood pressure response to any combined

oral contraceptive preparation is unpredictable,

the blood pressure should be measured before start-

ing oral contraceptives use and then every 6 month

thereafter.

. Hormone replacement therapy (HRT) use is not

usually associated with an increase in blood

pressure and can be prescribed safely to hyperten-

sive women, but careful supervision is necessary.

. Cocaine, ecstasy, amphetamines, and LSD are

among the many sympathomimetic drugs that can

produce severe elevations in blood pressure, and

with increasing substance abuse from these

agents, clinicians will encounter more patients

with drug-induced severe hypertension.

SUMMARY

Hypertension in women can be influenced by many

factors, including oral contraceptive use and hormone

replacement therapy (HRT), many drugs can have effects

on blood pressure. The combined oral contraceptives

have a small adverse effect on blood pressure, whereas

HRT use is not usually associated with an increase in

blood pressure and generally, can be prescribed safely.

Many sympathomimetic drugs can produce severe

elevations in blood pressure, and cause severe drug-

induced hypertension.

I. THE ORAL CONTRACEPTIVE PILL
AND HYPERTENSION

Unlike other commonly prescribed drugs, relatively

healthy women take oral contraceptive pills for long

periods of time. Thus, the challenge over the years have
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always been to change its formulations in order to enhance

its efficacy and reduce its undesirable effects.

The first oral contraceptive pill, introduced in 1960,

contained high doses of norethynodrel (progestin) and

mestranol (estrogen). The original pills were monophasic

with a fixed dose of estrogen and progestin throughout

the whole cycle. Second-generation progestin was devel-

oped a decade later, in the 1970s. Over the following

several decades, the dose of the estrogen component of

oral contraceptive pills has been reduced, in addition, mul-

tiphasic preparations were developed (1). These changes

were made mainly to lower the thrombogenic risk associ-

ated with the use of oral contraceptive pills which had

gained much publicity at that time (2). Eventually, over

the last decade, third-generation progestins from the

gonane class were incorporated into oral contraceptive

pill formulations to reduce the androgenic and metabolic

side effects that occur with older agents (3,4). These oral

contraceptive pills containing third-generation pills have

several advantages with less side effects, mainly thrombo-

genic and androgen related effects associated with older

progestins and therefore, less adverse lipoprotein and

carbohydrate changes, weight gain, acne, hirsutism,

mood changes, and anxiety. The third-generation proges-

tins also have minimal effect on both the plasma insulin

concentrations and the lipid profile (5).

The use of the combined oral contraceptive pill could

affect blood pressure via different mechanisms which

include salt and water retention, its effect on the renin–

angiotensin system, body mass index, lipid metabolism,

thrombotic, and atherogenic effects. Hypertension

appears to be two to three times more common in

women taking oral contraceptive pills, regardless of their

initial blood pressure measurement prior to starting the

pill (1). Oral contraceptives induce hypertension in �5%

of users of high-dose pills that contain at least 50 mg estro-

gen and 1–4 mg progestin. In spite of the change of con-

traceptive pill constitution and the emergence of modern

low-dose formulations, small increases in blood pressure

have been reported among users (6). However, neither

the responsible hormone in the oral contraceptive nor

particular subgroups of women who might be susceptible

to the hypertensive effect of oral contraceptives have

been clearly identified.

A. Oral Contraception in Normotensive
Subjects

Oral contraceptive pills have long been thought to have no

effect on the blood pressure when prescribed in normoten-

sive women. However, in a landmark multicenter study

conducted in the United States, a prospective cohort of

68,297 female nurses aged 25–42 years and free of diag-

nosed hypertension, diabetes, ischemic heart disease,

cerebrovascular disease, and cancer at baseline were fol-

lowed up for the duration of 4 years. After adjustments

were made for age, body mass index, hormones, cigarette

smoking, family history of hypertension, parity, physical

activity, alcohol intake, and racial factors, the women

taking oral contraceptive pills had an increased risk of

development of hypertension when compared with

women who had never used contraceptive pills, with a

multivariate relative risk for the users of 1.2 (95% CI

1.0–1.4). This study suggested that users of oral contra-

ceptives had a small but significant, moderately increased

risk of hypertension. However, the risk may seem negli-

gible as only 41.5 hypertensive cases per 10,000 person-

years could be attributed to oral contraceptive use alone.

This is to be balanced against the health and socio-

economic risks attached to an unwanted pregnancy. In

addition, risk was markedly reduced following cessation

of oral contraceptive pills, and past users appeared to

have only a slightly increased risk. The increase in blood

pressure appears to be idiosyncratic and may occur many

months or years after first using a combined oral contra-

ceptive pill. In a small proportion of women (�1%),

severe hypertension may be induced.

In summary, the combined oral contraceptives do have

a small adverse effect on blood pressure—on average,

�5/3 mmHg. As the blood pressure response to any com-

bined oral contraceptive preparation is unpredictable, the

blood pressure should certainly be measured before start-

ing oral contraceptives use and then every 6 month there-

after (Fig. 51.1) (7).

B. Oral Contraception in Hypertensive
Women

The use of oral estrogen–progesterone type combined

contraceptive pills by women with hypertension on

regular antihypertensive medication may have a negative

impact on their pressure control, independent of age,

weight, and antihypertensive drug treatment (8). Ambulat-

ory blood pressure measurement is an even more sensitive

tool to detect such impact. Some studies have shown no

difference in blood pressure measurement in hypertensive

women using contraceptive pills during outpatient visits;

however, with the use of ambulatory blood pressure moni-

toring, the diurnal and nocturnal systolic blood pressure

values were significantly higher in oral contraceptive

users (9). These findings support the opinion that alterna-

tive methods of contraception should be considered for

hypertensive women, rather than oral estrogen–

progesterone type contraceptives, especially if blood

pressure is difficult to control.

As an alternative, progesterone-only contraceptive pills

may have less effect on blood pressure and may be worth

considering, but have a higher failure rate than combined
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preparations. These oral progestogen-only contraceptive

pills do not increase blood pressure, and can be used

in women with a previous history of combined oral

contraceptive-induced hypertension, or those women

with hypertension wishing to use an oral contraceptive.

If the blood pressure remains elevated, antihypertensive

therapy should be started.

C. Identification of High-Risk Groups for
Hypertension with Oral Contraception

Particular groups of patients are more susceptible to the

adverse hypertensive effect of oral contraceptive pill,

especially obese and older women (10). Women aged 35

and older who smoke cigarettes should be strongly

advised to stop smoking; if they continue to smoke, they

should be strongly discouraged from using oral contracep-

tives and a different contraceptive method should be

offered specially if hypertension develops in these

women. Blood pressure usually drops to baseline level in

most cases within few months of stopping contraceptive

pills. If high blood pressure persists, if the risks for preg-

nancy are considered to be greater than the risks for-

hypertension, and if other contraceptive methods are not

suitable, then oral contraceptives may have to be contin-

ued and therapy for hypertension should be started (1).

Oral contraceptive usage increases serum angiotensino-

gen levels to three to five times the normal and �5% of

these women develop arterial hypertension. Polymorph-

isms of angiotensin converting enzyme and angiotensino-

gen gene appear to be more prevalent in the group of

women who subsequently developed clinical hyperten-

sion. In addition, a subanalysis of the Framingham study

has shown that women taking contraceptive pills with a

certain estrogen-receptor genotype appear to have a

greatly increased risk of myocardial infarction (11).

II. HORMONAL REPLACEMENT THERAPY

Hormone replacement therapy (HRT) is one of the most

commonly prescribed drugs in the developed world, with

perceived benefits on a wide range postmenopausal

conditions including general wellbeing, osteoporosis, and

cardiovascular morbidity and mortality. Furthermore,

despite the increased risk of breast cancer with HRT, the

early observational studies and meta-analyses actually

suggested a reduction in mortality, cardiovascular

disease, and osteoporosis risk among users of HRT when

compared with nonusers (12,13).

For many years, HRT was considered to be contraindi-

cated in hypertensive postmenopausal women, because of

concerns that HRT may have an adverse effect on blood

pressure, similar to that seen with the oral contraceptive

pill. However, differences exist between the formulation

and doses of estrogen preparations used, either as oral con-

traceptives in premenopausal women (in whom high-dose

synthetic estrogens are used) or as HRT in postmenopausal

women (in whom low “replacement” doses of natural

estrogens are used).

The Heart and Estrogen/Progestin Replacement Study

(HERS), published in 1998, was the first randomized con-

trolled trial to show a significant increase in cardiovascular

events in HRT users compared with non-HRT users.

Similar findings have since been reported in several

good studies, most notably the Women’s Health Initiative

(WHI) study (15)—which was stopped early due to an

increase in breast cancer, coronary heart disease events

(acute myocardial infarction, silent myocardial infarction,

and coronary heart disease death), and stroke.

However, HRT use is not usually associated with an

increase in blood pressure (see Fig. 51.2) and can be pre-

scribed safely to hypertensive women, but careful supervi-

sion is necessary. Indeed, symptomatic women with

hypertension should not be denied access to HRT as
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Figure 51.1 Blood Pressure and oral contraceptives, blood pressure differences adjusted for multiple confounding variables. (Adapted

from Dong et al. J Hypertens 1997; 15:1063–1068.)
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long as blood pressure levels can be controlled by antihy-

pertensive medication. Suitable guidelines for the manage-

ment of hypertensive women taking HRT are summarized

as follows (12):

. All clinicians should measure blood pressure before

starting HRT.

. In a normotensive postmenopausal woman, blood

pressure should be measured annually following

the start of HRT. One exception may be the use

of premarin, where a follow-up blood pressure

measurement should probably be made at 3

months (in view of reports of a possible rare

idiosyncratic rise in blood pressure).

. In hypertensive menopausal women, blood pressure

should at least be measured initially and at intervals

of 6-month thereafter. If blood pressure is labile or

difficult to control, 3 monthly measurements should

be taken. If a hypertensive woman on HRT demon-

strates a rise in blood pressure, careful monitoring

or observation and perhaps an alteration or increase

of their antihypertensive treatment should be

considered.

III. PREGNANCY INDUCED HYPERTENSION

Pregnancy induced hypertension is dealt with in detail in

Chapter 43.

One in 10 women would experience a problem related

to high blood pressure during pregnancy. It is worth

emphasizing here that hypertension is an important cause

of both maternal and fetal morbidity and mortality in

pregnant women. There are still no definitive guidelines

as to when and how patients should be treated, but it is

important that appropriate treatment is initiated early in

patients at highest risk and they are closely monitored.

Hypertension in pregnancy can be a difficult condition

to diagnose and treat because of the numerous and differ-

ing classification systems that have been used in the past.

One classification system, which accounts for the multi-

system involvement which can occur in pre-eclampsia

and eclampsia, divides hypertension in pregnancy into

three main groups: pre-eclampsia, gestational hyperten-

sion, and chronic hypertension. The pathophysiology,

consequences and management of these disorders may

differ, but there is an overlap in their presentation and

clinical findings. Different metabolic, endocrinal and cir-

culatory changes take place during pregnancy and in the

early postnatal period however, the exact pathogenesis of

hypertensive disorders in pregnancy is still obscure with

much research trying to detect the possible underlying

mechanisms. The implication of pregnancy induced

hypertension could even extend beyond the duration of

gestation, as the development of the relatively life threa-

tening condition as malignant hypertension later in life

has been linked to the development of hypertension

during pregnancy rather than the past use of oral contra-

ceptive pills (16).

Pre-eclampsia is a pregnancy related condition which is

defined as a syndrome of the last trimester of pregnancy,

characterized by hypertension, generalized edema with

fluid retention and the development of proteinuria;

however, the presence of the whole triad may not be

necessary to establish the diagnosis of pre-eclampsia.

This syndrome can progress unpredictably to a variety of

life threatening conditions, including eclamptic seizures

and renal failure, and contributes significantly to both

maternal and perinatal mortality as well as morbidity (17).

Albeit the overall benefit of using antihypertensive

therapy in pregnant women with severe hypertension is

not debatable, the use of antihypertensive drugs in preg-

nant women with mild hypertension continues to be an

area of uncertainty that there is hardly any evidence to

confidently evaluate the clinical benefits of treating mild

hypertension during pregnancy (18). Little benefit to the

fetus has been shown from treating gestational and

chronic hypertension, but studies in this area have been

small and would not have had the power to show a
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difference in outcome between treated and untreated

groups. However, the reduction in morbidity and mortality

in the treatment of pre-eclampsia is significant. Therefore,

all pregnancies complicated by hypertension require

monitoring to detect the possible onset of superimposed

pre-eclampsia/eclampsia. Institutions should have a man-

agement strategy for those mothers with severe hyperten-

sion including a multidisciplinary approach, where the

patient is to be monitored and which antihypertensive

agents are to be used. It should not be forgotten that the

definitive treatment for severe hypertension is delivery

of the fetus, despite risks to fetal morbidity and mortality.

This will reduce blood pressure, but hypertension per se

may still persist postpartum requiring short-term therapy,

and follow-up of mothers postdelivery is needed.
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KEYPOINTS

. Many different drugs, foods, poisons, and stimu-

lants can cause arterial hypertension.

. The response to anti-hypertensive therapy can be

impaired by exogenous agents.

. A careful drug history is essential in the assessment

of hypertensive patients.

SUMMARY

A huge diversity of drugs, poisons, and stimulants can

cause arterial hypertension. Typically, these drugs stimu-

late pressor responses, increase extracellular volume, and

impair vascular compliance. Drugs associated with hyper-

tension include: ergot alkaloids, ketamine, yohimbine,

decongestants, metoclopramid, sulpiride, droperidol,

monoamine oxidase inhibitors, anti-depressants such as

venlafaxine, glucocorticoids, mineralocorticoids, oral con-

traceptives and estrogens, anabolic steroids, vitamin D and

derivatives, lithium, nonsteroidal anti-inflammatory drugs,

cyclosporin, tacrolimus, sirolimus, alkylating agents, ery-

thropoietin, linezolid, amphotericin B, bromocryptine, dis-

ulfiram, and VEGF antagonists and stimulants such as

caffeine, amphetamines, nicotine, alcohol, cocaine, and

poisons, for example, heavy metals. Therefore, a meticu-

lous drug history should be standard in assessing patients

with arterial hypertension.

I. INTRODUCTION

Hypertension is usually diagnosed after a thorough evalu-

ation of cardiovascular risk factors, causes of secondary

hypertension, and hypertension-induced organ damage

(1,2). Much less attention is paid to a detailed medical

history which should include inquiries concerning foods,

medications, poisons, and recreational drugs. Patients

often do not consider them to be relevant in the context

of arterial hypertension, and therefore often omit these

substances from their history. However, identification of

such substances is important. First, it may benefit the

patient directly by reducing a health hazard. Furthermore,
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costs can be reduced, if the substance can be omitted and

anti-hypertensive treatment withheld. Secondly, it may

prevent unnecessary and often extensive investigations

for secondary hypertension and hypertension refractory

to therapy (3). Several detailed reviews on this topic

have been published (4–6). With new therapeutic agents

being licensed, the number of drugs potentially causing

hypertension increases. A variety of chemical substances

can induce a sustained or transient rise in arterial blood

pressure (BP). The common feature is that these agents

induce arterial pressure either by causing sodium reten-

tion, and thus expansion of the extracellular volume, or

by direct or indirect activation of the sympathetic

nervous system or by direct vasoconstriction. In a few

cases, the mechanism of action is still unknown.

II. DRUGS AFFECTING THE
SYMPATHETIC SYSTEM

All sympathicomimetic agents have pressor effects via

direct or indirect stimulation of vascular a-adrenoreceptors

causing vasoconstriction.

Amphetamines and its derivatives produce a dose-

related pressor response by releasing noradrenaline from

adrenergic nerve endings. Most nonprescription anorectics

including dietary supplements contain combinations with

adrenergic agonists. Known adverse effects include hyper-

tension, agitation, abnormality of cardiac rhythm, psycho-

sis, and seizures (7–10). Because of these health hazards,

the use of such substances has been restricted in many

countries.

Many decongestants include substances with structural

similarities to amphetamines and ephedrine. They increase

BP by raising peripheral vascular resistance as a result of

a-adrenergic activity from direct stimulation of the

receptors and release of neuronal norepinephrine (11).

Hypertensive complications have occurred even with a

single dose of such agents (11,12).

There is extensive evidence that caffeine at dietary

doses increases BP by increasing peripheral vascular

resistance (13,14). Findings from experimental and

epidemiological studies show that BP remains reactive to

the pressor effects of caffeine in the diet. Overall, its

impact on population BP is likely to be in the range of

4–2 mmHg (15).

Nicotine is a well-known ganglionic stimulant and as

such can produce hypertension. Further, nicotine impairs

endothelial functions (16). Smoking one cigarette

containing 1 mg of nicotine increases systolic BP by

10–15 mmHg and diastolic BP by 5–10 mmHg (17,18).

Deaths due to hypertension are more common in

smokers (19), smoking increases the risk of malignant

hypertension (20), and chronic smoking is associated

with impaired efficacy of anti-hypertensive drugs (3).

Ergot alkaloids are (partial) agonists at the a-adrenore-

ceptor and serotonin receptor, and thus cause contraction

of vascular smooth muscle cells and a consecutive rise

in BP. Their use has been widespread for the treatment

of migraine and management of orthostatic hypotension,

but of late they have been replaced by newer drugs such

as triptans.

Ketamine hydrochloride is widely used as an anesthetic

in children and in developing countries. It can increase

arterial BP very severely (21). The mechanism by which

ketamine increases BP is not fully understood. However,

the fact that clonidine attenuates the hypertensive response

to ketamine indicates that sympathetic activity may be

important in the hypertensive response to ketamine (22).

Effect of alcohol on BP was first described in the

medical literature at the beginning of the last century

(23). According to a review of 30 cross-sectional

population-based studies, the majority of reports document

small but significant increases in BP with alcohol con-

sumption (24). Interestingly, some studies report that the

rate of hypertension to be higher in nondrinkers than in

those consuming one to two standard drinks per day.

However, population-based cohort studies have shown a

dose-dependant relationship between the quantity of

alcohol consumption and the development of hypertension

over time (24,25). Alcohol seems to exert its pressor effect

by an increase in sympathetic activity. An increase in

plasma adrenalin, noradrenalin, renin, and cortisol levels

have been described in heavy drinkers (26–29). Of note,

withdrawal from drinking can induce hypertension too.

Yohimbine, a drug formerly used for the treatment of

male erectile dysfunction has been found to be relatively

free of serious adverse events in short- and long-term

studies. It can increase BP, particularly with high doses,

by acting on the a-2 adrenoreceptor (30).

III. INDIRECT ACTIVATION OF THE
SYMPATHETIC SYSTEM

Metoclopramid, sulpiride, and droperidol administered

intraveneously to patients with pheochromocytoma may

induce hypertensive crisis. The mechanism of action

may not be direct stimulation of catecholamine release

from the tumor. More likely, these agents stimulate

catecholamine release by their presynaptic dopaminergic

blocking effect (31). Anti-dopaminergic drugs such as

metoclopramid, alizapride, and prochlorperazine have

been reported to increase BP in previously normotensive

patients receiving chemotherapy with cisplatine (32).

Cocaine increases BP and produces a variety of cardio-

vascular events due to adrenergic activation by blocking
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norepinephrine reuptake at the sympathetic nerve terminal

(33,34). Abuse may cause strokes and cardiac damage.

Most cardiac deaths were associated with myocadial

injury similar to the one seen from catecholamine excess

and possibly aggravated by hypertension (35).

Monoamine oxidase inhibitors and other anti-

depressants delay the metabolism of sympatheticomimetic

amines and 5-hydroxytryptophan and increase the norepi-

nephrine store in the postganglionic sympathetic neurons.

In addition, many anti-depressants have anti-cholinergic

properties. Thus, hypertensive crises can be induced

when these substances are used together with exogenous

sympathomimetic amines or overdosed. The interaction

of monoamine oxidase inhibitors with food containing tyr-

amine, such as some cheeses, wines, avocado, chocolate,

and carrot is well known (36). The proposed mechanism

of action is that the uptake of tyramine into the sympath-

etic nerve ending causes release of noradrenaline which

overloads the vesicle stores when intraneuronal

monoamine oxidase is inhibited (37). Other types of

anti-depressants have been known to produce a variety

of cardiovascular effects including hypertension. In

placebo-controlled studies with venlafaxine, a clinically

significant increase in BP has been observed in 5.5% of

patients (38).

Linezolid is a representative of the new class of

synthetic antibiotics called oxazolidones. It is a week,

reversible monoamine oxidase inhibitor, and thus may

cause hypertension by the same mechanisms as other

monoamine oxidase inhibitors (39).

IV. INCREASE IN EXTRACELLULAR VOLUME

Adrenocortical steroids increase BP through increasing

cardiac output with little change in peripheral vascular

resistance. The following mechanisms have been proposed

to induce hypertension. Adrenocortical steroids can cause

salt and water retention, increased angiotensinogen pro-

duction with consecutive increase in angiotensin II

levels, inhibition of vasodilatating hormones (kalikrein,

prostaglandines, nitric oxide), increased vascular respon-

siveness to catecholamines, and increased number of

angiotensin II type I receptor (40). Administration of

high doses of glucocortocoids induces hypertension in

adults and infants. Hypertension is a prominent feature

of Cushing’s syndrome and occurs in 20% of patients

with iatrogenic Cushing’s syndrome (41,42). Of note,

hypertension can also be induced by topical application

of glucocorticoids (43,44). After cessation of steroid

exposure, BP usually normalizes.

Mineralocorticoids produce arterial hypertension by

increasing exchangeable sodium and blood volume, hypo-

kalemia with metabolic alkalosis, and suppressing plasma

renin and aldosterone levels. Such changes can also be

induced by exogenous compounds with mineralocorticoid

activity. Interestingly, the active ingredient of a licorice

extract and carbenoxolone a semisynthetic hemisuccinate

derivative of glycyrrhenetic acid can cause a syndrome

of apparent mineralocortcoid excess. Sodium retention,

potassium wastage, and hypertension result from the

ingestion of glycyrrhetinic acid (45,46).

Oral contraceptives and estrogens induce hypertension

with an incidence of �5% among the users of high-dose

pills that contain �50 mg of estrogens and 1–4 mg of

progestogen (47). Some reports even found elevated BP

in 18% of women taking oral contraceptives (48).

However, the incidence of hypertension may be less

with the present-day lower dose formulas containing a

substantially lower dose of estrogens and new synthetic

progestogens (49).

A more recently introduced method of contraception is

contraceptive implants, which have been used by millions

of women. Findings from observational studies on the

safety of contraceptive implants have been recently

reviewed. A more marginal yet significant elevation in

BP was observed when compared with oral contraceptives

(50). Contraceptive-associated hypertension is more likely

to occur in women with a history of hypertension in preg-

nancy or preexisting primary hypertension, and these

women should therefore be carefully monitored for

increases in BP (51).

Another issue is the replacement of estrogens and pro-

gestogens after menopause. In one report, postmenopausal

estrogen replacement therapy increased BP measured with

a 24 h ambulatory device in almost one-third of the women

given either oral or transdermal estrogen replacement

(52). However, large prospective studies have not shown

an increase in office BP in women given estrogen

replacement (53).

Anabolic steroids produce a small but consistent

increase in systolic BP when given for various indications

(54,55).

V. IONS

Lithium intoxication has been accompanied by severe

hypertension in rare cases (56). A significant increase

in lithium levels has also been described after co-

administration of ACE inhibitors or angiotensin I

inhibitors (57,58).

Hypercalcemia has been identified as a common cause

of arterial hypertension. A variety of pressor mechanisms

can be affected by calcium, such as direct vasoconstriction

of peripheral blood vessels and alterations in vasoactive

hormones. In most cases related to hypertension, hypercal-

cemia was induced iatrogenically. Hypertension due to
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vitamin D intoxication tends to parallel the degree of

hypercalcemia (59), and even topic applications of

vitamin D derivatives can lead to hypercalcemia and

hypertension (60).

Heavy metals including lead, copper, and cadmium are

supposed to elevate BP. Possible mechanisms for lead-

induced hypertension comprise changes in calcium metab-

olism inhibition of NAþ, Kþ-ATPase, and alterations of

humoral factors such as endothelin and nitric oxide

released from endothelium. Epidemiologic studies

confirm the high incidence of hypertension among patients

exposed to lead, and it has even been speculated that lead

may be a major contributor of essential hypertension (61).

VI. MIXED OR UNKNOWN

Nonsteroidal anti-inflammatory drugs may impair renal

function and raise BP. They also interact with many

anti-hypertensive drugs and reduce their effectiveness

(62). In humans, they mainly act by inhibiting prostaglan-

din-induced vasodilatation although other factors, such as

augmented responsiveness to pressor substances, sodium

retention, and direct vasoconstrictive effects, are also

involved. Clinically, significant increases in BP may

occur after treatment with either nonselective or selective

cox II inhibiting nonsteroidal anti-inflammatory drugs. All

products, however, do not change observed BP to the same

extent. Increases in BP seems to be more pronounced with

indomethacin, naproxen piroxicam and rofecoxib, and in

patients currently receiving antihypertensive treatment

(62–64).

The incidence of cyclosporin-associated hypertension

varies with the patient population under evaluation.

Schorn et al. (65) studied the pre- and posttransplantation

incidences of hypertension in two groups of renal

transplant recipients which were receiving different immu-

nosuppresive therapy. For the group treated with cyclos-

porin and prednisolone, the incidence of hypertension

increased from 71% before transplantation to 85%, and

in the comparative group with azathioprin and predniso-

lone, it decreased from 68% to 53%. Hypertension has

also been found in patients treated with cyclosporin for

autoimmune diseases (66). Cyclosporin could increase

BP by several potential mechanisms: increased sympath-

etic nervous activity increased renal proximal tubular

resorption, altered synthesis of vasodilatating prostaglan-

dines, changes in the renin angiotensin system, and

direct vascular effect (67). Tacrolimus, another calcineurin

inhibitor has a similar but not identical mechanism of

action and was introduced in the 1990s. Hypertension

has also been reported with this drug (67). A newly intro-

duced immunosuppressive agent is sirolimus (rapamy-

cine). Compared with cyclosporin, sirolimus-therapy was

associated with a lower incidence of hypertension (68).

Calcium channel blockers interfere with the renal and vas-

cular effects of cyclosporin and reverse vasoconstriction.

Early administration may delay rejection episodes and

improve graft function. Calcium channel blockers may

offer some advantages over angiotensin-converting

enzyme inhibitors for the treatment of hypertension in

stable renal transplant recipient patients treated with cyclos-

porin. Selection of the most appropriate anti-hypertensive

agent should take account of possible pharmacokinetic

interactions with immunosuppressive agents (69).

Alkylating agents can increase BP. In patients treated

with multiple alkylating agents after autologous bone

marrow transplantation, hypertension developed in 15 of

18 subjects, and was not related to plasma renin activity,

aldosterone, and catecholamins (70).

From the earliest use of recombinant human erythro-

poietin, hypertension has been recognized as an adverse

effect occurring in some patients (71). The increase in

BP induced by recombinant human erythropoietin cannot

be fully explained by the improvement of anemia and

the rise of blood viscosity alone. Erythropoietin may

also increase intracellular calcium concentrations

suggesting that it exerts a direct vasopressor effect on vas-

cular smooth muscle cells (72). In large multicenter open

trials, hypertension has been reported in 29–48% of

patients (73–75).

VII. VARIOUS AGENTS

Amphotericin B is used for the therapy of serious fungal

infections. Six cases of severe hypertension have been

associated with the use of amphotericin B deoxycholate

and one with the use of amphotericin B lipid complex

(76). Development of severe hypertension has been

described after the use of bromocryptine for suppression

of lactation (77). Disulfiram, which is used in the treatment

of alcoholism, has been reported to increase BP slightly

(78). Although rare, a variety of cardiovascular events

including hypertension have been reported with carbama-

zepine (79). Vascular endothelial growth factor antagon-

ists are a new therapeutic strategy for the successful

treatment of many cancers. VEGF induces vasodilation

by induction of nitric oxide biosynthesis and is an import-

ant angiogenesic molecule. Its inhibition, for example with

a monoclonal antibody called bevacizumab, inhibits

angiogenesis and therefore tumor growth and also causes

hypertension in a very substantial proportion of the

treated patients (80–82).

VIII. CONCLUSIONS

Arterial hypertension is variably frequent side effect of a

significant number of drugs used in different indications

802 Secondary Hypertension



and by many different specialists. Induction of hyperten-

sion in response to drugs is owing to various mechanisms

of action. Further, certain nutrients, poisons, and stimu-

lants also increase BP. Awareness of these effects can

significantly improve the management of patients with

arterial hypertension. The list of substances causing

drug-induced hypertension will probably increase in the

future and will remain a challenge for the physician

treating patients with hypertension.
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measurement, 290–295

TEE, 294

Arterial system, 71

Arteries

remodeling, 88

Arteriolar system, 71

Arteriosclerosis, 80

Arthritis, 414

Ascorbic acid, 117

direction of blood pressure effect, 170
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elderly hypertension, 703–704

and inflammation

angiotensin II, 149

Atherosclerosis Risk in Communities

Study (ARIC), 200

Atherosclerotic vascular disease

endothelial function, 106

Atherothrombosis, 111–113

AT receptors, 147

AT1 receptors, 146

AT2 receptors, 146

AT4 receptors, 147

Atrial fibrillation, 247–248

Atrial flutter, 247–248

Atrial natriuretic peptide, 130–131

Augmentation index (AIx), 289, 291

Australia National Blood Pressure Study

(ANBP), 8, 28, 454–457

Autonomic function

studying, 158

Autonomic imbalance, 159

mechanisms underlying, 161–163

Autonomic nervous system, 157–165

Autoregulation, 77–79

Baltimore Longitudinal Study of Aging, 31

Benign hypertension, 19

Benign prostatic hyperplasia

alpha inhibitors, 470

Beta-adrenergic neurone blockers

antihypertensive treatment, 349–350

Beta-adrenergic receptor blockers

hypertension, 447–459

Beta-adrenoreceptor blocking drugs, 449

Beta-blocker Heart Attack trial (BHAT),

458

Beta-blockers, 114

action mode, 449

choosing, 452

classification, 450

definition, 448

diabetes

pharmacological therapy, 643

drug-drug interactions, 453–454

drug regimens, 459

effects, 449

history, 448–452

hypertension management, 459

hypertension trials, 455–456

indications, 451

lactation, 453

large endpoint trials, 454

medical conditions, 453

meta-analyses, 454

overdose, 453

phaeochromocytoma, 453

pregnancy, 453

receptor

third generation beta-blockers,

450–452

side effects, 452–453

strengths, 458–459

therapy cost, 336

trial evidence, 454–458

trials

secondary prevention, 457–458

uses, 450, 451, 452

weaknesses, 458–459

11 beta hydroxysteroiddehydrogenase

(HSD) deficiency, 737

Biological aging. see aging; elderly

hypertension

Blacks. see also African-Americans

antihypertensive drug

demographic considerations, 373

Blood pressure

acute, 427

age-related changes, 29

aging, 701–708

vegetarian population, 178

alcohol consumption, 361

alcohol reduction, 361

alpha receptors, 465–466

anesthesia and surgery investigations,

620

antihypertensive treatment, 679

autonomic regulation, 159

calcium supplementation, 391

chronic, 427

combination therapy, 554

curve, 68–72

dietary patterns, 169–181

drugs that cause elevating, 218

dynamic aerobic training, 201–204

genes, 49–50

genome-wide screens, 58–59

genetic determinants, 387

goal achievement, 415

guidelines, 358

homeostasis

nonneural factor, 162

sodium intake, 162

hypertension crises, 376

hypertensive retinopathy

fundoscopy, 305

impact of treating, 331–340

levels

classification, 702

lower, 389

lowering effect

ACE inhibitors, 480–481

macronutrients, 169–181

management and treatment guidelines,

357–379

approaches, 358–359

basis, 359

comparison, 358–363

fixed-dose combination

antihypertensive drugs, 360

individual drug classes, 359

lifestyle modifications, 359–362

measurement

antihypertensive drug compliance,

567–568

pregnancy, 672

metabolic syndrome

nocturnal decline, 634

micronutrients influence, 388–392

monitor

anesthesia and surgery, 621

new measuring technologies, 10–11

OH diagram, 607

oral contraceptives, 795

patients management

refractory hypertension, 576

and physical activity, 199

changes, 201

epidemiological and cross-sectional

studies, 197–199

longitudinal observational studies,

199–201

reduction, 428

and sleep apnea, 779

resistance exercise training, 204–205

responses, 407

rest, 201–203

risk factors, 21

stages

risk stratification, 359

treatment approach, 359

static strength, 204–205

stroke, 272–273

subacute, 427

systolic, 702

therapeutic approaches, 362

threshold values, 213

uncontrolled severe hypertension, 652

variation, 406–407

vegetarian population, 178

Body weight, 29–31

Bradykinin, 146

Brain, 269–282

British Genetics of Hypertension

(BRIGHT), 58–59

Calcium, 390–391

Calcium antagonists, 517–529

action mechanism, 518

action mode

antihypertensive, 519

antihypertensive drugs

percent reduction, 526

cardiovascular effects, 524–527

clinical use, 525–526

combination therapy, 526–527

hemodynamic effects, 524
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renal effects, 524–525

classification, 521–524

first-generation drugs, 521–522

second-generation drugs, 522–523

third-generation drugs, 523–524

clinical pharmacologic classification,

521

combinations, 557–558

controlled-diffusion capsules, 522

direct vasodilators, 531–535

drug-drug interactions, 527–528

Geo-matrix extended release capsules,

522

hemodynamic effects, 518

long-acting, 525

nondihydropyridines, 525

percent change, 519

pharmacodynamic properties, 521

pharmacokinetic profiles, 528

pharmacokinetics, 519–521

properties, 520

pharmacology, 518–519

side effects, 527–528

safety, 527–528

sustained-release (SR) capsules, 522

therapy comparison, 430

vasodilating agents

intravenous, 532

oral, 532

Calcium channel antagonist

and ACE inhibitor, 555–556

Calcium channel blockers, 116–117

antihypertensive treatment, 350–351

for childhood hypertension, 696

diabetes

pharmacological therapy, 643

for diabetic nephropathy, 718

Calcium deficiency, 391

Calcium supplementation, 390

blood pressure change, 391

Candesartan, 504

pharmacology, 504

Candesartan in Heart failure Assessment

of Reduction in Mortality and

morbidity (CHARM) trials, 512

Candidate gene studies, 60

inconsistencies, 58

Capillary network, 88

Capillary rarefaction, 93

Capnograph

anesthesia and surgery, 621

Captopril-augmented nuclear renography

renovascular hypertension, 725

Carbohydrates, 175

direction of blood pressure effect, 170

Carbonic anhydrase inhibitors, 422

Carcinogenesis, 438

Cardiac

ACE inhibitors, 484–486

Cardiac arrest

risk, 435

Cardiac disease

and hypertension management, 411–413

Cardiac disorders

ACE inhibitors, 481–482

Cardiac embryogenesis

coarctation of aorta

pathophysiology, 749

Cardiac failure, 412–413

Cardiac hypertrophy, 73–74

and vascular hypertrophy

angiotensin II, 149

Cardiac output, 196

age-related changes, 75–76

filling pressure, 74–75

normal, 73–74

Cardiac rhythm, 246–248

Cardiac structure and function, 72–76

Cardiometabolic syndrome

definitions, 633

and hypertension management, 631–644

Cardiovascular complications

anesthesia and surgery, 617–618

Cardiovascular disease

associated costs, 332

and chronic kidney disease, 728–729

in diabetic patients, 632

diuretic therapy, 421–439

and hypertension management

drug options, 412

and hypertension treatment, 334

risk factors, 643–644

smoking, 396

Cardiovascular drugs

endothelium, 114

Cardiovascular effects

insulin and IGF-1, 636–637

Cardiovascular emergencies, 663–664

patient work-up, 664

Cardiovascular homeostasis

angiotensin II, 148

Cardiovascular risk factors, 105–106, 729

antihypertensive drug, 371

global, 20–21

visceral obesity, 636

Carotid endarterectomy

anesthesia and surgery, 626–627

Catecholamine hypersecretion, 741

clinical symptoms, 742

diagnosis, 742

Catecholamine neurohormonal agonists,

448

Cathepsin D, 145

Caucasian woman

severe malignant hypertension, 305

Central aortic pressure

peripheral circulation, 297

Central imidazoline agonists, 540–541

Central nervous system

diseases, 761–766

causing arterial hypertension,

763–766

dolichoectasia, 765

idiopathic intracranial

hypertension, 765

spinal cord injury, 764

stroke, 765

traumatic brain injury, 764–765

tumors, 763–764

vertebrobasilar arteries

aneurysms, 765

clinical indicators, 763

dangers, 766

disease-causing arterial

hypertension, 763

disease-related arterial

hypertension, 762

and hypertension, 761–766

magnetic resonance

imaging (MRI), 761

mechanisms, 762

pathophysiology, 762

vertebrobasilar arteries

aneurysms, 765

endothelin antagonists

receptor stimulants, 540

hypoadrenergic OH

lesions, 604

Central venous pressure monitor

anesthesia and surgery, 622

Cerebral blood flow

uncontrolled severe hypertension

idealized autoregulation, 654

Cerebrovascular complications

anesthesia and surgery, 618–619

vascular dysfunction, 618

Chest radiograph

anesthesia and surgery investigations,

620

Chicago Western Electric Study, 171

Childhood hypertension, 683–696

blood pressure

boys, 685–686

girls, 687–688

measurement, 684–688

systolic, 686

clinical characteristics, 690

definition, 684

diagnostic testing, 692–693

dietary modifications

guidelines, 693

emergencies

treatment, 695

essential hypertension

causes, 690–691

evaluation, 691–693

leading causes, 689
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medical history, 691

obesity, 693

physical examination, 691–692

secondary causes, 689

secondary hypertension

causes, 688–690

treatment, 693–696

Children, 31–32

adopted, 49

hypertension defined, 17

China, 28

Cholesterol, 177

direction of blood pressure effect, 170

Choroidopathy, 309

Chronic blood pressure, 428

Chronic childhood hypertension

treatment, 694–695

Chronic dialysis

and hypertension, 721–722

Chronic hypertension

peripheral vascular resistance, 76–77

and pregnancy, 674

women, 677

Chronic kidney disease (CKD), 477

antihypertensive agents, 265

associated costs, 332–333

cardiovascular disease association,

728–729

high-risk hypertensive patients,

337–339

Chronic renal disease

hypertension, 714–718

Chronological aging. see aging; elderly

hypertension

Cigarette smoking

hypertension awareness, 319

Clinical hypertension, 11

alcohol, 191

Clinical trials

interpretation, 7

since 1990, 7–9

Clostridium botulinum, 605

Coarctation of aorta

abnormalities associated, 752

aortogram, 753

brief history, 748

clinical features, 751–753

echocardiography, 753

electrocardiographical features,

752–753

prenatal detection, 753

radiological features, 753

coarctation hypertension, 750–751

coarctation morphology, 749

coarctation repair, 754

epidemiology, 748–749

inheritance, 748–749

prevalence, 748

hemodynamic changes, 749–750

mechanisms, 751

pathophysiology, 749

cardiac embryogenesis, 749

stent implantation

results, 756

survival probability, 755

treatment

algorithm, 757

options, 753–757

percutaneous intervention, 755–757

surgery, 753–755

Cognitive impairment, 277–282

antihypertensive treatment, 280–281

clinical assessment, 279–280

clinical syndrome, 278–279

Combination antihypertensive

medications, 549–550

Combination drug therapy

profile, 552–553

Combination products

compilation, 558

Combination therapy

ACE inhibitor

and angiotensin receptor blocker,

556–557

and calcium channel antagonist,

555–556

antihypertensive drugs, 553, 554–558

data, 555

drug combinations

blood pressure control, 553

thiazide diuretic, 554–555

drugs

fixed low-dose combinations, 557

goal blood pressure, 554, 555

hypertension treatment, 547–559

monotherapy, 548–552

purposes, 558

Compliance, 79

Complior system, 292

Computed tomographic angiography

(CTA), 263

renovascular hypertension, 726

Conceptual definition, 16

Concomitant drug therapy, 231

Congenital adrenal hyperplasia, 53

Congenital vascular abnormality, 747.

see also coarctation of aorta

Congestive heart failure, 36

Continue or Stop Post-Stroke

Antihypertensives Collaborative

Study (COSSACS), 274

Continuous ambulatory electrocardiogram

ischemia, 236–237

Continuous positive airway pressure

(CPAP), 784

Controlled-diffusion (CD) capsules

calcium antagonists, 522

Controlling Hypertension and Hypotension

Immediately Post Stroke

(CHHIPS), 274

Cooperative North Scandinavian

Enalapril Survival Study

(CONSENSUS), 149

Coronary angiography, 240

Coronary artery disease

antihypertensive drug, 371–372

Coronary Artery Risk Development in

Young Adults (CARDIA), 198

Coronary heart disease

alcohol, 190

mortality

hypertension, 18

Coronary ischemia, 230

Cranial nerve palsies, 309

Cushing’s syndrome, 738–740

algorithm, 738

diagnosis, 739

etiology, 739

pathogenesis, 739

Cyclooxygenase (COX), 108, 132

Cyclosporin associated hypertension, 802

Cytochrome P450 (CYP), 132

Dahl salt-resistant (DR), 163

Dahl salt-sensitive (DS), 163

Decay-time method

global arterial stiffness, 294

Dementia, 277–282

antihypertensive treatment, 280–281

clinical assessment, 279–280

clinical syndrome, 278–279

Diabetes, 113, 259–260

ACE inhibitors, 482, 641

angiotensin receptor blockers, 641

counter regulatory actions

IGF-1 and Ang II, 638

and hypertension management,

631–644, 639–644

lifestyle modifications, 639–640

hypertension treatment, 640

pharmacological interventions

treatments

cardiovascular disease risk factors,

643–644

pharmacological therapy, 640–643

angiotensin-converting enzyme

inhibitors, 642–643

angiotensin receptors blockers,

642–643

beta-blockers, 643

calcium channel blockers, 643

thiazide diuretics, 640–642

vascular IGF-1

resistance, 638–639

Diabetes mellitus, 605

antihypertensive drug, 369
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Diabetic nephropathy, 718–720

management, 718–720

pathophysiology, 718

Diabetic patients, 413–414

and cardiovascular disease, 632

Diabetic retinopathy, 309

Diastolic blood pressure, 196

alcohol reduction effects, 395

alpha inhibitors, 469

variations, 431

Diastolic hypertension, 76–79

early clinical trials, 6–7

predictive value, 37–38

Diastolic tension-time index (DTTI), 81

Diazoxide

for uncontrolled severe

hypertension, 661

Diet, 32–33, 177–180. see also specific

diet name

blood pressure, 169–181

childhood hypertension, 693

direction of blood pressure effect, 170

fruits and vegetables diet, 179

high-fat diet, 32

hypertension diet, 392–393

hypertension treatment, 321

importance, 392–393

Lyon Diet Heart Study, 179

Mediterranean-style diets, 178

Modification of Dietary Protein in

Renal Disease (MDRD), 258

vegetarian diet, 177, 392

Dietary Approaches to Stop Hypertension

(DASH), 170, 385, 393

dietary pattern, 179–180

servings per day of food groups, 180

systolic blood pressure reduction, 394

trial

blood pressure by week, 180

Dietary potassium

sources, 390

Dietary sodium reduction, 386–388

Diet Exercise Weight Loss Intervention

Trial (DEW-IT), 385

Dihydropyridine calcium antagonist, 523

Dipyridamole thallium scanning

anesthesia and surgery investigations,

621

Distal potassium sparing diuretics,

425–426

Diuretics

adverse effects, 433–438

antihypertensive treatment, 349

for childhood hypertension, 696

class effect, 429

classes, 422–426

clinical trials, 429–431

hypertension treatment, 427–433

neurohumoral response, 426–427

pharmacokinetics, 423

for renal parenchymal hypertension, 717

responses, 426–427

treatment

action mechanism, 427–428

adaptation, 426

cardiovascular disease, 421–439

cost, 336

left ventricular regression, 432–433

DNA microarrays, 59

Dolichoectasia

central nervous system diseases

causing arterial hypertension, 765

Dopamine 1 receptor agonists, 538–539

Doppler ultrasound, 292

Drugs

adverse interactions, 438

allergy, 438

duration, 410

effects

morbidity, 416

mortality, 416

elevating blood pressure, 218

hypertensive patients, 378

induced hypertension, 799–803

extracellular volume increase, 801

interactions

hypertension crises, 377–378

mixed, 802

options, 408–411

responses

scientific basis, 414–415

titration, 407

unknown, 802

Dynamic aerobic training

blood pressure, 201–204

limitations, 203

net hemodynamic change, 204

systolic blood pressure, 203

Dynamic exercise, 395–396, 396

Dyslipidemia, 113

East Boston Senior Health Project, 36

Echocardiography

anesthesia and surgery investigations,

620–621

coarctation of aorta

clinical features, 753

symptomatic assessment, 244–245

Echo-tracking

arterial stiffness

with Langewouters’ model, 293

with local pulse pressure assessment,

293–294

Eclampsia

pathophysiology, 675–676

Efferent arterioles

angiotensin II-mediated

constriction, 125

Efficacy of Nitric Oxide in Stroke

(ENOS), 274

Elderly, 431

alpha-blockers effects, 470

antihypertensive drug

demographic considerations, 373

increased arterial stiffness, 79–80

systolic hypertension, 79–82, 415

Elderly hypertension

arterial hemodynamics

chronological and biological aging,

704–705

arterial stiffness

endothelial function, 703

established cardiovascular risk

factors, 705

arterial stiffness effects, 704

atherosclerosis, 703–704

outcome trials, 706–707

pathophysiology, 703–706

systolic hypertension

arterial stiffness determinant, 703

Electrocardiograph, 219, 232

anesthesia and surgery, 621

ventricular hypertrophy, 234–235

Electrolytes

direction of blood pressure effect, 170

Electron beam studies

vascular calcification, 240–241

11 beta hydroxysteroiddehydrogenase

(HSD) deficiency, 737

Enalaprilat, 480

for uncontrolled severe hypertension, 661

End-diastolic pressure volume (EDPV), 245

Endocrine hypertension, 733–743

algorithm, 734

catecholamine

drugs, 741

catecholamine conditions, 741

desoxycorticosterone excess, 738

primary cortisol resistance, 738

secondary aldosteronism, 738

types, 742–743

End-organ damage

ACE inhibitors, 482–484

alcohol, 190–191

hypertensive emergencies, 652

End organ disease, 616

Endothelin, 108–110, 133

Endothelin antagonists, 539–540

central nervous system

receptor stimulants, 540

vasopeptidase inhibitors, 117

Endothelin A receptor antagonist, 110

Endothelium

derived hyperpolarizing factor, 108

derived nitric oxide, 100–102, 102–106

measuring function, 102–103

dysfunction, 105
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function

atherosclerotic vascular disease, 106

membrane

signal transduction, 101–102

sodium channel, 57

sympathetic nervous system, 110–111

thrombosis, 111–113

vasodilation

impaired, 257

End-stage renal disease, 36–37

Environment, 33

Eprosartan, 504

pharmacology, 504

Erythropoietin

OH pharmacological therapy, 609

Esmolol

for acute treatment of hypertension,

624–625

for uncontrolled severe hypertension, 662

Essential hypertension, 54–58, 73

genes, 54

Estrogen, 794

Estrogen/Progestin Intervention trial, 31

Ethnicity, 28–29, 410–412. see also

specific ethnic groups

antihypertensive drug

demographic considerations, 373

European Society of Cardiology
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Evaluation of Losartan In The Elderly

(ELITE) II trials, 512

Exercise, 111, 395–396

alpha receptors, 467

based studies, 235–236

blood pressure, 203

induced hypertension

coarctation hypertension, 751

stress testing

anesthesia and surgery

investigations, 621

Experimental hypertension, 103

vascular function, 102

Extracellular volume depletion, 434

Eye and hypertension, 303–310

data reported, 325–326

global nature, 326

papilloedema, 306

pathophysiology, 304

WHO, 307

Family Blood Pressure Program (FBPP), 58

Fats, 170–172

direction of blood pressure effect, 170

Fenoldopam

action mechanism, 535

adverse effects, 535

clinical uses, 535

pharmacology, 535

for uncontrolled severe hypertension, 660

Fetal distress

and hypertension, 678

Fiber, 175–176

direction of blood pressure effect, 170

Fibrinolysis, 113

Fibrinolytic system

purpose, 151

Flow-mediated vasodilation, 104

Fludrocortisone

OH pharmacological therapy, 608

Fluid retention, 387

Fractional blood pressure

lumen diameter, 89

Frame Grabber processing, 294

Framingham Heart Study, 34, 35, 38, 272

Framingham Offspring Study, 199

Freis, Edward, 6

Fruits and vegetables diet, 179

Fundamental frequency, 287

Fundoscopy

hypertensive retinopathy

blood pressure control, 305

macroaneurysm, 309

Gender, 31

drug choice, 409

hypertension treatment, 322

General anesthesia, 623

Genetics, 47–71

evidence, 48–49

future, 60–61

nature, 49

Genome-wide screens

blood pressure genes, 58–59

Geo-matrix extended release capsules

calcium antagonists, 522

Gestational hypertension

and pregnancy, 674

Global arterial stiffness

area method, 294

compliance parameters, 296

Decay-time method, 294

distensibility parameters, 296–297

effective arterial elastance, 295

lumped parameter models, 294

measurement, 294–295

pulse pressure, 294–295

with risk factors, 295–297

stroke volume to pulse pressure ratio, 294

Glomerular filtration, 130

Glomerulonephritis, 259

Glucocorticoid-remediable aldosteronism

(GRA), 53, 737

Glucose

antihypertensive drug regimen, 369

Glycemic control

for diabetic nephropathy, 719

Gordon’s syndrome, 51

G-protein beta 3 subunit, 56–57

Growth index, 87

Guyton’s model, 76

Headache, 231

Health and Religion Project (HARP), 198,

199

Health related quality of life (HRQoL)

assessment, 344

Heart, 232–241

failure

alpha blockers, 470

antihypertensive drug, 370

rate

pulse pressure, 290

structure and function, 241–246

valvular function, 230–231, 241–242

Heart Attack Primary Prevention in

Hypertensives (HAPPHY),

454–457

Heart Outcomes Prevention Evaluation

(HOPE), 9, 117, 149, 272,

275, 486

Height

pulse pressure, 290

Hemodynamic stimuli, 90

Heritability, 48

High Blood Pressure Detection and

Follow-up Program (HDFP), 7

High-fat diet, 32

High-risk hypertensive patients

ACE inhibitors

cost-effectiveness, 337

chronic kidney disease, 337–339

diabetes, 336–338

Hispanics, 29

Home blood pressure

normality, 20

Home measurements, 212–213

Honolulu-Asia Aging Study (HAAS), 278

Hormone replacement therapy (HRT),

793–797, 795–796

Hormones

hypertension, 121–138

Humoral factors

remodeling, 89–90

Hydralazine (Apresoline), 532–535

action mechanisms, 532

for acute treatment of hypertension, 625

adverse effects, 533

clinical uses, 533–534

pharmacodynamics, 533

pharmacokinetics, 533

for uncontrolled severe hypertension, 660
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Hydrochlorothiazide (HCTZ), 526

Hydroxysteroiddehydrogenase

deficiency, 737

Hyperadrenergic OH, 603

Hyperaldosteronism, 580

algorithm, 736

Hyperglycemia

metabolic abnormalities, 437

Hyperinsulinemia, 93

Hyperkalemia, 434–435

ACE inhibitors, 487

Hyperlipidemia

metabolic abnormalities, 437

Hyperparathyroidism, 743

Hypertensinogenic factors

interactions, 164

Hypertension. see also specific type

acute treatment, 624–625

additive effects, 20

anesthetic management, 616

asymptomatic, 353

awareness, 25–27, 316

blood pressure control, 319

blood pressure measurement, 318

cardiovascular disease, 319
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geographic differences, 318

healthcare, 318

patient care, 318

rates, 317, 318

burden and disease, 33–38
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cardiovascular risk, 34–35

classification, 17–21
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control, 315–326, 323–325

associated factors, 324

health behaviors, 325

healthcare, 325
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lifestyle modification, 324, 325
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pharmacological treatment, 324

rates, 323
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cost-effectiveness calculations,
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drugs interactions, 377–378

drug therapy, 376

medication adherence, 377–378
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defined, 15–21
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diabetes mellitus, 369
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diagnosis, 209–225

diet, 392–393

drug therapy, 378
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global burden, 316–317

global cardiovascular risk profile, 20–21
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hormones, 121–138

incidence, 24
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treatment, 264–265

management, 578
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and cardiometabolic syndrome,
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individualized principles, 405–416
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lifestyle modifications, 361

nurse practitioner role, 588
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team approach, 589

measuring techniques, 210–225

medication treatment

control among, 323

monogenic forms, 51

morbidity, 38

mortality, 38
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new mechanisms, 10
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nondrug therapy

lifestyle modifications, 383–398

ophthalmic assessment, 218–219
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patient management, 406

peptides, 121–138
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drug regimens, 366
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risk factors
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