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Why do we need another textbook of hypertension?
Can a single textbook capture the explosion of knowl-
edge in hypertension research and related areas such as
vascular biology, genetics, physiology, molecular biology,
nephrology, and cardiology? These are reasonable
questions, especially when one considers the large number
of hypertension textbooks and journals that are already
available. Obviously, no single textbook or journal can
adequately cover all of these advances. However, there
have been few attempts to integrate the basic, clinic, and
population science of hypertension research and treat-
ment in a single textbook that can be used by scientists
and practicing clinicians. Our goal for Comprehensive
Hypertension was therefore to assemble the collective
knowledge of leading hypertension experts into a
comprehensive but readable synopsis of the field.

Comprehensive Hypertension is divided into four
major sections: I. Epidemiology; II. Pathophysiology;
MI. Clinical Approaches; IV. Pharmacologic and Nonphar-
macologic Interventions and Treatment Guidelines.
Extensive color has been used throughout the book not
just for the purpose of making the book attractive, but
primarily to better illustrate key points in the figures.
Each section is also color coded for quick reference. The
section editors and contributors are internationally
recognized experts who were selected to provide a
comprehensive, but not encyclopedic, perspective of the
science of hypertension and its everyday application to
treatment of the patient.

The book is intended to be a useful reference for
clinicians who provide care for hypertensive patients,
for basic and clinical scientists who study the physiology
of blood pressure regulation and the pathophysiology of
hypertension, and for population scientists concerned
with hypertension and related disorders. The book will
also be a useful reference for other health care
professionals.

In many ways, the field of hypertension research is a
great success story. There is a wealth of new information
on epidemiology, pathophysiology, and clinical trials.
There are also many drugs available that can be used to
effectively treat hypertension. However, over one billion
people worldwide have higher than optimal blood pressure
warranting some form of treatment. Hypertension
continues to be the number one attributable risk factor
for death throughout the world although lowering of
blood pressure has been clearly shown to reduce stroke,
myocardial infarction, heart failure, and kidney disease.
Unfortunately, high blood pressure is often not treated
as aggressively as many other conditions that have far
less impact on human health. Only a small fraction
(usually less than 30 percent) of hypertensive patients
are adequately treated, even in countries where major
professional and public education efforts have been
made to convey the importance of effective treatment.
This means that there is still much work to do, not only
in understanding the etiology and pathophysiology of
hypertension but also in communicating and imple-
menting what we already know to more effective
treatment of patients.

We hope that you find our attempts to synthesize this
information in a readable but comprehensive textbook is
useful, and we invite you to provide feedback on our
efforts. We sincerely thank our section editors and
contributing authors who have worked hard to make our
job as senior editors much easier. We are also grateful to
our colleagues at Elsevier, Natasha Andjelkovic (Executive
Publisher), Ann Ruzycka Anderson (Senior Developmental
Editor), and Bryan Hayward (Production Manager), for
facilitating the transition from concept to reality through
their editorial and production excellence.

Gregory Y. H. Lip, Birmingham, UK
John E. Hall, Jackson, Mississippi, USA
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A Short History of the Study

SECTION 1 EPIDEMIOLOGY
Chapter
of Hypertension
D. Gareth Beevers and |J. lan S. Robertson
Key Findings

m This introductory chapter covers the history of research
into hypertension. Particular attention is given to the
measurement of blood pressure, the renin-angiotensin-
aldosterone system, and drug trials for the treatment of
hypertension.

m We discuss the principal achievements and certain
methodological issues, as well as current gaps in our
knowledge of the nature of hypertension and its
treatment.

m We accept that there are many areas for debate and
that some experts may not share our views on various
aspects of the history of research into hypertension.

Awareness of the existence of hypertension—raised arterial
pressure—as a physiologic or pathophysiologic entity has
a long history, stretching back to antiquity. Appreciation
of the causes, consequences, and benefits from correcting
hypertension became progressively clearer, particularly in
the second half of the 20th century, as the topic became the
increasing focus of epidemiologic, physiologic, and clinical
research. An extensive survey of the concepts and achieve-
ments in hypertension research in the 20th century was
published in 2004; many of the chapters were written by
persons who had participated.!

This chapter will briefly outline that history, delineating
the pathophysiologic, clinical, and therapeutic relevance
of the topic. As far as possible, we propose to economize
on references by quoting books and review articles to which
the reader is directed for more detailed information.

EARLY HISTORY

Probably the first recorded observations on hypertension
were made some 4000 years ago by the Chinese Yellow
Emperor, Huang Ti,> who noted an association between
kidney disease and heart disease, described aphasic
apoplexy, and regarded an excessive dietary salt intake as
hazardous.

If too much salt is used in food, the pulse hardens....
When the heart pulse beats vigorously and the strokes are
markedly prolonged, the corresponding illness makes
the tongue curl up and the patient unable to speak.

A relationship between the quality of the pulse and
development of afflictions of the heart and brain was noted

by physicians of Thebes in ancient Egypt in the Ebers
Papyrus of 1500 BCE, and later in India in the Caraka Sambhita
of around 150 BcE.>* The early Arabic texts of Masawah,
and of the physician Abu Ali al-Hussain ibn Abdulla ibn
Sina, usually known as Avicenna (980-1037 CE), also drew
attention to abnormalities of the pulse in disease.’

CIRCULATION OF THE BLOOD

The significance of many early observations could not,
however, be properly appreciated before William Harvey’s
description in 1628 of the circulation of the blood. In his
great work Exercitatio Anatomica du Motu Cordis et
Sanguini in Animabilus, he correctly set out the concept
of blood flowing out from the heart via the arteries, through
the periphery, and then returning by way of the veins.
Harvey noted that blood went from the heart through the
lungs and then back to the heart; however, he was not able
to show how blood passed from the arterial to the venous
system at the periphery, because no connections were visible
to the naked eye. Nevertheless, Harvey rightly supposed
that such links existed, but must be too minute to be seen.
The Italian Malpighi did observe such capillary vessels,
using a microscope, shortly after Harvey’s death.®’

EARLY CLINICAL STUDIES: BRIGHT
AND MAHOMED

During the 19th century, two physicians working at Guy’s
Hospital in London made crucial advances toward under-
standing clinical hypertension.®® In 1836 Richard Bright
published an account of a hundred patients with overt renal
disease, or proteinuria. Just over half of them had large
hearts at postmortem examination. He proposed that this
cardiac enlargement must be a consequence of an altered
quality of the blood or of a raised circulatory pressure.
Some 40 years later, Frederick Henry Horatio Akhbar
Mahomed, a British physician whose grandfather had
migrated from India,'® worked at the same hospital. Perhaps
Mahomed’s most important contribution was recognizing
in 1874 patients with large-volume pulses who showed no
evidence of kidney disease. Mahomed called this condi-
tion “chronic Bright’s disease without albuminuria,” which
would now almost certainly be termed essential hyper-
tension. Mahomed went on to note an association between
raised arterial pressure and heart attack, stroke, epistaxis,
gout, and excessive alcohol consumption, all aspects that
remain of considerable epidemiologic interest. Yet another
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of Mahomed’s accomplishments was in improving the
sphygmograph, an instrument for the clinical assessment
of arterial pressure, as shall shortly be recounted.”

BLOOD PRESSURE MEASUREMENT

Crucial to the progress of physiologic and clinical studies
on blood pressure was the availability of means for its
measurement, and especially its noninvasive measurement.
Such methods were developed progressively during the
18th, 19th, and 20th centuries.”'!

The first direct measurement of arterial blood pressure
was made in 1732 by the Anglican clergyman and distin-
guished scientist, Stephen Hales, who had a horse tied
down to a gate, inserted a brass cannula into its crural artery,
and observed that the blood rose up a glass tube to a height
of 8 feet 3 inches.?

Poiseuille in 1783 adapted from Hales’s intra-arterial
tube a device that he called a hemodynamometer, comprising
a U-shaped tube connected to a shorter tube; the latter
could be introduced intra-arterially. The U-tube contained
mercury that was separated from the blood by another
liquid. By this means Poiseuille could observe arterial
pulsation and quantify its pressure.

This approach was elaborated by Hérisson and Gernier,
who, instead of inserting a needle or tube into a blood vessel,
employed a tightly stretched rubber membrane over the
artery. This so-called sphygmograph went on to be refined
by Winternitz, Keith, and Ozanam. In 1847, Ludwig had a
bird’s feather mounted on a float on the mercury surface
of the U-tube, and, with the aid of a rotating cylinder
carrying smoked paper, was able to record the oscillation
of the pulse.

Among several persons who elaborated and modified
these procedures was Marey who, in 1860, devised a sphyg-
mograph capable, noninvasively, of transmitting arterial
pulsatile variations on to a writing cylinder. The sphyg-
mograph was further improved by Mahomed, who went
on to employ the apparatus clinically, and, among other
observations, to detect an increase in arterial pressure in
patients with scarlet fever and renal damage.

Further crucial advances toward the construction of
genuinely robust and reliable devices for the clinical assess-
ment of blood pressure were made by von Bash, Potain,
and Mosso.

Then, in two articles published in 1896 and 1897, the
Italian Scipione Riva-Rocci described his mercury sphyg-
momanometer and its method of use.This, with an inflatable
cuff for arterial compression was, in essence, the principal
apparatus subsequently employed for blood pressure
measurement throughout the 20th century, and remains
in use to this day. Most impressive are the detailed instruc-
tions provided by Riva-Rocci for the maintenance and
calibration of the sphygmomanometer, and his emphasis
that measurements must be made under favorable resting
conditions for the patient. The American neurosurgeon,
Harvey Cushing visited Riva-Rocci, and was sufficiently
impressed as to order sphygmomanometers to be employed
at Johns Hopkins Hospital in Baltimore for the routine
measurement of blood pressure in his patients.

Initially only systolic pressure was measurable sphygmo-
manometrically, taking this as the height of the mercury
column at the point of first appearance of the radial pulse
distally when the cuff was deflated. Then, in 1905, the Russian
army surgeon Nicolai Sergeivich Korotkoff described the
results of auscultation over the brachial artery as the cuff
on the upper arm was deflated.® The pressure at which
sounds first were heard has come to be called Korotkoff
phase 1, the pressure at sudden muffling of sounds as phase
4, and the point of cessation of sounds as phase 5. Phases
1 and 5 are currently taken as indicating respectively systolic
and diastolic arterial pressure, although at one time phase
4 was held by some to denote the diastolic reading.

Such auscultatory blood pressure measurements involved
judgment by the observer, and hence could be biased,
occasionally compromising epidemiologic studies. Reported
values in millimeters of mercury consistently revealed a
preference for numbers ending in zero or five. Several
devices, including the London School of Hygiene Sphyg-
momanometer (the Rose Box) and the Hawkesley Random
Zero Sphygmomanometer (the Garrow Muddler), were
introduced in order to circumvent this problem. With the
Rose Box, the observer noted the Korotkoff phases without
having a simultaneous view of the mercury column. The
Garrow Muddler was designed so that after the blood
pressure reading had been obtained, the mercury column
settled to a random number between zero and 60 mmHg.
This number was then subtracted from the reading obtained
by the clinician to obtain the true blood pressure.

The late 20th century saw the introduction of ambu-
latory blood-pressure monitoring over 24 hours. Such
methods are of only minor inconvenience to the subject,
who can continue with normal activities, and hence they
provide a wealth of physiologic and pathophysiologic infor-
mation. These approaches also amply confirmed the cautions
of Stephen Hales and Riva-Rocci that extraneous stimuli
and physical activity could greatly affect the arterial
pressure. They also confirmed that a considerable number
of patients who had been labeled as hypertensive did in
fact have much lower or even normal blood pressures
when away from the clinical setting.”!

By the beginning of the 21st century, the mercury
sphygmomanometer was becoming progressively super-
seded by automatic and semiautomatic blood-pressure
measuring systems based on oscillometry rather than the
auscultatory principles of Korotkoff. These manometers
have the advantage that they abolish one source of inaccuracy,
namely observer error and bias. There is also increasing
concern about the possible toxicity of organic mercury salts.

BLOOD PRESSURE IN POPULATIONS:
THE PLATT-PICKERING DEBATE

The ready availability of the mercury sphygmomanometer
permitted the survey of blood pressure values across
populations, and engendered a crucial and lengthy debate
between two prominent English physicians, Robert Platt
and George Pickering, in the 1950s and 1960s.%1213

Platt contended that essential hypertension is an
inherited tendency to develop high blood pressure in mid-



life. In his view this was reflected in a discrete subgroup
of subjects wherein hypertension caused serious morbidity.
Such patients were, he thought, to be contrasted with
another larger population in which the blood pressure
rises little if at all with increasing years. Platt hence
asserted that

the frequency distribution of blood pressure in middle
age would show a bimodal peak with one peak at a
so-called normal level of blood pressure and another
peak representing the hypertensive members of the
population.

Pickering’s very different concept was that essential
hypertension represents a quantitative deviation from the
norm, a notion requiring that the distribution of blood
pressures within populations be continuous, any differences
being quantitative rather than qualitative. This idea was
not original; Lord Dawson of Penn had stated in 1925
that “hyperpiesia [hypertension] is not a condition with a
defined territory; it has no threshold.”** (Dawson was
personal physician to King George V. Not all were impressed
by Dawson’s skill. A scurrilous jingle ran: “Lord Dawson
of Penn has killed so many men; we all have to sing ‘God
save the King!” ””) However, Pickering forcefully developed
and promulgated the concept. Blood pressure values in
individuals should, according to Pickering, be seen as deter-
mined by numerous genetic and environmental influences.
Furthermore, adverse cardiovascular events were expected
simply to be proportional to the height of the arterial
pressure.

The immediate issues were eventually settled in Pickering’s
favor. Virtually all large population samples have demon-
strated a continuous, roughly bell-shaped curve of the
distribution of systolic and diastolic blood pressure, the curve
being slightly skewed toward the upper end. Hence, it is
now accepted that no clear-cut division, other than a quite
arbitrary one, can be made between normal blood pressure
and “hypertension.”

It follows that the distribution of cardiovascular risk,
although subject to a range of influences additional to the
height of arterial pressure, is also continuous, there being
no inferior point of cut-off at which risk ceases. At the
highest blood pressure values, there are small numbers of
persons at high risk. As lower, but still above-average blood
pressures are considered, there is a much larger popula-
tion in which, overall, the cardiovascular risks, although
distinct, are more modest. Further, individuals whose pres-
sures are average for their age are at greater cardiovascular
danger than those with values below average. Thus, in
general, hypertension is not a disease in the usual sense,
but rather an indicator of cardiovascular hazard. These
concepts, established only after extensive disputation and
no little acrimony, are obviously central to the implemen-
tation of antihypertensive drug therapy and preventive
medicine.

Geoffrey Rose developed from these ideas a “population
strategy” for preventive therapy, whereby he proposed
that a modest reduction in blood pressure and hence risk
in the population as a whole (including persons whose
pressures would be regarded as normal) might greatly

reduce the incidence of complications overall. By contrast,
directing treatment preferentially toward those with distinctly
high pressures would help only a minority.'> These concepts
had wide appeal. However, other researchers questioned
the scientific basis of Rose’s notions, and were especially
concerned that they were being promoted before being
tested.'*'® Remarkably, Tunstall-Pedoe et al.?® found that
between the mid-1980s and mid-1990s, blood pressure
fell in 38 different populations, at all levels of readings.
This could not, they reasoned, be a consequence of
antihypertensive treatment, which would have shown a
differential fall only at higher values; these observations
remain unexplained.

THE COMPLICATIONS OF HYPERTENSION

The association between raised blood pressure and lesions
of the heart, brain, and kidneys had been recognized in
the 19th century, notably by Bright and by Mahomed.®1°
The various complications of hypertension were increasingly
clarified in the 20th century, with arterial changes under-
stood as fundamental to those adverse consequences.?

Arterial changes

With hypertension, large- and medium-sized arteries (>1 mm
in diameter) become thickened, rigid, dilated, and tortuous.
Atheroma is prevalent. Smaller arteries evince thickening
of the media, intimal expansion, and narrowing of the
lumen. It is likely that the upward resetting of the pressure
limits in autoregulation of blood flow via various organs
that occurs in hypertension results at least in part from
such structural changes in small arteries. In the late 20th
century, arterial changes were particularly well studied in
the brain, where the phenomenon appears to hold true,
even though small cerebral arteries are poorly muscled
(Figure 1-1).
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Figure 1-1. Diagram showing the limits of autoregulation of
cerebral blood flow (CBF) in a normal person (continuous line)
and a patient with hypertension (dotted line). Cerebral blood
flow is held constant over wide limits of systemic arterial
pressure. If the systemic blood pressure exceeds the upper
limit of autoregulation the brain will be overperfused and
become edematous. If the pressure falls below the lower limit
of autoregulation, cerebral ischemia, and possible infarction
will result. (Redrawn from Kjeldsen SE, Julius S, Hedner T,
Hansson L. Stroke is more common than myocardial infarction
in hypertension: analysis based on 11 major randomized
intervention trials. Blood Press 2001;10:190-92.)
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Specific to small arteries in the brain are Charcot-Bouchard
aneurysms, first described by Charcot and Bouchard in
1868,2! which were then long neglected and rediscovered
by Russell in 1963.722 These small arteries are typically 0.2
to 1.0 mm in diameter and have attenuated walls; they
predispose to intracerebral hemorrhage in hypertension.

The most severe arterial lesions resulting from hyper-
tension occur during the malignant phase, and are the
outcome of very high arterial pressure, especially when
pressure has risen swiftly. The characteristic lesion of the
malignant phase is fibrinoid necrosis or (“plasmatic vascu-
losis”) of small arteries and arterioles, which disrupt as a
consequence of the very high blood pressure. An interesting
inconsistency emerged in the late 20th century. Malignant-
phase hypertension became rare in some countries, such
as Australia and Sweden, while remaining common in
Britain, notably in Glasgow and Birmingham.?* This curiosity
remains unexplained.

The heart

Patients with very severe hypertension can develop overt
hypertensive heart failure without concomitant myocardial
damage from coronary artery disease. In such instances,
this is often associated with left ventricular diastolic, rather
than systolic, dysfunction. While this complication is now
becoming infrequent, it remains a problem, particularly in
patients of African origin.**

Coronary artery atheroma is one of the most common
associations of hypertension that has been more thoroughly
studied in recent years with greater attention given to
mild blood pressure elevation and long-term cardiac func-
tional impairment with left ventricular systolic dysfunction.
In the lower ranges of hypertension, coronary arterial
disease is usually more prevalent than stroke or cardiac
failure. However, in recent trials,?® strokes have outnum-
bered heart attacks, possibly because patients at particularly
high risk participated in these studies.

The brain

Hypertension is a major cause of intracerebral hemor-
rhage, which accounts for 20% of all strokes. Many of
these catastrophes occur at the site of Charcot-Bouchard
microaneurysms of the small arteries deep within the
brain.?1:?2

Clinical stroke more often results from cerebral
infarction, for which hypertension is again a predisposing
factor. Atheromatous plaques can lead to progressive
occlusion of arteries or can be a source of emboli that
may be composed variously of atheromatous debris and
cholesterol crystals, or mixtures of fibrin, leucocytes, and
platelets.

A now very rare complication, acute hypertensive
encephalopathy, in which headache, confusion, coma, and
fits may occur, is almost always superimposed on malig-
nant phase hypertension. Hypertensive encephalopathy is
a consequence of the systemic arterial pressure exceeding
the upper limit of cerebral autoregulation (Figure 1-1),
with resulting overperfusion and cerebral edema. However,
in recent years the ready availability of high-resolution
computerized tomography and magnetic resonance

imaging has revealed brain infarctions in some patients
who would have been thought in earlier times to have
hypertensive encephalopathy.

The eye

Much interest in hypertension was focused on the eye
because the fundus oculi can be inspected directly by means
of the ophthalmoscope or retinal camera. The retinal arterial
consequences of mild hypertension comprise thickening,
irregularity, and tortuosity. Occasionally, emboli may be seen
traversing the retinal circulation. Central or segmental retinal
arterial or venous occlusions can accompany high blood
pressure and may readily be diagnosed ophthalmoscopically.

The onset of the malignant phase can be recognized by
the appearance of typically bilateral retinal exudates that
may be circumscribed (“hard”) or fluffy (“cotton wool
spots”) and hemorrhages. In the later stages, papilledema
and retinal edema may also appear.

The retinal features of hypertension were classified in
1939 by Keith et al.?® This system was for a time exten-
sively applied, but is today probably obsolete, in part
because it embraced the now discredited concept of
arterial spasm. Furthermore, examination of these
authors’ original data demonstrates that their grades III
and IV patients had broadly the same adverse prognosis,
which is quite different from patients with grades I and II
retinopathy. The changes classified as grades I and II are as
closely related to the patients’ age as to their blood
pressure. 728

The kidney

The kidney typically sustains most consequences of the
malignant phase, with extensive and progressive fibrinoid
necrosis of afferent glomerular arterioles, glomerular infarc-
tion, and consequent renal impairment. Hence, in untreated
malignant hypertension, provided the course is not termi-
nated abruptly by a catastrophic stroke or cardiac failure,
the patient will succumb to renal failure.

The decline of renal function with age is faster with raised
arterial pressure, and end-stage renal failure attributable
to hypertension became more prevalent in the last decades
of the 20th century.??2° Although some have questioned
whether nonmalignant essential (nonrenal) hypertension
is a major cause of renal failure,**? control of blood pressure
has been demonstrated in multiple studies to attenuate
progression of renal disease (see Chapter 49).

QUANTIFICATION OF RISK—SYSTOLIC
AND DIASTOLIC PRESSURE
AND COMPOUNDING RISK

It is remarkable that the harmful effects of hypertension
were perceived by Bright and Mahomed,>!? as well as by
Huchard in 1889, before accurate measurements of arterial
pressure were achieved. Then, with the introduction of
Riva-Rocci’s sphygmomanometer, initially only systolic
pressure could be assessed. Even after Korotkoff had shown
how diastolic might be measured, interest focused on
the systolic pressure, and that predilection continued into
the 1930s.



The quantitative relationship between arterial pres-
sure and mortality from cardiovascular or renal disease
was, from the 1930s onward, consistently shown in data
from life insurance companies.>* That correlation existed
for both systolic and diastolic pressures with, for a
given pressure level, men being more vulnerable than
women.®

For a time there was a change of emphasis, and diastolic
pressure increasingly came to be regarded as pathogenically
the more important, especially in the causation of malignant
hypertension. The temporary trend for regarding diastolic
pressure as being of greater influence was intriguingly
shown in some of Pickering’s writings. In the 1968 edition
of High Blood Pressure, Pickering quoted, and considered
at length, insurance company data showing the correlation
of risk with both systolic and diastolic pressures.?” Yet, in
discussing the disproportionate elevation of systolic relative
to diastolic pressure commonly found in elderly subjects,
he stated:

One might suspect that such patients ... would be more
prone to develop cardiovascular accidents ... but I know
of no evidence bearing on the question.... [T]his form
of hypertension will not be further considered in this
book.

Subsequently, prospective epidemiologic studies, most
notably the Framingham survey initiated in 1949,% clearly
underlined once more the pathogenic importance of systolic,
as well as of diastolic, pressure. Predominant (often termed
“isolated”) systolic hypertension clearly denoted hazard.
In 2001, a more detailed paper from the Framingham Heart
Study reported that after the age of ~40 years, systolic
pressure and pulse pressure are more powerful predictions
of cardiovascular risk than is diastolic.>® Almost all long-
term population studies now confirm that systolic blood
pressure is more predictive than diastolic, although there
remains some uncertainty about the prognostic role of
diastolic blood pressure in young people who, by virtue of
their age, are at low short-term risk.

Surveys such as that from Framingham further empha-
sized the compounding of cardiovascular and renal
dangers of raised blood pressure by additional risk
factors. These influences are now seen to include male
gender, age, raised serum cholesterol and low density
lipoprotein cholesterol, diabetes mellitus and impaired
glucose tolerance, cigarette smoking, cold weather, and
lower social class. The prevalence of complications is also
modified by race/ethnicity and geographical location.
More complex or controversial factors include body weight,
serum uric acid, circulating levels of renin, angiotensin II
and aldosterone, and the consumption of alcohol and
Salt'20,37—53

More recently, Reaven has hypothesized that many of
the common cardiovascular risk factors (notably, hyper-
tension, diabetes and impaired glucose tolerance, obesity,
and hyperlipidemia), may share a common etiology and
outlook mediated by insulin resistance in the so-called
“metabolic syndrome.” These risk factors cluster and indi-
viduals with two or more have a greatly increased risk of
cardiovascular disease.®

SECONDARY HYPERTENSION

Secondary hypertension is defined as raised blood pressure
resulting from a recognizable and often potentially
correctable cause, and is thus to be distinguished from the
much more prevalent primary (“essential””) hypertension.
In unselected populations of hypertensive subjects, no
more than 1% to 5% of cases are secondary, although a
much higher proportion of a given disease may be seen in
centers having a particular interest in that condition.?*4-%¢

The principal forms of secondary hypertension are listed
in Box 1-1. They are evidently numerous and diverse.
These various conditions were identified at irregular intervals
throughout the 20th century and additions continue to be
made.

Despite their comparative rarity, secondary forms of
hypertension have attracted much interest. First, many
such syndromes, particularly the rare monogenic forms of
hypertension, are readily responsive to correction of the
underlying cause. Second, a study of the mechanisms
whereby the blood pressure is raised in these disorders
facilitates insights into the pathophysiology of essential
hypertension; this is a compelling impetus for the study of
even very rare forms of secondary hypertension, many of
which involve primary excess reabsorption of sodium by
the renal tubules.

Box 1-1

Secondary Forms of Hypertension

Renal or renovascular diseases
Unilateral
Bilateral
Angiotensinogen-producing tumor
Mineralocorticoid-induced hypertension
Aldosterone excess: Conn’s syndrome and related
disorders
Carcinoma-secreting corticosterone or
deoxycorticosterone
Apparent idiopathic deoxycorticosterone excess
11B-OHSD deficiency
17o0-hydroxylase deficiency
11B-hydroxylase deficiency
Pheochromocytoma and related disorders
Intracranial tumor
Guillain-Barré neuropathy
Acromegaly
Cushing’s syndrome
Thyroid disease
Hypothyroidism
Thyrotoxicosis
Liddle’s syndrome
Gordon’s syndrome
Endothelin-secreting tumor
Porphyria and hypertension
Hormonal contraceptive use
Drug-induced hypertension: various
Coarctation of the aorta
Pregnancy-induced hypertension

From Robertson IS, ed. Clinical Aspects of Secondary Hypertension.
Vol. 2, Handbook of Hypertension. Birkenhager WH, Reid JL, eds., 1983;2.
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Two interesting aspects of secondary hypertension were
noted by Pickering in 1955.%” The first of these was that
virtually every such condition can enter the malignant
phase, and that such transition was more likely with a rapid
rise of blood pressure. The concept can now be broadened,
because it is seen to apply not only to the malignant phase
but also to all of the vascular complications of hyperten-
sion, including cardiac hypertrophy, with the proviso that
with aortic coarctation the renal vasculature is protected.
Such indiscriminate effects of high blood pressure are
modified by concomitant pathophysiology in various syn-
dromes. Thus, considerable evidence has suggested that
elevation of angiotensin II can have especially adverse
effects on the heart, arteries, and kidney.>” A further proposal
is that aldosterone can induce myocardial extracellular
matrix and collagen deposition, although not all studies
have supported the notion.?** An excess of circulating
catecholamines, as with pheochromocytoma, can cause focal
myocardial lesions. In Cushing’s syndrome, increased cortisol
may promote myocardial hypertrophy independently of
blood pressure.

The second of Pickering’s 1955 observations*” was that
blood pressure may remain raised in a proportion of cases
of secondary hypertension even after the primary cause
has been removed or corrected, although the pressure may
be more readily controlled with drugs. Such persistent
hypertension is probably largely a consequence of
hypertension-induced changes, including structural thick-
ening of the walls of resistance arteries, and especially to
alterations of the arteries of the kidney. Renal functional
impairment has been consistently noted as presaging a
less satisfactory fall in blood pressure after correction of
the causal abnormality.

PRIMARY (“ESSENTIAL”) HYPERTENSION:
SEARCH FOR A CAUSE

Appreciation of the remarkable array of disorders that can
cause secondary hypertension provided ongoing stimuli
and encouragement for investigatingthe pathogenesis of
primary, or essential, hypertension. Insights gained therein
should obviously facilitate appropriate preventive or thera-
peutic measures. Geoffrey Rose, however, pointed out
that “ever popular terms like idiopathic and essential are
actually nonsensical as all diseases must have a cause.””’

The mind and the sympathetic nervous
system

This is an enormous field, which can be only briefly dealt
with here. The topic was adumbrated some 2500 years
ago by Hippocrates, who clearly perceived a link between
mental and physical well-being.%-%° Almost certainly most
laypersons would accept a connection between mental
“stress” (“stress” being notoriously difficult to define) and
raised blood pressure; by 1931 Hay had embraced the
concept medically.3*

In the mid-19th century, Claude Bernard, Brown-Séquard,
and Waller, among others, had shown that the sympathetic
nervous system was regulated by centers in the brain, and
that stimulation of the sympathetic nerves caused vaso-

constriction. Von Euler in 1946 established that the sym-
pathetic neurotransmitter is noradrenaline (norepinephrine).

Experimental studies in animals by Hess in the 1930s
and 1940s demonstrated how emotional and instinctive
behavior could be reproduced by exciting discrete groups
of neurons. Over the next two decades, Folkow and his
colleagues, and subsequently Zanchetti and others,
developed these ideas and established that the so-called
“defense reaction” would neurogenically induce increases
in heart rate and cardiac output; in blood flow through
skeletal muscle, heart, and brain at the expense of flow
via abdominal organs and skin; and often substantial rises
in arterial blood pressure. Folkow went on to link these
phenomena with the development of structural changes
in resistance arteries, which then reinforced hypertension.

In the 1950s and 1960s, Brod and coworkers showed
the pressor effect of forced mental arithmetic. Conversely,
Timio and colleagues found that nuns living in seclusion had
distinctly lower blood pressure than did control groups of
women exposed to the stimuli of urban life but consuming
a broadly similar diet.

In the later 20th century, Julius, Esler, and others pro-
ceeded to define a syndrome of borderline or mild established
essential hypertension in young men and women with
sympathetic nervous overactivity, including raised heart
rate and cardiac output, with elevated plasma renin. All of
these matters are discussed in detail in two recent reviews
by Folkow®® and by Esler.®!

Adrenal medulla: Adrenaline
(epinephrine)

The circulatory effects of intravenous administration of
adrenaline (epinephrine) are tachycardia, an increase in
systolic blood pressure, and a fall in diastolic blood pressure.
These are not features of essential hypertension, leading
Pickering to declare in 1955%:

I have never had much doubt that adrenaline is not the
agent concerned in producing essential hypertension,
since its effects on the circulation are so different from
the pattern found in essential hypertension.

However, ideas concerning the sympathetic nervous system
mentioned above might link adrenaline with essential
hypertension in a more subtle fashion. In 1976 the Glasgow
group®? hypothesized that, because essential hypertension
in its early stages can show features of sympathetic nervous
system overactivity, the condition may be an exaggeration
of the tendency for blood pressure to rise with age. Small
increases in pressure resulting from such sympathetic over-
activity could cause renal changes, which then maintain
the rise in pressure and become the basis of further eleva-
tion. According to this group, with more marked hyperten-
sion later, the sympathetic element would diminish, but
renal vascular resistance would rise.

These concepts were developed further by Brown and
MacQuin in 1981,% who suggested that a primary abnor-
mality in essential hypertension could be intermittent
enhanced release of adrenaline from the adrenal medulla,
perhaps as a feature of anxiety and the “defense reaction.”
Uptake of such episodically excessive circulating adrenaline



could then raise blood pressure by facilitating, via presy-
naptic beta-receptors, noradrenaline release. A substantial
body of evidence, reviewed in detail by Nicholls and
Richards,** has broadly supported these notions.

Adrenal cortex

The review by Nicholls and Richards® further concluded
that although adrenal cortical hormones might serve to
support blood pressure elevation, current evidence is against
their having an initiating role in essential hypertension.
Certain aspects do, however, merit brief mention here.

Impaired activity of the enzyme 11 beta-hydroxysteroid
dehydrogenase-2 (11 B-OHSDH-2) within the kidney limits
the normal conversion of cortisol to cortisone, such that
intrarenal cortisol gains access to renal mineralocorticoid
receptors, and thereby induces mineralocorticoid hyper-
tension. Stewart et al.®® reported such a case in 1988. This
is, of course, overt secondary hypertension. However, the
possibility has been raised that milder degrees of such 11
B-OHSDH-2 deficiency within the kidney, or perhaps
restricted to vascular smooth muscle, could be responsible
for some cases of apparent essential hypertension. Alter-
natively, a placental deficiency of 11 B-OHSDH could
expose the fetus to excessive cortisol, leading to low birth
weight and later essential hypertension. These ideas remain
to be further explored.

In the early 1960s evidence emerged of a sodium trans-
port inhibitor capable of raising arterial pressure. Later
reports indicated the existence of endogenous digitalis-
like substances which could inhibit the sodium pump,
Na-K-ATPase, and hence stimulate a rise in intracellular
sodium and calcium leading to arteriolar constriction.
Hamlyn et al.®® subsequently found evidence that this was
possibly a single steroid, ouabain or a closely related isomer,
secreted by the adrenal cortex. The validity of these pro-
posals has since, however, been widely questioned,
although not refuted.

Aldosterone, the most powerful mineralocorticoid
steroid secreted by the adrenal cortex, has interesting and
important connotations in essential hypertension. As was

indicated in Box 1-1, aldosterone-secreting adenoma (Conn’s
syndrome) is one among many forms of secondary hyper-
tension, wherein autonomous secretion of an excess of
aldosterone by the tumor leads to raised arterial pressure
with suppression of the renin-angiotensin system, which
is normally a physiologic regulator of aldosterone secretion.
Then, in the 1960s and 1970s, it became apparent that a
number of hypertensive subjects who did not harbor an
adrenocortical adenoma also showed raised aldosterone
with low plasma renin levels. This condition was variously
termed “idiopathic aldosterone excess,” “nontumorous
aldosteronism,” or “pseudoprimary aldosteronism.” In these
cases, specific adrenocortical pathology was absent, although
nodular changes, or widening, of the zona glomerulosa
could sometimes be found, as in essential hypertension.
Several groups in the 1970s went on to demonstrate that
the aldosterone response to infused angiotensin II
became enhanced in essential hypertension. As plasma
renin tends to fall with advancing age in essential
hypertension, it can readily be seen how such cases might
be confused with genuine examples of an aldosterone-
secreting tumor.

Indeed, in contrast to patients with aldosterone-secreting
adenoma—where plasma angiotensin II and aldosterone
are significantly correlated inversely (Figure 1-2A)—in
subjects with “idiopathic” aldosterone excess, angiotensin
IT and aldosterone are positively correlated (Figure 1-2B).
Therefore, in the latter aldosterone remains under the
physiologic control of the renin-angiotensin system, and
these are certainly not instances of “primary” aldosteronism.

Consequently, in 1979 researchers proposed that essential
hypertension and so-called nontumorous or “idiopathic”
hyperaldosteronism are a continuum of the same condi-
tion,*”® and this has been repeatedly confirmed in statistical
biochemical evaluations.®”° Of course, many of these patients,
like those with aldosterone-secreting tumors, respond well
to potassium-conserving agents such as spironolactone or
amiloride.

Despite repeated admonitions, several groups’*~* continue
to describe what is presumably essential hypertension
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with modestly raised aldosterone, low renin levels, and
raised aldosterone/renin ratios but no adrenal tumor, as
“primary aldosteronism,” and some refer to an “epidemic”
of the condition.”’® Both tendencies have been roundly
attacked by Norman Kaplan.”!

The kidney and sodium intake

As may be evident from the previous discussion, from the
very first glimpses of hypertension in the studies by Bright,’
the kidney was repeatedly suspected as having a central
role in the pathogenesis of hypertension. Others whose
work requires mention”’ in this historical account include
Franz Volhard, who with Fahr in 1914, provided a detailed
description of the renal pathology in Bright’s disease;
Goldblatt and colleagues, who demonstrated in 1934 that
sustained experimental hypertension could be produced
by renal artery constriction; and Van Slyke, Homer Smith,
and others, who refined the measurement of overall renal
function. Then Borst in the Netherlands and Guyton in the
United States provided evidence that body salt overload
could be involved in raising arterial pressure.

These observations were reinforced by studies of
secondary hypertension. Elevated blood pressure in end-
stage renal failure was seen to be accompanied by sodium
and water retention, and could be alleviated by removal
of salt and water at dialysis.”® With aldosterone-secreting
adrenocortical adenoma and consequent aldosterone
excess, body sodium content was shown to be increased and
the extent of such increase to be closely correlated with
hypertension severity. Treatment, either by administration
of a potassium-conserving diuretic such as spironolactone
or amiloride, or definitively by excision of the tumor, caused
blood pressure to fall in proportion to the reduction of
body sodium” (Figure 1-3).

It can readily be appreciated how these various obser-
vations could be linked with proposals made by the Glasgow
group,® Brown and MacQuin,* and Esler and colleagues,
that renal lesions caused by sympathetic nervous system
overdrive, possibly involving noradrenaline, adrenaline,

and the renin-angiotensin system, could lead to sustained
and progressive blood pressure elevation, and hence be
involved in the pathogenesis of essential hypertension. In
2002 Johnson et al.?’ elaborated the notion of subtle
acquired renal injury as a mechanism of salt sensitivity in
hypertension.

Findings pertinent to a different form of secondary hyper-
tension resulting from unilateral renal artery stenosis in
which stimulation of the renin—angiotensin system is funda-
mental to pathogenesis, demonstrated that this form is a
syndrome characterized by depletion of body sodium content.
Severity of such sodium depletion increases the higher
the arterial pressure.®!

In two large series of patients with untreated essential
hypertension during the 1980s, subjects aged less than
40 years had body sodium content that was significantly
subnormal, whereas patients aged over 50 had expanded
body sodium (Figure 1-4). Independently of age, a signifi-
cant positive correlation between body sodium content and
the level of arterial pressure was reported. In accordance
with the findings and concepts mentioned previously,
researchers proposed that (1) many young patients with
essential hypertension have sodium depletion, perhaps
resulting from a natriuretic effect of hypertension caused
by a mechanism independent of sodium retention; and
(2) in older patients, body sodium content is expanded,
possibly as a consequence of hypertension-induced renal
changes and/or aldosterone excess.

Meanwhile, various trials had shown modest but distinct
declines in blood pressure with dietary sodium restriction.
It was emphasized that moderate sodium limitation lasting
at least 1 month was most effective; short-term extreme salt
deprivation, possibly in part by activating the renin-angiotensin
system, could be less impressive. Moreover, the extent of
such blood pressure reduction tended to be greater with
age; dietary salt restriction was comparatively less effective
in young hypertensive subjects. The results of five relevant
meta-analyses®*® are shown in Table 1-1. The analysis by
He and MacGregor®® is especially relevant, in that only
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Figure 1-4. Exchangeable sodium (NaE) expressed as
percentage normal in terms of body surface area in
men. Young hypertensive subjects (aged <35 years)
show significantly subnormal body sodium content as
compared with young normal subjects. Older hypertensive
subjects (aged >50 years) have expanded body
sodium. (Data from Johnson R|, Herrera-Acosta |,
Schreiner GF, et al. Subtle acquired renal injury as a
mechanism of salt-sensitive hypertension. N Engl | Med
2002;346:913-23.)

MEAN REDUCTIONS (MMHG) IN BLOOD PRESSURE
(SYSTOLIC/DIASTOLIC) IN FIVE META-ANALYSES OF DIETARY

SALT RESTRICTION

Overall
Grobbee and Hofman (81) 3.6/1.98

Hypertensive Normotensive
Midgley et al. (82) 3.7/0.9 1.0/0.1
Graudal et al. (84) 3.9/1.9 1.2/0.26
Cutler et al. (83) 4.8/2.5 1.9/1.1
He and MacGregor (85) 4.2/2.4 1.6/0.6

Note: Grobbee and Hofman provided overall figures only; the others
analyzed separately those subjects considered initially to be
hypertensive or normotensive.

Reprinted by permission from Macmillan Publishers Ltd: from Beevers
DG. Salt and cardiovascular disease: not just hypertension. | Hum
Hypertens 2001;15:749-50.

Table 1-1. Mean Reductions (mmHg) in Blood Pressure
(Systolic/Diastolic) in Five Meta-Analyses of Dietary Salt Restriction

studies of moderate salt restriction lasting for at least
1 month were included.

At this juncture, there are no obvious incompatibilities,
but recommendations diverge markedly. One group (which
includes one of us, DGB)*! recommends dietary salt restric-
tion regardless of age as a routine part of antihypertensive
therapy. Another (which includes JISR)*® holds that this
important issue contains many uncertainties that still
require elucidation, and that the appropriateness of salt
limitation in young hypertensive subjects is questionable.

Somewhat separate from these arguments is evi-
dence®52888% that salt restriction might, inter alia, and
independently of changes in blood pressure, protect against
stroke and left ventricular hypertrophy. Others have con-
versely worried about the possible cardiovascular hazards
of increases in circulating renin, aldosterone, noradrenaline,
total cholesterol, and low-density lipoprotein accompa-
nying sodium restriction, and consider that these matters
should be subjected to clinical trials.?” Interestingly, Kaplan
and Opie, in a 2006 review entitled “Controversies in hyper-
tension,”®! evidently discerned no such altercation, and
endorsed general dietary salt restriction without reservation.

Urinary sodium and blood pressure

Urinary sodium excretion closely corresponds with the
dietary sodium intake. Thus, the epidemiologic assessment
of urinary sodium output has attracted much attention
because it has been widely assumed that any observed
correlation might indicate a causal connection between
sodium ingestion and blood pressure. Amid a profusion of
studies, two were large and of high methodologic quality.

In 1988 a Scottish report®? on 7354 men and women
aged 40 to 59 years showed only a weak positive corre-
lation between sodium excretion and blood pressure. The
authors concluded that sodium had little or no evident
independent role in determining blood pressure.

Also in 1988 the Intersalt Cooperative Research Group?®
reported on the relationship in 10,079 men and women
aged 20 to 59 years and drawn from 52 centers worldwide.
The initial analysis showed a positive association of sodium
excretion with median blood pressure, and with the preva-
lence of (arbitrarily defined) hypertension when all 52
centers were included. However, when four distinctly dis-
parate tribal populations with very low sodium values were
excluded, the association disappeared. Meanwhile, in 15
of the individual centers there was a significant positive
correlation between sodium excretion and systolic pressure,
while a significant negative correlation was reported in two
centers. There was also a close relationship between sodium
excretion and the increase in blood pressure with age, an
effect that persisted even after the four centers with very
low salt intake were excluded.

In 1996 a reworking of the “Intersalt” data was pub-
lished®* with a more expansive correction for “regression
dilution bias.” A stronger and significant correlation then
emerged between urinary sodium and systolic blood pressure,
albeit critics asserted that the reanalysis was inappro-
priate and invalid.*®

Whether a genuine correlation might be shown to exist
between urinary sodium excretion (and by implication
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dietary consumption) and blood pressure, it would not,
however, permit the conclusion that excessive sodium intake
was causal or even contributory. Given the evidence of
subnormal body sodium content in young subjects with
mild untreated hypertension, their increased sodium
consumption could result from an increase in sodium
appetite stimulated by that sodium shortfall, probably via
angiotensin 1.5

Genetic aspects

Numerous studies from the 1930s to the present of
parent-offspring relationships, natural versus adopted
children, and identical and nonidentical twins, have provided
evidence of distinct genetic influences on blood pressure
in individuals.’®?” However, one consequence of the con-
troversy between Pickering and Platt,3>13 and the eventual
substantiation of Pickering’s assertion of the continuous
distribution of blood pressure within populations was
that blood pressure in individuals was seen as determined
by numerous and diverse environmental and genetic
influences. Enthusiasm for studies into genetic mechanisms
causing raised blood pressure was dampened for several
years.

Notwithstanding the smooth continuous but skewed
distribution of blood pressures within a given population,
there are inevitably a small number of subjects with secondary
forms of hypertension concealed within the curve, in whom
the causes of any blood pressure elevation are quite distinct.
Further, Cusi and Bianchi®” drew attention to the detailed
mathematical analysis performed by McManus®® on the
systolic blood pressures reported in a survey by Boe et al.
in 1957% of 67,976 persons over the age of 14 in Bergen,
Norway. Pickering had earlier'® entered an important caveat
concerning the systolic readings of Boe et al. in that they
showed marked digit preference—85% ended with 0 and
15% with 5. McManus found that despite the smooth distri-
bution curve apparent on simple inspection of the data, a
compound log-normal distribution provided a better and
more significant fit than did a single log-normal curve.
Although there was only one visible mode, the distribution
was shown, in fact, to be compound and “biphasic,” as it
contained individuals drawn from two separate populations.
The appearance of a broadly symmetrical “normal” distri-
bution does not, it was concluded, exclude the existence
therein of different discrete distributions due to separate
specific genetic (or other) effects. Thus, despite Pickering’s
earlier concerns, searches for subgroups of essential hyper-
tension with different heritable pathogenetic mechanisms
were thereby encouraged.

An increasing resurgence of interest in these aspects
occurred, especially during the last three decades of the
20th century. Bianchi and Barlassina,?® in a major review
of the profuse and complex evidence that had accumulated
by 2004, concluded that it is unlikely that a single major
gene influences essential hypertension. They predicted the
imminent identification of a number of gene polymorphisms,
each contributing 2% to 10% of genetic variation, depending
on the population studied. Further, these authors asserted
that gene interactions were likely to be useful targets of
future research.

ALCOHOL AND HYPERTENSION

In the 19th century, Mahomed had suggested a link between
alcohol excess and hypertension.!” In a study of French
soldiers in 1918, Lian'"* found a clear correlation between
alcohol ingestion and the prevalence of hypertension. Such
prevalence decreased throughout his classification of “les
tres grands buveurs, les grands buveurs, les moyens buveurs,
et les sobres.”

For a time interest in this relationship declined; Pickering
made no mention of the topic in the 1955 and 1968 editions
of his book.”” However, numerous subsequent studies
affirmed a likely pressor effect of alcohol ingestion.02-106
In the 1970s both the Framingham Study and the Copenhagen
Heart Study demonstrated a clear relationship between
alcohol intake and blood pressure. Even more convincing
was the Kaiser Permanente Health Examination Survey
of 1977, which confirmed the association in men, women,
whites, blacks, and Chinese subjects, independently of
educational status and body mass index.'%*

The above results were tempered by repeated observa-
tions***8 of the apparent protective effect against cardio-
vascular morbidity of a modest alcoholic intake. That
beneficial effect disappeared with high levels of alcohol
consumption, which were shown to increase the risk of
stroke.** The benefit was initially thought to be a property
of wine, and especially of red wine, but later studies
showed an association with alcohol ingestion regardless of
the type of beverage consumed. It has been argued that
several meta-analyses of alcohol and cardiovascular disease
could have been distorted by the reversion of some subjects
to abstinence because of intercurrent illness.*-%

BODY WEIGHT

Obesity was recognized by Hippocrates®™®® as being
hazardous to health: “Persons who are naturally of a full
habit die suddenly more frequently than those who are
slender.”

The clinical and epidemiologic measurement of blood
pressure in obese persons is particularly subject to error;
thus, a suitably large sphygmomanometer cuff must be used
on obese persons. Numerous studies'®® have nevertheless
confirmed a relationship between body mass index and
arterial pressure, and that blood pressure falls with weight
reduction. Current estimates from population studies,
including the Framingham survey,® suggest that excess
weight gain may account for as much as 65% to 75% of
the risk for essential hypertension.

Hypertension, abdominal obesity, insulin resistance,
and dyslipidemia form a cluster that has become known
as “the metabolic syndrome.” A combination of lifestyle
modifications and aggressive antihypertensive drug therapy
is recommended for treating patients with this syndrome.'%”

OTHER INFLUENCES

A wide range of other factors may increase blood pressure,
including cold weather and high ambient noise levels.
Regular exercise, consumption of fresh fruits and vegetables,



and the intake of potassium and magnesium can lower
blood pressure,08-110

RENIN-ANGIOTENSIN SYSTEM

Perhaps the most important contribution to our under-
standing of the nature of hypertension has been the eluci-
dation of the renin-angiotensin-aldosterone system. Several
chapters in this volume are devoted to this system; to
avoid repetition, its history is not covered in detail here.
Honorable mention must, however, be given to Franz Gross,
Jaques Genest, John Laragh, James O. Davis, and, of course,
Jerome Conn. In addition, credit for the synthesis of drugs
designed to block the system, initially with angiotensin-
converting enzyme (ACE) inhibitors and later with
angiotensin receptor blockers, must go to Miguel Ondetti,
Bernard Rubin, David Cushman, and Pieter Timmermans.
This list is, however, intrinsically unfair. Countless others
have contributed just as much and many receive recog-
nition elsewhere in this book.

Renin, a protein now recognized as an enzyme, was
discovered as a pressor principle in renal extracts by
Tigerstedt and Bergman in 1898.837-40111.112 E]ycidation of
the complexities of this system comprised a major topic of
biochemical, physiologic, and clinical research throughout
the 20th century, with numerous and diverse implications
for the pathogenesis of hypertension and its treatment.

For three decades after its discovery, renin was largely
ignored. Then, in 1934, Goldblatt and colleagues demon-
strated that it was possible to produce sustained experi-
mental hypertension by applying constricting clamps to

the renal arteries. Surprisingly, although Goldblatt recog-
nized that a humoral substance released from the kidney
might be responsible, he did not at first consider renin as
a contender. Others did, however, and in 1938 renin was
once more extracted from kidneys and partially purified.
Delineation of the detailed mode of involvement of renin
in the pathogenesis of renovascular hypertension, which
was at first thought likely to be simple, turned out to be
remarkably intricate.!3

Kohlstaedt et al. in 1938 and Munoz et al. in 1939
proposed that renin was an enzyme, which was confirmed
in 1940 by Page et al. and Braun-Menendez et al. Renin acts
on a circulating substrate, angiotensinogen, to form the
vasoactive peptide angiotensin II. Details of this complex
system as it is currently understood are shown in Figure 1-5.
Angiotensinogen was identified chemically by Skeggs et al.
in the late 1950s. The amino acid sequences of the bovine
and equine octapeptides of angiotensin II were determined,
respectively, by Elliott and Peart and by Skeggs et al. in
1956. Angiotensin II was synthesized in the same year.

Practicable assays for circulating renin were introduced
in 1963 and 1964, and for angiotensin II in 1971; these
were progressively refined in subsequent years. Numerous
studies followed that established a wide range of actions
attributed to angiotensin II: stimulation of aldosterone
and vasopressin secretion, thirst, sodium appetite, a range
of direct renal actions, and vagal inhibition (Figure 1-6).

A most important relationship with sodium balance was
established in 1963, when it was shown that sodium restric-
tion elevates, and sodium loading depresses, plasma renin.™*
Bing and colleagues pioneered the study of renin in

| 11 12 13 14

Renin 1 2 3 4 5 6 7 8 9 10 Leu— Val —Tyr— Ser (equine)
substrate [ H—Asp—Arg—Val—Tyr—lle—His—Pro—Phe—His—Leu 1 12 13 14
| Val— lle —His— Asn (human)
~<——Renin
Y
Angiotensin | 1 2 S 4 5 6 7 8 9 10
nglotensin by Asp—Arg—Val—Tyr—Ille—His—Pro—Phe —His—Leu — OH
—~—— Converting enzyme
Y
Angiotensin |l 1 2 3 4 5 6 7 8
nglotensin i y— Asp—Arg—Val—Tyr—lle—His—Pro—Phe— OH
-~—— Angiotensinase
Y
Angiotensin il 2 S 4 5 6 7 8
nglotensin H —Arg—Val—Tyr—lle—His—Pro—Phe— OH
—~——— Angiotensinase
Y

Inactive peptide fragments

Figure 1-5. Outline of the biochemistry of the renin-angiotensin system. (Redrawn from Nicholls MG, Robertson JIS.
The renin system and hypertension. In: Birkenhdger WH, Robertson JIS, Zanchetti A, eds. Handbook of Hypertension

2004;22:262-297.)
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Figure 1-6. The renin-angiotensin system and its principal actions. (Redrawn from Nicholls
MG, Robertson JIS. The renin system and hypertension. In: Birkenhdger WH, Robertson JIS,
Zanchetti A, eds. Handbook of Hypertension 2004,22:262-297.)

extrarenal tissues, with their Danish laboratory reporting
the presence of renin in the uterus and salivary glands as
early as the 1960s. Renin is now recognized to be present in
the brain, heart, blood vessels, adrenal cortex, testis, epi-
didymis, ovary, amniotic fluid, pancreas, and the eye as well.

Two principal receptor subtypes for angiotensin II were
identified, namely AT, and AT,. The AT, receptor mediates
actions of angiotensin II that are indicated in Figure 1-6.
Some established, probable, and possible cardiovascular
functions of the AT, receptor are listed in Table 1-2. Receptor
functions comprise an area of intense study in recent
years to the present.

By the close of the 20th century, the renin—angiotensin
system had been revealed to be widely involved in diverse
physiologic processes and clinical disorders. Many of these
as they concern humans are listed in Table 1-3.

In the late 20th century, a number of drugs were developed
to interrupt the renin—angiotensin system at various sites
(Figure 1-5). Thus far, two of the most clinically useful are
the ACE inhibitors and the orally active antagonists of the
AT, receptor. Several effective inhibitors of the enzyme renin
were also produced. Initially, none of these possessed
adequate oral bioavailability for clinical use, although some
recent examples are more promising, 5116

One of the least commendable aspects of the study of
the renin-angiotensin system has been the reluctance or
inability of some researchers to apply proper quantitative
standards.''® Pickering expressed much concern about such
deficiencies in 1963, at a time when the first reliable
assays for renin were appearing:

Many workers do not even use a standard ... [but instead
employ a] hillbilly method. You cannot compare results
from day to day, from one laboratory to another, from
country to country.

Even when an international reference preparation of
renin was tested and made generally available in 1975,18
only a few researchers were able and willing to use it. In
1978 one of us (JISR) helped develop a quantitative approach

PHYSIOLOGICAL ROLES OF AT, RECEPTOR
IN CARDIOVASCULAR SYSTEM

Action Cell or tissue

VSMC

Endothelial cell
Cardiomyocyte
Cardiac fibroblast
Embryonic fibroblast

Growth inhibition

VSMC

Endothelial cell
Cardiomyocyte

AT, receptor

AT, receptor

(Neuronal cell, R3T3 fibroblast)

Proapoptosis

VSMC in vivo
VSMC in culture
Cardiac myocyte

Growth promotion

Differentiation VSMC (neuronal cell)

Decrease in cell matrix Heart

Coronary perivascular cells
Increase in cell matrix VSMC

Cardiac fibroblast

Coronary perivascular cells

Decrease in blood pressure In small arteries

Vasodilatation Glomerular afferent arteriole

NO production Kidney
Coronary artery and

microvessels

Aorta

Improvement of cardiac function  Heart
(LVEDV, LVESV, EF)

Decrease in chronotrophic effect  Heart

From Nicholls MG, Robertson JIS. The renin system and hypertension.
In: Birkenhdger WH, Robertson JIS, Zanchetti A, eds. Handbook of
Hypertension 2004;22:262-297.

EF, rejection fraction; LVEDV, left ventricular end-diastolic volume;
LVESV, left ventricular end-systolic volume; NO, nitric oxide; VSMC,
vascular smooth muscle cells.

Table 1-2. Physiological Roles of AT2 Receptor in Cardiovascular System



RENIN SYSTEM IN HEALTH AND DISEASE

Stimulated

Normal pregnancy

Certainly or probably involved physiologically, pathophysiologically and/or pathogenically
Addison’s disease and related disorders

Angiotensinogen-secreting tumor

Anorexia nervosa, bulimia nervosa, diuretic abuse, purgative abuse

Renovascular hypertension

Bartter’s syndrome and related disorders

Malignant-phase hypertension (some cases)

Vascular and cardiac remodeling

Hemorrhage

Myocardial infarction

Acute circulatory renal failure

Cardiac failure

Multiple organ failure

Chronic renal failure with hypertension

Hepatic cirrhosis

Diabetes insipidus, especially nephrogenic forms

Early polycystic kidney disease

Possibly involved pathophysiologically and/or pathogenically
Connective tissue diseases

Nephrotic syndrome

Raynaud'’s phenomenon

Aortic coarctation

Cancerous proliferation

Pheochromocytoma

Suppressed

Sodium and fluid excess

Essential hypertension (majority of cases)

Mineralocorticoid hypertension

Primary renin deficiency

Gordon’s syndrome

Pregnancy hypertension (i.e., relative to normal pregnancy)

Liddle’s syndrome

Syndrome of apparent mineralocorticoid excess

Table 1-3. Renin System in Health and Disease

combining angiotensin II assay with the establishment of
relevant dose-response curves.'® Regrettably, only a few
laboratories have since pursued such discipline.

The lack of proper quantification of the renin—angiotensin
system continued into the early years of the 21st century, a
lamentable deficiency. An analogy may be instructive: consider
the difficulties in scientific intercourse if each center were to
employ its own peculiar units of blood pressure measurement.

DEVELOPING DRUGS FOR BLOOD
PRESSURE REDUCTION

Relationships between hypertension and cardiovascular and
renal complications were already becoming clear in the
early 20th century, but benefits of reducing blood pressure
were by no means apparent. Indeed, it was widely believed
that elevated arterial pressure served as a protective response
to the narrowing of arterioles, and was necessary in order
to maintain perfusion of vital organs. Thus, in 1931 Hay
quoted (but did not endorse) the old saw:

The greatest danger to a man with a high blood pressure
lies in its discovery, because then some fool is certain
to try and reduce it.3*

The distinguished American cardiologist, Paul Dudley White,
made the following comment:

Hypertension may be an important compensatory
mechanism which should not be tampered with, even
were it certain we could control it.??

Despite such doubts, attempts at lowering high blood
pressure were made, some of them by Hay.3* In his text-

book on hypertension in 1926, Halls Dally listed a range
of procedures’! directed to that end, almost certainly
uniformly futile (Box 1-2).

Effective (but fearsome) antihypertensive measures were
subsequently introduced.?® In 1948, Kempner promulgated
his rice and fruit diet, intolerably monotonous if continued
for more than a few days, and which probably worked by
means of extreme salt restriction. Also in the 1940s and

Box 1-2

Selected Antihypertensive Measures
Recommended in 1926

Trunecek’s solution (sodium chloride, sodium sulphate,
sodium bicarbonate, and potassium sulphate)
Total pancreas substance
Calcium salts and atropine (Kylin)
Five grains of blue pill and a saline draught
Thymol oil (oil of thyme)
Benzyl benzoate
Fresh garlic
Dilute hydrochloric acid
Sodium bicarbonate, chloroform, gentia, or rhubarb
Effervescent baths
Douches
Taking the waters at Harrogate, Cheltenham, or
Leamington Spa
From Halls Dally JF. High blood pressure: Its variation and control. 2nd ed.
London: Heinemann, 1926;134-147.
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1950s dorsolumbar sympathectomy and extensive bilateral
adrenalectomy were performed. These were formidable
surgical procedures, with a high incidence of complications
and usually unpleasant side effects, although they did
reduce blood pressure.?”

An amusing contemptuous opinion concerning the dis-
comforts of antihypertensive treatment around that time
was expressed by S. Weiss of Boston'?%;

Thus far, what has been done in an effort to reduce the
blood pressure? Because of an ill-founded idea that
protein was responsible for hypertension and kidney
disease, the patient was denied meat and eggs and
especially red meat.... His diet was rendered even more
unpalatable by withdrawal of salt. Sympathy would
doubtless have been extended to this half-starved fellow
except that he probably was not able to eat anyway, his
teeth having been extracted on the theory that focal
infection had something to do with hypertension. Even
before this he had sacrificed his tonsils and had his
sinuses punctured because of the same theory. In case
some food had been consumed, the slight residue was
promptly washed out by numerous colonic irrigations....
Of course he was denied alcohol and tobacco as well
as coffee and tea.... As a climax to the difficulties of
this unfortunate person, he may now fall into the clutches
of the neurosurgeon, who is prepared to separate him
from his sympathetic nervous system.

Therapeutic expertise did, nevertheless, improve. The
earliest effective antihypertensive drugs, the autonomic
ganglion-blocking agents, hexamethonium and pempidine,
followed logically from surgical sympathectomy, and were
introduced in the late 1940s. In subsequent decades,
more effective, better-tolerated, and longer-acting, orally
effective agents were developed, including, successively,
hydralazine, reserpine, thiazide diuretics, guanethidine,
methyldopa, beta-blockers, alpha-blockers, clonidine,
minoxidil, calcium antagonists, ACE inhibitors, and
angiotensin receptor blockers.!?3124

The more recently introduced drugs provide better
blood pressure control. Although the issue is debated, this
could be one, but almost certainly not the only, reason for
their demonstrable superiority over earlier agents in limiting
complications,?3125-131

Today, a once-daily dose should produce, 24 hours after
ingestion (“trough” drug level) a lowering of systolic pres-
sure by ~10 mmHg and of diastolic pressure by ~8 mmHg.
Larger reductions may be achieved with combinations of
drugs. These drugs, incidentally, produce somewhat greater
changes than have been reported with dietary salt restriction
(Table 1-1).

DRUG TREATMENT TRIALS

Hypertension is accompanied by increased cardiovascular
morbidity and mortality, but it does not necessarily follow
that blood pressure reduction would correct such lesions.
Fortunately, however, antihypertensive drugs were developed,
and there are now many randomized trials investigating
their usefulness.

With the introduction of effective antihypertensive drugs,
it was soon determined that they could correct both
malignant-phase hypertension (provided that serious renal
impairment had not supervened) and overt hypertensive
heart failure. Because the course of these conditions, if
untreated, was almost invariably fatal, controlled trials were
unnecessary, and would, indeed, have been unethical. The
early drugs were fairly intolerable; therefore, their use could
only be justifiable in patients at very high risk of death.

Demonstration of the ability of antihypertensive drug
treatment to prevent complications where the condition
had not progressed to the malignant phase or to cardiac
failure required controlled trials. In 1964 Hamilton and
colleagues’*13 reported a pioneering study in which initially
uncomplicated patients were assigned to antihypertensive
drug treatment or simply outpatient review. This trial
demonstrated clear benefit from therapy, notably stroke
prevention.

Numerous subsequent and larger trials were conducted,
and these have been extensively reviewed.'3*1%7 Strict rules
were formulated for the conduct of such studies. These
requirements included the allocation of patients at random
to control or treatment groups; that the proposed conduct
of the trial, especially the method of statistical analysis,
be declared at the outset and not subsequently modified,
that any additional therapeutic approaches such as dietary
or other lifestyle changes should be identical in those allo-
cated to active drug or control; and that the overall system
of healthcare must be the same throughout the trial.
Whether “open” studies (i.e., non-double-blind investi-
gations) should be accepted without reservation was ques-
tioned. Remarkably, these precepts were repeatedly ignored
or flouted, such that by the end of the 20th century the
situation concerning the benefits of antihypertensive therapy
remained depressingly obscure.

The U.S. Veterans Administration (VA) trial of 1967 and
197038139 was designed and initiated as a single study, but
was subsequently halted in patients with severe hyper-
tension, with the two resultant patient groups then being
analyzed and reported on separately. It is hardly surprising
that this behavior engendered much dispute and confusion,
with arguments concerning whether it comprised one or
two separate trials. As Hampton wrote in 1983,

The US Veterans’ study broke almost every rule of trial
design and analysis, and if it were offered to a medical
journal today it would probably not be accepted for
publication.3*

Two trials, the Hypertension Detection and Follow-up
Program (HDFP)'%'*1 and the hypertensive group of those
recruited to the Multiple Risk Factor Intervention Trial
(MRFIT),**? were confounded by therapeutic interventions
in the treatment group (dietary advice intended to lower
body weight, serum cholesterol, and salt intake, plus anti-
smoking counseling), which were additional to antihyper-
tensive drugs. Obviously, the effects observed could have
been the outcome of the hypertensive drugs, one of the
other interventions, or some combination of them.!#3144

One much-quoted meta-analysis™*® (which, incidentally,
accepted several “open” trials for inclusion) discarded the



MRFIT data, explicitly because of potential confounding.#¢
Perversely and inexplicably, however, findings from the
HDFP were included.

Further, in the HDFP the treatment group was offered a
distinctly advantageous overall system of health care.
Therefore, it was hardly surprising that mortality from a
range of noncardiovascular diseases was lower in the special
intervention than in the “control” group. Such benefit can
hardly be attributed to the hypertension treatment. As
Hampton wrote in 1983,

The HDFP study ought to be rejected because it was
not a proper trial of the treatment of hypertension....
The HDFP seems to show that good care is better than
bad care, but it tells us little about hypertension.'3*

Another concern was the inconsistent attitude of trial
analysts toward demonstrably unreliable diagnostic criteria
for coronary artery disease. In the HDFP, only electrocar-
diographic data were considered reliable; reports of coronary
events elicited by questionnaire or self-reporting were
determined to be biased, and thus were initially rejected.
It was noted that

[t]he inclusion of “non-fatal myocardial infarctions”
diagnosed by self-reporting or Rose questionnaire has
inadvertently but seriously exaggerated the benefits of
antihypertensive treatment in HDFP. The large benefits
claimed for treatment in young subjects or in women
are entirely due to this.}¢

Yet subsequently, and despite clearly recognized flaws,
some of the analysts returned, without explanation, to
using data that they had themselves earlier condemned as
unreliable. 47148

Almost certainly the most perceptive and accurate meta-
analysis to date was that published by Gueyffier et al. in
1996, which excluded the HDFP, MRFIT, and the part
of the VA study dealing with less severe hypertension. The
authors found the most impressive treatment benefits in
patients aged over 60: 46 % reduction in congestive heart
failure, 34% in stroke, 23% in cardiovascular mortality
(all p<0.001); 21% in major coronary events (p<0.01); and
10% in all-cause mortality (p<0.05). In marked hyper-
tension (entry diastolic pressure at 100 to 130 mmHg),
the only complication benefited was congestive cardiac
failure, with an 89% reduction in risk (p<0.001). In mild-
to-moderate hypertension in younger patients, the only
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SECTION 1 EPIDEMIOLOGY

Chapter

Blood Pressure in Westernized

and Isolated Populations
Lydia A. Bazzano, Jiang He, and Paul K. Whelton

Key Findings
m Cardiovascular disease accounts for 30.9% of global
mortality and 10.3% of the global burden of disease.

m Hypertension is estimated to account for 4.4% of the
total global burden of disease and contributes to 44%
of all ischemic heart disease.

m Gender and race/ethnicity influence age-related changes
in blood pressure.

m The distribution of hypertension in Westernized
populations is influenced by a number of factors,
including age, gender, and racial/ethnic composition
of the population under study.

m The lowest prevalence of hypertension for both men and
women was in Asia, other than China, and the Pacific
Islands.

m Populations who do not demonstrate an age-related rise
in blood pressure tend to live in primitive societies
isolated from modern lifestyles and have a low salt
intake, high level of physical activity, and an absence of
obesity. Where there is migration to a more Westernized
environment or where “modernization” is occurring in
situ, blood pressure rises with age and hypertension
begins to appear.

Despite recent advances in prevention and treatment, cardio-
vascular diseases (CVD) remain a major public health
problem in both developed and developing countries.
Once considered a disease of the industrialized world, it
is now apparent that CVD is a public health menace
worldwide. Currently CVD accounts for 30.9% of global
mortality and 10.3% of the global burden of disease.
Worldwide, heart disease and stroke are responsible for
nearly 17 million deaths each year, and at present, twice
as many deaths from CVD now occur in developing
countries compared to developed countries.> According
to global burden of disease estimates, hypertension is one
of the top 10 risk factors for disease worldwide.? Hyper-
tension alone is estimated to account for 4.4 % of the total
global burden of disease and contributes to 44% of all
ischemic heart disease.?

It has been recognized for some time that a direct posi-
tive relationship exists between blood pressure and CVD
risk. This relationship has been observed in men and women
of all ages, race/ethnic groups, and countries, regardless of
other risk factors for CVD; it is strong, graded, and
continuous across all levels of blood pressure.* Because

hypertension is such a powerful and modifiable risk factor
for the development of CVD, understanding the distri-
bution and determinants of blood pressure in populations
worldwide is of vital importance. Examining patterns of
blood pressure distribution in Westernized or acculturated
societies, those in isolated or unacculturated societies,
and those in migrants from these societies can shed light
on the role of environmental factors in the development
of high blood pressures and hypertension.

BLOOD PRESSURE IN WESTERNIZED
POPULATIONS

Relationship of blood pressure and age

Many studies in Westernized populations have found
remarkably consistent results regarding the relationship of
blood pressure to age. Nearly all have demonstrated that
mean blood pressure rises with age in Westernized popu-
lations, and therefore, so does the incidence and prevalence
of hypertension.®* However, depending on an individual’s
stage of life, gender, race, initial level of blood pressure
and exposure to environmental factors, this general trend
may vary a great deal.

Childhood and adolescence

The 1987 report of the Second Task Force on Blood Pressure
Control in Children and its 1996 update compiled some
of the best available data on the relationship of blood
pressure and age in childhood and adolescence.®” Blood
pressure measurements recorded on more than 70,000
children aged 1 to 20 who participated in nine cross-
sectional surveys, were pooled to create normative blood
pressure distribution curves by age. Blood pressure measure-
ments were standardized and were obtained with the child
in a seated position using a mercury sphygmomanometer
or a Doppler instrument in infants. Among infants and
children aged 3 to 12 years, the fourth Korotkoff sound
was used to signify diastolic blood pressure, while in adoles-
cents (13 to 18 years), both fourth and fifth Korotkoff
sounds were used as markers of diastolic blood pressure.
At birth, the average systolic and diastolic pressures were
70 mmHg and 50 mmHg, respectively. There is a rapid and
pronounced rise in systolic blood pressure, so that by the
end of the first year of life, systolic blood pressure averages
94 mmHg, while diastolic blood pressure rises only 2 mmHg
over the same period. Thereafter, there is a tendency for
blood pressure to rise with increasing age throughout the
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remainder of childhood and adolescence. The slope for
age-related change in blood pressure is much steeper for
systolic (1 to 2 mmHg/year) than for diastolic (0.5 to
1 mmHg/year) blood pressure.

Evidence from the pooled data also reflects the influ-
ence of gender on blood pressure. From the age of 4 years
onwards, the slope of the age-related change in blood
pressure remains fairly constant for boys. For girls the
pattern parallels that of boys until adolescence, when the
slope for girls becomes considerably flatter than that of
boys. Taken as a whole, the evidence suggests little differ-
ence in pattern of average blood pressure levels between
genders until adolescence. During the teenage years,
however, average blood pressure was consistently higher
for boys compared to girls. As a consequence, by age 18,
boys had average systolic and diastolic blood pressures that
were almost 10 and 5 mmHg higher than the corresponding
values for girls. There was no evidence for a systematic
difference between the average levels of blood pressure in
children of different race/ethnicities (white, black, and
Mexican American). Data from the Bogalusa Heart Study
and the Child and Adolescent Trial for Cardiovascular
Health, however, indicate that mean blood pressure level
is higher in black compared to white children and lower
in Mexican-American compared to black and white
children.®?

Adults and the elderly

There is a general tendency for both systolic and diastolic
blood pressure to rise during adulthood.® The age-related
rate of increase is consistently greater for systolic than for
diastolic blood pressure. Systolic blood pressure tends to
rise until the eighth or ninth decade, whereas diastolic blood
pressure tends to remain constant or decline after the fifth
decade. As a consequence, pulse pressure increases progres-
sively with aging. This is particularly true during the latter
part of life.

The pattern of blood pressure change with age is modi-
fied to a certain extent by gender and race/ethnicity. In
young adults, systolic and diastolic blood pressures tend
to be higher in men than in women; however, the slope of
age-related blood pressure increase is steeper for women
than for men. As a result, by the seventh decade women
tend to have levels of systolic blood pressure that equal or
exceed those seen in men. Selective survivorship may
explain part of this genderrelated difference in blood
pressure, as men with high blood pressure earlier on may
be less likely to survive and contribute to average blood
pressure later in life. Longitudinal analysis of the
Framingham cohort and other data sets suggests, however,
that selective survivorship only explains a portion of these
age-related trends.*®

Race and ethnicity also influence age-related change in
blood pressure. This phenomenon has been well documented
in the Third National Health and Nutrition Examination
Survey (NHANES III) (Figure 2-1). In men and women,
non-Hispanic blacks had the highest and non-Hispanic
whites had the lowest average systolic blood pressure,
although the differences among the three race/ethnicity
groups were small. In women, non-Hispanic whites con-
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Figure 2-1. Mean systolic and diastolic blood pressures by
age and race/ethnicity for men and women. U.S. population
18 years and older.

tinued to have the lowest average systolic blood pressure
during the sixth decade. By the seventh decade, however,
the three race/ethnicity groups had similar average systolic
blood pressure levels. Non-Hispanic black women had a
higher average diastolic blood pressure than non-Hispanic
white or Mexican-American women. The same was true in
men until the end of the fifth decade. Thereafter, diastolic
blood pressures were similar in the three race/ethnicity
groups.

CLASSIFICATION OF HYPERTENSION

The Sixth Report of the U.S. Joint National Committee
for Detection, Evaluation, and Treatment of High Blood
Pressure (JNCVI) was published in 1997 and recommended
a classification of blood pressure that was adopted by the
World Health Organization-International Society of



Hypertension.''? This classification scheme was updated
in the Seventh Report (JNC VII), published in 2003 (Table
2-1).13 These criteria are for individuals who are not on
antihypertensive medication and who are not acutely ill.
The classification is based on the average of two or more
blood pressure readings after an initial screening visit.
When systolic blood pressure and diastolic blood pressure
fall into different categories, the higher category should
be selected to classify the individual’s blood pressure.
According to JNC VII criteria, normal blood pressure is
defined as a systolic blood pressure less than 120 mmHg
and a diastolic blood pressure less than 80 mmHg. Those
with a systolic blood pressure between 120 mm and
139 mmHg or diastolic blood pressure between 80 and
89 mmHg are designated as having prehypertension.
Hypertension is characterized by a confirmed elevation of
systolic (2140 mmHg) or diastolic (290 mmHg) blood
pressure. Hypertension is further characterized into two
stages according to the patient’s level of systolic and
diastolic blood pressure. Stage 1 is the milder (systolic
140 to 159 mmHg and/or diastolic 90 to 99 mmHg) and
most common form of hypertension. It accounts for
approximately 80% of hypertension. Stage 2 hypertension
includes those with systolic blood pressure of 160 mmHg
or greater and/or diastolic blood pressure of 100 mmHg
or greater. Isolated systolic hypertension is defined as systolic
blood pressure of 140 mmHg or greater and diastolic
blood pressure below 90 mmHg and staged appropriately.

DISTRIBUTION OF HYPERTENSION
IN WESTERNIZED POPULATIONS

The distribution of hypertension in Westernized popula-
tions is influenced by a number of factors. The incidence
and prevalence of hypertension varies by age, gender, and
racial/ethnic composition of the population under study.
Factors such as environmental exposures, including intake

of dietary sodium and potassium, body weight, alcohol
consumption, and physical activity, also influence the
incidence and prevalence of hypertension; however, those
topics are beyond the scope of this chapter.

Age

As discussed previously, there is a large body of data
available from Western populations that demonstrates rising
mean blood pressure with increasing age. Consequently,
the prevalence of hypertension increases with age. In
NHANES III, the prevalence of hypertension increased
with increasing age (Table 2-2). In the 18- to 24-year-old
group, the overall prevalence of hypertension was only
2.6%.The prevalence of hypertension increased to 5.4%
in 25- to 34-year-olds and 13.0% in 35- to 44-year-olds.
The prevalence rates continued to rise with 27.6% of 45-
to 54-year-olds affected and 43.7% of 55- to 64-year-
olds. In 65- to 74-year-olds, the overall prevalence was
59.6% and in the 75-and-older age group, it was 70.3%.
Several longitudinal cohort studies have also documented
that incidence of hypertension increases with age.#16

Gender

Overall the prevalence and incidence of hypertension are
slightly higher in men compared to women. In NHANES
III, the age-adjusted prevalence of hypertension for all
races/ethnicities was 23.5% in men and 23.3% in women.
In whites the prevalence was 23.4% in men and 23.1% in
women. In blacks the prevalence was slightly higher in
women than in men, 28.2% and 27.9%, respectively. The
relationship between gender and hypertension is modified
by age. In young adults, the prevalence and incidence of
hypertension are higher in men than in women. However,
by their sixties, women tend to have levels of blood pres-
sure that equal or exceed those seen in men. Consequently,
the prevalence of hypertension is higher in women than
in men late in life.

CLASSIFICATION OF BLOOD PRESSURE FOR ADULTS AGED 18 AND OLDER ACCORDING TO JNC VII?

Category Systolic Blood Pressure Diastolic Blood Pressure
(mmHg) (mmHg)

Normal® <120 and <80

Prehypertension 120-139 and 81-89

Hypertension®

Stage 1 140-159 or 90-99

Stage 2 >160 or >100

below 90 mmHg and staged appropriately.

Blood Pressure.

?Not taking antihypertensive drugs and not acutely ill. When systolic and diastolic pressures fall into different
categories, the higher category should be selected to classify the individual’s blood pressure status. Isolated
systolic hypertension is defined as systolic blood pressure of 140 mmHg or greater and diastolic blood pressure

®Normal blood pressure with respect to cardiovascular disease risk is below 120/80 mmHg. However, unusually
low readings should be evaluated for clinical significance.

‘Based on the average of two or more readings taken at each of two or more visits after an initial screening.
JNC VII, Seventh Report of the U.S. Joint National Committee for Detection, Evaluation, and Treatment of High

Source: Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo |L Jr, et al. Hypertension 2003;42:1206-52.

Table 2-1. Classification of Blood Pressure for Adults Aged 18 and Older According to JNC VII
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PREVALENCE OF HYPERTENSION (%) IN UNITED STATES, 1989-1994
Age (years) All Races/Ethnicities® White Black
Total Men Women Total Men Women Total Men Women
18-24 2.6 4.6 0.7 2.5 4.6 0.5 2.6 4.1 1.4
25-34 5.4 8.4 2.4 4.9 8.1 1.6 8.2 10.6 6.2
35-44 13.0 16.0 10.2 11.3 14.3 8.5 25.9 29.5 22.9
45-54 27.6 30.0 25.2 25.8 29.1 22.6 46.9 44.3 48.8
55-64 43.7 44.2 43.2 42.1 43.0 41.4 60.0 58.0 63.0
65-74 59.6 55.8 62.7 58.6 54.9 61.7 71.0 65.2 75.6
>75 70.3 60.5 76.2 69.7 59.0 76.1 75.5 71.3 77.9
Total 234 23.5 233 23.2 234 23.1 28.1 27.9 28.2
?Includes race/ethnic groups not shown separately due to small sample sizes.
Source: Wolz M, Cutler |, Roccella EJ, Rohde F, Thone T, Burt V., et al. Am | Hypertens 2000;13:103-4 with permission from The American Journal of
Hypertension Ltd.

Table 2-2. Prevalence of Hypertension (%) in United States, 1989-1994

Race/Ethnicity

In NHANES III the prevalence of hypertension in different
racial/ethnic groups was compared. It was found that in
the 18- to 49-year-old group, non-Hispanic blacks had
prevalence of hypertension of 15% in men and 8% in
women, non-Hispanic whites had prevalence of hyperten-
sion of 11% in men and 4% in women, and Mexican
Americans had the highest prevalence of hypertension in
men of 20%, while in women it was only 3%.” In the 50-
to 69-year-old group, the prevalence was 45 % in men and
43 % in women among non-Hispanic blacks, 35% and 29 %
in men and women among non-Hispanic whites, and 37 %
in both men and in women among Mexican Americans,
respectively. Overall the prevalence of hypertension is
highest in male and female African Americans. The preva-
lence of hypertension is higher in white men than
Mexican-American men, while the prevalence is higher in
Mexican-American women than white women.

Several longitudinal cohort studies have also shown
that African Americans have a higher incidence of hyper-
tension than whites.'*1%1819 In the Atherosclerosis Risk in
Communities Study, the 6-year incidence of hypertension
among 45- to 49-year-olds was 13.9% and 12.6 % in white
men and women, respectively, and 24.9% and 30.3% in
African American men and women, respectively.l” The
corresponding incidence of hypertension among partici-
pants aged 50 to 64 years was 18.0% and 17.0% in white
men and women, respectively, and 28.3% and 29.9% in
African-American men and women, respectively. Other
longitudinal cohort studies indicated that the incidence of
hypertension in African Americans was an average of two
times higher than in whites.1*181?

Geographic region

According to a recent study of the global burden of
hypertension, 26.4% of the world’s adult population in
2000 had hypertension, and 29.2% were predicted to
have hypertension by 2025.2° Regions with the highest
estimated prevalence of hypertension had roughly twice
the rate of regions with the lowest estimated prevalence.
In men, the highest estimated prevalence was in the

region of Latin America and the Caribbean, whereas for
women, the highest estimated prevalence was in the former
socialist economies. The lowest prevalence of hyper-
tension for both men and women was in the region of
Asia, other than China, and the Pacific Islands. Rates of
hypertension by geographic region and gender are
presented in Figure 2-2.

LIFETIME RISK OF HYPERTENSION
IN WESTERNIZED POPULATIONS

Although the prevalence of hypertension is a useful indi-
cator of burden of disease in the community, it does not
tell us about the risk for developing hypertension in indi-
viduals. The individual risk for developing hypertension is
best described by incidence or lifetime cumulative inci-
dence statistics. Less information is available about
lifetime cumulative incidence of hypertension because it
requires follow-up of populations for a prolonged period
Of time.14—16,18,19

The lifetime risk for developing hypertension was
estimated among 1298 Framingham Heart Study partici-
pants aged 55 to 65 years and free of hypertension at
baseline during the 1976-1998 period.?* For 55-year-old
participants, the cumulative risk for developing hyper-
tension was calculated through age 80 while for 65-year-
old participants, the risk for developing hypertension was
calculated through age 85 years. These follow-up time
intervals (25 years for 55-year-olds and 20 years for 65-
year-olds) correspond to the current mean residual life
expectancies for white individuals at these two ages in the
United States. The lifetime risks for developing hyper-
tension were 90% in both 55- and 65-year-old partici-
pants (Figure 2-3). The lifetime probability of receiving
antihypertensive medication was 60 %.*

BLOOD PRESSURE IN ISOLATED
POPULATIONS

In most Western populations, blood pressure levels rise
with advancing age; however, the same is not true in many
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isolated or unacculturated populations. Since 1929, when
Donnison?>?? first described an isolated population in
Kenya whose blood pressure did not rise with age, at least
30 similar reports have been published.?® Other examples
of such populations include Melanesians in New Guinea,??’
South American Indians,?>?%?° Pacific Islanders,33%-33
Navajo Indians,?* a rural population in Delhi,? Kalahari

Bushmen,**?” African Pygmies,® and the Yi farmers of
southern China.?® Most of these studies were conducted
decades ago and methodology issues exist among them;
however, more recent and rigorous studies, such as that
among the Yi population,* have also shown that blood
pressure remains low and does not rise with age in some
isolated populations.
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Figure 2-3. Residual lifetime risk of hypertension in women and men aged 65 years of the
Framingham Heart Study. (Redrawn from Vasan RS, Beiser A, Seshadri S, Larson MG, Kannel WB,

D’Agostino RB, et al. JAMA 2002;287:1003-10.)
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Africa

Donnison?? in 1929 was the first to provide evidence
suggesting that many Kenyan tribes had low blood pres-
sures that rose little through adulthood.?” In an area
around Lake Victoria in western Kenya, he surveyed the
population and medical records of a large hospital located
in the region. Among his findings, in surveying approxi-
mately 1000 individuals there were no cases of hyper-
tension, and blood pressure levels were low, falling further
with advancing age. A more recent study of approxi-
mately 2000 male subsistence farmers in Kenya, in an
area adjacent to that studied by Donnison* decades
earlier, confirmed that systolic blood pressure showed no
significant rise with age until participants passed 54 years
of age and diastolic pressures showed a very small rise
with age.** In this community, packaged or processed
foods were not available, nor were electricity, water
supply, or telephone communication, and transportation
was primarily on foot within the local community. Most
participants were subsistence farmers who engaged in
heavy physical labor every day. Mean 24-hour urinary
excretion of sodium in this population ranged from 53 to
93 mmol/day, while mean intake of sodium measured by
dietary survey was just under 130 mmol/day (3 g/day).>>*°
Of note, both systolic and diastolic blood pressure corre-
lated positively with urinary sodium: potassium ratios in
that study, suggesting that cation intake may play an
important role in the differences in blood pressure among
isolated populations and Westernized populations. A study
among the Kung Bushmen living a nomadic, hunter-
gatherer lifestyle in Botswana has also shown low blood
pressures that increase little with age, and perhaps some-
what decrease with age.’” In this population, dietary intake
of sodium was approximately 86.9 mmol/day (2 g/day),
while potassium intake approximated 204.6 mmol/day
(8 g/day). Similarly, a study of Bushmen living in the
Kalahari Desert, also hunter-gatherers, found an average
systolic blood pressure of 100 mmHg, with diastolic pressure
approximately 68 mmHg among men, with slightly higher
values in women.’ Again, blood pressure levels in both
men and women did not show the age-related increases
seen in Westernized populations. Among the Xhosa
people of South Africa, blood pressure of those living a
traditional lifestyle of subsistence farming in remote
villages of the Transkei were low and rose little with
advancing age.*!

South and Central America

Studies examining the blood pressures of isolated popu-
lations in South and Central America have included the
Cuna Indians, Yanomamo Indians, and Xingu Indians,
among other populations.??2?*#*43 The Yanomamo and
Xingu of the tropical rainforests near the equator have
very recently been studied as part of an international
cooperative study on blood pressures in diverse popu-
lations (Figure 2-4).?° The Yanomamo Indians are perhaps
one of the most unacculturated native tribes in South
America and possibly in the world. They live in an area
of about 200,000 km? located along the border of Brazil
and Venezuela. The total population consists of approxi-
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Figure 2-4. Blood pressure-age relationships among four
isolated populations studied as part of the International Study
of Salt Intake and Blood Pressure. (Redrawn from Carvalho |,
Baruzzi RG, Howard PF, Poulter N, Alpers MP, Franco LJ, et al.
Hypertension 1989;14:238-46.)

mately 18,000 individuals, scattered throughout the
Amazon rainforest in 200 or so villages composed of 40
to 250 people each. By and large, the Yanomamo are
seminomadic, slash-and-burn agriculturalists who live on
a diet of locally produced crops and game, supplemented
by wild fruits and insects. Dietary staples consist of
cooked banana and manioc (cassava). In most villages
there is little if any access to salt, refined sugar, alcohol,
milk, or other dairy products. Similarly, the Xingu Indians
occupy an area of 22,000 km? in the central region of
Brazil. Although less isolated than the Yanomamo, the
Xingu do not maintain regular contact with non-Indians.
The diet of Xingu Indians is principally based on manioc
(cassava) and fish. The consumption of meat from game
animals is free in some tribes and restricted by taboos in
others. The diet also includes, to a lesser extent, corn,
sweet potatoes, cara, peanuts, bananas, and wild fruit.
Salt and other foods sold in stores are not used regularly.
Mean systolic blood pressures among the Yanomamo and
Xingu Indians were 101 and 103 mmHg in men and
91 and 96 mmHg in women, respectively. Individuals
studied in the Yanomamo villages consumed virtually no
salt, while the Xingu Indians had a median intake of
about one-third gram of salt daily. Among the Yanomamo
Indians, urinary sodium excretion was 0.9 mmol/24
hours, while Xingu Indians had a urinary sodium excre-
tion of 12.5 mmol/24 hours. Those in the sample from
Papua New Guinea had a median consumption of 1.5 g of
salt daily and the 24-hour urinary excretion of sodium
was 37.5 mmol. This contrasts with the median consump-
tion of more than 391.5 mmol/day (9 g/day) and 24-hour



urinary sodium excretion of 166 mmol in the rest of
this study.®

China

Blood pressure has been examined in several isolated
populations of China. In 1937, Morse and Beh** reported
that the blood pressure of aboriginal groups living in
mountainous regions of Szechwan, Kweicheo, and Yunnan
was low, and rose little with advancing age. Cardiovascular
diseases were extremely rare among these populations.
More recently, the Yi people from the Szechwan Province
have been studied extensively by He et al.3**7

The Yi people are a minority population in China living
in the Liangshan Yi Autonomous Prefecture in southern
China, an area covering approximately 70,000 km?. The
Yi people live in remote mountain districts at 1,500 or
more meters above sea level. Their main occupation is
agriculture, and they are one of the most primitive societies
in China. In the high-mountain regions, isolated from the
outside world, the Yi farmers have preserved their own
language and lifestyle. Their main crops are potatoes,
oats, and buckwheat; they rarely eat meat, except during
the Yi New Year in December. Owing to a shortage of
water, Yi farmers rarely take a bath and almost never
wash their hands, faces, and clothes. Before about 1950,
it was extremely difficult for the high-mountain Yi farmers
to obtain salt, and although salt is now more readily avail-
able, salt consumption has remained quite low. Mountain-
sideYi farmers have a lifestyle that is in many ways similar
to that of the high-mountain Yi farmers, however, they are
closer to a highway and have some contact with a more
modern lifestyle. Their main staples are rice and corn,
but also include potatoes, oats, buckwheat, and beans;
they consume more meat and salt than high-mountain
Yi farmers. Male Yi farmers, both high-mountain and
mountainside residents, smoke home-grown tobacco and
consume an average of 30 to 35 g of alcohol daily,
corresponding to about three Western alcoholic drinks
per day. He et al.* studied the blood pressures of 3419
high-mountain Yi farmers and 2936 mountainside Yi
farmers, along with 517 Yi migrants who had moved to
the county seat, and 1143 Han Chinese who resided in
the county seat. They found a mean systolic blood pressure
of 101.8 mmHg and 101.2 mmHg among high-mountain
men and women, and 100.8 mmHg and 100.1 mmHg
among mountainside men and women, respectively. The
corresponding mean diastolic blood pressures were 63.0,
63.0, 62.2 and 62.5 mmHg, respectively. In terms of the
age-blood pressure relationship, in all groups, blood
pressure increased up to the second decade of life. Among
men, no further significant increase was seen in systolic
blood pressure for high-mountain and mountainside Yi
men. Diastolic blood pressure did not increase much with
age among high-mountain male farmers, while it increased
late in life among the mountainside farmers. Among
women, systolic blood pressure remained the same and
did not increase with age for high-mountain farmers, but
did increase in other groups. Diastolic blood pressure
among women increased in all groups but with a very
small slope among the high-mountain Yi.

Twenty-four-hour urinary excretions of sodium and potas-
sium were markedly different among Yi mountain groups
and Yi migrants to the county seat. For example, high-
mountain and mountainside Yi farmers excreted an average
of 73.9 and 117.9 mmol of sodium daily, and 58.6 and
48.5 mmol of potassium daily, respectively. Yi migrants
excreted a mean of 159.4 mmol of sodium and only
28.3 mmol of potassium daily. Han residents of the county
seat excreted 186.0 mmol of sodium and 29.0 mmol of
potassium daily, on average, similar to the intakes of Yi
migrants.*

New Guinea and Pacific Islands

Studies among islanders in isolated populations such
as New Guinea and certain Pacific Islands have also
demonstrated a lack of age-related blood pressure rise.
Sinnett and Whyte?” studied approximately 1000 mem-
bers of a New Guinean highland population. The partici-
pants were farmers and pig herders with an agriculture-
based economy with very little Western influence. They
also identified the lack of age-related blood pressure
increase and noted that sodium intake was less than
43.5 mmol/day (1 g/day) among the islanders studied.
Among the sample of islanders from Papua, New Guinea
included in the Intersalt Study, median consumption of
sodium was estimated at 65.3 mmol/day (1.5 g/day) and
24-hour excretion of sodium was 37.5 mmol.?

Prior et al.*® examined the populations of the Polynesian
Islands of Raratonga and Pukapuka. Among Pukapuka
Islanders, an age-related rise in blood pressure was seen
only among women and was slight; however, among the
Raratonga, blood pressures were higher and increased
with age. Dietary surveys and urine analyses revealed a
substantially greater mean salt intake among the Raraonga
Islanders (mean 24-hour sodium excretion of 50 to 70 mmol
in Pukapuka Islanders and 120 to 140 mmol/day in
Raratonga Islanders).

Six Solomon Island populations were studied by Page et
al.3 All were rural populations living in villages without
access to electricity; however, they varied widely in habitat,
way of life, and degree of exposure to Western culture.
Among the least acculturated populations, diastolic blood
pressure fell with age in males, while among the more
acculturated populations, there was no trend with age in
males. Systolic pressures in males did not increase with age,
whereas in females of the three most acculturated commu-
nities, systolic blood pressures did increase with age. In the
three most acculturated societies, 24-hour sodium excre-
tions ranged from 50 to 230 mmol, whereas among the
least acculturated society, 24-hour urinary sodium excretion
was under 20 mmol.

These comparisons of blood pressure in isolated popu-
lations suggest that sodium intake plays an important
role in determining absolute levels of blood pressure and
age-blood pressure relationships. More support for this
observation has come from the examination of remote
populations in the Intersalt Study.?® The authors of that
study concluded that a certain minimum intake of salt
is required to produce a high frequency of hypertension
in populations.
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MIGRATION STUDIES

Populations that do not demonstrate an age-related rise in
blood pressure tend to live in primitive societies isolated
from modern lifestyles and have a low salt intake, high
level of physical activity, and an absence of obesity. Many
studies of those who migrate to a more Westernized envi-
ronment or who are under modernization in situ have
shown that blood pressure rises with age and hypertension
begins to appear. This change in pattern of blood pressure
with aging must be due to an alteration of environmental,
rather than genetic influences. Such migrants, therefore,
provide a unique population model in which to study the
relationship between blood pressure and environmental
factors.®

In the Tokelau Island Migrant Study, the relationship
between blood pressure and migration was studied in a
cohort of 654 adultTokelauans who either remained in their
homeland or migrated to New Zealand.* Three surveys
were conducted between 1968 and 1982. Results showed
that both systolic and diastolic blood pressures of migrant
men were higher compared with age-matched nonmigrants.
In a longitudinal analysis of this cohort, it was noted that
blood pressures tended to rise 1 mmHg/year faster among
male migrants than among male nonmigrants, and about
0.4 mmHg/year faster among female migrants than among
female nonmigrants.>® Most of this rise in blood pressure
could be attributed to weight gain. However, this study
did not include a control group of New Zealand local
residents. >

The Yi migrant study is a more recent and significantly
larger study of migration from an isolated population to a
more Westernized population.® In the Yi migrant study,
blood pressure was measured in 14,505 persons (8241 Yi
farmers, 2575 urban Yi migrants, and 3689 Han urban
residents) aged 15 to 89 years. Blood pressure was recorded
as the mean of three seated measurements after a 10-
minute rest period. At all ages, Yi migrant men had higher
mean diastolic pressures than male Yi farmers, and had
values similar to Han men. In women, mean systolic and
diastolic pressures were lower in Yi farmers in the second
half of life, while blood pressures were similar among Yi
migrant women and Han women and higher than among
Yi farmers. Definite hypertension, defined according to
World Health Organization criteria as systolic pressure at
least 160 mmHg and/or diastolic pressure at least 95 mmHg
and/or use of antihypertensive medication, was extremely
rare among Yi farmers (0.66 % in men and 0.33% in women).
The age-adjusted prevalence of hypertension in male Yi
migrants was 4.25%, similar to the 4.91% seen in Han
men. For women, age-adjusted prevalence of hypertension
was lower among Yi migrants than in Han residents
(2.40% and 4.76%, respectively) and much higher than
that of Yi farmers. Differences in the prevalence of definite
hypertension were especially marked in the oldest age
groups. For example, among men aged 65 years and older,
the prevalence of definite hypertension was 8.0 times
higher in Yi migrants and 13.9 times higher in Han than in
Yi farmers.

The contribution of urinary cations to change in blood
pressure due to migration was also explored in this study
of Yi farmers.*” Blood pressure and overnight urinary
electrolyte levels were measured on 3 consecutive days in
313 Yi farmers, 265 Yi migrants, and 253 urban Han
residents, all male. Of the urinary electrolytes, a higher
sodium:potassium ratio best explained the higher blood
pressure in the migrants. Yi farmers had lower systolic
(106.7 mmHg vs. 114.8 mmHg, respectively) and diastolic
(66.2 mmHg vs. 71.3 mmHg, respectively) blood pressures
than Yi migrants. However, even after adjustment for age,
body mass index, alcohol intake, and urinary sodium,
potassium, calcium, and magnesium excretion, Yi farmers
continued to have lower average blood pressures than Yi
migrants. In pooled analyses of all three groups, urinary
sodium and calcium were positively related, and urinary
potassium and magnesium were inversely related to blood
pressure. These results suggest that migration is associated
with a higher blood pressure that was partially but not
entirely explained by higher levels of adiposity, alcohol,
and sodium intake, and lower levels of potassium and
magnesium intake.

Poulter et al.>! examined 325 members of the Luo tribe
aged 15 to 34 years who had migrated to Nairobi and 267
controls living in 35 villages on the northern shores of
Lake Victoria in western Kenya. They collected medical
questionnaires, three 24-hour diet histories, height, weight,
pulse, and blood pressure on migrants and controls. In
addition, three 12-hour overnight urine samples were
collected from all participants and analyzed for sodium,
potassium, and creatinine concentrations.

They found that mean systolic blood pressure of migrants
was significantly higher than that of controls, and the
entire distribution of blood pressure was shifted to higher
levels as compared with controls. Mean diastolic blood pres-
sure differences also grew over time. They also concluded
that blood pressure differences were not due to selective
migration but more likely due to the contribution of dietary
and urinary cations. Migrants’ mean urinary sodium:
potassium ratio was significantly higher than that of controls
(p<0.001), and weight and pulse rate were also higher
among migrants. Their results are highly consistent with
that of the Yi migrant study and strongly suggest that urinary
sodium:potassium ratio and weight changes are important
contributors to increased blood pressure among migrants
from a low blood-pressure community, and therefore, may
also be an important part of the initiation of essential
hypertension.

CONCLUSIONS

High blood pressure is a major risk factor for cardio-
vascular disease worldwide. In Westernized populations,
the pattern of blood pressure is such that most of the
population is at increased risk for blood pressure-related
cardiovascular diseases. In contrast, the pattern in many
isolated populations is such that only a slight fraction if any
of the population is at increased risk for blood pressure—
related disease. In comparisons of Westernized populations



with those isolated populations that demonstrate little or
no rise in blood pressure with age, one of the most salient
and consistent differences between them is a very low mean
sodium intake. Even within isolated populations, those with
lower sodium intake and hence lower sodium:potassium
excretion ratios in urinary testing, have lower blood
pressures and less age-related increase in blood pressure.
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SECTION 1 EPIDEMIOLOGY

Chapter

Regional Differences in Blood
Pressure in Developed Countries

Patricia M. Kearney and Ivan |J. Perry

Key Findings
m Blood pressure increases with age across regions.
m In younger individuals high blood pressure is more

prevalent in men, while in older populations more
women than men have high blood pressure.

m The distribution of high blood pressure varies by
ethnicity within regions.

m Hypertension is a major public health problem
irrespective of age, race/ethnicity, or gender.

m In economically developed countries, the prevalence of
hypertension ranges between approximately 20% and
50%, and overall approximately one-third of adults in
developed countries are affected.

m The prevalence of hypertension is higher in Europe than
in North America or Australia, but overall it is decreasing
in most Western countries.

m Population-wide strategies are required for prevention,
treatment, and control of hypertension.

m Formal population-level screening programs are required
to increase the detection of hypertension.

m Awareness, treatment, and control are required at an
individual level.

m Population-level interventions are also required.

Hypertension is an important public health challenge world-
wide because of its high prevalence and the concomitant
increase in risk of cardiovascular and renal disease.™* It
has been identified as the leading global risk factor for
mortality and has been ranked third as a cause of disability-
adjusted life years.> Hypertension is the most important
modifiable risk factor for coronary heart disease, stroke,
congestive heart failure, chronic renal failure, and peripheral
vascular disease.*® Observational epidemiologic studies
have demonstrated that elevated blood pressure is related
to an increased risk of cardiovascular and renal disease.®®
Also, randomized controlled trials have shown that anti-
hypertensive drug treatment reduces the morbidity and
mortality of cardiovascular and renal disease among patients
with hypertension (Table 3-1).1%2The treatment of hyper-
tension has improved dramatically over the past 30 years
in many countries and this has contributed to the reduc-
tion in mortality due to coronary heart disease and stroke
that has been observed in some developed countries.™
However, even in developed countries, most patients with
hypertension do not have adequate treatment and control

of their blood pressure.’*1> Patterns of regional differences
in hypertension prevalence may provide insight into the
underlying determinants of blood pressure variation and
facilitate improvements in hypertension treatment and
control.

PREVALENCE OF HYPERTENSION
IN DEVELOPED COUNTRIES

It has been estimated that more than one-quarter of the
world adult population—totaling nearly 1 billion—had hyper-
tension in 2000 and it is predicted that this proportion
will have increased to 29%—1.56 billion—by 2025.1¢ In
developed countries, the total number of people with
hypertension in 2000 was estimated as 333 million, and it
is predicted that this number will increase by 24% to 413
million by 2025.1° In economically developed countries,
the prevalence of hypertension ranges between approxi-
mately 20% and 50%,” and overall approximately one-third
of the adult population in developed countries are affected
(26.6% of men and 26.1% of women) (Table 3-2).

North America

According to data from the National Health and Nutrition
Examination Survey (NHANES) III conducted in
1988-1992, as many as 42.3 million adult residents of the
United States have hypertension, defined as having a systolic
blood pressure >140 mmHg and/or a diastolic blood pressure
>90 mmHg and/or taking antihypertensive medications.
In addition, there are 7.7 million U.S. residents who have
been told at least twice by a health professional that they
have hypertension. Overall, there are about 50 million adult
hypertensives in the United States.’® The most recent report
of the Joint National Committee (JNC) on Prevention,
Detection, Evaluation, and Treatment of High Blood Pressure!®
defined a new category, prehypertension (systolic blood
pressure of 120 to 139 mmHg or a diastolic blood pressure
of 80 to 89 mmHg), which identifies individuals at increased
risk of cardiovascular disease. According to data from the
NHANES 1999-2000, approximately 60% of American
adults (67% of men and 50% of women) had prehyper-
tension or hypertension and 27% had hypertension.?’ A
similar prevalence of hypertension was reported in the
Canadian Heart Health Survey, a cross-sectional population-
based survey that collected data in each of the 10 Canadian
provinces between 1986 and 1992.2! The study reported an
overall prevalence of hypertension of 26 % in men and 18%
in women, which represents 4.1 million Canadian adults.
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CHARACTERISTICS OF STUDIES
Blood Pressure Methods
Age No. of Measures/No.
Region Country Study Year Range Study Population Device of Visits Preparation
North America United 1988-1994 >18 National sample Standard 6/2 5-minute rest
States of 19,661 mercury
Canada 1986-1992  18-74 National sample Standard 4/2 5-minute rest
of 23,129 mercury
Europe Spain 1990 35-64 National sample Random 31 —
of 2,021 zero
England 1998 >20 National sample Electronic 3/1 5-minute rest
of 11,529
Germany 1994-1995  25-74 Regional sample Random 3/1 30-minute rest
of 4,856 zero
Greece 1997 18-91 Regional sample Standard 3/1 5-minute rest
of 665 mercury
Australia Australia 1989 25-64 National sample Standard 2/1 —
of 19,315 mercury
Japan Japan 1980 30-74 National sample Standard N1 —
of 10,346 mercury

Table 3-1. Characteristics of Studies

PREVALENCE OF HYPERTENSION
Region Country Crude Prevalence of Hypertension Age-Standardized Prevalence of Hypertension
Men (%) Women (%) Overall (%) Men (%) Women (%) Overall (%)
North America United States 23.5 233 23.4 21.0 19.7 20.3
Canada 26.0 18.0 22.0 23.5 15.6 21.4
Europe Spain 46.2 44.3 45.1 4.7 39.0 40.0
England 43.4 35.0 38.8 34.7 25.7 29.6
Germany 44.0 32.2 — 38.3 26.4 —
Greece 30.2 27.1 28.4 18.5 15.9 16.9
Australia Australia 31.9 20.7 — 30.8 20.1 —
Japan Japan 50.1 43.3 — 42.7 35.0 38.3
Note: All studies defined hypertension as average BP of >140/90 mmHg and/or use of antihypertensive medication.

Table 3-2. Prevalence of Hypertension

Europe

Australia

Many studies have estimated the prevalence of hyperten-
sion in Western Europe although there are relatively few
national studies. The reported prevalence tends to be higher
than in equivalent studies in North America.?? The Spanish
National Blood Pressure Study reported a prevalence of
hypertension that increased with age and was higher in
rural (49.4%) than in urban (43.2%) dwellers.?* The study
estimated that there were 6 million hypertensives aged 35
to 64 years in Spain.? The Health Survey for England 1998
was a cross-sectional, household-based nationwide survey
of English adults aged 16 years or older.?* According to the
study, 41.5% of men and 33.3% of women had a systolic
and/or diastolic blood pressure of >140/90 mmHg and/or
were receiving antihypertensive therapy.

The prevalence of hypertension in the Australian general
population was estimated as part of the National Heart
Foundation’s Risk Factor Prevalence Study, which was
conducted from 1980 to 1989.%° The survey was adminis-
tered to a randomly selected sample as a multicenter cross-
sectional survey in 1980, 1983, and 1989. The Australian
Institute of Health and Welfare (AIHW) analyzed the data
from the National Risk Factor Prevalence Study to obtain
estimates of the prevalence of hypertension defined as
systolic blood pressure >140 mmHg and/or diastolic
blood pressure 290 mmHg and/or receiving treatment for
high blood pressure. According to the AIHW analysis, the
prevalence of hypertension in Australian adults aged 25 to
64 years was 31.9% in men and 20.7% in women.?



HYPERTENSION AND AGE

There is a large body of data available from Western popu-
lations that demonstrates mean blood pressure rises with
increasing age.>*” While evidence from isolated “accul-
turated” societies suggests that such an increase in blood
pressure is not a biological requirement,?® in developed
countries there is a general tendency for blood pressure to
rise progressively with increasing age. As a consequence,
there is a concomitant increase in the incidence and preva-
lence of hypertension with age. The age-related increase
in blood pressure, however, varies considerably depend-
ing on the individual’s stage of life, gender, race/ethnicity,
initial level of blood pressure, and exposure to environ-
mental factors.

Childhood and adolescence

Information on the pattern of blood pressure in children
and adolescents is provided by the report of the Second
Task Force on Blood Pressure Control in Children.? This
report was based on data from blood pressure measure-
ments on over 70,000 children who participated in nine
cross-sectional surveys conducted in the United States and
the United Kingdom. At birth, average systolic and diastolic
pressures were 70 mmHg and 50 mmHg, respectively.
Shortly thereafter, there was a rise in systolic blood pressure,
so that by the end of the first year of life it approximated
94 mmHg. Diastolic blood pressure rises by only 2 mmHg
over the same time period. For the next 2 to 3 years, systolic
and diastolic blood pressures remain stable. Thereafter,
there is a tendency for blood pressure to rise with increasing
age throughout the remainder of childhood and adoles-
cence. The slope for age-related change in blood pressure
is much steeper for systolic (1-2 mmHg/year) than for
diastolic (0.5-1 mmHg/year) blood pressure.

The Task Force database provides information on an
approximately equal numbers of boys and girls. There is
little evidence of a difference in pattern of average blood
pressure between the sexes until adolescence. During the
teenage years, average blood pressure is consistently higher
for boys than for girls. This is particularly true for systolic
blood pressure. By age 18, boys have average systolic and
diastolic blood pressures that are almost 10 mmHg and
5 mmHg higher, respectively, than the corresponding values
for girls. There was no evidence for a systematic difference
in average blood pressure between white, black, and Mexican
American children in the Task Force database. However,
data from the Bogalusa Heart Study and the Child and
Adolescent Trial for Cardiovascular Health indicate that
mean blood pressure level is higher in black compared to
white children and lower in Mexican-American compared
to black and white children.3%3!

Adults and the elderly

There is a general tendency for both systolic and diastolic
blood pressure to rise during adult life.>?” The age-related
rate of rise is consistently higher for systolic than for diastolic
blood pressure. Systolic blood pressure tends to rise until
the eighth or ninth decade, whereas diastolic blood pressure
tends to remain constant or decline after the fifth decade.

As a consequence, pulse pressure increases progressively
with aging. This is particularly true during the latter part
of life.

The pattern of blood pressure change with age is modi-
fied to a certain extent by gender and race/ethnicity. In
young adults, systolic and diastolic blood pressures tend
to be higher in men than in women. However, the age-
related rise in blood pressure with age is steeper for women
than for men. As a result, by the seventh decade women
tend to have levels of systolic blood pressure that equal or
exceed those seen in men. Selective survivorship may explain
part of this gender-related difference in blood pressure as
men with high blood pressure earlier on may be less likely
to survive and contribute to average blood pressure later
in life. Longitudinal analysis of the Framingham cohort and
other data sets suggests, however, that selective survivor-
ship only explains a portion of these age-related trends.

In NHANES III, the prevalence of hypertension
increased with increasing age. In the 18 to 24 age group
the overall prevalence of hypertension was only 2.6%.
The prevalence of hypertension increased to 5.4 % in 25-
to 34-yearolds and 13.0% in 35- to 44-year-olds. The
prevalence rates continued to rise with 27.6% of 45- to
54-year-olds affected and 43.7 % of 55- to 64-year-olds. In
65- to 74-year-olds, the overall prevalence was 59.6% and
in over 75-year-olds it was 70.3 %. Similar increases in blood
pressure with age have been demonstrated in a number of
European studies.?>?*33-3% Across all of these age ranges
the prevalence of hypertension is lower in North America
than in Europe.?? However, there was evidence of hetero-
geneity in mean blood pressure among the European coun-
tries at different age groups.?? In the youngest age groups,
Germany, England, and Finland reported the highest
prevalence of hypertension, with a lower prevalence of
hypertension in Italy and Spain. In the older age groups,
Germany and Sweden had the highest levels of hyper-
tension among the European countries while Italy had the
lowest mean blood pressure measurements.

HYPERTENSION AND GENDER

Overall the prevalence and incidence of hypertension are
slightly higher in men compared to women. In NHANES
III, the age-adjusted prevalence of hypertension for all
races/ethnicities was 23.5% in men and 23.3 % in women.
In whites the prevalence was 23.4% in men and 23.1% in
women. In blacks the prevalence was slightly higher in
women than in men, 28.2% and 27.9%, respectively. The
relationship between gender and hypertension is modified
by age. In young adults, the prevalence and incidence rates
of hypertension are higher in men than in women. For
example, in developed countries the overall prevalence of
hypertension in young men (20-29 years) is over twice
the prevalence in women (14.4% vs. 6.2 %, respectively).1®
The prevalence of hypertension remains higher in men
than in women up until the sixth decade. However, by
their 60s, women tend to have levels of blood pressure
that equal or exceed those seen in men. Consequently, the
prevalence of hypertension is higher in women than in
men at older ages.
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HYPERTENSION AND RACE/ETHNICITY

In a worldwide analysis of hypertension prevalence, the
effect of race/ethnicity on the prevalence of hypertension
differed by gender and by study country, so that overall no
clear effect of race/ethnicity on the prevalence of hyper-
tension emerged." In the United States, much interest has
focused on the racial/ethnic differences in hypertension,
although these differences are only half the size of the
differences, for example, between the United States and
Europe.?? In NHANES III, the prevalence of hypertension
in different racial/ethnic groups was compared. In both men
and women, non-Hispanic blacks had the highest and non-
Hispanic whites had the lowest average systolic blood pres-
sure until the end of the fifth decade. In the sixth and later
decades, among men, Mexican Americans tended to have
the highest average systolic blood pressure, although the
differences among the three race/ethnicity groups were small.
In women, non-Hispanic blacks continued to have the highest
and non-Hispanic whites continued to have the lowest
average systolic blood pressure during the sixth decade.
By the seventh decade, however, the three race/ethnicity
groups had similar average systolic blood pressure levels.
Throughout adult life, men had a slightly higher average
level of diastolic blood pressure than women did. Non-
Hispanic black women had a higher average diastolic blood
pressure than non-Hispanic white or Mexican American
women. The same was true in men until the end of the fifth
decade. Thereafter, diastolic blood pressures were similar
in the three race/ethnicity groups. It was found that in the
18 to 49 age group, non-Hispanic blacks had prevalence
of hypertension of 15% in men and 8% in women, non-
Hispanic whites had prevalence of hypertension of 11%
in men and 4% in women, Mexican Americans had the
highest prevalence of hypertension in men of 20%, while
in women it was only 3%.'® In the 50 to 69 age group, the
prevalence was 45% in men and 43% in women among
non-Hispanic blacks; 35% in men and 29% in women
among non-Hispanic whites; and 37 % in both men and in
women among Mexican Americans, respectively. Overall
the prevalence of hypertension was highest in male and
female African Americans. The prevalence of hypertension
was higher in white men than Mexican-American men, while
the prevalence was higher in Mexican-American women
than white women. Several longitudinal cohort studies have
also shown that African Americans have a higher incidence
of hypertension than whites.?¢

In the Atherosclerosis Risk in Communities Study, the
6-year incidence of hypertension was 13.9% and 12.6%
in white men and women, respectively, and 24.9% and
30.3% in African-American men and women, respectively,
aged 45 to 49 years.’” The corresponding incidence of
hypertension among participants aged 50 to 64 years was
18.0% and 17.0% in white men and women, and 28.3%
and 29.9% in African-American men and women, respec-
tively. Other longitudinal cohort studies indicated that the
incidence of hypertension in African Americans was an
average of two times higher than in whites.>¢333 The effect
of race/ethnicity on the prevalence of hypertension was
also assessed in the Health Surveys for England. Age-

adjusted mean blood pressure levels of older adults were
highest among blacks. South Asian men had similar preva-
lence of hypertension as black men, while South Asian
women had similar prevalence of hypertension to white
women.

SECULAR TRENDS IN THE PREVALENCE
OF HYPERTENSION

Repeated independent cross-sectional surveys in the same
populations over time provide information about secular
trends in blood pressure and hypertension (Table 3-3).
However, attention must be paid to the comparability of
the methods of sampling and blood pressure measurement,
as well as the definition of hypertension between surveys.
Few national data are available to examine the secular trend
of hypertension in the general population. Generally
speaking, the prevalence of hypertension has declined in
most Western populations.®

The U.S. National Health and Nutritional Examination
Surveys may provide the best data to examine the secular
trends of hypertension although there was variation in
sample size within each subgroup of the population,
in the protocol for blood pressure measurement, and
in the potential for measurement error.** Overall,
hypertension prevalence in the United States has declined
progressively since 1971, and the distributions of systolic
and diastolic blood pressures have shifted downward
during the approximately 30-year period between
1960-1962 and 1988-1991.%° The decline in the preva-
lence of hypertension has been consistent across age,
gender, and racial/ethnic groups. For example, the age-
adjusted prevalence of hypertension defined as blood
pressure >140/90 mmHg and/or current use of anti-
hypertensive medication peaked at 36.3% in 1971-1974
and declined to 20.4% in 1988-1991. Between 1976-1980
and 1988-1991, the prevalence of hypertension among
black men aged 50 to 59 years remained relatively stable
at 54.7% and 53.3%, respectively. The prevalence for
black men aged 60 to 74 increased from 67.0% to 71.2%.
In every other age-specific and ethnic group, hypertension
prevalence between 1976-1980 and 1988-1991 declined
markedly. The proportionate decrease was greatest among
18- to 29-year-olds and least among the 60 to 74 age
group. Age-adjusted mean systolic blood pressure
decreased from 131 mmHg in 1971-1974 to 119 mmHg
in 1988-1991 in the U.S. general population.** Mean
diastolic pressure decreased from 83 mmHg to 73 mmHg
over the same time period. For black men and women,
the decline in age-specific systolic blood pressure was
greatest between 1971-1974 and 1976-1980; the decline
in white men and women was greatest between 1976-1980
and 1988-1991 for most age groups. Age-adjusted diastolic
pressure decreased in all subgroups between 1971-1974
and 1988-1991. Age-specific diastolic blood pressure also
declined markedly and progressively between 1971-1974
and 1988-1991 for every group. However, while these
analyses of data through 1991 have suggested that hyper-
tension is declining, the most recent NHANES survey
conducted in 1999-2000 reported a prevalence of hyper-



TRENDS IN PREVALENCE OF HYPERTENSION
Region Country Study Year Hypertension Prevalence
Men (%) Women (%) Overall (%)
North America United States NHANES | 1971-1974 40.7 32.1 36.3
NHANES Il 1976-1980 36.8 27.2 31.8
NHANES Il
Phase 1 1989-1991 24.9 24.5 25.0
Phase 2 1991-1994 23.9 26.0 25.0
NHANES 1999-2000 1999-2000 27.1 30.1 28.7
Europe Belgium BIRNH 1980-1985 41.0 30.5 —
MONICA 1985-1992 26.7 20.0 —
Finland FINMONICA 1982 60.7 42.2 —
FINMONICA 1987 60.5 39.2 —
FINMONICA 1992 48.3 31.7 —
FINMONICA 1997 45.9 29.6 —
England Health Survey for England 1994 — — 38.0
Health Survey for England 1998 41.5 33.3 37.0
Germany MONICA Augsburg 1984-1985 37.8 24.6 —
MONICA Augsburg 1989-1990 37.7 23.5 —
MONICA Augsburg 1994-1995 39.3 24.8 —
Greece Athens 1979-1983 31.0 27.7 —
Didima 1997 30.2 27.1 28.4
Australia Australia Risk Factor Prevalence study 1980 45.6 30.4 —
Risk Factor Prevalence study 1983 35.1 24.0 —
Risk Factor Prevalence study 1989 31.9 20.7 —
BIRNH, Belgian Inter-University Research on Nutrition and Health; FINMONICA, Finland Monitoring Trends and Determinants in Cardiovascular Disease;
MONICA, Monitoring Trends and Determinants in Cardiovascular Disease; NHANES, National Health and Nutrition Examination Survey.

Table 3-3. Trends in Prevalence of Hypertension

tension of 28.7%, which was an increase of 3.7% from
1988-1991.4

The Health Survey for England was conducted in 1998
and updated the findings of a previous survey in 1992.%
The prevalence of hypertension in those 16 years and
older was similar in both surveys, 37% in 1998 and 38%
in 1994.2* The Monitoring Trends and Determinants in
Cardiovascular Disease (MONICA) studies were conducted
in a number of European countries over the 1980s and
1990s.42% Comparison of the results from the Belgian
component of MONICA (1985-1992) with the earlier
Belgian Inter-University Research on Nutrition and Health
(BIRNH) project (1980-1984) demonstrated a significant
decline in the prevalence of hypertension, from 41% and
30.5% to 26.7% and 20% in men and women, respec-
tively.** As part of FINMONICA, four independent cross-
sectional surveys were conducted in 1982, 1987, 1992,
and 1997. The prevalence of hypertension remained
stable between 1982 and 1987. There was a significant
downward trend in the prevalence of hypertension
between 1987 and 1992. During 1992-1997, diastolic
blood pressure remained unchanged but the mean systolic
blood pressure decreased. In Germany, the MONICA
Augsburg Project studied the prevalence of hyperten-
sion with three cross-sectional surveys in 1984-1985,
1989-1990, and 1994-1995.% In contrast with the

Belgian and Finnish studies, the age-standardized preva-
lence of hypertension increased slightly from the first to
the third survey. In Greece, a 1997 survey*® reported a
prevalence of hypertension that was very similar to a
much earlier study in Athens conducted between 1979
and 1983.*” The prevalence of hypertension in the
Australian general population was estimated as part of the
National Heart Foundation’s Risk Factor Prevalence with
surveys administered in 1980, 1983, and 1989.1¢ There
was a significant reduction in the proportion of the survey
participants who were classified as hypertensive during
the 1980s.%

AWARENESS, TREATMENT, AND CONTROL
OF HYPERTENSION

In developed countries, there are relatively high levels
of awareness and treatment with approximately one-half
to two-thirds of hypertensives aware of their diagnosis
and one-third to one-half receiving treatment. Treatment
and control of hypertension in the community requires
that elevated blood pressure be recognized and that indi-
viduals with hypertension receive adequate treatment.
The degree of awareness, treatment, and control of hyper-
tension varies considerably among countries (Table 3-4).
In addition, hypertension control rates vary by age, gender,
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AWARENESS, TREATMENT, AND CONTROL OF HYPERTENSION
Treated
Region Country Study Year Age Range  Gender Hypertensives Hypertensives,
Aware (%) Treated (%) Controlled (%) Controlled (%)
North United 1988-1992 18-80+ Men 63.0 44.0 19.0 43.0
America States
Women 76.0 61.0 28.0 46.0
Total 69.0 53.0 24.0 45.0
Canada 1986-1992 18-74 Men 53.0 32.0 13.0 40.6
Women 65.0 49.0 20.0 40.8
Total 58.0 39.0 16.0 41.0
Europe Spain 1990 35-64 Men 39.8 27.5 3.7 13.6
Women 47.7 35.0 5.8 16.5
Total 44.5 32.0 5.0 15.5
England 1998 16-75 Men 40.3 25.7 8.0 31.1
Women 52.2 38.0 10.7 28.2
Total 46.2 31.8 9.3 29.2
Germany  1994-1995 25-74 Men 53.8 29.0 9.5 32.8
Women 67.3 434 14.9 34.3
Total 59.5 35.1 11.8 33.6
Greece 1997 18-90 Men 50.0 45.2 22.6 50.0
Women 69.5 61.9 30.5 49.3
Total 60.8 54.5 27.0 49.5
Japan 1980 30-74 Men — 40.5 23.6 55.7
Women — 54.5 36.0 65.4

Table 3-4. Awareness, Treatment, and Control of Hypertension

race/ethnicity, socioeconomic status, education, and quality
of health care within countries.*®

Trends in level of awareness, treatment,
and control

In the United States, there has been a trend towards
greater awareness, treatment, and control of hypertension
in the community.*! During the 12-year interval between
NHANES II and III, the proportion of hypertensive
patients who were aware of their condition increased
from 51% to 73%.* Increases in awareness were greater
for whites than blacks during this time period. Awareness
was higher for women than men among both blacks and
whites. For example, 67% of black and white men with
hypertension were aware of their diagnosis, while 79%
and 82% of black and white women, respectively, were
aware of their diagnosis at the time of NHANES III.

The increase in awareness of hypertension between
1976-1980 and 1988-1991 has been accompanied by
an increase in the proportion of hypertensives receiving
treatment with antihypertensive medications. Overall, the
percentage of hypertensives receiving treatment increased
from 31% in 1976-1980 to 55% in 1988-1991 in the
U.S. population. The large difference in awareness of hyper-
tension between men and women in NHANES III is
mirrored by a 19% difference in treatment rates. Less
than half of male hypertensives received treatment (46 %),

while almost two-thirds of women were on treatment for
their high blood pressure (65%). For both genders, the
percentage of treatment increased by over 20% between
1976-1980 and 1988-1991, from 21% to 46% in men,
and 43% to 65% in women. The percentages of treat-
ment were virtually identical during NHANES III for
black and white men at 46% and 47%, and both black
and white women at 65 %, respectively. The proportion of
controlled hypertension increased nearly threefold at the
140/90 mmHg cut-point during the 12 years between
NHANES 1II and III. The control rate of hypertension
however remains low at 29%. Control rate is higher in
women at 38% than in men at 22%. A greater percentage
of whites achieved control than blacks, 31% and 26%,
respectively. Control rates among treated hypertensives
were higher in women than in men and in blacks than in
whites. The overall percentage of treated hypertensives
with controlled blood pressure increased from 32% in
1976-1980 to 55% in 1988-1991 in the U.S. general
population. NHANES 1999-2000 reported no change in the
awareness of hypertension, but a further increase of 6%
in hypertension treatment and control.*°

Increasing levels of awareness, treatment, and control have
also been reported in Europe. For example, the Health
Survey for England reported increased hypertension aware-
ness, treatment, and control from 46.0%,31.6 %, and 7.1%
in 1994 to 52.2%, 38.0%, and 10.7% in 1998, respec-



tively.?* Among individuals with hypertension, treatment
rates were highest among black men and women. Among
the treated hypertensives, levels of control did not differ
among the three groups of older men but was lower in
older South Asian women, compared with white women.
In Germany, there was little improvement in the detection
rate of hypertension over a 10-year period from 1984-1985
to 1994-1995.%° Awareness of hypertension remained at
approximately 50% in men and 60% in women. The
proportion of individuals with hypertension who were
receiving drug treatment increased by 7.9% in men and
4.1% in women.*” Overall, levels of hypertension aware-
ness, treatment, and control in Europe are much lower than
in the United States, with levels in Canada lying approxi-
mately halfway between these extremes.'

PREVENTION

The U.S. National High Blood Pressure Education Program
has recommended a combination of population-based and
intensive targeted strategies for primary prevention of
hypertension.*’ Interventions that have proved effective
include weight loss, reduced intake of dietary sodium,
moderate alcohol consumption, potassium supplementa-
tion, modification of eating habits, and increased physical
activity.* These lifestyle changes also have positive effects
on other cardiovascular risk factors such as obesity and
type 2 diabetes. Secondary prevention efforts entail detec-
tion, treatment, and control of hypertension.

Although improvements have been made in the detec-
tion and treatment of hypertension in developed countries,
rates remain far from adequate.'>'” Interventions to reduce
the burden of cardiovascular disease have been success-
ful in some developed regions including Europe, North
America, Australia, and New Zealand.>® These interven-
tions have resulted in substantial reductions in age-adjusted
cardiovascular mortality. Personal and nonpersonal
health-service interventions have proved cost-effective
at both regional and global levels.’® Although personal
health-service strategies have greater potential to reduce
the burden of disease, they are less cost-effective than
population-wide ones.>! The availability of analyses of
cost-effectiveness allows key decision makers to establish
the most appropriate interventions with available
resources.

SUMMARY

Hypertension is an important public health problem in
developed countries. While the prevalence of hypertension

varies among the developed countries, there are some
consistent findings. Hypertension prevalence increases with
age and tends to be more common in men than in women.
There is evidence of a small rural-urban gradient. Over the
past decade the prevalence of hypertension has remained
stable or decreased in developed countries. The distribu-
tion of hypertension within populations is influenced by a
number of factors. The prevalence of hypertension varies
by age, gender, and racial composition of the population
under study. As well as internal factors, the prevalence of
hypertension is also affected by environmental exposures,
such as intake of dietary sodium and potassium, body
weight, alcohol consumption, and physical activity. Any
increase in the lifestyle factors of physical inactivity,
overweight, high intake of dietary sodium, and low intake
of dietary potassium are likely to be accompanied by a
concomitant increase in blood pressure.

Awareness of hypertension has improved in the United
States and other Western countries over the past decade,
but remains inadequate, in particular as only a proportion
of those who are aware of their diagnosis are treated, and
an even smaller number of those receiving treatment are
treated adequately.

An acknowledgment of the global nature of the problem
of hypertension is required so that healthcare providers
screen for and treat elevated blood pressure. The magni-
tude of the burden of hypertension, however, requires not
only an increase in the awareness, treatment, and control
of hypertension, but also concerted efforts targeting the
primary prevention of hypertension. The lifetime risk of
hypertension for white individuals in the United States
has been estimated to be 90% in both 55- and 65-year-
old participants.’? Improvements in the detection, treat-
ment, and control of high blood pressure will not suffice
to address a problem that affects a significant proportion
of the population. A reduction in average blood pressure
could be achieved by lifestyle modification of the general
population, which would result in a reduced prevalence of
hypertension.

Hypertension is a common public health problem through-
out the developed world. It often goes undiagnosed and
even when it is identified and treated, few hypertensives
achieve adequate control of their blood pressure. The
improvements in the awareness, treatment, and control of
blood pressure in the United States provide hope that
similar advances may be made elsewhere. However, given
the high prevalence of hypertension in the community
and the difficulties in achieving and maintaining the goals
of therapy, lifestyle modification remains an attractive
therapeutic option.
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SECTION 1 EPIDEMIOLOGY

Chapter

Early-Life Influences
on Blood Pressure

Debbie A. Lawlor and George Davey Smith

Key Findings

m Treated and well-controlled hypertensive adults still
have a substantial excess mortality and reduced
survival compared with normotensive adults.
Therefore, identification of the means of preventing
hypertension in earlier life is an important objective.

m Blood pressure “tracks” across the life course, such that
those at the higher end of the blood pressure distribution
in earlier life tend to be at the higher end of the
distribution in later life.

m Children of lower socioeconomic status, those whose
mothers experienced pregnancy-induced hypertension,
whose mothers smoked throughout pregnancy, those
with low birth weight, who have high-sodium diets in
infancy, and who are obese in childhood or adolescence,
tend to have higher blood pressure in adulthood.

m The mechanisms linking these early-life factors to later
blood pressure, and the most appropriate means of
preventing adult hypertension by intervening in early
life, are currently unclear.

m Observational studies with repeat measurements of
a range of socioeconomic, behavioral and biological
factors assessed over the life course and the use of
appropriate statistical methods are required to further
understand the temporal relationships between risk
factors and the mechanisms that link early-life exposures
to future disease.

m There is a need for randomized trials with sufficient
resources for long-term follow-up to assess the effects
of interventions to reduce maternal smoking, increase
breast feeding, reduce salt consumption in infancy,
and prevent childhood obesity, on adult blood pressure
and associated cardiovascular disease.

Blood pressure in middle-aged and older people is
positively and linearly associated with coronary heart
disease (CHD) and stroke risk.! While treating high blood
pressure is beneficial in terms of reducing the occurrence
of these outcomes,? treated and well-controlled hyper-
tensive adults still have a substantial excess mortality and
reduced survival compared with normotensives.® There-
fore, the identification of the means of preventing
hypertension in earlier life is an important objective.
Blood pressure “tracks™ across the life course, such that
those at the higher end of the blood pressure distribution
in earlier life tend to be at the higher end of the
distribution in later life.* These tracking correlations

increase with increasing age in childhood.’ The strong and
increasing tracking correlations from mid-childhood
onward suggest that being in the upper end of the blood
pressure distribution in middle or older age is largely
determined by the middle of one’s childhood years and
certainly by the time of adolescence.

In this chapter we provide a summary of the current
evidence concerning the early-life determinants of adult
blood pressure, and discuss how current evidence ought
to affect clinical or public health practice, in addition to
discussing future research needs in this area. We begin by
considering the association between childhood socio-
economic status (SES) and adult blood pressure since
childhood SES may be an underlying determinant that
acts through several of the other risk factors considered
in the chapter. Other risk factors are presented in the
chronological order in which they occur in an individual’s
life course. Of note, many of these exposures act together,
rather than in isolation, to have their effect.

EARLY-LIFE SOCIOECONOMIC POSITION

Adverse childhood socioeconomic status (SES) is asso-
ciated with increased cardiovascular disease (CVD) risk in
later life independently of adult SES.® There is no strong
evidence that childhood SES is associated with higher
blood pressure also measured in childhood.”® However,
childhood SES does appear to be associated with adult
blood pressure, such that those from more adverse
childhood SES have higher blood pressure in adulthood,
independent of adult SES.°'* Consistent with these find-
ings, in the 1946 British birth cohort there was evidence
of amplification of the effect of childhood SES on blood
pressure, with the difference in blood pressure between
manual and nonmanual childhood social class increasing
by 1.0 mmHg per 10 years.!!

There could be several reasons for the increase in the
magnitude of the effect of childhood SES on blood
pressure over the life course. First, few studies conducted
in childhood have adjusted for height, and height may
mask any association in childhood, since taller children
will tend to be from higher socioeconomic groups,'** but
in childhood taller stature is associated with higher blood
pressure.” Second, there may be latent programming, with
a range of adverse environmental exposures in fetal and
early postnatal life that are related to socioeconomic
disadvantage resulting in abnormal metabolic, structural,
and hormonal development that does not manifest itself
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as elevated blood pressure until later in life. Finally,
childhood SES may influence later blood pressure, not
through causing permanent damage in childhood or early
adulthood, but by setting someone on a trajectory of risk
exposures (e.g., poor diet, low levels of physical activity,
smoking across the life course), which together result in
high blood pressure in later life. In a recent prospective
analysis of the Young Finns cohort study, we found that
once height was taken into account, childhood SES was
strongly associated with blood pressure in childhood (those
from the most disadvantaged groups having higher blood
pressure).'* As with other studies we found marked track-
ing of blood pressure and a strong association between
childhood SES and blood pressure in early adulthood.
Of note, we found that adjustment for childhood blood
pressure resulted in marked attenuation of the association
between childhood SES and adult blood pressure,
suggesting that adverse childhood SES had a direct effect
on blood pressure in childhood, which then tracked into
adulthood.™

MATERNAL PREGNANCY
CHARACTERISTICS

Maternal and pregnancy characteristics have most
commonly been related to offspring blood pressure in
childhood and adolescence, with very few studies relating
these characteristics to adult blood pressure. However,
the strong tracking coefficients of blood pressure from
late childhood into adulthood (see above) mean that
associations with blood pressure in late childhood and
adolescence are likely to reflect similar associations into
adulthood.

There is also a positive association between pregnancy-
induced hypertension or maternal blood pressure measured
during pregnancy and offspring blood pressure measured
in childhood and adolescence.'® This may reflect intrauterine
effects or the genetic transmission of blood pressure risk
from parent to child. The fact that the maternal-offspring
blood pressure association is similar to that of the
paternal-offspring association suggests that intrauterine
effects are unlikely to explain this association.

The small number of studies that have assessed the
association between maternal hemoglobin during preg-
nancy and offspring blood pressure in childhood and
adolescence have found inconsistent results, with two
studies finding inverse associations,'”'® one study finding
no association,” and one study finding a positive asso-
ciation.? Maternal smoking during pregnancy has been
shown in three studies to be associated with increased
offspring blood pressure in childhood and adolescence,?*
but two other studies found no such association.”-? In the
largest study to date (n=3864), systolic blood pressure of
children whose mothers had smoked throughout preg-
nancy was on average 0.92 mmHg greater than those
whose mothers had never smoked, after adjustment for a
range of maternal and infant characteristics, including
SES and maternal body mass index (BMI) and gestational
hypertension.?* Blood pressure in children whose mothers

quit smoking early in pregnancy did not differ from those
whose mothers had never smoked.

MATERNAL NUTRITION

The “fetal origins hypothesis” suggests that factors which
impact on fetal growth have a long-term programming
effect on future adult health. In early descriptions of the
fetal origins or programming hypothesis, David Barker
first suggested that maternal nutrition determined fetal
nutrition which in turn impacted upon adult blood
pressure and other CVD risk factors through abnormal
development, in utero, of key systems that determined
these CVD risk factors (the so-called Barker hypothesis).

However, it is now acknowledged that maternal nutri-
tion does not equate to fetal nutrition.?* The fetus of
a poorly nourished mother can be well nourished, as
nutrients are preferentially directed to the growing fetus.
Conversely, a well-nourished mother may have a poorly
nourished fetus because of defects in the fetal supply line
from the placenta. Much of the direct evidence for an
effect of maternal pregnancy diet and fetal nutrition on
future blood pressure has come from animal studies,
where experimental manipulation during pregnancy is
possible.?*?” One of the great strengths of animal studies
is the ability to be able to manipulate maternal nutrition
separately from fetal supply line factors and vice versa.**
In human studies it is impossible to do this. While animal
studies have found a direct effect of maternal pregnancy
dietary manipulation and reduced fetal supply on blood
pressure and other CVD risk factors,>*?’ the generaliz-
ability of their findings, as well as the extreme nature of
some of the manipulations, such as ligation of umbilical
vessels, makes interpreting these results with respect to
humans problematic.?*

The effect of gross maternal pregnancy diet has been
assessed in humans using two natural experiments, where
pregnant women experienced extreme nutritional depri-
vation during the World War I1.2831 These found no effect
of starvation during pregnancy on adult blood pressure
in their offspring.?®3! However, this form of extreme
starvation does not provide information on variations in
maternal diet that occur in contemporary general
populations and that might affect future blood pressure in
offspring. Further, the offspring of women who actually
gave birth to a viable offspring having gone through such
extreme nutritional deprivation during pregnancy may
be unique in many ways that make these findings difficult
to generalize.

In well-characterized rat models, even mild restrictions
in maternal protein during pregnancy have been found
to be associated with increased blood pressure in
offspring.2627-3233 These effects were similar for dietary
manipulations at all stages of pregnancy.3? Results in
humans have been mixed. Three historical cohorts found
that blood pressure in adulthood was greater among those
whose mothers had consumed diets characterized by high
levels of animal protein and low levels of carbohydrates
in late pregnancy (second half of pregnancy in one study>*



and last trimester in two others®>%), but there was no
association between maternal diet at other times in
pregnancy and offspring blood pressure.>*3¢

In one prospective study there was no association
between maternal intake of protein as reported at a mean
of 30 weeks gestation and offspring blood pressure in
adolescence, although maternal intake of fat was inversely
associated with blood pressure in female offspring.’” In a
second prospective study neither maternal intake of
protein assessed during the first trimester of pregnancy
nor that assessed during the second trimester was
associated with offspring blood pressure at a mean age of
6 months,*® and a third study found no association
between the ratio of protein to carbohydrate measured at
32 weeks gestation (nor any other micronutrient) and
offspring blood pressure assessed at a mean of 7 years.*
These inconsistencies may be explained by differences in
study design, assessment of dietary intake in pregnancy
and age at which blood pressure in the offspring is assessed.
Ideally, randomized trials with long-term follow-up should
be used to assess the effects of different maternal diets on
future blood pressure risk, but such studies are expensive
and difficult to conduct.

Observational epidemiologic studies have found that
higher intakes of calcium during pregnancy, and by the
children themselves in the early postnatal period, is related
to lower blood pressure in offspring.*®*! Further, results
from a randomized controlled trial conducted in Argentina
found that mean systolic blood pressure at age 7 was
lower in those whose mothers had been randomized to
2 g of calcium supplementation per day throughout preg-
nancy compared to those randomized to placebo, particu-
larly if the child was overweight at age 7.** Follow-up was
complete for over 85% of both intervention and placebo
group, and the mothers remained blind at the 7-year
follow-up to which group they had been allocated.
Replication of these findings in other populations would
be useful.

BIRTH WEIGHT

By January 2005, nearly 100 studies assessing the
association of birth weight with blood pressure had been
published, and the finding in the majority of these studies
of an inverse association has formed a central part of the
“fetal origins of chronic disease” or “programming”
hypothesis. In nearly all cases, this inverse association was
strengthened on adjustment for concurrent body size.
Four published systematic reviews of the association have
all concluded that an inverse association is apparent, with
a magnitude in the region of —1.5 to —2.0 mmHg/kg.*3-¢
However, the authors of these reviews and other inves-
tigators disagree in their conclusions concerning whether
this association is causal, and if causal, whether it is of
public health or clinical importance.

The consistency of findings in a range of different popu-
lations including children and adults, and populations
from high-, middle-, and low-income countries,* suggest
that the association is unlikely to be fully explained by

confounding factors, since the confounding structures will
be different in these different populations. There is also
evidence for specificity of the association with birth
weight being associated with CVD and its risk factors but
not with lung cancer, suggesting that SES and smoking are
unlikely to explain the association.*” Further, in studies
where control for potential confounders has been
possible, the inverse association between birth weight and
blood pressure has been found to be independent of SES,
maternal and participant smoking, maternal age, birth
order, maternal blood pressure, and alcohol intake.*$-5!

There has been considerable debate about the appro-
priateness or not of adjusting for contemporary size in
studies assessing the association between birth weight
and blood pressure in later life.’>% In many studies the
inverse association between birth weight and later blood
pressure is strengthened or only becomes apparent upon
adjustment for contemporary weight or BMI. One way to
understand this effect of adjustment for contemporary
size is to consider a population of adults, all of whom
have the same weight or BMI at a particular age. It is
differences in the growth trajectories from conception
taken by individuals to reach this particular size that
predict variations in blood pressure.' Trajectories of below
average growth in utero (representing poor fetal nutrition)
and increased growth in childhood (related consumption
of high-energy diets) appear to be particularly detrimen-
tal.**** However, in humans it is difficult to distinguish
between intrauterine and postnatal effects and some have
argued that nutrition in infancy is more important than
fetal nutrition as a risk factor for high blood pressure and
CVD.» Alternatively, the possible interaction between
intrauterine and postnatal growth may be explained by
developmental plasticity—the ability of environmental
effects during sensitive developmental periods to affect
the mature phenotype.’>” The suggestion here is that,
through a process of natural selection across generations,
the intrauterine environment can “forecast” and prepare
a developing human fetus for a postnatal environment of
thrift. This preparation will have survival advantages in
thrifty environments, but in contemporary Western envi-
ronments of excessive nutrition the “setting” of metabolic
and endocrine pathways for thrift may result in increased
risk of hypertension, diabetes, and CVD since the “thrifty”-
set metabolic pathways facilitate rapid/accelerated growth
in an environment of plenty.>

In a recent meta-analysis the magnitude of the effect of
birth weight varied by study size, with a weaker asso-
ciation in the larger studies.*® The authors concluded that
publication bias had led to exaggerated conclusions about
the effect of birth weight on blood pressure. However,
this conclusion fails to recognize that in observational
epidemiology, large studies often have lower-quality data.
Two very large studies have demonstrated that blood
pressure is poorly measured and that the true association
of birth weight with blood pressure in these studies is
consequently underestimated.>®>

A number of investigators have questioned the public
health importance of the association, pointing out that
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even if one accepts an association of the magnitude of
—1.5 mmHg/kg, this represents a change in blood pressure
of less than 0.2 of a standard deviation for a very substan-
tial (two standard deviations) change in birth weight.*-5
This weak association has been compared to the much
stronger positive association between contemporary
weight or BMI and blood pressure.®® However, while
contemporary size will have a direct effect on blood
pressure, few investigators imagine that birth weight has a
direct effect on blood pressure; rather it acts as a proxy
indicator for other exposures, such as fetal nutrition and
genetic factors, that may directly affect blood pressure.
The associations of birth weight with blood pressure
are likely therefore to underestimate the true strength of
any association between the real exposure and blood
pressure. It is noteworthy that the magnitudes of the
associations between birth weight and CHD and stroke
(two of the major consequences of high blood pressure)
are strong and not dependent on BMI adjustment.*”

Possible mechanisms for the birth
weight-blood pressure association

In terms of how the association between birth weight and
adult blood pressure should impact on clinical and public
health practice, we need to understand more about the
underlying mechanisms. The “fetal origins hypothesis”
(also known as the “developmental origins of adult disease
and programming” hypothesis) suggests that poor intra-
uterine nutrition leads not only to small birth size but
also, depending on the timing (or critical period), it
“programs” selective changes in body composition, cell
size and number, hormonal axes, and metabolism that
affect blood pressure and other CVD risk factors.®! Fetal
growth is determined by both maternal and fetal nutrition
and it is important to distinguish between the possible
effects of maternal nutrition across her life course before
pregnancy, maternal nutritional status and diet during
pregnancy, and fetal nutrition (i.e., the net supply of
metabolic substrate to the fetus) on both fetal growth and
future offspring’s blood pressure.?*

In addition to roles for maternal nutrition, diet during
pregnancy and the fetal nutrient supply line, it has been
suggested that genetic factors might explain the association
between birth weight and blood pressure. The same
genetic factors may determine both fetal development,
and hence birth weight and subsequent risk of insulin
resistance and its associated risk factors including
elevated blood pressure (the fetal insulin hypothesis).®*%3
While the animal studies discussed above provide proof
of principle that fetal programming not explained by
genes exists, it is possible that genetic factors and fetal
nutritional programming are both relevant to the asso-
ciation of low birth weight with elevated blood pressure
in humans.

Examining the association of birth weight with blood
pressure within twins has been proposed as a useful
research method for distinguishing between fixed maternal
factors, pregnancy-related factors, and genetic factors in
the association between birth weight and adult disease. A
logical progression in these studies is first to treat all of

the twins as individuals and simply assess the association
between birth weight and blood pressure in the twin
population (between-twin study). If an inverse association
between birth weight and CVD is found between twins
this suggests that twins per se do not differ from the
general populations in which this association has been
demonstrated. A within-twin pair analysis is then
equivalent to matching on factors that are identical within
twin pairs. If there is no association within monozygotic
(MZ) pairs between birth weight and blood pressure (i.e.,
on average the smaller birth-weight MZ twin within any
pair has similar blood pressure to the heavier twin), but
an inverse association is seen in dizygotic (DZ) twins,
then this suggests that factors which are identical between
MZ twins (but not DZ twins) explain the association.
Since MZ twins are genetically identical, fetal genes would
be the most obvious explanation. However, approximately
two-thirds of MZ twins share a placenta; therefore the
lack of an association specifically within MZ twins may
also be consistent with nongenetic placental factors.® If
there is no association within both MZ and DZ (i.e., when
the analysis is undertaken with matching on factors that
are identical within either MZ or DZ twin pairs), but
there is a between-pairs association, then the association
between birth weight and disease would be most simply
explained by fixed maternal factors that are identical for
both twins in both MZ and DZ pairs. For twins, these
factors would include maternal socioeconomic circum-
stances and environmental exposures in her early life,
maternal birth characteristics and growth across her life,
maternal age, diet, and smoking and other characteristics
during pregnancy. If the within-twin pair associations for
both MZ and DZ pairs are similar to the between-twin
associations, then this suggests that fetal nutrition (which
varies within both twin types) or any other factor that is
not identical within twin pairs explains the association.
Studies have examined between- and within-twin pair
associations of birth weight and blood pressure, and a
recent systematic review and meta-analysis of these
studies found a weaker association within-twin pairs than
between-twin pairs, suggesting that factors shared by twins
(fixed maternal factors from earlier in her life course and
at the time of pregnancy) contribute to the association
between birth weight and blood pressure in singletons.%
However, comparisons of paired analyses in MZ and DZ
pairs could not provide conclusive evidence for a role
for genetic as opposed to shared environmental factors,
because of small sample sizes and variations between
studies in the methods used for determining zygosity.
Although the within- and between-twin study design
looks very elegant, important differences exist between
twins and singletons in their growth trajectories, with
these differences appearing from very early in gestation,
possibly being programmed at conception.®®” Thus it is
unclear whether one can generalize findings from twin
studies to the majority of the population who are single-
tons. An extension of the within-twin analysis is a within-
family or within-siblings analysis. While the complete
control for genetic factors in such a study is not possible,
they offer the advantage over twin studies of being more



generalizable. In a recent small (N=600 sibling pairs)
within-siblings study, the results suggested that the
inverse association between birth weight and blood
pressure was not explained by fixed maternal factors such
as SES, her nutritional status from conception to early
adulthood, or maternal genetic factors.'® Since siblings (as
opposed to twins) have experienced different pregnancies
and share only 50% of their genes, maternal pregnancy
characteristics and genetic factors might explain the
association between birth weight and blood pressure.
Indeed, in this study adjustment for paternal as well as
maternal blood pressure reduced the strength of the
association between birth weight and systolic blood
pressure of the offspring in childhood, suggesting a
potential role for genetic factors. The findings from this
small study have now been replicated in a very large
(N=103,548 sibling groups) study, providing strong
evidence that the birthweight-blood pressure association
is not explained by fixed maternal factors (Lawlor DA et
al. paper submitted for publication June 2006).

INFANT FEEDING

Two meta-analyses of the association between breast-
feeding and blood pressure in later life found very similar
pooled estimates despite each including a number of
different studies. The pooled estimates suggested an
approximate difference in systolic blood pressure of
1 mmHg comparing those who were ever breastfed to
those who were exclusively bottle fed.®®%° Whether this
association is causal is difficult to determine since there
was evidence of publication bias in both studies and other
limitations of the individual studies, including measure-
ment error in determining breastfeeding and confounding.

In one study, published since the most recent of these
meta-analyses, parents of children aged 9 and 15 years at
examination were asked about exclusive breastfeeding
and there was a dose-response association, with greater
duration of exclusive breastfeeding being associated with
greater reductions in blood pressure.” This dose response
provides some evidence of causality, but clear evidence
for a causal effect requires evidence from randomized
controlled trials. The clear benefits of breastfeeding make
it impossible to randomize infants to different feeding
regimens, but the long-term follow-up of the offspring
of women who were randomized to different interven-
tions to promote breastfeeding (if these were effective
at increasing breastfeeding) might be one means of
determining whether breastfeeding is causally related to
blood pressure. The authors of a long-term follow-up of a
randomized controlled trial of different feeding regimens
in pre-term infants concluded that breast milk had a
major beneficial effect on blood pressure and other CVD
risk factors in adolescence. However, a recent detailed
review of the role of infant feeding on CVD demonstrates
that the majority of women randomized to pre-term
formula actually also breastfed their children, and con-
cludes that the results really show that individuals in that
trial “who were given pre-term formula are more likely to
display markers of cardiovascular disease risk.””!

DIETARY SODIUM INTAKE IN INFANCY
AND CHILDHOOD

Among adults, salt intake reduction is associated with
small reductions in blood pressure,’7® although in child-
hood urinary sodium levels (a reflection of dietary intake
and plasma clearance) do not appear to have a marked
effect on blood pressure.”*”® However, there is evidence
that infancy is a sensitive period with respect to the effect
of sodium on future blood pressure. In a Dutch study in
the early 1980s, infants were randomized to a low or a
normal sodium diet for the first 6 months of life. The
initial results of that study found that blood pressure in
those allocated to the low-sodium diet was 2.1 mmHg
lower at the end of the 6-month intervention period, but
with further follow-up to 12 months there was no
difference between the two groups.”®8 A 15-year follow-
up of the participants found that mean systolic and
diastolic blood pressure were markedly lower among the
group originally randomized to the low-salt group com-
pared to the high-salt group; mean difference in systolic
blood pressure was 3.6 mmHg, and in diastolic blood
pressure was 2.2 mmHg?! This effect is considerably
larger than any reported effects of salt reduction in adults.
Interestingly, at the 15-year follow-up there was no
difference in mean sodium intake in the two groups,
suggesting that the effect was not due to dietary sodium
in infancy influencing an individual’s taste for salt and
later sodium intake. Because of the strong tracking corre-
lations from age 15 onward, this effect of dietary sodium
in infancy on blood pressure at age 15 would be likely to
have a lasting effect on blood pressure into adulthood.
These results should be treated with caution since there
was considerable loss to follow-up, with only 35% of the
original participants included. Further, their relevance to
contemporary populations is unclear since infant formulas
contain much less sodium now than they did in the early
1980s when this trial was conducted. To date no other
published studies have assessed the effect of random
allocation to different dietary sodium levels in infancy
and later blood pressure. Since infant formulas in most
Western countries now have sodium levels that are
equivalent to physiological levels in breast milk, manipu-
lating sodium intake in early infancy in a trial would not
be ethical or feasible. However, it is likely that from wean-
ing onward, infant diets will vary considerably in their
sodium content, and a randomized controlled trial of
the effects of different dietary intake of sodium from
weaning age onward in infancy on future blood pressure
would be valuable.

CHILDHOOD ADIPOSITY

There is a strong positive relationship between BMI and
blood pressure at all stages of the life course.®® Thus BMI
measured in childhood is positively associated with blood
pressure in childhood and this association remains through-
out life. Since blood pressure tracks from childhood to
adulthood, one would therefore expect an association
between childhood BMI and adult blood pressure. Several
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prospective studies have found that BMI or weight
measured in childhood is positively associated with blood
pressure measured in adulthood.®® However, this asso-
ciation may not be independent of adult BMI.#?? Increases
in BMI during childhood or between childhood and
adolescence are also associated with greater blood
pressure in adulthood,®*# and in a recent Australian
study of children, those who changed from being over-
weight or obese at age 5 to normal weight at age 14
had similar mean blood pressure to those who were
normal weight at both ages, whereas those who remained
overweight or obese at both ages had higher mean blood
pressure.

From a disease prevention perspective, preventing
childhood obesity rather than trying to tackle established
obesity in adulthood, may be most important since child-
hood obesity is strongly predictive of adult obesity,
and interventions to produce sustained weight loss once
obesity is established in either childhood or adulthood are
largely ineffective.®”

CHILDHOOD PHYSICAL ACTIVITY
AND FITNESS

Physical activity in childhood could have a direct effect
on blood pressure that tracks into adulthood and/or could
be strongly correlated with activity levels in adulthood,
which in turn are related to adult blood pressure.
Increased levels of physical activity and physical fitness
are associated with lower blood pressure in childhood.®8°
In the Harvard Alumni prospective cohort study, partici-
pation in vigorous activity while at college in adolescence
and early adulthood was associated with a reduced risk of
hypertension 16 to 50 years later.”* However, there was a
stronger association between current (adult) activity and
blood pressure than between activity levels in earlier life.
A systematic review of intervention studies in adults with
hypertension concluded that increasing levels of physical
activity produced important reductions in blood pressure
but only for the duration of regular activity.”?> To our
knowledge no intervention studies have examined the
long-term effects of increased childhood activity on adult
blood pressure.

THE ROLE OF EARLY-LIFE FACTORS
IN EXPLAINING POPULATION-LEVEL
DIFFERENCES IN MEAN BLOOD PRESSURE

Population variations in mean blood pressure, either
between countries or over time, also suggest that early-
life factors are important determinants of adult blood
pressure. Geographic variations in adult blood pressure,
which strongly correlate with variations in CVD rates,
have been described for many years.” It has been assumed
that geographic variations in blood pressure exist only in
older adulthood and are not present in childhood.”*
However, there is increasing evidence of geographic
variations in blood pressure in childhood, adolescence,
and early adulthood that correlate strongly with mean
blood pressure in adulthood.® Further, downward secular

trends in blood pressure, seen in most developed
countries, have occurred in all age groups, with important
declines in blood pressure levels among children for at
least the past 50 years.”>*® These population findings
suggest that the marked declines in blood pressure seen in
recent decades are not primarily due to changes in adult
risk factors or treatment of those with hypertension since
these could not explain the similar declines in children
and adolescents. They suggest that early-life factors are
important in determining population levels of blood
pressure and changes in blood pressure over time.

FUTURE RESEARCH NEEDS AND POLICY
IMPLICATIONS

The greatest risk to public health of the associations
described in this chapter is likely to be seen in developing
countries where the effects of extreme poverty in early
life and in earlier generations are increasingly combined
with adverse Western diets and lifestyles in adulthood.
Despite this risk, very little of the research in this area has
been conducted in the developing world.

Work (from developed countries) suggesting that
accelerated postnatal growth is detrimental to future high
blood pressure and CVD health is a particularly impor-
tant example of the need to extend this area of research
into developing countries. Few would disagree with the
suggestion that late weight catch-up in stunted infants or
children resulting in the “stunted-(centrally) obese” adult
is harmful to cardiovascular health. However, the short-
term benefits of catch-up growth for small newborns,
particularly in developed countries with continued expo-
sures to infectious diseases and adverse environments,
may outweigh any possible long-term detrimental effects.”
A body of work is underway in this area in developing
countries. 100101

From a public health policy perspective, understanding
the mechanisms and models that underlie the association
between early-life risk factors and future blood pressure is
important. Individual risk factors will interact with each
other and with adult risk factors over the life course to
determine future blood pressure. Understanding how
different risk factors relate to each other, including tem-
poral relationships, will require development and nurtur-
ing by funding agencies and the research community of
prospective observational studies with repeat measure-
ments of a range of socioeconomic, behavioral, and
biological factors assessed from birth over the life course
and across generations. Further, there is a need to develop
appropriate statistical methods that model relationships
between correlated and temporally related exposures as
well as dealing with repeated measurements, hierarchical
data, measurement error, and missing values.'® It is also
important to establish randomized trials with sufficient
resources for long-term follow-up to assess the effects of
(1) interventions to reduce maternal smoking during
pregnancy, (2) maternal dietary factors during pregnancy,
(3) infant sodium intake, (4) increasing childhood physical
activity, and (5) preventing childhood obesity on adult
blood pressure and CVD.



SUMMARY

Children from lower-SES households, those whose mothers
experience pregnancy-induced hypertension, whose
mothers smoke throughout pregnancy, those with low birth
weight, who have high-sodium diets in infancy, and who

CHAPTER

pressure—for example, mothers not smoking in preg-

nancy—have clear benefits irrespective of any possible
effect on blood pressure, and should be promoted. How-
ever, more research is required to know what early-life
interventions will have the greatest public health impact
on reducing future hypertension and its associated diseases.

are obese in childhood or adolescence tend to have higher

blood pressure in adulthood. However, the mechanisms

linking these early-life factors to later blood pressure, and

the most appropriate means of preventing adult hyper-
tension by intervening in early life, are currently unclear.
Some early-life factors that appear to influence blood
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SECTION 1 EPIDEMIOLOGY

Chapter

Blood Pressure and the Risks of
Cardiovascular Disease and Stroke
Donald M. Lloyd-Jones and Philip Greenland

Key Findings

m Higher levels of blood pressure increase risk for all
manifestations of cardiovascular disease (CVD) in a
continuous and graded fashion, beginning at levels
considered to be well within the “normal” range.

m The vast majority of hypertensive individuals have at
least one other risk factor for CVD.

m Hypertension is associated with increased risk even
in the absence of other risk factors, but risk increases
dramatically when other risk factors are present.

m Elevated systolic blood pressure (SBP) is far more
prevalent in the population than elevated diastolic blood
pressure (DBP). SBP is at least as strong a risk factor as
DBP, and often stronger, in predicting adverse CVD
outcomes. SBP is also generally a stronger predictor of
CVD events than pulse pressure (SBP minus DBP).

m The relative risks associated with hypertension are higher
for heart failure and stroke, indicating a greater etiologic
role for hypertension in these manifestations of CVD.
Because rates of coronary heart disease (CHD) are
substantially higher than rates of stroke and heart failure,
hypertension has a greater population impact on CHD.

m Type of first CVD event occurring after hypertension
onset varies according to age and sex.

m Younger men tend to experience CHD events first,
whereas older men and women at all ages tend to
experience stroke.

m Relative risks for CVD are at least as high for older as
younger hypertensives, but absolute risks for CVD are
substantially higher in older hypertensives, indicating
their greater need for blood pressure treatment and
control.

m Hypertension is more prevalent, and confers greater risks
for CVD, in blacks compared with whites.

Arterial hypertension, or persistent, nonphysiologic
elevation of systemic blood pressure, is a major risk factor
for all forms of atherosclerotic and atherothrombotic
cardiovascular disease (CVD). Moreover, it is now recog-
nized that, beginning at levels well within the so-called
“normal” range, higher levels of blood pressure (BP)
generally increase risk in a continuous and graded fashion
for multiple cardiovascular and noncardiovascular sequelae.
Higher levels of BP are associated with increased risk for
total mortality, CVD mortality, coronary heart disease
(CHD) mortality, myocardial infarction (MI), heart failure
(HF), left ventricular hypertrophy (LVH), atrial fibrilla-

tion, stroke, peripheral vascular disease, and renal failure.
As discussed below, BP levels exert differential effects on
risk for development of each of these endpoints. Indi-
viduals with hypertension are at risk for all manifesta-
tions of CVD, with concomitant risk factors influencing
the manifestation as well. An understanding of the con-
cept of “risk factors” and of epidemiologic measurements
of association between a risk factor and disease will serve
as an introduction to a detailed examination of BP as a
risk factor for CVD and stroke.

The term risk factor, referring to an exposure that
influences risk for development of disease, was coined in
1961 in a seminal paper from the Framingham Heart
Study investigators.! Of note, that analysis was among
the first to identify substantially elevated risks for CHD
among men and women with elevated BP levels. An
epidemiologic association between a proposed risk factor
and a disease is likely to be causal if it fulfills the follow-
ing criteria: (1) exposure to the proposed risk factor pre-
cedes the onset of disease, (2) there is a strong association
(i.e., large relative risk) between exposure and disease
incidence, (3) the association between exposure and disease
is dose-dependent, (4) exposure is consistently predictive
of disease in a variety of populations, (5) the association
is independent of other risk factors, and (6) the associa-
tion is biologically and pathogenically plausible, and is
supported by animal experiments as well as clinical inves-
tigation.? Even more definitive support for an etiologic
association between a proposed risk factor and disease
can come from clinical intervention trials in which modifi-
cation of the risk factor (by behavioral or therapeutic
interventions) is associated with a decreased incidence of
disease. Elevated BP clearly meets all of these criteria,
and is accepted as an etiologic risk factor for CVD.

Absolute risk for disease associated with a given expo-
sure is often expressed as the rate of development of new
cases of disease per unit of time (or incidence) in exposed
individuals. This proportion may be compared with the
proportion among nonexposed subjects in a variety of
ways. The relative risk of disease is the ratio of disease
incidence among exposed compared with nonexposed
individuals. As such, relative risk measures the strength
of the association between exposure and disease, but it
gives no indication of the absolute risk of disease. The
attributable risk of a given exposure describes the pro-
portion of the incidence of disease in a population that
can be ascribed to the exposure, assuming that a causal
relationship exists. The population attributable risk (PAR)
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takes into account the proportion of individuals in the
population who are exposed, as well as the relative risk
for disease associated with exposure, to allow comparison
of the impact of diverse risk factors on the burden of
disease in a population. Therefore, attributable risk is a
useful concept in determining the public health impact of
a given risk factor and in selecting risk factors that should
be targeted for prevention programs.>

CARDIOVASCULAR DISEASE RISK ACROSS
THE SPECTRUM OF BLOOD PRESSURE

Individuals with hypertension, currently defined as
untreated systolic BP >140 mmHg, or diastolic BP
>90 mmHg, or receiving therapy for elevated BP, have
a two- to three-fold increased risk for all CVD events
combined, compared with nonhypertensive individuals.
When CVD endpoints are considered individually, rela-
tive risks with hypertension are greatest for stroke and
HF, and somewhat lower for CHD (Figure 5-1, bottom).
Nonetheless, because CHD incidence is greater than
incidence of stroke and HF, the absolute impact of hyper-
tension on CHD is greater than for other manifestations
of CVD, as demonstrated by the excess risks shown in
Figure 5-1.

Although much of the focus on CVD risk has been on
frank hypertension, it is clear that risks for CVD increase
at higher BP levels, even within the so-called “normal”
range. A recent epidemiologic pooling study of nearly 1
million men and women, which included data on more
than 56,000 decedents, revealed that risks for CVD death

increase in a continuous fashion at levels starting as low
as SBP of 115 mmHg and DBP of 75 mmHg, and possibly
lower. For each 20-mmHg increment in SBP or each
10-mmHg increment in DBP, there was approximately a
doubling of risk for stroke death and for ischemic heart
disease death in both men and women.*

Other studies provide confirmation of these findings.
Data from more than 347,000 middle-aged men (35 to
57 years old) screened for the Multiple Risk Factor Inter-
vention Trial (MRFIT) provide precise estimates of incre-
mental risks with higher BP levels. As shown in Figure 5-2
(bars), there is a continuous, graded effect of BP on the
multivariable-adjusted relative risk for CHD mortality
beginning at pressures well below 140 mmHg.> Although
relative risks are clearly highest for men with SBP
>180 mmHg, these data help make an important point
about BP levels in the population at which the majority of
CVD events are occurring. In Figure 5-2, the numbers above
each bar indicate the number of men in each stratum of
SBP at baseline. Although the relative risks were highest
for men with SBP >180 mmHg, the vast majority of men
at baseline had an SBP <159 mmHg. Taking into account
the number of men in each stratum and the expected rates
of CHD death, there is a substantial number of excess
CHD deaths occurring at lower BP levels (as shown by the
line in Figure 5-2). Thus nearly two-thirds of excess CHD
deaths occurred in men with baseline SBP between 130
and 159 mmHg, relatively “mild” levels of elevated BP.

Recent data from the Framingham Heart Study also
indicate that the risk associated with BPs in the range of
130 to 139 mmHg systolic or 85 to 89 mmHg diastolic
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, 1.3%, 30.6% . 43.9% | 241%
6 I I I I 3,191 [ 25
| | | |
5 | | |
T l 20
x | | | 4,013 9
g — | | | 17)’
() 4 1 1 -o:—'
2 9,308 L 15 ©
= | | — %
° ] | | |
g 3 | | %
Q | 1 L 10 O
%) | | 7
3 2 4 \ %]
| | [0]
2 | | \0""" 2
21,379166,08 L5 M
1 |
|
I
O v T T T T T T T T 0
<110 110- 120- 130- 140- 150- 160- 170- 180+
119 129 139 149 159 169 179
Systolic blood pressure (mmHg)

Figure 5-2. Multivariable-adjusted relative risks for coronary heart disease death by
systolic blood pressure strata, numbers of men in each stratum, and excess coronary
heart disease deaths in each stratum in men aged 35 to 57 years. Multiple Risk Factor
Intervention Trial screenees.> CHD, coronary heart disease.

are substantial, despite the fact that these levels are not
currently classified as hypertension. These “prehyper-
tensive” levels of BP are associated with significantly
elevated multivariable-adjusted relative risk for CVD of
2.5 in women and 1.6 in men.® In the Physician’s Health
Study, there was a nearly two-fold increased risk of stroke
associated with borderline elevated SBP.” Likewise,
individuals with SBP between 120 and 139 mmHg or
DBP between 80 and 89 mmHg have a high likelihood of
progressing to frank hypertension over the next 4 years,
especially if they are age 65 or older.® For these reasons,
JNC 7 (Joint National Committee on Prevention, Detec-
tion, Evaluation, and Treatment of High Blood Pressure,
Seventh Report) has reclassified the JNC 6 BP categories
to place greater emphasis on prevention of hypertension.
These previously “normal” and “high-normal” levels (i.e.,
SBP 120-139 or DBP 80-89) are now classified as
“prehypertension.”’

Although clinical practice guidelines recommend treat-
ment of hypertension in individual patients only when
their current BP levels cross certain thresholds, there is
evidence that long-term BP levels confer significant CVD
risk over and above current levels. Vasan et al.’® observed
that antecedent time-averaged BP predicted the incidence
of CVD events even after adjustment for current BP and
other traditional risk factors. Furthermore, antecedent BP
(both recent and remote) predicted risk of CVD in both
nonhypertensive and hypertensive individuals. Thus, delay-
ing treatment of elevated BP until absolute risk or BP
level crosses a threshold may not adequately reduce the
risk of CVD events. These findings underscore the impor-
tance of preventing hypertension onset and of detecting
and controlling elevated BP throughout the life span.’®

For many CVD endpoints, there is effect modification
by gender, with male hypertensives being at higher risk

for CVD events than female hypertensives; HF is a notable
exception to this generalization. As discussed below, there
is also substantial effect modification by age, with older
hypertensives being at similar or higher relative risk but
much greater absolute risk than younger ones.* Hyper-
tension rarely occurs in isolation, and it confers increased
risk for CVD across the spectrum of overall risk factor
burden, with increasing importance in the setting of other
risk factors.’? As shown in Figure 5-3, absolute levels of
CHD risk increase substantially with increasing risk factor
burden, and risk is augmented still further by increases in
BP levels from optimal to marked hypertension in both
women (Figure 5-3, A) and men® (Figure 5-3, B). Thus
BP levels, and the risk they confer, must always be
considered in the context of other risk factors and the
patient’s global risk for CVD.

RISK FACTOR CLUSTERING

Hypertension occurs in isolation very infrequently. A
recent assessment of 4962 middle-aged and older indi-
viduals from a community-based sample revealed that
higher BP stages were associated with a higher mean
number of other risk factors and higher rates of clinical
CVD and/or target organ damage. Overall, among those
with high-normal BP (SBP 130-139 or DBP 85-89 mmHg)
or hypertension, only 2.4% had no other CVD risk factors,
whereas 59.3% had at least one risk factor, and 38.2%
had target organ damage, clinical CVD, or diabetes.!*
The rising epidemic of obesity within Western societies
has led to a greater understanding of the phenomenon of
risk factor clustering, and of the pathophysiologic links
between hypertension, other risk factors, and risk for
CVD.The cluster of risk factors, including central obesity,
atherogenic dyslipidemia (with low HDL cholesterol, high

CHAPTER

901G pue gAD JO SYSIY pue aInssald Poo|g

53



SECTION

ADO10IN3EdId]

54

WOMEN
70 -
[ Optimal BP (<120/<80)
I Normal BP (SBP 120-129 or DBP 80-84)
60 4 | = High-normal BP (SBP 130-139 or DBP 85-89)
Q 1 Stage 1 HTN (SBP 140-159 or DBP 90-99)
< O Stage > 2 HTN (SBP >160 or DBP >100)
2 50
I
(@]
S _
¥ 401
= B —
o
© 30 —
° 1 |
o
o
8 20 -
>
=
N Fmﬂ Fmﬂ
0 T T T T 1
Total Chol 200 250 250 250 250
HDL-Chol 50 50 35 35 35
Diabetes - - - + +
Smoking - - - - +
A
MEN
70 ,
[ Optimal BP (<120/<80)
= I Normal BP (SBP 120-129 or DBP 80-84)
& 0 4 | B High-normal BP (SBP 130-139 or DBP 85-89)
=) I Stage 1 HTN (SBP 140159 or DBP 90-99) —
5] 3 Stage > 2 HTN (SBP =160 or DBP >100) -
S 50
x —
K]
g 40 -
Q |
©
o
S 30 _ u
I
[
iy
2 20
10
0 T T T T 1
Total Chol 200 250 250 250 250
HDL-Chol 50 50 35 35 35
Diabetes - - - + +
Smoking - - - - +
B

Figure 5-3. Predicted 10-year risk for coronary heart disease by level of major risk factors
and JNC-VI blood pressure stage in women (A) and men (B). Calculated from Framingham
risk equations published by Wilson et al." BP, blood pressure; Chol, cholesterol; DBP,
diastolic blood pressure; HTN, hypertension; SBP, systolic blood pressure.

triglycerides, and small, dense LDL-cholesterol particles), feature.’ In some ethnicities, such as blacks, elevated BP
impaired glucose metabolism, vascular inflammation, pro- is the most common criterion leading to diagnosis of the
atherogenic milieu, and elevated BP, has been termed metabolic syndrome. Hypertension is associated with
the “metabolic syndrome.” Visceral adiposity and insulin increased risk for CVD even in the absence of other risk
resistance appear to play central roles in the development factors, but risk increases dramatically when other risk
of metabolic syndrome, and elevated BP is a key diagnostic factors are present, as shown in Figure 5-3.



SYSTOLIC BLOOD PRESSURE, DIASTOLIC
BLOOD PRESSURE, PULSE PRESSURE,
AND CARDIOVASCULAR DISEASE RISK

Early efforts at understanding risks associated with hyper-
tension, and early clinical intervention trials, focused on
DBBP, since it was believed that DBP conferred the greater
risk for events. Increases in SBP with age were thought to
be adaptive, leading to the term “essential” hypertension.
Studies of BP patterns with aging in the United States
indicate that SBP rises linearly and monotonically with
age after about age 30. DBP tends to rise gradually until
about age 50, after which it plateaus for approximately
5 to 10 years, and then decreases to the end of the life
span.'®' These patterns of BP change are largely a func-
tion of vascular changes that occur as a result of aging and
exposure to environmental and genetic factors that alter
vascular function. Specifically, arteriosclerosis, loss of
elasticity, and increasing vascular stiffness all contribute
to increasing SBP and to decreasing DBP with age. The
result of increasing SBP and decreasing DBP in middle-
aged and older individuals is a steadily increasing pulse
pressure, which is defined as the SBP minus the DBP.

A substantial body of epidemiologic and clinical evidence
now indicates that SBP is at least as strong a risk factor as
DBP, and often stronger, in prediction of adverse CVD
outcomes.’®20 Kannel et al.?! were among the first to
report on greater risks for CHD associated with SBP than
DBP. They concluded that since “the net contribution [to
risk] is greater for systolic than for diastolic pressure, the
commonly held view concerning the innocuous nature of
increased SBP in the elderly requires reevaluation.”?!
Although these observations were first published in 1971,
it was decades before this concept was widely appreciated
and incorporated into clinical practice.

Risk for CVD (including CHD and stroke endpoints,
separately or combined) is greater for SBP than DBP
whether the two BP components are compared linearly,*
by quintiles,' by deciles (Figure 5-4),'® or by JNC stage.®
In addition, SBP predominates when SBP and DBP are
considered jointly in multivariable models predicting
CVD endpoints.?’ As shown in Figure 5-5, rates of CHD
and stroke mortality increase dramatically with increasing
SBP at any given level of DBP. However, for any given
level of SBP, there is only a modest increase in stroke
mortality with increasing DBP, and the trend is nonlinear
at higher levels of SBP.*® In the Cardiovascular Health
Study of older Americans, a one-standard-deviation incre-
ment in SBP was associated with higher adjusted risk for
CHD and stroke than was a one-standard-deviation incre-
ment in DBP (or pulse pressure). In models with SBP and
DBP together or SBP and pulse pressure together, SBP
consistently dominated as the greater risk factor.?’ When
men who were screened for inclusion in the Multiple Risk
Factor Intervention Trial (MRFIT) were stratified into
quintiles of SBP or DBP, risks for each SBP quintile were
the same or higher than for the corresponding quintile
of DBP.* Similar findings were observed when MRFIT
screenees were stratified into deciles of SBP and DBP; at
every level, SBP was consistently associated with higher

risk for CHD or stroke mortality than the corresponding
decile of DBP (Figure 5-4).'® Finally, when MRFIT scree-
nees were stratified by JNC level of SBP and DBP, SBP
level was associated with greater risk for CHD mortality
than DBP level at each JNC BP stage.®

In fact, when DBP is considered in the context of the
SBP level, an inverse association between DBP and CHD
risk has been observed. Franklin et al.?? reported that, at
any given level of SBP, the relative risks for CHD decreased
with higher DBP. For example, at an SBP of 150 mmHg,
the estimated hazard ratio for CHD was 1.8 at a DBP of
70 mmHg, whereas it was only 1.3 at a DBP of 95 mmHg.
The higher the SBP level, the steeper was the decline in
CHD risk with increasing DBP. These data provide some
evidence for the importance of pulse pressure as a measure
of risk, since higher risk was observed in this study when
the pulse pressure widened.?? Pulse pressure will be
discussed in greater detail later in this chapter.

Several other lines of evidence contribute to the real-
ization that SBP is a more important predictor of risk in
the population, and accounts for a far greater population
attributable risk than does DBP. Overall in the U.S. popu-
lation, elevation of SBP is far more prevalent than eleva-
tion of DBP.2>?* Indeed, isolated systolic hypertension is
by far the most common form of hypertension.?* In addi-
tion, SBP correctly classifies JNC stage far better than
DBP, and SBP therefore determines need for treatment
among high-normal and hypertensive subjects.?*?* Finally,
large clinical trials®®%” have demonstrated substantial
benefit with treatment of isolated systolic hypertension
in patients aged 260 years. As a result of all of these
observations, the Coordinating Committee of the National
High Blood Pressure Education Program and the JNC 7
committee recommended that SBP become the major
criterion for the diagnosis, staging, and management of
hypertension in middle-aged and older patients, who
represent the vast majority of hypertensives.®?

In recent years there has been intense interest in pulse
pressure as a risk factor for CVD. However, investigators
have struggled with how best to “anchor” the pulse
pressure. For example, a patient with a BP of 110/60 has
the same pulse pressure as a patient with a BP of 170/120
(pulse pressure = 50 mmHg for both), although the latter
patient is clearly at higher risk for CVD. Various inves-
tigators have anchored the pulse pressure to the DBP, the
mean arterial pressure, and the SBP. As discussed above,
Franklin et al.?? observed that higher pulse pressure was
associated with greater CHD risk among subjects with
the same SBP. Chae et al.® found that pulse pressure
predicted incident HF in an elderly cohort, even after
adjustment for mean arterial pressure, prevalent coronary
heart disease, and other HF risk factors. In another study,
SBP and pulse pressure conferred similar risk for HE.?
However, many studies have found that SBP confers
greater risk than pulse pressure,*?** when SBP and pulse
pressure are considered separately or as covariates in the
same multivariable model. The aforementioned Prospec-
tive Studies Collaboration, which pooled data from 61
large epidemiologic studies and nearly 1 million men and
women, found that the most informative measure of BP

CHAPTER

901G pue gAD JO SYSIY pue aInssald Poo|g

55



SECTION

ADO10IN3EdId]

56

7 —
[ Diastolic BP
6 1 | Systolic BP
z %7
s
G
€ 4 - 3.82
IS 3.82
T
Q 2.9
2 37 271 =
< 2.31
2 1.78 1.81 199
156, 1 162
119 181 124139 131 14
4 Ja0 10 ﬁ—‘ 1.18 m
0 T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10
Decile of blood pressure
A
7 —
6.56
[ Diastolic BP
6 -1 [ Systolic BP
2 5
g 4.42
5 +42]
o 4 3.84
X
<]
v, 3.24
S 3
EE 256 =
o
215 1.97 2.0
2 165 [ |
12 1.35 1.36 1.411.46 1.45——
4 1.0 1.0 006/ 1.00[ [
0 T T T T T T T T T 1
1 2 3 4 5 6 7 8 9 10
Decile of blood pressure
B

Figure 5-4. Relative risks for mortality due to coronary heart disease (A) and stroke (B), according
to decile of systolic and diastolic blood pressure in men aged 35 to 57 years. Multiple Risk Factor

Intervention Trial screenees. BP, blood pressure;

CHD, coronary heart disease; RR, relative risk.

(From Neaton JD, Kuller L, Stamler ), Wentworth DN. Impact of systolic and diastolic blood pressure
on cardiovascular mortality. In: Laragh JH, Brenner BM, eds. Hypertension: Pathophysiology,

Diagnosis, and Management. 2nd ed. New York:

for prediction of CVD events was the mean of SBP and
DBP, which predicted better than SBP or DBP alone, and
much better than the pulse pressure.* At present, JNC 7
recommends that clinical focus should remain on the SBP
in determining need for therapy and achieving goal BP.’

Raven Press, 1995:127.)

BLOOD PRESSURE AND CORONARY
HEART DISEASE

Elevated BP is one of the major risk factors contributing
to the estimated 1.4 million CHD events that occur in the
United States annually.! As mentioned above, whereas
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Figure 5-5. Death rates (per 10,000 P-Y) from coronary heart disease (A) and
stroke (B) by systolic and diastolic blood pressure levels, considered jointly, in
men aged 35 to 57 years. Multiple Risk Factor Intervention Trial screenees.
DBP, diastolic blood pressure; P-Y, person-years; SBP, systolic blood pressure.
(From Neaton |D, Kuller L, Stamler |, Wentworth DN. Impact of systolic and
diastolic blood pressure on cardiovascular mortality. In: Laragh JH, Brenner BM,
eds. Hypertension: Pathophysiology, Diagnosis, and Management. 2nd ed.

New York: Raven Press, 1995:127.)

elevated BP is a major risk factor for CHD, it is a weaker
risk factor for CHD, in terms of relative risks, than for
stroke or HF. Nonetheless, because hypertension is the
most prevalent CHD risk factor, and because the inci-
dence of CHD is greater than the incidence of stroke
or HF, the impact of elevated BP is greatest on CHD in
the population.

Numerous studies have documented the graded and
continuous risk for CHD endpoints associated with higher

BP levels. Risk for CHD mortality is not limited to subjects
with frank hypertension, however. There is a linear, graded
risk for CHD death that extends down even to optimal
levels of BP. As shown in Table 5-1, in the Chicago Heart
Association Detection Project in Industry, age-adjusted
rates for CHD roughly doubled with each 20-mmHg
increment in SBP or 10-mmHg in DBP.3? Similarly, the
Prospective Studies Collaboration observed that, begin-
ning at 115 mmHg, the risk for CHD death doubles for
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Blood Pressure (mmHg)

RISKS FOR 25-YEAR CORONARY HEART DISEASE MORTALITY ASSOCIATED WITH SELECTED LEVELS OF BLOOD PRESSURE

Age-Adjusted Rate (per 10,000 person-years)

Multivariable-Adjusted Relative Risk (95% CI)

SBP <120 and DBP<80 5.3 1.39 (0.67-2.86)
SBP 120-129 or DBP 80-84 4.2 1.0 (ref)

SBP 130-139 or DBP 85-89 6.1 1.37 (0.81-2.30)
SBP 140-159 or DBP 90-99 8.2 1.62 (1.00-2.61)
SBP 160-179 or DBP 100-109 15.0 2.51(1.44-4.37)
SBP >180 or DBP >110 28.0 3.60 (1.71-7.59)

From Miura K, Daviglus ML, Dyer AR, et al. Arch Intern Med. 2001;161:1501.
Cl, confidence interval; DBP, diastolic blood pressure; SBP, systolic blood pressure.

Table 5-1. Risks for 25-Year Coronary Heart Disease Mortality Associated with Selected Levels of Blood Pressure

each increase of 20 mmHg in the SBP; similarly, CHD
death risk doubles for each increase of 10 mmHg in the
DBP beginning at 75 mmHg.'° Furthermore, the presence
of electrocardiographic left ventricular hypertrophy, an
important consequence of hypertension, increased risk
for CHD over and above elevated BP alone, indicating
that duration and severity of hypertension are important
determinants of risk, in addition to current BP levels.
And, as shown in Figure 5-3, higher BP increases risk
incrementally alone and in the presence of other
established major CHD risk factors.

BLOOD PRESSURE AND STROKE

Hypertension is the chief factor contributing to the
700,000 strokes that occur each year in the United States.
Hypertension is well established as the dominant risk
factor for stroke, even when considered in the context of
other known risk factors, such as cigarette smoking, atrial
fibrillation, MI, and diabetes. Hypertension confers a
threefold relative risk for stroke compared with levels
<140/<90 mmHg, and approximately 80% of subjects
have hypertension prior to the occurrence of a stroke.The
attributable risk for stroke associated with hypertension
varies between 33 % and 53 % in different age groups.® In
adults at age 55 in the Framingham Heart Study, the
lifetime risk for stroke was greater than one in six, but it
was twice as high among those with hypertension com-
pared with those who had BP of <120/<80 mmHg.*

Hypertension works synergistically with other risk
factors to increase risk for stroke. For example, the effect
of hypertension on risk for stroke is modified substantially
by age. Data from 30-year follow-up of the Framingham
cohort reveal that there is a linear increase in stroke rates
with increasing level of BP, but absolute rates of stroke
and transient ischemic attack (TIA) are substantially higher
for subjects with hypertension in the age range of 65 to
94 years compared with 35 to 64 years.

As is true for CHD risk prediction, a risk prediction
algorithm has been developed to estimate the absolute
10-year risk of an atherothrombotic brain infarct using
standard CVD risk factors, plus the presence of atrial
fibrillation, heart failure, and coronary disease.’ In these
equations, hypertension represents the predominant risk

factor for stroke, but the risk in people with elevated BP
varies over as much as a 10-fold range depending on the
degree of exposure to the other risk factors.

Just as with CHD, risk for stroke is not limited to
subjects with frank hypertension. There is a linear, graded
risk for stroke that extends down even to optimal levels of
BP. Beginning at 115 mmHg, the risk for stroke mortality
doubles for each increase of 20 mmHg in the SBP;
likewise, stroke mortality risk doubles for each increase
of 10 mmHg in the DBP beginning at 75 mmHg.* Thus
at any given age, an individual with SBP of 135 mmHg
is at approximately twice the risk, and one with SBP of
155 mmHg at four times the risk, as someone at the same
age with an SBP of 115 mmHg.

BLOOD PRESSURE AND HEART FAILURE

With the aging of the population, the concomitant increase
in the prevalence of hypertension, and improved survival
after MI, HF has become an emerging public health
concern. National surveillance data indicate that approxi-
mately 4.9 million Americans are living with congestive
HF (CHF) currently, with 550,000 incident cases each
year. Congestive HF is the leading cause of hospital-
ization for people aged >65 in the United States, with
970,000 hospital discharges in 2002, a major contributor
to the estimated annual direct and indirect costs of $28
billion in 2005.3

Study of the epidemiology of HF in representative or
community-based populations has been problematic, in
large part because of the difficulty of devising acceptable
clinical and research criteria for the diagnosis of heart
failure, which is a syndrome rather than a single clinical
entity. However, several criteria®*® now exist for diag-
nosing HF in clinical and epidemiologic research, which
has assisted in understanding the risk factors for heart
failure.

As with stroke, hypertension is also the dominant risk
factor for HF. The overall remaining lifetime risk for HF is
one in five for men and women aged >40, but at every age
there is a stepwise increase in lifetime risk for CHF with
increasing BP, with approximately a twofold gradient of
risk in those with Stage 2 or treated hypertension com-
pared with those with BP <140/<90 mmHg.** From 75%



to 91% of individuals who develop HF have antecedent
hypertension.’>% In one study, hypertension was asso-
ciated with hazard ratios for the development of HF of
approximately two for men and three for women over the
ensuing 18 years.'? As shown in Figure 5-6, the hazard
ratios for HF associated with hypertension (two to three)
were far lower than the hazard ratios for HF associated
with MI, which were greater than six for both men and
women. However, the population prevalence of hyperten-
sion was 60%, compared with approximately 6% for MI.
Therefore, the PAR of HF, that is, the fraction of HF in this
population that was due to hypertension, was 59% in
women and 39% in men.The PARs for MI were 13% and
34% for women and men, respectively.™?

RENAL DISEASE

Hypertension is also a major risk factor for the develop-
ment of renal disease, and a major cause of the 80,000
deaths from end-stage renal disease that occurred in the
United States in 2002.3 Of the estimated 100,000 cases of
incident end-stage renal disease diagnosed in 2002, it
was estimated that over 25% were due to hypertension,
and more than 40% to diabetes.’” However, these num-
bers may substantially underestimate the contribution of
BP to the increasing incidence of renal disease, since the
data collection form allows only listing of a single diag-
nostic cause, and hypertension is present in the vast
majority of diabetics. Blacks have approximately four
times the risk of whites of developing end-stage renal
disease, in part due to their significantly higher preva-
lence of hypertension.®! In addition to its contribution to
end-stage renal disease, elevated BP also occurs in and
exacerbates milder forms of chronic kidney disease and
worsens proteinuria.

Men Women

—

100%

80%

60%

40%

20%

Population attributable risk
(%) for HF

0%
= O = = c O
HTN Mi AP VHD LVH DM

Hazard ratio for HF
Men 2.07 6.34 1.43 247 219 1.82
Women 3.35 6.01 168 213 285 3.73

Prevalence (%) of each risk factor
Men 60 10 11 5 4 8
Women 62 3 9 8 3 5

Figure 5-6. Hazard ratios, prevalence, and population-
attributable risk percents associated with selected risk factors
for heart failure in men and women. Framingham Heart
Study.? AP, angina pectoris; DM, diabetes mellitus; HF, heart
failure; HTN, hypertension; LVH, left ventricular hypertrophy;
MI, myocardial infarction; VHD, valvular heart disease.

COMPETING RISKS FOR DIFFERENT
CARDIOVASCULAR DISEASE OUTCOMES
IN HYPERTENSION

A recent analysis® of Framingham Heart Study partici-
pants who experienced new-onset hypertension has shed
interesting light on the risks for CVD associated with
hypertension. Hypertension confers risk for multiple
types of CVD events, but there were no previous studies
examining which CVD events occur as a first event after
hypertension onset in a competing risks framework.
Typically, epidemiologic studies follow participants for
single outcomes, without considering the joint and
competing risks for multiple outcomes. Examining these
competing risks in hypertension may be important
because the occurrence of one type of CVD event (e.g.,
stroke) may be associated with greater morbidity and
mortality than another type of CVD (e.g., angina), and
because the occurrence of one CVD event (e.g., MI) may
markedly increase the risk for subsequent CVD events
(HF, stroke). Focusing efforts on preventing the first event
after hypertension onset could therefore have important
implications on longevity and quality of life, and different
strategies may be needed to prevent diverse outcomes.

In this study, 645 men and 702 women (mean age:
55+12 years in men, 59+12 years in women) who were
free of CVD and had new-onset hypertension after 1977
were included. At all ages following the onset of hyper-
tension, CVD was more likely to occur as a first event
than non-CVD death. The 12-year competing cumulative
incidence of any CVD endpoint as a first event in men
was 24.7%, compared with 9.8% for noncardiovascular
death (hazards ratio [HR]=2.53, 95% confidence interval
[CI]=1.83-3.50); in women, the competing incidences
were 16.0% versus 10.1%, respectively (HR=1.58, 95%
CI=1.13-2.20). The contrast between risk for CVD and
non-CVD death was most striking in men with hyper-
tension onset at age <60 years; in this group, the 12-year
risk of CVD was 19.9% compared with 3.5% for non-
CVD death (HR=5.67, 95% CI=3.07-10.46). For both
men and women, there was a dramatic rise in stroke and
HF as first hard CVD events with hypertension onset
at age 260 years, compared with <60 years. As shown in
Figure 5-7, types of first hard CVD events differed by
gender and age at hypertension onset: in men younger
than 60, hard CHD events were the most common first
events, whereas in older men and in women at all ages
stroke was the most common first event.

These results may have important implications for
primary prevention strategies. For example, in women
and older men with new-onset hypertension, hypertensive-
related CVD events (stroke, HF) predominate as first
events. Thus clinicians and patients may want to focus
their major efforts on achieving BP control, specifically
aiming to lower the risk of stroke and HF in these sub-
groups, especially given the impressive reductions in stroke
and HF documented in antihypertensive therapy trials. In
younger men with new-onset hypertension, prevention
might be tailored toward antihypertensive therapy plus
use of lipid-lowering medications and aspirin, for which
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Figure 5-7. Competing 12-year incidence for different types
of first cardiovascular disease events by age and sex among
new-onset hypertensive men and women in the Framingham
Heart Study.*® CHD coronary heart disease; CVD, cardiovascular
disease.

there are impressive data on preventing major nonfatal
and fatal CHD events. Recent clinical trials support the
approach of using these ancillary treatments to prevent
CHD in hypertensive patients.34°

BLOOD PRESSURE IN THE ELDERLY
AND MINORITY GROUPS

The elderly are among the fastest growing segments of the
U.S. population,* and they also have the greatest preva-
lence of hypertension.’*> Hypertension occurs in the
absence of other CVD risk factors only rarely in older
persons,' and it is often accompanied by a clustering
of other risk factors. The prevalence of three or more
coexisting risk factors is four times higher among hyper-
tensive than among normotensive older individuals.*?

As discussed above, older hypertensive patients appear
to be at risk for a somewhat different spectrum of first
CVD events than younger patients. Among new-onset
hypertensives aged <60, the most common first major
CVD event after 12 years of follow-up was an MI or
hospitalization for unstable angina. Conversely, in those
with hypertension onset at age >60 years, the most
common first major CVD event was a stroke, particularly
among older women.® Whereas the risk for CHD
increases steadily with increasing age, the risks for HF and
atrial fibrillation increase more dramatically among older
compared with younger hypertensives.3>44

In a recent analysis of BP risks for CVD among adults
across the age spectrum, relative risks for CVD associated
with increasing BP stage did not decline with advancing
age, and absolute risks increased markedly (Figure 5-8).
Among participants aged >80 years, major cardiovascular

events occurred in 9.5% of the normal BP (referent)
group, 19.8% of the prehypertension group (HR=1.9,
95% CI=0.9-3.9), 20.3% of the Stage 1 hypertension
group (HR=1.8, 95% CI=0.8-3.7) and 24.7% of the
Stage 2/treated hypertension group (HR=2.4, 95%
CI=1.2-4.6).1

Hypertension has a greater impact in some race/ethnic
groups than in others. Hypertension is more prevalent
in blacks than in whites.*? In addition, there is evidence
to suggest that hypertension may confer differential risks
for CVD, depending on race/ethnicity. For example, in a
multivariable analysis from the Atherosclerosis Risk in
Communities study, hypertension was a particularly strong
risk factor for CHD among black women, with hazard
ratios as follows: black women, 4.8 (95% CI=2.5-9.0),
white women, 2.1 (CI=1.6-2.9), black men, 2.0
(CI=1.3-3.0), and white men, 1.6 (CI=1.3-1.9).*° Further
studies of the impact of BP on CVD across ethnic groups
are needed.

SUMMARY AND PERSPECTIVES

In summary, elevated BP levels increase the risk for all
manifestations of CVD, as well as total mortality and
renal disease, in a continuous and graded fashion, begin-
ning at levels at least as low as 115/75 mmHg. Increases
in SBP with aging are the major cause of hypertension
diagnosis in the population, and increases in SBP confer
substantial risk for CVD events, regardless of age. Hyper-
tension rarely occurs in isolation; rather, it is usually
accompanied by other CVD risk factors that jointly and
synergistically increase hypertension-related risks for
CVD. Hypertension increases relative risks for stroke
and heart failure most dramatically, but because CHD is
more common, hypertension has its greatest impact in
increasing the population risk for CHD. With the aging of
the population and the worldwide obesity epidemic, the
burden of hypertension and of its sequelae is likely to
increase substantially. Greater efforts are therefore
needed to prevent the development of hypertension, to
control BP levels after the onset of hypertension, and to
control associated risk factors in order to optimize CVD
prevention across the population.

Future research should continue to define the risks
associated with elevated BP, especially in minority groups
and women. Epidemiologic data can continue to help us
understand population trends in BP and suggest strategies
for primordial prevention (prevention of risk factor
development), and primary and secondary prevention of
CVD once elevated BP is present. A better understanding
is needed of the changes in arterial stiffness that are
observed with aging, in order to determine whether there
are lifestyle or other interventions that can prevent the
age-related increases in SBP and pulse pressure. In addi-
tion, research into the links between elevated BP and
other CVD risk factors may yield novel insights and new
targets for therapy. Research into defining successful
means for weight reduction and weight maintenance may
provide the greatest public health benefit with regard to
BP levels.
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factors must be present to trigger the pathogenesis of

SECTION 1 EPIDEMIOLOGY
Chapter
Lifestyle and Blood Pressure
Lydia A. L. Bazzano and Jiang He
Key Findings

m Among environmental risk factors, diet and nutrition
play key roles, as well as physical inactivity, alcohol
consumption, obesity, and stress, which clearly have
an effect on blood pressure and the development of
hypertension.

m Reduced dietary sodium intake lowers blood pressure in
both normotensive and hypertensive individuals, reduces
the incidence of hypertension, and may reduce the
cardiovascular disease in overweight individuals.

m Potassium supplementation lowers blood pressure in
both hypertensive and normotensive persons, although
this may differ by level of dietary sodium intake.

m There is an inverse association between dietary protein
intake and blood pressure. Increasing fiber intake has
beneficial effects on blood pressure in both normotensive
and hypertensive subjects, while supplementation of the
diet with omega-3 polyunsaturated fatty acids reduces
blood pressure.

m There is an inverse relationship between physical activity
and blood pressure.

m A positive and independent association between alcohol
consumption and elevated blood pressure is noted.
Overweight and obesity also play an important role in
the development of hypertension.

m Psychological and emotional stress may also contribute
to the development of hypertension.

Hypertension is an important public health challenge
worldwide. Its high prevalence and subsequent increased
risk for developing cardiovascular diseases including heart
attack, stroke, and chronic kidney disease have placed it
as the leading risk factor for all-cause mortality, and a
major cause of life-years adjusted disability.! A recent
study on the global burden of hypertension found that
26.4% of the adult population in 2000 had hypertension
and 29.2% were projected to have hypertension by the
year 2025. This translates to approximately 972 million
persons, with 333 million in economically developed
countries and 639 million in economically developing
countries who had hypertension in 2000. In 2025, 1.56
billion adults are expected to have hypertension.?
Hypertension is a complex disorder that is influenced
by genetic and environmental factors as well as their
interaction. Genetic factors may determine individuals’
susceptibility to environmental risk factors and risk of
developing hypertension. However, the environmental

the disease in most persons with hypertension. Among
environmental risk factors, diet and nutrition play key
roles, with intakes of sodium, potassium, fats, fiber, and
protein clearly having an effect on blood pressure and the
development of hypertension. Physical inactivity, alcohol
consumption, obesity, and stress also play important roles
in the development of hypertension.

DIET AND BLOOD PRESSURE

Sodium intake

Clinical trials have demonstrated that reduced dietary
sodium intake lowers blood pressure in both normoten-
sive and hypertensive individuals, reduces the incidence
of hypertension, and may reduce the cardiovascular disease
in overweight individuals.>* Evidence from the Trials of
Hypertension Prevention, Phase II (TOHP II), showed that
overweight participants with high normal blood pressures
could reduce their blood pressures with sodium restriction
and avoid the development of hypertension. In this trial,
2382 men and women (aged 30 to 54) with a diastolic
blood pressure 83 to 89 and systolic blood pressure less
than 140 who were 110% to 165% of ideal body weight
were randomized to usual care, salt restriction, weight
reduction, or both.* Sodium restriction was associated
with a 50- and 40-mEq decline in sodium intake at 6 and
36 months, respectively. Compared to usual care, systolic
and diastolic blood pressure fell at 6 months by 2.9 and
1.6 mmHg with salt restriction. At 48 months, the relative
risk of developing hypertension was 16% to 22% lower
with lifestyle intervention than among those assigned to
usual care.

The randomized controlled Trial of Nonpharmacologic
Interventions in the Elderly (TONE) included a total of
975 men and women aged 60 to 80 years with systolic
blood pressure less than 145 mmHg and diastolic blood
pressure less than 85 mmHg while receiving treatment
with a single antihypertensive medication. Of these par-
ticipants, 585 obese participants were randomized to reduced
sodium intake, weight loss, both, or usual care, and 390
nonobese participants were randomized to either reduced
sodium intake or usual care groups. After 3 months of
intervention, withdrawal of the single antihypertensive
agent was attempted. As shown in Figure 6-1, participants
who were assigned to reduce their sodium intake were
significantly less likely to be diagnosed with high blood
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Figure 6-1. Percentages of the 487 participants who were, and the 488 who were not, assigned to
the reduced sodium intake intervention who remained free of cardiovascular events and high blood
pressure and did not have an antihypertensive agent prescribed during follow-up. (Adapted from

Whelton PK, et al. JAMA 1998;279:839-46.)

pressure at a follow-up visit, be treated with an anti-
hypertensive agent again, or have a cardiovascular event
during the follow-up period as compared to those not
assigned to reduce sodium intake (relative hazard ratio,
0.69; 95% confidence interval [CI]=0.59 to 0.81,
p<0.001). Compared to the usual care group, the obese
participants who were assigned to reduce sodium intake
had a relative hazard of 0.60 (95% CI=0.45-0.80,
p<0.001) for the combined endpoint.®

The Dietary Approaches to Stop Hypertension (DASH)-
Sodium trial tested the blood pressure effects of three
levels of sodium reduction in two diet groups.® The three
sodium levels were 143 mmol/d, reflecting typical U.S.
consumption; 106 mmol/d, reflecting the upper limit of
current U.S. recommendations; and 65 mmol/d, targeted
at further reduction of blood pressure. In the control diet,
which was designed to reflect a typical American diet,
reducing sodium intake from the higher to the inter-
mediate level significantly reduced systolic blood pressure
by 2.1 mmHg, and reducing sodium intake from the inter-
mediate to the lower level further decreased systolic blood
pressure by 4.6 mmHg. In the DASH diet group, corre-
sponding reductions in systolic blood pressure were 1.3
and 1.7 mmHg, respectively. The combination of DASH
diet with lower sodium level reduced systolic blood
pressure by 7.1 mmHg in nonhypertensive persons, and
11.5 mmHg in hypertensive persons.®

At least three meta-analyses of randomized controlled
trials have also shown that sodium reduction decreases
blood pressure and prevents hypertension.” In all of these

studies, sodium reduction was associated with a significant
reduction in systolic blood pressure among normotensive
persons. Cutler et al.” estimated that an average reduction
of 77 mmol/day in dietary sodium intake resulted in a
reduction of 2.8 mmHg in systolic blood pressure and
1.5 mmHg in diastolic blood pressure (Table 6-1).

While controversy remains as to whether reducing salt
intake reduces the morbidity and mortality of cardio-
vascular diseases, some prospective cohort studies have
suggested that a high sodium intake is associated with
increased risk of cardiovascular disease. For example, in
the National Health and Nutrition Examination Survey I
Epidemiologic Follow-up Study (NHEFS), a 100-mmol
higher level of sodium intake among obese persons was
associated with a 32% increase in stroke incidence, 89 %
increase in stroke mortality, 44% increase in coronary
heart disease mortality, 61% increase in cardiovascular
disease mortality and a 39% increase in mortality from
all causes.?

Potassium intake

Observational epidemiologic studies have identified an
inverse association between dietary intake of potassium
and blood pressure level within and across populations.?
The large-scale high-quality data from the International
Study of Salt and Blood Pressure (INTERSALT), including
more than 10,000 participants from 52 population samples
in 32 countries worldwide, provide the most precise and
accurate observational estimates of the effect of potassium
on blood pressure.''? After adjustment for age, sex, body



Intervention Meta-Analysis

SUMMARY OF REDUCTIONS IN BLOOD PRESSURE (MMHG) IN RESPONSE TO VARIOUS INTERVENTIONS BASED ON EVIDENCE
FROM RECENT META-ANALYSES

Change in Blood Pressure (95% Confidence Interval)
Systolic Diastolic

Sodium reduction Cutler et al., 1997°

-2.8 (-2.4 to -1.7) -1.5(-1.9 to -1.1)

Potassium supplementation Whelton et al., 1997'°

-3.1 (4.3 t0 -1.9) -1.9 (3.4 t0 -0.5)

Fish oil supplementation Geleijnse et al., 2002¢®

-2.1 (3.2 to -1.0) -1.6 (~2.2 to -1.0)

Physical activity Whelton et al., 20028

-3.8 (4.9 to -2.7) -2.6 (-3.4 to -1.8)

Alcohol reduction Xin et al., 2001°

-3.3 (4.1 to -2.5) -2.0 (2.6 to -1.5)

Weight loss Neter et al., 2003%

4.4 (-5.9 to -2.9) -3.6 (-4.9 to -2.3)

Table 6-1. Summary of Reductions in Blood Pressure (mmHg) in Response to Various Interventions Based on Evidence from Recent Meta-Analyses

mass index, alcohol consumption and urinary sodium
excretion and correction for regression dilution bias, a
50-mmol per day increase in urinary potassium excretion
was associated with a 3.36 mmHg lower systolic blood
pressure and 1.87 mmHg lower diastolic blood pressure.

Diets low in potassium have also been implicated in
the higher prevalence of hypertension in African
Americans.’®* Grim et al.® studied blood pressure and
electrolyte intake in a random sample of the African
American and white populations of Evans County,
Georgia. The prevalence of hypertension was higher in
African Americans compared to their counterparts who
were white. Sodium intake, assessed by collecting dupli-
cate diets and 24-hour urine specimens, was similar in
African Americans and whites. Potassium intake, on the
other hand, was significantly lower in African Americans
than in whites: 24 versus 40 mmol per day for men and
27 versus 36 mmol per day in women, respectively. Like-
wise in the Veterans Administration Cooperative Study
on Antihypertensive Agents, 24-hour urinary excretion of
sodium was similar in African American and white
untreated hypertensives, but African Americans excreted
62% less potassium than their counterparts who were
white, or 45 versus 73 mmol per day.'*

Randomized controlled trials document that potassium
supplementation lowers blood pressure in both hyper-
tensive and normotensive persons.’ In a meta-analysis of
33 randomized controlled trials, potassium supplementa-
tion (median, 75 mmol/day) lowered systolic blood pressure
by 3.1 mmHg (95% CI=—4.3 to —1.9) and diastolic blood
pressure by 1.9 (95% CI=-3.9 to —-0.5) (Figure 6-2)
(Table 6-1). Conversely, a low dietary potassium intake
has been associated with elevated blood pressure levels in
randomized trials.’61”

The effects of potassium supplementation may differ
by level of dietary sodium intake. When diets concur-
rently include high sodium levels, the effects of an
increase in potassium intake are enhanced,® and may
be blunted in those with a low baseline level of sodium
intake. In their meta-analysis of randomized trials of
potassium supplementation, Whelton et al.’® found a
dose-response relationship between change in 24 hour
urinary potassium and effect size in trials in which the
participants were consuming a diet high in sodium
(p<0.001).

Increased dietary potassium intake has also been asso-
ciated with lower risk of stroke or cardiovascular diseases.
Khaw and Barrett-Connor'® examined the relationship
between potassium intake and stroke mortality among
859 male and female retirees in Southern California and
identified a strong inverse association (relative risk
[RR]=0.60, 95% CI=0.44-0.82).1 Likewise, Ascherio et
al.’ identified an inverse association among the partici-
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Figure 6-2. Average net change in systolic BP and
corresponding 95% confidence interval after treatment with
oral potassium supplementation in 32 randomized controlled
trials. BP, blood pressure; MRC, Medical Research Council;
HPT, Hypertension Prevention Trial. (Adapted from Whelton
PK, et al. JAMA 1997;277:1624-32.)
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pants in the Health Professionals’ Follow-up Study. In the
first National Health and Nutrition Examination Survey
Epidemiologic Follow-up Study, Bazzano et al.?° examined
the relationship between dietary potassium intake and
the risk of stroke in a representative sample of 9805 U.S.
men and women. Over an average of 19 years of follow-
up, participants consuming a low-potassium diet at base-
line (<34.6 mmol potassium/24 hours) experienced a 28 %
higher hazard of stroke (RR=1.28, 95% CI=1.11-1.47,
p<0.001) than other participants, after adjustment for
established cardiovascular disease risk factors.

Fruits, vegetables and legumes are major sources of
potassium in the diet. One cup of orange juice contains
approximately 473 mg of potassium, one cup of cooked
peas contains approximately 384 mg of potassium, and
one medium-sized baked potato contains 926 mg of
potassium.?! Dairy products, meats, and nuts are also
important dietary sources of potassium. Suggested goal
intakes for individuals in the United States are approxi-
mately 4.5 to 4.7 g per day or 115 to 120 mmol per day.

Dietary fat intake

A diet high in fat often includes energy in excess of that
expended and so results in weight gain, which in turn can
lead to increased blood pressure. When the relationship
between total dietary fat intake and blood pressure has
been investigated, after accounting for adiposity or change
in body weight, conflicting results have been found. Total
dietary fat intake has not been associated with blood
pressure in cross-sectional epidemiologic studies?*2%;
however, intake of dietary saturated fats was associated
with hypertension in two Finnish studies?** and oleic
acid was inversely correlated with blood pressure in two
small clinical studies.?®?” Many other studies found no
such association.?>?6%2 Prospective studies have shown
conflicting results. In the Nurses’ Health Study, dietary
fatty acids showed no association with the 4-year inci-
dence of hypertension,® while analyses of the Multiple
Risk Factor Intervention Trial (MRFIT) data showed posi-
tive associations between blood pressure and saturated
fats and an inverse association with polyunsaturated fats.
With a few exceptions,3*3* trials testing the effects of
substituting carbohydrates or unsaturated fats for animal
fat have not demonstrated significantly lower blood
pressures.®3% However, most of these trials were small
and did not have the power to detect changes in blood
pressure less than 3 to 5 mmHg.

Fat moderation has been one of the aspects of more
complex interventions to prevent hypertension. For
example, in the DASH study of dietary patterns, 459 adults
with systolic blood pressures of less than 160 mmHg and
diastolic blood pressures of 80 to 95 mmHg were fed a
control diet that was low in fruits, vegetables, and dairy
products, with a fat content typical of the average diet in
the United States for 3 weeks, and then were randomly
assigned to receive the control diet, a diet rich in fruits
and vegetables, or a “combination” diet rich in fruits,
vegetables, and low-fat dairy products and with reduced
saturated (6% vs. 16% of energy) and total fat (27% vs.
37% of energy) for the next 8 weeks.?* At baseline, the

mean (+ standard deviation) systolic and diastolic blood
pressures were 131.3+10.8 mmHg and 84.7+4.7 mmHg,
respectively. The combination diet reduced systolic and
diastolic blood pressure by 5.5 and 3.0 mmHg more,
respectively, than the control diet (p<0.001 for each); and
the fruits-and-vegetables diet reduced systolic blood
pressure by 2.8 mmHg more (p<0.001) and diastolic
blood pressure by 1.1 mmHg more than the control diet
(»p=0.07). Among the 133 subjects with hypertension, the
combination diet reduced systolic and diastolic blood
pressure by 11.4 and 5.5 mmHg more, respectively, than
the control diet (p<0.001 for each); among the 326 subjects
without hypertension, the corresponding reductions were
3.5 mmHg (p<0.001) and 2.1 mmHg (p=0.003).3° While
the possible effects of consuming a diet reduced in total
and saturated fat on blood pressure cannot be distinguished
from other components of the “combination” diet in this
trial, it is likely from previous trials that those effects were
small.

If present, the potential effects of polyunsaturated fatty
acids (specifically, the n-6 variety) on blood pressure may
be related to the modulation of prostaglandin synthesis.
The deprivation of linoleic acid during a salt-loading study
resulted in a significantly elevated blood pressure in the
rat.** At the same time, total prostaglandin metabolites
were reduced significantly. Cox et al.*! found that urinary
excretion of prostaglandin E, was dependent on dietary
intake of linoleic acid. Tobian et al.** found that feeding
high levels of linoleic acid to salt-sensitive Dahl rats on
a high-salt diet reduced blood pressure and increased
PGE, levels in the renal papilla, thereby facilitating the
transport of sodium and increasing capacity for sodium
excretion. 44

Dietary protein intake

Extensive evidence from observational studies supports
an inverse association between dietary protein intake and
blood pressure independent of body fat and body weight.
These data have been reviewed several times over the
past decade,** and at least two meta-analyses of these
data have been published.*>* Recently two large observa-
tional studies have reported results on the relationship
between dietary protein intake and blood pressure.31%
The INTERSALT study analyzed data from 24-hour
urinary samples of more than 10,000 participants for
markers of protein intake. Inverse associations were
significant (p<0.001) for two of three markers of protein
intake and blood pressure with adjustment for 24-hour
excretions of sodium, potassium, calcium, and magnesium;
body mass index; and alcohol intake.>® The International
Study of Macronutrients and Blood Pressure (INTERMAP)
analyzed data from 4680 men and women aged 40 to 59
from 17 population samples in China, Japan, the United
Kingdom, and the United States. To assess diet, blood
pressure, and other variables, participants were seen at
four visits, four 24-hour dietary recalls were done, and
two timed 24-hour urine specimens collected. A signifi-
cant inverse relationship between vegetable protein and
blood pressure was identified independent of body weight,
but not animal or total protein and blood pressure.



Inverse associations were also found in analyses of the
MRFIT cohort.??

In the most recent review of this literature, 26 cross-
sectional analyses were identified from 18 different
studies, with 16 of these identifying an inverse relation-
ship between protein or a marker of its intake and blood
pressure or hypertension.*® In the same review, five longi-
tudinal studies were identified, which have reported on
dietary protein intake and blood pressure or incidence of
hypertension. Of those, three reports found no associa-
tion, two found an inverse association, and one found an
inverse association between vegetable protein and both
systolic and diastolic blood pressure, and a direct associa-
tion between animal protein and change in systolic blood
pressure.’!

Trials of protein supplementation or substitution of
protein for carbohydrate or fat in the diet have produced
inconsistent results. Early studies investigated responses
to low- and high-protein diets with added beef or soy
protein and addition of one egg per day to the diet.>>>
These studies did not find a significant association between
intervention diets and blood pressure during the study
period. More recently, trials of soybean protein supple-
mentation have demonstrated lower blood pressures in
the intervention group participants.’>>% He et al.>’
collected data from 302 participants, aged 35 to 64 years,
with an initial untreated systolic blood pressure of 130 to
159 mmHg, diastolic blood pressure of 80 to 99 mmHg,
or both. Study participants were randomized to receive
40 g of isolated soybean protein supplement per day or
a complex carbohydrate control for 12 weeks, and blood
pressures were obtained at baseline, and at 6 and 12
weeks. Body weight was maintained in both groups with-
out significant change. Compared to the control group,
the net changes in systolic and diastolic blood pressure
were —4.31 mmHg (95% CI=-2.11--6.51 mmHg, p<0.001)
and —2.76 mmHg (95% CI=-1.35--4.16 mmHg, p<0.001),
respectively after 12 weeks (Figure 6-3). In addition,
increased protein intake has been a feature of more
complex interventions such as the combination (fruit,
vegetable, and low-fat dairy) diet in the DASH trial. In
that combination diet, 17.9% of energy was derived from
protein versus 13.8% of energy in the control diet.*

The mechanism by which dietary protein influences
blood pressure is largely unknown. However, dietary
protein intake could influence blood pressure through the
actions of its many constituent amino acids. For instance,
both tyrosine and tryptophan lower blood pressure when
injected intraperitoneally in animal models.”®* Arginine
is a metabolic precursor of nitric oxide, and the amino
acid cysteine influences nitric oxide metabolism,*® while
tyrosine and phenylalanine affect the synthesis of
catecholamines in the central nervous system.*°

Dietary fiber intake

Observational and experimental studies have demon-
strated that increasing fiber intake has beneficial effects
on blood pressure in both normotensive and hypertensive
subjects.**%1 Clinical trials have shown wide variation in
blood pressure responses to dietary fiber supplemen-
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Figure 6-3. Mean differences in systolic (top) and diastolic
(bottom) blood pressures and 95% confidence intervals
among trial participants randomized to receive soybean
protein supplementation or complex carbohydrate.
(Adapted from He |, et al. Ann Intern Med 2005;143:1-9.)

tation.** For example, a recent randomized, placebo-
controlled trial of fiber supplementation involved 110
trial participants aged 30 to 65 years who had untreated,
but higher-than-optimal blood pressure or stage 1 hyper-
tension who were randomly assigned to receive 8 g/day
of water-soluble fiber from oat bran or a control inter-
vention. An average of the nine measurements was used
to determine mean blood pressure at the baseline and
termination visits. The net changes in systolic blood
pressure were —1.8 mmHg (95% CI=-4.3 to 0.8) follow-
ing 12 weeks, —2.2 mmHg (95% CI=-5.3 to 1.0) follow-
ing 6 weeks, and —2.0 mmHg (95% CI=—4.4 to 0.3) for
an average of the 6- and 12-week visits. The correspon-
ding net changes in diastolic blood pressure were
-1.2 mmHg (95% CI=-3.0 to 0.5) following 12 weeks,
—0.8 mmHg (95% CI=-3.1 to 1.4) following 6 weeks,
and —1.0 mmHg (95% CI=-2.6 to 0.5) for an average of
the 6- and 12-week visits.®!

Given the many clinical trials of dietary fiber and blood
pressure which may have lacked power to detect small but
meaningful blood pressure effects, a meta-analysis of
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randomized placebo-controlled trials of the effects of
fiber supplementation on blood pressure was conducted
by Whelton et al.®> They identified 25 randomized
controlled trials, and abstracted data on study design,
sample size, participant and intervention characteristics,
duration of follow-up, and change in mean blood pressure.
Fiber supplementation (average dose of 10.7 g/d) was
associated with a significant —1.65 mmHg (95% CI=-2.70
to —0.61) change in diastolic and a non-significant
—1.15 mmHg (95% CI=-2.68 to 0.39) change in systolic
blood pressure. A significant reduction in both systolic and
diastolic blood pressure was observed in trials conducted
among participants with hypertension: -5.95 mmHg
(95% CI=-9.50—2.40) and -4.20 mmHg (95% ClI=
—6.55—1.85), respectively. Similarly, trials with a duration
of intervention at least 8 weeks long also showed
significant reductions in both systolic and diastolic blood
pressures, —3.12 mmHg (95% CI=-5.68—0.56) and
-2.57 mmHg (95% CI=—4.01—1.14), respectively.®
Fiber supplementation was also a part of the DASH study
interventions. Both the fruit and vegetable and the com-
bination diets included 31 g of fiber daily versus the
control diet which included 9 g of fiber daily.*

Moreover, dietary fiber intake may also favorably
influence other cardiovascular risk factors resulting in
lower risk of coronary heart disease. For example, in the
large NHEFS cohort, a higher intake of dietary fiber
appeared to be associated with a reduced risk of coronary
heart disease.?” Beneficial effects of fiber were related to
water-soluble types of fiber more so than insoluble fiber
in that study.

The potential effect of dietary fiber intake on blood
pressure may have several mechanisms, given that dietary
fiber has multifaceted effects on both digestion and absorp-
tion of nutrients. Soluble fiber increases insulin sensitivity
in both diabetics and normal subjects.®*** Insulin resistance
and its concomitant compensatory hyperinsulinemia have
been suggested to play a role in the etiology and patho-
genesis of hypertension,® although this concept has been
controversial. A diet supplemented with fiber may also
form a component of weight-loss strategies, and reducing
body weight is another mechanism by which a dietary
fiber may aid in the prevention of hypertension.®5”

Fish and fish oil

Several lines of evidence suggest that supplementation
of the diet with omega-3 polyunsaturated fatty acids,
commonly referred to as fish oils, reduces blood pressure
by altering prostaglandin synthesis. However, many of the
clinical trials of fish oil supplementation have been of
insufficient size to detect relevant blood pressure changes.
At least three meta-analyses of clinical trials of fish oil
supplementation and blood pressure have been con-
ducted.®®7° All three of these found significant antihyper-
tensive effects of fish oil. The most recent, conducted in
2002, analyzed 36 trials of fish oil supplementation and
found that intake of fish oil (median dose 3.7 g/day)
reduced systolic blood pressure by 2.1 mmHg (95%
CI=-1.0—3.2, p<0.01) and diastolic blood pressure by
1.6 mmHg (95% CI=-1.0—2.2, p<0.01). Restricting their

analysis to double-blind trials demonstrated blood pressure
reductions of 1.7 mmHg (95% CI=-0.3—3.1) systolic
and 1.5 mmHg (95% CI=—0.6—2.3) diastolic.®® These
estimates correspond well with those of the meta-analysis
conducted by Appel et al.% Weighted pooled estimates of
11 clinical trials of fish oil supplementation and blood
pressure in normotensive individuals yielded systolic
blood pressure reductions of 1.0 mmHg (95% Cl=
—2.0-0.0) and diastolic reductions of 0.5 mmHg (95%
CI=-1.2-0.2). In six trials of hypertensives, weighted
pooled estimates of systolic and diastolic blood pressure
changes were -5.5 mmHg (95% CI=-8.1—2.9) and
—-3.5 mmHg (95% CI=-5.0—2.1), respectively.®®

Dietary pattern

People manipulate their diets by choosing foods rather
than nutrients. Consequently, studies of food intake and
blood pressure have become as important as those of
nutrient intake. Epidemiologic studies have suggested that
a dietary pattern that includes abundant fruits, vegetables,
and low-fat diary products may lower blood pressure.

Several observational studies of fruit and vegetable
intake have shown an association with lower blood
pressures.”*7* For example, in a cross-sectional study
conducted among 4393 Spanish men and women, blood
pressure was inversely associated with fruit and vegetable
consumption as measured by food frequency question-
naire.”? Among 1710 men enrolled in the Chicago Western
Electric cohort and followed for 7 years, average systolic
blood pressure/diastolic blood pressure increase was
1.9/0.3 mmHg per year. The systolic blood pressure of
men who consumed 14 to 42 cups of vegetables a month
(0.5 to 1.5 cups/day) versus less than 14 cups a month
(<0.5 cups/day) was estimated to rise 2.8 mmHg less in
7 years (p<0.01). The systolic blood pressure of men who
consumed 14 to 42 cups of fruit a month versus less than
14 cups a month was estimated to increase 2.2 mmHg less
in 7 years (p<0.05).”> A study in children of the Framingham
Children’s study suggests similar effects of consuming a
diet high in fruits and vegetables.” Fruits and vegetables
are major sources of potassium and fiber in the diet of
most peoples worldwide.

Low-fat dairy products may also play a role in the
prevention of hypertension and the lowering of blood
pressure. Most diary products provide significant amounts
of calcium and protein, both of which likely contribute to
blood pressure lowering effects. Several meta-analyses of
the association between calcium intake and blood pressure
have substantiated a small blood pressure-lowering effect
of calcium supplementation.”78

The DASH clinical trial demonstrated that manipulation
of dietary pattern with increased consumption of fruits,
vegetables, and low-fat dairy products while maintaining
constant energy consumption, lowers blood pressure and
may prevent the onset of hypertension.3* The combination
diet significantly lowered blood pressure in all major sub-
groups including men, women, African Americans, non-
African Americans, hypertensives, and normotensives.
The effect of the DASH combination diet in hypertensive
individuals is similar in magnitude to drug monotherapy



for hypertension, and from a public health perspective,
wide adoption of the DASH dietary pattern may shift
the population blood pressure distribution downward,
thereby reducing the risk of blood pressure-related
cardiovascular diseases.

PHYSICAL ACTIVITY AND BLOOD
PRESSURE

Observational epidemiologic studies have demonstrated a
consistent inverse relationship between physical activity
and blood pressure independent of body weight and
adiposity. In a Japanese cohort of 6017 men aged 35 to
60 years, a walk of 21 minutes or more compared with
10 minutes or less was associated with a 29% lower risk
of hypertension (p for trend=0.02).”° In the Atherosclerosis
Risk in Communities Study cohort, white men who per-
formed the most leisure activity (primarily walking and
cycling) had 34% lower odds of developing hypertension
over 6 years compared with those who were least active
(odds ratio=0.66, 95% CI=0.47-0.94, p for trend=0.01).%°
In that study, leisure physical activity was not associated
with the incidence of hypertension in white women or
African Americans.

Evidence from randomized controlled trials also supports
the role of physical activity in lowering blood pressure. At
least two meta-analyses of randomized trials of aerobic
exercise effects on blood pressure have been conducted to
date.81:82 Kelley conducted a meta-analysis among women
aged 18 years and older, including 10 randomized trials
with 732 participants. Overall, a significant reduction in
systolic, by -2 mmHg (95% CI=-3 to —1 mmHg) and
diastolic, by —1 mmHg (95% CI=-2 to —1 mmHg), blood
pressure was observed in these women.®! In the meta-
analysis by Whelton et al.,*? 54 randomized controlled
trials with 2419 men and women participants were
included in the analysis (Figure 6-4) (Table 6-1). Pooled
estimates showed that aerobic exercise was associated
with a significant reduction in mean systolic and diastolic
blood pressure: —3.84 mmHg (95% CI=—4.97--2.72) and
—2.58 mmHg (95% CI=-3.35--1.81), respectively.®

Some of the mechanisms by which physical activity
reduces blood pressure may be independent of body
weight. For instance, aerobic exercise improves insulin
sensitivity and lowers insulin levels, which have been
implicated in the pathogenesis of hypertension.® Physical
activity may also lower blood pressure by causing weight
loss.®* Therefore, promoting physical activity could have
substantial public health benefits as a means to reduce
blood pressure.

ALCOHOL CONSUMPTION AND
BLOOD PRESSURE

Moderation of alcohol intake is an important part of
efforts to prevent hypertension and decrease blood
pressure. Observational epidemiologic studies have
demonstrated a positive and independent association
between alcohol consumption and elevated blood
pressure.?5-%7 Several clinical trials of the effects of alcohol

reduction on blood pressure have been conducted.®*!
However, most of these studies have had small sample
sizes and have reported inconsistent findings. One trial of
641 U.S. military veterans also failed to show a decrease
in blood pressure with alcohol reduction.?® In that study,
veterans with an average intake of three or more drinks
per day and with diastolic blood pressures between 0 and
99 mmHg were randomly assigned to either a cognitive-
behavioral alcohol reduction program or observation for
15 to 24 months. The intervention group reduced alcohol
intake by an average of 1.3 drinks per day compared with
the control group; however, this net reduction was less
than the anticipated minimum of two drinks per day. The
intervention group had a 1.2/0.7 mmHg greater reduction
in blood pressure than the control group (p=0.17 for
systolic and p=0.18 for diastolic) for the 6-month primary
endpoint. One explanation for the lack of significant
reduction in blood pressure in this study is the relatively
small change in alcohol intake of these veterans.

Because of the large number of studies with small
sample sizes, and the importance of even small reductions
in blood pressure, meta-analysis of these randomized
controlled trials has been conducted by Xin et al.”! Fifteen
randomized controlled trials with a total of 2234 partici-
pants were included. Overall, alcohol reduction was asso-
ciated with a significant reduction in mean systolic and
diastolic blood pressures of —3.31 (95% CI=—4.10--2.52)
and —2.04 mmHg (-2.58--1.49), respectively (Figure 6-5)
(Table 6-1). A dose-response relationship was seen
between the mean percentage of alcohol reduction and
mean blood pressure reduction in this study.

BODY WEIGHT AND BLOOD PRESSURE

Overweight and obesity play important roles in the
development of hypertension. Several studies support the
role of weight loss in the prevention and treatment of
hypertension. The TONE trial was designed to determine
whether weight loss or dietary sodium reduction would
produce satisfactory blood pressure control after with-
drawal of antihypertensive drug therapy, using a factorial
design.’ The average reduction in weight for obese
participants assigned to weight loss was approximately
3.5 to 4.5 kg, versus an average of 0.9-kg reduction for
those no assigned to the weight-loss arm. At the trial
endpoint, 39% of those randomized to weight loss
remained off antihypertensive medication with a blood
pressure of less than 150/90 mmHg and without a blood
pressure—related complication, compared with 26% of
those not assigned to weight loss 30 months after the
attempted withdrawal of antihypertensive drug therapy.
He et al.”? examined the relationship between long-
term weight loss and hypertension by studying 181 men
and women who participated in the TOHP, phase I (TOHP
I). At baseline in 1987-1988, participants were aged 30
to 54 years and had diastolic blood pressure of 80 to
89 mmHg and systolic blood pressure of less than
160 mmHg. They were randomly assigned to one of two
18-month lifestyle modification interventions (aimed at
either weight loss or dietary sodium reduction) or to a
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Figure 6-4. Average net change in systolic blood pressure and corresponding 95% confidence
intervals related to aerobic exercise intervention in 53 randomized controlled trials. (Adapted
from Whelton SP, et al. Ann Intern Med 2002;136:493-503.)

usual care group. Post-trial follow-up was conducted in
1994 and 1995. Blood pressure was measured by blinded
observers with a random-zero sphygmomanometer, and
incident hypertension was defined as a systolic blood
pressure of at least 160 mmHg or a diastolic blood pressure
of at least 90 mmHg, or treatment with an antihyper-
tensive medication. After 7 years of follow-up, the inci-
dence of hypertension was 18.9% in the weight-loss
group and 40.5% in its control group. In logistic regres-
sion analysis adjusted for baseline age, gender, race,

physical activity, alcohol consumption, education, body
weight, systolic blood pressure, and urinary sodium excre-
tion, the odds of hypertension was reduced by 77 % (odds
ratio 0.23, 95% CI=0.07-0.76, p=0.02) in the weight-loss
group compared with their control groups. Similar signifi-
cant reductions in blood pressure and hypertension were
found in the TOHP, phase IL.%

Evidence from a meta-analysis of randomized controlled
trials of the influence of weight reduction on blood
pressure also supports weight loss as an important inter-
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(Adapted from Xin X, et al. Hypertension 2001;38:1112-7.)
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Figure 6-6. Blood pressure effects in randomized controlled trials of weight reduction. Open squares
represent average net changes in systolic blood pressure and diastolic blood pressure in individual
trials (or trial strata), with 95% confidence intervals. (Adapted from Neter, et al. Hypertension
2003:42:878-84.)
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vention for the prevention and treatment of hyperten-
sion.” Twenty-five randomized controlled trials published
between 1966 and 2002 with a total of 4874 participants
were included. Authors found that a net weight reduction
of 5.1 kg (95% CI=—6.03—4.25) by means of energy
restriction increased physical activity or both reduced
systolic blood pressure by 4.4 mmHg (95% CI=-5.93—
2.95) and diastolic blood pressure by —3.57 mmHg (95%
CI=—4.88—2.25) (Figure 6-6) (Table 6-1).

STRESS AND BLOOD PRESSURE

Psychological and emotional stress may also contribute to
the development of hypertension and incremental
increases in blood pressure via the body’s sympathetic
nervous system. Trials of relaxation techniques ranging
from transcendental meditation to biofeedback have shown
small but potentially important improvements in blood
pressure with use of these noninvasive methods.*>”
Unfortunately, several of these trials have methodologic
weaknesses that may have affected their results.®”

In one well-conducted randomized trial, Schneider et
al.”® tested the short-term efficacy of two stress-reduction

techniques in the treatment of mild hypertension in older
African Americans. A total of 127 individuals aged 55 to
85 years with prehypertension or stage I hypertension
were randomized to a 3-month transcendental meditation
(TM) or progressive muscle relaxation (PMR) or educa-
tional control (EC) program, which included information
on lifestyle factors, and were followed in a primary care,
inner-city health center. Of these, 16 did not complete
follow-up blood pressure measurements. Both active
intervention groups showed significant reductions in
systolic and diastolic blood pressures compared with the
EC group. Compared with the EC group, the TM group
showed a reduction of 10.7 mmHg in systolic (p=0.0002)
and 6.4 mmHg diastolic (p=0.00005) blood pressure.
Compared with the EC group, the PMR group showed
adjusted reductions of 4.7 mmHg in systolic (p=0.054)
and 3.3 mmHg in diastolic (p=0.02) blood pressures. The
reductions in the TM group were significantly greater than
in the progressive muscle relaxation group for both systolic
blood pressure (p=0.02) and diastolic blood pressure
(p=0.03).%® The findings of this study and others suggest
that psychosocial interventions in hypertensive and
prehypertensive individuals warrant more investigation.



SUMMARY

In 2000, nearly 927 million people worldwide were
affected by high blood pressure. The need for lifestyle
interventions in the prevention and treatment of hyper-
tension is increasingly a priority. Since the majority of
cardiovascular events occur in individuals with high normal
or mildly elevated blood pressure, public health strategies
to shift population blood pressure to a lower level is of
utmost importance in order to reduce the burden of
cardiovascular disease. Even small reductions in blood
pressure, if applied to an entire population, could have an
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SECTION 1 EPIDEMIOLOGY

Chapter

Dietary Fats and Blood Pressure

Trevor A. Mori, Valerie Burke, and Lawrence . Beilin

Key Findings

m Population studies provide support for a protective effect
of omega-3 (w3) fatty acids against atherosclerotic heart
disease and sudden death. Evidence suggests that w3
fatty acids also provide protection against stroke,
particularly ischemic stroke.

m Omega-3 fatty acids have multiple effects leading
to improvements in blood pressure, cardiac function,
arterial compliance, vascular function, and lipid
metabolism, as well as reduced cytokine formation,
and antiplatelet and anti-inflammatory effects.

® In humans, the two principal 3 fatty acids,
eicosapentaenoic acid (EPA) and docosahexaenoic
acid (DHA), have differential effects on blood pressure,
vascular reactivity, heart rate, and serum lipids.

m In population studies, lower blood pressure is associated
with higher polyunsaturated fat intake and higher blood
pressure with higher saturated fat intake, but population
studies cannot define effects of specific nutrients and
may be confounded by lifestyle factors.

m There have been no consistent effects of omega-6,
monounsaturated, or saturated fats on blood pressure,
but some studies suggest that monounsaturated fat may
lower blood pressure, particularly in hypertension and
diabetes.

m Complex dietary changes such as those eaten by many
vegetarians are associated with lower blood pressures
and less obesity and reduce blood pressure in randomized
controlled trials. Such diets are characterized by
increased fruit and vegetables and nuts, relatively high
levels of low-fat dairy products, and hence poly- and
monounsaturates and lower levels of saturated fats than
in a typical Western diet.

m The Dietary Approaches to Stop Hypertension trials
showed that the blood pressure-lowering effect of
increased fruit and vegetables could be retained in the
presence of lean meat, poultry, and fish, and enhanced by
reduction in saturated fats and increased polyunsaturates
or monounsaturates from low-fat dairy products.

m These complex dietary patterns probably lower blood
pressure through effects of multiple nutrients and
micronutrients, including effects of dietary fiber,
potassium, magnesium, antioxidants, and effects of fats
on endothelial and vascular function.

This chapter reviews evidence for effects of different
types and quantities of dietary fats on blood pressure.
As more recent evidence is available concerning specific
effects of omega-3 (w3) polyunsaturates, they are

considered in more detail in relation to their overall effects
on cardiovascular disease. The focus is primarily on human
studies, although animal data are considered where they
are concordant with clinical data and throw additional
light on mechanisms.

OMEGA-3 POLYUNSATURATED
FATTY ACIDS

There is considerable evidence from clinical, experimental,
and epidemiologic studies that the w3 fatty acids, derived
from fish and fish oils, are protective against atherosclerotic
heart disease and sudden coronary death.”? Omega-3
fatty acids have multiple biological effects leading to
improvements in blood pressure®® and cardiac function,’
arterial compliance,®® endothelial function and vascular
reactivity,’®!! lipid metabolism,*** reduced neutrophil/
monocyte cytokine formation,™ and antiplatelet!® and anti-
inflammatory effects.'® Recent evidence has demonstrated
that in humans, eicosapentaenoic acid (EPA) (20:5 ®3)
and docosahexaenoic acid (DHA) (22:6 ®3), the two main
3 fatty acids, have differential effects on lipids,”-* blood
pressure,?’ heart rate,?® and vascular reactivity.'

Observational studies

Bang and Dyerberg®! first showed a low incidence of
coronary deaths in Greenland Eskimos consuming a high-
fat diet rich in ®3 fatty acids derived from seal and whale
blubber, compared with Danes who ate a typical Western
diet.! These observations recognized that EPA??* and
DHAZ accounted for prolonged bleeding time, decreased
platelet adhesiveness, and low plasma triglycerides in
these individuals.

Numerous prospective population studies have confirmed
a relationship between increased fish consumption and
lower rates of coronary mortality and/or sudden death.
The Zutphen study showed that men eating as little as one
fish meal a week had more than a 50% lower coronary
death rate than those who never or rarely ate fish.>* A
follow-up study by the same authors demonstrated that a
small consumption of fish protected against coronary heart
disease mortality in an elderly population.?® Similarly, the
Cardiovascular Health Study reported an inverse asso-
ciation between fish consumption and fatal ischemic heart
disease in an elderly population (>65 years).?>?” Interest-
ingly, the association held for tuna, broiled or baked fish,
but not fried fish or fish sandwiches.?” In the same cohort,
consumption of fish such as tuna, broiled or baked fish,
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but not fried fish, was also associated with a reduced
incidence of congestive heart failure.”® An inverse asso-
ciation between fish consumption and coronary heart
disease mortality was also shown in a study from Sweden?
and in two studies from Finland in patients with estab-
lished coronary artery disease.3%3!

Data from the Multiple Risk Factor Intervention Trial
(MRFIT) showed that when men comprising the control
group were divided into quintiles according to their mean
3 fatty acid intake, there were significant inverse corre-
lations between ingestion of fish oils and coronary heart
disease, all cardiovascular diseases, and all-cause mortality,
with the highest quintile having a 40% to 50% lower
mortality rate.>* The Chicago Western Electric study in
middle-aged men showed that those who ate >35 g of
fish daily had a 38 % reduced risk of death from coronary
heart disease at the 30-year follow-up, with a dose-
dependent effect of increasing fish consumption.® In
addition, the U.S. Physicians’ Health Study reported that
consumption of more than one fish meal per week con-
ferred a 52% risk-adjusted reduction in sudden cardiac
death compared with men that consumed fish less than
monthly.>* The study, however, did not show a significant
association between fish consumption and overall cardio-
vascular endpoints.®® In a follow-up of the same cohort,
prospective, nested, case—control analysis among men
followed for up to 17 years, showed that baseline blood
levels of w3 fatty acids were inversely related to the risk
of sudden death.3®¢ Men in the third and fourth quartile
had an adjusted relative risk of 0.28 and 0.19, respec-
tively, relative to those in the lowest quartile.

Hu et al.>” have shown in the Nurses’ Health Study that
higher consumption of fish and ®3 fatty acids was also
associated with a lower risk of coronary heart disease in
women. Women consuming two to four fish meals per
week had an adjusted relative risk of 0.69 compared with
those who ate less than one fish meal per month. In a
subanalysis of diabetic women from the same cohort, two
to four fish meals per week was associated with an
adjusted relative risk of 0.64 for coronary heart disease
and 0.67 for total mortality compared with those who ate
less than one fish meal per month.3®

In a case—control study of patients with primary cardiac
arrest, Siscovick et al.* reported that eating the equiva-
lent of one fatty fish meal per week in the month prior to
the event was equivalent to a 50% reduction in risk of a
primary event. Burchfiel et al.** showed in the Honolulu
Heart Program that consumption of fish at least twice
a week was associated with a 65% risk reduction in
Japanese-American men who were heavy smokers.

Recent findings have shown that fish consumption was
also associated with a reduction in the incidence of atrial
fibrillation in an elderly population*' and in patients
undergoing coronary bypass surgery.*?

Not all studies have shown associations between fish
consumption and cardiovascular events,* possibly due
to the uncertainty of estimation of usual dietary fish
consumption, failure to distinguish fatty- from low-fat
fish, and the complex correlation between diet and other
lifestyle factors. In a systematic review, Marckmann et

al.* suggested that the discrepancy between studies may
also relate to differences in the study populations, with
only high-risk individuals benefiting from increasing their
fish consumption. The authors proposed that a 40- to
60-g/day fish intake would confer a 50% reduction in
death from coronary heart disease in high-risk popu-
lations. These findings have been supported in similar
meta-analyses.*”

The strongest evidence for a protective effect of w3 fatty
acids is from two randomized controlled trials in patients
who had previous heart attacks. In the Diet and Reinfarc-
tion Trial, men who had recovered from a myocardial
infarction were randomized to either a “usual care” group
or they were advised to increase their ®3 fatty acid intake
by eating two to three servings of fatty fish weekly.*3 Those
men who increased dietary fish consumption and/or took
fish oil supplements had a 29% reduction over 2 years in
sudden cardiac death. The GISSI Prevenzione study*
involved patients who had survived a myocardial infarc-
tion within the previous 3 months. These patients were
randomized in a factorial, open-label, controlled design to
either fish oil (1 g daily), vitamin E (300 mg daily), both
interventions, or no treatment. After 3.5 years, fish oil
supplementation was associated with a 30% reduction
in cardiac mortality, a 20% reduction in total mortality
and a 45% decrease in sudden death, whereas vitamin E
had no significant effect. The combination of fish oil with
vitamin E did not increase the benefit compared with fish
oil alone. In a subsequent report, the authors demonstrated
that a significant reduction in sudden death was apparent
4 months after commencing the program.>°

There is less evidence for benefits of fish on blood
pressure from population studies, although this may be
in part due to methodologic issues. However, a cross-
sectional comparison of Bantu fisherfolk with non-fish-
eating Bantu farmers showed that the former had a much
lower increase in blood pressure with ageing.5! Paradoxi-
cally, the high incidence of hypertension in Japan occurs
despite high fish intake, although this may be due to very
high salt consumption.

An inverse association between increasing intakes of
o3 fatty acids and risk of stroke has been shown in the
Nurses’ Health Study,> in men participating in the Health
Professional Follow-up Study,** and in the Cardiovascular
Health Study.>* In all reports, the effect was observed for
ischemic but not hemorrhagic stroke.

Clinical trials

Randomized controlled trials of fish oils or dietary fish
consumption provide unequivocal evidence for a blood
pressure—lowering effect of 3 fatty acids. Meta-analyses
have shown such an effect in hypertensives.>® In a
meta-analysis of 31 placebo-controlled trials of effects
of fish oils on blood pressure, Morris et al.* found an
overall reduction of —3.0/-1.5 mmHg with a significant
dose-response effect estimated at —0.66/-0.35 mmHg/g
®3 fatty acid. The hypotensive effect was strongest
in hypertensive (treated and untreated) subjects
(-3.4/-2.0 mmHg). Appel et al.’® estimated that blood
pressure fell 1.0/0.5 mmHg in normotensives (11 trials)



and 5.5/3.5 mmHg in untreated hypertensives (6 trials)
with an average intake of more than 3 g/day of ®3 fatty
acids. More recently, Geleijnse et al.,’ in a meta-analysis
of 36 trials, showed that w3 fatty acids reduced blood
pressure by -2.1/-1.6 mmHg. Blood pressure-lowering
effects tended to be greater in older (>45 years)
(-3.5/-2.4) and hypertensive (>140/90 mmHg)
(-4.0/-2.5) individuals.

The study by Bonaa et al.> is most conclusive in terms
of clinical trials. This population-based study involved
untreated mildly hypertensive subjects randomized to
6 g/day of 85% EPA and DHA or 6 g/day corn oil for
10 weeks. Relative to the corn oil group, the group treated
with fish oil had a —6.4/-2.8 mmHg decrease in blood
pressure. In addition, blood pressure reductions were
inversely related to baseline plasma phospholipid ®3 fatty
acids. Other placebo-controlled studies have demonstrated
significant benefits of dietary ®3 fatty acids on blood
pressure in hypertensives.’*%° Prisco et al.®! showed that
24-hour ambulatory blood pressure was reduced by 5 to
6 mmHg after taking 3.44 g/day of w3 fatty acids for
2 months, in mild essential hypertensive, normolipidemic
men. Toft et al.®? also confirmed that in essential hyper-
tensives blood pressures fell by 3.8/2.0 mmHg more than
controls after 16 weeks of 4 g/day of fish oil containing
85% EPA plus DHA.

The blood pressure-lowering effects of w3 fatty acids
are potentiated by sodium restriction®® and concomitant
usage of antihypertensive drugs. In this regard, fish oils
amplified the hypotensive action of the P-adrenergic
receptor blocker propranolol in mild-to-moderate hyper-
tensives,* but there was no additional benefit in hyper-
tensives on ACE inhibition.*® However, fish oils may be a
useful adjunct to antihypertensive therapy with B-blockers
or diuretics.®® Others have shown that ®3 fatty acids
reduced blood pressure by 3.1/1.8 mmHg in treated
hypertensives who were taking B-blockers alone, diuretics
alone, or a combination of the two.%®

Vandongen et al.%” compared the effects of 12 weeks
of fish meals or fish oil supplements providing 2.2 to
6.3 g/day (mean intake 3.65 g/day) of w3 fatty acids in
the setting of a high- or low-fat diet in 120 men with high-
normal blood pressure. Although individual subgroups
showed no significant falls in blood pressure, in all the
groups combined there was a significant inverse corre-
lation between the falls in systolic and diastolic blood
pressure and heart rate, and increases in ®3 and decreases
in 06 fatty acids in platelet phospholipids.

Studies from our Unit examined whether dietary w3
fatty acids in the form of dietary fish had independent
and additive effects to weight control on blood pressure.®
In a factorial design study, 63 overweight, treated hyper-
tensives were randomized to weight loss alone by calorie
restriction, a daily fish meal (approximately 3.65 g/day
w3 fatty acids), the two combined, or a control diet, for
4 months. The final 4 weeks involved weight stabilization
for the weight control groups whose weight fell an average
5.6 kg. Twenty-four-hour ambulatory blood pressures
showed significant independent and additive effects of
dietary fish and weight loss. Relative to controls, daytime

blood pressures fell by 6.0/3.0 mmHg in the fish group,
5.5/2.2 in the weight loss group, and 13.0/9.3 with the
combination (Figure 7-1). Fish consumption was also
associated with significant reductions in heart rate by
three to four beats per minute, suggesting an autonomic/
cardiac component to the blood pressure reduction.

The antihypertensive effect of
eicosapentaenoic acid versus
docosahexaenoic acid

There is evidence that DHA and EPA have differential
effects on lipid metabolism'*% and platelet aggrega-
tion.”% Blood pressure control is also differentially
affected by EPA and DHA. In humans, Mori et al.?
showed that DHA, but not EPA, significantly reduced
24-hour (-5.8/-3.3 mmHg) and daytime (awake)
(-3.5/-2.0 mmHg) blood pressure, relative to the placebo
in overweight, mildly hypercholesterolemic subjects
(Figure 7-2). Patients were given 4 g daily of highly puri-
fied EPA, DHA, or olive oil (placebo) capsules, while con-
tinuing their usual diets for 6 weeks. These effects were
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Figure 7-1. Changes from baseline to post-intervention in
24-hour ambulatory SBPs and DBPs during awake hours in
the control, weight loss, fish, and combined weight loss and
fish groups. Data are shown as mean plus standard error of
the mean. DBP, diastolic blood pressure; SBP, systolic blood
pressure.
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Figure 7-2. Changes from baseline to post-intervention in
24-hour ambulatory systolic and diastolic blood pressures
in the control (olive oil), EPA, and DHA groups. Data are
shown as mean plus standard error of the mean. DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid.
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accompanied by significant improvements in endothelial
and smooth muscle function in the forearm microcircu-
lation with DHA but not EPA, as well as reduced vaso-
constrictor responses.'® The study also showed that DHA,
but not EPA, significantly reduced 24-hour, awake and
asleep heart rate by 3.5, 3.7, and 2.8 bpm, respectively.?°
In contrast, Woodman et al.'® showed that neither EPA
nor DHA given as 4-g doses daily for 6 weeks, decreased
blood pressure in treated hypertensive, type 2 diabetic
patients. Possible explanations for the lack of an anti-
hypertensive effect may have been related to concomitant
use of other pharmacologic agents, presence of glycemia,
and increased blood pressure variability in these diabetic
patients.

Mechanisms for antihypertensive effects
of omega-3 fatty acids
Vascular function and the role of nitric oxide

Benefits on blood pressure following dietary w3 fatty
acids are likely to be due to changes in vascular, cardiac,
and/or autonomic function. Fish oil supplementation in
hypertensive rats increased endothelial relaxation in aortic
rings exposed to acetylcholine’* and decreased pressor
reactivity of perfused mesenteric resistance vessels.” Yin
et al.” showed that increased endothelial relaxant effects
were due at least in part to suppression of thromboxane
A, (TXA)) or cyclic endoperoxides, with the additional
effect of enhanced endothelial nitric oxide (NO) synthesis.
Studies in humans have shown that fish oils reduced fore-
arm vascular reactivity to angiotensin II and noradrena-
line.”?7° The blunting effect of fish oils on noradrenaline
and angiotensin II responses in human forearm resistance
arteries were antagonized by oral administration of
indomethacin, suggesting that ®3 fatty acids, at least
in part, modify cyclooxygenase-derived prostanoids.”
Indomethacin per se, at the dose given, did not affect
responses to the two agonists.

Fish oils had a minimal effect on acetylcholine-induced
vasodilation or reactive hyperemia in forearms of healthy
subjects.”® However, ®3 fatty acids restored impaired
responses to endothelium-dependent vasodilators in
patients with coronary artery disease,”””’8 as well as in
animal models, including the SHR,” the glucocorticoid-
induced hypertensive rat,” and the hypercholesterolemic
and atherosclerotic pig,® all characterized by endothelial
damage. Vasodilatory responses to acetylcholine in hyper-
cholesterolemic subjects were also enhanced by dietary
fish oil in the absence of changes in total cholesterol.!

Individuals with type 2 diabetes who received 3 fatty
acids supplements have improved forearm vasodilator
responses to acetylcholine, but not to glyceryl trinitrate,
suggesting that fish oils may protect against vasospasm
and thrombosis by enhancing NO release and suppressing
thromboxane.®? Additional evidence that @3 fatty acids
affect production or release of NO, was from studies
demonstrating enhanced responses to endothelium-
dependent vasodilators such as bradykinin, serotonin,
ADP, and thrombin, in rings of coronary arteries taken
from pigs fed cod-liver 0il.% In addition, EPA potentiated

in vitro NO release evoked by IL-1f in vascular smooth
muscle cells®* and in endothelial cells in response to ADP
and bradykinin.®

Omega-3 fatty acids may also improve endothelial
function in systemic large arteries in humans. Goodfellow
et al.% showed a significant improvement in flow-mediated
dilatation of the brachial artery following 4 months with
4 g daily of w3 fatty acids, in subjects with hyperlipidemia.
The improvement was confined to endothelial-dependent
responses.

Studies in rats have shown differential effects of EPA
and DHA on vascular function.?”# Engler et al.® reported
that in aortic rings EPA and DHA induced endothelium-
dependent and independent vasodilation, respectively.
McLennan et al.” demonstrated that DHA was also more
effective than EPA at inhibiting thromboxane-like vasocon-
strictor responses in the aortas from spontaneously hyper-
tensive rats (SHR). They suggested that DHA prevented
thromboxane-induced contraction and perhaps restored
the vasoconstrictor/vasodilator balance following impair-
ment of the normal NO-related processes. Whether
DHA inhibits thromboxane synthetase or thromboxane
A, /prostaglandin H, receptor function remains uncertain.

Indirect evidence for a beneficial effect of DHA but not
EPA on endothelial function in humans was obtained by
measuring serum and urinary nitrate output.®® However,
these results are only suggestive of increased NO produc-
tion in endothelial cells, since nitrates are also derived
from other sources. Mori et al.!° reported that DHA, but
not EPA, improved vasodilator responses to endogenous
and exogenous NO donors and attenuated vasoconstrictor
response to noradrenaline in the forearm microcirculation
of overweight subjects with hyperlipidemia. The mecha-
nisms were predominantly endothelium independent,
based on enhanced vasodilatory responses following co-
infusion of acetylcholine with L-NMMA and infusion of
nitroprusside, both of which are endothelium independent.
However, the data do not preclude an endothelial com-
ponent in the dilatory responses associated with DHA.
These findings were associated with a reduction in blood
pressure in these patients following supplementation with
DHA, but not EPA.? Yin et al.”! previously showed an
endothelial-independent vasodilatory effect of w3 fatty
acids in perfused mesenteric resistance vessels from SHR.

The favorable effects of DHA on vasoreactivity’® may
be attributable to direct and indirect effects of DHA on
the arterial wall. DHA incorporation into endothelial
membranes could increase membrane fluidity, calcium
influx, and endogenous synthesis and release of NO.
Additional mechanisms may include direct effects of
DHA on receptor-stimulated NO release, enhanced release
of wvasodilator prostanoids, and/or endothelial-derived
hyperpolarizing factor, consistent with experimental
evidence.” Enhanced vasodilator response to sodium
nitroprusside may be due increased biotransformation to
NO or increased reactivity of smooth muscle cells to
vasorelaxation as a result of decreased calcium influx.”
Increased release of cyclooxygenase-derived vasodilatory
metabolites may have accounted for the decreased vaso-



constrictor response to noradrenaline following DHA.
Vasodilator effects of DHA could also be related to
increased basal production of NO in smooth muscle cells
as a consequence of decreased release of platelet-derived
growth factor (PDGF),”* since induction of NOS in
vascular smooth muscle cells is inhibited by PDGF.*?

Vascular compliance

Blood pressure is strongly influenced by arterial compli-
ance, which in turn is influenced by endothelial function.
In this regard, McVeigh et al.® showed that compliance in
the large arteries and more peripheral vasculature, as
measured by pulse-contour analysis, improved signifi-
cantly after 6 weeks of fish oil compared with olive oil, in
type 2 diabetic individuals. There were no changes in
mean arterial blood pressure, cardiac output, stroke
volume, or systemic vascular resistance. In patients with
dyslipidemia, EPA and DHA supplementation improved
arterial compliance by 35% and 27%, respectively.’
There was no significant difference in the effect between
EPA and DHA.

Vasodilator and vasoconstrictor prostanoids

The antihypertensive effect of w3 fatty acids may also
relate to modulation of vasodilator and vasoconstrictor
prostanoids. Omega-3 fatty acids suppress production of
thromboxane B, (TXB,), a metabolite of the vasocon-
strictor and potent aggregator TXA,.”* Diets rich in ®3
fatty acids decreased TXA, with concomitant increased
TXA,, the analogous but significantly less biologically
active EPA-derived metabolite, in patients with athero-
sclerosis.”* An increase in prostaglandin I, (prostacyclin,
PGL,), derived from EPA and equipotent in the vasodila-
tory and antiaggregatory activities to the arachidonic
acid-derived prostaglandin 1, (PGL,), without a fall in
PGI,, was reported following ®3 fatty acids.”**> It was
suggested that a significant increase in total prostacyclin
(PGI, and PGI,) formation, together with reduced total
thromboxane (TXA, and TXA,), may explain altered
endothelial and vascular responses following dietary ®3
fatty acids.

Plasma noradrenaline and adenosine
triphosphate levels

Hashimoto et al.”® showed that rats fed DHA intragas-
trically had reduced plasma noradrenaline levels and
increased adenyl purines such as adenosine triphosphate
(ATP), released both spontaneously and in response to
noradrenaline from segments of caudal artery. Further-
more, plasma adenyl purines were significantly inversely
associated with blood pressure. This finding is noteworthy,
in view of the fact that ATP causes vasodilation by
stimulating the release of NO from endothelial cells, by a
direct action on vascular smooth muscle cells and by hyper-
polarizing smooth muscle cells. The authors suggested that
DHA-accelerated ATP release from vascular endothelial
cells, in conjunction with reduced plasma noradrenaline,
may have been responsible for the fall in blood pressure
associated with @3 fatty acids.”

Membrane function/membrane fluidity

Incorporation of w3 fatty acids into plasma and cellular
membranes likely alters the physicochemical structure
of the membrane leading to changes in fluidity, flexi-
bility, permeability, and function of the membrane and
membrane-bound proteins. It is plausible this may affect
enzyme activity, receptor affinity, and transport capacity
of the cell, including synthesis and/or release of NO.
Hashimoto et al.”” showed that DHA had a greater effect
than EPA in increasing membrane fluidity of endothelial
cells cultured from rat thoracic aortas, a finding that may
have significance in view of the greater effect of DHA
compared to EPA on maintaining vascular function and
reducing blood pressure in humans.*?

Cardiac function

A reduction in heart rate in animals®®? and
humang!820:67:68.100.101  fo]lowing dietary ®3 fatty acids
suggests a significant cardiac component associated with
the antihypertensive effects. This is possibly mediated by
effects on autonomic nerve function or f-adrenoreceptor
activity. In a recent meta-analysis of 30 studies, w3 fatty
acids were shown to reduce heart rate overall by —1.6 bpm,
with greater reductions in trials with baseline heart rate
>69 bpm (-2.5 bpm) and in trials of >12 weeks duration
(2.5 bpm).t2

Data from human studies also strongly suggest that
o3 fatty acids increase heart rate variability in patients
at high risk of sudden cardiac death and in healthy
individuals,19*1% supporting an antiarrhythmic effect of
3 fatty acids.

In humans, Mori et al.?° reported that heart rate was
reduced by DHA, but not EPA. The authors showed
that in overweight, mildly hyperlipidemic, but otherwise
healthy men given 4 g daily of EPA, DHA, or olive oil
for 6 weeks, 24-hour, awake, and asleep heart rate fell —
3.5, =3.7, and -2.8 bpm, respectively, following DHA.
Interestingly, EPA resulted in a small, but nonsignificant
rise in heart rate. In a follow-up trial of similar design in
type 2 diabetic individuals, the same authors confirmed
that DHA, but not EPA, significantly reduced clinic stand-
ing and supine heart rates (-5.8 and -3.9 bpm, respec-
tively) compared with the placebo.'® Differential effects of
EPA and DHA on heart rate were supported by the
findings of Grimsgaard et al.%

Omega-3 fatty acids are incorporated into myocardial
cells altering electrophysiologic function in a manner
that reduces the vulnerability to ventricular fibrilla-
tion.” The antiarrhythmic effects of ®3 fatty acids are
most likely related to their ability to inhibit the fast,
voltage-dependent sodium current and the L-type
calcium currents.” Evidence of potassium channel
modulation has also been provided.” Moreover, the free
fatty acids and not phospholipid-bound fatty acids
conferred the inhibitory effect.” McLennan et al.¥’ also
showed that DHA, but not EPA, prevented ischemia-
induced cardiac arrhythmias in hooded Wistar rats fed
purified oils, confirming differential effects demonstrated
in humans.1820:100
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SATURATED, MONOUNSATURATED,
AND OMEGA-6 POLYUNSATURATED
FATTY ACIDS

Possible mechanisms

There are plausible mechanisms that link the type or
amount of dietary fats and blood pressure. These include
effects on prostaglandin synthesis,'®® endothelial func-
tion,'% vascular reactivity,'*”-1% changes in lipid composi-
tion of cell membranes, resulting in modification of trans-
port processes,'% and insulin resistance, which is increased
by saturated fatty acids.''® Antioxidants present in dietary
fats, such as polyphenols in olive oil,"* could also influence
blood pressure.

While some studies suggest that saturated, monounsatu-
rated, or w6 fatty acids affect blood pressure, evidence is
inconsistent and, overall, reviewers consider that these
dietary fats do not have a modifying role.**'* Because
interest has moved from a focus on individual nutrients
to the benefits of a prudent diet, as used in the Dietary
Approaches to Stop Hypertension (DASH) trials,''* there
have been few relevant clinical trials since these reviews.

Observational studies

In cross-sectional studies, lower blood pressure has been
associated with polyunsaturated fat or polyunsaturated/
saturated (P/S) fat ratio, and higher blood pressure with
saturated fats.'15117 However, other studies have reported
contradictory findings®? more recently, the large
National Health and Nutritional Examination Survey III
in the United States found that higher intake of mono-
unsaturated and polyunsaturated fats was associated with
higher blood pressure.’? In a study of 1000 Australian
schoolchildren at ages 9 and 12, no relation was found
between dietary fat type or quantity and blood pres-
Sure.121’122

Cross-sectional studies that have examined fatty acids
in adipose tissue, red cells, or plasma also show no
consistent effect of saturated or @6 PUFA or P/S ratio on
blood pressure.!17:123.124

In large prospective studies, no association between the
incidence of hypertension and intake of saturated,
polyunsaturated, or monounsaturated fats has been
found.118,119,125

Population studies cannot recognize effects of specific
nutrients, while dietary patterns may be confounded by
other lifestyle factors such as obesity and physical activity.
Smoking and alcohol consumption, both of which are
associated with higher intake of fat and lower consump-
tion of fruits and vegetables,'?61?” can affect interpreta-
tion. Inaccuracies in recording food intake also influence
results.'?® While measurement of tissue fatty acids avoids
errors in dietary data, levels are affected by metabolic
processes and by lifestyle, particularly alcohol consump-
tion'? and smoking.'3°

Clinical studies

Many early studies that investigated associations between
dietary fats and blood pressure had design flaws. These

included uncontrolled interventions, multiple changes in
nutrients, failure to allow for familiarization in measure-
ment of blood pressure, and failure to control for lifestyle
factors.112131

Saturated and omega-6 fatty acids

Randomized controlled trials in normotensive individuals
have shown no consistent effects on blood pressure with
dietary modifications to change the intake of saturated
fat, polyunsaturated fat, or the P/S ratio.’®?'3* Changes in
the P/S ratio achieved by using supplements combined
with a standard low-fat diet, rather than changes in foods,
also showed no effect on blood pressure.’3® Linoleic acid
supplements have produced no change®® or reduction in
blood pressure.’

Studies in hypertensives have also shown no consistent
effects of saturated fat, w6 polyunsaturated fat, or P/S
ratio on blood pressure. This applies to both the use of
modified diets'*® and dietary supplements.!314

Monounsaturated fatty acids

In most studies, no effect of monounsaturated fatty acids
on blood pressure in normotensives has been seen, using
either dietary change'*:'*? or fatty acid supplements.'*
However, in a randomized controlled trial in normoten-
sive young men, systolic and diastolic blood pressure fell
relative to controls during 4-week periods of a diet rich in
monounsaturated fat.’*The authors suggested that effects
may be mediated by improvements in glucose homeostasis.

In a small study of hypertensive women that compared
oleic acid-rich safflower oil and olive oil as sources of
monounsaturated fats,* systolic and diastolic blood pres-
sures were lower with the olive oil diet. In patients treated
with antihypertensive drugs, a diet rich in monounsatu-
rated fat from extra-virgin olive oil was associated with
lower blood pressure and a greater reduction in the dose
of drugs needed to control hypertension than a similar
diet based on sunflower o0il.!! The authors suggested that
the improvements were related to antioxidant polyphenols
present in the olive oil rather than to differences in fatty
acid composition of the two diets.

Although diets high in monounsaturated fats have been
reported to improve glycemic control, lipid profile, and
blood pressure in type 2 diabetes, their use is controver-
sial.’¢ In a controlled trial in type 2 diabetics, replace-
ment of 20% of energy from carbohydrates with 20% of
energy from monounsaturated fat, providing a total of
50% energy from fat, was associated with lower blood
pressure.'*” This observation does not distinguish between
the effects of lower carbohydrates and higher monoun-
saturated fats. However, blood pressure in diabetics also
fell with a diet containing 30% energy from fat, of which
10% was monounsaturated, relative to an isoenergetic
diet in which polyunsaturates replaced the monoun-
saturates.'#

In studies that report lower blood pressure associated
with olive oil as a source of monounsaturated fat, it is not
clear whether any effects relate to the type of fat, dietary
patterns, or to other components of olive oil, such as



antioxidants. Responses may differ in patients with type
2 diabetes mellitus.

Trans fatty acids

Trans fatty acids, formed in the process of hardening
polyunsaturated fats in the manufacture of margarines
and shortening, contribute 2% to 4% of energy in a
typical diet in the United States.* These fatty acids have
properties intermediate between cis unsaturated and
saturated fatty acids and can increase blood cholesterol.*>

Trans fatty acids have not been shown to affect blood
pressure. In normotensive men and women, blood pressure
did not differ significantly between diets containing 8%
to 10% of energy as oleic acid, trans fatty acids, or satu-
rated fatty acids.’"5? Substitution of 20% of energy from
fat with soybean oil, semiliquid margarine, soft margarine,
partially hydrogenated soybean oil, solid margarine, or
butter showed no effect on blood pressure in a small cross-
over trial that may have included treated hypertensives.'>

The way in which fats are cooked is another relatively
unexplored issue, with one study reporting an associa-
tion between the risk of hypertension and the intake of
excess polar compounds in cooking oil and the use of
sunflower oil .15

In summary, except for o3 fatty acids, there is no
consistent evidence for specific effects of the type or
amount of dietary fat on blood pressure in humans, inde-
pendent of other dietary components and lifestyle factors.
Complex dietary changes, which include modification of
dietary fats, patterned on lacto-ovo-vegetarian diets!>>15¢
and those as used in the DASH trials,"* offer an effective
and palatable approach to prevention and treatment of
hypertension.

DIETARY FATS AS PART OF COMPLEX
DIETARY CHANGES

Whereas there is clear-cut evidence concerning blood
pressure-lowering effects of w3 fatty acids of marine
origin, data on effects on blood pressure of saturated,
monounsaturated, or shorter chain polyunsaturated fats
or on the ratio of polyunsaturated to saturated fats are
more difficult to interpret. As outlined above cross-sectional
and prospective population data show inconsistent asso-
ciations between these fats and blood pressure levels or
the prevalence of hypertension. In a study of dietary and
lifestyle factors on the prevalence of hypertension across
five Westernized countries, only fish fatty acids con-
tributed to the attributable risk.’® On the other hand,
the Chicago Western Electric study of 8-year blood pressure
changes in middle-aged men showed an independent
association between the Keys dietary lipid score and
systolic blood pressure, while vegetable protein, vitamin
C and beta carotene, were inversely related.'>® With recent
attention on the health benefits of a “Mediterranean”-
type diet, it is interesting that in a large study from Greece
adherence to such a diet was inversely associated with
blood pressure, with intake of olive oil, fruit, and
vegetables all having statistically significant effects.’>

However, reports on populations in which differences in
dietary fats are part of more complex dietary changes
have been more consistent in terms of associations with
blood pressure. Since the early twentieth century, there
have been reports showing that strict lacto-ovo-vegetarians
or vegans had lower blood pressures and less hyper-
tension than meat eaters.'®*' By comparing Seventh
Day Adventist vegetarians with another religious group,
meat-eating Mormons, Rouse et al.’** were able to show
that these effects were most likely due to diet rather than
other lifestyle factors. As vegetarian populations tended
to eat less saturated fats and more polyunsaturates, this
led to suggestions that a high P/S ratio diet might pre-
dispose to lower blood pressures.'®®> However, diets of
vegetarians and vegans are characterized by a wide
variety of nutrients and whole-food differences compared
with regular meat eaters as well as lower BMI and several
other lifestyle differences that could influence blood
pressure. Although differences in BMI are attributed by
some to the blood pressure differences between vegetarians
and meat eaters,'*® this is not the entire explanation.®*
Factor analysis of dietary patterns related to blood pressure
differences between Seventh Day Adventist vegetarians
and Mormon meat eaters in Western Australia suggested
that combinations of changes in polyunsaturated, fiber,
and vitamin C might be responsible.®’

Several more recent cross-sectional population studies
suggest that combinations of nutrients including fruit,
vegetables, and low-fat dairy products contribute to lower
blood pressures.'%81%° A recently published but “historical”
prospective analysis on 1710 men in the Chicago Western
Electric Study from 1958 to 1966 also supported the
concept that diets high in fruit and vegetables and lower
in meats other than fish reduced the risk of developing
hypertension.”

Randomized controlled trials of dietary interventions
have thrown more light on the issue and can be divided
into two broad categories. The first refers to trials that
have restricted dietary changes to fats alone, without
substantially altering intake of other nutrients or micro-
nutrients. Such trials are difficult to conduct without
altering total caloric intake, which can itself affect blood
pressure. Studies of this nature have already been
described in this review, and have generally been negative
with regard to effects of saturated and w6 polyunsaturates
on blood pressure. The secondary category of dietary
trials also attempts to increase the ratio of polyunsatu-
rated to saturated fats, but in the process affects intake of
all major food groups, usually increasing consumption of
fruit, nuts, vegetables, and fish, while reducing consump-
tion of high-fat dairy products, meat, and poultry. This
results not only in changes in dietary fats, but also in the
type and amount of protein and carbohydrates, and in a
range of micronutrients including antioxidant vitamins
and other antioxidants, fiber, and fiber types. Further-
more, such diets are usually characterized by an increase
in lower glycemic index foods, in minerals such as
potassium and magnesium, and sometimes a reduction in
sodium intake.

CHAPTER

N

ainssald poojg pue sie4 Aiesiq

83



SECTION

ADO10IN3EdId]

84

There is good evidence from randomized controlled
trials that such complex dietary changes reduce blood
pressure and some evidence that dietary fat patterns
contribute to these changes. Randomized controlled trials
of lacto-ovo-vegetarian diets and in regular meat eaters
showed falls in blood pressure in both normotensives!>®
and untreated hypertensives.'®® These trials involved an
increase in P/S ratio from around 0.3 to 1.0, along with
other nutrient changes. Iacono et al.'”* and Puska et al.”?
conducted dietary trials increasing P/S ratio in hyper-
cholesterolemic subjects and consistently showed falls
in blood pressure. They concluded that changes in the
amount and type of fat were responsible; however, their
interventions also involved complex dietary changes
characterized by an increased consumption of fruit,
vegetables, and low-fat dairy products at the expense of
high-fat dairy and meat products. Following a series of
studies that focused on individual nutrient changes in fats,
fiber, or protein type, it was concluded that lower blood
pressures induced by vegetarian diets were probably due
to a combination of complex dietary changes rather than
any specific dietary component.'’”> A small study of the
effects of a “prudent” diet in normotensives'”* also
showed that it was not necessary to exclude meat from
dietary patterns similar to those eaten by vegetarians to
achieve blood pressure reduction.

It was on the basis of these various strands of evidence
pointing to effects of complex dietary patterns and with
the clear-cut blood pressure lowering effects of vegetarian
diets, the DASH trial* was designed to determine
whether diets more acceptable to the general population
would lower blood pressure in subjects with high normal
blood pressure or mild hypertension. This landmark trial
included three arms, a control group who continued the
normal Western diet, a group who substantially increased
fruit and vegetable consumption, and a third group who
ate the “DASH combination diet,” which also decreased
saturated fat intake and increased consumption of low-fat
dairy products.'* There was a progressively greater blood
pressure reduction across the three groups with a signifi-
cantly greater effect of the combination diet. Although the
DASH trial provides the best evidence for a role of
dietary fats on blood pressure as part of a more complex
dietary change, it is not as conclusive as the authors
suggested, as the group who changed their fat intake also
altered their intake of meat products and increased fish
intake and consumption of low-fat dairy products
containing other nutrients and minerals. Moreover,
although there were no significant weight changes during
the 8-week study, there was a reduction in estimated
calorie intake with the complex DASH diet that might
have contributed to blood pressure reduction.

Subsequent studies on effects of DASH-type diets on
blood pressure, such as the DASH salt study,'”® have all
included the whole dietary package and are thereby
unable to throw further light on the contribution of fats
per se to changes in blood pressure.'”® Moreover, in the
PREMIER study, the DASH combination-diet regimen

achieved no additional blood pressure reduction over and
above standard measures for weight control, increased
physical activity and modest sodium and alcohol restric-
tion.'¢ The original DASH study was a “proof of prin-
ciple” trial in which the meals were all provided at
communal canteens where the volunteers were strictly
supervised. Interestingly, the ‘“acceptability” of and
adherence to the full recommendations of the DASH diet
as regards increased fruit and vegetable consumption in
noninstitutionalized individuals were not borne out in the
more relaxed environment of the PREMIER study nor in
an Australian study in which sodium restriction but not
the DASH package lowered blood pressure.’””

Further evidence of the contribution of monounsatu-
rated fats comes from a study in which the complete
carbohydrate-rich DASH diet was compared with two
arms, one of which was enriched with protein and the
other with predominantly unsaturated fats at the expense
of carbohydrates in a 6-week cross-over design.’’® Com-
pared with the carbohydrate-rich diet, the unsaturated fat
diet further decreased blood pressure by 1.3 mmHg
overall and by 2.9 mmHg in hypertensives. Unfortunately,
there was no standard Western diet control group.

CONCLUSIONS

There is sound evidence for blood pressure lowering—effects
of ®3 fatty acids of marine origin taken in either the form
of fish oil supplements or regular intake of fish to provide
3 to 4 g of o3 fatty acids daily. Lesser amounts of ®3 fatty
acids have an antiarrhythmic effect in subjects at a high
risk of heart disease. Clinical trials suggest that omega-3
fatty acids reduce the risk of coronary heart deaths in
patients with prior heart disease, while population studies
suggest that higher fish consumption protects against
ischemic heart disease and ischemic stroke in the general
population. Omega-6 polyunsaturates and monounsatu-
rates when substituted for saturated fatty acids may have
some blood pressure-lowering effect if they are part of
complex dietary changes that include substantial increases
in consumption of fruit, nuts, and vegetables and low-fat
dairy products. These effects can be enhanced by modera-
tion of salt intake.

From the clinical and public health viewpoint of optimum
diets for preventing and managing hypertension, it is
probably not critical whether increases in P/S ratio effec-
tively lower blood pressure, as the improvements in lipid
profile resulting from these changes in dietary fats are
sufficient justification as measures to reduce long-term
cardiovascular risk. More important from the blood
pressure viewpoint is the type and amount of 3 fatty
acids and the effects of various types of fats on cardiac
rhythm stability, atherosclerosis, thrombosis, endothelial
function, satiety, total caloric intake, and palatability. For
example, high saturated fat consumption as part of high-
calorie diets also contributes to increasing rates of obesity
and will have an importance influence on blood pressure
through this mechanism.
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