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At some point in the natural history of hypertension,
the compensatory increase in left ventricular (LV) mass
ceases to be beneficial. LV hypertrophy (LVH) becomes
a preclinical disease and an independent risk factor
for congestive heart failure, ischemic heart disease,
arrhythmia, sudden death, and stroke. The multiple
mechanisms tnvolved, in addition to elevated blood
pressure, include body size (obesity), demographics
(age, gender, and race), and contributions by fibro-
genic cytokines and neurohumoral factors, notably
angiotensin 11, which favor interstitial collagen depo-
sition and perwascular fibrosis. These tissue changes,
in conjunction with geometric abnormalities, primarily
concentric hypertrophy, are responstble for the insidi-
ous dysfunction associated with LVH, beginning with
decreased coronary reserve and altered diastolic ven-
tricular filling and relaxation. The cardinal investiga-
tion is echocardiography: [Doppler transmitral flow
velocities expressed as the early (E) to atrial (A) wave
ratio reveal LVH as a state of potential or actual my-
ocardial ischemia]. All antihypertensive drugs regress
LVH, notably the angiotensin-converting enzyme in-
hibitors, which may also target the detrimental tissue
changes. Regression enhances systolic midwall per-
formance, normalizes autonomic function, and restores
coronary reserve. The resulting improvement in prog-
nosis has enshrined the detection, prevention, and
reversal of LVH in the current guidelines of hyperten-
ston management
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t some point in the natural history of hyper-
tension, the compensatory increase in left
ventricular (LV) mass ceases to be beneficial.
It becomes a preclinical disease and an inde-
pendent risk factor for congestive heart failure, ischemic
heart disease, arrhythmia, sudden death, and stroke.!

LV hypertrophy (LVH) is adequately and most com-
monly diagnosed using electrocardiography (ECG)
and, more particularly, M-mode and two-dimensional
(2D) echocardiography, which provide comprehensive
wall, chamber, and LV mass measures, together with
systolic and diastolic performance indices, while re-
maining cheap, widely available, and wholly noninva-
sive (1able I). Sophisticated and more accurate tech-
niques, such as magnetic resonance imaging (MRI) or
cine computerized tomography, are inevitably more
expensive and time-consuming, and of limited avail-
ability.

e Left ventricular geometry, left atrium, aortic root
e Left ventricular systolic dysfunction

e Diastolic filling abnormalities

e Stroke work

e Total artery compliance

e Myocardial ischemia (stress echocardiography)

Table 1. Left ventricular hyperirophy (LVH) parameters measured by
echocardiography.

DETERMINANTS
OF HYPERTENSIVE LVH

The high prevalence of LVH in hypertension reflects
the increased afterload imposed on the LV. However,
other important determinants include demographic
characteristics, the nature of the hemodynamic load,
neurohumoral and growth factors, and underlying ge-
netic factors.
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Blood pressure

Hypertension is the fundamental trigger to the se-
quence of biological events leading to the development
of LVH. However, the relationship between LV mass
and clinic blood pressure is rather weak. LV mass is
more closely related to mean 24-hour blood pressure.2

SELECTED ABBREVIATIONS AND ACRONYMS

CATCH Candesartan Assessment in the Treatment
of Cardiac Hypertrophy

ELSA European Lacidipine Study on Athero-
sclerosis

ELVERA Effects of amlodipine and lisinopril on Left
VEntriculaR mAss and diastolic function

HOPE Heart Outcomes Prevention Evaluation

IGF-I insulin-like growth factor—I

LIFE Losartan Intervention For Endpoint reduc-
tion in hypertension

LIVE LVH regression: Indapamide Versus
Enalapril

LVH left ventricular hypertrophy

MAPK mitogen-activated protein kinase

PIUMA Progetto Ipertensione Umbria Monitorag-

gio Ambulatoriale

PRESERVE Prospective Randomized Enalapril Study
Evaluating Regression of Ventricular
Enlargement

QTL quantitative trait loci

RAAS renin-angiotensin-aldosterone system
RACE RAmipril Cardioprotective Evaluation
REASON  PREterax in regression of Arterial Stiffness

in a contrOlled double-bliNd study

REGAAL LVH REGression with the Angiotensin
Antagonist Losartan

SAMPLE  Study on Ambulatory Monitoring of blood
Pressure and Lisinopril Evaluation

SILVHIA Swedish Irbesartan Left Ventricular hyper-
trophy Investigation Versus Atenolol

SNP single nucleotide polymorphism

TGF-f1 transforming growth factor 1

TIMP-1 tissue inhibitor or metalloproteinase—1

TOMHS Treatment Of Mild Hypertension Study

VA Veterans Administration (cooperative

study)

Several studies investigating the relative importance
of day and night blood pressure have focused on the
absence of a nocturnal dip in blood pressure.34 How-
ever, the dipper/nondipper classification is arbitrary
and poorly reproducible. There is also the possibility
that increased blood pressure is the consequence,
rather than the cause, of LVH and associated vascular
structural changes. Volume load, inotropy, and arterial
compliance are also important determinants of the
development and degree of LVH.

Demographics

Age, gender, race, and body size can all influence LV
mass, possibly mediated via cardiac load. Thus, LVH
prevalence increases with age, in both hypertensives
and normotensives, perhaps due to the combination of
age-related blood pressure elevation and declining aor-
tic compliance. Aging also accounts for specific tissue
changes, notably interstitial fibrosis and myocyte loss.
Similarly, there is a gender difference in LV mass, which
becomes evident in adolescence and remains constant
during adult life; although the age-related increase in
LV mass is greater in postmenopausal women than in
men, gender is not a significant determinant of cardio-
vascular complications or of the prognostic impact of
LVH. Hypertensive LVH is more evident in blacks than
in whites at similar increases in blood pressure; cer-
tain cardiovascular complications, such as heart failure
and sudden death, are also more common in blacks.

Body size, notably obesity, which compounds hemo-
dynamic load independently of a clear-cut increase in
blood pressure, is a major determinant of LV mass.
With dietary sodium, it is associated with increased
plasma volume and cardiac output, and may be respon-
sible for hypertensive LVH.>

It has been suggested that by considering these mea-
surable factors and hemodynamic load, echocardio-
graphic LV mass could be assessed in the individual
patient by deviation from the value appropriate for a
given cardiac workload, corrected for gender and body
size. Patients with an LV mass inappropriate to the
stroke work for their gender and body size tend to clus-
ter with metabolic risk factors. LV mass that overcom-
pensates for hemodynamic load is associated with
high cardiovascular risk. However, it is not yet known
whether the morphological alteration conferring the
higher risk is the presence of inappropriate LV mass or
the development of LVH per se.6.7 The definition and
clinical evaluation of “inappropriate” LV mass require
further study.
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Neurohumoral factors

Early experiments showed that the sympathetic nervous
system induced LVH in a number of situations: even
subhypotensive doses of norepinephrine increased LV
mass. In humans, the effect is less clear-cut: if in pheo-
chromocytoma LVH prevalence is relatively low and
LV mass appears to increase proportionately to blood
pressure, in essential hypertension LVH is associated
with altered autonomic activity and a blunted response
to B-adrenoceptor stimulation.8-10

Experimental studies also revealed the role of the renin-
angiotensin-aldosterone system (RAAS) in mediating
LVH. By stimulating the angiotensin receptor, angio-
tensin Il induces hypertrophy and hyperplasia in myo-
cytes and smooth muscle cells, and may regulate my-
ofibroblast collagen synthesis. Excess angiotensin Il
production may regulate the expression of fibrogenic
cytokine transforming growth factor-B1 (TGF-B1). Au-
tocrine induction by TGF-B1 of the genes coding for
extracellular matrix proteins determines perivascular
and interstitial fibrosis. Angiotensin Il may also de-
press collagenase activity, hence favoring interstitial
collagen deposition.

Aldosterone may also stimulate extracellular collagen
deposition and myocardial fibrosis.!1.12 A key determi-
nant of collagen degradation is the activation of met-
alloproteinases (a family of zinc-containing proteins
that also includes stromalysins, collagenases, and
gelatinases) and a multifunctional protein, tissue in-
hibitor of metalloproteinase—1 (TIMP-1), produced by
connective tissue cells and macrophages, and proba-
bly regulated by angiotensin I1.13

The pathogenic role of the RAAS in the development
of hypertensive LVH requires confirmation, although
LV mass is significantly increased in renovascular hy-
pertension and primary aldosteronism compared with
essential hypertension.14.15 There is also a correlation
between LV mass and plasma aldosterone, which is
independent of blood pressure. 12

Insulin

Hypertensive LVH is often associated with insulin re-
sistance and high insulin levels. Significant correlation
between LV mass and insulin and insulin-like growth
factor-I (IGF-I) was observed in a cohort of 101 essen-
tial hypertensives with normal glucose tolerance from
the Progetto Ipertensione Umbria Monitoraggio Am-
bulatoriale (PIUMA); in addition, IGF-I was a main de-

U

terminant of LV mass and geometry, independent of

blood pressure.16 Very high LVH prevalence (>70%) has
been repeatedly observed in diabetics, associated with
changes in systolic and diastolic function dispropor-

tionate to the increase in blood pressure. The involve-
ment of IGF-I may clarify the link between obesity, blood
pressure elevation, LVH, and the metabolic syndrome.

Leptin is another possible neuroendocrine determi-
nant. LVH in an animal model of leptin deficiency
(the 0b/ob mouse) reversed rapidly in response to ex-
ogenous leptin, suggesting that myocardial leptin
receptors could be involved in cardiac remodeling.17
Other major metabolic cardiovascular risk factors, no-
tably hypercholesterolemia and diabetes, also deter-
mine LV mass and the prevalence of LVH. Thus, low
plasma high-density lipoprotein (HDL) cholesterol
levels have been associated with increased LV mass,
independently of blood pressure.

Genetics

Analysis of LV mass heritability in 2624 subjects in the
Framingham Heart Study showed a closer correlation
between LV mass in first-degree relatives than in sec-
ond-degree relatives or couples, suggesting that about
30% of LV mass variance is genetic.!8 Studies of genet-
ic influence on LV mass have focused on candidate
genes, ie, gene polymorphisms that may be involved
in the hypertrophic cell process, using the genomewide
scan technique to screen for a large number of genet-
ic polymorphisms associated with the phenotype.

Polymorphisms associated with the RAAS were the
initial target. In 1994, Schunkert et al described an as-
sociation between insertion/deletion polymorphism
of the angiotensin-converting enzyme (ACE /D) and
ECG LVH.!9 Attempts at confirmation brought mixed
results: a 1997 meta-analysis of five case-control stud-
ies in 3285 subjects found no association between the
D allele and an increased risk of echocardiographic
LVH.20 The ACE /D genotype may only have a signifi-
cant effect on LV mass in particular circumstances, eg,
vigorous exercise, hypertension, renal failure, or car-
diac ischemia.

There is unconfirmed evidence of an association be-
tween LVH and aldosterone synthase genetic poly-
morphism.2! Studies are ongoing on the role of other
candidate genes, including those related to a- and
B-adrenoceptors and components of the signal trans-
duction mechanisms involved in cardiac hypertrophy,
ie, G proteins, and mitogen-activated protein kinase
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(MAPK) regulated by calcium-dependent phosphatase.
Genomewide scans are becoming easier to perform
thanks to DNA microarray technology and the increas-
ing number of single nucleotide polymorphisms (SNP)
that have been identified. Putative chromosomal quan-
titative trait loci (QTL) influencing the variability of
cardiac mass have been described in animals, but not
as yet any specific genes related to increased LV mass—
nor have any similar results been obtained in humans.

METHODS OF ASSESSING LVH

LVH has become integral to the diagnostic workup and
treatment strategy in hypertension, as recommended
by the European Society of Hypertension (ESH) and
European Society of Cardiology (ESC).22

The most common diagnostic tools are the ECG and
echocardiogram. ECG remains the conventional meth-
od, despite low sensitivity compounded by increasing
age and body weight. New ECG criteria in addition to
repolarization abnormalities and increased voltage
have been proposed in recent years, the Cornell method
being the most sensitive.23 The ECG can also be used
to detect patterns of ventricular overload (“strain”) or
ischemia, indicating higher risk.

Since ECG and echocardiographic LVH predict mortality
independently of one another and other cardiovascu-
lar risk factors, they convey, at least in part, different
prognostic information,24 in particular when the ECG
shows a strain pattern.25

Echocardiography is now widely available in the in-
dustrialized world for determining LV mass. It is time-
and cost-effective, specific, ideal for serial mass and
function follow-up, and more sensitive than ECG.

LV mass is calculated from the LV interventricular sep-
tum and posterior wall thicknesses and internal diam-
eter using the Penn or American Society of Echocar-
diography (ASE) formulas, each of which has been
validated by autopsy.26.27 All studies evaluating the
prognostic significance of changes in LV mass have ap-
plied one or both formulas to M-mode measures made
under 2D control. Values obtained using different for-
mulas have given superimposable results.28 However,
despite its advantages, echocardiography is not infal-
lible, and technical error is always possible, due to the
method itself, the quality of the examination, or inter-
preter inexperience. An Italian Society of Hypertension
study of the reliability of repeat echocardiography
recordings and interpretations in 260 normotensive

and hypertensive subjects in 16 centers attributed bi-
ological significance to changes in LV mass exceeding
10% to 15%.29 Similarly, the Prospective Randomized
Enalapril Study Evaluating Regression of Ventricular
Enlargement (PRESERVE) found an intraclass correla-
tion coefficient of 0.93 between two measures (screen-
ing and randomization) of echocardiographic LV mass
in 183 hypertensive patients with LVH.30 Changes +35 g
and +17 g represented probabilities of biological sig-
nificance of 95% and 80%, respectively.

Under normal cardiac loading conditions, body size,
and in particular lean body mass, is the most impor-
tant determinant of heart size. For this reason, LV mass
is usually normalized to body size. Normalization to
body weight or other size measures (eg, body surface
area) are inaccurate when body composition is altered,
as in obesity. A surrogate of lean mass, body height,
with LV mass indexed to height to the allometric pow-
er of 2.7, is particularly useful when evaluating the im-
pact of abnormal body composition on LV anatomy,
as in obesity or anorexia nervosa, but it is no better
than other indices for prognostic purposes. Two main
definitions of echocardiographic LVH based on prog-
nostic data are in current use: (i) LV mass indexed to
height (m27) =51 g in both genders3!; and (ii) LV mass
indexed to body surface area (m2) >125 in both gen-
ders (1able II).

LV mass/h (g/m27) >51 (M & F)

LV mass/BSA (g/m2) >125 (M & F)

LV mass/BSA (g/m2) =117 (M); 2104 (F)
LV mass/BSA (g/m2) >125 (M); 2110 (F)
LV mass/BSA (g/m2) =131 (M); 2100 (F)
LV mass/h (g/m) =143 (M); 2102 (F)
LV mass/h (g/m) >149 (M); 2114 (F)
LV mass/h (g/m27) >50 (M); >47 (F)

Table 11. Left ventricular hypertrophy (LVH) diagnostic values.
Abbreviations: BSA: body surface area; F: females; h, height; M: males.

Echocardiography is also useful in assessing the dif-
ferent types of LV geometric adaptation to increased
cardiac load (Figure 1).32 The characteristics of con-
centric hypertrophy are increases in both mass and
relative wall thickness, whereas those of eccentric hy-
pertrophy are increased mass and a relative wall thick-
ness < 0.45. Remodeling is said to be concentric when
thickness increases with respect to radius, but without
an increase in LV mass. Concentric hypertrophy ap-
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Figure 1. Cardiovascular events associated with
concentric versus eccentric geometry.

Abbreviations: LVMI: left ventricular mass index;
RWT: relative wall thickness.

Reproduced from reference 82: Muiesan ML,
Solvetti M, Monteduro C, et al. Left ventricular
concentric geomeiry during treatment adversely

**§

affects cardiovascular prognosts in hypertensive
patients. Hypertension. 2004;43:1-8. Copyright
© 2004, American Heart Association, Inc.

and improved the display of changes
in the segmental contractility of the
LV wall. However, given the difficulty
of obtaining accurate orientation of
the 2D planar images, their time-con-
suming planimetric reconstruction
in 3D and identification of the exter-
nal border of LV walls, technologi-
cal advance is required before there
can be a dramatic increase in use.
Methods have been developed to

g/m?

pears to carry the highest risk and eccentric hypertrophy
an intermediate risk, while concentric remodeling is
probably associated with a smaller, albeit noteworthy
risk. Geometries also differ in their hemodynamics, with
elevated total peripheral resistance and low cardiac out-
put in concentric hypertrophy, and normal total periph-
eral resistance and high cardiac output in eccentric
hypertrophy. Whether the geometries represent struc-
tural alterations of myocardial tissue is unknown.

Geometric patterns of LV adaptation have mechanical
consequences. LV systolic performance can be mea-
sured both at the endocardium by fractional shortening,
reflecting chamber function, and at the midwall, where
circumferential fiber contraction makes a greater con-
tribution to stroke volume.33 Midwall fractional short-
ening has important prognostic significance.3435 In ad-
dition, Doppler transmitral flow and LV outflow tract
studies can be used to measure several indices of dias-
tolic function, reflecting both passive filling and active
relaxation.

Newer imaging methods such as MRI offer more accu-
rate measures of LV mass, even in ventricles with asym-
metrically increased thickness or abnormal contractility.
MRI has provided important pathophysiologic infor-
mation (midwall mechanics), but the duration, com-
plexity, and cost of the examination hinder wider use.
3D reconstruction of 2D echocardiographic images has
increased the reproducibility of LV mass measurements

quantify tissue composition. Studies
in animals and humans have shown
that LV acoustic properties under physiological and
pathological conditions are influenced by several tis-
sue components, in particular myocardium, contrac-
tile and elastic tissue, collagen and inelastic tissue, as
well as by structures such as arteries, veins, myocytes,
and sarcomeres. Results with videodensitometry and
integrated backscatter to characterize tissue in several
diseases associated with abnormal myocardial tissue,
hypertensive LVH, and diabetes indicate that this tech-
nique can complement clinical evaluation by reveal-
ing preclinical end-organ damage.36.37 Further repro-
ducibility and feasibility studies are required to assess
the clinical applications of these techniques in patients
with hypertension and other risk factors.

PROGNOSTIC SIGNIFICANCE OF LVH

Whether assessed by ECG or echocardiography, LVH
is a well-documented harbinger of morbidity and mor-
tality. In several studies the adjusted risk of cardiovas-
cular morbidity associated with baseline LVH ranges
from 1.5 to 3.5 with a weighted risk ratio of 2.3 for all
studies combined (7able II1, page 8)38-40; the adjusted
risk of all-cause mortality associated with baseline
LVH ranges from 1.5 to 8, with a weighted mean risk
ratio of 2.5 for all studies combined.4!

The structural remodeling of cardiomyocytes, non-my-
ocytes, and fibroblasts that occurs in cardiac hypertro-
phy contributes to perivascular fibrosis, initially around
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. Age Left ventricular LVH prevalence Follow-up
Study Patients n (v) mass index (%) (vears) RN
. >143 g/m (M) 16 4 1.53
38
Levy et al, 1990 Framingham 3220 56 >102 &/m (F) 21 155
Koren et al, 199139 HTN/CVD/DM 280 47 >125 g/m?2 27 10 2.2
> 2
Muiesan et al, 199540 Hypertension 151 45 =134 g/m (M) 44 10 3.6

>110 g/m? (F)

Table I11. Studies of the association between baseline left ventricular hypertrophy (LVH) and cardiovascular events.

Abbreviations: CVD: cardiovascular disease; DM: diabetes mellitus; HTN: hypertension; LVH: left ventricular hypertrophy; LVMI: left ventricular mass

index; RR: relative risk.

intramural coronary arteries and thereafter in the in-
terstitial space.42 Increases in fibrillar collagen types |
and 1l lead to progressive abnormalities of diastolic
ventricular filling and relaxation, systolic dysfunction,
arrhythmias, and conduction disturbances, thus greatly
compounding the risk associated with LVH.! Excess
ventricular collagen may be due to increased collagen
synthesis, but also to insufficient collagen degradation
by interstitial collagenase.

The resulting pathophysiological and clinical changes
accounting for increased risk in hypertensive LVH in-
clude both diastolic and systolic dysfunction, the latter
being initially detected only during exercise. LV systolic
function depends closely on myocardial afterload, as
shown by the linear relationship between LV endocar-
dial fractional shortening and end-systolic stress. In
most cases of mild-to-moderate hypertension, LV sys-
tolic function is well preserved. Indeed, “supranormal”
LV ejection fraction and fractional shortening have been
found in hypertensive subgroups with mild LVH, pos-
sibly reflecting enhanced myocardial contractility. How-
ever, this contrasts not only with experimental data
showing progressive impairment of contractility during
gradual hypertension onset, but also with the Fram-
ingham evidence that hypertension remains, directly
or indirectly, the most important predictor of conges-
tive heart failure in the general population.

The paradox has been resolved by showing that LV frac-
tional shortening or ejection fraction, measured at
the endocardium, reflects chamber dynamics, but does
not necessarily provide a direct measure of myocardial
fiber shortening43: the circumferential fibers respon-
sible for LV short-axis shortening are located in the
midportion of the LV walls, between two longitudinal
shells responsible for long-axis shortening and twist-
ing. Switching to a more physiologic midwall mechan-
ics index related to circumferential end-systolic stress

reveals that myocardial chamber function is often over-
estimated in hypertension, particularly if LV wall thick-
ness is increased.3> Several studies have shown that
LV midwall function is commonly reduced by 15% to
20% in hypertensive patients. The subgroup with de-
pressed LV midwall function displays other features
associated with an elevated cardiovascular risk profile,
eg, concentric geometry, elevated peripheral resistance
and heart rate, overweight, or obesity. Higher midwall
fractional shortening is associated with female gender,
in both hypertensive patients and the general popula-
tion. Low midwall fractional shortening has proved an
independent predictor of cardiovascular morbidity and
mortality in hypertensive patients, as well as in healthy
elderly subjects and American Indians in two general
population-based surveys.35.3644.45

Diastolic dysfunction may be observed early in the nat-
ural history of hypertension and also in the normoten-
sive children of hypertensive parents.46 It becomes
more frequent in the presence of hypertensive LVH,
and is influenced by advancing age, high heart rate
and obesity. There is also a gender difference: in hy-
pertensive LVH, impaired diastolic relaxation affects
exercise capacity more severely in women, particularly
if elderly, than in men.

LV diastolic dysfunction has been increasingly diag-
nosed in asymptomatic hypertension thanks to echo-
cardiography, initially from measurements made on
M-mode tracings and subsequently from Doppler trans-
mitral flow velocities,50 corrected for a number of well-
characterized determinants such as age, gender, heart
rate, and blood pressure. The velocities—A wave (atri-
al contraction and emptying) and E wave (early LV fill-
ing)—occur in three patterns representing worsening
diastolic LV filling: (i) slowed relaxation, with an invert-
ed E/A ratio, slowed deceleration time, and increased
isovolumic relaxation time; (ii) pseudonormalization,
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with a preserved E/A ratio, but shortened deceleration
time due to abnormalities of both relaxation and com-
pliance; and (iii) restrictive pattern, with an increased
E/A ratio (>1.5-2) associated with a very abrupt decel-
eration time, suggestive of elevated atrial pressure,

and an abnormal pressure rise in a stiff LV. Pseudonor-
malization is best diagnosed by analyzing pulmonary
venous filling patterns and/or the Valsalva maneuver.

The PIUMA study showed an association between E/A
ratio changes and significant increases in cardiovas-
cular events in a cohort of 1839 middle-aged hyperten-
sives.48 Even more recent data come from a community
survey in 2042 subjects aged 45 years or older that
found diastolic dysfunction, evaluated by comprehen-
sive transmitral, outflow tract and pulmonary flow Dop-
pler examination, in 47% of hypertensives and 25.5%
of subjects with a normal ejection fraction (>50%). The
frequency of congestive heart failure increased dra-
matically with the severity of diastolic dysfunction.49
Diastolic dysfunction is thought to precede systolic dys-
function, although evidence to this effect from longi-
tudinal studies is lacking. Several studies using various
techniques have shown that diastolic LV performance
significantly influences exercise capacity in hyperten-
sive LVH. Diastolic dysfunction (combined with incip-
ient systolic dysfunction) is more prevalent in LVH,
suggesting that it represents an accelerated transition
phase from compensatory LVH to heart failure. Indeed,
heart failure is diastolic in one third of cases or more.
Although it may be associated with a lower mortality
rate than other forms of heart failure, morbidity is high.
Early recognition and appropriate therapy could help
to prevent progression to diastolic heart failure and
death. Although several studies have evaluated the ef-
fect of antihypertensive treatment on diastolic function,
the clinical implications remain to be established.46

LVH and failure are frequently associated with coronary
artery disease, and hypertension is a major risk factor
for coronary atherosclerosis. In ECG LVH, use of a “def-
inite LVH" pattern comprising ST-segment and T-wave
abnormalities was strongly associated with an increased
incidence of acute infarction and sudden death 3-6 The
association was weaker when LVH was defined by volt-
age criteria, suggesting that altered repolarization re-
flects reduced coronary perfusion.

LVH is associated with structural and functional changes
in arteries, both large50.5! and small.!5.52.53 Structural
changes are particularly evident in concentric LVH.

The association between LVH and extracranial carotid
atherosclerosis might also explain the increased risk of

cerebrovascular events (stroke and transient ischemic
attacks) in ECG or echocardiographic LVH. LVH is thus
a risk factor for vascular events.

The vascular changes consistently observed in LVH are
largely responsible for the reduced coronary reserve.
Concomitant atherosclerosis in epicardial coronary
vessels®3 and structural alterations and rarefaction of
small coronary vessels54 limit blood supply when oxy-
gen demand is increased by the greater tissue mass.
Compensatory angiogenesis is inadequate during the
development of adult LVH. Decreased subendocardial
coronary perfusion leads to myocyte necrosis and repar-
ative fibrosis, encouraging the progression to heart
failure. Other extravascular mechanisms compounding
the impairment of coronary reserve include changes
in wall tension, heart rate, and contractility, at a time
when the oxygen requirement, measured by the triple
product (heart rate x LV mass x end-systolic stress), is
progressively increased compared with patients with
normal LV mass and geometry.

The ability to regulate coronary flow is weakest during
exercise when oxygen demand increases. Under rest-
ing conditions, the reduction in coronary flow reserve
may not have important consequences, but during the
exercise-induced increase in oxygen requirement it
becomes symptomatic and a factor in progressive LV
dysfunction. Functional changes further weaken the
vasodilator response of the coronary microcirculation.
Endothelial dysfunction precedes morphological
changes in the vascular wall and triggers remodeling.
In summary, LVH is a state of potential or actual myo-
cardial ischemia.

There is a predisposition to ventricular arrhythmias in
hypertensive LVH, explaining the risk of sudden death.
Proposed causes include repolarization abnormalities
(QT dispersion) due to the concomitant increase in fi-
brous tissue, changes in coronary structure and func-
tion, diuretic-induced hypokalemia, and autonomic
dysfunction (adrenergic hyperactivity and reduced car-
diac responsiveness to [3-adrenergic stimulation). Im-
paired ventricular filling, left atrial enlargement, and
slowing of atrial conduction velocity all encourage atri-
al fibrillation, increasing the risk of cerebrovascular
thromboembolism.

Since hypertensive LVH is an independent risk factor

for cardiovascular morbidity and mortality, the possi-

bility of reversal or even prevention by lowering blood
pressure and modifying other pathogenetic factors is

a major goal in antihypertensive therapy.
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Patients Treatment Drug
Study (n) duration (y) comparison
CATCH 182 1 Candesartan = enalapril
ELSA 174 4 Lacidipine = atenolol
ELVERA 166 Amlodipine = lisinopril
LIFE 960 4.5 Losartan > atenolol
LIVE 269 1 Indapamide > enalapril
PRESERVE 235 Nifedipine = enalapril
RACE 111 0.5 Ramipril > atenolol
REASON 124 1 Perindopril/indapamide > atenolol Table TV. Studies com-
REGAAL 183 1 Losartan > atenolol paring left ventricular
SILVHIA 112 1 Irbesartan > atenolol Z;;Z;Zhin(g;?mm
VA Cooperative Study 230 1 HCTZ, captopril > clonidine, diltiazem, antihypertensive drugs.

LVH REGRESSION ON
ANTIHYPERTENSIVE TREATMENT

LV mass can be decreased by nonpharmacological in-
tervention, notably weight loss, which is effective in
obese hypertensives independently of blood pressure.
The multicenter Treatment Of Mild Hypertension Study
(TOMHS) monitored echocardiographic LV mass in
819 mild hypertensives annually for 4 years and found
that lifestyle intervention reduced blood pressure sig-
nificantly and decreased LV mass substantially in 30%
of patients.?> However, there is still no hard evidence
of an independent effect by dynamic exercise, dietary
sodium, or alcohol restriction.

Multiple studies have shown that blood pressure reduc-
tion reverses LVH. The important determinants are
treatment duration and the degree of blood pressure
reduction. The Study on Ambulatory Monitoring of
blood Pressure and Lisinopril Evaluation (SAMPLE)
showed that changes in LV mass on ACE inhibitor ther-
apy were significantly related not to changes in office
blood pressure, but to the degree of mean 24-hour
blood pressure control.56 Subsequent evidence has
also shown the importance of homogeneity, or mini-
mal daily fluctuation, in blood pressure control, as
expressed in the “smoothness index.”57

However, since blood pressure is not the sole determi-
nant of LVH and fibrosis, the differing response of LV
mass to different classes of antihypertensive drugs was
ascribed to interference in nonhemodynamic factors
such as the RAAS and sympathetic nervous system. Sev-
eral meta-analyses were therefore conducted of stud-

prazosin, atenolol
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Study acronyms:
see box on page 4.

ies demonstrating reversal of echocardiographic LVH
using different antihypertensive drugs. Dahlof et al?8
calculated that for the same decrease in blood pressure
the decrease in LV mass was greatest with ACE inhib-
itors, a conclusion confirmed by Cruickshank et al.59
Three years later, however, in a comparative review of
diuretics, B-blockers, calcium channel blockers, and
ACE inhibitors, Fagard showed that each reduced LV
mass to a degree similar to that of the other three
classes combined, and that direct comparison could
not separate ACE inhibitors from calcium channel
blockers.¢© Two more recent meta-analyses, by Jennings
and Wong¢! and Klingbeil et al 62 confined to random-
ized, double-blind parallel group comparisons, have
confirmed that the main determinants of LVH regres-
sion are the degree of blood pressure reduction and
baseline LV mass. However, both studies also observed
that ACE inhibitors, angiotensin II receptor blockers,
and calcium channel blockers were more effective than
B-blockers and diuretics given the same decrease in
blood pressure.

Large randomized blinded studies (7zble IV) compar-
ing two or more different antihypertensive drugs have
provided other data. The TOMHS results were the least
instructive, due to the low prevalence of LVH and the
efficacy of lifestyle intervention.>® The RAmipril Cardio-
protective Evaluation (RACE) study showed significant
LVH regression on the ACE inhibitor versus none on
atenolol, at comparable levels of blood pressure reduc-
tion.63 Unfortunately, high dropout rendered largely
inconclusive the comparison by the Department of
Veterans Affairs Cooperative Study Group of 1 year's
monotherapy with six different antihypertensive agents
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in 587 male hypertensives.¢4 Two other randomized
double-blind parallel studies employing centralized
echocardiographic LVH criteria compared the effect on
LV mass of an ACE inhibitor and a calcium antagonist
(PRESERVE [Prospective Randomized Enalapril Study
Evaluating Regression of Ventricular Enlargement]:
enalapril vs nifedipine®; ELVERA |Effects of amlodipine
and lisinopril on Left VEntriculaR mAss and diastolic
function (E/A ratio)]: lisinopril versus amlodipine).66
Both found similar benefits with both drugs, as did the
European Lacidipine Study on Atherosclerosis (ELSA)
study with the calcium antagonist lacidipine and the
B-blocker atenolol after treatment for 1 and 4 years.67

The results of the comparative LVH regression: Inda-
pamide Versus Enalapril (LIVE) study showed a reduc-
tion in LV mass on indapamide, suggesting that diu-
retics can also regress LVH.68 As for angiotensin Il
antagonists, they have been found more effective than
the B-blocker atenolol 6971 and similar to enalapril .72
The Losartan Intervention For Endpoint reduction in
hypertension (LIFE) trial versus atenolol in hypertensive
ECG LVH confirmed the superiority of angiotensin II
antagonists over B-blockers.”? Finally, a very recently
published study (REASON, PREterax in regression of
Arterial Stiffness in a contrOlled double-bliNd study)
found that the low-dose combination strategy, now
proposed in several cases by the ESH/ESC guidelines,
demonstrated superior LVH regression using perindo-
pril/indapamide versus atenolol.74

However, it should be kept in mind that interdrug dif-
ferences tend to fade with time, since treatment dura-
tion is associated with progressive blood pressure
control and decrease in LV mass, although B-blockers
seem to be less effective in reversing LVH than other
classes of drugs. In addition, blood pressure may be
resistant if there is target-organ damage requiring the
use of combination antihypertensive therapy. Several
major intervention trials comparing the effects of sin-
gle antihypertensive drugs
on LV mass have in fact
largely been comparisons

Presence of LVH

The RACE patients were also stratified by the addition
or nonaddition of a diuretic to their basal therapy: LV
mass was similarly reduced in each subgroup, with
ramipril proving superior to atenolol both alone and
in combination.63

There is increasing interest in the effect of antihyper-
tensive treatment on myocardial tissue composition,
with particular respect to perivascular and interstitial fi-
brous tissue. Thus, for similar decreases in blood pres-
sure after treatment for 6 months, Brilla et al showed
that lisinopril decreased myocardial collagen and hy-
droxyproline content, and improved some diastolic
function parameters, whereas hydrochlorothiazide had
none of these effects, and only reduced myocyte diam-
eter.”> Recent experimental and human evidence sug-
gests that angiotensin Il antagonists may also regress
myocardial fibrosis.76

Long-term studies thus indicate that all classes of
antihypertensive drugs can lower blood pressure and
regress LVH, with any initial interclass differences tend-
ing to fade with time. Differences in the reduction of
LV mass for similar decreases in blood pressure are
generally marginal, although there remains the possi-
bility that drug classes differ markedly in their effect
on cardiac structure and composition.

CLINICAL AND PROGNOSTIC
SIGNIFICANCE OF LVH REGRESSION

Since LVH is such an important independent risk fac-
tor in hypertension, there is no lack of consensus as to
the desirability of regression and prevention. Regres-
sion is associated with numerous benefits such as
enhanced systolic midwall performance, normalized
autonomic function, enhanced coronary reserve, and,
possibly, enhanced diastolic filling and decreased ven-
tricular arrhythmia. All contribute to the improved prog-
nosis (Table V) demonstrated in several studies over

Reversal of LVH

of combination therapies
in that most patients were

Systolic dysfunction (midwall depression)

Unchanged (or improved at midwall)

taking more than one drug.

Diastolic filling abnormalities

Unchanged or improved

Thus, over 50% of SAMPLE Autonomic dysfunction

Autonomic near-normalization

patients received lisinopril
plus a diuretic,56 while

Predisposition to ventricular arrhythmias

Fewer arrhythmias

about 90% of LIFE patients ~ Reduced coronary reserve

Improved coronary reserve

received a diuretic in addi-
tion to their B-blocker or
angiotensin II blocker.73

Associated vascular structural changes

11

LULE A

Improved

Table V. Pathophysiological and clinical consequences of left ventricular hypertrophy (LVH) regression.
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Levy et al,’7 1994

® 524 patients; 52% males; mean follow-up: 5.1 years;
ECG voltage and repolarization criteria for LVH;
269 cardiovascular (CV) events

e Greater 2-year age-adjusted incidence of CV events
in patients with increased voltage and/or repolar-
ization criteria

Mathew et al,78 2001

e 8281 patients at high risk (HOPE, Heart Outcomes
Prevention Evaluation) mean follow-up 5 years
Sokolow criteria for LVH

® 925 events (12.3%) in 7539 patients with LVH regres-
sion or prevention vs 117 (15.8%) in 742 patients
with LVH development/persistence

Devereux et al,31 2002

® 9193 hypertensives (LIFE, Losartan Intervention For
Endpoint reduction in hypertension), mean follow
up 4.5 years, Sokolow and Cornell criteria for LVH

® 3% CV events risk reduction in patients treated with
losartan (15.3 % mean decrease of ECG LVH) in
respect to patients treated with atenolol (9 % de-
crease in ECG LVH)

Table VI. Prognostic implications of baseline elecirocardiographic features
and their serial changes in subjects with left ventricular hypertrophy (LVH).

the years using ECG measures. Normalization of ECG
LVH in 524 Framingham subjects over a mean 5-year
follow-up was associated with reduction in cardiovas-
cular risk. Regression of Sokolow LVH criteria in the
Heart Outcomes Prevention Evaluation (HOPE) study
was similarly associated with a reduction in cardiovas-
cular events; no change—or worsening—of this sim-
ple ECG index implied a less favorable outcome. The
large long-term LIFE study showed that the greater
regression of LVH with losartan was associated with
fewer cardiovascular events (7able VI).73.77.78

In addition, further observations in a smaller number
of patients using the more sensitive echocardiographic
technique have shown that patients who fail to achieve
LVH regression or who develop LVH during follow-up
are much more likely to suffer morbid events (Zable VII).

We ourselves demonstrated this for the first time in 151
uncomplicated hypertensives followed for 10 years:
Cox survival analysis adjusted for conventional cardio-
vascular risk factors showed the persistence of LVH at
the end of follow-up as the most important independ-
ent predictor of cardiovascular events.40

Moreover, regression of LVH was associated with a
significantly lower cardiovascular risk not statistically
different from that observed in patients who never
developed LVH during follow-up. Verdecchia et al ob-
tained similar results in a larger group of 430 patients
over a shorter period (3.2 years).” In 172 hypertensive
patients followed for 11.3 years, Koren et al observed
cardiovascular events in 29% with LVH at follow-up
versus in 9% of those without.80

In the echocardiographic substudy of the LIFE trial
that included 941 patients followed for over 4 years,
the better prognosis associated with the significant
decrease in LV mass from baseline to end of study was
due mainly to a decrease in the incidence of stroke.8!

These cumulative findings highlight the prognostic
value of the LV mass response to treatment. Blood
pressure was not significantly associated with cardio-
vascular events in these studies, although it cannot
be excluded that the changes observed in the LV mass
index at least partially reflected blood pressure control.

Baseline LV geometry confers differing cardiovascular
risk in hypertension, concentric hypertrophy being the
least favorable. We recently evaluated the relationship
between prognosis and the response of LV geometry
to antihypertensive treatment in 436 uncomplicated

Events (%) by LVH status

Table VII. Prognostic

implications of baseline

electrocardiographic
features and their

Reference Patients (n) Events (n) Persistence Regression None
Muiesan et al,40 1995 151 23 38 12.5 5
Verdecchia et al,72 1998 430 31 21 6.2 5.4
Koren et al,30 2002 172 34 19.8 8.8 9.6
Total 753 88 26.3 9.2 6.7

serial changes in subjects
with left ventricular

hypertrophy (LVH).
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hypertensives (M: n=249; F: n=187; age 18-71 years)
over 6.4 years.82 Persistence of LVH from baseline to
follow-up was confirmed as an independent predictor
of cardiovascular events. Cardiovascular morbidity and
mortality were significantly greater with concentric than
eccentric geometry, whether in the presence (P=0.04)
or absence of LVH (£=0.02) at follow-up. Cardiovascu-
lar events were significantly more frequent with per-
sistent concentric geometry (P£<0.0001) for similar LV
mass at follow-up (Figure 1).82

Thus, an increase in echocardiographic LV mass in
response to antihypertensive therapy, or a failure to
decrease, confers a worse prognosis, while complete
regression significantly reduces—indeed virtually nor-
malizes—cardiovascular risk. In addition, the response
of LV geometry to treatment may also have prognostic
significance with and without LVH.

FUTURE GOALS

Focuses of future concern will include the biochemistry
of the adaptive changes in energy metabolism and
contractile proteins, notably the role of transmitters
and transductional factors, as well as the timing of
these responses to blood pressure changes, neurohu-
moral activation, and the development of structural
alterations in other organs.

Techniques such as tissue characterization and non-
invasive quantitative analysis of coronary flow will de-
scribe the respective contributions of perivascular and
intraventricular fibrosis and myocardial ischemia to
the mechanisms of LVH risk, and hopefully reveal ways
in which these advances can be translated into indi-
vidual patient benefit. However, we already know more
than enough to realize that a major goal in the man-
agement of hypertension is the detection, prevention,
and reversal of LVH.

13

THREE KEY QUESTIONS

The story of left ventricular hypertrophy (LVH) in hy-
pertension is that of a good thing gone bad: hyper-
tension initially triggers a potentially beneficial
compensatory increase in left ventricular mass, but
this ultimately evolves to a problem, becoming a
disease in its own right, as well as a risk factor, en-
dangering the heart and the patient’s life. The turn-
ing point in the pathophysiology of LVH is fibrosis,
which, added to concentric hypertrophy, heralds
left ventricular dysfunction. Antonello Ganau and
Giuseppe Talanas take a close look at the patho-
genesis of LVH, and ask: “Do coronary circulation
abnormalities play an important role in the patho-
genesis of hypertensive LVH?” and establish a firm
link, even though the chicken-and-egg conundrum
remains entire: is LVH the cause or the consequence
of a defect in myocardial perfusion in hypertension?
In view of the pivotal role of tissue alterations in the
disease process, Javier Diez addresses the question:
“How important is it to assess and attempt to
control cardiac fibrosis in hypertension?” In do-
ing so he opens up exciting preventive and ther-
apeutic prospects. Bernhard M. W. Schmidt and
Roland E. Schmieder examine another important
question: “Hypertension and left ventricular hy-
pertrophy: how much attention should we pay to
the renin-angiotensin-aldosterone system?” This
question is of particular relevance in view of evi-
dence that drugs modulating the RAAS have bene-
ficial effects that are additive to, and independent
of, their blood-pressure-lowering effect. To con-
clude, by whichever means, LVH regression has
benefits and as such detection, prevention, and re-
versal of LVH are now major targets in the manage-
ment of hypertension.
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Do coronary circulation abnormalities play
an 1mportant role in the pathogenesis
of hypertensive left ventricular hypertrophy?
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Hypertensive left ventricular hyper-
trophy (LVH) is a powerful predictor
of coronary events. It is character-
ized by coronary circulation abnor-
malities such as impaired coronary
blood flow autoregulation, decreas-
ed coronary reserve, increased min-
imal coronary vascular resistance,
subendocardial underperfusion
during exercise, and increased risk
of myocardial infarction and death
in the presence of coronary occlu-
sion. These abnormalities appear
to play a significant role in the
pathogenesis of cardiac complica-
tions in arterial hypertension. Al-
though the imbalance between coro-
nary supply and myocardial needs
has often been incriminated in the
pathogenesis of hypertensive LVH,
no convincing evidence has been
provided to date that LVH is the
consequence, rather than the cause,
of a primary defect of myocardial
perfusion in hypertensive patients.
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eft ventricular hypertrophy

(LVH) is the most important

preclinical manifestation of

hypertensive organ damage!
and a strong predictor of cardiovas-
cular events in subjects with arterial
hypertension? or coronary artery
disease,? as well as in the general
population.4

Cardiac hypertrophy is an adaptive
response to a sustained elevation in
workload (eg, arterial hypertension
or valve disease) and has the effect
of decreasing ventricular wall stress
compensating for the increased
workload. If mechanical overload is
not relieved, progressive ventricular
dilatation occurs with a consequent
increase in wall stress, afterload
mismatch, and deterioration of left
ventricular (LV) pump function.>

MYOCARDIAL
HYPERTROPHY AND
CORONARY BLOOD FLOW

There is overwhelming evidence that
the compensated hypertrophied
heart is characterized by increased
susceptibility to subendocardial is-
chemia. Patients with LVH and an-
giographically normal epicardial
coronary arteries may exhibit elec-
trocardiographic signs of subendo-
cardial ischemia® or develop effort
angina pectoris.” In the normal rest-
ing awake animal, the subendocar-

21

dial blood flow is greater than the
subepicardial flow, reflecting higher
systolic wall stress and oxygen re-
quirements in the deepest myocar-
dial layers, and this flow gradient
is preserved during exercise.8 In con-
trast, in hypertrophied hearts, the
subendocardial blood flow increases
inadequately during exercise, and
the ratio of subendocardial-to-sub-
epicardial blood flow is reduced.9.10
These data explain the increased
vulnerability of the hypertrophied
heart to subendocardial hypoper-
fusion.

Perfusion abnormalities in the hy-
pertrophied heart could be caused
by an increase in the minimum
coronary vascular resistance result-
ing from a decrease in the minimum
cross-sectional area of the vascular
bed per gram of myocardium. The
latter can result from structural coro-
nary alterations such as vascular
rarefaction, as the number of capil-
laries fails to match the growth of
cardiomyocytes per unit area, or
from a decrease in vascular lumen
due to lumenal encroachment re-
sulting from vascular medial hyper-
trophy.!! A recent study has shown
that a single administration of vas-
cular endothelial growth factor
(VEGF), given intrapericardially dur-
ing the compensated phase of hy-
pertrophy, increases myocardial
perfusion by promoting microvas-
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cular growth,12 thus supporting
the vascular rarefaction hypothesis.
Abnormal myocardial perfusion may
also be due to the increase in ex-
travascular intramyocardial forces,
eg, the perivascular fibrosis!3 that
compresses the vasculature and
hence impedes blood flow. The hy-
pertrophic growth of cardiomyocytes
and remodeling of extracellular ma-
trix, not associated with a parallel
increase in the microvascular bed,
result in a decrease in capillary den-
sity and impaired coronary flow re-
serve, while the increased distance
of diffusion reduces the supply of
nutrients to the hypertrophied my-
ocytes.

The myocyte-to-capillary mismatch
is aggravated during states of high
workload or ischemia, when an in-
creased demand for substrates and
oxygen occurs, and may contribute
to the decline in contractile function
taking place in the late phase of hy-
pertrophy.

Alterations in coronary vasomotor
tone originating from either endo-
thelial ¥ or vascular smooth muscle
dysfunction may also play a role in
impairing myocardial perfusion. A
recent study showed an increase in
myocardial perfusion reserve and
maximal coronary flow in asymp-
tomatic patients with hypertension-
induced LVH after long-term treat-
ment with lisinopril, but not with an
angiotensin Il receptor antagonist.!>
Furthermore, post-treatment hyper-
emic flow was not different in the
group treated with lisinopril com-
pared with the control group. Since
the angiotensin Il receptor antago-
nist did not improve maximal myo-
cardial perfusion, the possible expla-
nation for the augmented blood flow
in the lisinopril arm might be the
increased availability of bradykinin
and, consequently, vasodilator
prostaglandins and nitric oxide. In
this experiment!> myocardial perfu-

sion reserve improved in the absence
of significant reduction in LV mass,
suggesting that the improvement
in coronary vasodilator capacity
was not due to reduction in extra-
vascular compressive forces on the
coronary microvasculature (Zable I).

CORONARY FLOW
IN PHYSIOLOGICAL AND
HYPERTENSIVE LVH

A recent study compared resting
coronary flow velocity, determinants
of myocardial oxygen demand, coro-
nary vasodilator capacity, and epi-

Primary mechanism

iological LVH was associated with a
favorable remodeling and enhanced
vasodilator capacity of the epicar-
dial vessels. In fact, the vasodilator
response of the left main coronary
artery to dipyridamole was 5 times
higher in athletes compared with hy-
pertensive patients.!6 These results
suggest that the pathologic nature
of the hypertensive hypertrophy,
rather than the increase of myocar-
dial mass per se, modifies the rela-
tionship between resting flow ve-
locity and determinants of resting
myocardial oxygen demand. The
mechanisms underlying the age-de-

Functional consequences

Increased myocardial mass

Increased basal O, consumption
Reduced coronary reserve

Myocardial and periarteriolar
fibrosis

Increased extravascular force and
reduced vascular lumen
Increased coronary resistance

Decrease in capillary density per
cardiomyocyte unit area (rare-
faction of the vascular bed)

Increased coronary resistance

Reduced coronary reserve

Increased diffusion distance

Reduced supply of nutrients to
myocytes

Vascular medial hypertrophy
with lumen encroachment

Decreased vascular lumen
Increased coronary resistance
Reduced coronary reserve

Endothelial or vascular smooth
muscle dysfunction

Increased coronary vasomotor
tone and resistance

Reduced coronary autoregulation
and coronary reserve

Table 1. Potential causes of abnormal coronary perfusion in hypertension.

cardial vessel remodeling in subjects
with exercise-induced physiological
LVH and in hypertensive patients
with LVH.16 The relationship between
resting coronary flow velocity and
determinants of myocardial oxygen
was impaired in hypertensive LVH
and preserved in physiological LVH.
Maximal coronary vasodilation at
the microcirculatory level was pre-
served in athletes with physiologi-
cal LVH, while it was impaired in
hypertensive LVH. In addition, phys-

22

pendent decrease in coronary flow
reserve are also different in older
athletes and hypertensive subjects:
in older athletes the reduction in
coronary flow reserve is almost en-
tirely due to an increase in basal
blood pressure, cardiac work, and
flow velocity rather than to reduced
vasodilator capacity. In older hyper-
tensive subjects, the further reduc-
tion in coronary flow reserve is the
result of decreased hyperemic flow
velocity and increased minimum
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coronary vascular resistance, sug-
gesting a role of aging in impairing
coronary vasodilator capacity in ar-
terial hypertension.!6 Morphometric
studies in various animal models
suggest that the growth of the coro-
nary microvascular bed does not ad-
equately match the magnitude of
myocardial growth, and a relative
decrease in microvascular density
occurs in hypertensive LVH.17.18 Fur-
thermore, hypertension-induced
LVH is characterized not only by my-
ocyte hypertrophy, but also by col-
lagen deposition within the ventric-
ular wall and around the coronary
vessels.19.20 The myocardial fibrosis
increases the stiffness of the LV
chamber, impairs LV relaxation, and
may interfere with coronary vaso-
dilator capacity, which is likely to
initiate and maintain a process of
myocardial underperfusion and mal-
nutrition leading to depression of
myocardial performance and further
increase in interstitial fibrosis.21.22

It has been reported that hyperten-
sive LVH is associated with a sig-
nificant increase in the expression
of brain natriuretic peptide (BNP)
mRNA, angiotensin-converting en-
zyme (ACE) mRNA, and endothe-
lin-1 (ET-1) mRNA compared with
exercise-induced LV physiological
hypertrophy.23 Pathological cardiac
hypertrophy is partly induced by
endothelin24 and angiotensin 11,25
the latter being able to enhance col-
lagen deposition and reduce colla-
gen degradation by inhibiting tissue
metalloproteinase-1.26

CORONARY FLOW AND
LEFT VENTRICULAR
GEOMETRY

LV geometric adaptation to hyper-
tension is heterogeneous,?7 reflect-
ing the interactions of pressure and
volume load, inotropic state, and
aging.28-30 Hypertensive subjects
can be classified into four patterns

based on LV mass and relative wall
thickness.27 Patients with concentric
hypertrophy are characterized by
very elevated peripheral resistance?7
and the highest risk of cardiovas-
cular morbidity and mortality.2.3!
Sekiya and coworkers have assessed
the responses of coronary vasomo-
tion to vasoactive agents in the left
anterior descending artery of hyper-
tensive patients with angiographi-
cally normal coronary arteries.32 This
study has shown that endothelium-
dependent vasodilation induced by
acetylcholine is progressively im-
paired as LVH progresses. The en-
dothelium-independent vasodilation
induced by adenosine, which reflects
the vasodilator capacity of the mi-
crovessels or, in other words, coro-
nary flow reserve, was impaired only
in patients with concentric hyper-
trophy. Thus, both severe coronary
endothelial dysfunction and abnor-
mality of coronary microvascular
dilatation coexist in hypertensive
patients with concentric hypertro-
phy, and may contribute to the in-
creased cardiovascular morbidity
and mortality associated with LV
concentric hypertrophy.

DEVELOPMENT OF
HYPERTENSIVE LVH: DOES
IMPAIRMENT OF CORO-
NARY BLOOD FLOW PLAY A
PATHOGENETIC ROLE?

While there is strong evidence that
LVH may induce abnormalities of

myocardial perfusion, the hypothe-
sis has also been raised that an in-
adequate coronary blood flow may
in turn be a stimulus for myocardial
hypertrophy. Few studies have in-

vestigated the pathogenetic role of
coronary blood flow abnormalities
in inducing LVH. Although the asso-
ciation of LVH with coronary athero-
sclerosis and myocardial infarction

has been demonstrated by necropsy
studies more than half century ago,
only the advent of coronary angiog-
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raphy and ventriculography permit-
ted to study in vivo both the coro-
nary vessels and LV mass. In 1973,
Pech and coworkers33 investigated
the association between coronary
abnormalities and LVH in patients
with chronic ischemic heart disease.
The authors selected patients with
angina pectoris who were free of
hypertension, cardiomyopathies, or
valvular disease and underwent di-
agnostic cardiac catheterization and
angiocardiography. Patients were
subdivided into four groups ac-
cording to the severity of coronary
atherosclerosis. LV mass was signif-
icantly increased in patients with
coronary artery disease compared
with those with normal coronary an-
giography. Among patients with doc-
umented coronary lesions, the two
groups with occlusion or with criti-
cal stenosis of a major coronary
vessel had higher LV mass than the
group with small plaques or less
severe coronary stenosis. In the ab-
sence of apparent causes of LVH,
the authors speculated that the in-
crease in LV weight could be attrib-
uted to proliferation of connective
tissue for repairing the hypoxic
necroses and/or to vicarious hyper-
trophy of the remaining myocardi-
um.33 While this paper provided
clear evidence that LVH and coro-
nary artery disease can be associat-
ed, no direct action of ischemia on
myocardial hypertrophy could be
demonstrated.

Gould and coworkers34 studied 54
patients with angiographically prov-
en coronary artery disease and ob-
served that hypertrophy develops
after myocardial infarction in pro-
portion to LV dilatation and may re-
sult in a syndrome of massive LVH,
hypokinesia, and heart failure quan-
titatively identical to that found in
primary cardiomyopathies. Patients
with mild-to-moderate degrees of
ischemic injury had intermediate
degrees of hypertrophy, suggesting
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that coronary atherosclerosis with
myocardial infarction was causal
rather than merely coexistent. The
authors proposed the following se-
quence of events leading to cardiac
hypertrophy: regional injury and cell
death _, increased end systolic vol-
ume _, higher wall stress _, hyper-
trophy of the remote viable myocar-
dium.34 Thus, the authors identified
the excess of left ventricular load
due to loss of contractile tissue,
rather than the reduced myocardial
perfusion, as the primary stimulus
for myocardial hypertrophy.

A more direct link between myocar-
dial ischemia and myocardial hy-
pertrophy was demonstrated by
Anversa and coworkers.35 They in-
vestigated the growth response of
myocytes after acute myocardial in-
farction in rats. The animals were
killed 3 days after ligation of the left
coronary artery. Elevated LV end-di-
astolic pressure and decreased first
derivative of LV pressure and sys-
tolic arterial pressure indicated sig-
nificant impairment of ventricular
function. Absolute infarct size was
determined morphometrically by
measurement of the fraction of my-
ocyte nuclei lost and averaged 57%.

Hypertrophy of the surviving LV
myocytes was 28%. These results
showed, on a cellular basis, that my-
ocardial hypertrophy occurred after
severe ischemia. Since LVH resulted
from changes in the cellular shape
characteristic of a combination of
pressure and volume overload hy-
pertrophy, the authors suggested
that the loss of cardiac cells and the
consequent dilation of LV chamber
resulted in a greater regional wall
stress on the remaining myocytes,
responsible for compensatory ec-
centric hypertrophy of the viable
ventricular myocardium 3 This com-
bination of necrotic tissue, chamber
dilation, and remote hypertrophy
is now well known as postinfarction

ventricular remodeling. The authors
found that the myocyte volume per
nucleus increased by 21% also in
the nonischemic right ventricle. They
speculated that the right hypertro-

phy could reflect pulmonary hyper-
tension or an increase in right ven-
tricular pressure to maintain the
pressure gradient across the pul-
monary vascular bed.3> Once again,

Peak values Development

Control in cross- of collateral Regression
sectional area flow
Days 14£5 20+7 30+8
No. of occlusions 123+52 180+66
Length (mm) 10 10.50+0.34* 10.55+0.34 10.37+0.50
Wall thickness (mm) 10 10.45+0.22 10.10+£0.18 10.07+£0.38
Chess sauionelEnse g, 109.7+4.3*  1065+4.2*  104.3+4.6

(mm?2)

Table 11. End-diastolic length, thickness, and cross-sectional area of a myocardial segment before
and after repeated episodes of transitory ischemia due to brief coronary occlusions in 5 dogs.
*P<0.05 vs control.

Adapted from reference 36: Fujita M, Mikuniya A, McKown DP, McKown MD, Franklin D.
Regional myocardial volume alterations induced by brief repeated coronary occlusions in conscious
dogs. ] Am Coll Cardiol. 1988;12:1048-1053. Copyright © 1988, American College of Cardiology
Foundation. Published by Elsevier Inc.

Increase in cross-sectional area of ischemic myocardial segment (%)
Increase in myocardial segment length (%)
------ Increase in myocardial segment thickness (%)

10

7.5

5 -

Increase (%)

2.5+

Days Functional

recovery

* Number of coronary occlusions 180

Figure 1. Effects of repeated transitory ischemia on thickness, length, and cross-sectional area of the
myocardial segment exposed to brief repeated coronary occlusions in 5 dogs. The left circumflex coro-
nary artery was occluded for 2 minutes and occlusion was repeated at time intervals of 30 minutes per
8 hours a day and for 5 days a week. The functional recovery due to collateral flow development in-
duced partial regression of hypertrophy, despite the repetition of coronary occlusions. The ischemic
segment recovered almost entirely both baseline thickness and length a few days afier cessation of the
occlustons.

Adapted from reference 36: Fujita M, Mikuniya A, McKown DP, McKown MD, Franklin D. Re-
gional myocardial volume alterations induced by brief repeated coronary occlusions in conscious
dogs. ] Am Coll Cardiol. 1988;12:1048-1053. Copyright © 1988, American College of Cardiology
Foundation. Published by Elsevier Inc.
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there was no direct evidence of a
cause-effect relationship between
myocardial ischemia and LVH.

In 1988, Fujita and coworkers inves-
tigated whether brief repeated coro-
nary occlusions induced changes
in regional myocardial geometry in
dogs.36 In this study, 5 conscious
dogs were instrumented with ultra-
sound crystals for measurements
of subendocardial segment length
and transmural wall thickness in
the ischemic area, subendocardial
segment length in the normally per-
fused area, coronary flow, and LV
pressure. After recovery from sur-
gery, 2-minute occlusions of the
circumflex coronary artery were re-
peated at 30-minute intervals for 8
hours, 5 days a week, over an aver-
age period of 20+7 days. The end-
diastolic segment length did not
change significantly in the normal
area throughout the experiment. By
contrast, in the ischemic area, the
end-diastolic regional cross-section-
al area (product of segment length
and wall thickness), measured daily
in the preocclusion state, was in-
creased by 9.7% (P<0.05) after 14
days of repeated coronary occlu-
sions. After 10 days of functional re-
covery, the myocardial thickness in
the ischemic zone was not different
from the baseline value, whereas
myocardial segment length and vol-
ume remained increased, revealing
the persistence of regional hyper-
trophy after removal of the ischem-
ic stimulus (7able II; Figure 1).36

These data indicate that regional
myocardial hypertrophy may occur
in response to repeated episodes
of ischemia. However, the lack of
histology did not allow to assess
whether the regional increase in my-
ocardial volume was attributable to
myocyte hypertrophy or rather to
interstitial edema or fibrosis. In this
experimental model, the stimulus
for regional myocardial hypertrophy

might be either the repeated hypox-
ia or the increase in regional wall
stress secondary to the ischemia-in-
duced systolic wall thinning.

CONCLUSIONS

In summary, up to now there is no
conclusive evidence that the mis-
match between coronary blood flow
supply and myocardial metabolic
needs is important in the pathogen-
esis of LVH in hypertension. Other
stimuli appear to be more relevant,
such as hemodynamic pressure or
volume load and neurohumoral fac-
tors. The development of LVH is as-
sociated with myocyte-capillary
mismatch, which increases the vul-
nerability of the hypertrophied my-
ocardium to ischemia and predis-
poses the cardiac muscle to a higher
risk of infarction and to more ex-
tensive hypoxic necroses compared
with patients without LVH. These
abnormalities of myocardial perfu-
sion and metabolism may play an
important role in the transition from
the compensated phase of hyper-
trophy to progressive left ventricular
dilation and heart failure, eliciting
the vicious circle of ischemia _,
chamber dilation _, increase in wall
stress _, LVH _, further ischemia.
Normalization of the coronary re-
serve with antihypertensive drugs
might slow down or interrupt the
progression of the hypertensive
heart disease.
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Fibrous tissue accumulation is

an integral feature of the adverse
structural remodeling of myocardial
tissue following a cardiac insult.
Given the importance of fibrous
tissue in leading to myocardial
dysfunction and failure, noninva-
stve assessment of fibrosis could
prove a clinically useful tool, par-
ticularly given the potential for
cardioprotective and cardiorepara-
tive pharmacological strategies.
This approach represents an excit-
ing and innovative strategy, and
available data set the stage for
large-scale and long-term trials,
where this noninvasive assessment
of myocardial fibrosis in patients
with hypertensive heart disease
and other cardiac diseases could
prove useful.
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esearch over the past sev-

eral decades has identified

the dynamic nature of col-

lagen turnover in normal
and diseased tissues and an ever-
expanding array of matrix functions
that include the initiation and mod-
ulation of tissue growth and repair.!
In kidneys, lungs, and liver, fibrosis
is considered a final common path-
way to organ failure. This holds true
for the heart as well.2 Given the im-
portant role of fibrous tissue in lead-
ing to cardiac failure, noninvasive
methods are being developed to ad-
dress fibrous tissue formation and
degradation in patients with chronic
cardiovascular diseases. In addition,
the concept is emerging that man-
agement of these patients must
target the adverse structural cardiac
remodeling associated with these
diseases.

MYOCARDIAL FIBROSIS IS
PRESENT IN THE HUMAN
HYPERTENSIVE HEART

A number of studies performed in
postmortem human hearts3-> and
endomyocardial human biopsies6-8
have shown that myocardial colla-
gen volume fraction, a morphomet-
ric measure of the amount of tissue
collagen, is consistently increased
in hypertensive patients with left
ventricular hypertrophy compared
with normotensive controls. Further-
more, immunohistochemical analy-
sis shows exaggerated accumulation

28

of fibrillar collagen types I and Il
within the myocardial interstitium
and surrounding intramural coronary
arteries and arterioles (Figure 1).9
Hypertensive myocardial fibrosis

is the result of increased collagen
type I and I1I synthesis by fibroblasts
and unchanged or decreased extra-
cellular collagen degradation by
matrix metalloproteinases.!0 Hemo-
dynamic and nonhemodynamic fac-
tors are involved in this disequilib-
rium in collagen metabolism that
occurs in hypertension.10 In this re-
gard, various lines of evidence sug-
gest that, besides hypertension, an-
giotensin Il also plays a major role
in the development of hypertensive
myocardial fibrosis.!!

MYOCARDIAL FIBROSIS
HAS A DETRIMENTAL
CLINICAL IMPACT IN

HYPERTENSION

Although several other risk factors
for congestive heart failure have
been identified, arterial hyperten-
sion is the most common risk factor
in the general population.!2 Sever-
al arguments support the concept
that myocardial fibrosis has a par-
ticularly important influence in the
transition from compensated left
ventricular hypertrophy to heart fail-
ure in patients with hypertensive
heart disease.!? Firstly, interstitial
fibrosis compromises the rate of re-
laxation, diastolic suction, and pas-
sive stiffness, contributing to im-
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paired diastolic function. Secondly,
since neither the collagen network
nor the fibroblasts contribute to sys-
tolic contraction, increased collagen
deposition and fibroblast volume
means that systolic work is being
performed by a smaller proportion
of the cardiac mass, thereby con-
tributing to systolic dysfunction.

Although microscopic examination
of cardiac biopsies is the most reli-
able method for documenting and
measuring myocardial fibrosis, it is
an invasive methodology unadapted
to large-scale application, and that
may be subject to sampling error.
Thus, the development of noninva-
sive methods to document the

On the other hand, emerging exper-
imental and clinical experience sug-
gests promising prospects for the
use of radioimmunoassay of various
serum peptides arising from the
metabolism of collagen types I and
[l in arterial hypertension.!> More
specifically, the measurement of
serum concentrations of carboxy-

Figure 1. Histological section of myocardial biopsy specimen from a patient with essential hypertension, showing perivascular (lefi panel, col-
lagen volume fraction = 8.65%) and interstitial (right panel, collagen volume fraction = 8.05%) severe fibrosis. (Picrosirius red staining x 20).

Myocardial fibrosis also predisposes
to diminished coronary reserve and
ventricular arrhythmias, which in
turn, confer increased risk of adverse
cardiovascular events to patients
with hypertensive heart disease.!3
The overall amount of perivascular
fibrosis is a limiting factor for vas-
cular distensibility. On the other
hand, interstitial fibrosis would facil-
itate arrhythmias both by anatomic
uncoupling due to myocardial het-
erogeneity and by a reentry mecha-
nism generated by the zigzag propa-
gation of the transverse waveform.

MYOCARDIAL FIBROSIS
MUST BE DETECTED IN
HYPERTENSIVE PATIENTS

Assessment of the extent of collagen
accumulation in myocardial tissue
may be relevant in both improving
the diagnosis of hypertensive heart
disease and optimizing the preven-
tion of heart failure and adverse car-
diovascular events in patients with
this condition.

presence of myocardial fibrosis in
hypertensive patients would have
broader application.

Tissue characterization by ultraso-
nography refers to the detailed eval-
uation of the entire reflected ultra-
sound signal in an effort to extract
information regarding actual tissue
character. A correlation between al-
terations in echoreflectivity, namely,
diminution in the cyclic variation
(CV) in returning ultrasound signal
or backscatter signal, and histolog-
ically assessed collagen volume
fraction was recently shown in the
heart of hypertensive patients,6.14
suggesting that in these patients
collagen content is the major deter-
minant of regional echo intensity.
Furthermore, as shown by the re-
ceiver operating characteristics curve
(ROC) analysis, CV in the apex is a
highly sensitive and specific param-
eter in the identification of severe
myocardial fibrosis in patients with
hypertensive heart disease (Figure 2
and Table I, page 30).
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terminal propeptide of procollagen
type | or PICP (a peptide that is
cleaved from procollagen type I dur-
ing the synthesis of fibril-forming
collagen type I) has been shown to
correlate directly with collagen vol-
ume fraction in patients with hyper-
tensive heart disease.!6 Interesting-
ly, as shown by ROC-curve analysis,
serum PICP possess high sensitivity
and specificity for predicting severe
myocardial fibrosis in hypertensive
patients (Figure 2 and Table I). In
addition, changes in serum PICP
induced by antihypertensive treat-
ment have been shown to correlate
directly with changes in collagen
volume fraction in patients with hy-
pertensive heart disease.!7 Thus,
measurement of PICP may provide
indirect diagnostic information on
both the extent of myocardial fibro-
sis and the ability of antihyperten-
sive treatment to diminish collagen
type | synthesis and reduce myocar-
dial fibrosis in hypertensive patients.
Interestingly, in a recent study, we
demonstrated that the CV of back-
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Specificity
Cutoff Sensitivity Specificity  Relative risk
Parameters value (%) (%) (95% ClI)
PICP 127 pg/L 75 78 4.80 (1.19-19.30)
Cv 2.90 dB 75 63 2.50 (0.72-34.70)
PICP+CV 126 pg/L +2.65 dB 95 81 6.50 (2.31-31.05)

Table 1. Overall performance of different parameters for predicting hypertensives with severe fibrosis

according to receiver operating characteristics (ROC) curves.

Abbreviations: Cl, confidence interval; CV, cyclic variation of the backscatter signal in the apex;
PICP, carboxy-terminal propeptide of procollagen type I.

scatter signal is abnormally dimin-
ished in those patients with hyper-
tensive heart disease and abnor-
mally high serum concentrations of
PICP.18 Furthermore, the association
of these two parameters predicted
with great accuracy the presence of
severe myocardial fibrosis in hyper-
tensive patients (Zable I). Thus, the
combination of these two method-
ologies may be useful for the non-
invasive assessment of cardiac fibro-
sis in hypertensive heart disease.

MYOCARDIAL FIBROSIS
CAN BE REDUCED IN
HYPERTENSIVE PATIENTS

Recent biopsy-based clinical stud-
ies provide evidence that other goals
beyond reduction in blood pressure

should be set in hypertensive pa-
tients, such as repair of cardiac fi-
brosis.17.19-21 Schwartzkopff et al!9
reported that treatment with perin-
dopril induced a significant decrease
in periarteriolar fibrosis. Brilla et al20
showed that treatment with lisino-
pril, but not with hydrochloroth-
iazide, reduced myocardial fibrosis,
independently from blood pressure
control and left ventricular hyper-
trophy regression, and that this was
associated with improved left ven-
tricular diastolic function. We have
shown that treatment with losartan
for 1 year was associated with inhi-
bition of collagen type I synthesis
and regression of myocardial fibro-
sis in patients with essential hyper-
tension (Figure 3).17 In contrast,
hypertensive patients treated with
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Figure 2. Recetver operating characteristics
(ROC) curve for carboxy-terminal propeptide of
procollagen type I (PICP) (area under the curve =
0.76+0.10, mean+SEM) and cyclic variation (CV)
of backscatter in the apex (area under the curve =
0.760.08), plotted for various cutoff values, to
determine severe myocardial fibrosis. (Adapted

from references 16 and 18).

amlodipine did not show any sig-
nificant changes in collagen type |
metabolism or myocardial fibrosis.
Interestingly, the effect of the two
compounds on blood pressure was
similar during the entire treatment
period. More recently, we reported
that the ability of losartan to in-
duce regression of severe myocar-
dial fibrosis was independent of its
capacity to reduce blood pressure
or left ventricular mass, but was
associated with a decrease in my-
ocardial stiffness in hypertensive
patients.2! These data confirm ex-
perimental studies in rats with
genetic hypertension where phar-
macological interference with the
production and actions of angio-
tensin Il has proved to be effective
in reversing cardiac fibrosis, over
and above the antihypertensive ef-
ficacy.22.23

CONCLUSIONS

In hypertensive heart disease, it is
not the quantity of myocardium, but
rather its quality that accounts for
the increased risk of adverse car-
diovascular events. Thus, strategies
directed toward the identification
of the changes in myocardial struc-
ture (eg, fibrosis) involved in the
transition from compensated left
ventricular hypertrophy to heart fail-
ure are likely to offer the greatest
promise of reducing the incidence
of congestive heart failure and its
associated mortality among hyper-
tensive patients.

On the other hand, current manage-
ment of hypertension should not
simply focus on reduction in blood



