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wall thickening and a change in cavity size with associated effects on systolic and diastolic

function. It is determined by numerous factors in addition to the transaortic resistance. These
include coexistent coronary disease and hypertension, but also sex, age, and genetic factors. This
review will give evidence to suggest that aortic stenosis should be regarded as a clinical syndrome
involving the left ventricle as well as the aortic valve. This carries the implication that the left
ventricle should be given greater priority when assessing and treating aortic stenosis.

The left ventricular response to aortic stenosis is not simple. It consists of a combination of
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Pressure overload causes left ventricular (LV) remodelling and ultimately hypertrophy.™" “2 This
is often seen as a means of limiting wall stress in order to maintain systolic function."? Wall
stress, by the law of Laplace, is related directly to intracavitary pressure and cavity size, but
inversely to wall thickness. Concentric remodelling is defined by a normal LV mass associated
with an increased relative wall thickness (fig 1). This is usually calculated as 2 x posterior wall
thickness/LV diastolic diameter, and a value > 0.45 is abnormal.™ ™ The reduction in cavity size
and increase in wall thickness tend to offset the raised intracavitary pressure associated with
aortic stenosis. Concentric hypertrophy is defined by a combination of left ventricular
hypertrophy and increased relative wall thickness. Patients with aortic stenosis and no
hypertrophy almost invariably have concentric remodelling."*®

There is only a modest relation between the degree of aortic stenosis and LV mass, although
in serial studies an increase in transaortic pressure difference is associated with an increase in LV
mass."'° This is only partly explained by the fact that echocardiographic measures of valvar
stenosis are imperfect surrogates for wall stress. Men have higher LV mass when indexed to body
surface area,™’” "® although LV hypertrophy is more common in women when sex specific
thresholds for hypertrophy are applied (often > 134 g¢/m® for men and > 110 g/m* for
women)."” ™8 W1 However, there is also a wide variation in LV geometry and function expressed
in relation to wall stress (fig 2). At one extreme, seen predominantly in women, the left ventricle
has a small cavity and thick walls with normal or even supra-normal fractional shortening in
association with low wall stress.' ™ ™2 At the other extreme, more common in men, the left
ventricle is dilated with relatively thin walls and a reduced fractional shortening in association
with high wall stress (fig 2).> "> ¥* This sex effect is not adequately explained. However, there
are differences in collagen deposition, occurring as parallel strands in females, but cross-hatched
in males.”> There is also evidence that sex hormones affect cardiac adaptation to pressure
load."'¢!® Qestrogen receptor p mRNA content is higher in females than males with aortic
stenosis, but higher in both sexes with aortic stenosis than in controls."*?
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DETERMINANTS OF LV MASS AND CAVITY SIZE

LV hypertrophy is associated with myofibrillar hypertrophy, but also fibrosis, which is the
deposition of collagen and fibronectin. The renin-angiotensin system and its mediator
transforming growth factor B, are activated in aortic stenosis"?° and contribute to the fibrosis.
Studies have investigated the effect on LV mass of different alleles of genes for the angiotensin
converting enzyme (ACE), cardiac chymase, angiotensinogen, AT receptor 1, and aldosterone
synthase."?'=2> Some show a relation between the DD ACE allele and LV mass,"*' V22 others no
difference™ " or a direct relation in men, but an inverse relation in women."'' These
discrepancies may partly be caused by the limited reproducibility of current techniques of
genotyping."?* There may also be interactions between gene expression and the intra- and
extracardiac renin-angiotensin systems. Several animal studies have failed to show a correlation
between LV hypertrophy induced by aortic banding, and serum ACE concentrations.” “*°
However, treatment with ACE inhibitors in these animals can cause regression of LV hypertrophy
even with persisting pressure overload. This suggests an effect on local intracardiac renin-
angiotensin systems, which may be more important in determining the degree of hypertrophy



EDUCATION IN HEART

than systemic ACE concentrations. This is supported by the
fact that ACE mRNA concentrations and activity in the non-
hypertrophied right ventricles of pressure loaded hearts are
normal.* Local renin-angiotensin systems also modulate
myocardial function. The intracoronary infusion of enalapri-
lat causes an immediate improvement in diastolic function in
patients with aortic stenosis™?® 7 despite no change in
plasma renin or ACE activity.

There are other determinants of LV mass and geometry.
Dilatation may be caused by progressive fibrosis> V> W28
possibly as a result of subendocardial ischaemia. This could
be caused by coronary disease™?® even if apparently minor at
angiography (fig 3).> However, there are a number of studies
showing reduced flow reserve even in patients with angio-
graphically completely normal coronary arteries."** “*° The
coronary lumen may be relatively small"?® "?!' since,
although the coronary artery lumen initially increases in
size as aortic stenosis progresses, the luminal area indexed
to LV mass ultimately falls.">' The pattern of coronary flow
also changes in patients with symptomatic aortic stenosis
so that systolic flow is reversed or has an abnormally low
peak velocity while diastolic velocities are raised.” “?* “??
This is most likely caused by a reduced transmural perfusion
gradient as a result of high LV end diastolic pressure™® and a
low aortic pressure at the ostium of the artery. It is also
possible that abnormal flow patterns in the aorta affect flow
into the coronary arteries. Normal laminar flow is replaced by
turbulence beyond the stenosed aortic valve. Furthermore,
wave reflectance which normally causes augmentation of
diastolic pressure is abnormal in aortic stenosis. The wave
returns early which augments systolic rather than diastolic
pressure, thus increasing afterload and reducing coronary
perfusion pressure. Finally, it has also been postulated that
LV dilatation could occur intrinsically as a result of cellular
switching™**—for example, in response to stimuli such as
circulating catecholamines.”>*
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In adults systemic blood pressure and age also affect LV
mass’” "7 "8 W3¢ and cavity size."*® LV hypertrophy occurs in
even mild aortic stenosis when it is determined predomi-
nantly by systemic blood pressure,”” while in moderate and
severe stenosis, it is mainly related to the transaortic pressure
difference and age."” LV mass regression after aortic valve

replacement is also related to systemic blood pressure.® "7

IS LV HYPERTROPHY ADAPTIVE OR MALADAPTIVE?
Contrary to the traditional view, significant LV hypertrophy is
maladaptive. Both LV hypertrophy and concentric remodel-
ling without hypertrophy are associated with increased
operative™® " and mid term"™*” mortality and morbidity
mainly in women. In one study"™?® the operative mortality
was 17% in the presence of LV hypertrophy and only 1.4%
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Figure 2 Plot of fractional shortening (FS) against meridional end
systolic wall stress. The red zone denotes the normal range for the
stress—shortening relation. The female pattern LV response to aortic
stenosis gives a thick wall and small cavity and consequently relatively
low stress associated with high fractional shortening. The male pattern
is a dilated left ventricle with consequently high stress associated with
low fractional shorfening. Redrawn from Carroll et al' with permission.

Concentric LYH Figure 1 Diagram of left ventricular
hypertrophy (LVH) and geometric
remodelling. Concentric remodelling is
defined by normal left ventricular mass,
S but a relative wall thickness above 0.45.
Concentric hypertrophy is defined by
LVH with a relative wall thickness above

|
EDD | I ESD 0.45. Eccentric hypertrophy as occurs in
- cortic regurgitation is defined by LVH,
=\*/\.,_____ but with normal relative wall thickness.

BSA, body surface area; EDD, end
diastolic diameter; ESD, end systolic
diameter; LV, left ventricular; PW,
posterior wall. Redrawn from Seiler and
Jenni** with permission.
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with normal LV mass. In women, a relative wall thickness
> 0.66 carried an in-hospital mortality of 63% compared with
only 14% for relative wall thickness < 0.66."*° The mechan-
ism may be worsening of diastolic dysfunction as a result of
ischaemia and reperfusion.® "° This is supported by evidence
that the functional state may be improved with volume
replacement and calcium channel blockers or B blockers.™'?

There is other evidence that diastolic dysfunction rather
than LV mass itself affects outcome. LV filling dynamics are
abnormal in one half of patients having valve replacement for
aortic stenosis when systolic function appears normal, and in
all who have impaired systolic function.” **! Pseudonormal
or restrictive filling patterns at the time of surgery are
associated with higher late mortality than slow filling or
normal patterns.” Measures of LV filling dynamics are
affected by intrinsic LV diastolic dysfunction, but also by
the filling pressure."** A pseudonormal filling pattern on
echocardiography can develop from a slow filling pattern
either from progression of fibrosis or increased filling
pressure as a result of fluid loading, drugs or possibly
coexistent mitral regurgitation.”*> BNP concentrations are
elevated in patients with abnormal diastolic filling patterns
as well as those with systolic dysfunction** and may provide
a surrogate for the echocardiographic assessment of filling
patterns. LV mass regression after surgery is associated with
an improvement in LV ejection fraction,”**> ™ but diastolic
dysfunction may persist® and affect long term mortality® > and
function,™*7 W18

Although the “female” pattern left ventricle appears to
have normal or supranormal systolic function as assessed by
LV ejection fraction, this has to be interpreted against the fact
that wall stress may actually be lower than normal.' Mid wall
shortening may also be abnormally low"'? even if fractional
shortening at the endocardium is normal or high. Finally,
long axis excursion may be reduced even in the presence of
normal endocardial fractional shortening.™*® “>° By contrast,
in the “male” pattern dilated left ventricle, low ejection
fraction and stroke volume may be normal when corrected
for wall stress."? This means that after aortic valve replace-
ment, measurements of systolic function should return to
normal™' and there is evidence that reduced long axis
excursion can increase immediately after aortic valve
replacement.”>* However, although the mean LV ejection
fraction improves after surgery in those with a preoperative
LV ejection fraction below 45%, about one third do not reach
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Figure 3 Plots of mass o volume ratio in systole. Ratios for non-
obstructive coronary disease (lesions < 50% of luminal diameter) (5.6
(SD 2.8)) and obstructive coronary disease (lesions > 50%) (5.2 (2.2))
are significantly smaller than for those with no coronary disease (9.2
(3.9)). This reflects a thinner, more dilated LV in patients with coronary
artery disease. CAD, coronary artery disease. Redrawn from Vekshtein
et al ¥?8 with permission.
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The left ventricle in aortic stenosis: key points

> The left ventricular (LV) response to aortic stenosis includes
LV remodelling, and myofibrillar hypertrophy with fibrosis

> The LV response is partly determined by intrinsic factors
including sex

» The response is also affected by systemic hypertension,
and coronary disease

» LV mass is only modestly related to the degree of valvar
obstruction

> There is good evidence that LV hypertrophy may often be
maladaptive

> Animal evidence shows that blocking LV hypertrophy is
associated with an improved outcome

> Angiotensin converting enzyme (ACE) inhibitors are now
used in patients with hypertension and mild to moderate
agortic stenosis

» Vasodilators including ACE inhibitors have also been
used with caution in patients with symptomatic severe
aqortic stenosis

normal levels."'* ¥ This is either because there is another
cause of LV dysfunction such as myocardial infarction or
alcohol, because there has been irreversible fibrosis as a result
of the aortic stenosis, or in some cases because of incomplete
myocardial preservation at the time of surgery.

CLINICAL IMPLICATIONS

Since LV hypertrophy is maladaptive, it is therefore interest-
ing that rodents in which the hypertrophic response to
pressure load is blocked genetically'’ or by treatment with an
ACE inhibitor'™” maintain systolic function with better
survival than control rodents. There is also evidence that
ACE inhibitors may improve diastolic function in rodents."?°
This suggests that ACE inhibitors could be used in human
aortic stenosis. In mild aortic stenosis, LV mass is related to
blood pressure™” and ACE inhibitors are used for patients
with hypertension and mild or moderate aortic stenosis."
ACE inhibitors and other vasodilating agents have also been
used without adverse effects in patients with severe aortic
stenosis despite being traditionally contraindicated.">*
Nitroprusside produces favourable haemodynamic changes
in patients with critical aortic stenosis and heart failure.”
Chockalingham and colleagues'® gave enalapril to 34 patients
with aortic stenosis in New York Heart Association functional
class III or IV and observed a significant increase in six
minute walk time in 33% patients on enalapril compared
with only 17% taking placebo.

Transverse systolic dysfunction, shown by a reduced
fractional shortening or ejection fraction, is already an
accepted criterion for surgery.">> It would be intuitively
sensible to use a decrease in long axis function as a more
sensitive marker of a change in systolic function,” although
there is no evidence that this is useful prospectively. There is
evidence, but no proof, that a change in diastolic filling
pattern from slow filling to pseudo-normal should also
become a criterion for surgery."*> "¢

In patients with relatively preserved contractility, the
transaortic pressure difference falls in line with the LV
ejection at high wall stresses.? There is good evidence that
surgery is at relatively low risk provided that the mean
pressure difference is above 30 mm Hg on echocardiography
or cardiac catheter,"**® which is approximately equivalent
to a peak velocity on Doppler above 3.5 m/s. For patients with
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low flow, low gradient aortic stenosis, the operative mortality
is high">® and management decisions less easy. The manage-
ment of this important clinical situation is described in the
next article in this series.">’

CONCLUSION
The aortic valve is intimately related anatomically to the left
ventricle and to the aorta. However, the left ventricular
response to aortic stenosis is only partly related to the
transaortic resistance. It is probably related to physiological
events in the aorta as well as sex, genetic factors, and the
presence of coronary atheroma. Independently of the grade of
valve stenosis, the structure and function of the left ventricle
affect the presence of symptoms and the risk and outcome of
aortic valve surgery. Surgery in asymptomatic patients should
be considered with minor systolic dysfunction shown by a
reduced fractional shortening and in the future it is likely
that evidence will support surgery at the first sign of
significant diastolic dysfunction. LV hypertrophy develops
early in the natural history of aortic stenosis and it is possible,
but unproved, that ACE inhibitors could preserve LV function
and survival if started once mild aortic stenosis is diagnosed.
However, there is already evidence that ACE inhibitors can be
started in patients for hypertension associated with moderate
aortic stenosis and that these drugs do not need to be stopped
in a patient who remains well despite more severe aortic
stenosis. There is also evidence that ACE inhibitors can
improve measures of haemodynamic function and exercise
capacity in patients with critical stenosis who are not suitable
for valve surgery.

Additional references appear on the Heart website—http://
www.heartjnl.com/supplemental
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