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ABSTRACT

LEFT VENTRICULAR FUNCTION IN EARLY HYPERTENSION

Ibrahim lbrahim Almuntaser

This thesis presents the development of clinical applications of the relatively new
ultrasound modality, TDI in conjunction with the earlier more established modalities
of echocardiography. The contents of this thesis outline the investigations leading up
to the recognition of the early diastolic dysfunction in hypertension. From there we
examine the usefulness of new parameters of diastole, which allows us to measure the

diastolic function in newly diagnosed untreated hypertensive patients.

Doppler echocardiography provides an important noninvasive method for the
assessment and follow-up of patients with diastolic dysfunction (DD). However, no
comprehensive consensus regarding diagnostic echocardiographic criteria for diastolic
dysfunction has been reached, but guidelines have been proposed. We therefore
assessed the prevalence of diastolic dysfunction using criteria provided by the
Canadian consensus, American Medical Association, and European guidelines in
patients with newly diagnosed hypertension. In addition, we assessed the same
patients with a comprehensive series of Tissue Doppler parameters to define more
accurately the prevalence of diastolic dysfunction in a population newly diagnosed

hypertension.

In our study, the prevalence of LV diastolic dysfunction varied according to the
criteria used. There was a high prevalence of LV diastolic dysfunction 59% using
Canadian consensus guidelines of whom 27% had a pseudonormal pattern unmasked

with Valsalva and 32% had impaired relaxation at rest. Significantly fewer 10%
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patients were diagnosed using European guidelines or the American Medical
Association guidelines 23%. Using TDI e’/a’<l, the prevalence of LV diastolic
dysfunction was 59% identical to our findings using the Canadian consensus
guidelines. In conclusion, current national consensus guidelines defining LV diastolic
dysfunction vary widely and underdiagnose LV diastolic dysfunction in patients with
newly diagnosed hypertension. TDI assessment is a rapidly and widely available tool
that is as sensitive as the most stringent national guideline, and should be
systematically incorporated into a more comprehensive assessment of LV diastolic
dysfunction in this population. Physicians, in particular non-cardiac imaging
specialists, should be cautious about echocardiographic reports describing diastolic
dysfunction and ensure that the assessment of diastolic function is based on a
comprehensive echocardiographic study integrating all available two dimensional,

Doppler flow data and TDI.

Conversely, we assessed the prevalence of DD and its relationship with parallel
arterial stiffening in newly diagnosed hypertension. Although this study does not
answer the question whether arterial stiffness precedes LV diastolic dysfunction or
these changes occur in parallel the coupling of LV diastolic dysfunction and arterial
stiffness in early hypertension may put these patients at increased risk of
cardiovascular events. Therefore routine screening for presymptomatic ventricular
and vascular abnormalities as well as aggressive BP lowering strategies in newly
diagnosed untreated hypertension may help to reduce the risk of early cardiovascular

events in hypertension.
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We used a novel index of myocardial stiffness to detect subtle changes of diastolic
dysfunction, which was shown to be an important addition to the echocardiographic
evaluation of hypertensive patients. This index may provide early detection of
diminished myocardial function and may help identify patients requiring aggressive

and targeted medical therapy.

Finally we evaluated whether anti-hypertensive treatment could influence left
ventricular (LV) morphofunctional characteristics (induce LV hypertrophy regression
and improvement of diastolic function) in newly diagnosed untreated hypertensive
patients. Our finding showed that antihypertensive treatment may induce a significant

improvement in LV diastolic function.

The general applicability of our findings will have to be confirmed and deepened in
future studies, with larger number of subjects with different races. However this work
has contributed to the strong potential of TDI and other echocardiographic techniques
and indices that hopefully will contribute to the understanding and prevention of early

complications related to hypertensive heart disease.
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SUMMARY

Doppler echocardiography provides an important noninvasive method for assessment
and follow-up of patients with diastolic dysfunction. However, no comprehensive
consensus regarding diagnostic echocardiographic criteria for diastolic dysfunction
has been reached, but guidelines have been proposed. We therefore assessed the
prevalence of diastolic function using criteria provided by the Canadian consensus,
American Medical Association, and European guidelines in patients with newly
diagnosed hypertension. In addition, we assessed the same patients with a
comprehensive series of Tissue Doppler parameters to define more accurately the
prevalence of diastolic dysfunction in a newly diagnosed hypertensive population.
Our findings demonstrate the wide variance in the diagnosis of diastolic dysfunction
based on the current standard echocardiographic criteria. Thus current guidelines are
of limited value and could be enhanced by the inclusion of TDI. Although this study
does not answer the question whether arterial stiffness precedes LV diastolic
dysfunction or these changes occur in parallel, the coupling of LV diastolic
dysfunction and arterial stiffness in early hypertension may put these patients at
increased risk of cardiovascular events. Therefore routine screening for
presymptomatic ventricular and vascular abnormalities as well as aggressive BP
lowering strategies in newly diagnosed untreated hypertension may help to reduce the
risk of early cardiovascular events in hypertension. In our study, a novel index of
myocardial stiffness based on the pressure volume relationship was shown to be a
promising index in documentary early cardiac abnormalities in newly diagnosed
untreated hypertensive patients and may be useful in deciding on aggressive BP
lowering strategies. Our finding showed that antihypertensive treatment may induce a

significant improvement in LV diastolic function.
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This work has contributed to the strong potential of TDI and other echocardiographic
techniques and indices that hopefully will contribute to the understanding and

prevention of early complications related to hypertensive heart disease.
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CHAPTER 1

CLINICAL APPLICATION OF
ECHOCARDIOGRAM



CHAPTER 1

1.1 Basic physic of Doppler echocardiogram

Ultrasound is simply sound waves, like audible sound. Although some physical
properties are dependent on the frequency, the basic principles are the same. Sound
consists of waves of compression and decompression of the transmitting medium (e.g.
air or water), travelling at a fixed velocity. Sound is an example of a longitudinal
wave oscillating back and forth in the direction the sound wave travels, thus
consisting of successive zones of compression and rarefaction. Transverse waves are

oscillations in the transverse direction of the propagation (1) (Fig 1.1).

Fig. 1.1 Schematic illustration of a longitudinal compression wave (top) and transverse wave
(bottom).

The audible sound frequencies are below 15 000 to 20 000 Hz, while diagnostic
ultrasound is in the range of 1 - 12 MHz. Audible sound travels around corners, we
can hear sounds around a corner (sound diffraction). With higher frequencies the
sound tend to move more in straight lines like electromagnetic beams, and will be

reflected like light beams. At higher frequencies the ultrasound behaves more like



electromagnetic radiation. Ultrasound is generated by piezoelectric crystals that
vibrate when compressed and decompressed by an alternating current applied across
the crystal, the same crystals can act as receivers of reflected ultrasound, the
vibrations induced by the ultrasound pulse (1).

1.2 Doppler Echocardiography

The first description of the physical principles used in Doppler echocardiography is
attributed to Johan Christian Doppler, an Austrian mathematician and scientist who
lived in Salzburg the first half of the 19th century. Doppler's initial descriptions
referred to changes in the wavelength of light as applied to astronomical events. In
1842, he presented a paper entitled "On the Coloured Light of Double Stars and Some
Other Heavenly Bodies" where he postulated that certain properties of light emitted
from stars depend upon the relative motion of the observer and the wave source. He
suggested that the colored appearance of some stars was caused by their motion
relative to the earth, the blue ones moving toward earth and the red ones moving away
(2

Doppler pulses can either be used as a pulsed Doppler, where a pulse is sent out, and
the frequency shift in the reflected pulse is measured at a certain time. This will
correspond to a certain depth, i.e. velocity is measured at a specific depth, which can
be adjusted. The width is the same as the beam width, and the length of the sample
volume is equal to the length of the pulse. The same transducer is used both for
transmitting and receiving. One drawback with pulsed Doppler is that the Doppler
shift is very small compared to the ultrasound frequency. This makes it difficult to
estimate the Doppler shift from a single pulse, without increasing the pulse length too
far. A velocity of 100 cm/s with an ultrasound frequency of 3.5 MHz results in a

maximum Doppler shift of 2.3 KHz. The solution to this problem is shooting multiple



pulses in the same direction and produce a new signal with one sample from each
pulse, the Doppler curve from this signal will be a new curve with the frequency equal
to the Doppler shift. The pulsed mode results in a practical limit on the maximum
velocity that can be measured. In order to measure velocity at a certain depth, the next
pulse cannot be sent out before the signal is returned. The Doppler shift is thus
sampled once for every pulse that is transmitted, and the sampling frequency is thus
equal to the pulse repetition frequency (1).

As will be seen in this chapter, the technique may be used for detection of cardiac
valvular insufficiency and stenosis as well as a large number of other abnormal flows.
The current interest in Doppler echocardiography has reached a remarkable level in
just the past few years. Doppler methods extend the use of cardiac ultrasound into the
evaluation of normal and abnormal flow states and provide quantitative data that are
essential in the clinical decision making process concerning patients with heart
disease (3). It has achieved a prominent role in the clinical and research assessment of
left ventricular diastolic function, providing beat by beat quantification of left
ventricular inflow velocities with a technique that is non invasive, low cost, portable,
and without hazard.

Diastolic filling can be quantified by measuring the peak velocity of early left
ventricular filling (E wave cm/sec), the peak velocity of late left ventricular filling (A
wave cm/sec), the E: A ratio, and deceleration time (ms) (fig 1.2). Consequently, the
Doppler frequency shift associated with blood is greater than that of cardiac tissue,
and the amplitude of the signals is lower. In conventional Doppler, the higher
amplitude signals from moving tissue are purposely filtered out so that only blood

signals are processed (2).
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Figure 1.2. Schematic drawing showing (A) normal left atrial and ventricular pressures, (B)
mitral inflow, resulting from atrioventricular gradients, in a healthy subject. Mitral inflow
velocities were obtained by placing the PW Doppler sample volume between the tips of the mitral
leaflets.

Previous study showed that, the analysis of transmitral Doppler (TMD) flow velocity
(figure 1.2) has been used widely for the evaluation of left ventricular (LV) diastolic
function. However, the great range of factors that may affect ventricular filling,
especially those determining an increase in the diastolic pressure, may impose
difficulties in the recognition of the abnormal filling pattern called
pseudonormalization (moderate diastolic dysfunction). Progression of diastolic
dysfunction with a successive increase in left-sided filling pressures makes Doppler
echocardiography indexes of mitral flow return to “normal” (pseudonormalization).
This advanced degree of diastolic impairment frequently requires special manoeuvres

or other methods to unmask the underlying ventricular dysfunction (4).



1.3 TISSUE DOPPLER IMAGING

As well as blood flow, the Doppler principle can also be used to evaluate myocardial
tissue velocities. The main principle is that blood has high velocity (Typically above
50 cm/s, although also all velocities down to zero), but low density, resulting in low
intensity (amplitude) reflected signals. Tissue has high density, resulting in high
intensity signals, but low velocity (typically below 20 cm/s). The difference in the
applications used for the two sets of signals is mainly differences in filtering, applying
a high pass filter in Doppler flow, and low pass filter in tissue Doppler (Although the
latter is not absolutely necessary) (1).

Tissue Doppler imaging (TDI) (fig 1.3), was first described by Isaaz et al. (1989),
who used the technique to measure the velocity of the posterior wall with an ordinary
pulsed Doppler with low set of the frequency shift down to measure velocities
belowl0 ¢m s (5). TDI thus enables the direct quantitative measurement of
contraction and relaxation velocities of the cardiac muscle. Its usefulness has been
demonstrated in the assessment of ventricular diastolic function, including the
evaluation of cases that are difficult to interpret solely on the basis of the usual

indexes obtained by TMD (6).

Figure 1.3. Longitudinal pulsed wave Doppler of the myocardium, 4 chamber view: the sample
volume (arrow) is positioned at the basal level of the interventricular septum.(”S”): Systolic
phase; (”E”): Rapid filling_period; (”A”): Atrial contraction;(”b”): Regional isovolumic
contraction time (RIVCT); (”c”): Regional iso-volumic relaxation time (RIVRT); RV: right
ventricle; LV: left ventricle;RA: right atrium.



The spectral TDI method provides higher temporal resolution and resolves all peak
velocities. With this modality a sample volume is placed within the myocardium
(either in the endocardium or the epicardium) and the low Doppler shift of
frequencies recorded from the heart wall moving through the sample volume during
the cardiac cycle is recorded. The pattern (Fig. 1.3) can be divided into two parts,
systolic and diastolic, from which several measurements can be obtained: 1. The
systolic phase is characterized by a positive wave (S) preceded by the time taken for
regional isovolumic contraction; 2. The diastolic phase, which is more complex, is
composed of 4 periods: a) regional isovolumic relaxation; b) the rapid filling period
characterized by a negative wave (E); ¢) diastasis, and d) filling due to atrial
contraction, represented by a second negative wave (A). The 2D-TDI method
provides acceptable spatial resolution along the direction of the ultrasound beam but
lower temporal resolution compared to pulsed TDI (pulsed measures peak velocities;
color encodes mean velocities). The temporal resolution varies according to the
system used and ranges from 100 msec in first generation to 10 msec in the new fully

digital systems (7).

The possibility to perform such measurements was first described earlier by a
Japanese group (Yoshitoshi & Machii, 1966). The physical differences between the
signal returning from moving blood and cardiac tissue motion is that the velocity in
the hydraulic part (blood) is higher than in tissue (mechanical part) approximately a
10-fold (10 ¢cm s) during normal circumstances. The result will be a lower Doppler
shift in the myocardial wall than in blood. The tissue signal will have stronger
amplitude because of more scatter returning from tissue than from blood. This will
result in that the tissue Doppler signal could be recorded either by low pass filtering

or gain damping, or with a combination of both (8).



1.3.1 Role of TDI in Clinical Diagnosis

A previous study by (Garcia-Fernandez et al., 1999) confirmed the utility of TDI in
the detection of regional dysfunction associated with ischaemic heart disease. In that
study, the myocardium was divided into sixteen segments according to the anatomy of
the coronary circulation. TDI was then performed in each segment in both healthy
controls and ischaemic heart disease patients. In diseased wall regions within the
patient group, both the mean peak early diastolic velocity and the E/A diastolic
velocity ratio were reduced, indicating abnormal myocardial relaxation in those areas.
In addition, the regional isovolumetric time, defined as the time interval from the
second heart sound to the onset of the E wave, was prolonged. No differences were
observed in any of these parameters, between the normally perfused segments of
ischaemic patients and the corresponding segments of the control group. These
results suggest that by measuring myocardial velocities, TDI can be used to assess

regional left ventricular function (9).

In 1994, Fleming et al presented the concept of transmyocardial gradients as
indicators of myocardial viability. The advantage of using this parameter instead of
general myocardial velocity is that it can be used to assess contractility at different
levels in the heart wall, thereby evaluating the transmural extent of ischaemia (10).
This study employed colour TDI, which has been described by Me¢ Dicken et al, 1992
(11). This mode of Doppler display superimposes a colour-coded representation of
velocity onto an M-mode (time-motion) trace or two-dimensional image. The latter is
a "slice" of the heart, similar to an anatomical section and produced by a fan of
ultrasound beams, each beam conveying information concerning the depth of the
interface from which it was reflected. This technique was used to detect the

transmyocardial gradient, which was defined as "a gradual spatial change in the value



of velocity estimates", this arises from the contraction and relaxation of the muscle
fibres while the epicardium remains relatively static. The greater endocardial than
epicardial excursion also causes a change in wall thickness, which has been used
previously as a reliable index of regional myocardial function. It was reported that,

Doppler velocity gradients could be used to express left ventricular regional function

CLL)

1.3.2 Relationship between TMD and TDI

Figure 1.4 shows the correspondence between the normal pattern of TMD velocities
obtained by mitral inflow and those obtained by mitral annular/myocardial TDI, in a
healthy subject reflecting the major physiologic events that occur during the diastolic
phase of the cardiac cycle (12).

% g TR ’ i’

Figure 1.4. Schematic drawing showing (A) normal left atrial and ventricular pressures, (B)
normal pattern of TMD and (C) TDI in a healthy subject.



Transmitral flow pulsed-wave Doppler echocardiography is the most conventional
method to evaluate diastole. Although this method had initially determined what
would become known as diastolic measurement pattern, It shows an important
variation in E and A wave indices, and in the ratio between both waves (E/A) in view
of changes induced by LV preload (13). Tissue Doppler is the method that assesses
segmental myocardial velocity at both diastole and systole (14). In a study comparing
the interventricular septum on TDI with that of transmitral flow in twenty patients
with standard relaxation (E/A wave ratio <1), who received an infusion of 700 ml of
physiological saline, a significant change was observed in the E/A velocity ratio
measured by transmitral flow (E/A=0.7 £ 0.1 vs. 0.9 £ 0.1 P< 0.01), which was not
observed in the TDI measurements (E’/A’=0.5 + 0.1 vs. 0.5 = 0.1. P=NS) (15). These
results point to the fact that, peak early myocardial mitral annular diastolic velocity of
TDI is relatively load independent and provides a more accurate assessment of LV
filling pressure (16). Unlike biphasic mitral inflow E wave and E/A ratio, TDI E’
wave and E’/A’ ratio show progressive abnormality with increasing diastolic
relaxation (17) (Figure 1.5) and, hence, can differentiate a pseudonormal from a

normal Doppler mitral inflow pattern (17-19).

Figure 1.5. (A-C) Mitral annular pulsed-wave (PW) Doppler tissue imaging tracings in (A) a
normal subject, (B) a patient with abnormal left ventricular (LV) relaxation, and (C) a patient
with restrictive cardiomyopathy.
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Myocardial TDI E’/A’ wave ratio is helpful in the early assessment of diastolic
dysfunction in patients with hypertension, (20) transplantation rejection, (21) or
restrictive cardiomyopathy (22). Although recent observations suggest load
dependency of the TDI E* wave, particularly in healthy human subjects with normal
LV relaxation, (23) preload was found to have a minimal effect on TDI E* wave in the

presence of abnormal LV relaxation in experimental animal models.

The advantage of TDI over the conventional ultrasound techniques is that TDI uses
low-velocity and high amplitude Doppler signals, in contrast to mitral inflow, which
uses high-velocity and low-amplitude signals. Doppler tissue velocities may be
displayed either in spectral pulsed or in color-encoded M-mode or 2-dimentional
mode. The color 2-dimentional method provides a high spatial but a low temporal and
velocity range resolution (typically 16 velocity values). On the other hand, the
spectral pulsed Doppler method provides the highest temporal and velocity range
resolution. To interpret the velocities obtained by either spectral pulsed tissue
Doppler, we must remember that they represent the component of motion of a given
segment in a direction parallel to the imaging cursor. This motion is not only caused
by myocardial contraction and relaxation but also by translation and rotation of the

cardiac structures (6).

Previous studies have shown that the Doppler mitral flow velocity pattern may be
falsely negative for diastolic dysfunction if the phenomenon of pseudonormalization
is not taken into account. It has been implied that TDI may be relatively preload
independent and could thus be superior to TMD recordings in identifying patients
with diastolic dysfunction even in the presence of a normal Doppler mitral flow-

filling pattern (24).
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Peak early velocity of TDI (E) has been shown to correlate well with the time
constant of isovolumic relaxation and appears to be relatively independent of preload.
TDI have been found to be clinically useful in differentiating patients with restrictive
cardiomyopathy from those with constrictive pericarditis whom LV relaxation is

normal (6).

1.4 AIM OF THE STUDY

Doppler echocardiography provides an important noninvasive method for assessment
and follow-up of patients with diastolic dysfunction (DD). However, no
comprehensive consensus regarding diagnostic echocardiographic criteria for diastolic
dysfunction has been reached, but guidelines have been proposed. We therefore
assessed the prevalence of diastolic function using criteria provided by the Canadian
consensus, American Medical Association, and European guidelines in patients with
newly diagnosed hypertension. In addition, we assessed the same patients with a
comprehensive series of Tissue Doppler parameters to define more accurately the
prevalence of diastolic dysfunction in a newly diagnosed hypertensive population.
Conversely, we assessed the prevalence of DD and its relationship with parallel
arterial stiffening in newly diagnosed hypertension. We used a novel index of
myocardial stiffness in detecting subtle changes of diastolic dysfunction in the same
group. Finally we evaluated whether anti-hypertensive treatment could influence left
ventricular (LV) morphofunctional characteristics (induce LV hypertrophy regression
and improvement of diastolic function) in newly diagnosed untreated hypertensive

patients.
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CHAPTER 2

2.1 HYPERTENSION

2.1.1 INTRODUCTION

Hypertension is one of the most common diseases afflicting humans throughout the
world. Because of the associated morbidity and mortality and the cost to society,
hypertension is an important public health challenge. Over the past several decades,
extensive research, widespread patient education, and a concerted effort on the part of
health care professionals have led to decreased mortality and morbidity rates from the
multiple organ damage arising from years of untreated hypertension. Hypertension is
the most important modifiable risk factor for coronary heart disease (the leading cause
of death in North America), stroke (the third leading cause), congestive heart failure,
end-stage renal disease, and peripheral vascular disease (25). Therefore, health care
professionals must not only identify and treat patients with hypertension but also
promote a healthy lifestyle and preventive strategies to decrease the prevalence of

hypertension in the general population.

2.2 HISTORICAL BACKGROUND

Stephen Hales measured blood pressure for the first time in 1773. Hales also
described the importance of blood volume in blood pressure regulation. The
contribution of peripheral arterioles in maintaining blood pressure, described as
"tone," was first described by Lower in 1669 and subsequently by Sénac in 1783.The
role of vasomotor nerves in the regulation of blood pressure was observed by such
eminent investigators as Claude Bernard, Charles E. Edouard, Charles Brown-
Séquard, and Augustus Waller. William Dayliss advanced this concept in a

monograph published in 1923. Cannon and Rosenblueth developed the concept of
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humoral control of blood pressure and investigated pharmacologic effects of
epinephrine. Three contributors who advanced the knowledge of humoral mechanisms
of blood pressure control are T.R. Elliott, Sir Henry Dale, and Otto Loew. Richard
Bright, a physician who practiced in the first half of the 19th century, observed the
changes of hypertension on the cardiovascular system in patients with chronic renal
disease. George Johnson in 1868 postulated that the cause of left ventricular
hypertrophy (LVH) in Bright disease was the presence of muscular hypertrophy in the
smaller arteries throughout the body. Further clinical pathologic studies by Sir
William Gull and H.G. Sutton (1872) led to further description of the cardiovascular
changes of hypertension. Frederick Mahomed was one of the first physicians to
systematically incorporate measurement of the arterial waveform as a part of a clinical
evaluation. The recognition of primary, or essential, hypertension is credited to the
work of Huchard, Vonbasch, and Albutt. Observations of Janeway and Walhard led to
the recognition of target organ damage, which branded hypertension as the "silent
killer." The concepts of renin, angiotensin, and aldosterone were advanced by several

investigators in the late 19th and early 20th centuries. (25).

2.3 PATHOPHYSIOLOGY

Blood pressure (BP) is the product of cardiac output (CO) and peripheral resistance
(PR), i.e., BP = CO X PR. CO is the volume of blood pumped by the left ventricle
into the aorta per minute. PR relates to the viscosity of the blood and the width and
elasticity of the peripheral arteries. For high blood pressure to develop there must be
an increase in either CO or PR, or both. Initial rises in BP are usually due to increased
CO, following increases in intravascular volume and venous return to the heart. The

main hormone system involved in BP control is the rennin-angiotensin system (RAS)

(26).
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2.4 PATHOGENESIS OF HYPERTENSION

The pathogenesis of essential hypertension is multifactorial and highly complex.
Multiple factors modulate the blood pressure for adequate tissue perfusion and
include humoral mediators, vascular reactivity, circulating blood volume, vascular
caliber, blood viscosity, cardiac output, blood vessel elasticity, and neural stimulation.
A possible pathogenesis of essential hypertension has been proposed in which
multiple factors, including genetic predisposition, excess dietary salt intake, and
adrenergic tone, may interact to produce hypertension. Although genetics appears to
contribute to essential hypertension, the exact mechanism has not been established

(25).

The natural history of essential hypertension evolves from occasional to established
hypertension. After a long invariable asymptomatic period, persistent hypertension
develops into complicated hypertension, in which target organ damage to the aorta
and small arteries, heart, kidneys, retina, and central nervous system may be evident.
Commonly the progression begins with prehypertension in persons aged 10-30 years
(by increased cardiac output) to early hypertension in persons aged 20-40 years (in
which increased peripheral resistance is prominent) to established hypertension in
persons aged 30-50 years, and, finally, to complicated hypertension in persons aged

40-60 years (295).

The early stage of hypertension has been described as high-output hypertension.
High-output hypertension results from decreased peripheral vascular resistance and
concomitant cardiac stimulation by adrenergic hyperactivity and altered calcium
homeostasis. In contrast, the chronic phase of essential hypertension characteristically

has normal or reduced cardiac output and elevated systemic vascular resistance. The
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vasoreactivity of the vascular bed, an important phenomenon mediating changes of
hypertension, is influenced by the activity of vasoactive factors, reactivity of the
smooth muscle cells, and structural changes in the vessel wall and vessel caliber,
expressed by a lumen-to-wall ratio. Patients who develop hypertension are known to
develop a systemic hypertensive response secondary to vasoconstrictive stimuli.
Alterations in structural and physical properties of resistance arteries, as well as
changes in endothelial function, are probably responsible for this abnormal behaviour
of vasculature. Furthermore, vascular remodeling occurs over the years as
hypertension evolves, thereby maintaining increased vascular resistance irrespective

of the initial hemodynamic pattern (25).

2.5 HYPERTENSION AND HEART

Hypertension is a major risk factor for cardiovascular morbidity and mortality. The
presence of hypertension more than doubles the risk for coronary heart disease,
including acute myocardial infarction and sudden death, and more than triples the risk

of congestive heart failure as well as strokes (27).

Cardiovascular events in the hypertensive patients increase steadily with increases in
arterial pressure. The individuals at greatest risk of suffering a cardiovascular event
are those with the highest arterial pressures. However, mild to moderate hypertension
is more common than severe hypertension, and much of the population burden of
disease because of hypertension may be attributed to moderate rather than severe
hypertension (28). Therefore, the level of the pressure and time of exposure appear to
be key factors in determining the effect on the heart.

Several studies have shown that subjects with borderline to mild hypertension do not

make up a uniform population because only some will develop hypertensive
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complications. It is therefore difficult to identify those patients who will benefit most
from antihypertensive therapy. In this respect, early cardiac abnormalities might
represent an important clinical feature used for recognizing hypertensive patients who
are at greater risk (29).

Patients with high blood pressure frequently have abnormalities of cardiac structure or
function, including left ventricular hypertrophy, systolic and diastolic dysfunction and
in extreme cases, overt heart failure. There may also be concomitant or related

coronary heart disease and an increased risk of arrhythmias and sudden death (30).

2.6 STRUCTURAL CHANGES IN HYPERTENSION

Both the heart and arteries adapt their structure in response to altered load. This occurs
physiologically (for example, during somatic growth) and pathologically in
hypertension. Increased pressure exerts an increased load on a thin walled chamber or

tube by increasing wall tension according to Laplace’s law (fig 2.1) (31).

Wall Lumen

Stress

T=PxR
(where T = tension, P = pressure, R = lumen radius)
oc=T/h
(where o = stress, h = wall thickness)

Figure 2.1 Wall stress and tension in a thin walled tube or chamber (Laplace’s law).
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More complex expressions for wall tension in the heart or blood vessels exist, but this
is a reasonable approximation. A rise in tension results in increased wall tensile stress.
Normalisation of wall tensile stress can be achieved either by an increase in wall
thickness or by a reduction in chamber/lumen diameter, or both.

2.6.1 Cardiac remodelling in hypertension and its functional consequences
Cardiac structure is influenced by pressure and volume loads (32). In hypertension
changes in left ventricular structure occur in response to the increased pressure load
and represent an attempt by the heart to normalise myocardial wall stress. The
increased resistance primarily causes the increased pressure load in hypertension,
although reduced compliance and possibly altered magnitude and timing of reflected
pressure waves make a contribution (31).

2.6.2 Patterns of remodeling: relation to load

Hypertension is associated with a spectrum of structural change in the left ventricle
(31). The pattern of change may reflect differences between individuals in terms of
age, haemodynamics, 24-hour blood pressure profile, arterial stiffness, plasma
volume, myocardial performance, neurohormonal status or genetic influences (33).
Hypertensive changes can be classified as showing hypertrophy (an increase in left
ventricular mass) or remodelling (normal left ventricular mass, abnormal relative wall

thickness) (fig 2.2) (31).

Remodelling is seen in normal aging without hypertension and is probably an
adaptation to preserve ejection fraction despite reduced midwall fibre function (34). It
has become apparent that myocardial fibre shortening is reduced in human
hypertension. Early clinical investigations assessed cardiac function using endocardial
measurements. Recently, it has been appreciated that there is a discrepancy between

shortening measured at the endocardium and at the midwall. Midwall shortening is
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commonly reduced in left ventricular hypertrophy and the process of wall hypertrophy
allows total wall shortening to remain normal in spite of a depression in fibre
shortening—that is, the change in left ventricular geometry allows the chamber

function to remain normal (35).

Heart Arteries

i
f
i
i
l

Normal

Figure 2.2.Major patterns of myocardial and vascular remodelling in hypertension. Concentric
remodelling (CR); concentric hypertrophy (CHR); eccentric remodelling (ER); inward eutrophic
remodelling (IER); inward hypertrophic remodelling (IHR).

Normal myocardium contains an interstitial fibrous network upon which the myocytes
are arranged. Although hypertrophy primarily involves myocytes, the interstitial
network also changes. This occurs initially in a perivascular distribution but
progressively extends to cause a widespread interstitial fibrosis. In addition,
replacement fibrosis may occur to replace necrotic or apoptotic myocytes. Increased
interstitial fibrous tissue is probably important in cardiac dysfunction in hypertension,
but the amount of fibrosis is not easy to measure clinically and so differential changes

in myocyte hypertrophy and fibrosis cannot easily be assessed in patients (31).
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Most hypertensives have normal left ventricular structure, but left ventricular
hypertrophy predicts a poor prognosis, the almost threefold increased risk being
independent of the blood pressure level (36). Whether individual remodelling patterns
confer additional risk is disputed (Framingham study) and how left ventricular
hypertrophy causes increased risk is uncertain. The increase in ventricular arrhythmias
(37) and increased QT duration and QT dispersion seen in left ventricular hypertrophy
(38) may account for the increased risk of sudden death, but other mechanisms such as
impaired coronary perfusion could also be important. The electrical abnormalities are
likely to be caused by heterogeneous conduction in the ventricle due to increased
interstitial fibrosis. There is now increasing evidence that regression of left ventricular
hypertrophy with antihypertensive treatment provides cardiovascular protection over
and above the reduction in blood pressure levels (39), but again the mechanism of the
risk reduction is uncertain.

2.6.3 Consequences of hypertrophy and remodelling

Active relaxation is impaired in hypertrophy and remodelling (40). The explanation
for this is uncertain, although changes in intracellular calcium handling, ion
exchangers, and ion channels are implicated (41). Cardiac hypertrophy is also
associated with impaired coronary reserve. This may be caused by a number of
mechanisms, including endothelial dysfunction, narrowing of small arteries,
microvascular rarefaction, perivascular fibrosis, altered wall mechanics, and relative
myocyte hypertrophy (42). A diminished coronary reserve will lead to myocardial
ischaemia in the absence of epicardial coronary disease and may further impair
relaxation. Left ventricular diastolic dysfunction may represent the first stage of
cardiac involvement in hypertensive patients, reinforcing the importance of early

examination of diastolic ventricular function in individuals with first referral
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hypertension. Diastolic dysfunction in patients with hypertension may present as
asymptomatic findings on noninvasive testing, or as fulminant pulmonary edema,
despite normal left ventricular systolic function. Up to 40% of hypertensive patients
presenting with clinical signs of congestive heart failure have normal systolic left
ventricular function (43).

Structural changes of the coronary arteries and the increase in both interstitial
myocardial fibrosis and in myocardial mass contribute to reduce the vascular coronary
flow reserve (44). In addition, myocardial ischaemic episodes cause transient diastolic
dysfunction (figure 2.3 & 2.4). LVH occurs not only as a result of pressure-related
mechanical strain on the heart but also as a result of hormonally sensitive pathological

cardiac overgrowth that results directly from stimulation of the renin-

Left ventricular
@
\._.._.,..-«/’

angiotensinaldosteronesystem (44).

Figure 2.3. Left ventricular hypertrophy from an electromechanical perspective.
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Hypertension

Hypertensive Atherosclerotic
complications complications

LV hypertrophy
Diastolic dysfunction

Death

Figure 2.4.The risk for cardiac events in hypertension.

Hypertrophy of the left ventricle leads to heart failure through a variety of
mechanisms (45). At first, mild hypertrophy allows the heart to overcome increases in
vascular resistance. Over time, however, disruption of the normal myofibrillar
architecture by cellular enlargement and increased matrix deposition causes a
restrictive form of cardiomyopathy often called diastolic dysfunction. Diastolic
dysfunction precedes the development of systolic dysfunction and overt failure in
Hypertensive patients. Eventually, the hypertrophied ventricle can no longer maintain
its output and the downward spiral of ventricular dilatation and symptomatic heart

failure begins.
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2.7 THE ARTERIAL SYSTEM IN HYPERTENSION

Hypertension has long been considered a hemodynamic disorder, the hallmark of
which is an increased total peripheral resistance that is more or less uniformly
distributed in the arterioles of the component organ circulations. In recent years,
because of the introduction of new technologies and methods, it is now possible to
obtain a meaningful assessment of the physiological role of the larger arteries, thereby
providing an index of arterial distensibility and compliance and a new means to assess

the role of pulsatile pressure and arterial stiffening in hypertension (46).

Stiffening of large arteries may be both a cause, particularly of systolic and a
consequence of hypertension. There are several studies, including studies done by the
University of Minnesota that confirm that as arterial pressure rises, acute and
reversible stiffening of the large arteries occurs without a change in the structure of
the artery. Arterial stiffness increases transiently as blood pressure rises. Arterial
stiffening also increases because of the structure of the artery changes. Persistently
elevated blood pressure accelerates atherosclerosis, arterial smooth muscle
hyperplasia and hypertrophy, and collagen synthesis, thereby increasing arterial

stiffness (47).

The aims of this study were to assess the prevalence of diastolic dysfunction and its
relationship with arterial stiffness in newly diagnosed untreated hypertensive patients
and also assess the response (after one and three months) to antihypertensive

treatment.
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CHAPTER 3

LEFT VENTRICULAR FUNCTION IN
EARLY HYPERTENSION:

ARE THERE RELIABLE
ECHOCARDIOGRAPHIC
MEASURES OF DIASTOLIC
FUNCTION?
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CAHPTER 3
3.1 LEFT VENTRICULAR PUMP FUNCTION

3.1.1 Introduction

The early detection of diastolic dysfunction is recognised as an important means of
identifying patients at risk of developing heart failure with its associated increased
mortality (48). Diastolic dysfunction may be commonly seen in hypertensive
populations but its prevalence according to the literature varies from 18.6 to 51%
(49,50). This disparity may in part be related to the different criteria used in the
diagnosis of diastolic dysfunction. In one study the prevalence of diastolic
dysfunction among 198 newly diagnosed hypertensives using Transmitral Doppler
Echocardiography, with an E/A ratio of <I as indicative of diastolic dysfunction, was
18.6% (49). On other hand, in a relatively large population of patients with treated
systemic hypertension and normal left ventricular systolic function, the prevalence of
diastolic dysfunction assessed by mitral and pulmonary vein flow Doppler was 51%
(50).

Doppler Echocardiographic guidelines have been developed in an attempt to
standardize the diagnosis and classification of diastolic dysfunction (51-53). The
Canadian Consensus (CC) Group (51) classifies patients using transmitral Doppler
with and without Valsalva (Table 1) with a similar grading system to the Mayo Clinic
(54). The European Study Group on diastolic heart failure has also published criteria
(52) (Table 2) using transmitral Doppler with cut off criteria, which relate strictly to
the patients age group. Recently, the American College of Cardiology/American
Medical Association (53) (AMA) has also published guidelines (Table 3) for the
diagnosis of diastolic dysfunction which include E (TMD) /E’ (TDI). Subjects with

moderate or severe diastolic dysfunction need two Doppler criteria of American

26



guidelines to be so classified (53). Neither the Canadian consensus nor the European
guidelines include tissue Doppler imaging (TDI) and though the American Medical
Association guidelines include E/E’, they do not include e’ alone or the ratio E’/A’.

We therefore compared the prevalence of diastolic function using criteria provided by
the Canadian consensus, American Medical Association, and European guidelines in

patients with hypertension and included the additional measurement of TDI E’/A”.
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3.1.2 Description

The left heart can be analysed as a pump with an input (the pulmonary venous or
mean left atrial pressure) and an output (which in simplest terms is the cardiac output
= stroke volume x heart rate). The relationship between the input and output is the

ventricular function curve or the Frank-Starling relationship (fig 3.1) (55).

FRANK-STARLING CURVE
NORMAL

LVDYSFUNCTION

PREL OAD
Figure 3.1 Frank-Starling Curve (the positions of the curves are influenced by the contractile
state of the left ventricle)

It is important to recognise that this ventricular function curve represents a complex

interaction of preload, afterload, and contractility (55).

The pump performance of the left ventricle depends on its ability to fill (diastolic
performance) and to empty (systolic performance). The forward stroke volume is
equal to the end-diastolic volume multiplied by the effective ejection fraction. Thus,
the generation of stroke volume depends on the conversion of the filling pressure to
end-diastolic volume (diastolic performance) and the generational stroke volume from

the end-diastolic volume (systolic performance) (56).
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3.1.2 Systolic performance

Left ventricular systolic performance is reflected in the ability of the left ventricle to
empty. Because myocardial contractility is an important determinant of the left
ventricle’s systolic performance, systolic performance and contractility are frequently
considered to be interchangeable. However, they are not the same because the systolic
performance of the left ventricle is also importantly influenced by load and ventricular
configuration. Thus, it is possible to have abnormal systolic performance despite
normal contractility when left ventricular afterload is excessive. Alternatively, left
ventricular systolic performance may be nearly normal despite decreased myocardial
contractility if left ventricular afterload is low, as occurs in some patients with mitral

regurgitation (55).

Left ventricular systolic performance can be quantified as the left ventricular
emptying fraction or ejection fraction. In the presence of a left-sided valvular
regurgitant lesion (mitral regurgitation or aortic regurgitation) or a shunt (ventricular
septal defect or patent ductus arteriosus), the left ventricular stroke volume may be
high, whereas the forward stroke volume (stroke volume minus regurgitant volume or
shunt volume), which contributes to useful cardiac output, is lower. Accordingly, the
effective ejection fraction is the forward stroke volume divided by end-diastolic

volume (57,58).

The effective ejection fraction is a useful means to quantify systolic function because
it represents the functional emptying of the left ventricle that contributes to cardiac
output and is relatively independent of left ventricular end-diastolic volume over the
clinically relevant range. An operational definition of systolic dysfunction is an

effective ejection fraction of less than 50% (56-58).
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When defined in this manner, systolic left ventricular dysfunction may result from
impaired myocardial function, increased left ventricular afterload, and / or structural

abnormalities of the left side of the heart (55).

If left ventricular contractile state and arterial properties remain constant as end-
diastolic volume increases, the ejection fraction stays constant or increases slightly.
Thus, an increase in the end-diastolic volume will allow for a normal forward stroke
volume despite a reduced effective ejection fraction (55).

3.1.3 Diastolic Performance

For the left ventricle to function as a pump, it must not only empty but also fill. The
left atrial (and pulmonary venous) pressure is the source pressure for left ventricular
filling. Thus, normal left ventricular diastolic function can be defined as filling of left
ventricle sufficient to produce a cardiac output commensurate with the body’s needs

with a normal pulmonary venous pressure (less than 12 mm Hg) (59).

In some instances this definition of normal integrated diastolic performance can be
met despite clear abnormalities of left ventricular diastolic properties. For example, a
compensated patient with a dilated cardiomyopathy may have an adequate cardiac
output at rest without an elevated pulmonary venous pressure despite impaired

relaxation and a very abnormal left ventricular diastolic pressure-volume curve (55).

A patient with systolic dysfunction (reduced effective ejection fraction) requires a
lager end-diastolic volume to produce an adequate stroke volume and cardiac output.
If the larger left ventricular end-diastolic volume can be achieved without an
abnormally high pulmonary venous pressure, this can compensate for impaired
systolic performance. However, if the larger end-diastolic volume requires an

elevation of pulmonary venous pressure, the systolic dysfunction (i.e., reduced
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effective ejection fraction) will result in diastolic dysfunction. Thus, when defined in
this manner, systolic dysfunction in symptomatic patients is usually associated with

diastolic dysfunction (55).

However, diastolic dysfunction frequently occurs in the absence of systolic
dysfunction. As defined, diastolic dysfunction may be due to an obstruction to left
ventricular filling or an external compression of the left ventricle, but it is usually
considered to result from left ventricular abnormalities. Such left ventricular diastolic
dysfunction may result from increased myocardial stiffness or impaired relaxation.
Relaxation can be slow, decreased early diastolic filling, or incomplete, which impairs
filling throughout diastole and decreased end-diastolic dispen