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Introduction

Attention has traditionally been focused on the systolic or contractile
function of the heart. However, it has become increasingly apparent that
akmormalities of cardiac diastolic function play a critical role in a variety
of clinical corditions.

The goals of this discussion are (1) to review the mechanical
description of diastolic phenomena, (2) to examine the physioclogic and
biochemical factors which play a role in relaxation, (3) to relate this bhasic
Inowledge to common clinical corditions, and (4) to examine approaches to the
diagnosis and management of patients with alnormalities of cardiac diastolic
function.

Historical Perspectives

In order to urderstand the evolution of our present concepts of
diastolic function, it is important to consider the efforts of a number of key
individuals, both physicists and physicians.

One of the first people to investigate the strength and resistance of
materials to stress was Galileo (1). In 1638 he described aspects of the
strength of materials in his Dialogues Concerning the Two New Sciences. The
exact nature of the relationship between force and displacement was first
described by Robert Hocke in 1678 when he noted "Ut tensio sic vis" or that
"The power of any spring is in the same proportion with the Tension thereof."
In other words, for what has been described as "Hookian" materials, the force
exerted by a material is proportional to the degree of extension.

The next major development in the study of the response of materials to
deformation was made by the famous physicist, physician, and Egyptologist,
Thomas Young. In addition to caring for patients and deciphering the Rosetta
Stone, Young defined the effects of a force against a material in terms of a
linear relation between the force per unit area (or stress) andtheerbension
per unit length (or strain).

The interest of physicians in diastole ard cardiac relaxation also has a
long and interesting history. In fact, it was Galen (2) who first suggested
that the active dilitation of the right ventricle might contribute to the
transfer of blood from the vena cava to the heart. Roughly 1800 years later,
Harvey, in de Mortu Cordis, suggested that most of ventricular filling
occurred during atrial systole and that active diastolic suction was not
responsible for ventricular filling. Subsequently, Frank reached the opposite
conclusion, i.e. that most filling occurred early in diastole. Henderson was
the first to divide diastole into three periods: a period of early rapid
filling, a period of little change, and atrial systole. Subsequently, Wiggders
and Katz then established that the extent of filling occurring during atrial
systole varied depending upon the strength and timing of atrial contraction.



Interestingly, application of this knowledge regarding diastolic
function to the clinical arena has been slow. This may in part be related to
two factors. First, as noted in the introduction, there has been an emphasis
in cardiology in characterizing cardiac performance in terms of pumping
efficiency and systolic function. In fact, the initial description of hlood
flow by Harvey emphasized the pulsatile nature of blood flow and the analysis
of systolic events. More recently, when Frank and Starling analyzed cardiac
function, also tended to emphasize the nature of the systolic performance
of the heart (3). Subsequently, the development of cardiac catheterization
again emphasized the measurement of pressures and placed an emphasis on
systolic function (4).

Secord, as will be presented, the accurate measurement of changes in
cardiac volume are important in the understanding of diastolic phenomena. It
is only relatively recently that convenient, reliable methods have been
developed for the measurement of cardiac volume and flows.

¥With the recognition of the importance of diastole ard the development
of appropriate tools there has been a gradual but substantial increase in our
knowledge of diastolic properties of the heart (5) which will be the subject
of this review.

Basic Considerations

A variety of approaches have been used in the discussion of diastolic
function. The choice of an approach has been frequently dominated by the
particular technique used to assess diastolic function and the model under
evaluation. In the discussion to follow I have chosen to take a sequential
approach: that is, to march sequentially through the events of diastole
because that is the mammer in which I believe we gemerally approach it as
clinicians. Hence, the discussion will be broadly divided into mechanisms
involved during early diastole during rapid filling and mechanisms involved in
the latter portion of diastole (8).

It is first relevant to examine the mechanical events which occur duri-
diastole. As shown in Figure 1A, diastole is classically defined as beginr.
at the time of the closure of the aortic valve anxd ending with the begimming
of systole and closure of the mitral valve. Hence, in essence the duration of
diastole is classically defined in terms of systolic events. Diastole is then
typically divided into four phases: the isovolumic relaxationpericd, the rapid
fi1ling periocd, diastasis and atrial systole. During isovolumic relaxation
the aortic and mitral valves are closed and there is little change in
ventricular volume. However, pressure rapidly falls until it is below left
atrial pressure at which point the mitral valve opens and filling of the
ventricle begins.
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Now from a mechanistic viewpoint three events occur during diastole:
active myocardial relaxation, passive filling related to myocardial
distensibilty, and atrial contraction. Unfortunately, there is not a one-to-
cne correlation between the clinically defined mechanical events and the
mechanisms involved. This discrepancy has lead same authors (7) to suggest
1(:ba.t the dd).asto.‘l.ic intervals be redefined to reflect the urnderlying mechanisms

Figure 1B).

Early diastolic filling

Myocardial relaxation is determined by three major factors: (1) the lcad
on the heart muscle, (2) inactivation, and (3) the nomuniform distribution of
load ard inactivation in space and time (7,9). It is important to comsider
each of these factors in some detail.

The idea of load depemxence has been derived from experiments in
isolated cardiac muscle. If one alters the locad (prelcad or afterload) on
muscle during the first two-thirds of contraction, there is change in
relaxation (Figure 2). As the preload or afterload is raised, the omset of
relaxation is delayed (8). If, however, the load is applied in the final
third of contraction or during relaxation, the duration of relaxation is
markedly shortened. Hence, there is transition zone approximately two-thirds
of the way through systole at which the loading response dramatically chandes;
it has been suggested that this transition zone plays a major role in the
control of diastolic performance in the intact heart.
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The secord major control is via inactivation. Fundamentally, relaxaticn
is governed by the processes that lead to the detachment of cress-bridges.
Hence, the sensitivity of relaxation to loading conditions is diminished when
the reuptake of cytosolic calcium is decreased (9,10). However, it appears
that at low concentrations of myoplasmic calcium the effects of load
predominate over the effects of the altered calcium concentration. As
discussed below, the removal of intracellular calcium is an energy deperxent
process. In addition, the sensitivity of the myofibrills to the calcium
concentration can be altered by intracellular acidosis.

The third factor in the control of relaxation relates to the
nomuniformity of the loading of individual cells. The general analysis of
loading ard inactivation effects has been done in isolated muscle
preparations. Clearly, in the intact heart there are differences in the
sequence of contraction which lead to varying lcad dependence. This is
potentially even of more importance in the setting of ischemia and infarction.

Now, when one attempts to apply these ideas to relaxation in the intact
heart, the situation becomes more complex. If one first considers the effects
of loading, these can again ke divided into those occurring during the first
two thirds of contraction and those occurring late in contraction and during
relaxation.

First, with increases in volume or pressure loading early in the first
two-thirds of systole there a prolongation in isovolumic pressure decline
indicating slower relaxation (11,12,13). Agdain, this is analogous to the
effects of increased preload and afterload in isolated muscle. Secord,
multiple factors alter the loading of the left ventricle late in systole and
into dlastole. These factors include deformation during contractiom,
impedance alterations in the vasculature late in ejection, filling of the
coronary reservoir during isovolumic relaxation, and the laplace relationship
after mitral valve opening (9). The effect of the timing of loading on

~relaxation in the intact heart is shown in Figure 3. It is this loading due



to multiple factors during the end of systole that leads to the phenomenon of
diastolic suction during rapid filling. If relaxation is made load
indeperdent, then diastolic suctiocn does not occur (9).

Figure 3
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- The fact that the response to loading varies depending upon the time
during contraction at which it is applied means that relatively minor shifis
in the timing of loading can lead to significant effects on relaxation.
Shifts of lcading from late to early in ejection will delay relaxation while
shifts from late to early ejection will temxd to speed relaxation. This type
of change in loading can be induced by changes in arterial impedance due to
drugs or alterations in vascular tone, by alterations in contractility, and by
changes in the nomuniformity of the distribution of the load (14).

Given the effects of systolic loading on relaxation, Brutsaert (9)
(Figure 1) has suggdested that from a conceptual point of view it may be useful
to consider the rapid filling phase to be part of "systole" in the sense that
it is an integral part of cardiac muscle relaxation. In this conceptual
structure, systole consists of a contraction and a relaxation phase. The
contraction phase consists of isovolumic contraction ard the first half of
ejection. The relaxation phase consists of the final portion of ejectiom,
isovolumic relaxation, and the rapid filling phase and reflects the load
depexdence of this portion of classical diastole. True diastole would then
consist of passive filling and atrial contraction. This approach, in a sense,
divides the cardiac cycle into an active "systolic" phase involving the active
aspects of both contraction and relaxation and a "diastolic" phase which is
truly passive. ,



Active Relaxation

Furdamentally, the ability of the heart to relax is deperdent on the
release of the actin-myosin bords formed during contraction. This release is
dependent upon (1) the removal of intracellular calcium and (2) the presence
of ATP.

The sensitivity of relaxation to the presence of ATP is apparent if one
considers the fact that the delivery of calcium to the contractile mechanism
is a passive process, while relaxation the active transport of
calcium against a concentration gradient (4). It has been estimated on the
basis of the concentration gradient for calcium [(cytosolic (Ca’ '] 7 0.1 uX,
sarcoplasmic reticulum [Ca’ '] * mM)] that calcium entry via a single
sarcolemmal chamnel is approximately 3,000,000 ions/secord, while the ATP
dependent flux across a single calcium pump back out of the cytosol is on the
order of 30 ions/secard or 1/100,000 of the rate of calcium entry. As shown
in Figure 4, this difference in speed is compensated for, to a degree, by
increasing the mmber of pump sites in the sarcoplasmic reticulum. However,
by depending upon this large mumber pumps to relax the tissue, the relaxation
mechanism becomes energy deperdent. It is this difference in the ability to
move calcium that appears to make the active relaxation of the myocardium
vulnerable to small changes in ATP concentration. Smith (4) has suggested
that the fact that a small decrease in ATP concentration impairs active
relaxation suggests that ATP may play an allosteric role in stimulating the
calcium pump. With more severe falls in ATP to levels below that required to
maintain the transport of calcium, one would then have contracture.

TABLE 1. Balances between Ca*” ffluxes during activation and reiaxation in the myocardium

A. Surface areas of membranes in the myocardium (16) (um?/um)

Sarcoternma + t tubules (SL) . ~Q.3

Sarcoplasmic retcuium (SR) ~1.2
8. Densities of Ca?* channeis and Ca**-pump sites (sites/um?)

Ca** channels in the cardisc SL (17,18) 1-5

Ca?*-pump proteins in cardiac SR (11,19) 6.000

C. Number of sites/um’ (A X B]
Sarcolemma + t tuoules ~1

Sarcopiasmic retcuium ~7.000
0. Rates of Ca®" fluxes invoived in activation and relaxation (ions/sec)

Activation (flux through a Ca?* channel) (14) ~3,000.000

Relaxanon (flux by a Ca?*-pump site) (15) ~30

€. "Ca®* flux reserve capscity’’ (ions/sec um?) (C X O]
Acuvation . ~3.000.000

Refaxation ~210.000

Figure 4



Other factors may significantly modify active relaxation. Clearly,
increased sympathetic tone leads to more rapid relaxation and it is a major
factor in the time course of relaxation. This mechanism appears to play an
important role in allowing the heart to fill with increasing heart rate. In
addition, there is the sugdestion that rates of relaxation may be altered with

changes in myosin isoforms.

It also appears that acidosis may alter the effect of ischemia on
diastolic function. Recently, Grossman, Ingwall and colleagues (15) have
campared the effect of myocardial ischemia due to increased oxygen demard in
the presence of significant corcnary stenosis with ischemia of comparable
duration due to total corcmary occlusion. They fourd that diastolic
dysfunction was prominent in the setting of ischemia caused by increased
oxygen demand but was minimal during ischemia due to total coromary occlusicn.
They fourd no significant change in ATP concentration in either group over the
period of ischemia. They concluded that the protection against diastolic
dysfunction in the setting of total occlusion may reflect the effects of
hydrogen icn accumulation, loss of coronary vascular turgor, arnd repeated

systolic stretch (15).

Additional studies by the same group (16) suggest that the rapid
development of intracellular acidosis in the setting of total occlusion
decreases myofibrillar calcium sensitivity leading to a decrease in calcium

activated diastolic tensiom.

Another interesting aobservation has been made by Bittl and Ingwall (17)
(Figure 4). They examined the flux through the creatine kinase reacticn by
means of phosphorus-31 NMR saturation transfer. In this method one can take
advantage of the fact that exchange of the gamma phosphate of ATP with
phosphocreatine occurs rapidly on the NMR time scale. Hence, the NMR method
allows one to measure the unidirectional flux between phosphocreatine ard AT?
Using this technique they fourd that there was a linear relationship betwee:
flux ard the degree of stretching. Hence, the turnover of ATP increases :

the setting of increased distension.

CREATINE KINASE FLUX (pmol /gaw s)

! A -
Q S ) ) o) o5
LV PRESSURE (mmHg)

Zreatine kinase flux. The product of the forward or reverse
rate constant and the intracellular content of etther CrP or [y-PJATP.
respectively, yielded the value for chemical flux for the creatine kinase
reaction at four levels of left ventricular pressure. * P < 0.05 indicates
the first value for chemical flux that demonstrates a difference from
baseline. The slopes for the two linear regressions are statistically
different (P < 0.05).



In man, the studies of the biochemical correlates of diastolic function
have been limited. Bashore (18) examined the correlation between a mmmber of
irdices of systolic ard diastolic function and measurements of ATP from left
ventricular biopsy specimens obtained at the time of pressure-volume studies.
They fourd weak linear correlaticn between the adenosine triphosphate to
protein ratio to peak negative dP/dt (r=-0.74) and pesk filling rate (r=0.78).

Diastolic Suction

As was briefly mentioned in the introduction, there has been
considerahle controversy as to whether the of "diastolic suction"
occurs during rapid filling. The details of cardiac structure are beyond the
goals of this discussion. However, it is evident that there are aspects of
the organization of the heart which allow it to store energy during
contraction that is then used to aid in relaxation. This idea of storing
energy is termed "elastic recoil" and is comparable to the energy stored in a
spring when it is compressed to less than its resting length. Connective
tissue in the heart forms a weave of struts which tether muscle cells together
(19,20). Strands twisted around each cell similar to a hammock (Figure 6)
appear to act to prevent overstretching along one diagomal during filling and
to prevent over contraction along the other diagomal during contraction. This
stretching would store energy tending to reextend the muscle. Similarly,
there are struts of comnective tissue that tether the individual cells
together again forming a hammock like network that can be use to store energy
during contraction. Interestingly, hearts in amphibians do not have this
comnective tissue web and do not have as active ventricular £illing as




Mid-to-late diastole

With the exd of active relaxation and rapid filling, one can then turn
to the evaluation of passive physical properties of the relaxed myocardium.
Clearly, slowing of active relaxation can influence measurement of the passive
physical properties of the ventricle.

A wide variety of terms have been used in the description of the

diastolic

es of the heart. Hence, it is important to use a common set

ofterns(21222324)tom:l.nimizeconmsicn

Distensibility: The change in volume with a change in pressure.

Stiffness:

Mathematically, this is written as dv/dP. This is also
referred to by some authors as compliance: A much used and
much abused term. A danderous term in that it is dependent
on the volume of the chamber and hence should not be used to
compare the distensibility of two hearts that are at widely
different volumes.

The change in pressure with a change in volume or dP/dv.
This is the reciprocal of distensibility or compliance.

Left ventricular chamber stiffness: The stiffness of the entire left

ventricle as it interacts with surrounding structures.
Hence, it is altered by physical properties of the left
ventricular myocardium, intrinsic dynamic factors in the
myocardium, and factors extrinsic to the left ventricle,
including the pericardium arxd right ventricle.

Myocardial stiffness: The stiffness due to the intrinsic

Stress:
Strain:

myocardial
properties, both passive and dynamic, without the effects of
extrinsic factors.

Force per unit cross sectional area.

The percent change in dimension that occurs with the
application of a given stress.

Young'’'s modulus: Describes for a given material the relationship

Elasticity:

between stress and strain. For example, in the case of a
spring, there is a linear relationship between stress and
strain. In the case of the heart, there is a non-linear
relationship.

The property of a material to return to its original
configuration after stress.

Viscoelasticity: Used to describe a material in which the stress

dependsnotonlyonthestrad.nbuta.lsoonthevelocityof
the strain (the strain rate).

10



Left ventricular chamber stiffness is determined by examining the change
in pressure associated with a given change in volume via a pressure-volume
curve. This point is illustrated in Figure 7. Note that because of the
curvilinear nature of the relation between diastolic pressure and volume, the
rate of change, dP/dV, varies with volume. Now if there is an expcnential
relationship between pressure and volume, then the change of dP/dV with
pressure can be expressed in terms of a single exponential constant which is
termed the chamber stiffness constant. If cne examines this relationship in
different ventricles, one finds different curves describing the left
ventricular chamber stiffness (ard its reciprocal, the left ventricular
chamber distensibility or compliance).

To obtain a measure of the stiffness of the myocardial wall one need to
examine the stress-strain relationship. Here the stress is calculated by
converting the pressure to force per unit area ard strain is calculated frcm
the volume cn the basis of known aspects of the gecmetry. (For a more
detailed discussion of these points the reader is refered to references 1,21,
ard 22). Agdain we find that the relationship is non-linear and can be well
dmibedwithanapmentialoonstantwﬂchistenedtheelasticstif‘nss

stiffness constant. The use of terms stress, strain, and
elastic stiffness allow for comparison of the stiffness and elasticity of
structures of different sizes and shapes.

Figure 7
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Now given that cne can describe the stiffness of the left ventricular
chamber in terms the stiffness constant, it is important to note that two
changes can take place. First, there can ke a change in the slope of the
curve as discussed, but second, there can also be a displacement or movement
of the entire curve with or without a change in slope (Figure 7). Hence, cne
can have the situation where there is displacement of the curve down but an
increase in the slope (this type of response can occur in patients given
nitroprusside). Therefore, simple reporting of the chamber stiffness constant
a.lomisnotadequateanddisplaoementmustalsobemted

11



The diastolic pressure volume relationship can be altered by a variety
of factors both extrinsic and intrinsic to the heart. As noted by Grossman
(8), changes in factor extrinsic to the left ventricle can lead to significant
parallel shifts without changes in curvature. This behavior can be seen in
canstrictive pericarditis, pericardial tamponade, or in the setting of tumor
in the pericardial space. Similarly, increases in right ventricular volume in
the setting of a taut pericardium can lead to extrinsic compromise of left
ventricular filling. This can be seen in the setting of acute right
ventricular infarction.

An additional effect has been sugdested related to coronary vascular
turgor (the so—called erectile effect). The large amount of blood flow
through the myocardium may play a role in wall stiffness, particularly when
pressure and flow fall in the setting of coronary occlusion with poor
collateral flow. This effect may explain, in part, the increase in
distensibility that can occur in the setting of coronary occlusion.

In the absence of extrinsic factors, a variety of intrinsic factors may
cause this measure of chamber stiffness to change. These include changes in
the true passive elasticity of the wall, such as the thickmess of the wall and
its composition (i.e., proportion of muscle, fikrosis, or infiltrating
process), in the setting of hypothermia, or changes in osmolality. In
addition, changes in the myocardium related to residual cross-bridging can
occur not only in early diastole as described above, but also be carried into
mid and late systole.

It is important to note that this type of analysis assumes that the
relationship between diastolic pressure and volume is exponential. Such an
analysis ignores effects of viscous and inertial drag, amxd viscoelastic
effects such as stress relaxation and creep. However, it has been suggested
that these effects are not important in the intact heart.

It 1s also important to realize that this formulation assumes that the
constants in the exponential relationship do not change during the cardiac
cycle. Interestingly, in the early 1970’'s, Templeton, Wildenthal, Willerson,
ard Mitchell (25,26,27,28,20) of this institution performed a series of
important studies using a animal model in which it was possible to evaluate
the stiffness of the intact left ventricle at multiple points during the
cardiac cycle. Briefly, a simisoidal variation in volume was applied on top
of the normal pressure changes occurring during the cardiac cycle. By
measuring the alteration in pressure in response to this small volume change
1t was possible to determine distensibility at multiple points in the cardiac
cycle. A typical result is shown in Figure 8.

12
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Figure 8

Clinical Assessments of Diastolic Function

A variety of invasive and non-invasive techniques have been utilized i
an attempt to assess diastolic function in man (30). As discussed above, one
is interested in a measure of the change in pressure associated with a change
in volume at multiple points in time. Hence, it is desirable to measure all
of these factors simultaneously. Unfortunately, this is gemerally difficult
in that invasive pressure measurements are required. For this reascn, these
techniquehaveat@ptedtoappmachtbepmblenfmthestandpointof
measuring only one of the pertinent variables, i.e., pressure or volume, with

to time. Thus it is evident that fundamentally they all have
significant limitations. In general, it is reasonable to expect volume
derived indices to provide a better characterization of relaxaticn than
pressure or interval derived measures (Brutsaert). However, it is possible to
aobtain some useful clinical information using these techniques. In
particular, each of these methods have certain advantages and disadvantages
for the clinician from the stanxdpoint of patient risks, costs, and utility of
the data cbtained.

13



Phonocardiography

The apexcardiogram provides a graphical recording of chest wall motion
at the apex (31,32). Reduced distensibility leads to a reduction in the rapid
f11ling wave ard accentuation of the apical A wave. Although the
apexcardiogram is a relatively inexpensive test, it suffers in that it is a
relatively operator deperdent technique and difficult to quantitate. For
these reasons it is used infrequently in clinical evaluation.

Cardiac Catheterization

A variety of measures have been utilized during cardiac cathterization
to evaluate diastole. One simple measure is the left ventricular end
diastolic pressure. Unfortunately, it provides only one point in time to
reflect all of the events occuring during diastole. It would be desireable to
aobtain measures which allow one to separate early ard late diastolic events.

The initial measure used to evaluate cardiac relaxation during cardiac
catheterization has been the maximum rate of left ventricular pressure fall,
or the peak negative dP/dt (33). This measure has significant limitations.
First, it is extremely dependent on loading corditions, in particular the peal
pressure; i.e., if the level of peak pressure in higher then the value of pe:.
negative dP/dt will be higher. Hence, a rise in peak negative dP/dt could be
due to an increase in the rate of relaxation of an increase in the peak
pressure. However, if a change in pressure can be excluded, then this measure
may be quite useful.

Because the rate of fall is deperdent on the initial loading condition,
t studies have used an exponential rate constant to describe the rate
of left ventricular pressure fall (34). The fall in pressure with respect to
time can written in the form:
t/T

P(t) = P.e + Py

where P(t) = pressure at time t,

T or tau = the exponential time constant
for the decay in pressure
Po-theinitia.lpressu.re
PB- the pressure as t goes to infinity.

This formulation allows the pressure to decay to same resting value
during long diastoles. Studies in animals and in man (35,38) have
demonstrated that the fall in pressure is approximated remarkably well by the
exponential function. (This finding may reflect the fact that the calcium
uptake by the sarcoplasmic reticulum is an exponential process). Typical
values for these variables are shown in Table I. It is important to realize
that this time constant is shortened by catecholamines.
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TABLE 20-l. Evaluation of Left Ventricular Diastolic Peryormance:
Normai Values jor Some [ndices of Relaxation and Filling

Normal Values Reference

Peak -dP/dt 2660 = 700 mmHg/sec )

2922 = T30 mmkg/sec 5T

1864 = 390 mmHg/sec 58

1825 = 281 mmig/sec 59

T (loganthmuc method. 38 = T msec 87

equation 7) 33 = 8 msec 38

31 = Imsec 69

T (derivative method. 35 = 12 msec 38
equadons 3 and 9)

Table I Py (derrvauve method. -25 = 9 mmHg 59
equacons 3 and 9)

PFR 33 = 0.6 EDV/sec 33

Time to PFR 136 = 23 msec 33

Peak -dlvdt (posterior wall) 3.4 = 3.0 crivsec o4

82 = 3.7 crvsec 58

Pul-d?lﬂt-mmmo(wm(umncmmm\‘-um-consunlo(LV

N and

vanabie p (Pg) ( du\d?) Pﬂ! LVpnklunn;nn from ragio-

nuclide 0 end- (EDVVsec: Peak =-ahidt =
raze of wal by echo.

The camplete pressure-volume loop, as previously discussed, provides the
information really necessary to evaluate changes in distensibility. In &
case of cardiac catheterization, the volume information has been cobtainec
through ventriculography with the attendant injection of iodinated contra.
material. Repeated measurements were camplicated by the known effects of
dye on relaxation (37,38). Recently, radiomuclide ventriculography and
echocardiography have been have been utilized in combination with invasive
pressure measurements to obtain pressure-volume loops.

Using the pressure-volume loop cne can lock for displacements suggesting
the presence of externmal factors influencing distensihility and changes in the
slope sugdesting changes in intrinsic factors. Examples of pressure volume
loops in several corditions associated with abmormal left ventricular
distensihility are shown in Figure 10.

Radiomiclide Ventriculography

Radicmuclide ventriculography (RVG) potentially provides a means of
assessing volume changes during different portions of diastole
(39,40,41,42,43). In radiomuclide ventriculography the blood pool is tagged
with a radiopharmceatica.l ard images are taken at multiple points in the
cardiac cycle, generally every 30 to 50 milliseconds. The radicactive counts
over a region of interest over the heart is then measured to abtain a blocd
pool radicactivity time curve (Figure 9).
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Although this method is attractive from a theoretical stardpoint it has
a mumber of technical limitations. First,as pointed out by Bonow (41), the
accurate determination of peak LV filling rate requires a higher temporal
resolution than is typically used for the measurement of ejection fraction =
radiomiclide ventriculography. Framing rates of greater than 40 frames per
secard are typically required (<25 msec per image). Because of the short
sampling time, the mmber of counts acquired with each cycle is small,
that many cycles need to be averaged to cbtain adequate counts for each frame.
The first derivative of this curve gives a measure of the rate of filling of
the left ventricle (44) (Figure 9).

The low mumber of counts makes the data noisy. Hence, several methods
have been suggdested to smooth or fit the data to a defined curve. There is
considerable difference of opinion in the muclear cardioleogy literature with
regard to the best method for performing this filtering. Of importance is the
fact that the measures of diastolic function cbtained are heavily deperdent on

the curve fltting or smoothing approach used, making it difficult to compare
results from different investigators.

Secord, since the approach is furdamentally depexdent on the number of
counts reaching the camera reflecting the mumber of counts in the ventricle,
attemuation of counts can lead to errors in the determination of the rate of
change. Third, because gated multiple cardiac cycles must be used to acquire
the data, arhythmias can alter the shape of the filling curve.

A less complicated measure is the first third (of diastole) filling
fraction. This is calculated as the percentage of the end-diastolic counts
reached during the first third of diastole. This value should reflect active
left ventricular relaxation more closely than measures that include a larder
portion of diastole.

As an additional comment, although some of the initial work using
radiomiclide ventriculography to evaluate diastolic function was done using a

I
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first pass technique (45), there are arguments against the use of this method
(48) ard equilibrium gated approach is to be preferred.

Although measures are relatively easy to obtain with radiomuclide
ventriculography, their validity is in some question. For example, the effect
of heart rate on the rapid-filling phase is unknown. Frequently, computer
software is used to “correct" for the effect of heart rate even though
changing sympathetic tone could affect both cycle length and relaxation rate
at the same time making a correction for heart rate would be ilnappropriate
4.

The muclear probe has also been evaluated as a tool for the assessment
of diastolic function (47,48).

Echocardiography (M-mode and two dimensional)

As campared with catheterization, echocardiography is fundamentally a
technique that measures distances. Hence, M-mode echocardiography can be used
to make a single linear measurement of the ventricular dimension which is used
to reflect changes in ventricular size during diastole (49).

A secord approach is to calculate the rate of increase in left
ventricular dimension during diastole. A typical example is shown in Figure
10. Measurements are made at multiple points during relaxation and the
velocity (or, in other words, the rate of change of distance, dD/dt) at each
point in time is calculated. As shown in Figure 10, this measure is often
inxdexed to the dimension. This approach assumes a uniform ventricular
gecmetry ard thus is of limited use in the setting of regicmal
wall motion abnormalities.

dD
dt-0

FIG. 2. Left ventncular dimension-time curve and s first
denvative &8s ootaned Dy eChocardiographc analysis of 'eft
ventncular wal moton showing different phases of ‘eft
ventncular fiing and emptyng. Abbrewviations: ACP. filling
due to atnal systole: O, dimension: 0S. end-systohc aimens:ce
ERF, end of phase of rap«d filing; ESF, ena of phase
siow filing; MO, mitral vaive opering; RFP, rapkd-filling phase:
SFP, siow-filling phase: !, time. (From ref. 42, with permession.)

Figure 10




A third approach is to evaluate the rate of posterior wall thimning,
dh/dt. lastly, a wide variety of M-mode derived intervals,such as the rapid-
£111ing period, slow filling period, and total diastolic filling pericds, have
been used to evaluate diastolic function (50). The isovolumic relaxation time
can be used to assess early diastole and is measured by simultaneous echo ard
phonocardiography. One measures the time fram aortic valve closure to mitral
valve opening. The relaxation time index (time from the minimum left
ventricular dimension to mitral valve opening) is similar but does not require
the use of the phonocardiogram to establish time of aortic valve closure. It
terds to underestimate the true isovolumic relaxation time. The rapid filling
time is defined as the time between mitral valve opening and the point at
which the normalized rate of lengthening has fallen to 50% of its peak value
(51). An additional index of diastolic function is the left atrial size.
Smith (89) has demonstrated that there is a significant difference in atrial
size between patients with hypertension and altered diastolic function ard
normal controls.

An important limitation of echocardiography in the assessment of
diastolic function relates to the difficulty in obtaining an adequate study in
a significant mumber of older patients.

Doppler Echocardiography

More recently Doppler echocardiography as emerged as an important tool
in the evaluation of diastolic function (52). Doppler echocardiography is
quite different than M-mode or two dimensional echocardiography in that it
measures “the velocity of hlood motion and not the structural dimension of the
chamber. Because of the fact that the flow velocity between regions is
related to the pressure differences between those two regions, Doppler flow
velocities can be used to make statements regarding the relative pressure
difference between chambers.

A typical Doppler tracing cbtained from the left ventricle near the
mitral valve is shown in Figure 11 with typical values given in the table to
the right. It demonstrates flow across the mitral valve during early ard late’
diastole. The first peak is termed the E wave and reflects early diastolic
events. The second peak, the A wave, results from atrial contraction and can
give some indication of late diastolic events.
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Hence, Doppler offers potential advantages over measurement-based M-meds
or two dimensional echo techniques. First, it is to a significant degree 1
canstrained by the gecmetric assumptions imvolved in the M-mode techniques.
Secard, it does not require the calculation of a derivative. Third, in the
absence of regurgitation, a chande in left ventricular volume is related to
the flow across the mitral valve. Rokey (53) calculated the volume of flow
across the mitral valve on the basis of mitral valve area and the velocity of
flow across the mitral valve and showed a gocd correlation with
cdneangiography.

Subsequently, Spirito (54) examined several Doppler measurements and
fourd a good correlation between Doppler and radiomuclide measurements of
diastolic function. In particular, he found that the time interval fram the
aortic closure component of the secord heart sound to the end of the early
diastolic flow velocity E peak correlated well with the time interval from
exd-systole to the end of rapid filling as assessed by radiomuclide
ventriculography (r=0.83). The descent of the Doppler early diastolic flow
velocity peak correlated well with the radiomiclide peak filling rate
(r=0.79). Also, the E to A ratio (ratio of the peak filling velocity early in
diastole to the peak filling velocity late in diastole) correlated with the
ratio of left ventricular filling during rapid filling and during atrial
systole (r=0.78).
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Friedman (55) also examined the correlation between Doppler ard
radiomiclide ventriculography and fourd the agreement to be good if identical
variables were campared (Figure 12). Comparisons with M-mode assessments have
also shown a goocd correlation (56).

Nuclear Magnetic Resonance Imaging

Although there have been no reports of the use of muclear magnetic
resonance imaging in the evaluation of diastolic function, it has been used in
the assessment of systolic function (57). It could potentially be used in the
assessment of diastolic function in a mammer similar to radiomuclide
ventriculography if high framing rates can be obtained.

Comparison of Radiomuclide Ventriculography and Doppler
Echocardiography

In summary, in comparing Doppler with radiomuclide ventriculography each
method appears to provide reasonable, clinically useful information if
performed carefully. As outlined by Friedman, each method has significant
advantages ard disadvantages. Advantages of Doppler include: (1) the ability
to easily campare relative filling early and late in diastole, (2) the
excellent temporal resolution (typically, 5 msec) and (3) the ability to
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examine flow on a beat by beat basis in real time. In addition, it can be
done repeatedly and is portable. However, it is limited by the need for an
adequate acoustic window and the fact that in some studies it may be difficult
to determine the exact velocity of flow because of spectral hroadening.

Advantages of radicmclide ventriculography include (1) the fact that it
measures counts which are directly related to volume, (2) the ability to
obtain a reliable assessment of systolic function at the same time, and (3)
the lack of the need for an acoustic window. However, it is limited by (1)
the need to administer the radioisotope, (2) difficulty or inability to
empirically separate early from atrial filling, and (3) the need for a
constant RR interval for the duration of the study.

Disadvantages of both techniques relate to the fact that they only
measure volume changes without knowing the associated pressure changes.
Clearly, as has been shown by Ishida ard Yellin (58), factors such as the left
atrial pressure can also affect the peak rate at which blood flows across the
mitral valve.

Clinical Cornditions

Normal

Normal values for typical clinical indices of diastolic function are
shown in the Apperdix. Interestingly, using Doppler ultrasound, Reed (59) has
demonstrated that the fetal heart in utero is less compliant than in newborns
or adults. This finding is consistent with studies in fetal lambs (60) and
may be related to differences in the relative distribution of contractile and
non-contractile elements in the fetal myocardium as compared with the adult
heart. Left ventricular filling has been examined in necnates (61) using
Doppler echocardiography. Interestingly, there was no difference in peak
early diastolic filling velocity between neonates and adults. However, there
was a difference in peak early diastolic filling rate (peak early diastolic
filling velocity X Mitral valve area) which correlated with the left
ventricular volume. These data were felt to suggest that the relationship
between peak early diastoic filling rate and left ventricular size was due to
differences in mitral valve size and not differences in peak mitral flow
velocity.

Effects of aging

It is now well established that ventricular compliance alters with
increasing age (62,63,64). Using echocardiography, Manyari and colleagues
examined elderly individuals without evidence of organic heart disease or
abnormal systolic function. They found significant decreases in peak and
average filling rate, increases in the duration of the rapid filling phase and
the time to peak filling rate, and an increase in the atrial contribution to
ventricular filling. These changes with age occurred independent of other
pathologic processes such as ischemic heart disease or hypertension and were
unrelated to differences in heart rate or systolic performance.
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Miller used radiomuclide ventriculography and correlation analysis to
examine factors influencing left ventricular filling and found that there was
a negative correlation between peak diastolic filling rate ard age (r=-
0.82, p<0.0001) (Figure 13). In addition, they found a correlation between
increasing heart rate and peak flow rate (r=0.61). The figures illustrate
that the effects of age axxi heart rate on peak flow rate are significant anxd
need to be taken into account in studies of pathologic conditions.
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Figure 13

Athlete’s heart

It has also been noted that endurance athletes demonstrate alterations
in rapid ventricular filling consistent with a change in diastolic function
(68,66,67). Colan examined elite athletes with and without evidence of
hypertrophy by echocardiography. He found that the peak rate of left
ventricular dimension increase was greater in swimmers and power lifters than
in control subjects. When the peak rate of dimension increase was normalized
for end-diastolic dimension and systolic function, diastolic function was
normal. Interestingly, Douglas examined a group of endurance athletes without
increased chamber size who also showed better than normal diastolic function
in terms of early to late left ventricular inflow velocities. EHence, it
appears that the diastolic abmormalities in patients with pathologic
hypertrophy are unrelated to differences in wall thickmess alone and that
there seems to be a difference between the hypertrophy seen with athletic

training and that occurring with pressure or volume overload in disease
states.

Finkelhor used Doppler echocardiography to compare normal controls with
exdurance athletes. He found the peak velocity of diastolic filling and the
rapid filling time to be similar in the two groups. However, they did fird
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that the A to E ratio and the percent contribution of atrial systole to
diastolic filling was lower in the trained group. These data are in
contradistinction to the results seen in patients with hypertension (see
below). The authors suggested that because the total diastolic filling time
was significantly longer in the athletes (due to slower heart rates) that
there was more camplete atrial emptying prior to atrial contraction so that
the atrial component was less. _

Alterations in filling has also been described in weight lifters (68).
Pearson examined weight lifters and found a significant increase in myocardial
mass. However, similar to endurance athletes, diastolic function appeared to
be normal except in those subjects who had used anabolic steroids heavily.

There is also a relationship between the degree of left ventricular
diastolic function and exercise tolerance (69).

Hypertrophy
Idiopathic hypertrophic subaortic stenosis

The topic of IHSS has been expertly reviewed in this meeting
recently by Dr. Randy Lawson (70) and the reader is referred to that
discussion. Briefly, it has gradually emerged that a significant portion of
the symptomatology of IHSS may be related to alterations in diastolic function
(71,72,73,74). The effects of therapy have also been extensively evaluated
(78). Interestingly, severe alnormalities of function have been described in
patients with limited mild left ventricular hypertrophy (76).

Aortic Stenosis

Another group of considerable interest with pathologic hypertrophy
is patients with aortic stenosis. Fifer (77) studied children and adults with
ard without aortic stenosis using echocardiography. He found that early
diastolic filling and wall thinning rates were significantly depressed in both
children and adults with aortic stencsis. In addition, the effect on
diastolic function appeared to be related to age and increases in systolic
pressure. However, there was no relationship to systolic performance, ie,
children with normal or supranormal systolic performance and adults with
depressed systolic performance all showed a depressed diastolic function. The
authors concluded that hypertrophy itself was the major determinant of the
change in ventricular filling.

There are several possible reasons that hypertrophy itself could
lead to atmormal diastolic function. First, considering the active portion of
relaxation, it is known that in models of cardiac hypertrophy the duration of
intracellular calcium transport anxd diastolic temsion decay are prolonged
(78). Secord, there is evidence that subendocardial ischemia is present in
these patients which would also alter active relaxation. Third, from the
standpoint of both active and passive relaxation, patchy fibrosis has been
noted in patients with aortic stenosis. This fibrosis could alter recoil
during both portions of relaxation. Evidence of increased fibrosis has been
noted in the hearts of spontaneously hypertensive rats (79). Interestingly,
Hess (80)performed left ventricular biopsies in patients before and after
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surgery for aortic valve disease and found that there was significant fibrosis
present both pre and post surgery, ard, in fact, the relative degree of
fibrosis increased following surgery associated with a decline in left
ventricular mass. In addition, there was an increase in myocardial stiffness
following surgery, paralleling the rise in relative interstitial firrosis.

Two additicral points regarding studies in patients with aortic
stenosis are of note. Oldershaw (81) [using echocardiography] examined
diastolic function during exercise in patients following aortic valve

t. He fourd that although systolic function was normal at rest and
with exercise arxd the left ventricular filling time was normal at rest, the
filling time failed to show the normal drop with exercise, sugdesting a
residual abnormality of diastolic filling. Also, Hess (82) [using
catheterization] examined the role of diastolic function in pulsus alternans
in patients with aortic stenosis and found that alterations in diastolic
function did not appear to play a role.

Systemic hypertension

The effects of hypertension on left ventricular relaxation has
been extensively evaluated (83,84,85). Fouad was one of the first to
recognize that there was abnormal ventricular relaxation in hypertensive
patients (86) (Figure 14). There appears to be in most studies a correlaticn
between the increase in myocardial mass and the degree of dysfunction
(87,88,89). Alterations in diastolic function have been demonstrated by
doppler echocardiography in even mild hypertension (90). Smith (S3) found
that in patients with hypertension without an increased myocardial mass that
there was evidence of abnormal diastolic function in terms of a prolonged
isovolumic relaxation time. It has also been shown that there is an
improvement in filling that occurs with the reduction of mass with therapy of
essential hypertension (91).

28~ (o) FIGURE 1. Negauve correfation between echocardiographically M
mode) determined left ventricular mass (LVM. normalized for Sody
surface area, M) and the maximum rate of left ventncular filing
(PdV/dr).
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This effect in the elderly with hypertension has been specifically
described (92). However, this raises a significant concern. It has been
clearly demonstrated (as noted above) that there is a strong correlation
between alterations in diastolic function anxd age. Many early studies of
diastolic function in hypertension did not include appropriate age-matched
controls, making it difficult to be certain that the effects seen were not due
to age alone. In fact, in mild hypertension using age corrected data, Gadin
was unable to demonstrate a significant difference in peak mitral flow
velocity early in diastole as compared to controls. He found only the
transmitral late diastolic flow velocity integral to be correlated with left
ventricular mass. With age matched controls it was possible to demonstrate
differences as a diminished rate of deceleration of early diastolic
transmitral flow and an increased early diastolic deceleration time ard late
diastolic flow time.

This effect has also been noted in children with systemic hypertension
(83) using Doppler echocardiography before the appearance of the development
of systolic function almormalities of left ventricular hypertrophy. The fact
that these changes can be detected in young patients suggests that they are

chandes with hypertension independent of age, heart rate systolic function, cr
left ventricular loading corditions.

Ischemia and Infarction

The fact that early relaxation is an energy requiring process
would suggest that diastolic function would be sensitive to the presence of
ischemia. It has long been appreciated that alterations in relaxation occur
early in the setting of ischemia and precede the appearance of abmormalities
of contraction (94,985,86,97,98). The potential mechanisms in ischemia are
shown in Figure 15.
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First, in hypoxia there is inhibition of the uptake of calcium by the
reticulum and impaired detachment of force generating sites
between actin and myosin. The delayed inactivation would diminish lcad

deperdence.

It has been demonstrated that ischemia due to total occlusion and that
due to partial occlusion have different effects on diastolic function (99)
(Figure 19). Myocardial ischemia associated with partial occlusion and
increased oxygen demard demonstrated an upward shift in the pressure-segment
length relationship which was associated with an increase in the stiffness in
the ischemic region. In the setting of total occlusion, the pressure-segment
length relationship was either unaltered or shifted down.
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Several additionmal points were noted in this study. In examining the
pressure-segment length relationships it was apparent that the diastolic
function was significantly affected by the alteration in systolic function.

If there was little change in systolic function, then the diastolic function
curve was displaced upward. If the systolic function deteriorated, the
diastolic curve was shifted up and to the right. If there was severe systolic
dysfunction, the curve was shifted horizontally to the right i
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With total coromary occlusion, there is systolic bulging of the ischemic
segment which leads to a right and downward shift. Grossman has suggested
several potential mechanisms: First, with total ischemia there is no systolic
cross bridge formation, hence, there is no need for relaxation. Secord, in
ischemia with total occlusion there is accumulation of hydrogen ioms which is
known to protect against hypoxia induced increases in diastolic resting
tension. Third, there is data to suggest that the effect of hypaxia is most
severe in the range of moderate hypaxia (pO, 100-300 mmHg) as compared to the
severe hypaxia seen in total occlusiom. Lagtl , repeated stretch may prevent
an increase in diastolic stiffness by preventing the formation of rigor bords.

It has been demonstrated in an animal model that verapamil does alter
the effects of pacing induced ischemia (100).

In an interesting study Fujibayashi (101) examined the effects of very
Irief corcnary occlusion (1-2 mimutes) on systolic and diastolic function.
After occlusion, systolic function returned to normal in 5 to 10 mimutes
following 1 mimite of occlusion and 20 to 30 mimtes following 2 mimites of
occlusion. Interestingly, the recovery times for diastolic function were
considerably longer: 60-75 mimites following a 1 mimite occlusion and 90-105
mimites fo.'llow:Lng a 2 mimte ccclusion. Nifedipine administered during the
pericd of occlusion reduced the time for recovery of diastolic function to 10-
15 mimuites. When nifedipine was begun prior to occlusion the subsequent
recovery was very rapid, i.e., 1-2 mimites.

The reasons for the very rapid improvement with preccclusion
administration of nifedipine are unclear. It is possible that nifedipine
leads to a reduction of calcium accumulation in the cell during the period of
occlusion and reperfusion.

In addition, Cammon (102) has described a group of patients with normal
epicardial coromary arteries but with abnormal vasodilator reserve arnd
demonstrated impaired left ventricular f£illing at rest similar to some
patients with coronary artery disease arxd normal left ventricular function.
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Coronary angioplasty

The advent of corcmary angioplasty (PTCA) has provided a means for

the effects of alterations in corcmary flow in man on left
ventricular function. In an interesting study, Bonow (103) examined the
effect of PTCA on global and regiomal diastolic function in patients with
single vessel coronary disease. These patients had normal ejection fractions
ard regional systolic function but abnormal global ard regionmal diastolic
function at rest. Follcwing angioplasty, there was no chande in ejection
fraction or regicmal systolic function at rest but there was an immediate
improvement in global and regional diastolic function. Examining the regional
time activity curves (Figure 18) they fourd that there was a regional

in diastoic events that was improved with PTCA. The authors
suggested that the atmormality in diastolic function could result frcm the
asynchrony of regiomal diastolic function as a result of ischemia and, hence,
was rapldly reversible.
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Wijns and colleagues (104) have examined the effects of acute coronary
occlusion during PTCA on left ventricular stiffness. They found that
transient abrupt coronary occlusion of 20 or more secords caused significant
increase in regional chamber stiffness. In addition, there was a rise in
global stiffness in those patients in whom the left anterior
coronary artery was occluded, probably reflecting the extent of the ischemic
bed. When measurements were repeated 12 mimutes following the occlusicn, the
measures of regicmal diastolic function were still almormal, while measures of
global function were still slightly elevated.

In addition, Lewis (105) has described an improvement in diastolic
function during exercise following PICA.
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Post bypass surgery

Revascularization has been reported to improve indices of
diastolic function (108). However, in some patients persistent elevations of
exd diastolic pressure and decrease in passive distensibility remained
consistent with presumed fibrosis or other chronic structural chandes.

Other corditions

As might be predicted, measures of diastolic function have been found to
be almormal in a variety of conditions associated with infiltration of the
myocardium. It appears that almormalities of diastolic function appear early
in the course of amyloidosis and can be quite severe before evidence of
systolic dysfunction is present (107). Chagas disease leads to regional
edema, inflammatory infiltration, destruction of fibers, and eventual
fibrosis, which leads to alterations of diastolic function early in the course
of the disease (108,109).

In Friedreich's ataxia patients develop a hypertrophic cardiamyopathy
associated with abmormal diastolic function. Interestingly, Casazza (110)

found that they did not improve on verapamil, suggesting that fibrosis in
these patients may play an important role.

Lee (111) examined diastolic function in adriamycin cardiotoexdcity and
found that average early diastolic filling velocity by radiomuclide
ventriculogﬁa.phy was depressed at relatively low doses of adriamycin (as low
as 166 mg/m”) prior to the development of systolic abmormalities.
Interestingly, this correlates with the finding of histologic changes in
biopsies obtained in that same dosage range.

Generally, congestive cardiomyopathy is considered an akmormality of
systolic function and it is assumed that the high ventricular filling pressure
is a consequence of impaired ejection of blood leading to an increase in emd
diastolic volume, dilation of the chamber, ard a rise in pulmonary venous
pressure. Clearly, there are concomitant alterations in diastolic function in
these patients and that the systolic and diastolic abnormalities are "coupled"
(112,113,114,115,118).

Management

The management of akmormalities of diastolic function should reascnably
be based on an understanding of the underlying pathologic process. Hence, if
there is an alnormality in loading, then an alteration in the loading
conditions should improve the hemodynamics. If there is primarily an
abnormality in inactivation, then interventions to reduce calcium loading or
the energy status of the cell may prove to be useful. Finally, if there is a
structural alteration of the heart with scar or loss of the mechanical basis
of elasticity, then there is presently no intervention available for our use.
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Calcium-Entry Blockade

Clearly, many pharmacologic interventions have effects on multiple
of the mechanism. In particular, calcium antagonists alter calcium
loading but also lead to alterations in loading conditions, non-uniformity of
relaxation, and coronary flow which may interact in a complex ard

unpredictable way in different patients.

Walsh (117) has recently reviewed the multiple effects of calcium-entry
blockade on diastolic function. It is known that a reduction in cytosolic
calcium can lead to an increased calcium-troponin binding in the myofilaments
(118) and that cytosolic ionized calcium is necessary for the sarcoplasmic
membrane calcium ATPase believed necessary for calcium seq\mtra.tion ard load-
independent inactivation of contraction (119,119). Hence, one would suspect
that calcium-entry blockade would reduce cytosolic calcium and diminish both
inactivation-dependent relaxation and contraction. In the intact animal the
effect on the time constant of left ventricular pressure decay has been
d.a;\onstz:ated for each of the major clinical calcium-entry blockers (Figure
19
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Figure 19

When the agents are given in equidepressant doses there is impaired
relaxation as shown. On the other hand, equihypotensive infusions lead to
augmented relaxation with nifedipine and little chande with diltiazem and
verapamil. Interestingly, the effect of nifedipine could be hlocked by
nonselective beta blockade. Hence, it appears that calcium—entry blockade may
directly impair normal left ventricular relaxation. However, the impaired
rate of relaxation produced by the calcium blockers in normal tissue can be
reversed by the reflex sympathetic stimulation and afterlcad reduction
assoclated with the use of these agents.
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In the setting of ischemia, the results are mixed (120). In different
in vitro models different effects are seen (119). Lorell (121) fourd that
nifedipine improved measures of diastolic compliance in patients with pacing
induced angina. Hence, multiple effects may be playing a role, as shown in
Table 2.

Potencal effects of calcium-entry blockade on ventricular
reiaxation

Direct edfects
Normal myocardium — impair’!
Hypoxic myocardium — impaiur*
Table 2 Ischemic myocardium — augment in viro,’® in vivo unclear’®
Hypertrophied myocardium — unclear
Hypergophic cardiomyopathy — unclear*: “

[ndirect effects’!
Improved systolic loading — augment
Redex sympatheuc sumulauon — augment

[mcroved coronary blood/flow — augment

The reported effects of calcium—entry bhlockers on the passive elastic
diastolic properties have been variahle. Ludbrock (122) demonstrated a
downward displacement of the pressure volume curve and a decline in right
ventricular pressure in patients with mildly depressed left ventricular
function. The effects in patients with hypertrophic cardiomyopathy have been
variable (123,124,125). EHowever, studies that show a positive response
indicate a downward displacement of the pressure volume relationship. The
fact that there is a downward displacement without a change in the rate
constant raises the possibility that these shifts are primarily due to chang-
in the external constraints to left ventricular filling (i.e., drug induced
changes in right ventricular filling in the presence of the pericardium) and
not intrinsic chandes in the muscle elasticity.

Inotropic agents

The effects of inotropic agents on diastolic function have been
investigated by a mumber of groups. Carroll (126) examined the effects of
dopamine and dobutamine and found that these agents emhanced early diastolic
distensihility by accelerating relaxation, augmenting filling, and reducing
exd-systolic chamber size, but in some cases actually caused a rise in exd
diastolic pressure. Nitroprusside, in comparison, led to a fall in in left
ventricular erd diastolic pressure without a consistent change in relaxation.

In a study of patients treated with milrinone (127), there were clear
changes in diastolic function which could not be accounted for on the basis of
changes in peak left ventricular pressure or chandes in pulmonary capillary
wedge pressure. In animal models there is preliminary evidence that milrinone
shortens the duration of tension axd increases the concentration of cyclic-
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AMP, leading to a failure of sarcoplasmic reticulum calcium uptake. However,
a recent study using a similar phosphodiesterase inhibitor, enoximone (128),
showed no difference from the pressure volume relationships seen with
nitroprusside. The pressure volume curve was displaced downward in the case
of each drug, suggesting that the change resulted in part from a reduction in
external factors arxd not intrinsic changes in myocardial stiffness.

Conclusion

Medicine has made significant strides in the management of abnormalities
of systolic function of the heart. Advances in our understarding of
ventricular loading and the development of new unloading ard inotropic agents
have allowed us to substantially improve patient care. However, with the
improvement of our management of almormalities of systolic function has come a
greater recognition of the importance of diastolic phenomena in meny clinical
coditions. As the tools to evaluate diastolic function in man improve, the
challenge will be to devise interventions which can correct these
amnormalities of diastolic function.
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