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Concepts Related to the Study of Diastolic Function:

A Personal Commentary

Edward L. YELLIN, Ph D

Introduction

After more than 30 years of involvement in
research dedicated to studying the physiology of
diastolic function, as a principal investigator, col-
laborator, and reviewer, I am pleased to have this
opportunity to comment on concepts related to this
most important aspect of cardiac physiology. It is
particularly fitting to publish this commentary in
the Journal of Cardiology, because so many signifi-
cant contributions were made by my collaborators
from Japan working with me in my laboratory!~!3),
and then, upon their return home, continuing to
study diastolic function in human studies'¢~2"and
in animal experiments2~3%, For that reason, and
because this is a “personal commentary”, T will
approach the material from the perspective of the
body of knowledge that has been the outgrowth of
that collaboration.

Why have the last 2 decades seen such a tremen-
dous growth in the study of diastolic function?
The development of ultrasophisticated echo-
cardiographic techniques, particularly of pulsed
Doppler flowmetry, pioneered in large measure
by Japanese scientists**#", now makes it possible to
non-invasively determine chamber dimensions,
valve motion, and transmitral blood velocity. Thus,
the functional behavior of the normal and
pathologic cardiac chamber can be assessed non-
invasively. Because we have now learned that heart
failure can occur in the absence of systolic dysfunc-
tion we have increasingly turned to diastolic dys-
function as the primary or secondary cause, and it
becomes particularly important to understand the

basic physiology of diastolic function. It is my
hope that this presentation will clarify these issues,
or at least encourage an ongoing discussion of
them. My purpose is not to provide a comprehen-
sive review of all modalities available for the study
of diastole, but to focus on those aspects that will
help the reader understand the physiological basis
for many of the indices used to describe normal and
abnormal diastolic function.

For purposes of this review, I adopt an opera-
tional approach and define the period of diastole to
begin at the onset of isovolumic relaxation and to
end at the onset of ventricular contraction. This
approach is reasonable because events during this
portion of the cardiac cycle have the most direct
effect on ventricular filling, and because the forces
that drive blood into the ventricle are the result of
the active and passive, i.e., early and late, chamber
properties that change with time during this period.
The ability to noninvasively measure transmitral
flow patterns, when coupled to our knowledge of
the relationship between pressure and flow, and
when further coupled to our growing understanding
of the relationship between pressure and chamber
properties, has made the parameters of transmitral
flow a prime evaluator of diastolic function.
Unfortunately, the separation of diastolic function
into early and late events, has led many investiga-
tors to unreasonably separate chamber properties
into active and passive with little or no interaction
between them. Abnormalities of early filling have
been ascribed only to ventricular relaxation, and
abnormalities of late filling have been related only
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to ventricular compliance. In particular, the impor-
tant but often misunderstood, concept of diastolic
suction has frequently been erroneously coupled to
ventricular relaxation, when, in fact, it is a property
of chamber compliance. Furthermore, ventricular
relaxation is generally analyzed from the measured
isovolumic decline of left ventricular (LV) pressure,
when, in fact, the measured LV pressure is influ-
enced by factors other than deactivation, e.g.,
restoring forces due to chamber and myocardial
deformation (see below).

This commentary will start by discussing the
physiology of the transmitral pressure-flow rela-
tions. I will then discuss the sources of the pressure
gradients that drive transmitral flow, namely, the
active and passive properties of the left ventricle.
This will require a discussion of ventricular relax-
ation, which is the active, time-varying myocardial
property, and a discussion of the passive properties
that are volume dependent. Among the concepts
and properties to be included in the discussion are:
equilibrium volume ; diastolic suction and elastic
recoil ; torsion and deformation; and ventricular
remodeling.

Transmitral Pressure-Flow Relations

Animal experiments, human studies, and model
studies*applying the laws of physics, have led to
the general acceptance of the following equation of
motion governing flow across the mitral valve.

AP = (L)dQ/dt + (R) Q* [1]

Where: AP is the atrioventricular (AV) pressure
difference; Q is the volume flow rate (mi/sec) ; and
L and R are inertial and resistive coefficients,
respectively. L varies inversely with the area of the
flow stream and R varies inversely with the square
of the flow area. Thus, (L) dQ/dt represents the
pressure difference required to accelerate and
decelerate flow, and (R) Q? represents the pressure
difference due to energy losses, ultimately, due to
turbulence. It is helpful to note that inertial forces
are conservative, so that the energy required to
accelerate flow is recovered during deceleration.
Dissipative forces, on the other hand, lead to a loss
of energy in the form of heat and, in the normal
valve where R is small, they result in only an
insignificant drop in pressure. In mitral stenosis,
however, (R) Q? becomes very large, and, as is well
known, the AV pressure gradient can be substantial.
Thus, the resistive term has only a minor effect on

the shape of the flow pattern across the normal
valve (more on this below). The presentation of
this equation at this point serves 2 useful purposes:
it offers the greatest opportunity to understand the
physical factors that determine the diastolic para-
meters measured by pulsed Doppler echocardiogra-
phy; and it is the basis of the computational model
that will be used to illustrate many of the concepts
discussed in this paper.

It is clear from equation[1]that the transmitral
flow pattern is uniquely related to the time varying
AV pressure gradient and the impedance across the
mitral valve. Thus, I cannot stress too strongly, that
any physiological property that influences the
mitral flow pattern, does so via its influence on the
time variation and amplitude of the pressure gradi-
ent. It is useful to distinguish between properties
and loading conditions that act directly on AP and
those that act indirectly. Properties that directly
determine the ventricular contribution to AP are:
the rate and extent of ventricular relaxation, the
compliance of the ventricle, and the impedance of
the mitral apparatus. Examples of factors that exert
their effects indirectly, i.e., by modifying the AV
pressure gradient, are: heart rate, contractility,
afterload, preload, chamber shape, calcium han-
dling, age, exercise, remodeling, and left atrial
properties. To cite some obvious examples, a
change in heart rate due to exercise will have a dif-
ferent effect than a change due to pacing; and
remodeling due to hypertension will have a differ-
ent effect than remodeling due to mitral regurgita-
tion. Determinants of impedance are the mitral
valve area and shape, i.e., factors that determine the
effective flow area, and thus the velocity (kinetic
energy) that results in the subsequent energy losses.

The validity and the predictive power of equation
[1]is illustrated in Fig. 1. The data are recorded
from a conscious, chronically instrumented, dog in
my laboratory. Similar results have been obtained
by others*?). Mitral flow starts the moment the left
atrial (LA) pressure falls below the LV pressure
and, as the pressure gradient develops, flow rapidly
accelerates to reach its peak value, the E point.
Very soon after the E point (c. 10 msec)the AV
pressure gradient becomes zero and flow starts to
decelerate under the action of a negative gradient.
When the gradient reverses again, even by a very
small amount, there is a small rebound in flow, the
L wave. For other examples of the often neglected
L wave see also*>*?, Finally, flow is again acceler-
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Fig.1 Oscillographic record of pulsed Doppler mitral
flow synchronized with high gain left atrial and
left ventricular pressures from a conscious dog
Time from the onset of mitral flow to E point, t,.. =
90msec; time from E point to end of E wave, 4. =
120 msec.

LAP = left atrial pressure ; LVP = left ventricular
pressure ; MiV = mitral flow velocity.
[Redrawn from reference 53 with permission]

ated and decelerated by the atrial contraction and
relaxation, the A wave. Indices of the transmitral
flow pattern that have been found to be useful in
the study of diastolic function include: E wave
acceleration and deceleration time, f,., #4.; and
E/A ratio. Because the peak of the E wave occurs
close to the first reversal of AP and after the peak
pressure gradient, and because the E wave reaches
its minimum when the L wave forms, at the second
reversal of AP, we conclude that the L/R ratio in
equation[1]is very large, i.e., the flow is dominated
by inertia. The dominance of inertia is also seen in
the observation in Fig. 1 that mitral flow continues
for c. 35 msec after the final reversal of the AV gra-
dient after the atrial contraction*’. (The clearest
example of a small L/R ratio is mitral stenosis
where resistance of the mitral apparatus dominates :
The E point is then close to the point of maximum
AP, there are no pressure gradient oscillations and
flow follows the decay of AP.)Final]y, notice that
across the normal valve very small values of AP
produce large accelerations of flow, and that the
phasic nature of the flow is determined by the fre-
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Fig.2 Model of the myocardial and chamber proper-
ties of the left ventricle illustrating the 4 compo-
nents that determine the measured pressure
P,,= measured pressure; Pyg(Pp, Py, P,) = pressure
due to viscoelasticity (passive elasticity, deformation
and active state) ; CE = contractile element.

quency and amplitude of the oscillations in the
pressure gradient. It thus becomes particularly
important to recognize that the AV pressures are
created by the changing stresses(passive and active)
in these cardiac chambers, and to thereby under-
stand how they, in turn, determine the pressure
oscillations.

Ventricular Contribution to the Pressure
Gradient

To examine the active and passive ventricular
properties that are the primary determinants of the
flow patterns, we begin by assuming that the
myocardium behaves like a structure with an active
(i.e., contractile) element in parallel with at least 3
types of passive elements (Fig. 2). Thus, at any
instant of time, the pressure within the ventricular
chamber is determined by the sum of forces due to
these 4 (possibly more) components. The active
component is, of course, due to actin-myosin cross-
bridge interaction. The 3 passive components repre-
sent forces due to: 1)changes in volume relative to
the equilibrium volume, the “classical” force that
determines the passive end-diastolic pressure-vol-
ume relation; 2) chamber deformation, such as tor-
sion, that exert their effects independently of their
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relation to the equilibrium volume ; and 3) vis-
coelasticity, i.e., forces that depend on strain rate
and also lead to dissipation of energy. With this
model we can conceptualize the cardiohemic sys-
tem as behaving like a damped harmonic oscillator.
The frequency of oscillation of AP depends on the
stiffness of the deformable components, and the
amplitude depends on the amount of initial defor-
mation [ proportional to the end-systolic volume
(ESV) ]Jand the degree of damping (L/R ratio). It
may be conceptually reasonable to postulate this
structural model of the ventricular chamber, but
what do we know about the individual nature and
combined effects of these elements?

We know that myocytes relengthen because of
compressive elastic forces due both to the longitu-
dinal deformation of the protein titin*>’, and to
other structural proteins that store energy during
myocyte radial deformation*®’. We know that
myocytes within the myocardium are tethered by an
extracellular matrix that stores strain energy as a
function of ventricular volume*”’. We know that
viscoelasticity, i.e., the dependency of force on rate
of deformation, has been demonstrated in the intact
heart in late diastole and is probably a function of
volume!34849)  although its effects and its nature
have not been quantified ; and we know that energy
losses, such as in mitral stenosis, damp the rate of
fall of LV pressure and thereby eliminate oscilla-
tions in AP and in transmitral flow. Unfortunately,
we know very little about the effects of other forms
of chamber deformation, e.g., ellipticalization or
torsion. We do know that the first elastic compo-
nent cited above arises from deformation that is
solely volume dependent and exists throughout the
cardiac cycle. Torsion, on the other hand, may also
be volume dependent, but it exists only during sys-
tole and the isovolumic relaxation period and is
apparently insignificant after the onset of ventricu-
lar filling%°-52). Thus, when it comes to assessing its
impact on the measured pressure, we may assume it
is only a function of time. At the same time, we
must recognize that when it comes to assessing the
effect of the “classical” elastic force on the mea-
sured pressure, it is also a function of time because
during filling, the volume changes with time. The
measured ventricular pressure can now be charac-
terized as follows:

Pa(V, ) =P, (8)+P,(V, ) +Pus(V, 1) +P,. (V) _[2]

Where, the subscripts m, a, p, def, and ve, refer to

measured, active, passive, deformation, and vis-
coelastic, respectively. Because we have defined
diastole as starting with isovolumic relaxation, we
begin our analysis by first examining the pressure
contribution due to decay of the active state.

Isovolumic Left Ventricular Relaxation Rate

For clarity, I will use relaxation or deactivation
to refer to the fall in LV pressure due to the active
state, and LV pressure decline for the fall in mea-
sured pressure(thus, LV pressure decline includes
effects of both relaxation and deformation). It is
common practice to characterize the decay of the
active state during isovolumic relaxation by assum-
ing that the resultant pressure declines exponential-
ly to a zero asymptote during the diastolic period.
Under abnormal conditions it is not unreasonable to
assume that the active state may not decay to zero,
that is, there may be incomplete relaxation. (As
used here, incomplete relaxation is equivalent to
diastolic tone, i.e., crossbridge cycling during dias-
tole. It is not to be confused with a relaxation rate
so slow that activation, although declining, persists
during the diastolic filling period.) It is, therefore,
not unreasonable to include an unspecified function
in the equation describing relaxation and to then
discuss the consequences.

P(t)=[P,—P,(V,t) e +P;(V,1) [3]

Where, P, is the pressure at time zero, i.e., at the
onset of isovolumic relaxation; P; is the pressure
offset due to incomplete relaxation, and approaches
an asymptotic value at large time; and r is the
time constant of relaxation, i.e., the rate of pressure
decay due to inactivation.

Several comments are appropriate in discussing
this formulation. The inclusion of a pressure offset
allows us to include the possibility of incomplete
relaxation or residual activation. What do we know
about the nature of P;? It is reasonable to assume
that because there is no evidence that crossbridge
cycling, i.e., the active state, exerts a negative
force, P; must be equal to or greater than zero. On
the other hand, although there is experimental
evidence that relaxation is influenced by
relengthening'?, there has as yet been no attempt to
determine if P; is a constant, a function of time,
independent of 7, or a function of loading. For
example, is it non-linear and does it become opera-
tive only after filling starts? Although it is unlikely
that definitive answers will soon be found to these
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questions, it is important to consider them if we are
to understand and interpret the concept of ventricu-
lar relaxation and its relation to diastolic function.

Regardless of the answers to these questions, the
time constant of relaxation remains an important
index of diastolic function, and we must discuss
how it should be determined. Because the only
pressure available from which to calculate z is the
measured pressure, and that is also the pressure that
directly influences filling, we therefore continue
with the analysis of the components of equation
[2], and we now examine the contribution from the
passive component of the measured pressure, and
we will return to the calculation of = below.

The Passive Pressure-Volume Relation of the
Ventricle

In my opinion, the mathematical formulation that
best describes the passive pressure-volume relation
of the left ventricle is the logarithmic approach to
be described below. Unfortunately it has not yet
received general acceptance, therefore I will first
introduce and critique the exponential relation
because it is used most frequently.

P,=Pule«V-W—1] (4]

and the stiffness of the ventricle is then given by :
dP/dV= a (P + P.,) (5]

Where, V, is the equilibrium volume, i.e., the vol-
ume in the completely relaxed ventricle at zero
transmural pressure, « is a material property, the
modulus of elasticity that has the most influence on
stiffness, and P is the pressure asymptote, i.e.,
pressure at volumes very much less than the equi-
librium volume. P. is also a material property
since it influences dP/dV, but its nature is unclear.
On the other hand, the nature of a is quite clear,
and, when normalized by V,, it should be the same
for all sizes of normal hearts. This formulation has
proven quite useful, particularly for describing the
end-diastolic pressure-volume relation, when V >
V., but it fails to accurately describe the storage of
elastic energy when the ESV is less than the equi-
librium volume. This is particularly important
because this is the volume of the ventricle during
isovolumic relaxation and the forces in the
myocardium at that time determine the early filling
behavior. Nikolic et al.” raised this very important
issue while also pointing out that the exponential
relationship of equation[4]was also non-physiolog-
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ic in that it allowed the end-diastolic volume to
increase without limit, whereas it is well known
that any elastic structure cannot stretch limitlessly
without changing its properties and/or rupturing.
The mathematical relationship that resolves these
problems are the following logarithmic formula-
tions; one for positive values of pressure, i.e., V>
V., and one for negative values of pressure when
vy,

P,==Sn[(V,=W)/(V,—V,)] P>0 [6]

and
dP,/dV =S,/ (V,,= V) [7]
P.=Sn[(V-V)/(V,—Vy)]  P<0 [8]
and
dP,/dV =S,/(V—V,) (9]

Where, the subscripts p and n refer to the positive
and negative portions of the P-V relation, respect-
fully; S is a material property that determines stiff-
ness; V, is the maximum volume, reached at very
large positive pressures; V; is the minimum vol-
ume reached at very large negative pressures (Vj is,
in a sense, a dead volume since it may be the mini-
mum volume that can be reached by an unloaded
ventricle at maximum contractility) ;and V, is, as
above, the equilibrium volume. S,, V,, V,, S,, and
Vg4 are all material properties of the ventricular
chamber and all have physiologic meaning. Note in
particular, that because S has the units of stress, and
it is equal to the local stiffness, dP/dV, normalized
by the ventricular operating volume, (V,—V)or
(V—V,), then it represents a myocardial elasticity
and is constant for all normal ventricles regardless
of size. The validity and the usefulness of the loga-
rithmic model was demonstrated in a series of
imaginative studies by Nikolic et al.”-'>!3 that also
determined the magnitudes of the parameters in
equations [6—9]for the normal dog ventricle. More
recently, Solomon et al.’¥ demonstrated the use-
fullness of the log approach for the understanding
of ventricular remodeling in the dog with conges-
tive heart failure due to rapid ventricular pacing.
The Concept of Diastolic Suction

It is clear from equations[6]and[8]that at any
time in the cardiac cycle there is a component of
the measured pressure due to the elastic properties
of the ventricular chamber. In particular, during iso-
volumic relaxation when volume is constant, the
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Fig.3 Schematic illustration of the relations among
the equilibrium volume(V,), the logarithmic
end-diastolic pressure-volume relation (EDPVR,
equations[6, 8]), the end-systolic pressure-
volume relation (ESPVR), and the concept of
diastolic suction
A and B are 2 P-V loops before and after an increase in
contractility leading to a decrease in end-systolic vol-
ume (broken lines followed by filled arrows). Dotted
lines followed by filled arrows at points a and b indi-
cate the pressure that would be reached in the fully
relaxed ventricle in the absence of filling. The negative
pressure at point b represents the stored potential ener-
gy available for elastic recoil during early diastole.
Abbreviation as in Fig. 1.

passive component will be positive when V> V,,
and negative when V< V,. Therein lies the origin
and the essence of the concept of diastolic suction.
When the ESV is below the equilibrium volume,
elastic energy is stored in the myocardium and is
manifested as a negative component of the mea-
sured pressure. Of course, the negative component
will not be observed when it is small relative to the
other components of the measured pressure and/or
after filling starts when the volume increases and
the elastic energy is recovered. Nevertheless, when
ESV <V, the stress due to compression of elastic
elements is negative, relative to the other internal
stresses, and may be defined as diastolic suction.
Note also that because (V,— V,)in equation [8]is
small, small decreases in ESV result in large
increases in the negative pressure contribution to
the measured LV pressure. The physiological mani-
festation of diastolic suction is thus seen in the
form of a lower left atrial filling pressure because
the AV gradient remains normal.

Fig. 3 illustrates these ideas and helps explain

the concept of diastolic suction. P-V loop A has an
ESV >V, so that during isovolumic relaxation the
elastic contribution to the measured pressure is pos-
itive, point a. An increase in contractility, represent-
ed by the shift to the left of the end-systolic pres-
sure-volume relation, could lead to an ESV <V,
and a small negative contribution. P-V loop B, with
a lower afterload and the same contractility, has a
lower filling pressure and a larger elastic recoil,
point b. Because of the non-linearity of the negative
portion of the logarithmic end-systolic pressure-
volume relation, the same increase in contractility
as loop A would lead to a very much larger increase
in elastic recoil and a decrease in LA filling pres-
sure. This is the physiological manifestation of
diastolic suction.

It should be noted that during isovolumic relax-
ation, P, is constant, and that there is no experi-
mental evidence, or theoretical construct, to support
an assumption that elastic recoil influences the rate
of relaxation. Factors that decrease ESV, such as
increased contractility or decreased afterload, may
also change both relaxation rate and elastic recoil,
but, to repeat, there is as yet no basis for assuming
that elastic recoil, per se, affects relaxation rate. We
now turn our attention to the third component of the
measured pressure, stress due to chamber deforma-
tion independent of V.

Chamber Deformation Not Relative to the
Equilibrium Volume

Although there are many studies, both theo-
retical®”and experimental’s?), that demonstrate
the existence of chamber deformation due to twist
as well as to other shape changes, there are no data
indicating the magnitude of their contribution to the
measured pressure. The following discussion, then,
must of necessity be speculative, but hopefully will
serve to clarify our thinking about diastolic func-
tion.

Fortunately, we are constrained by the fact that
all the experimental evidence indicates that ventric-
ular untwisting occurs almost entirely during the
isovolumic relaxation period and is effectively
complete by the onset of filling5'52). We may there-
fore limit our discussion to the isovolumic relax-
ation period and start by asking: if twist or other
changes in shape influence the measured pressure
what are the mechanisms and what are the conse-
quences?

During isovolumic relaxation when wall stress is
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decreasing due to inactivation, untwisting or any
other shape change is due to a combination of het-
erogeneity in sarcomere activity and a decrease in
tension of previously distorted extracellular struc-
tures. An increase in wall stress due to systolic
deformation leads to an increase in pressure, and
conversely, during isovolumic relaxation the sur-
face area to volume ratio of the ventricular chamber
decreases with untwisting and/or release of deform-
ing forces, leading to a decrease in pressure. Thus,
there will be a fall in measured pressure that is
some unknown function of time. The magnitude at
the onset of isovolumic relaxation is probably a
function of ESV, and it must decrease from this
value to zero, but in an unknown way. Even if we
could assume the fall is linear, we do not know its
magnitude at time zero. And, as with the passive
pressure component, we do not know if forces due
to deformation influence the rate of deactivation.

Myocardial Viscoelasticity

Given the complexity of myocardial tissue and
the numerous studies that have demonstrated tissue
viscosity in isolated muscle’?, it is not unreason-
able to assume that the ventricular chamber pos-
sesses the property of viscoelasticity described by :

P.=f(V)avidt=f(v)Q [10]

This formulation states that the pressure required to
fill the ventricle is proportional to the rate at which
it is filled. Although a viscoelastic effect on the
diastolic pressure-volume relation has been demon-
strated*®9), its general role remains unresolved.
Because there is some evidence that viscoelasticity
is insignificant at small volumes'?, we assume
herein that the proportionality factor is an unknown
function of the chamber volume, but, unfortunately,
we can go no further with the analysis.
Analysis of Isovolumic Left Ventricular Pressure
Decline

We have established that the measured pressure
is a complex sum of many components (equation
[2]) and that the active pressure may also be com-
plex (equation[3]), so that neither one is a simple
exponential. Because the measured LV pressure is
the one that ultimately influences transmitral flow,
we recommend that 7, the time constant of fall in
measured LV pressure, be calculated from the iso-
volumic period using a simple exponential with
zero asymptote :
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Fig.4 Exponential analysis of left ventricular pres-
sure decline using the mitral valve occlusion
technique>®
Curve 1 is the exponential fit through the data points
(filled circles) from the ventricle in the absence of fill-
ing when it relaxes to its pressure asymptote (P.).
Curve 2 is the exponential fit using equation [3]
through only the points that were isovolumic during
normal filling (fit ends at #,, open circle). Curve 3 also
uses only the isovolumic points but imposes a zero
pressure asymptote.

P = P, from equation[3]; T = time constant.
[Reproduced from reference 5 with permission]

P,=Pe ' [11]

This approach was validated in animal experiments
where the ventricle was permitted to relax com-
pletely isovolumically using the technique of mitral
valve occlusion>®. Fig. 4 demonstrates that the
same value for r was obtained from the data for
complete isovolumic relaxation and known asymp-
tote, and from the data for the isovolumic period
with filling and zero asymptote®. To avoid confu-
sion we therefore urge the reader to conceptually
separate deactivation from decline of LV pressure.

Verification of These Concepts in Animal
Experiments and Model Studies

The following sections will use examples of dog
experiments and model studies to illustrate the rela-
tions between the AV pressure gradient, transmitral
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Increasing time constant (T) of pressure decline
normal ventricle (HR = 68/min)

1 =30 msec

40 msec
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DFT = 524 msec
MLAP = 5.27 mmHg

504 msec

5.50 mmHg
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8.43 mmHg

449 msec
6.53 mmHg

Fig.5 Analysis of the effect of increasing the time constant of relaxation, z, on the transmitral
pressure-flow relations using the Meisner model**59
In particular, note that a 40msec increase in 7 (from 30—70msec, a large increase but within the patho-
physiologic range of possibility) requires only a 1.26 mmHg increase in mean left atrial pressure (MLAP)to
maintain a constant filling volume, despite a 75 msec decrease in diastolic filling time (DFT).
HR = heart rate; AoP = aortic pressure; AoF = aortic flow ; MiF = mitral flow. Other abbreviations as

in Fig. 1.

flow, and diastolic function. The in vivo studies
have the obvious advantage of being more physio-
logic; but the model studies have the advantage of
control : the effect of a single parameter can be
determined while all others are controlled. Because
the Meisner model*>39), and others like it5”, have
been shown to provide significant physiologic
insight, we think the model-based results below
will also be of value to the reader.
Influence of Isovolumic Relaxation Rate on
Diastolic Function

To study the relation between the rate of relax-
ation during the isovolumic decline of LV pressure,
and diastolic function, we used the Meisner
model®® and asked the following questions. As the
rate of relaxation decreases, how would the dias-
tolic indices change, and how much would the
mean LA filling pressure have to increase in order
to maintain the normal filling volume? The latter
question is an attempt to physiologically quantify
the role of isovolumic relaxation. Thus, in the
model, we kept all the properties and initial condi-
tions of the normal ventricle constant except for the
time constant of relaxation, and generated the oscil-
lographic records shown in Fig. 5. As expected, the

E/A ratio decreased due to both a decrease in E and
an increase in A ; filling started later and at a higher
value of LA pressure; and diastolic filling time
decreased. f,.. did not change although the rate of
acceleration of the E wave decreased and 7.
increased. Perhaps unexpectedly, the filling volume
could be maintained by only a small increase in
mean LA filling pressure (5. 27—8. 43 mmHg) with
no change in LV end-diastolic pressure, despite a
very large decrease in relaxation rate( ¢ from 30—
100 msec) .

These results can be explained by the dynamic
effects of the changes in the AV pressure gradient.
The slowed rate of fall of LV pressure led to a
slowed rate of change of AP, particularly important
at the time of AV pressure crossover when filling
starts, and consequently to a decreased diastolic
filling time. The subsequent slower rate of filling
led to a slower rate of fall of LA pressure as the
atrium emptied more slowly and the magnitude of
flow acceleration and deceleration decreased. At
higher values of 7, ventricular deactivation was
prolonged, so that the ventricle appeared stiffer and
a higher LA pressure was required for filling; but
by the time of the next LV contraction, even at
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Fig. 6 Pulsed Doppler record of transmitral flow in a
dog with compensated pressure overload con-
centric hypertrophy
Note particularly : t,.. = 53 msec and #4.. = 72 msec;
compare with Fig. 1.

LVH = left ventricular hypertrophy. Other abbrevia-
tions as in Figs. 1, 5.
[Reproduced from reference 56 with permission]

v = 100 msec, deactivation was far enough along
so that LV end-diastolic pressure did not change.
This analysis explains the effects of relaxation rate
on diastolic indices, and most importantly, it sug-
gests that the rate of relaxation, in and of itself, is
not a major determinant of impaired function. Heart
failure, for example, cannot be explained solely on
the basis of slowed deactivation, there must be
other mitigating factors, such as depressed contrac-
tility and/or increased myocardial stiffness.

Left Ventricular Hypertrophy and Diastolic
Function

Fig. 6 illustrates the effects of increased chamber
stiffness in the early stages of pressure overload
hypertrophy due to supravalvular aortic stenosis in

a dog. The E/A ratio is normal, and although the
AV pressures are not included in the figure, we may
conclude that the decreased acceleration and decel-
eration times in early filling are due to the increased
ventricular chamber stiffness. When relaxation is
normal, at the onset of filling the ventricular pres-
sure falls to its minimum and then rises rapidly
because of its stiffness, even when the ESV is
small. The rapid change in AP leads to a rapid
deceleration of flow followed by an L wave. The
shortened E wave duration could lead to a
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decreased filling volume, but compensatory mecha-
nisms maintain an atrial pressure high enough at
the onset of filling to provide an adequate amount
of early filling. The high LA pressure also serves to
increase the magnitude and rate of change of the
pressure gradient. The result is analogous to
increasing the stiffness of a mass spring oscillating
system. The increased stiffness leads to an
increased frequency of oscillation and increased
acceleration/deceleration rates with shortened
acceleration/deceleration times. As the pathology
worsens and the ventricle becomes stiffer both
intrinsically and due to higher operating volumes,
the so-called “restrictive” pattern develops: fur-
ther increased E wave, shortened .., and reduced
A wave because of very large LV end-diastolic
pressure. A model study illustrating the effect of
reduced stiffness is shown in the next section.
Effect of Increasing Compliance on Diastolic
Indices

Fig. 7 is a model study that complements Fig. 6
by describing the changes in the pressure-flow rela-
tion subsequent to a decrease in stiffness, i.e., to an
increase in myocardial compliance. Left panel
shows that, under conditions where the only change
in model parameters is a decrease in chamber stiff-
ness (S, in equation[6]), the P-V loops differ only
in the value of LV end-diastolic pressure. The
effects on the pressure-flow relations are shown in
the right panel. As expected, along with the
decreased LV end-diastolic pressure there is a
decrease in mean LA filling pressure. The lower
LA pressure at the onset of filling results in a
decreased value of LVdp/dt at that moment and
hence a lower rate of change of the AV gradient.
The result is a decrease in the magnitude of the E
wave as well as of the E/A ratio. t,.. remains the
same although the rate of rise of the E wave
decreases, and ?;. increases. Thus, the shape of the
transmitral flow wave is determined by the frequen-
cy of oscillation of the AV pressure gradient. It is
important to note that the increase in deceleration
time of the E wave is NOT due to either a slowed
ventricular relaxation, i.e., it does not reflect
impaired relaxation, or to an increased dissipation
of energy, but rather to an increased chamber com-
pliance, and carries with it the benefit of a lower
filling pressure.
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Fig. 7 Model study illustrating the effect of increasing ventricular compliance on the frequency of

oscillation of the pressure gradient

Left: Pressure-volume loops of 2 ventricles of the same size and stroke volume but different passive dias-
tolic pressure-volume relations. The more compliant ventricle is identified by the lower end-diastolic pres-

sure (*).

Right : Pressure-flow relations for the 2 ventricles. Note particularly : The frequency of oscillation
decreases and the deceleration time increases in the more compliant ventricle, denoted by the time for AP
to reach the arrow: 377 msec in control vs 433 msec in more compliant.

LVV = left ventricular volume. Other abbreviations as in Figs. 1, 5.
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Fig. 8 Oscillographic record of left atrial and ventric-
ular pressures and transmitral flow synchro-
nized by the electrocardiogram (ECG; *)in a
dog with congestive heart failure following 3
weeks of rapid ventricular pacing
Note the high LVP,;, and end-diastolic pressure. f,.. =
70msec, tg. = 70msec; compare with Fig. 1. The
arrows indicate a fall in pressure following the atrial
contraction due either to a viscoelastic effect or an atrio-
ventricular interaction at the contracting mitral annu-
lus.

Abbreviations as in Figs. 1, 5.
[Redrawn from reference 53 with permission]

Diastolic Function in a Dog Model of Pacing-
Induced Congestive Heart Failure:
Remodeling of the Left Ventricle

The pressure-flow relations in a dog following 3
weeks of rapid ventricular pacing are shown in Fig.
8. Congestive heart failure is due to the very high
LV end-diastolic pressure and mean LA filling
pressure. The ventricle has also remodeled to the
dilated state with large V, and V,,. The shape of the
LV pressure indicates a very stiff ventricle with the
pulsed Doppler flow pattern being restrictive, i.e.,
small E wave duration and very large E/A ratio.
The E wave effects are due to the high frequency
oscillation of the AV pressure gradient; and the
diminished A wave is due to the very large after-
load faced by the atrium when it contracts. It is of
interest to examine the large fall in LV pressure
preceding its contraction (arrows in Fig. 8)because
this is not an unusual finding, particularly when the
PR interval is long enough to allow time for the
pressure to fall. There are 3 possible explanations.
Mitral regurgitation: The atrial pressure is
expected to fall because the atrium is emptying as
well as relaxing, but the ventricular pressure would
fall only if there were mitral regurgitation. But we
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Fig.9 Model study illustrating the changes in ventric-
ular properties and function in the dogs with
congestive heart failure presented in Fig. 8
In this study the ventricle has remodeled to increase
the dead volume (V,), and the equilibrium volume
(V,). Note also the large decrease in contractility
(decreased slope of ESPVR)in the failing ventricle,
leading to increased operating volumes, end-diastolic
volume and end-systolic volume.

P = pressure ; Vol = volume. Other abbreviations as
in Fig. 3.

reject this hypothesis because the A wave of mitral
flow is positive during the period when LV pressure
is falling.

Viscoelasticity : At large ventricular volumes a vis-
coelastic property could be manifest so that ventric-
ular pressure falls as filling rate decreases. This
explanation is possible but not yet proven.

Mitral annulus compliance: The contraction and
relaxation of the mitral annulus increases and
decreases the apparent stiffness of both the atrium
and the ventricle. This too is possible but not
proven.

It is now necessary to ask: Has ventricular stiff-
ness increased because the myocardium has
become less compliant, or because the ventricle is
operating on a stiffer portion of its diastolic pres-
sure-volume relation? When the data are analyzed
using the exponential approach, equation[4], the
ventricular chamber is apparently stiffer because «
increases. But we have found that when the data are
analyzed using the logarithmic approach, equation
(6], myocardial compliance is unchanged because
S, remains constant’®. Thus, after 4 weeks of rapid
ventricular pacing the ventricle has remodeled to an
increased equilibrium volume (V,: 40 to 105mi),
an increased maximum volume (V,,: 87 to 175ml),
and, contrary to expectations, no change in cham-
ber compliance (S,: 12.5 and 11.3mmHg). The
physiologic consequences of this remodeling
becomes evident, however, when we calculate the
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local stiffness at the operating end-diastolic pres-
sure (dP/dVepp: 0.49 to 1.3 mmHg/ml) . Thus, when
the Frank-Starling mechanism is utilized to
increase output, the normal ventricle can increase
its stroke volume by 5ml, for example, with an
increase in end-diastolic pressure of only
2.5mmHg; whereas the failing ventricle requires a
6.5mmHg increase in end-diastolic pressure to
increase its stroke volume the same amount. Of
course, this is also the reason that a failing ventricle
benefits from volume reduction: a small decrease
in end-diastolic volume leads to a large decrease in
LV end-diastolic pressure.

Fig. 9 uses the Meisner model to show the P-V
loops that describe the remodeling in this model of
heart failure and the physiologic reasons for the
changes in ventricular properties. Chronic ventricu-
lar pacing leads to a depression of contractility, a
decreased slope of the end-systolic pressure-vol-
ume relation, and the need to maintain stroke vol-
ume by chronic use of the Frank-Starling mecha-
nism, ie., by continually increasing the end-dias-
tolic volume. Myocytes increase in length and the
ventricular chamber dilates with sarcomeres added
in series. This geometric change leads to changes in
all 3 volume derived properties, V;, V, and V,,. The
reader should note that our conclusion regarding
the increase in compliance in this study should not
necessarily be applied to all other conditions. The
data of this section are presented to illustrate the
pressure-flow relations in another example of
changes in properties, and to demonstrate the value
of the logarithmic approach toward describing the
diastolic properties of the ventricular chamber.

Summary

The phasic character of the transmitral flow wave
is determined by the AV pressure difference and the
impedance of the mitral valve complex. The mea-
sured LV pressure is determined by the complex
contributions from 4 sources: rate and extent of
deactivation, passive myocardial properties, defor-
mation due to shape change, and viscoelasticity. An
understanding of the functional value of diastolic
indices is helped by an understanding of the basic
physiology. Many questions remain unanswered at
both the macro level, which has been the focus of
this commentary, and the micro level where the
ultimate source of function arises. New modalities
for the study of diastolic function at the macro level
are constantly under development®®, and progress
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is being made at the micro level*>%0. It is unfortu-
nate that the role of left atrial properties has not
received the attention required, considering that it is
more than 10 years since Ishida et al.¥ demonstrat-
ed the importance of LA pressure in creating the
early filling wave.

I trust that the reader understands that this paper
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