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Analysis of left ventricular diastolic function

Kazuhiro Yamamoto, Margaret M Redfield, Rick A Nishimura

Left ventricular diastolic function is a broad
term which refers to a group of complex
processes which interact to determine the resis-
tance to filling of the left ventricle.' Impairment
in one or more of these processes may increase
the resistance to filling and result in the need
for raised filling pressures to maintain filling
and cardiac output. Because of its complex and
multifactorial nature "diastolic function" is dif-
ficult to assess in patients. Doppler echocardio-
graphy has emerged as a powerful non-invasive
tool to assess the characteristics of left ventricu-
lar filling, producing insight into diastolic func-
tion and its effect on filling pressures. This
section will review the multiple interrelated
factors which affect diastolic function and how
Doppler echocardiography can be used to
assess diastolic filling of the left ventricle. The
interpretation of the various Doppler filling
velocity curves as well as the practical utility of
Doppler in the assessment of filling pressures
and prognosis will be discussed.
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Components of diastolic fimction
Diastolic function of the left ventricle is depen-
dent upon a sequence of multiple interrelated
events. For simplistic purposes, diastole can be
divided into two phases2: (1) the isovolumic
relaxation phase (composed of rapid left ven-

tricular pressure fall due to relaxation and elastic
recoil) and (2) the filling phase (composed of
continuing relaxation and elastic recoil,
myocardial stiffness, ventricular interaction,
and pericardial restraint) which can be further
divided into the process of early rapid filling,
the period of diastasis, and the period of atrial
systole. Relaxation is an energy-requiring
active process whereby calcium ions are

removed from the cytoplasm against a concen-

tration gradient allowing dissociation of the
contractile complex.' Relaxation is mainly
determined by cellular inactivation, loading
conditions, and non-uniformity in the ventricle.
The rate of relaxation determines the rate of left
ventricular pressure fall during the isovolumic
relaxation period characterised by the time con-

stant of isovolumic left ventricular pressure fall
(Tau). The impaired rate of relaxation slows
the rate of left ventricular pressure fall and pro-
longs Tau. An extent of relaxation determines
the myocardium's equilibrium length and thus
left ventricular equilibrium volume. Incomplete
relaxation results in a smaller left ventricular
volume at a given left ventricular pressure and
thus an increase of filling pressure is required to
maintain left ventricular diastolic volume. At
end systole the myocardium is compressed

shorter than its equilibrium length and elastic
energy is stored in the myocardium. The stored
energy which is released as relaxation starts
contributes to left ventricular pressure fall and
is referred to as elastic recoil or "suction".
Depressed systolic function results in increased
left ventricular end systolic volume and
impaired elastic recoil.

Left ventricular compliance is a passive func-
tion which indicates the distensibility of the
chamber during filling of the left ventricle. As
left ventricular compliance decreases, the
slope of the left ventricular diastolic pressure-
volume curve becomes steeper and there is a
larger increase in diastolic pressure with any
given filling volume. Left ventricular compli-
ance is primarily determined by myocardial
characteristics and load. Myocardial character-
istics are altered in the presence of myocardial
hypertrophy, ischaemia, fibrosis, or infiltration
(that is, amyloid). Because the diastolic
pressure-volume relation for any ventricle
shows concave curvilinearity,' left ventricular
"operant" compliance can be decreased as ven-
tricular volume is increased even without
changes in myocardial characteristics. Other
variables which influence left ventricular com-
pliance are ventricular interaction, pericardial
restraint, and coronary vascular engorgement.'
The cardiac chambers mechanically interact
with each other and increases in right ventricular
diastolic volume augment interventricular inter-
action and shift the left ventricular diastolic
pressure-volume curve upwards. Pericardial
restraint also shifts the diastolic pressure-
volume curve upwards, and thus left ventricular
diastolic pressure is increased at a given ventric-
ular volume. An increase in coronary artery
tugor reduces left ventricular compliance.

Clinical significance of diastolic
dysfunction
Recognition of the clinical significance of left
ventricular diastolic dysfunction has emerged in
the past 10 years. Impairment of diastolic func-
tion precedes systolic dysfunction in the pro-
gression of most cardiac diseases.67 Several
studies have reported that 30-40% of patients
with clinical symptoms of congestive heart fail-
ure have normal systolic function8-'0 and iso-
lated diastolic dysfunction as a cause of heart
failure is now well recognised. Furthermore,
even in the presence of systolic dysfunction, the
clinical symptoms of heart failure are influ-
enced primarily by the degree of diastolic dys-
function."-"3 In patients with pure "diastolic
heart failure" the therapeutic strategy may be
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Figure 1 Left atrial and left ventricular pressure tracings (LAP, LVP), transmitralflow
velocity curves (mitralflow), andpulmonary venousflow velocity curves (PVflow).
Abbreviations: A = flow velocity curve at atrial contraction (mitralA velocity curve); Ac
= aortic valve closure; D = pulmonary venous diastolicflow velocity curve; DT =

deceleration time of mitral E velocity curve; E = early diastolicflow velocity curve (mitral
E velocity curve); ECG = electrocardiogram; IVRT = isovolumic relaxation time;
pulmonaryA = reversal ofpulmonary venousflow velocity curve at atrial contraction; S
= pulmonary venous systolic flow velocity curve.

different from that in patients with "systolic
heart failure". '4 Though the concept of diastolic
heart failure is acknowledged, it remains diffi-
cult to establish this diagnosis clinically. Thus a

non-invasive method to assess diastolic func-
tion and filling pressures is needed.

Assessment ofleft ventricular diastolic
filling by digitisedM mode
echocardiography
The digitisation of the standard M mode
echocardiogram of the left ventricle enables a

continuous measure of left ventricular dimen-
sion throughout the cardiac cycle. This
provides information regarding ventricular dias-
tolic filling and is useful in characterising the

diastolic properties of patients with cardiac dis-
ease."5 For example, it has been shown that
patients with ventricular hypertrophy have a
reduced rate of increase in left ventricular
diameter during the rapid filling phase.'6 It is
proposed that the evaluation of left ventricular
diastolic filling flow velocities may provide
additional information to the assessment of left
ventricular diastolic function as compared with
the evaluation of the volume changes of the left
ventricle alone, and that these velocities can be
easily assessed by Doppler echocardiography.

Assessment ofleft ventricular diastolic
filling by Doppler echocardiography:
determinants oftransmitral and
pulmonary venous flow velocity curves
The advent of Doppler echocardiography has
resulted in a method by which velocities in car-
diac chambers and across valves can be mea-
sured non-invasively and easily. It has been
proposed that analysis of transmitral and pul-
monary venous flow velocity curves offers a
non-invasive approach for an indirect measure
of left ventricular diastolic function. It is impor-
tant to understand that Doppler velocity curves
assess filling of the left ventricle and do not
directly examine the complexities of the total
diastolic function of the heart (fig 1).

TRANSMITRAL FLOW VELOCITY CURVE
The transmitral flow velocity curves obtained
from pulsed wave Doppler reflect blood flow
from the left atrium to the left ventricle during
the diastolic filling period. When the sample
volume is placed at the level of mitral annulus,
there is a biphasic contour consisting of an early
diastolic flow velocity curve (mitral E) and a
flow velocity curve at atrial contraction (mitral
A), which have been confirmed to correspond
to the first derivative of left ventricular diastolic
volume recordings-that is, volumetric flow
rate.'7 Placement of the sample volume at the
tips of the mitral valve leaflets will record the
highest velocities, which are determined by the
left atrial to left ventricular pressure gradient
during diastole.'8 19 These velocities are used to
evaluate diastolic filling of the left ventricle
because they reflect the driving pressure across
the mitral valve. Transmitral Doppler variables
routinely assessed include mitral E velocity,
deceleration time of mitral E velocity curve,
mitral A velocity, and mitral A duration.
When left ventricular pressure falls below left

atrial pressure owing to ventricular relaxation,
there is a driving pressure across the mitral
valve which accelerates the velocity of the flow
and causes the mitral E velocity. Left atrial
pressure with continuing left ventricular relax-
ation and elastic recoil produces the transmitral
pressure gradient. During early diastolic filling,
left atrial pressure falls, the rate of fall being
determined by the emptying volume and left
atrial compliance. These determinants of the
positive pressure gradient determine the peak
mitral E velocity. As early diastolic filling con-
tinues, left ventricular pressure starts to
increase after reaching its nadir due to vis-
coelastic forces of the myocardium, passive
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Haemodynamic factors affecting transmitral and pulmonary venousflow velocity curves

LA factors

Mitral E velocity curve

Mitral A velocity curve

Pulmonary venous systolic
flow velocity curve

Pulmonary venous diastolic
flow velocity curve

Pulmonary venous A velocity
curve

LA pressure
LA compliance

LA pressure (prel(
contraction)

LA contractility
PR interval

LVfactors

Transmitralflow velocity curves
LV relaxation, elastic recoil (LV contractility)
LV compliance, interventricular interaction,
myocardial viscoelasticity

oad for atrial LV compliance, pericardial restraint,
interventricular interaction, coronary
vascular engorgement, myocardial viscoelasticity

Pulmonary venousflow velocity curve

LA contractility
LA relaxation
LA pressure
LA compliance

LV contractility (mitral annular motion)

LA pressure LV relaxation, elastic recoil (LV contractility),
LA compliance LV compliance, interventricular interaction,

myocardial viscoelasticity
LA pressure (preload for atrial contraction) LV compliance (including wave reflection),
LA contractility pericardial restraint, interventricular interaction,
LA compliance coronary vascular engorgement, myocardial
PR interval viscoelasticity

LA = left atrial; LV = left ventricular.

compliance, pericardial restraint, and ventricu-
lar interaction. The left atrial to left ventricular
pressure gradient decreases and eventually left
ventricular pressure exceeds left atrial pressure.
The rate at which the pressure gradient is
reversed determines the deceleration rate and
deceleration time of mitral E velocity curve.'9
The quicker the left ventricular pressure
increases, the shorter the deceleration time is.
The deceleration time has been shown to be
related to the "operant" left ventricular compli-
ance.20 With atrial contraction, left atrial pres-
sure rises and increases the transmitral pressure
gradient producing the mitral A velocity curve.
Increased left atrial preload enhances atrial con-
traction and increases the peak mitral A veloc-
ity.2' The filling of the left ventricle with atrial
contraction raises left ventricular pressure,
which contributes to the decrease in the pres-
sure gradient. Thus the pressure gradient at
atrial contraction phase and therefore peak
mitral A velocity'9 is determined by left atrial
systolic function, atrial preload, and left ven-
tricular compliance (table).

Isovolumic relaxation time (the time from
the aortic valve closure to mitral valve opening)
can be measured as the time interval between
the first high-frequency component of the sec-
ond heart sound on a phonocardiogram and the
onset of mitral E velocity by pulsed wave
Doppler. Alternatively, the interval between
aortic valve closure signal and mitral valve
opening signal on a continuous wave Doppler
signal intersecting left ventricular outflow
velocity and the mitral valve motion22 or the
interval between the first high-frequency com-
ponent of the second heart sound on a phono-
cardiogram and the initial cusp separation on
the mitral valve M mode echocardiogram23 can
be used, although the measured values are
slightly different among the methods. The iso-
volumic relaxation time is an indirect measure
of the rate of left ventricular relaxation as well
as the pressure at mitral valve opening.

PULMONARY VENOUS FLOW VELOCITY CURVE
Pulmonary venous flow velocity curves can be
obtained from transoesophageal or trans-
thoracic echocardiography by placing a sample
volume 1-2 cm proximal to the junction of the

pulmonary vein and the left atrium. The nor-
mal velocity curves consist of systolic and dias-
tolic forward flow and reversed flow at atrial
contraction (fig 1). Systolic forward flow (left
atrial filling during ventricular contraction) is
determined by left atrial relaxation, elastic
recoil after atrial contraction, atrial compliance,
and the downward mitral annular motion asso-
ciated with ventricular contraction.2s26 Atrial
relaxation affects early systolic flow while the
mitral annular displacement affects late systolic
flow. Thus the systolic flow velocity curve can
be biphasic, especially at low left ventricular fill-
ing pressures. A decrease in systolic forward
flow is seen in patients with loss of atrial con-
traction and relaxation, with high left atrial
pressures (that is, decreased left atrial compli-
ance) or with left ventricular systolic dysfunc-
tion (that is, decreased annular descent).
Moderate or severe mitral regurgitation attenu-
ates or reverses the systolic flow velocity
curve.27

Diastolic forward flow (left atrial filling dur-
ing early diastolic ventricular filling) largely
reflects mitral E velocity curve2829 as the left
atrium serves as a conduit during this phase.
Thus determinants of the mitral E velocity
curve are the main determinants of the pul-
monary venous diastolic flow velocity curve.
With atrial contraction, blood is ejected for-
ward into the left ventricle and retrogradely into
the pulmonary veins, and reversed flow is
observed in the pulmonary venous flow velocity
curve (pulmonary venous A). The distribution
of ejected blood depends on left atrial after-
load.22 24 30 Thus determinants of the mitral A
velocity curve affect the pulmonary venous A
velocity curve. Furthermore, the pulmonary
venous A velocity curve is affected by wave
reflection related to left ventricular and left
atrial compliance"' 32 (table).

Assessment of left ventricular diastolic
filling by Doppler echocardiography:
influence ofloading conditions
Transmitral flow velocity curves are sensitive to
preload and afterload.'819223033 An acute
decrease in left atrial pressure reduces the
transmitral pressure gradient in early diastole
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Figure 2 Left atrial and left ventricular
pressure tracings (LAP, LVP) and
transmitralflow velocity curves illustrating
alterations ofpressure tracings andflow
velocity curves associated with preload (A) or
afterload changes (B). An acute decrease in
preload is associated with smaller transmitral
pressure gradient in early diastole, and the
mitral E velocity is decreased in association
with prolonged deceleration time and
decreased mitralA velocity. The opposite
effects occur with preload augmentation. An
acute increase in afterload is associated with
increased left ventricular end systolic volume
(impaired elastic recoil and increase in left
ventricular minimal pressure), a slowed rate
of left ventricular relaxation, and increased
preload. Thus ifan increase in preload is not
great, the mitral E velocity is decreased
because of impaired relaxation and elastic
recoil. The mitralA velocity is increased
because of increased preload. See legend to
fig 1 for abbreviations.

with a subsequent drop in mitral E velocity.
The resultant reduction in early diastolic filling is
associated with a slower increase in left ventric-
ular pressure which prolongs the mitral deceler-
ation time. A decreased preload for atrial
contraction reduces the mitral A velocity (fig
2). Conversely, an increase in left atrial pres-
sure will increase the transmitral pressure gradi-
ent in early diastole with a subsequent increase
in mitral E velocity. Owing to the curvilinear
nature of the diastolic pressure-volume curve,
there will then be a more rapid rise in left ven-
tricular pressure which shortens the mitral
deceleration time.
An acute increase in afterload is associated

with increased left ventricular end systolic vol-
ume (impaired elastic recoil), a slowed rate of
left ventricular relaxation (when afterload is
increased in the early ejection phase), and
increased preload.33 34 Early diastolic filling and
subsequently the mitral E velocity are

decreased owing to impaired relaxation and
elastic recoil. With left ventricular relaxation
continuing into mid or even late diastole, left
ventricular filling continues to be impaired and
the mitral deceleration time is prolonged.
Mitral A velocity is increased by increased atrial
preload at the time of atrial contraction.
The description in this section is based on a

simplistic model: the transmitral flow velocity
curves depend on many other interrelated fac-
tors. However, these observations and explana-
tions do provide a conceptual framework for
the interrelation of the various transmitral flow
velocity curves seen in clinical studies.

Assessment of left ventricular diastolic
filling by Doppler echocardiography:
normal and abnormal filling patterns
NORMAL TRANSMITRAL FLOW VELOCITY CURVES
Several different types of filling patterns have
been seen in various disease states. These

velocity curves are related to many factors such
as systolic function, heart rate, and age.35 39
With aging, the mitral E velocity decreases, the
mitral A velocity increases, and the mitral
deceleration time and the isovolumic relaxation
time are prolonged.3637 With an increase in
heart rate, the mitral A velocity is increased.35
The loading conditions of the left ventricle also
affect these values as has been discussed above.
However, in healthy middle aged subjects, the
transmitral flow velocity curve consists of an E
velocity slightly higher than the A velocity with a

deceleration time between 180 and 240 ms and
an isovolumic relaxation time between 80 and
110 ms. A normal pulmonary venous flow

A Normal

I - LVP

LAP

30
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Abnormal relaxation Abnormal relaxation
and systolic dysfunction

-.a- LVP

Rate of

relaxation

LV minimal pressure

E

Ac

Increased filling pressures

Figure 3 Left atrial and left ventricular pressure tracings (LAP, LiVP) and transmitralflow velocity curves illustrating
alterations in pressure tracings andflow velocity curves associated with relaxation abnormality, systolic dysfunction, and
increased filling pressure. Relaxation abnormality slows the rate of relaxation with decreases in early diastolic transmitral
pressure gradient and peak mitral E velocity and prolongation of isovolumic relaxation time. In such patients, the
deceleration time of the mitral E velocity curve is unchanged or prolonged. To make upfor decreasedfilling in the early
diastolic phase, the contribution of atrial contraction is augmented by increased peak mitralA velocity. Additional systolic
dysfunction causes an increase in left ventricular end systolic volume and decreased elastic recoil. Left ventricular minimal
pressure (smal arrow) also increases and the early diastolic transmitral pressure gradientfurther decreases with a decrease
in peak mitral E velocity. If these abnormalities are associated with raisedfiUing pressures, early diastolic transmitral
pressure gradient increases with peak mitralE velocity. In such patients, isovolumic relaxation time and the deceleration
time of mitral E velocity curve are shortened and peak mitral A velocity is decreased (that is, "pseudonormalised" or

restrictive pattern). See legend tofig 1 for abbreviations.

velocity curve will usually have a systolic for-
ward flow slightly higher than the diastolic for-
ward flow. There will be a pulmonary venous A
velocity of less than 0O2 m/s.

ABNORMAL RELAXATION
Using pulsed wave Doppler Kitabatake et al
demonstrated that early diastolic filling is
impaired and filling at atrial contraction is aug-
mented in patients with cardiac disease.40 These
findings were described as being characteristic
of impaired left ventricular relaxation.2230
Abnormal relaxation induces a slow rate of left
ventricular pressure fall in the early diastolic
phase with a reduction in the early diastolic
transmitral pressure gradient and mitral E
velocity (fig 3). Such a slow left ventricular
pressure fall prolongs the isovolumic relaxation
time. A compensatory augmentation of atrial
contraction increases mitral A velocity. In

patients with severely impaired relaxation the
effective diastolic filling period (from the onset
of mitral E velocity to the end of mitral A veloc-
ity) is shortened and the transmitral flow veloc-
ity curve shows only single peak (summation),
particularly with increased heart rate or first
degree atrioventricular block.23354' In the pul-
monary venous flow velocity curves, diastolic
forward flow velocity is decreased, reflecting a

decrease in mitral E velocity, and systolic flow
velocity is increased. The pulmonary venous A
velocity is not enhanced in this early stage of
cardiac disease if left ventricular compliance
remains normal.

PSEUDONORMALISATION
As cardiac disease progresses, left ventricular
compliance is reduced and left atrial pressure
eventually increases. As left atrial pressure
increases, the early diastolic transmitral pres-

Normal
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Figure 4 Simultaneous transmitralflow velocities and left ventricular pressure curves
from two patients (upper and lower), before and after intravenous administration of
verapamil. In patients with coronary artery disease, intravenous verapamil increases the
EIA ratio ("normalises" EIA ratio) but is associated with further impairment in relaxation
(increased time constant of isovolumic left ventricular pressure fall (Tau)). The increase in
EIA ratio is caused by increases in left ventricularfilling pressures-that is,
"pseudonormalisation". Abbreviations: edp = end diastolic pressure; LVEDP = left
ventricular end diastolic pressure; see legend tofig 1 for other abbreviations. (Reprinted
with permission from the American College of Cardiology (JAm Coll Cardiol
1993;21:182-8)).42

sure gradient and the mitral E velocity are
increased with the shortened isovolumic relax-
ation time2230 (fig 3). The reduced ventricular
compliance results in a shortened deceleration
time and a decrease in the mitral A velocity.
Thus the underlying left ventricular relaxation
remains abnormal but the transmitral Doppler
variables can appear "normal". This phenome-
non is referred to as "pseudonormalisation": it
explains why an assessment of diastolic func-
tion with transmitral flow velocity curves alone

200 ms

1 Young

m/s IVRTE

0.5
m/s

0

Normal

Middle age

may be misleading42 (fig 4). With pseudonor-
malisation of mitral E velocity, pulmonary
venous diastolic flow velocity is increased. The
systolic forward flow velocity is usually
decreased with increased left atrial pressure.
However, the systolic forward flow velocity may
not necessarily be decreased in patients with
preserved ventricular systolic function.
Reflecting increased resistance to left ventricu-
lar filling at atrial contraction, pulmonary
venous A velocity is increased and widened.324344

RESTRICTION TO FILLING
As alteration in ventricular compliance and
atrial pressures progresses, the mitral E velocity
and E/A ratio increase further with marked
decreases in the deceleration time and isovolu-
mic relaxation time. This constellation of find-
ings is referred to as a "restrictive pattern".22 30
Usually, the E/A ratio is more than 2-0 and the
mitral deceleration time is less than 150 ms.
Pulmonary venous diastolic flow velocity and
pulmonary venous A velocity increase further
with a further decrease in the systolic flow
velocity.

PROGRESSION OF FLOW VELOCITY CURVES AND
DISEASE STATES
Based on these observations, a simplified
schematic diagram illustrating the progression
of these flow velocity curves in disease states
has been proposed45 (fig 5). These progressive
changes have been clearly demonstrated in
individual patients with cardiac amyloidosis.46
The clinical significance of these curves has
been verified in patients with other cardiac dis-
eases by demonstrating that a "pseudonormal"
or "restrictive" transmitral flow velocity curve
indicates a poor prognosis." 47 48 As is evident
from fig 5, patients found to have an abnormal
relaxation pattern are usually minimally symp-
tomatic in the early stage of disease progres-
sion.

Conversely, patients with a restrictive pattern
are usually symptomatic in the end stage of
disease progression. There can be rapid alterna-
tion between abnormal relaxation and pseudo-
normal patterns or between pseudonormal and

Impaired relaxation
S

Mild Severe Decrease in LV compliance
,~~ ~ ~~~~

Older Mild

IN

Moderate Severe

. \A, AA
PV PVd

PVa v v 'Vi / A / / / V

Figure 5 Diagram showing the hypothetical progression of changes in transmitral and pulmonary venous flow velocity
curves that occur with aging and in cardiac disease with progressive diastolic dysfunction. With aging or in patients with
many types of cardiac diseases that cause impairment of left ventricular relaxation, mitral E velocity and pulmonary
venous diastolic flow velocity (PVd) progressively decrease while isovolumic relaxation time (IVRT), the deceleration time
of the mitral E velocity curve, and pulmonary venous systolic flow velocity (PVs) increase. Pulmonary venousA velocity
(PVa) may be normal (solid line) or increased (dashed line) at this stage depending on left atrial and left ventricular
compliance and left atrial systolic function. In association with a decrease in left ventricular compliance, left atrial pressure
begins to increase with increases in mitral E velocity, pulmonary venous diastolicflow velocity, and pulmonary venous A
velocity and duration and decreases in the deceleration time of mitral E velocity curve, mitral A velocity and duration, and
pulmonary venous systolicflow velocity. At these stages, the transmitralflow velocity pattern is "pseudonormalised" and
then "restrictive". (Reprinted with permission from Echocardiography 1992;9:437-57). 4
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Figure 6 Pulsed Doppler pulmonary venous flow velocity curve (PVflow), transmitr,
flow velocity curve (mitralflow), and left ventricular pressure tracing (LVP) in a pati
with an ejection fraction of22%. Raised left ventricular end diastolic pressure (LIVEDI
associated with a decrease in peak pulmonary venous systolic flow velocity and increase
peak pulmonary venous diastolicflow velocity and peak pulmonary venousA velocity.
transmitralflow velocity curves, peak mitralE velocity is increased, the deceleration tin
of mitral E velocity curve is shortened, and peak mitralA velocity is decreased. A
comparison of transmitral and pulmonary venous flow velocity curves demonstrates tha
the duration of the pulmonary venousA velocity curve is longer than that of the mitral
velocity curve and that cessation of the pulmonary venous A velocity curve occurs later
than that of the mitralA velocity curve as determined by reference to the R wave on th

electrocardiogram. See legend tofig 1 for abbreviations.

early restrictive patterns in the same pati
depending on the treatment and respons(
therapy. However, we have not seen the abi
mal relaxation pattern revert back to a nor
pattern or the late stage restrictive pat
revert back to the pseudonormal pattern.

In a patient who has had serial assessmer
transmitral filling velocity curves the prog
sion of disease can usually be identified.
instance, if an initial assessment revealed
abnormal relaxation pattern, the occurr
of a "normal" velocity curve would indi
a "pseudonormal" pattern with raised fi

pressures and worsening ventricular con

ance. However, in a patient presenting for the
first time with a normal transmitral flow velocity
curve it is not easy to distinguish between a

j "pseudonormal" transmitral flow velocity curve
and a "normal" curve; additional information is
necessary. As fig 5 shows, in patients with a

"pseudonormal" transmitral flow velocity
-f curve, pulmonary venous A velocity is fre-

quently enhanced. A reduction in E/A during
the Valsalva manoeuvre is likely to be large in
patients with a pseudonormal flow velocity
curve.49 Detecting raised pulmonary artery end
diastolic pressure, an enlarged left atrium, a

)P reduced left atrial ejection fraction, and
reduced rate of left ventricular wall thinning
during early diastole may be helpful.414450
Recently new markers for quantitatively detect-
ing diastolic dysfunction were proposed. One is
to measure the intraventricular propagation of
early diastolic filling flow with colour M mode
or multigated pulsed Doppler echocardiogra-
phy.515' In patients with relaxation abnormality,
the flow propagation is impaired independently
of filling pressures. Another is to use continu-
ous wave mitral or aortic regurgitant flow veloc-
ity curves to calculate -dP/dt and Tau.5354

Assessment of left ventricular filling
pressures
Giannuzzi et al55 recently reported that the
mitral deceleration time and E/A ratio correlate
well with filling pressures in patients with poor
systolic function. The deceleration time corre-
lated better than the E/A ratio. In patients with
left ventricular systolic dysfunction, the trans-
mitral flow velocity curve can be reliably used
to determine left ventricular filling pressures.
As mean left atrial pressure goes up, there will
be a high E/A ratio and a short deceleration
time. However, these indices may not necessar-
ily correlate as well with filling pressures in a
more heterogeneous population.4456 If there are
patients with normal systolic function, a decel-
eration time of 200 ms could arise from either a

al normal (normal left atrial pressure) or "pseudo-
ent a"(mcinraenormal" (much increased left atrial pressure)
es in transmitral flow velocity curve and the transmi-
In tral flow velocities may not reflect filling pres-
rne sures (figs 6 and 7).
zt Pulmonary venous flow velocity curves can
'A be used as an adjunct to transmitral flow veloc-

ity curves to assess filling pressures. With an
increase in filling pressures, pulmonary venous
systolic fraction (a ratio of the time-velocity
integral of the systolic forward flow velocity

ient, curve to the time-velocity integrals of the sys-
e to tolic and diastolic forward flow velocity curves)
nor- and the ratio of peak systolic to peak diastolic
rmal forward flow velocities decrease and peak dias-
tern tolic flow velocity and peak pulmonary venous

A velocity increase.435758 Although generally a
it of low systolic fraction reflects a high filling pres-
zres- sure, pulnonary venous flow velocity curves are
For also affected by many other variables.'>'729

I an Thus a patient with hyperdynamic systolic
ence function which causes rapid descent of the
icate annulus may maintain a high systolic fraction
Iling despite a high filling pressure.
npli- Recent studies have reported the utility of
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ECG
PV flow

4"S

Pulmonary A *- N

LVP ~~velocity curves, they can reflect the progression

~of diastolic dysfunction. Recent clinical studies

have demonstrated that an increased E/A

(> 2.0) and/or a shortened deceleration time of

the mitral E velocity curve (< 150 ms)-that is,

a restrictive pattemn-is a strong marker of the

progression of cardiac diseases and of poor

prognosis in patients with dilated cardiomyopa-

thy, amyloidosis, and old myocardial infarction

independently of their systolic function.'"4-46
Thus assessment of diastolic filling is important

for prognosis independently of systolic func-

tion. Doppler echocardiographic assessment of

cagsin filling dynamics resulting from

NEI[) changes in left ventricular diastolic property is

useful in assessing the progression of cardiac

I diseases4 61(fig 5).

\4Summnary
Our understanding of left ventricular diastolic

function has evolved with our understanding of

Doppler echocardiographic assessment of left

ventricular filling dynamics. Left ventricular

diastolic function consists of several variabl'es
which affect the Doppler echocardiographic

recordings in a complex way. Wh-ile there are

still limitations with the non-invasive assess-

ment of left ventricular diastolic function and

filling pressures by Doppler echocardiography,

great progress has been made and careful inter-

transmitral pretation of properly obtained Doppler record-

in a patient ings can give clinically relevant informnation
ure concerning left ventricular diastolic function,
er than peak ifilling pressures, and prognosis in patients with
than peak cricdsae
;hortened.
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Figure 7 Pulsed Doppler pulmonary venous flow velocity curve (PVflow),
flow velocity curve (mitralflow), and left ventricular pressure tracing (LVP).
with an ejection fraction of 70%. Although left ventricular end diastolic pressi
(LVEDP) is increased, peak pulmonary venous systolic flow velocity is highe
pulmonary venous diastolic flow velocity, and peak mitral E velocity is lower
mitral A velocity. The deceleration time of the mitral E velocity curve is not s
However, peak pulmonary venous A velocity is increased, the duration of the
venous A velocity curve is longer than that of the mitral A velocity curve, ang

of the pulmonary venous A velocity curve occurs later than that of the mitral

curve as determined by reference to the R wave. See legend to fig 1 for abbret

the combined analysis of transi

pulmonary venous flow velocity

assessing filling pressures.324Mats
demonstrated that the left atrial pr(
with atrial contraction increased in

and duration as left ventricular dia
sures increased and the prolongatioi
atrial pressure wave at atrial conti

thought to be due to increased wav
from a non-compliant left ventricle
this observation they postulated

changes in atrial pressure would p-
monary venous A duration and dt
that the duration of the pulmonar

velocity curve exceeded that of t1
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pressures and that the difference ii

tions correlates well with filling pres,
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