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Introduction

Asymptomatic diastolic dysfunction in the general 
population is common, even in patients without 
congestive heart failure, 1,2 and the prevalence 
of moderate to severe diastolic dysfunction in 
asymptomatic patients increases in patients >65 
years old with associated hypertension and coro-
nary artery disease.2 The presence of diastolic 
dysfunction alone predicts worse outcome, with 
worse prognosis as the degree of diastolic 
dysfunction increases.2 Thus, it is important to 
identify and treat underlying problems (most fre-
quently, hypertension) in patients with diastolic 
dysfunction.

In population-based studies, diastolic heart 
failure (DHF) accounts for up to half of patients 
with the diagnosis of congestive heart failure [2–
6]. Although DHF can be diagnosed clinically by 
documenting the presence of signs and symptoms 
of heart failure and preserved systolic function 
(EF ≥50%), objective evidence of diastolic dys-
function and increased fi lling pressure should 
also be demonstrated.7–9

Evaluation of diastolic function consists of 
assessing myocardial relaxation, fi lling pressures, 
and left ventricular (LV) compliance. Although 
diastolic dysfunction can be diagnosed invasively 
by cardiac catheterization,10 this is not always 
feasible or practical. Both two-dimensional and 
Doppler echocardiography can be used to non-
invasively assess diastolic function. Although 
systolic function and major cardiac structures 
are usually normal in patients with DHF, two-
dimensional echocardiography is useful in 

identifying changes, although subtle, associated 
with cardiac diseases that result primarily in dia-
stolic dysfunction. These changes include reduced 
motion of the mitral annulus, increased left atrial 
size, and frequently increased LV wall thickness. 
Left ventricular diastolic function is more objec-
tively characterized by the mitral infl ow pattern, 
pulmonary and hepatic vein Doppler velocities, 
tissue Doppler imaging of the mitral annulus, and 
color fl ow imaging of mitral infl ow.

Two-Dimensional Echocardiography

Two-dimensional echocardiography can be used 
to evaluate anatomic changes of diseases that 
cause diastolic dysfunction, including hyperten-
sion, hypertrophic cardiomyopathy, infi ltrative 
diseases, and restrictive cardiomyopathy. Left 
ventricular wall thickness is frequently increased 
in patients with primary diastolic dysfunction or 
heart failure. Myocardial relaxation is usually 
decreased when LV wall thickness is increased 
unless it is related to conditioning and exercise. 
However, most patients with increased wall thick-
ness do not experience heart failure symptoms. 
Another important point is that increased 
wall thickness does not always indicate LV 
hypertrophy and may represent infi ltrative car-
diomyopathy. In cardiac amyloid, the electro-
encephalographic voltage is low despite increased 
LV wall thickness. Diastolic dysfunction results in 
chronically elevated LV fi lling pressures that lead 
to increased left atrial enlargement. Thickened 
pericardium and abnormal ventricular septal 
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motion associated with respiratory changes in 
ventricular fi lling are features of constrictive peri-
carditis, another cause of DHF, which are readily 
identifi ed by two-dimensional echocardiography 
(see Chapter 21). Right atrial pressures can be 
increased in diastolic dysfunction, causing infe-
rior vena cava and hepatic vein dilatation. In 
addition, systolic dysfunction, valvular heart 
disease, LV dilatation, and other structural heart 
diseases can be excluded with two-dimensional 
echocardiography.

The atria remodel and enlarge with systolic 
heart failure and DHF.11 With progressive degrees 
of diastolic dysfunction, left atrial size and volume 
increase,12 and increased left atrial volume indexed 
to body surface area is predictive of future cardio-
vascular events, including atrial fi brillation, heart 
failure, myocardial infarction, stroke, and cardio-
vascular death, independent of other clinical and 
echocardiographic risk factors.13,14

Most commonly, left atrial volume is measured 
by the biplane area–length method. The left atrial 
area obtained by planimetry in the apical four-
chamber (A1) and apical two-chamber views (A2), 
and the left atrial length measured from the mitral 
annulus to the posterior left atrial wall in either 
view are used in the calculation of left atrial 
volume15:

Left atrial volume = (0.85 × A1 × A2)/Length

The resulting left atrial volume is then indexed to 
body surface area. Normal left atrial volume 
usually excludes clinically important diastolic 
dysfunction, and, conversely, left atrial enlarge-
ment indicates presence of diastolic dysfunction 
unless it is related to increased stroke volume in 
individuals with trained bradycardic heart.

Doppler Echocardiography

Left Ventricular Diastolic Function

Mitral Inflow Velocities

Assessment of the transmitral velocities is usually 
the fi rst Doppler evaluation of LV diastolic func-
tion and fi lling. At the onset of diastole, LV pres-
sure falls below left atrial pressure during active 
relaxation, followed by mitral valve opening and 
early diastolic fi lling. Mitral infl ow decelerates as 

LV pressure rises and exceeds left atrial pressure 
with rapid fi lling and then increases again with 
atrial contraction. Normally, early diastolic fi lling 
accounts for 70%–80% of fi lling, with atrial con-
traction accounting for 20%–30%. Changes in the 
transmitral pressure gradient during diastole are 
demonstrated by the mitral infl ow peak velocities 
recorded by pulsed wave Doppler and consist of 
early rapid fi lling (E wave) and late fi lling due to 
atrial contraction (A wave; Figure 10.1).16,17 The 
deceleration time is the time interval from the 
peak E velocity until it declines to baseline, extrap-
olated to zero velocity. Different degrees of dia-
stolic dysfunction correspond to specifi c mitral 
infl ow patterns, which demonstrate the relation-
ship between LV and left atrial pressures.16,17 In 
normal, healthy individuals, the E/A ratio is >1.0. 
With delayed relaxation, the E/A ratio is reduced 
and deceleration time is prolonged due to slower 
equilibration of left atrial and LV pressures. In a 
noncompliant ventricle with elevated fi lling pres-
sure, the E/A ratio is increased with a shorter 
deceleration time (see Figure 10.1).

To measure mitral infl ow velocities, the ultra-
sound transducer is placed at the apex, and a 1–2-
mm sample volume is placed at the tip of the 
mitral valve leafl ets in the apical four-chamber 
view during diastole. Accurate measurement of 
the mitral infl ow velocities is dependent on appro-
priate placement of the sample volume as well as 
the heart rate. The maximal mitral fl ow velocity 
occurs at the tips of the mitral valve; placement of 
the sample volume at sites other than the mitral 
leafl et tips may result in underestimation of the 
fl ow velocities. At higher heart rates and with fi rst 
degree atrioventricular block, the mitral infl ow 
velocities may be fused. In this situation, the 
deceleration time is diffi cult to determine, and the 
A velocity may be increased. If the E velocity has 
not declined to baseline and remains higher than 
0.2  m/s, measurement of the A velocity and the 
E/A ratio may be inaccurate. The mitral A wave 
duration may also be useful in determining LV 
end-diastolic pressure.18,19 In atrial fi brillation, the 
A wave is absent.

Pulmonary Vein Flow Velocity

Pulmonary vein fl ow velocity refl ects left atrial 
fi lling, pressures, and compliance and can also be 
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recorded by pulsed wave Doppler. Of the four pul-
monary veins, the right upper pulmonary vein is 
the most readily seen by transthoracic echocar-
diography in the apical four-chamber view (Figure 
10.2A). Color fl ow imaging of the posterior left 
atrium may help visualize the color fl ow into the 
left atrium at the orifi ce of the right upper pulmo-
nary vein, and a 5-mm sample volume is placed 
in the pulmonary vein 1 to 2  cm from the orifi ce, 
where pulmonary vein pressure begins to approx-
imate left atrial pressures.20 Normal pulmonary 
vein fl ow consists of biphasic systolic forward 
fl ow (PVs1, PVs2), diastolic forward fl ow (PVd), 
and atrial reversal due to atrial contraction (PVa; 
Figure 10.2B). The two components of systolic 
fl ow correspond to early systolic fl ow due to atrial 
relaxation (PVs1), followed by mid to late systolic 
fl ow due to increasing pulmonary venous pres-
sure (PVs2). The two pulmonary vein systolic 
velocities may not be distinct even in normal 
patients. Diastolic forward fl ow occurs with the 
fall in left atrial pressure after mitral valve opening. 
Atrial reversal is a low velocity waveform that 
refl ects fl ow reversal in the pulmonary vein due to 
atrial contraction in late diastole.20

Although pulmonary vein fl ow velocity pat-
terns cannot be used alone to characterize dia-
stolic function, they complement mitral infl ow 
patterns. In normal patients, pulmonary vein sys-
tolic velocity is equal to or higher than diastolic 
velocity. With impaired ventricular relaxation, 
pulmonary vein systolic forward fl ow is blunted, 
and the majority of forward fl ow into the left 
atrium occurs during diastole, resulting in a rela-
tively higher PVd than PVs2 (Figure 10.3). When 
LV fi lling pressures are increased, peak PVd is 
increased and the deceleration time of PVd is 
shortened.21 Together with the mitral infl ow A 
velocity duration, PVa refl ects LV end-diastolic 
pressure. A PVa duration greater than the mitral 
A velocity predicts an LV end-diastolic pressure 
of 15–20  mm  Hg or greater.18,19

Tissue Doppler Imaging of Mitral 
Annular Velocity

Mitral annular motion during early diastole 
refl ects LV relaxation and is useful in the assess-
ment and classifi cation of diastolic dysfunction.22–25 

FIGURE 10.1. Pulsed wave Doppler recordings of mitral inflow 
velocity to determine diastolic filling pattern. These Doppler 
recordings represent impaired myocardial relaxation (left), normal 
(center), and restrictive diastolic filling pattern (right). In impaired 
relaxation pattern, which is an initial diastolic dysfunction, early 
diastolic velocity (E) is reduced and deceleration (DT) time is pro-
longed, usually longer than 240  ms. The late diastolic filling veloc-
ity at the time of atrial contraction (A) is augmented and higher 
than E. In normal mitral inflow velocity, E velocity is equal to or 

higher than A velocity, and deceleration time ranges from 160 to 
240  ms. In the restrictive filling pattern, early diastolic velocity (E) 
is increased, usually higher than 1  m/s with short deceleration 
time of less than 160  ms, and A velocity is reduced with a resulting 
E/A ratio >2. Frequently, we see diastolic mitral regurgitation in 
the restrictive filling pattern due to increased diastolic filling pres-
sure (arrowheads). (Reprinted with permission from Oh J, et al. 
Echo Manual, 2nd ed. Philadelphia: Lippincott Williams & Wilkins; 
1999.)
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Longitudinal mitral annular velocities can be 
recorded with tissue Doppler imaging from the 
apical four-chamber view, with a 2–5-mm sample 
volume placed at the medial or lateral aspect of 
the mitral annulus. Interrogation of the mitral 
annulus usually results in three waveforms, the 
systolic (S′) velocity of systolic annular motion, 
and two diastolic velocities, refl ecting early (E′) 
and late (A′) diastolic annular motion (Figure 
10.4A). Normally, the E′ velocity is equal to or 
higher than A′, and this ratio reverses with dia-
stolic dysfunction as E′ decreases with impaired 
relaxation and in all stages of diastolic dysfunc-

tion (Figure 10.4B). E′ is less dependent on volume 
and loading conditions than transmitral fl ow 
velocities, although, with normal myocardial 
relaxation, E′ increases with higher preload. 
However, in patients with impaired relaxation, E′ 
is reduced and affected less by changes in preload.23 
Thus E′ may be combined with transmitral fl ow 
velocities to further defi ne diastolic function. The 
ratio of early transmitral velocity and early dia-
stolic mitral annular velocity, E/E′, correlates with 
pulmonary capillary wedge pressure measure-
ments and is not affected by sinus tachycardia or 
the presence of atrial fi brillation.25–28

A

B

FIGURE 10.2. (A) Apical four-chamber view with color flow 
imaging demonstrating pulmonary venous flow from the right 
paraseptal vein. Sample volume (arrow) is placed in the pulmonary 
vein guided by the color flow imaging. RV, right ventricle; LV, left 
ventricle. (B) Diagram of the atria (LA, left atrium; RA, right atrium) 

and pulmonary vein demonstrating the optimal location of sample 
volume (SV) placement. See text for details. (Reprinted with per-
mission from Oh J, et al. Echo Manual, 2nd ed. Philadelphia: 
Lippincott, Williams & Wilkins; 1999.)
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Propagation Velocity by Color 
M-Mode Echocardiography

As blood moves from the base of the left ventricle 
to the apex during diastole the velocity of blood 
fl ow decreases. This change in velocity of blood 
fl ow through the ventricle is called the mitral 

infl ow propagation velocity and can be demon-
strated by measuring the slope of the color 
M-mode pattern from the mitral annulus to the 
apex (Figure 10.5A).29–31 With narrow sector color 
Doppler imaging in the apical four-chamber view, 
the M-mode cursor is placed in the center of the 
mitral infl ow blood column. The color fl ow base-
line is adjusted so that the central, highest velocity 
jet is blue, and color aliasing occurs at the edges 
of the blood column. The slope of the edge of the 
color M-mode, where the fi rst aliasing velocity 
occurs, is measured from the mitral annulus to 
4  cm from the apex. In normal hearts, early dia-
stolic fi lling is rapid and the change in mitral 
infl ow velocity from the mitral annulus to the 
apex is minimal, resulting in a steep slope and 
higher propagation velocity. In diastolic dysfunc-
tion, early diastolic fi lling is slower, and the slope 
of the color M-mode is prolonged and propaga-
tion velocity is reduced (Figure 10.5B). A pro-
pagation velocity of ≥50  cm/s is considered 
normal29–30 An abnormal propagation velocity 
indicates impaired relaxation.29 Propagation 
velocity can also be used to estimate pulmonary 
capillary wedge pressure when combined with 
isovolumic relaxation time or transmitral E veloc-
ity.32,22 However, measurement of propagation 
velocity may be affected by cardiac size and 
preload.34 An E to propagation velocity ratio of 
≥2.5 predicts a pulmonary capillary wedge pres-
sure of >15  mm  Hg.33

Right Ventricular Diastolic Function

Tricuspid Inflow Velocity

Right ventricular diastolic function can be mea-
sured by recording tricuspid infl ow velocities.35 
The transtricuspid gradient creates a similar 
infl ow pattern to mitral infl ow. Right ventricular 
diastolic fi lling pattern may be different from the 
mitral infl ow pattern in the same patient. Tricus-
pid infl ow velocities are typically lower than mitral 
infl ow velocities, and, unlike mitral fl ow, tricuspid 
fl ow velocities normally vary with respiration.

Hepatic Vein Velocities

Hepatic vein velocities refl ect right atrial fi lling, 
volume, and compliance. Using pulsed wave 
Doppler, a 2–5-mm pulsed wave sample volume 

FIGURE 10.3. Pulsed wave Doppler recording of mitral inflow (MV) 
(top) and pulmonary vein (PV) (bottom) flow velocities. The E/A 
ratio is slightly less than 2 and deceleration time is 180  ms. The PV 
flow velocity shows predominant diastolic forward flow velocity, 
which indicates increased left atrial pressure. The PV atrial flow 
reversal is also longer (160  ms) than the duration of the A wave 
(120  ms), indicating that mitral flow velocity is “pseudonormal-
ized.” (Reprinted with permission from Oh J, et al. Echo Manual, 
2nd ed. Philadelphia: Lippincott, Williams & Wilkins 1999.)
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A

B

FIGURE 10.4. (A) Recording of pulsed tissue Doppler velocity from 
the septal mitral annulus. There are three major velocity compo-
nents: S′, systolic velocity; E′, early diastolic velocity of the mitral 
annulus, which reflects myocardial relaxation; and A′, late diastolic 
mitral annulus velocity with atrial contraction. The peak velocity of 
each component is used for measurement. Each small horizontal 
bar indicates 200  ms, and large bar indicates 1  s. (B) Patterns of 
mitral inflow and mitral annulus velocities in various stages of 
diastolic dysfunction. Mitral annulus velocity was obtained from 
the septal side of the mitral annulus using Doppler tissue imaging. 
Each calibration mark in the recording of the mitral annulus 

velocity represents 5  cm/s. Early diastolic annulus velocity (E′) is 
greater than late diastolic annulus velocity (A′) in a normal pattern. 
In all other patterns, E′ is reduced and lower than the A′ velocity. 
In relaxation abnormality, E′ and A′ have a change similar to that 
of the E and A velocities of mitral inflow. However, when diastolic 
filling pressures increase (pseudonormalized and restrictive physi-
ology), E′ remains reduced (i.e., persistent underlying relaxation 
abnormality) while mitral inflow E velocity increases. Hence, E/E′’ 
is useful for estimating left ventricular filling pressures. (Reprinted 
with permission from Sohn et al.22).
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A

B

FIGURE 10.5. (A) Normal color flow propagation velocity of mitral 
inflow indicated by the yellow slope. (B) Color flow M-mode echo-
cardiogram of mitral inflow velocity from a normal individual. 
Color flow map baseline was shifted upward to decrease the posi-
tive aliasing velocity. The manipulation of the color flow map 
allows demonstration of the highest velocity of the early diastolic 

is placed in the hepatic vein in the subcostal view. 
Combined with inferior vena cava dimension, 
hepatic vein velocities can be used to assess right 
atrial pressure.36 Normal hepatic vein fl ow con-
sists of systolic forward fl ow, diastolic forward 
fl ow, systolic fl ow reversal, and diastolic fl ow 
reversal (Figure 10.6). In normal patients, systolic 

forward fl ow velocity exceeds diastolic forward 
fl ow velocity, without signifi cant reversal veloci-
ties.37 The effect of elevated right ventricular fi lling 
pressure on hepatic vein fl ow velocities is analo-
gous to the change in pulmonary vein fl ow veloc-
ity with elevated LV fi lling pressure. Hepatic vein 
systolic forward fl ow velocity is decreased and 

velocity of mitral inflow. The slope of the flow propagation of 
mitral inflow E is measured by calculating the slope of the highest 
velocity. In this case, the distance the blood traveled was 3  cm, and 
the time it took to travel from the annulus to 3  cm apically was 
75  ms. Therefore, the slope was 40  cm/s (3  cm/0.075  s), which is 
reduced.
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diastolic forward fl ow velocity is increased with 
elevated right ventricular fi lling pressure. Changes 
in hepatic vein fl ow reversals and hepatic vein 
forward fl ow that occur with timing and respira-
tion are important in the diagnosis of tricuspid 
regurgitation, constrictive pericarditis, tampon-
ade, restrictive cardiomyopathy, and pulmonary 
hypertension.38,39 In constrictive pericarditis, dia-
stolic forward fl ow is limited, with more promi-
nent systolic forward fl ow and signifi cant diastolic 
fl ow reversal, especially during expiration. Dia-
stolic fl ow reversals are also seen in pulmonary 
hypertension but without signifi cant respiratory 
variation. Restrictive cardiomyopathy is charac-
terized by decreased systolic forward fl ow and 
increased systolic and diastolic fl ow reversals with 
inspiration. Systolic fl ow reversals may occur with 
severe tricuspid regurgitation but is not diagnos-
tic of severe tricuspid regurgitation.

Superior Vena Cava Velocities

Superior vena cava velocities also refl ect right 
atrial fi lling and are obtained from the right 
supraclavicular window. A 2–5-mm pulsed wave 
Doppler sample volume is placed at a depth of 5–
7  cm. Systolic forward fl ow velocity is higher than 
diastolic forward fl ow velocity in normal patients 
and is decreased with increasing right atrial pres-
sure. Superior vena cava velocity is increased with 
inspiration, but this respiratory variation is less 
prominent with increased right atrial pressure.

Classification of Diastolic Function

Grading of Diastolic Dysfunction

Diastolic function is graded from 1 to 4 based on 
the severity of the diastolic fi lling pattern refl ected 
by the mitral infl ow velocities.40 Further classifi ca-
tion may require supplementation of the mitral 
infl ow pattern by additional Doppler echocardio-
graphic parameters of diastolic function, includ-
ing pulmonary vein fl ow velocity, mitral annular 
velocity, and color M-mode echocardiography 
(Figure 10.7). Normally, diastolic fi lling is affected 
by variations in heart rate, respiration, loading 
conditions, and atrioventricular conduction. 
Impaired relaxation is usually the fi rst manifesta-
tion of diastolic dysfunction. As diastolic function 
worsens, left atrial pressure rises and deceleration 
time shortens, giving a pseudonormalized pattern. 
Restrictive fi lling occurs as LV compliance is 
affected. Irreversible restrictive fi lling is the fi nal 
stage of diastolic dysfunction. Grading of diastolic 
function is discussed below.

Normal

In normal patients, most of diastolic fi lling occurs 
during early diastole, with minimal contribution 
from atrial contraction. The E/A ratio is ≥1.5, 
deceleration time ranges from 160 to 230  ms, E′ is 
≥10  cm/s, E/E′ is <8, and propagation velocity is 
≥50  cm/s. Mitral annular velocities parallel the 
mitral infl ow pattern such that E′ is higher than 
A′. The E/A and E/E′ ratios are unaffected by the 
Valsalva maneuver or exercise. With aging, the E 
velocity decreases and the A velocity increases 
as late diastolic fi lling becomes more prominent 
(E/A ratio <1). Similarly, changes are seen in the 
pulmonary vein fl ow velocities: diastolic forward 
fl ow decreases and more fl ow occurs during sys-
tolic forward fl ow because of atrial contraction in 
late diastole.41–44

Grade 1 Diastolic Dysfunction

With a relaxation abnormality, deceleration time 
and isovolumic relaxation time are prolonged. 
Relaxation continues into mid to late diastole and 
results in a lower initial transmitral gradient with 
subsequent relative increase in transmitral gradi-
ent at the time of atrial contraction in late diastole 

FIGURE 10.6. Pulse wave Doppler recording of hepatic vein flow 
velocity in a normal subject. Systolic velocity (S) is usually greater 
than diastolic velocity (D), with no prominent reversal flow veloc-
ity. SR, DR, systolic reversal and diastolic reversal, respectively.
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due to higher residual left atrial pressure. Thus, E 
velocity is lower and the E/A ratio is <1. As with 
age-related changes, pulmonary diastolic forward 
fl ow decreases and pulmonary systolic forward 
fl ow increases. Mitral annular velocity (E′) 
decreases with a relaxation abnormality, to <7  cm/
s, and propagation velocity also decreases to 
<50  cm/s. If LV fi lling pressures are normal, E/E′ 
is ≤8, as in normal patients.23 As fi lling pressures 
increase, E velocity increases while E′ is not 
affected so that E/E′ is ≥15. If LV end-diastolic 
pressure is elevated in the setting of normal mean 
left atrial pressure, the E/A ratio is still <1, but the 
duration of mitral fl ow during atrial contraction 
(A wave) is shorter than the duration of the pul-
monary vein atrial fl ow reversal.

Grade 2 (Pseudonormalized Pattern) 
Diastolic Dysfunction

Grade 2 diastolic dysfunction occurs when 
increased left atrial pressure is added to a myo-
cardial relaxation abnormality. In this situation, 
E/A is >1, and deceleration time is normal, giving 

the appearance of normal mitral infl ow. However, 
other features of diastolic dysfunction are present. 
Left atrial volume is increased, suggesting chro-
nically elevated LV fi lling pressures. Markers 
of myocardial relaxation, E′ and propagation 
velocity, are abnormal, with E′ being <7  cm/s 
(using pulsed Doppler recording from tissue 
Doppler imaging) and propagation velocity being 
<50  cm/s. With elevated fi lling pressures, E/E′ is 
>15, and pulmonary venous A duration is longer 
than mitral A duration.

A pseudonormalized pattern of diastolic dys-
function can also be distinguished from a normal 
diastolic fi lling pattern by the Valsalva maneuver 
(see Figure 10.7). A Valsalva maneuver involves 
forced expiration against a closed mouth and 
nose that decreases LV preload. In normal 
patients, E and A velocity are equally diminished 
by decreased preload and resultant lower trans-
mitral gradient, while deceleration time is pro-
longed. However, a relaxation abnormality is 
unmasked in patients with a pseudonormalized 
pattern, and the mitral infl ow pattern with a 
Valsalva maneuver resembles grade 1 diastolic 

FIGURE 10.7. Schematic diagram of mitral inflow (MIF), mitral 
inflow with the Valsalva maneuver (MIF-VS), Doppler tissue 
imaging (DTI), and pulmonary vein velocities (PV) in normal dia-

stolic function and in different stages of diastolic dysfunction. 
(Reprinted with permission from Redfield et al.2)
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dysfunction: E/A ratio decreases by ≥0.5.45 It 
should be noted, however, that an adequate 
Valsalva maneuver may not be possible in some 
patients.

Grades 3 and 4 (Restrictive Physiology) 
Diastolic Dysfunction

Restrictive fi lling occurs when there is reduced LV 
compliance accompanied by severely increased 
left atrial pressure. The changes seen in the mitral 
infl ow pattern are due to early fi lling into a non-
compliant left ventricle. Pressure in the stiff left 
ventricle rises quickly, causing a rapid decelera-
tion of a high E velocity. There is rapid equilibra-
tion of left atrial and LV pressure, which shortens 
the deceleration time (<160  msec). Mitral valve 
opening is earlier because of high left atrial pres-
sure, which shortens the isovolumic relaxation 
time (<70  msec). The contribution of atrial con-
traction in late diastole is limited because of the 
rapidly increasing LV pressure, giving a short 
mitral A duration and a decreased A velocity. The 
E/A ratio is usually >2.0, which may be even more 
exaggerated by low A velocity.

Pulmonary vein systolic fl ow is also affected. 
Systolic forward fl ow is decreased because of high 
left atrial pressure and diastolic forward fl ow is 
blunted by the sharp increase in LV pressure in 
mid to late diastole. Atrial reversal is prominent, 
during atrial contraction LV pressure is high, and 
the pulmonary venous atrial reversal duration is 
prolonged with a higher velocity.

Although both myocardial relaxation and com-
pliance are abnormal, relaxation abnormalities 
are masked by the hemodynamic changes of the 
noncompliant left ventricle and elevated left atrial 
pressure. Again, E′ is <7  cm/s and propagation 
velocity is reduced, refl ecting slow fl ow propaga-
tion, although propagation velocity may be pre-
served if the LV cavity size and systolic function 
are normal. E/E′ is generally >15, refl ecting high 
fi lling pressures. A Valsalva maneuver may be 
attempted to lower preload and demonstrate 
reversibility of the restrictive fi lling pattern, but 
reversibility should not be excluded if there are no 
changes with this maneuver. Irreversible restric-
tive physiology should only be diagnosed by 
documentation of a persistent restrictive fi lling 
pattern.

Triphasic Mitral Inflow Pattern

Markedly prolonged myocardial relaxation can 
produce a triphasic mitral infl ow pattern (Figure 
10.8), with forward fl ow (L wave) during mid dias-
tole.46 This typically occurs in severe LV hyper-
trophy, such as in patients with hypertrophic 
cardiomyopathy and hypertension, but also in 
patients with ischemic heart disease. The mid dia-
stolic relaxation abnormality is also seen by mitral 
annular tissue Doppler imaging (see Figure 10.8), 
where an L′ velocity wave occurs after E′.46,47 It is 
also associated with left atrial enlargement, ele-
vated E/E′ (>15) and increased brain natriuretic 
peptide, suggesting high fi lling pressures and sig-
nifi cant diastolic dysfunction.46,47

Atrial Fibrillation

Characterization of diastolic dysfunction in atrial 
fi brillation is diffi cult, because the usual classifi ca-
tions based on mitral infl ow pattern do not apply. 
The mitral E wave peak velocity and deceleration 
time vary with the variable cardiac cycle lengths, 
and the mitral A wave is absent. Pulmonary vein 
fl ow velocities are also affected; systolic forward 
fl ow is absent.

Most of the echocardiographic parameters that 
can be used to describe diastolic function in atrial 
fi brillation relate to elevated fi lling pressure. Peak 
acceleration of the mitral E velocity and shortened 
deceleration time are associated with increased 
fi lling pressures.48,49 The deceleration time of the 
mitral E wave, E/E′, duration of the pulmonary 
diastolic forward fl ow, and deceleration time of 
the fl ow correlate with pulmonary artery wedge 
pressure by catheterization.27,50 However, if the E 
velocity is terminated early by a shorter cardiac 
cycle, measurement of deceleration time may not 
be reliable.

Time Interval Between Onset of Mitral 
Inflow and Onset of Early Diastolic Mitral 
Annular Velocity

In normal individuals, mitral valve E velocity and 
mitral annular E′ velocity occur simultaneously. 
Normally, the mitral valve opens with rapid 
suction of the left ventricle so that early diastolic 
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fi lling occurs with mitral annular motion. With 
impaired relaxation, mitral annular motion begins 
after the onset of mitral infl ow, and thus E′ is 
delayed. Therefore, the delay between E′ and 
mitral E velocity can be used to characterize dia-
stolic dysfunction, with that time delay increasing 
with worsening diastolic function.51,52The time 
interval between onset of mitral infl ow and onset 
of early diastolic mitral annular velocity also cor-
relates with pulmonary capillary wedge pressure.

A

B

Diagnosis of Diastolic Heart Failure

If a patient presents with symptoms of heart failure 
and systolic function is normal, DHF should be 
considered. It has been well demonstrated that 
impaired myocardial relaxation due to various 
causes is a major reason for DHF. This entity is 
distinctly different from systolic heart failure. The 
size of the myocytes in patients with DHF is larger 
than that of patients with systolic heart failure, 

FIGURE 10.8. (A) Pulsed wave Doppler recording of mitral inflow 
velocity demonstrating mid diastolic flow (arrow) between E 
and A velocities. Mid diastolic flow velocity represents markedly 
delayed myocardial relaxation. This pattern usually indicates 
advanced diastolic dysfunction with at least moderately increased 

filling pressures. (B) Tissue Doppler imaging of septal mitral 
annulus demonstrating a mid diastolic mitral annulus velocity 
(arrow) that corresponds to the mid diastolic velocity shown in the 
mitral inflow velocity recording.
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although the fraction of collagen and fi brosis 
is similar in both conditions,53 which suggests 
that there is concentric myocyte hypertrophy in 
patients with DHF. This fi nding is consistent with 
the idea that DHF is related to an abnormality of 
an intrinsic myocardial diastolic property.54

To establish the diagnosis of DHF, we need to 
demonstrate increased diastolic fi lling pressure 
as well as an abnormality in diastolic function. 
Myocardial relaxation is the initial property to 
become abnormal, and its impairment is usually 
necessary to develop increased fi lling pressure 
and DHF. Increased fi lling pressure and impaired 
myocardial relaxation can be reliably identifi ed by 
comprehensive echocardiography using two-
dimensional, Doppler, color fl ow imaging, and 
tissue Doppler imaging.55 Recent advances in 
speckle tracking echocardiography and analysis 
of myocardial torsion56,57 will undoubtedly 
improve our ability to evaluate diastolic as well 
as systolic function by echocardiography. One 
important clinical mimicker for myocardial DHF 
is constrictive pericarditis. Diastolic heart failure 
due to myocardial dysfunction can also be reliably 
differentiated from clinically similar heart failure 
from constrictive pericarditis by echocardiogra-
phy, as discussed in Chapter 21.

Patients with diastolic dysfunction remain 
asymptomatic for a long period of time. Before 
clinically apparent heart failure, they develop 
symptoms only with exertion because of the 
increased fi lling pressure with exercise. Doppler 
echocardiographic parameters that have been 
shown to correlate well with pulmonary capillary 
wedge pressure at resting stage also estimate 
fi lling pressure with exercise. A restrictive mitral 
infl ow fi lling pattern corresponds to increased 
fi lling pressures, and an E/E′ of ≥15 suggests pul-
monary capillary wedge pressure >20  mm  Hg. In 
normal individuals with well-maintained diastolic 
function, mitral E and A velocities and mitral 
annular E′ and A′ increase proportionally with 
exercise with no change in the E/A or E/E′ ratio, 
because fi lling pressures do not increase much 
with exercise.58,59 However, patients with diastolic 
dysfunction usually develop a higher fi lling pres-
sure with exercise and experience exertional 
dyspnea. The E/E′ measured noninvasively during 
exercise has been correlated well with fi lling 
pressures measured by cardiac catheterization 

simultaneously with measurement of E/E′ by 
echocardiography.60,61 Estimation of fi lling pres-
sure and evaluation of diastolic function with 
exercise as well as at resting stage will help iden-
tify patients with diastolic dysfunction earlier to 
prevent or at least slow down its progression to 
symptomatic DHF.
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