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Assessment of left ventricular (LV) function with cardiac magnetic
resonance (MR) imaging is often limited to evaluation of systolic function, including analysis of regional wall motion, measurement of mass
and volume, and estimation of ejection fraction. However, diastolic
dysfunction is present in various heart diseases, particularly in heart
failure with preserved ejection fraction, which is increasingly prevalent and is associated with a poor prognosis. In daily practice, the assessment of diastolic function is mainly performed with transthoracic
echocardiography. Evaluation of diastolic function with cardiac MR
imaging is seldom performed in clinical practice. However, basic assessment of LV relaxation and stiffness abnormalities can be achieved
with MR imaging by using a combination of left atrium size measurement and phase-contrast evaluation of transmitral flow. In addition,
assessment of pulmonary venous flow and the LV filling curve can
also be performed. Furthermore, MR imaging with late gadolinium
enhancement sequences provides insight into the extent of myocardial
fibrosis, which strongly influences LV stiffness. Finally, phase-contrast
evaluation of tissue velocities, myocardial tagging, MR spectroscopy,
and MR elastography are promising tools for a better understanding
of LV diastolic function but require further evaluation.
©

RSNA, 2011 • radiographics.rsna.org

Abbreviations: LA = left atrium, LGE = late gadolinium enhancement, LV = left ventricle, LVEF = left ventricular ejection fraction, PVF = pulmonary
venous flow, TMF = transmitral flow, TPC = tissue phase-contrast, TTE = transthoracic echocardiography
RadioGraphics 2011; 31:239–261 • Published online 10.1148/rg.311105049 • Content Codes:
From the Departments of Radiology (J.C., J.F., J.N.D.) and Cardiology (J.F., F.B.), University Hospital of Rouen, 1 rue de Germont, 76031 Rouen,
France; LITIS EA4108, University of Rouen, Rouen, France (J.C., J.F., J.N.D.); and INSERM U644, University of Rouen, Rouen, France (J.C., F.B.).
Recipient of a Certificate of Merit award for an education exhibit at the 2009 RSNA Annual Meeting. Received March 10, 2010; revision requested
April 29 and received May 24; accepted June 4. J.N.D. is a consultant for GE Healthcare; all other authors have no financial relationships to disclose.
Address correspondence to J.C. (e-mail: jerome.caudron@chu-rouen.fr).
1

©

RSNA, 2011

240 January-February 2011

Introduction

The role of cardiac magnetic resonance (MR)
imaging in the assessment of systolic dysfunction
has been well established (1). On the other hand,
cardiac MR imaging is seldom used in assessment of diastolic dysfunction. However, interest in diastolic dysfunction, which is present in
various heart diseases, has been growing for many
years. Over the past 2 decades, the concept of
heart failure with preserved ejection fraction has
emerged. It was previously described as “diastolic
heart failure” because diastolic dysfunction was
thought to be its main mechanism. Heart failure
with preserved ejection fraction represents approximately 40%–50% of all cases of heart failure, and
its prevalence is increasing (2,3). Moreover, heart
failure with preserved ejection fraction has become
a diagnostic and therapeutic challenge, since its
morbidity and mortality are similar to those of
heart failure with deteriorated left ventricular (LV)
ejection fraction (LVEF) (4,5).
Today, the assessment of diastolic function is
mainly performed with transthoracic echocardiography (TTE). However, basic assessment of
LV relaxation and stiffness abnormalities can be
achieved with cardiac MR imaging.
The aims of this article are (a) to provide radiologists with basic knowledge about the pathophysiology of LV diastolic dysfunction; (b) to list
and describe the cardiac MR imaging tools employed for measurement of LV diastolic function,
with a focus on those that can be routinely used,
as well as those for research; and (c) to illustrate
diastolic function assessment with cardiac MR
imaging by means of clinical cases.

Pathophysiologic Concepts
Definitions
Important terms used in this article are defined
below (6,7).
Systolic dysfunction refers to abnormal contraction or systolic properties. LVEF is decreased.
Patients may or may not be symptomatic.
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Diastolic dysfunction refers to abnormal mechanical diastolic properties of the LV (relaxation, filling dynamics, and distensibility). LVEF
may be normal or decreased. Patients may or
may not be symptomatic.
Heart failure refers to inability of the heart to
provide sufficient output to meet the perfusion
and oxygenation requirements of the tissues. This
is a syndrome that associates clinical symptoms
and physical signs of fluid retention. Heart failure
includes two broad categories: heart failure with
deteriorated LVEF and heart failure with preserved LVEF. Most patients have evidence of
combined systolic and diastolic dysfunctions.
Heart failure with deteriorated LVEF associates abnormalities in systolic function (reduced
LVEF, progressive chamber dilatation, eccentric
remodeling) and clinical manifestations of heart
failure. It may be associated with abnormal diastolic function.
Heart failure with preserved LVEF associates
normal systolic function (normal LV volume,
LVEF ≥ 50%), abnormal diastolic function, and
clinical manifestations of heart failure.

Demographic Features
The prevalence of diastolic dysfunction increases
with age (>65 years) and history of hypertension,
obesity, diabetes mellitus, atrial fibrillation, renal
failure, or coronary artery disease. Other causes
are less common. All of the causes are summarized in Table 1.

Normal Diastole
Diastole begins with closure of the aortic valve
and ends with closure of the mitral valve. Several
successive diastolic phases can be distinguished,
starting with isovolumic relaxation (phase 1) followed by the filling phase, which is divided into
early rapid filling (phase 2), diastasis (phase 3),
and atrial contraction (phase 4) (Fig 1).
Normal diastolic function allows the LV to
fill at rest and during exercise without abnormal
increase in diastolic pressure. Diastolic function is influenced by LV volume and geometry,
contractile coordination, heart rate (hence, time
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Figure 1. Physiology of diastole. Graphs show LV, left atrial (LA), and aortic pressure versus time (a) and LV volume
versus time (b). In phase 1 (P1), early active isovolumic relaxation occurs between closure of the aortic valve (AV) and
opening of the mitral valve (MV). LV pressure declines exponentially with no change in volume. In phase 2 (P2), rapid
LV filling starts when LV pressure falls below LA pressure, leading to opening of the mitral valve. Active LV relaxation
leads to a rapid pressure drop with a suction effect due to elastic recoil of the LV, further increasing the LA-LV pressure gradient. Seventy percent of the LV filling occurs during phase 2. In phase 3 (P3), late passive LV relaxation
(diastasis) occurs when LV and LA pressures equalize. LV filling continues passively from the pulmonary vein inflow,
which contributes to less than 5% of LV filling. In phase 4 (P4), active atrial contraction contributes to 20%–30% of
total LV filling volume. This phase ends with closure of the mitral valve.

Table 1
Main Causes of Diastolic Dysfunction
Common causes
Aging
Hypertension
Obesity or metabolic syndrome
Diabetes mellitus
Coronary artery disease
Less common causes
Valvular heart disease
Hypertrophic cardiomyopathy
Infiltrative cardiomyopathy (eg, due to amyloidosis or sarcoidosis)
Storage disease (eg, hemochromatosis, Fabry disease)
Endomyocardial disease (eg, endomyocardial fibrosis, effects of radiation or anthracycline therapy)
Idiopathic restrictive cardiomyopathy
Constrictive pericarditis
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Figure 2. Evaluation of diastolic function in normal subjects (black curve) and patients with diastolic
dysfunction (red curve). (a) Rate of isovolumic relaxation (dP/dt). In patients with diastolic dysfunction,
the decline in LV pressure is slower. (b, c) LV filling: LV volume versus time curve (b) and its first derivative, the filling rate curve (dV/dt) (c). In normal subjects, the LV inflow velocity is greatest at early diastole,
immediately after opening of the mitral valve (E wave); LA contraction is responsible for smaller inflow
(A wave) (E/A > 1). In patients with diastolic dysfunction, relaxation is slower, LV pressure rises at early
diastole, and the suction effect fails (E wave decreased); LA contraction highly contributes to LV filling (A
wave increased) (E/A < 1). (d) Passive elastic stiffness properties: diastolic pressure-volume relationship.
In patients with diastolic dysfunction, the diastolic pressure-volume curve is shifted up and to the left; this
shift indicates an increase in passive stiffness and a decrease in distensibility of the LV. A nondistensible
ventricle will require higher pressure to achieve filling of a constant volume.

available for LV filling), the pericardium, and
intrinsic properties of the LV, namely, relaxation
and stiffness (6,7). Relaxation is an active and
energy-consuming process that is related to

uptake of calcium from contracted myocytes. It
represents the transition between contracted and
relaxed myocardium. Stiffness (elastance) is a
passive process that depends on LV morphology
(geometry, mass), viscoelastic properties of the
LV (fibrosis), and the pericardium.
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Assessment: Which Parameter?
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Cardiac MR
Imaging Tools for Routine Use
LA Size
Rationale.—The main role of the LA is to

Complete characterization of LV diastolic properties requires simultaneous measurement of LV
pressure and volume with invasive or noninvasive
methods. Diastolic function can be assessed by
using the following measurements (Fig 2):
1. Rate of isovolumic relaxation: the first
derivative of LV pressure decline (peak negative
dP/dt) and isovolumic LV pressure decay (time
constant τ).
2. Rate of LV filling: filling rate, mitral inflow
velocity, tissue velocities, strain, and strain rate.
3. Passive elastic stiffness properties: the slope
of the end-diastolic pressure-volume relationship
obtained from various acute changes in loading
conditions, which is named LV operative chamber stiffness.
4. End-diastolic pressure as well as end-diastolic volume.

modulate LV filling. First, the LA collects the
oxygenated blood from pulmonary veins. Second,
LA contraction contributes to 20%–30% of LV
filling.
The LA is directly affected by LV filling pressure during diastole when the mitral valve is
opened. Thus, its enlargement suggests elevated
LV filling pressure and chronic diastolic dysfunction (9,10). Nevertheless, other causes of LA
dilatation like atrial fibrillation and mitral valve
stenosis or regurgitation should be considered for
correct interpretation.
Furthermore, it has been demonstrated that
LA enlargement is a poor prognostic factor. It
is associated with an increased risk of death or
cardiovascular events in various cardiovascular
diseases, such as myocardial infarction, stroke, or
cardiomyopathies (11,12).

Diastolic Function
Assessment: Which Modality?

Evaluation with Cardiac MR Imaging.—TTE,

LV diastolic function is assessable with invasive
or noninvasive imaging modalities. Left-sided
heart catheterization is the standard of reference
for assessment of LV diastolic function. However,
it is invasive and hence cannot be justified routinely. TTE is the most commonly used method
in practice because of its excellent temporal resolution and availability (8). Cardiac scintigraphy is
limited by poor spatial and temporal resolution in
this indication.
Cardiac MR imaging has great potential in
this indication, but some limitations should be
acknowledged, such as that its temporal resolution remains inferior to that of TTE. In addition,
cardiac MR imaging is not contributive in some
patients (those with rhythm disorders, noncooperative patients, patients with implantable
devices). However, cardiac MR imaging also has
advantages: unlike with TTE, the examination is
not limited by an acoustic window, and cardiac
MR imaging allows an exhaustive myocardial
evaluation with excellent spatial resolution.

computed tomography (CT), or cardiac MR
imaging all allow evaluation of LA size with three
different methods (13) (Fig 3). Whatever the
method, measurements have to be performed
when LA size is maximal, at end-systole (just
before opening of the mitral valve).
Four-chamber planimetry is performed with
manual endocardial delineation on a conventional four-chamber view (ideally at the level of
the membranous septum) obtained with a cine
sequence (ie, balanced steady-state free-precession). The LA is dilated if planimetry shows an
area greater than 24 cm2.
The Simpson volumetric method is based
on the method of disks summation. It requires
acquisition and contour delineation of short-axis
sections from the base of the atrium to the atrioventricular junction. The mean normal value is 97
mL ± 27 (103 mL ± 30 for men and 89 mL ± 21
for women) (14–16).
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Figure 3. LA size: quantification methods with cardiac MR imaging. All measurements are performed at end-systole. (a) Four-chamber planimetry is performed by using manual delineation
of the LA. Normal LA area is less than 24 cm2. (b) In disk method–based volumetry (Simpson
method), short-axis sections are acquired from the LA base to the atrioventricular junction. LA
volume is determined from manual or semiquantitative delineation of the LA endocardial borders.
(c) The biplane area-length method requires both two- and four-chamber views. LA area and
anterior-posterior length are defined from both four-chamber (A1 and L1) and two-chamber (A2
and L2) views. LA volume is obtained by using the following formula: LA volume = (0.85 × A1 ×
A2)/L, where L is the shortest length of L1 and L2. Normal values are identical for the Simpson
and biplane area-length methods: mean = 97 mL ± 27, mean for men = 103 mL ± 30, and mean
for women = 89 mL ± 21.

For biplane area-length volumetry, LA area (A)
and anterior-posterior length (L) are manually
delineated by using a four-chamber view (A1
and L1, respectively) and two-chamber view (A2
and L2, respectively). LA volume is determined
with the following equation: LA volume = (0.85 ×
A1 × A2)/L, where L is the shortest value between
L1 and L2. Normal values with this method are
identical to those obtained with the Simpson volumetric method.
In guidelines for TTE, use of a volumetric
method is recommended (17), the Simpson
method being the most accurate and reproducible. However, in clinical practice, the biplane
area-length method is a good compromise between accuracy and speed (18,19). Note that LA
volumes obtained with cardiac MR imaging are
overestimated in comparison with those obtained
with TTE.

Transmitral Flow
Rationale.—Transmitral flow (TMF) (ie, mitral

inflow velocities from the LA to the LV) is an
instantaneous marker of the filling gradient between the LA and LV. TMF is routinely recorded
with TTE, with diastolic function being inferred
from the filling pattern. Previous studies have
demonstrated a good correlation between cardiac
MR imaging and TTE for measurement of flow
velocities (20–23).
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Figure 4. Measurement of TMF. (a) MR images show the acquisition plane placed perpendicularly to the LV inflow at the top of the mitral valve opening. (b) Magnitude and phase-encoded images obtained with a phase-contrast
sequence show a region of interest placed at the center of the mitral orifice. The TMF is obtained from this region of
interest.

Figure 5. Diagram (a) and cardiac MR imaging findings (b) of TMF. The TMF curve is composed of
E and A waves. The E wave corresponds to rapid LV filling at early diastole; the A wave corresponds to
late LV filling during end-diastole, secondary to LA contraction.

Evaluation with Cardiac MR Imaging.—TMF is

Findings.—The TMF curve is composed of two

determined from through-plane phase-contrast
images obtained with retrospective or prospective electrocardiographic synchronization. Either
free breathing or breath holding is employed,
depending on the patient’s ability to cooperate.
A commonly used velocity is 130 cm/sec to avoid
temporal aliasing.
To define the acquisition plane, the two- and
four-chamber views are used during diastole.
The section is positioned at the top of the opened
mitral valve perpendicularly to the LV inflow (Fig
4). Then, a round region of interest is placed at
the center of the mitral valve orifice and propagated to other phases to obtain the TMF curve.

waves: E and A (Fig 5). The E wave corresponds
to rapid LV filling at early diastole; it is influenced by the pressure gradient between the LA
and LV. This gradient depends on LA and LV
pressures, LV relaxation and stiffness, and mitral
valve inertness. The A wave corresponds to late
LV filling at end-diastole after LA contraction; it
is influenced by LV stiffness and LA contractility.
In cases of a slow heart rate, the E and A waves
are separated by the diastasis, a phase characterized by low transmitral velocities.
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Figure 6. Analysis of TMF.
Three abnormal TMF patterns
have been described on the basis
of E/A ratio and mitral deceleration time (MDT). Type 1 =
impaired relaxation pattern; type
2 = pseudonormal pattern; type
3 = restrictive pattern, which
may be partially reversible or
irreversible.

Table 2
Types of TMF Patterns
Characteristics

Normal

Type 1

Type 2*

Pattern

Normal

Impaired
relaxation

Pseudonormal

E/A ratio
MDT† (msec)
Mechanism

1–2
150–220
...

<1
Increased
Abnormal
relaxation

1–2
Normal
Combination of
abnormal relaxation and stiffness
with opposite
effects; transition
between types 1
and 3

LV filling
pressures
Main causes

Normal

Normal or slightly
increased
LV hypertrophy,
hypertension,
ischemic cardiomyopathies,
diabetes mellitus, aging

Mildly increased

...

Identical to those of
types 1 and 3

Type 3
Restrictive
(partially
reversible)
>2
Decreased
Abnormal LV
stiffness;
partially
reversible
with medical
treatment

Restrictive
(fixed)
>2
Decreased
Abnormal LV
stiffness; irreversible despite
medical treatment

Moderately
Greatly increased
increased
Severe LV
Severe LV
dysfunction,
dysfunction, rerestrictive carstrictive cardiodiomyopathy
myopathy (eg,
(eg, cardiac
cardiac amyloiamyloidodosis), chronic
sis), chronic
constrictive
constrictive
pericarditis
pericarditis

*To differentiate between the type 2 and normal patterns, other criteria are important (LA size, pulmonary

venous flow [PVF], tissue phase-contrast [TPC]).
†MDT = mitral deceleration time.
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Figure 7. Chronic diastolic dysfunction due to severely calcified aortic stenosis recently diagnosed in a 75-year-old man with increasing dyspnea and a normal LVEF at TTE. (a) Cine MR
image shows concentric LV hypertrophy secondary to aortic stenosis with a normal LVEF
(70%). (b) MR image obtained for evaluation of diastolic function shows increased LA volume (148 mL). (c) Graph shows an associated pseudonormal TMF pattern (E = 58 cm/sec,
A = 38 cm/sec, E/A ratio = 1.5). These findings agree with chronically elevated LV diastolic
filling pressure related to the severe aortic stenosis.

Therefore, various measurements have to be
performed: E and A peak velocities (in centimeters per second), E/A ratio, and mitral deceleration time (measured from the E peak to baseline).
With use of these measurements, three abnormal
TMF patterns have been described, which correlate with an increasingly poor prognosis (8)
(Table 2) (Fig 6).

Pitfalls of use of TMF should be known:
First, in cases of tachycardia or irregular heart
rate, the E and A waves are merged, making
their analysis impossible. Second, in patients
with atrial fibrillation the A wave disappears.
Furthermore, TMF pattern is directly influenced by age. Persons over 60 years of age normally have a reversed E/A ratio; their LV filling
pattern is changed due to impaired relaxation.
Indeed, a gradual age-related increase in systolic blood pressure and LV mass results in LV
relaxation disorder, with reduced LV filling at
early diastole and increased filling during atrial
contraction. As a consequence, a normal TMF
pattern in a patient over 60 years of age should
be considered with caution, since it may actually
be a pseudonormal pattern (Fig 7).
Other factors influencing TMF are mitral
valve disease (which makes TMF uninterpretable); factors affecting preload (vascular diseases,
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Figure 8. Acute myocardial infarction in a 55-year-old man. The
infarction was related to occlusions of the left anterior descending and
right coronary arteries, as demonstrated at coronary angiography. Cardiac MR imaging was performed to evaluate myocardial viability before
revascularization (LVEF = 28%). (a) MR image from a late gadolinium
enhancement (LGE) sequence shows transmural necrosis with microvascular obstruction (no reflow) in the territory of the occluded coronary arteries. (b) MR image obtained for assessment of diastolic function shows normal LA volume (105 mL). (c) Graph shows a restrictive
TMF pattern (E = 77 cm/sec, A = 7 cm/sec, E/A ratio = 11). A diagnosis of acute systolic and diastolic dysfunction after acute myocardial
infarction was made. Indeed, the normal volume of the LA does not
support a diagnosis of chronic diastolic dysfunction.

drugs); and systolic function. The combination
of LA size and TMF assessment provides an
excellent approach to evaluation of diastolic
function by combining both chronic and instantaneous markers (Figs 8, 9).

Pulmonary Venous Flow
Rationale.—The major usefulness of PVF assess-

ment is to allow differentiation between normal
and pseudonormal TMF patterns (24). Analysis
of PVF is possible in almost 100% of cases with
MR imaging (in 60% of cases with TTE), and
good correlation between the two techniques has
been reported (20).

Evaluation with Cardiac MR Imaging.—To

evaluate the PVF, the same through-plane phasecontrast technique as for evaluation of TMF is
used. The acquisition plane is placed perpendicularly to a pulmonary vein, usually the right superior one, approximately 1 cm from the ostium
(Fig 10). Then, a region of interest is placed over
the lumen of the pulmonary vein to obtain the
PVF curve.
Findings.—The PVF is composed of three waves:

S, D, and A (Fig 11). The systolic S wave depends on LA relaxation as well as LV systolic
function. The D wave occurs at early diastole and
depends on LV relaxation and LA-LV stiffness.
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Figure 9. Dilated cardiomyopathy with severely impaired LVEF (15% at TTE) recently diagnosed in an
18-year-old woman with dyspnea. Cine MR imaging
demonstrated decreased LVEF (10%) associated with
significant LV dilatation and a small pericardial effusion. (a) MR image from an LGE sequence shows
diffuse epicardial enhancement possibly related to the
patient’s history of myocarditis. (b) MR image obtained for assessment of diastolic function shows LA
dilatation (29 cm2 at planimetry, 140 mL at volumetry).
(c) Graph shows a restrictive TMF pattern (E = 40
cm/sec, A = 5 cm/sec, E/A ratio = 8). Cardiac transplantation was successfully performed 2 years later.

Figure 10. Measurement of PVF. (a) MR images show the acquisition plane of the phase-contrast sequence placed
perpendicularly to a pulmonary vein. (b) MR images show a region of interest placed at the center of the venous lumen. The flow can be evaluated from this region of interest.
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Figure 11. Diagram (a) and cardiac MR imaging findings (b) of PVF. The PVF includes three
waves: S, D, and A. The S wave is systolic and depends on LA relaxation. The D wave is early diastolic and depends on LV relaxation and LA-LV stiffness. The A wave is end-diastolic and depends
on LA contraction and LV stiffness.

Figure 12. Analysis of PVF. Superimposition of the mitral and pulmonary
flow curves demonstrates the usefulness of the PVF. In cases of impaired relaxation, the amplitude of the pulmonary D wave decreases, with consequent
elevation of the S/D ratio. In cases of pseudonormal TMF, the duration of the
pulmonary A wave (Ap) becomes longer than that of the mitral A wave (Am).
Thus, the PVF allows differentiation of pseudonormal flow (Ap > Am) from
normal flow (Ap < Am). In cases of a restrictive TMF pattern, the amplitude
of the S wave decreases while that of the D wave remains unchanged; the
D wave thus becomes predominant.

The A wave occurs at end-diastole and depends
on LA contraction and LV stiffness.
Basically, the PVF allows differentiation of
normal versus pseudonormal TMF curves (Fig
12). In cases of pseudonormal TMF, the duration

of the pulmonary A wave is longer than that of
the mitral A wave.
In clinical practice, the main limitation of the
PVF is lack of a dedicated postprocessing tool,
making routine use of the PVF difficult. However, when PVF analysis is performed in addition
to analysis of LA size and TMF, assessment of
diastolic function with cardiac MR imaging is
optimal (Figs 13, 14).
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Figure 13. Systolic murmur recently diagnosed in a 20-year-old man with no medical history and no signs or
symptoms. TTE showed significant septal hypertrophy. Cardiac MR imaging was performed to confirm the diagnosis of hypertrophic cardiomyopathy. LVEF was normal (65%). (a) T2-weighted black-blood MR image shows
significant septal hypertrophy (maximal septal thickness = 25 mm). (b) MR image from an LGE sequence
shows typical septal enhancement. (c) MR image obtained for evaluation of diastolic function shows normal
LA size (21 cm2 at planimetry, 75 mL at volumetry). (d) Graph shows a normal TMF pattern (E/A ratio = 2.6).
(e) Graph shows a normal PVF pattern. (f) Graph shows a normal TPC pattern (E/Ea ratio = 7). Diastolic function is often normal in patients with early hypertrophic cardiomyopathy, but impaired relaxation is a common
finding during the course of the disease.
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Figure 14. Typical case of heart failure with preserved ejection fraction in a 46-year-old woman who was referred for evaluation of a first episode of LV heart failure. TTE demonstrated normal LVEF but showed diastolic
function abnormalities. Cardiac MR imaging was performed to identify the cause. No evident anomaly was seen
with cine and LGE sequences. Conversely, results of evaluation of diastolic function were abnormal and included
LA dilatation (28 cm2 at planimetry). (a) Graph shows a restrictive TMF pattern (E = 41 cm/sec, A = 8 cm/sec,
E/A ratio = 5). (b) Graph shows a typical restrictive PVF pattern (with a predominant D wave and decreased
S/D ratio). No clear cause was found.

LV Filling Curve
Rationale.—The LV filling curve, the first tool to

be developed, provides the time-varying course of
the LV volume during the cardiac cycle (25,26).
Evaluation with Cardiac MR Imaging.—This

method requires manual or semiautomatic segmentation of the LV endocardium on short-axis
views obtained with a cine balanced steady-state
free-precession sequence; it is thus similar to the
LVEF segmentation method. However, all phases
have to be segmented, not only the end-systolic
and end-diastolic phases. Therefore, 200–300
images are obtained, depending on heart size
and number of phases per R-R interval. Consequently, this method remains time-consuming for
clinical practice, even with use of improvements
in postprocessing tools that are currently being
evaluated (27,28).
Findings.—The LV volume versus time curve and

its first derivative (LV dV/dt) are obtained after
the endocardial delineation and provide vari-

ous markers of diastolic function (Fig 15). The
peak filling rate is the steepest tangent to the first
part of the filling curve (ie, early filling) and is
expressed in milliliters per second. The time to
the peak filling rate is the time from end-systole
to the peak of rapid filling and is expressed in
milliseconds. The peak of late filling is the steepest tangent to the second part of the filling curve
(ie, late filling) and is expressed in milliliters per
second. The software automatically determines
all these parameters.
Previous studies have used this method to
evaluate diastolic function in various diseases
(29–32). Visually, the LV dV/dt curve can be compared to the TMF one, but the postprocessing
time remains a limiting factor for wide use.

Delayed Enhancement and Diastolic Function
Myocardial fibrosis (presence, extent) is a key
factor in development of heart failure, in cases
of both ischemic and nonischemic cardiomyopathies, with either preserved or deteriorated
LVEF. One possible mechanism of diastolic
dysfunction is increased myocardial collagen
content, which leads to increased LV stiffness.
Myocardial fibrosis can be noninvasively characterized with cardiac MR imaging by using
LGE sequences. Recently, a correlation between
fibrosis as evaluated with LGE imaging and diastolic dysfunction was demonstrated in various
cardiac diseases (32,33).
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Figure 15. LV filling volume versus time curve and its first
derivative, the filling rate curve. (a) Semiautomatic LV segmentation is performed on LV short-axis views obtained with cine
sequences. (b) A graph of the variation in LV volume during the
cardiac cycle is then produced. (c) Different measurements are
calculated by using the filling rate curve: the peak filling rate (8)
(in milliliters per second); the time to the peak filling rate (G) (in
milliseconds); and the peak of late filling (6).

Cardiac MR
Imaging Tools for Research Use
Myocardial Tissue Phase-Contrast
Rationale.—MR imaging with TPC allows evalu-

ation of myocardial velocities during diastole
and systole, in the same way as Doppler tissue
imaging does in TTE (34,35). Prediction of LV

filling pressure from only the TMF is inadequate
in cases of normal LVEF (36) or LV hypertrophy
(37), since TMF depends on both LV relaxation
and stiffness. Because myocardial diastolic velocities are markers of only myocardial relaxation,
it is possible to estimate LV stiffness and filling
pressures from an index that combines both
TMF and TPC (21,38,39).
Evaluation with Cardiac MR Imaging.—To

measure myocardial velocities, a short-axis phasecontrast sequence is used. A low velocity encoding (eg, 30 cm/sec) is chosen, which is adapted
to the low myocardial velocities. The acquisition
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Figure 16. Measurement of myocardial TPC. (a) The acquisition plane of the phase-contrast sequence is placed
perpendicularly to the LV base on both four- and two-chamber views. (b) TPC is determined from an inferior septal
region of interest on magnitude and phase-encoded images.

Figure 17. Diagram (a) and cardiac MR imaging findings (b) of myocardial TPC. The TPC
curve includes three waves: the Sa wave is the systolic positive wave; the Ea wave is the first diastolic negative wave; and the Aa wave is the second diastolic negative wave.

plane is almost identical to that used to measure
TMF but is slightly more apical, so that the longitudinal ventricular systolic shortening is taken
into consideration. The region of interest must be
placed at the inferior septal basal level, as the correlation between cardiac MR imaging and TTE
has been demonstrated to be optimal at this level
(21) (Fig 16).

Findings.—The TPC curve is composed of three

waves: Sa, Ea, and Aa (Fig 17). The Sa wave
corresponds to the systolic positive wave during
longitudinal motion of the LV. The first negative
tissue velocity is called Ea and corresponds to LV
longitudinal relaxation, while Aa is the latest wave
after LA contraction.
Diastolic velocities (Ea and Aa) are markers of
myocardial relaxation. Hence, by using a combined parameter derived from both TMF and
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Figure 18. Diastolic dysfunction related to cardiac amyloidosis in an 80-year-old woman with multiple myeloma
who presented with severe LV hypertrophy and a restrictive TMF pattern at TTE. Cine MR imaging showed LV
hypertrophy associated with pericardial effusion. (a) MR image from an LGE sequence shows a typical enhancement pattern related to cardiac amyloidosis. (b) MR image obtained for evaluation of diastolic function shows
significant LA dilatation (30 cm2 at planimetry, 115 mL at volumetry). (c) Graph shows a restrictive TMF pattern
(E = 60 cm/sec, A = 24 cm/sec, E/A ratio = 2.5) with a strong probability of elevated filling pressures. (d) Graph
shows an abnormal TPC curve (Ea = 3 cm/sec, E/Ea ratio = 20), which confirms the TMF findings.

TPC (the E/Ea ratio), it is possible to evaluate
the filling pressures. Indeed, it has been demonstrated that the E/Ea ratio correlates with invasive
LV filling pressures (21).
Thresholds defined in the literature are as
follows: If the E/Ea ratio is less than 8, filling
pressures are considered low. If the E/Ea ratio is

greater than 15, filling pressures are considered
elevated. If the E/Ea ratio is between 8 and 15, no
conclusion is possible (the PVF could be analyzed in such cases) (Figs 18, 19).
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Figure 19. Sport-related LV hypertrophy with normal diastolic function in a 37-year-old male marathon runner in whom moderate septal hypertrophy (14 mm) was diagnosed at TTE. Cardiac MR imaging was performed
to differentiate physiologic LV hypertrophy from hypertrophic cardiomyopathy. Cine MR imaging showed symmetric LV wall thickening (maximal thickness = 14 mm). MR images from an LGE sequence were normal. Assessment of diastolic function demonstrated a normal LA volume (108 mL). (a) Graph shows a normal TMF
pattern (E = 65 cm/sec, A = 35 cm/sec, E/A ratio = 1.8). (b) Graph shows a normal TPC pattern (Ea = 9 cm/
sec, E/Ea ratio = 7.2). In this case, the normal LV diastolic function was an additional finding that confirmed the
physiologic sport-related LV hypertrophy.

Figure 20 shows the usefulness of combining the TPC and TMF analyses. Several studies
on this topic have shown promising preliminary
results (40,41), but the generalization of TPC
analysis requires further evaluation.

MR Spectroscopy.—Phosphorus MR spectroscopy

Other Techniques

MR Elastography.—MR elastography is actually

Myocardial Tagging.—Myocardial tagging,

developed at the end of the 1980s (42,43), is
probably one of the most promising cardiac MR
imaging tools for assessment of diastolic function. Indeed, it allows exhaustive assessment
of deformation (strain, strain rate, twisting and
untwisting movements) with good temporal and
spatial resolution (44–46). Currently, the lack of
postprocessing software makes it difficult to use
this tool in clinical practice, but we imagine that
in the future myocardial tagging will play a major
role in evaluation of diastolic function (47).

is performed by few research teams because of its
complexity. It allows highlighting of active myocardial relaxation by means of its adenosine triphosphate–dependent energetic phenomenon (48,49).
being developed for use in various extracardiac
conditions (50,51). In the future, it could be an
interesting technique for evaluation of myocardial stiffness, but it remains a technical challenge
(52,53).

Summary

Evaluation of diastolic function is useful in various heart diseases and is feasible with cardiac
MR imaging. Assessment of LA size and TMF
are the basic tools used in daily practice. LA size
is a chronic marker of diastolic dysfunction and
cardiovascular risk. A volumetric method should
be used in daily practice to estimate LA size: the
biplane area-length method is the best compromise between accuracy and rapidity.
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Figure 20. Analysis of myocardial
TPC. Superimposition of the TMF
curve and the tissue velocity curve
highlights the usefulness of TPC. In
cases of impaired relaxation, E and
Ea both decrease. Thus, the E/Ea
ratio is normal, as is LV filling pressure. In cases of a pseudonormal
TMF pattern, E remains normal
whereas Ea decreases. Thus, the E/
Ea ratio and LV filling pressures
are both increased. In cases of a
restrictive TMF pattern, E increases
whereas Ea decreases. Thus, the E/
Ea ratio and LV filling pressures are
both increased.

TMF is an instantaneous marker of the LV
filling pressure gradient between the LA and LV.
Three abnormal TMF patterns can be recognized, which correlate with prognosis. In addition
to LA size and TMF, PVF and the LV time-volume curve are easy to measure with cardiac MR
imaging, but the data are difficult to interpret due
to lack of postprocessing tools. TPC, strain, and
strain rate as well as MR spectroscopy are workin-progress tools that need further evaluation.
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Page 240
Heart failure with preserved ejection fraction represents approximately 40%–50% of all cases of heart failure, and its prevalence is increasing (2,3).
Page 243
Furthermore, it has been demonstrated that LA enlargement is a poor prognostic factor. It is associated
with an increased risk of death or cardiovascular events in various cardiovascular diseases, such as myocardial infarction, stroke, or cardiomyopathies (11,12).
Page 247 (Table 2 and Figure 6 on page 246)
With use of these measurements, three abnormal TMF patterns have been described, which correlate
with an increasingly poor prognosis (8) (Table 2) (Fig 6).
Page 248 (Figure 8 on page 248, Figure 9 on page 249)
The combination of LA size and TMF assessment provides an excellent approach to evaluation of diastolic function by combining both chronic and instantaneous markers (Figs 8, 9).
Page 252
One possible mechanism of diastolic dysfunction is increased myocardial collagen content, which leads
to increased LV stiffness. Myocardial fibrosis can be noninvasively characterized with cardiac MR imaging by using LGE sequences. Recently, a correlation between fibrosis as evaluated with LGE imaging and diastolic dysfunction was demonstrated in various cardiac diseases (32,33).

