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ABSTRACT

Diastolic dysfunction is a common entity and the predomi-
nant cause of heart failure in 40%-50% of patients. Diagnosis
of diastolic dysfunction is clinically relevant and associated
with a poor prognosis. The aim of this essay was to review
the pathophysiology and different grades of diastolic dysfunc-
tion and to provide an overview on the role of cardiovascular
magnetic resonance imaging in the assessment of diastolic

function.
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mality in diastolic function, is a common entity and a cause of sig-

nificant morbidity and mortality. According to the American Heart
Association, the prevalence of HF in adults was 5.3 million in 2005, of
which almost half had a normal left ventricular (LV) ejection fraction
(EF) (1). Diastolic dysfunction occurs when LV relaxation and/or com-
pliance are impaired and is considered an early marker of cardiovascular
disease (2). Diastolic HF is a clinical entity, and the diagnosis requires
three conditions: the presence of signs or symptoms of HF, normal or
slightly abnormal LV systolic function (EF >50%), and demonstration
of LV diastolic dysfunction (3). Assessment of diastolic function by car-
diovascular magnetic resonance imaging (CMRI) is feasible and could
provide a more comprehensive clinical understanding of LV function
in addition to a systolic functional assessment. LV diastolic dysfunction
occurs in several cardiac and systemic diseases such as hypertension,
ischemic heart disease, hypertrophic cardiomyopathy, aortic valve ste-
nosis, and infiltrative cardiomyopathies such as amyloidosis (4).

The purpose of this study was to review the pathophysiology of diasto-
lic dysfunction, to illustrate the different degrees of diastolic dysfunc-
tion, and to provide an overview of the role of CMRI in the assessment
of diastolic dysfunction.

I n clinical practice, heart failure (HF), caused by a predominant abnor-

Physiology of diastole

Diastole represents the portion of the cardiac cycle that begins with
isovolumic relaxation and ends with mitral valve (MV) closure, leading
to ventricular filling (5).

Diastole can be divided into four phases (Fig. 1):

1) Isovolumic relaxation: Relaxation is an energy-dependent process
that starts in late systole and ends in mid-diastole. The elastic recoil
of the contracted myocardium creates a “suction” mechanism caus-
ing the intra-ventricular pressure to decline, while maintaining a
virtually constant volume.

2) Rapid filling: Pressure continues to decline due to LV relaxation and
elastic recoil until it is below the left atrial (LA) pressure so the MV
will open, and rapid filling begins. It ends when LV pressure equals
LA pressure and is responsible for nearly 70% of LV filling.

3) Diastasis: It is the period between rapid filling and atrial contrac-
tion, when LA and LV pressures have reached an equilibrium. LV
filling continues because of the inertia of pulmonary venous return
flow, accounting for <5% of LV filling.

4) Atrial contraction: This corresponds to the LA contraction that
causes LA pressure to rise above the ventricular pressure; it induces
new blood flow into the LV and accounts for nearly 25% of LV fill-

ing (4).
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Figure 1. Diagram of the hemodynamic cardiac cycle. The cardiac cycle is broadly divided into
systole and diastole. The shaded area shows diastole, which is traditionally divided into four
phases: isovolumic relaxation (IR), rapid filling (RF), diastasis, and late ventricular filling or atrial
contraction (AC). The relationship between the normal mitral inflow pattern (red line) and the
diastolic phases of the cardiac cycle is indicated. AO, aorta; LV, left ventricle; LA, left atrium;
AVO, aortic valve opening; MVO, mitral valve opening; AVC, aortic valve closure; MVC, mitral
valve closure; E, E wave; A, A wave.

Assessment of diastolic function by CMRI
Clinical methods to assess diastolic
functioninclude cardiac catheterization,

single-photon emission computed tom-
ography (SPECT), echocardiography,
and CMRI. Although considered the
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golden standard, cardiac catheteri-
zation with ventriculography is in-
vasive and expensive; therefore not
feasible for routine clinical use (6).
Echocardiography is the most fre-
quently used method (4). In the past
few decades, CMRI has gained an in-
creasing role in evaluating the cardio-
vascular system and allows for the as-
sessment of diastolic function through
several methods (6).

Diastolic time-volume curves

The LV time-volume relationship
was the first method used to assess
diastolic function by CMRI and is
derived from SPECT. The LV time-
volume relationship represents rela-
tive volume changes throughout the
cardiac cycle and therefore may also
be used to study LV filling, which is
dependent on LV diastolic function.
This method requires segmentation
of the LV and delineation of the en-
docardium in all cardiac cycle phases,
which is time-consuming in terms of
post-processing (Fig. 2); thus, it is rare-
ly used (6, 7).

Figure 2. Left
ventricular (LV)
time-volume
curve post-
processing and
analysis. From
the three-
dimensional
volumetric
data obtained
with cine
sequences

on the LV
short-axis, the
endocardial
borders are
traced phase
by phase for
each slice.

LV volume
curves during
the cardiac
cycle and

the LV filling
rate are then
produced.
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Figure 3. a-d. Mitral inflow and pulmonary venous flow imaging. Cine four-chamber (a) and two-chamber (b) views show the orientation of
the acquisition slice for mitral inflow imaging (yellow lines), positioned parallel to the mitral valve (MV) annulus at the MV leaflet tips (through-
plane). Axial (c) and coronal (d) surveys show the orientation of the acquisition slice for pulmonary venous flow imaging (yellow lines),

positioned 1 cm away from the junction of the right superior pulmonary vein with the left atrium.

Mitral inflow and pulmonary venous flow
imaging

Assessment of mitral inflow and pul-
monary vein flow by CMRI phase-con-
trast imaging is based on similar pa-
rameters to those obtained by Doppler
echocardiography and reflects the LV
filling pattern (7-9). Pressure gradi-
ents can also be calculated using the
modified Bernoulli equation:
Pressure gradient (mmHg)=4VmaX2 (m/s),
where V _ is the peak velocity (10).

The acquisition slice should be po-
sitioned at the MV leaflet tips parallel
to the mitral annulus (through-plane)
for the mitral inflow and at the right
superior pulmonary vein perpendicu-
lar to the blood flow (through-plane),
1 cm away from the junction with the
LA for the pulmonary vein flow (Fig. 3).
Phase-contrast images are acquired with
retrospective electrocardiogram gating

covering the entire cardiac cycle (40-60
phases per cycle), usually using a veloc-
ity encoding of 90-150 cm/s for mitral
inflow and 80-100 cm/s for pulmonary
vein flow.

Normal mitral inflow pattern

The normal pattern is characterized
by an initial ventricular flow (E wave)
and late ventricular flow (A wave) (Fig.
4). The E wave is greater than the A
wave, as the majority of LV filling oc-
curs during rapid filling, and atrial
contraction has a small contribution
to LV filling. Consequently, the peak
velocity ratio of the E and A waves,
called the E/A ratio, is >1 in normal
patients.

Normal pulmonary venous flow pattern

The normal pattern is composed of
three waveforms: a systolic (S wave)
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and a diastolic flow (D wave), usually
with similar flow velocities, and a re-
versed flow (AR wave) at end-diastole
(Fig. 5). The S wave corresponds to
flow into the LA during ventricular
systole. The D wave represents the re-
duction in LA pressure during rapid
filling. The AR wave is due to the atrial
contraction.

Valsalva maneuver

The strain phase of the Valsalva
maneuver reduces preload and is a
simple approach to decrease LA pres-
sure. Therefore, complementary mi-
tral inflow could be performed under
the Valsalva maneuver, which in nor-
mal patients will show proportional
reductions in both E and A waves ve-
locities, and the E/A ratio will remain
>1. Clinically, this maneuver can
be used to unmask a pseudonormal

Duarte et al.
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Figure 4. Normal mitral inflow pattern. The first negative peak
is due to LV outflow during systole. The first positive peak at
the beginning of diastole (E wave) corresponds to rapid filling,
and the second positive peak corresponds to atrial contraction
(A wave). E wave deceleration time was measured according
to the method described by Gatehouse et al. (10). E, E wave;

A, A wave; DT, deceleration time.

pattern and distinguish the restrictive
reversible pattern from the irreversible
pattern (11).

LA size

Long-standing exposure of the LA
to increased LV filling pressure results
in increased LA wall tension and ulti-
mately in dilatation. Thus, LA size is
a structural rather than functional pa-
rameter that reflects elevated LV filling
pressure and considered a useful mark-
er for chronic diastolic dysfunction.
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Figure 5. Normal pulmonary venous flow pattern. The S wave occurs during
ventricular systole and has one or two peaks; the first systolic peak (S1) is
caused by the reduction of LA pressure due to LA relaxation and longitudinal
LV shortening, and the second systolic peak (52) reflects right ventricle
stroke volume and atrial compliance. The D wave occurs during diastole and
reflects ventricular filling. The A wave, which has an opposite direction to

the other two waves, occurs during atrial contraction and reflects ventricular
compliance. S, S wave; D, D wave; AR, AR wave.

Additionally, increased LA size is an
important predictor of adverse cardio-
vascular events such as atrial fibrilla-
tion, ischemic stroke, and HF survival

(7). LA quantification techniques
rely on measurements of LA area or
volume.

CMRI research techniques
Myocardial tissue imaging

A diastolic functional evaluation
should include a study of mitral an-
nular velocity or so-called myocardial

Figure 6. a, b.
Myocardial tissue
imaging. Cine
four-chamber (a)
and two-chamber
(b) views show

the orientation

of the acquisition
slice (yellow lines),
positioned parallel to
the MV annulus at
two-thirds of the LV
long-axis.

tissue imaging (MTI), which reflects
the shortening and lengthening of the
myocardium and provides an index of
LV relaxation that is not affected by
LA pressure (9). MTI can be assessed by
phase-contrast images using a velocity
encoding of 20-30 cm/s. Acquisition
slices should be positioned parallel to
the MV annulus at two-thirds of the LV
long-axis (Fig. 6) (12).

The normal MTI pattern is com-
posed of three basic waveforms: systo-
lic myocardial motion, early diastolic
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Figure 7. lllustration of myocardial tissue imaging post-processing and analysis. The data analysis should be performed at the inferoseptal mitral
annulus region, which shows better agreement with echocardiography. The normal myocardial tissue imaging pattern is composed of three
waves: the Sa wave, which corresponds to ventricular systole and is the only wave above baseline; the Ea wave, which is the first wave below
the baseline that corresponds to rapid filling and is related to the LV velocity of relaxation; and the Aa wave, which is the second wave below
the baseline and represents passive myocardial distension caused by atrial contraction.

mitral annulus motion (Ea), and late
diastolic mitral annulus motion (Fig.
7). The Ea wave corresponds to rapid
filling and its peak velocity reflects
the velocity of early myocardial re-
laxation as the mitral annulus ascends
away from the apex. LV filling pres-
sures can be estimated using the peak
velocity ratio of the E and Ea waves,
called the E/Ea ratio, which integrates
the early filling parameters of mitral
inflow with MTI. Thus, an E/Ea ratio
<8 usually predicts normal filling pres-
sures and an E/Ea ratio >15 foretells el-
evated filling pressures. When the E/
Ea ratio is 8-15, the use of additional
parameters (e.g., Valsalva maneuver
and/or pulmonary vein flow) to cor-
rectly classify LV diastolic function is
recommended.

Myocardial tagging

CMRI can label (“tag”) the myocar-
dium, which allows for easy visualiza-
tion of systolic and diastolic myocar-
dial deformations. These deformations
are commonly measured using units
of strain (%S) or torsion (degrees).
Therefore, CMRI tagging provides an
accurate analysis of LV torsion recov-
ery and strain rate recovery that direct-
ly reflects the mechanisms of myocar-
dial diastolic relaxation (9). The diasto-
lic torsion recovery rate is extended
in patients with LV impaired diastolic
function.

3TP-MR spectroscopy

3IP-MR spectroscopy is currently
only available for research and al-
lows measurement of the myocardial
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phosphocreatine/adenosine  triphos-
phate ratio, which reflects myocardial
energy status (6).

Diastolic dysfunction grading

Diastolic dysfunction can be clas-
sified into four grades (5). Diastolic
parameters with progressively wors-
ening diastolic function are as follows
(Fig. 8):

Grade |

In grade I, an impaired relaxation oc-
curs, so mitral inflow velocity is lower
at the beginning of diastole (reduced E
wave), which is partially compensated
for by increased flow during atrial con-
traction (increased A wave); this leads
to a reverse E/A ratio and an increase
in deceleration time (Fig. 9a). At this

Duarte et al.
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Figure 8. Schematic representation of grading for diastolic dysfunction. Mitral inflow,
pulmonary venous flow, and myocardial tissue imaging patterns are shown in the presence
of worsening diastolic dysfunction. LV, left ventricle; E, E wave; A, A wave; S, S wave;

D, D wave; AR, AR wave; Ea, Ea wave; Aa, Aa wave.

Figure 9. a, b. Impaired
relaxation in a 63-year-old
asymptomatic woman
with preserved LV systolic
function and long-standing
history of hypertension.
Mitral inflow (a) shows

an E wave<A wave with

an E/A ratio <1 and an

Pulmonary venous flow (b)
demonstrates a decreased
D wave (S wave>D wave).
E, E wave; A, A wave;

S, S wave; D, D wave;

AR, AR wave.
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increased deceleration time.

stage, pulmonary vein flow shows a
decrease in diastolic flow (decreased D
wave) (Fig. 9).

Grade Il

A progressive increase in LV pressure
at the end of diastole reduces the con-
tribution of atrial contraction to LV
filling, and most of the LV filling oc-
curs at the beginning of diastole. This
results in a mitral inflow pattern simi-
lar to normal, as the E wave is high-
er than the A wave and the E/A ratio
>1. Therefore, this state is considered
pseudonormal (Fig. 10). The differen-
tial diagnosis between grade II and the
normal pattern can be made by MTIL
Alternatively, the Valsalva maneuver
and pulmonary vein flow can be used,
with pulmonary vein flow typically
showing decreased systolic flow (S<D).

Grades Il and IV

Finally, severe impairment of LV
compliance and relaxation results
in increased LA pressure and LV di-
astolic filling pressures. The mark-
edly elevated LA pressure leads to an
earlier opening of the MV (decreased
isovolumic relaxation time), raising
the atrioventricular pressure gradient
and increasing the velocity of early
diastolic filling (increased E wave). As
a result, early ventricular filling stops
abruptly due to the severe impairment
of LV relaxation and compliance, re-
sulting in reduced deceleration time.
Furthermore, the atrial contribution
(reduced A wave) is even more attenu-
ated as a result of the rapid early el-
evation in LV pressure (E>>A; E/A ra-
tio >1.5). Pulmonary vein flow shows
decreased systolic flow (S<<D) due to
a decrease in the pressure gradient be-
tween the pulmonary veins and LA;
the AR wave is also usually wider (=30
ms). Moreover, the E/Ea ratio is >15.
The Valsalva maneuver can be used
to distinguish the reversible from
the irreversible restrictive pattern: if
the mitral inflow pattern modifies to
a grade I or II under this maneuver,
the restrictive pattern is considered re-
versible (grade III). If not, the restric-
tive pattern is considered irreversible
(grade IV) (Fig. 11).

A restrictive pattern is associated
with a poor prognosis, as it is charac-
teristic of infiltrative cardiomyopa-
thies, dilated cardiomyopathies with
poor systolic function, and pericardial
diseases (Fig. 12).
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Figure 10. a—e. Pseudonormal pattern in

a 52-year-old man with ischemic heart
disease and LV ejection fraction of 29%.
Late enhancement images in short-axis

(a) and two-chamber (b) views show an
anteroseptal scar from a previous extensive
anterior myocardial infarct. Mitral inflow
analysis (c) revealed a pseudonormal
pattern (E wave>A wave; E/A ratio >1) that
reverted to an impaired relaxation pattern
(d) under the Valsalva maneuver (E wave<A
wave; E/A ratio <1). Pulmonary venous flow
(e) demonstrates a D wave greater than
the S wave, reflecting an increase in the LA
pressure. E, E wave; A, A wave; S, S wave;
D, D wave; AR, AR wave.
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Figure 11. af. Irreversible restrictive
pattern in a 33-year-old man with
thalassemia major and preserved LV
ejection fraction of 58%. Mid-myocardial
short-axis gradient-echo images (a, b) of
the heart and liver acquired with increasing
echo time (TE) show a reduction in the
myocardial and liver signals due to iron
overload. CMRI of the myocardium

and liver T2* (c) shows a short T2¥,

which reflects heavy heart and liver iron
overload (normal T2* >20 ms). Mitral
inflow analysis (d) revealed a restrictive
pattern (increased E and absent A waves),
practically unchangeable under the Valsalva
maneuver (e). Pulmonary venous flow (f)
demonstrated a prominent D wave.

E, E wave; S, S wave; D, D wave.
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RR-interval 769 ms (fom hoat rals)

Conclusion

Diastolic dysfunction is a common
clinical condition, being the predomi-
nant cause of HF in 40%-50% of pa-
tients. Global and regional diastolic
function assessments by CMRI are fea-
sible. Moreover, the unique features of
CMRI, such as CMRI tagging, which
can assess the diastolic recoil proper-
ties and 3'P-MR spectroscopy, which
can measure myocardial energy status,
provide insights into the mechanism
of diastolic dysfunction not fully avail-
able with other modalities.
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