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Diastole begins in systole, as energy stored within the myo-
cyte and as torsion in the interstitial fibers of the myocar-
dium. As systole ends with aortic valve closure an abrupt
untwisting occurs, which lowers pressure in the left ventricle
(LV) (isovolumic relaxation) until the mitral valve opens,
and blood flows along a negative pressure gradient (suc-
tion) toward the apex (rapid filling period) until the pressure
equilibrates between the left atrium and the LV, resulting
in diastasis until the final component of ventricular filling
occurs with atrial contraction (Fig. 1) [1]. Derangement of
any of these components may produce the pathophysiologi-
cal entity of diastolic dysfunction [1].

In patients presenting with dyspnea or other symptoms
of heart failure and normal LV ejection fraction on echo-
cardiography, the diagnosis of diastolic dysfunction with
preserved ejection fraction is not always straightforward
[2]. This is especially challenging in chronic kidney disease
(CKD) patients, in whom volume overload and falsely ele-
vated N-terminal pro-brain natriuretic peptide (NT-proBNP)
are common phenomena [3].

The hallmark of diastolic dysfunction is the impaired
capacity to fill or maintain stroke volume without a com-
pensatory increase in LV filling pressures [4]. Heart failure
with preserved ejection fraction (HFpEF) patients typi-
cally have high LV filling pressures, whether at rest and/
or on exercise [5]. Therefore, it is reasonable to argue that
the estimation of LV filling pressure is the more important
aspect of evaluating LV diastolic function. Although various
non-invasive echocardiographic measures exist to assess LV
filling pressures such as mitral inflow Doppler velocities (E
and A wave), tissue Doppler annular velocities (e’ wave),
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tricuspid regurgitation velocity, E/e’ ratio and left atrial vol-
ume, their clinical performance has been characterized at
best as “good” or “reliable” [6, 7]. In addition, the fact that
the various parameters used are subject to fundamental limi-
tations and reflect different physiological aspects of diastole
has led to substantial ambiguity [7]. More importantly, the
dynamic nature of LV filling pattern in a three-dimension
plane, the formation of vortices by blood flow as well as the
spatial-temporal distribution of the velocity of blood flow
from the annulus to the apex, suggests that any accurate esti-
mation of LV filling pressure, includes the development and
validation of other indices of LV diastolic function regional
in nature given the limitations of the existing methodolo-
gies [8, 9].

Regional intra-cavity pressure differences between vari-
ous parts of the LV have been recognized for some time,
however the potential clinical importance of these intra-
ventricular pressure gradients (IVPG) within the LV during
diastole and systole have only more recently gained atten-
tion [9]. These diastolic IVPGs may play an important role
in ventricular filling and emptying in the normal heart [9].
Initially, Courtois et al. observed, in a canine model, a sig-
nificant early diastolic pressure gradient along the LV inflow
tract with minimum pressure in the apex suggesting suction
of the blood toward the LV apex [9, 10]. Later, Smiseth et al.
demonstrated, in humans, the presence of a diastolic IVPG
between the apex and outflow tract. They showed that when
apical pressure started to rise, outflow pressure continued to
fall, thus creating an apex-to-outflow tract pressure gradient
in early diastole [9, 11]. In late diastole, during atrial con-
traction, there was also a gradient from the apex-to-outflow
tract. Furthermore, regional pressure-wave pattern recorded
during atrial contraction is exactly opposite to the pattern
recorded during the early rapid-filling phase [9, 12]. Finally,
Iwano et al. showed that basilar IVPG is mainly affected
by LA pressure [13]. Based on these complex spatial and
temporal physiological IVPGs observed during ventricular
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Fig. 1 Left ventricular, left
atrial and aortic pressure curves
during cardiac cycle. Phases

of LV diastole are isovolumic
relaxation, rapid filling period,
diastasis and atrial contrac-
tion period. Adapted from
Daniel Chang, MD (revised
original work of Destiny Qx;
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filling can be inferred that filling is completed first in the
apex and only then in the base and in the LV outflow tract
thus preparing for an efficient ventricular emptying (Fig. 2)
[9]. Therefore, IVPGs are probably more reliable markers
for ventricular relaxation, elastic recoil, diastolic suction and
efficient LV filling [9].

In previously reported studies, most IVPG data were
measured during diastole by color M-mode Doppler
(CMMD) echocardiographic imaging. Greenberg et al.
used the local spatial and temporal velocity distribution
measured by color Doppler M-mode echocardiography to
calculate local pressure gradients using the Euler equa-
tion, integration of which allows them to calculate a pres-
sure difference between two points along the inflow tract
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[14]. Accuracy of the method depends on the temporal and
spatial resolutions of color Doppler M-mode images and
is also related to the degree to which the ultrasound scan-
line approximates an inflow streamline through the center
of the mitral valve [15]. Moreover, this one-dimensional
measurement has been challenged by the multidimensional
velocities of the intra-ventricular flow [15]. Finally, this
method is limited because the transmitral velocity pro-
file is also affected by several parameters other than LV
diastolic function, such as heart rate, atrioventricular
conduction interval and left atrial pressure [9]. As a reli-
able non-invasive method to characterize the state of LV
relaxation is still an unsolved issue additional techniques
are researched such as incorporation of tissue Doppler
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imaging [16] or strain mapping [17], vector flow mapping
(VFM) [18], contrast echocardiography-particle image
velocimetry (CE-PIV) [8], and relative pressure imag-
ing (RPI) in left ventricle using VMF (RPI-VMF) [19].
Flow-derived IVPG parametric maps offer an opportunity
to improve methods for assessing LV filling as they are
based on two-dimensional (2D)-VFM velocity fields and
are angle-independent, however interpretation of their
results should be made with caution [8].

In the present issue of the International Journal of Car-
diovascular Imaging, Zhong et al. [20] assessed differences
and associations between early diastolic IVPGs using rela-
tive pressure imaging derived from VFM in 51 patients
with CKD (32 with HFpEF and 19 without) and 39 healthy
controls. Significant differences were present in mid- and
apical early diastolic IVPG between CKD patients with
HFpEF and those without as well as between CKD HFpEF
patients and controls. Finally, a reduced apical IVPG was
associated with a composite end-point including all cause
death and cardiovascular hospitalizations in the CKD pop-
ulation. This interesting study is among the first to assess
IVPGs as markers for diastolic dysfunction. Although,
IVPGs may be a useful tool in diagnosing HFpEF in CKD
patients, several limitations should be taken into account.
Firstly, the authors did not compare IVPG neither with
other echocardiographic indices such as CMMD nor with
data derived from cardiac catheterization. More alarm-
ingly, early diastolic IVPGs were weakly correlated with
standard echocardiographic indices of HFpEF. Although
observation raise a certain amount of concern, it is logi-
cal to postulate that early diastolic IVPGs could represent
a more sensitive marker capable of detecting diastolic
dysfunction earlier compared to the standard echocardi-
ography markers. Furthermore, cardiac pre-load was not
assessed methodologically in CKD patients, a patient pop-
ulation in whom volume status is susceptible to variation
due to therapeutic interventions. Finally, the prognostic
ability of early diastolic IVPG is subject to inherent limi-
tations of the relative analysis due to the small size of the
study population.

Nevertheless, echocardiography derived IVPGs esti-
mation emerges as a novel, useful and potentially clini-
cally applicable mean to identify diastolic abnormalities
earlier in their course and more comprehensively in their
temporal and spatial properties. Future, larger in size and
more elaborate in methodology, studies would certainly
delineate further the impact of IVPG echocardiography
assessment as an additional clinical tool for the diagnosis
of diastolic dysfunction.
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