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ABSTRACT

Introduction: Early left ventricular (LV) filling
has been described as an asymmetric toroidal
vortex ring of blood entering the LV upon
opening of the mitral valve. This phenomenon
is in part responsible for cyclical changes in LV
volumes during the cardiac cycle and also con-
tributes to the apical and basal longitudinal
displacements of the mitral annulus (MA).
Although MA early diastolic (e’) velocities have
been used to assess early LV filling characteris-
tics, accurate distinction between normal aging
and pathological diastolic dysfunction (DD)
might be challenging at times.
Methods: In this pilot study, echocardiographic
data from 60 consecutive patients were
reviewed. The studied population was allocated
into three groups based on the new American
Society of Echocardiography guidelines for
diastolic dysfunction classification. To better

define LVDD, we based our interpretation of MA
tissue Doppler imaging (TDI) signals on the
well-described displacement pump mechanism
of the MA plane functioning as a piston unit.
Results: Patients with normal diastolic function
were younger (50 ± 14 years) than those with
DD (group II: 69 ± 8 and group III:
63 ± 17 years) (p\0.001) with a slight female
predominance (57%). As expected, volumetric
variables as well as mitral inflow and MA TDI
measures were significantly different among the
three studied groups (p\ 0.001) with the excep-
tion of the left atrial volume index. Interestingly,
careful interrogation of the MA TDI signal
revealed a distinctive appearance of a recoil sig-
nal right after the MA e’ velocity only occurring
in patients with normal LV diastolic function.
Conclusions: Identification of an early charac-
teristic recoil signal occurring on the MA TDI
right after the e’ velocity seems to be useful in the
characterization of LVDD. Additional prospec-
tive studies are now needed to validate its utility
as an additional criterion to be used in LVDD.
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INTRODUCTION

Assessment of left ventricular (LV) diastolic
function has been traditionally based on
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concepts such as relaxation and stiffness, par-
ticularly when describing the mechanisms
controlling early diastolic LV filling [1–4].

To simplify the complex nature of the
mechanistic properties beyond the heart func-
tion as a pump, the interaction between LV
volume and pressure changes has been approx-
imated to the basal-to-apical longitudinal
motion of the mitral annulus (MA). Being this
last considered a reliable surrogate measure-
ment for the assessment of both LV systolic and
diastolic function [5, 6]. Since this longitudinal
motion of MA has been equated to that of a
piston unit [7, 8], it is then obvious that LV
systole and diastole are intrinsically related and
mechanically coupled. In other words, the
continuous longitudinal motion of the MA
should be extremely valuable in the assessment
of LV systole and diastole.

Despite the recent revision of LV diastolic
function assessment guidelines [6], there are
certain instances in which accurate interpreta-
tion of echo and Doppler data is somewhat
insufficient when trying to categorize individu-
als with normal LV diastolic function from those
with abnormal LV filling properties, particularly
when not all required variables are in agreement.

Since our laboratory has previously charac-
terized MA motion as it relates to LV diastole
[9, 10], we have now focused our attention on
studying early LV filling aside from the tradi-
tional measurement of e’ velocity. Accordingly,
we aimed to identify characteristic changes in
the MA tissue Doppler imaging (TDI) recoil
signal after the e’ as a manifestation of the atrio-
ventricular plane ‘‘piston pump’’ mechanism.

METHODS

For this proof of concept study, we analyzed
echocardiographic data from 60 consecutive
patients with a wide spectrum of medical and
cardiac diseases referred for a complete echocar-
diographic. Patients were allocated into three
groups based on the new American Society of
Echocardiography (ASE) guidelines for diastolic
dysfunction classification: [6, 11] normal LV
diastolic function (group I) (n = 25), early relax-
ation abnormalities (group II) (n = 25), and

pseudonormal pattern (group III) (n = 10). Aside
for being a complete study including all echo
Doppler variables, all patients had to be in nor-
mal sinus rhythm when data was acquired.

To accomplish the aim of this study, only
TDI spectral signals from the lateral MA were
used for analysis. This approach allowed us the
interpretation of the most dynamic portion of
the MA involved in longitudinal displacement.

Based on the previously described ‘‘piston
pump’’ function of the MA, we coined the term,
‘‘recoil signal’’ as the spectral Doppler display
seen above the baseline and occurring right
after the MA TDI early e’ velocity signal.

This article is based on previously conducted
studies and does not involve any new studies of
human or animal subjects performed by any of
the authors. The University of Cincinnati, College
of Medicine Institutional Review Board Commit-
tee approved data collection for this study (pro-
tocol number 12061302), and waived the need for
consent. All procedures performed in studies
involving human participants were in accordance
with the 1964 Helsinki declaration and its later
amendments or comparable ethical standards.

All patients were imaged with ultrasound
systems equipped with multifrequency trans-
ducers and the study was performed using stan-
dard views with care taken to avoid
foreshortening. From the apical four-chamber
view, the lateral MA was interrogated. The
resulting annular velocities by pulsed wave
Doppler were recorded for 3–5 cardiac cycles at a
sweep speed of 100 mm/s.

All echocardiographic and Doppler variables
were acquired as recommended by current ASE
guidelines [6, 11]. Baseline characteristics were
compared between groups using analysis of vari-
ance (ANOVA) for continuous variables, assum-
ing equal variances and after testing for normality
with Shapiro–Wilk test. A p value\0.05 was
considered statistically significant. All statistical
analyses were performed using STATA version
14.2 (StataCorp, College Station, TX, USA).

RESULTS

The echocardiographic data of the study popu-
lation is depicted in Table 1. Overall, patients
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with normal diastolic function were younger
(50 ± 14 years) than those with diastolic dys-
function (group II: 69 ± 8 and group III:
63 ± 17 years) with a slight female predomi-
nance (57%). There were no differences in terms
of either body surface area (group I: 2.0 ± 0.3;
group II: 1.8 ± 0.1; and group III: 1.9 ± 0.3 m2)
or LV mass index (group I: 88 ± 34; group II:
94 ± 42; and group III: 112 ± 45 g/m2).

Both group I and II had similar LV end sys-
tolic (37 ± 26 versus 43 ± 48 ml) and end
diastolic (106 ± 41 versus 114 ± 54 ml) vol-
umes but significantly smaller than group III
(143 ± 65 ml and 195 ± 72 ml, respectively)
patients. Consequently, group I and II had
similar LV ejection fraction values (68 ± 14
versus 68 ± 17%), which were significantly
higher than LV ejection values for group III
(27 ± 14%) patients. Similarly, left atrial (LA)
volume index values did not differ between
group I and II (26 ± 12 and 31 ± 12 ml/m2,
respectively); however, LA volumes were sig-
nificantly larger (46 ± 12 ml/m2) in group III
patients. Pulmonary artery systolic pressures
were similar between group I and II (19 ± 11
and 20 ± 9 mmHg, respectively) while group III
values were significantly higher
(45 ± 15 mmHg).

As expected, not only the calculated mitral
valve inflow E/A ratio was similar between
group I and III (1.4 ± 0.5 and 1.4 ± 0.3,
respectively) while group II values were signifi-
cantly lower (0.7 ± 0.2), but also the lateral MA
TD e’ values were gradually smaller as the LV
diastolic function deteriorated (group I: 12 ± 3;
group II: 7 ± 3 and group III: 4 ± 2 cm/s).
Finally, the mitral valve inflow E velocity/MA
TDI e’ velocity ratio was higher with worse LV
diastolic function (group I: 8 ± 2; group II:
11 ± 4 and group III: 27 ± 10).

Most importantly, appearance of a distinc-
tive recoil signal occurring right after the MA e’
velocity was only present in patients with nor-
mal LV diastolic function as seen in Fig. 1. None
of the patients with either type I or II left ven-
tricular diastolic dysfunction (LVDD) had this
signal in the study population.

DISCUSSION

Having a basic understanding of the mecha-
nisms that regulate cardiac dynamics have been
a crucial quest to improve diagnosis and refine
treatment alternatives that in turn result in
better clinical outcomes. One of such pursuits

Table 1 Echocardiographic data of the study population

Variables Group I
n = 25

Group II
n = 25

Group III
n = 10

p value

Age 50 ± 14 69 ± 8 63 ± 17 \ 0.001

BSA 2.0 ± 0.3 1.8 ± 0.1 1.9 ± 0.3 0.056

LV mass index 88 ± 34 94 ± 42 112 ± 45 0.295

Left atrial volume index 26 ± 12 31 ± 12 46 ± 12 \ 0.001

LV end diastolic volume 106 ± 41 114 ± 54 195 ± 72 \ 0.001

LV end systolic volume 37 ± 26 43 ± 48 143 ± 65 \ 0.001

LV ejection fraction 68 ± 14 68 ± 17 27 ± 14 \ 0.001

MV E/A ratio 1.4 ± 0.5 0.7 ± 0.2 1.4 ± 0.3 \ 0.001

MA TDI e’ (lateral) 12 ± 3 7 ± 3 4 ± 2 \ 0.001

MV E/MA TDI e’ ratio 8 ± 2 11 ± 4 27 ± 10 \ 0.001

PASP 19 ± 11 20 ± 9 45 ± 15 \ 0.001

BSA body surface area, LV left ventricle, MV mitral valve, MA mitral annulus, PASP pulmonary artery systolic pressure
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has been the characterization of LV diastolic
function. Even after the most recent publication
of the revised LVDD guidelines [6], there are
times where it remains difficult to characterize
LVDD in some patients either since not all cri-
teria are met or as result of technical issues
when acquiring the echo Doppler data. There-
fore, alternate approaches are still needed to
improve LV diastolic function assessments.

Our results, although in a small sample of
patients, reveal that careful interrogation of the
lateral MA TDI spectral signal might be useful in
this regard. This Doppler signal—already useful
for measuring e’ velocities on the most dynamic
portion of the MA—was also useful to study the
proposed piston function of the MA. By using
this portion of the MA, we have benefited from
the uninterrupted view of the longitudinal
motion of the annulus as seen from the four-
chamber apical view. Through this approach,
we were able to detect a recoil spectral signal
right after the MA e’ velocity in all patients that
met the revised ASE guidelines for normal LV
diastolic function and in none of the patients
that were classified as either LVDD type I or type
II using the same guidelines [6].

Gaining a better understanding of myocar-
dial fiber’s arrangement has certainly clarified
systolic as well as diastolic LV function [12–17].
For example, LV twisting and untwisting have
allowed a more comprehensive view of both

systolic and early diastolic function, respec-
tively. Work by Burn et al. [18] demonstrating
reduced LV untwisting was seen in patients with
abnormal LV diastolic function, likely as a result
of reduced suction gradients that are necessary
to attain normal LV filling function.

From a mechanistic point of view, LV systole
and diastole are not only driven by intracavitary
pressure and flow differences, but also by lon-
gitudinal, radial and circumferential myocardial
fibers contraction and relaxation. In this par-
ticular construct, basal-to-apical atrioventricu-
lar plane displacement occurs during systole
contributing to both LV ejection and left atrial
filling [19]. During ventricular diastole, as the
atrioventricular plane returns to its initial posi-
tion, the resultant hydraulic forces redistribute
blood from the atria to the ventricle contribut-
ing to early LV filling. These longitudinal MA
displacements have been approximated to the
function of a piston [20]. This intricate coupling
systolic and diastolic longitudinal displacement
of the MA has been previously used to describe
the association between LV systolic and dias-
tolic dysfunction [21, 22].

The results of this pilot study using TDI to
interrogate the lateral portion of the MA appear
to be potentially helpful in clarifying LV dias-
tolic filling properties. Specially, a characteristic
recoil spectral signal right after the MA TDI e’

Fig. 1 Recoil signal post MA TDI e’ velocity (arrow)
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velocity was only seen in patients classified as
having normal LV diastolic function.

From 2009 to 2016, the ASE reduced the
number of recommended criteria to assess LV
diastolic function to only 4 [6, 23]. Despite this,
up to 15% of patients are deemed indeterminate
as not all criteria fit. Therefore, this recoil
spectral signal (easy to identify while assessing
LV diastolic function through the MA TDI)
might simply add confidence to the interpreta-
tion besides being a plausible mechanical
explanation of the atrioventricular behavior
during diastole.

However, the small sample size, absence of
patients with arrhythmias, and retrospective
nature of our study remain as potential
limitations.

CONCLUSIONS

The findings of this pilot study intended to
serve as a proof of concept of the potential
piston function capability of the MA, aiding in
the interpretation of the early LV filling prop-
erties of the LV. It seems that the presence of a
characteristic recoil signal right after the
occurrence of the MA e’ velocity signal is
indicative of normal diastolic function. We
speculate that this signal simply indicates the
presence of a very complaint LV. Based on these
results, a larger validation prospective study is
now necessary not only to determine whether
this simple spectral signal could be useful in
characterizing indeterminate patients based on
current ASE LVDD assessment guidelines but
also to discriminate between abnormal LV
relaxation and aging.
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