
Left ventricular strain and twisting in heart failure with preserved
ejection fraction: an updated review

Marijana Tadic1 & Elisabeth Pieske-Kraigher1 & Cesare Cuspidi2 & Martin Genger1 &

Daniel A. Morris1 & Kun Zhang1 & Nina Alexandra Walther1 & Burket Pieske1,3,4

Published online: 12 April 2017
# Springer Science+Business Media New York 2017

Abstract Despite the high prevalence of the patients with
heart failure with preserved ejection fraction (HFpEF), our
knowledge about this entity, from diagnostic tools to therapeu-
tic approach, is still not well established. The evaluation of
patients with HFpEF is mainly based on echocardiography, as
the most widely accepted tool in cardiac imaging.
Identification of left ventricular (LV) diastolic dysfunction
has long been considered as the only responsible for HFpEF,
and its evaluation is still Bsine qua non^ of HFpEF diagnos-
tics. However, one should be aware of the fact that identifying
cardiac dysfunction in HFpEF might be very challenging and
often needs more complex evaluation of cardiac structure and
function. New echocardiographic modalities such as 2D and
3D speckle tracking imaging could help in the diagnosis of
HFpEF and provide further information regarding LV func-
tion and mechanics. Early diagnosis, medical management,
and adequate monitoring of HFpEF patients are prerequisites
of modern medical treatment. New healthcare approaches re-
quire individualized patient care, which is why clinicians
should have all clinical, laboratory, and diagnostic data before
making final decisions about the treatment of any patients.

This is particularly important for HFpEF that often remains
undiagnosed for quite a long time, which further prolongs the
beginning of adequate treatment and brings into question out-
come of these patients. The aim of this article is to provide the
overview of the main principles of LV mechanics and sum-
marize recent data regarding LV strain in patients with HFpEF.
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Introduction

Although the incidence of cardiovascular diseases in devel-
oped countries reduced over the last two decades, the preva-
lence of patients with heart failure (HF) is constantly increas-
ing, and currently it is between 1 and 2% [1]. The number of
hospitalizations, which only in USA exceeds 1 million per
year, significantly increases the costs of treatment of these
patients [2]. The study that investigated the trend of deaths
attributed to HF in seven developed European countries over
a period of 20 years showed that the mortality significantly
decreased [1]. However, US statistics showed that 5-year mor-
tality is still higher than 50% [2]. Considering the fact that
population is aging and the fact that the number of patients
with different risk factors for HF development such as coro-
nary artery disease, hypertension, diabetes, and obesity is con-
tinuously rising, an adequate diagnostic and therapeutic ap-
proach of HF is necessary.

HF represents a clinical diagnosis, characterized by typical
symptoms and signs and increments of important biomarkers
such as brain natriuretic peptide (BNP or pro-BNP). However,
for a long time, HF was exclusively ascribed to the reduced
left ventricular (LV) function, and relatively recently, it was
recognized that even patients with preserved LV function
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could have HF. First appeared the term Bdiastolic HF,^ which
soon evolved to BHR with preserved LV ejection fraction^
(HFpEF). Considering the fact that mortality is the same in
HF patients with reduced and preserved EF [3], as well as the
statistics that show the significant reduction of mortality in HF
with reduced EF (HFrEF) over the last several decades, but
not in HFpEF patients [3], it is of great importance to make
diagnoses and start treatment of HFpEF as soon as possible.

The aim of this review article is to summarize current clin-
ical usefulness of LV strain and twist assessment in patients
with HFpEF.

HFpEF definition

The cutoff value for EF in HFpEF is challenging, and it has
been changed over time. It was recognized that reduced EF is
40%, but there was no consensus regarding the definition of
preserved EF. The American guidelines from 2013 defined
that HFpEF is EF ≥50%, whereas EF between 41 and 49%
was considered as Bborderline^ HF and finally EF ≤40% de-
fined HFrEF [4].

The latest European guidelines introduced the term Bmid-
range^ HF for the patients with EF between 40 and 49% [5].

However, LVEF in the majority of conducted or ongoing
studies ranges 35–50% as the cutoff value for preserved
LVEF. The lack of agreement regarding LVEF opens a large
space for other echocardiographic parameters that could (and
should) be used in diagnostics of the HF patients in everyday
clinical practice. This predominantly refers to sophisticated
two- and three-dimensional speckle tracking imaging param-
eters that provide insight in LV mechanics.

Role of left ventricular mechanics in HFpEF

Left ventricular contraction and relaxation are complex and
dynamic associated changes in muscle length and shape that
consist of shortening, lengthening, narrowing, widening,
twisting, and uncoiling. The timing of the movement and the
strength of each layer dictate the direction and velocity of the
dominant motion. There are several theories regarding layer
architecture and myocardial fiber organization. Some authors
claimed that LV myocardium consists of two layers; others
reported three layers; whereas there are also those who sug-
gested a four-layer LV myocardial structure [6]. The majority
of investigators agree that LV myocardium contains three
layers: endocardial, mid-myocardial, and epicardial. It is also
widely accepted that fibers in the subendocardium and
subepicardium are mainly longitudinally oriented while fibers
in the mid-myocardium are circumferentially oriented. The
subepicardial LV fibers with an average orientation of about
−60° produce helices with almost horizontal mid-myocardial

fibers and form a left-handed helix, whereas the mid-
myocardial fibers and the subendocardial fibers with an aver-
age angle of about +60° form the right-handed helix.
Additionally, the circular muscle of the basal loop contracts
and rotates the LV, whereas the descending and ascending
helical fibers shorten or lengthen the LV and also rotate the
chamber. It is not the same at which angle myocardial fibers
are. A mathematical model demonstrated that contraction of
purely longitudinally or circumferentially organized myocytes
would produce ejection fractions of 15 and 28%, respectively
[7]. On the other hand, fibers with 60° angle from the hori-
zontal would achieve ejection fractions >60%.

The first studies on animal models published almost half a
century ago showed that the LV myocardial wall has a well-
ordered distribution of fiber angles varying from 60° (from the
circumferential direction) at the inner surface to −60° on the
outer surface [8]. The greatest change in angle with respect to
wall thickness occurs at the endocardium and epicardium. The
authors [9, 10] reported that fiber angles did not change sig-
nificantly during the changeover from diastole to systole, de-
spite a 28% increase in wall thickness.

Considering the orientation of different LV myocardial
layers, one would expect that epicardial and endocardial
layers are responsible only for longitudinal strain, whereas
mid-myocardial fibrils are responsible only for circumferen-
tial strain. However, the latest analyses with multilayer strain
showed that each layer is contributing to global longitudinal,
circumferential, and radial motion [11–14]. The layer-specific
strain analysis shows that longitudinal, circumferential, and
radial strains gradually decreased from the endocardium to
epicardium, and none of these layers shows a strain value of
0% (or even close to 0%), which confirms the hypothesis that
each layer contributes to multidirectional LV strain. The rea-
son is the different angle between various layers. Namely,
myocardial layers are not perpendicular to each other which
is why the contraction of longitudinally organized myocytes
in endocardial and epicardial layers will not produce isolated
shortening in LV length, without changing the LV circumfer-
ence or LV thickness and vice versa; contraction of the mid-
myocardial layer will not induce solely circumferential short-
ening but also change in length and thickness.

Besides longitudinal, circumferential, and radial motion
(thickening), basal and apical rotation together twist and un-
twist. The base rotates clockwise, while the apex rotates sig-
nificantly more pronounced counterclockwise, which is why
torsion represents important and prominent cardiac motion.
Twist is a consequence of contraction of individual myofibers
interacting with their three-dimensional architecture.

Untwisting is best termed the reversal of twisting and oc-
curs as a consequence of relaxation of the myofibers
interacting with their three-dimensional architecture. The first
40–60% of untwisting occurs during an approximately 90-ms
post-ejection isovolumic interval that precedes rapid filling.
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Different factors that influence LV mechanics

There are many factors that could influence LV strain in
HFpEF patients. Namely, these patients usually have comor-
bidities such as arterial hypertension, diabetes, obesity, meta-
bolic syndrome, renal failure, or obstructive lung disease that
at the same time contribute to HF development and impair-
ment of LV mechanics [3–5].

These conditions induce structural myocardial abnormali-
ties from organ level such as concentric hypertrophy with
associated alterations in shape and fiber orientation, to fibrosis
with altered tethering of myocardial layers, to changes at a
molecular level that modify acto-myosin kinetics. Different
mechanisms could induce myocardial fibrosis in HFpEF: in-
crease in concentration of proinflammatory cytokines and ma-
trix metalloproteinase, oxidative stress, and renin-angiotensin-
aldosterone system [15].

There are a limited number of studies that explain molecu-
lar mechanisms of LV strain changes in HFpEF. An animal
model of streptozotocin-induced diabetes showed that LV de-
formation in the early stages of diabetes is related with the
delay of Ca(2+) transients in cardiomyocytes due to the re-
duced phosphorylation of CaMKII [16]. Adenine nucleotide
translocator (ANT) exports mitochondrial adenosine triphos-
phate into the cytosol and has a role in the regulation of the
intrinsic apoptosis pathway. The investigations in mouse mod-
el showed that mitochondrial energy deficiency induced by
ANT mutation induced LV circumferential, radial, and rota-
tional mechanics [17]. Histopathologic analysis revealed
myocyte hypertrophy, fibrosis, and calcification in the mutant
mice compared with control mice. Additionally, elevated cy-
toplasmic cytochrome c levels and caspase 3 activation were
noticed in the mutant mice [17].

In patients with end-stage dilated cardiomyopathy,
Cordero-Reyes et al. [18] showed that longitudinal, circum-
ferential, and radial strains are associated with messenger ri-
bonucleic acid levels of molecules implicated in cardiac fibro-
sis and function (transforming growth factor beta, titin iso-
forms, collagen type I, collagen type III, sarcoplasmic reticu-
lum Ca(2+)-ATPase, phospholamban, protein levels of
SERCA2a, phosphorylated phospholamban). Kilic et al. [19]
showed that the abundance of sodium/calcium exchanger type
1 protein, in addition to major calcium-handling proteins—
sarcoplasmic reticulum Ca(2+)-ATPase and phospholam-
ban—correlates with strain. However, it should be empha-
sized that the majority of these studies show the correlation,
but not necessarily the causal relation between molecular
mechanisms and strain.

All risk factors that could induce HFpEF could also be
responsible for LV geometry changes. Uchino et al. [20]
showed that LV geometry is quite different in patients with
HFrEF and HFpEF with predominance of concentric over
eccentric LVH in HFpEF. Considering the results of previous

studies that indicate the importance of LV geometry on sur-
vival [21, 22], it is not difficult to understand the relationship
between LV geometry, strain, and mortality in HF patients.
However, the mechanisms of this relationship remain unclear.

Strain measurements in HFpEF and clinical
correlates

Longitudinal strain

The Karolinska Rennes study [23] included 539 HFpEF pa-
tients with an average EF 56 ± 7% who were hospitalized due
to symptoms and signs of HF. Control echocardiographic ex-
amination was performed in the period between 4 and 8 weeks
after hospitalization and showed that LV EF was significantly
higher (62 ± 7%) and global longitudinal strain (GLS) was
−14.6 ± 3.9% [23]. Table 1 summarizes current findings re-
garding LV mechanics in patients with HFpEF [23–43].

Kosmala et al. [24] performed cardiopulmonary exercise
test to 207 HFpEF symptomatic patients (NYHA II and III)
and 60 asymptomatic HFpEF subjects with normal exercise
tolerance, diastolic dysfunction, LV hypertrophy, and/or re-
duced GLS. After exercise test, the E/e’ ratio in asymptomatic
HFpEF patients slightly decreased (9.7 ± 1.7 vs. 9.0 ± 1.9),
whereas in symptomatic patients the E/e’ ratio significantly
increased (11.6 ± 3.6 vs. 15.3 ± 5) [24]. On the other hand,
GLS increased after exercise in both groups. However, the
increment was significantly higher in the asymptomatic group.
A receiver operator characteristic (ROC) curve showed that
exercise GLS represents the best predictor of symptomatic
HFpEF (AUC 0.78), significantly better than LVEF and E/e’
[24]. Henein et al. [28] showed similar changes in LV diastolic
strain rate and E/e’ ratio in HFpEF subjects during exercise.

Liu et al. [25] showed proportional reduction in GLS from
controls, throughout HFpEF to HFrEF (−19.7 ± 2.4 vs.
−14.0 ± 4.5 vs. −8.1 ± 3.4, p < 0.001). Interestingly, the in-
crease in the E/e’ ratio was not that proportional (12.6 ± 3.5 vs.
15.9 ± 7.2 vs. 25.0 ± 14.0, p < 0.001) [25]. This shows higher
sensitivity of LV GLS over the E/e’ ratio to detect LV dys-
function, which represents an important clinical implication.

Similar results were obtained by Carluccio et al. [26] who
correlated LV longitudinal mechanical function with tissue
characterization derived by 2D echocardiography. The inves-
tigators demonstrated that myocardial fibrosis negatively cor-
related with GLS (r = −0.68, p < 0.001) and positively with
the E/e’ ratio (r = 0.46, p < 0.001) [26].

An investigation which showed that galectin-3, a new bio-
marker in heart failure which correlates good with inflamma-
tion and fibrosis, is significantly higher in diabetic patients
with HFpEF than in controls did not reveal a difference in
GLS between HFpEF and controls (−19.4 ± 3.2 vs.
−20.2 ± 2.6%, p = 0.7) [27].
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The PARAMOUNT study [29] confirmed that GLS is sig-
nificantly lower in HFpEF patients than in controls and hy-
pertensive patients (−20.0 ± 2.1 vs. −17.07 ± 2.04 vs.
−14.6 ± 3.3%, respectively, p < 0.001 for all). GLS was asso-
ciated with LVEF (r = −0.46; p < 0.001) in HFpEF individ-
uals, but not with standard echocardiographic measures of LV
diastolic function (e’ or E/e’). Lower GLSwas associated with
higher pro-BNP, even after adjustment for LVEF, parameters
of LV diastolic function, and LV filling pressure [29]. The
authors showed that GLS gradually increased from HFpEF
with EF 45–50%, throughout HFpEF with EF 50–55%, to
HFpEF patients with EF >55%. The PARAMOUNT trial
[31] also showed that LV dyssynchrony assessed by 2D
speckle tracking was related to worse diastolic function. The
relationship with LV diastolic function (e’) remained even
after adjusting for age, gender, systolic blood pressure, LV
mass index, and LVEF [31].

The investigation that used right heart catheterization to-
gether with echocardiography and cardiopulmonary test re-
vealed the association between lower GLS at rest and larger
increment in pulmonary arterial wedge pressure at peak exer-
cise (r = 0.23, p = 0.034). Higher global circumferential strain
(GCS)/GLS ratio was the best predictor of elevated wedge
pressure during exercise (r = 0.30, p = 0.015). The CS/LS
ratio had the highest specificity for the presence of rest- or
exercise-induced pulmonary venous hypertension [30].
Nguyen and coworkers [40] also showed that LV filling pres-
sure significantly correlated with GLS, longitudinal systolic
strain rate, radial and circumferential systolic strain rate, tor-
sion, and torsion rate. Additionally, GLC, GCS, global radial
strain (GRS), and torsion were deteriorated in HFpEF patients
with LV filling pressure >15 mmHg comparing with those
patients with filling pressure <15 mmHg [40].

Hasselberg et al. [32] showed that GLS and peak pulmo-
nary arterial systolic pressure were independently associated
with peak VO2 in HFpEF. Reduced GLS was proved to be
superior to EF and E/e’ in detection of patients with impaired
functional capacity (peak VO2 <20 ml/kg/min). Furthermore,
GLS was better than LVEF associated with E/e′ (r = 0.45,
p = 0.005) and left atrial volume index (r = 0.48, p = 0.003)
in patients with HFpEF [22].Wenzelburger et al. [33] reported
similar findings—lower GLS in HFpEF patients at rest, im-
provement of GLS during exercise in HFpEF patients and
controls, and higher increase in GLS in controls than in
HFpEF subjects.

During the 3-year follow-up of HFpEF patients, Wang
et al. [33] did not find any difference in GLS between
HFpEF who suffered adverse event and patients without
event. Interestingly, GLS increased during the exercise test
only in HFpEF subjects with no event (from 18.8 ± 2.9 to
21.4 ± 3.9%, p < 0.001), which again underlines the impor-
tance of GLS evaluation in these patients. Elevated E/e’ ratio
and GLS were significantly associated with adverse events,

but only impaired GLS during exercise remained an indepen-
dent predictor of adverse events with a sensitivity of 84% and
a specificity of 61% [33]. In another study, Wang et al. [36]
hypothesized that increased LV twist in HFpEF patients rep-
resents a sort of compensation for the reduced LV strains
(GLS, GCS, and GRS) that is necessary in order to maintain
normal LVEF.

The Treatment of Preserved Cardiac Function Heart Failure
With an Aldosterone Antagonist (TOPCAT) trial [37] showed
not only that GLS was significantly decreased in HFpEF but
also that reduced GLS (defined as <−15.8%) was the predictor
of the composite outcome (cardiovascular death, HF hospital-
ization, or aborted cardiac arrest), cardiovascular death alone,
and HF hospitalization alone independently of clinical and
conventional echocardiographic parameters. It has been
shown that GLS represents the strongest echocardiographic
predictor of the composite outcome, stronger than E/e’ [37].
However, the combination of reduced GLS, increased E/e’,
and LV hypertrophy was the most responsible for unfavorable
outcome in the study population. Similar investigation
showed that patients with GLS ≤−15% have significantly
more adverse events (re-hospitalizations and cardiac death)
than patients with GLPS > −15% in the period of 1 year
[39]. The authors [41] reported that GLSwas a better predictor
than LVEF for adverse events in HFpEF patients.

Yip et al. [38] reported significantly deteriorated multidi-
rectional LV strain (GLS, GCS, and GRS) in comparison with
controls, but there was no difference in any of these strain
parameters when investigators comparedHFpEF patients with
and without coronary artery disease.

Interesting research by Smith et al. [42] demonstrated that
endocardial and epicardial GLS of basal, mid-, and apical LV
segments is significantly lower in HFpEF individuals. This
demonstrates that the whole thickness of the myocardium is
affected in HFpEF, and not only the subendocardial part.
These findings also confirm the hypothesis that HFpEF affects
all myocardial fibers, irrespective of angle and orientation in
different myocardial layers.

Luo et al. [43] showed that 3D GLS was significantly
higher in patients with HFpEF than those with HFrEF (all
p < 0.001), but still lower than that in normal controls (all
p < 0.05). The 3D LVarea strain, combination of longitudinal
and circumferential strain, and a very good predictor of LV
systolic function, showed the best correlation with LVEF.

Circumferential strain

The results regarding circumferential strain in the HFpEF pop-
ulation are conflicting. HFpEF patients enrolled in the
abovementioned PARAMOUNT trial [29] showed signifi-
cantly lower global circumferential strain (GCS) in compari-
son to both controls and hypertensive patients (−27.1 ± 3.1 vs.
−30.1 ± 3.5 vs. −22.9 ± 5.9%, respectively; p < 0.001 for all).
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GCS is associatedwith LVEF (r = −0.51; p < 0.001) in HFpEF
individuals, but not with standard echocardiographic mea-
sures of LV diastolic function (e’ or E/e’). The authors [17]
showed that GCS gradually increased from HFpEF with EF
45–50%, throughout HFpEF with EF 50–55%, to HFpEF pa-
tients with EF >55%.

Biering-Sørensen et al. [30] showed that higher GCS at rest
predicts a larger increase in wedge pressure (r = −0.27,
p = 0.032). Higher GCS/GLS ratio was the best predictor of
elevated wedge pressure during exercise (r = 0.30, p = 0.015)
with the highest specificity for the presence of pulmonary
hypertension [30]. However, other studies did not show dif-
ference in GCS between HFpEF patients who suffered ad-
verse event and those without adverse event, which implies
that GCS was not the predictor of all-cause death and/or HF
hospitalizations in HFpEF patients [35].

There are authors who did not find any difference in GCS
between patients with HFpEF and healthy controls [34, 39],
and those who reported significant GCS reduction in HFpEF
patients [38, 42, 43]. Smith et al. [42] even succeeded to show
that endocardial and epicardial GCS of basal, mid-, and apical
LV segments is significantly lower in HFpEF than in controls,
which again confirms that all myocardial layers are affected in
HFpEF.

Using 3D speckle tracking imaging, Luo et al. [43] showed
that GCS is significantly lower in HFpEF patients, which
completely corresponds with 2D strain results of this study.

Radial strain

Global radial strain (GRS) is poorly explored in HFpEF. There
are only a few investigations that included this LV mechanical
parameter, and the results are conflicting.

The results from the follow-up study showed that GRSwas
not associated with adverse event occurrence in the HFpEF
population [33]. However, the increment of GRS during the
exercise test seems to be higher in HFpEF patients without
adverse event than in those who suffered an event [33]. The
increase in GRS was significantly higher than for GLS or
GCS, but it was not further evaluated or commented by the
authors. The absence of difference in GRS between HFpEF
and controls was also reported by the other authors [34].

Wenzelburger et al. [35] revealed that GRSwas significant-
ly lower in HFpEF patients compared with controls. As ex-
pected, GRS increase during the exercise test was higher in
controls than in HFpEF individuals [31]. Other authors also
reported decreased GRS in HFpEF patients [38].

Luo et al. [43] reported significantly lower values of 2D
and 3D GRS in HFpEF patients, which represents the first
study which at the same time used two methods for the strain
assessment.

We would like to stress several reasons for the inconsis-
tence of GCS and GRS in the prediction of disease severity

and outcome in HFpEF. First, most of the vendors require the
additional software packages for calculation of GCS and
GRS, which is often time demanding and not suitable for
everyday clinical practice in busy echocardiographic labora-
tories. This is the reason why determination of GLS is part of
everyday clinical practice and large number of investigations,
unlike GCS and GRS. Second, studies showed that interob-
server and intraobserver variability is much higher for GCS
and particularly GRS. Third, there is still a large intervendor
variability for GCS and GRS.

Twist

Although LV twist represents a good parameter of LV func-
tion and mechanics, it has still not been fully investigated in
HFpEF patients.

Wang et al. [33] did not find a difference between HFpEF
patients who experienced some adverse event and HFpEF
patients with no event. However, it seems that during exercise
LV twist significantly more improved in HFpEF patients with
no event [33].

Wenzelburger et al. [35] did not investigate twist, but they
provided information regarding LV apical rotation that was
significantly lower in HFpEF patients than in controls before
and after the exercise test. An increase in apical rotation was
significantly higher in healthy controls than in HFpEF sub-
jects [35].

Wang et al. [36] showed how LV twist could compensate
significantly decreased LV mechanical function (GLS, GCS,
and GRS) in HFpEF and maintain completely normal LVEF.
The authors also showed the high level of negative correlation
between LV twist and GLS (r = −0.58, p < 0.001) and GCS
(r = −0.73, p < 0.001).

Interestingly, Yip et al. [38] reported that LV torsion, which
is only derived from twist, is significantly lower in HFpEF
patients than in controls. However, when HFpEF subjects
with and without coronary artery disease were compared,
there was no difference in LV torsion [38]. Stampehl et al.
[39] did not find any difference in LV torsion between
HFpEF and controls.

A study that investigated layer-specific strains and rotation
showed that endocardial and epicardial basal rotation is sig-
nificantly higher in HFpEF patients, whereas only endocardial
apical rotation is lower in these patients [42]. Considering the
fact that the subepicardial fibers are mainly responsible for LV
twist, it is understandable why LV twist remains normal at the
beginning. However, with disease progression, mid-
myocardial and subepicardial layers become more impaired,
which further induces LV twist reduction in advanced stages
of HFpEF.

Three-dimensional LV architecture is an important de-
terminant of LV twist and torsion [43]. Namely, cardiac
electric and mechanical activation starts in the apical
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subendocardial region. During isovolumic contraction, the
subendocardial myofibers shorten and the subepicardial
myofibers stretch, which results with a short clockwise
apical rotation and a counterclockwise LV basal rotation.
During ejection, the subendocardial and subepicardial
layers shorten simultaneously. The subepicardial fibers
dominate the direction of twist, producing apical counter-
clockwise rotation and clockwise basal rotation, respec-
tively. During isovolumic relaxation, the subepicardium
stre tches in basal -apical di rec t ion, whereas the
subendocardium stretches in the opposite direction. The
early diastole is characterized by relaxation in both layers
with minimum untwisting. The prompt decline in LV pres-
sure during this phase is caused by active myocardial re-
laxation and LV elastic recoil. LV elastic recoil—
untwisting—generates the energy for LV filling.

LV strain and heart failure symptoms

Investigations that study symptoms and LV strain in HF pop-
ulation are scarce. Kosmala et al. [45] showed significant im-
provement in symptoms and functional capacity in HFpEF
patients treated with spironolactone. However, the authors
did not find any difference in LVEF and GLS after 6-month
therapy, but only for e’ and E/e’ [45]. Hasselberg et al. [42]
revealed a significant correlation between functional capacity
(peak VO2), NYHA class, GLS, and E/e’. Interestingly, only
GLS and mitral E/e’, and not NYHA class, remained indepen-
dently associated with peak VO2. A study that included
HFpEF patients and patients with dyspnea without criteria
for HFpEF showed that patients with higher NYHA class have
significantly lower GLS and GCS [34]. The TOPCAT study
[37] showed that GLS is a good predictor of hospitalization
due to HF, which represents a reliable indicator of HF
symptoms.

It should be emphasized that the straightforward re-
lationship between HF symptoms and strain could not
be established. However, the LV strain represents an
additional tool to make distinction among patients with
different etiologies of dyspnea. Usage of GLS together
with other echocardiographic parameters (E/e’, E/A,
LAVI) and biomarkers such as pro-BNP could signifi-
cantly help to establish the diagnosis of HFpEF. A re-
cently published study [46] demonstrated strong correla-
tions between speckle tracking parameters and the con-
ventional indices of diastolic dysfunction and LV filling
pressures. A multivariable analysis [47] also allowed
estimation of E/e’ and pulmonary capillary wedge pres-
sure by speckle tracking parameters. However, GLS still
should not be used for the estimation of LV filling
pressures, which was claimed in the latest guidelines.

Conclusion

Advanced echocardiographic approach significantly changes
our perception of HFpEF, improves our knowledge, and
spreads our diagnostic horizon. Clinical implications of LV
strain evaluation of HFpEF patients are wide. LV strain rep-
resents a better predictor of outcome than traditional LVEF; it
is associated with functional capacity; and it provides more
accurate, reproducible, and detailed information regarding LV
function and mechanics. The assessment of GLS is feasible
and rapid and provides many answers that could completely
change the therapeutic approach, which is why it should be a
Bsine-qua-non^ of every echocardiographic examination in
patients HFpEF.

Compliance with ethical standards

Conflict of interest The authors do not declare any conflict of interest
that could be perceived as prejudicing the impartiality of this review
article. We did not receive any specific grant from any funding agency
in the public, commercial, or not-for-profit sector in order to write this
article. MT, EPK, and DAM were involved in the design and writing of
the article. CC, MG, KZ, NAW, and BP were involved in drafting and
revising critically for important intellectual content.

References

1. Laribi S, Aouba A, Nikolaou M, Lassus J, Cohen-Solal A,
Plaisance P, Pavillon G, Jois P, Fonarow GC, Jougla E, Mebazaa
A, GREAT network (2012) Trends in death attributed to heart fail-
ure over the past two decades in Europe. Eur J Heart Fail 14(3):
234–239

2. Go AS, Mozaffarian D, Roger VL et al (2013) American Heart
Association Statistics Committee and Stroke Statistics
Subcommittee. Heart disease and stroke statistics–2013 update: a
report from the American Heart Association. Circulation 127:e6–
e245

3. Owan TE, Hodge DO, Herges RM, Jacobsen SJ, Roger VL,
Redfield MM (2006) Trends in prevalence and outcome of heart
failure with preserved ejection fraction. N Engl J Med 355(3):251–
259

4. Yancy CW, Jessup M, Bozkurt B, Butler J, Casey DE Jr, Drazner
MH, Fonarow GC, Geraci SA, Horwich T, Januzzi JL, Johnson
MR, Kasper EK, Levy WC, Masoudi FA, McBride PE,
McMurray JJ, Mitchell JE, Peterson PN, Riegel B, Sam F,
Stevenson LW, Tang WH, Tsai EJ, Wilkoff BL, American
College of Cardiology Foundation/American Heart Association
Task Force on Practice Guidelines (2013) 2013 ACCF/AHA guide-
line for the management of heart failure: a report of the American
College of Cardiology Foundation/American Heart Association
Task Force on practice guidelines. Circulation 128(16):e240–e327

5. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats
AJ, Falk V, González-Juanatey JR, Harjola VP, Jankowska EA,
Jessup M, Linde C, Nihoyannopoulos P, Parissis JT, Pieske B,
Riley JP, Rosano GM, Ruilope LM, Ruschitzka F, Rutten FH, van
der Meer P, Authors/Task Force Members (2016) 2016 ESC guide-
lines for the diagnosis and treatment of acute and chronic heart
failure: the Task Force for the diagnosis and treatment of acute
and chronic heart failure of the European Society of Cardiology

Heart Fail Rev (2017) 22:371–379 377



(ESC). Developed with the special contribution of the Heart Failure
Association (HFA) of the ESC. Eur J Heart Fail 18(8):891–975

6. Buckberg G, Hoffman JI, Mahajan A, Saleh S, Coghlan C (2008)
Cardiac mechanics revisited: the relationship of cardiac architecture
to ventricular function. Circulation 118(24):2571–2587

7. Sallin EA (1969) Fiber orientation and ejection fraction in the hu-
man left ventricle. Biophys J 9:954–964

8. Streeter DD Jr, Spotnitz HM, Patel DP, Ross J Jr, Sonnenblick EH
(1969) Fiber orientation in the canine left ventricle during diastole
and systole. Circ Res 24(3):339–347

9. Covell JW, Ross J Jr (1973) Nature and significance of alterations in
myocardial compliance. Am J Cardiol 32(4):449–455

10. Torrent GF (1980) Macroscopic structure of the ventricular myo-
cardium. Rev Esp Cardiol 33(3):265–287

11. Sarvari SI, Haugaa KH, Zahid W, Bendz B, Aakhus S, Aaberge L,
Edvardsen T (2013) Layer-specific quantification of myocardial
deformation by strain echocardiography may reveal significant
CAD in patients with non-ST-segment elevation acute coronary
syndrome. JACC Cardiovasc Imaging 6(5):535–544

12. Kim SA, Park SM, Kim MN, Shim WJ (2016) Assessment of left
ventricular function by layer-specific strain and its relationship to
structural remodelling in patients with hypertension. Can J Cardiol
32(2):211–216

13. Nishimura K, Okayama H, Inoue K, Saito M, Yoshii T, Hiasa G,
Sumimoto T, Inaba S, Ogimoto A, Funada J, Higaki J (2012) Direct
measurement of radial strain in the inner-half layer of the left ven-
tricular wall in hypertensive patients. J Cardiol 59(1):64–71

14. Hamada S, Schroeder J, Hoffmann R, Altiok E, Keszei A, Almalla
M, Napp A, Marx N, Becker M (2016) Prediction of outcomes in
patients with chronic ischemic cardiomyopathy by layer-specific
strain echocardiography: a proof of concept. J Am Soc
Echocardiogr 29(5):412–420

15. Segura AM, Frazier OH, Buja LM (2014) Fibrosis and heart failure.
Heart Fail Rev 19(2):173–185

16. Liu XY, Liu FC, Deng CY, ZhangMZ, Yang M, Xiao DZ, Lin QX,
Cai ST, Kuang SJ, Chen J, Chen SX, Zhu JN, Yang H, Rao F, Fu
YH, Yu XY (2016) Left ventricular deformation associated with
cardiomyocyte Ca(2+) transients delay in early stage of low-dose
of STZ and high-fat diet induced type 2 diabetic rats. BMC
Cardiovasc Disord 16:41

17. Narula N, Zaragoza MV, Sengupta PP, Li P, Haider N, Verjans J,
Waymire K, Vannan M, Wallace DC (2011) Adenine nucleotide
translocase 1 deficiency results in dilated cardiomyopathy with de-
fects in myocardial mechanics, histopathological alterations, and
activation of apoptosis. JACC Cardiovasc Imaging 4(1):1–10

18. Cordero-Reyes AM, Youker K, Estep JD, Torre-Amione G,
Nagueh SF (2014) Molecular and cellular correlates of cardiac
function in end-stage DCM: a study using speckle tracking echo-
cardiography. JACC Cardiovasc Imaging 7(5):441–452

19. Sahraoui A, Dewachter C, de Medina G, Naeije R, Aouichat
Bouguerra S, Dewachter L (2016) Myocardial structural and bio-
logical anomalies induced by high fat diet in Psammomys obesus
gerbils. PLoS One 11(2):e0148117

20. Uchino K, Ishigami T, Ohshige K, Sugano T, Ishikawa T, Kimura
K, Umemura S (2009) Left ventricular geometry, risk factors, and
outcomes of hospitalized patients with diastolic heart failure in
Japan. J Cardiol 54(1):101–107

21. Lieb W, Gona P, Larson MG, Aragam J, Zile MR, Cheng S,
Benjamin EJ, Vasan RS (2014) The natural history of left ventric-
ular geometry in the community: clinical correlates and prognostic
significance of change in LV geometric pattern. JACC Cardiovasc
Imaging 7(9):870–878

22. Milani RV, Lavie CJ, Mehra MR, Ventura HO, Kurtz JD, Messerli
FH (2006) Left ventricular geometry and survival in patients with
normal left ventricular ejection fraction. Am J Cardiol 97(7):959–
963

23. Donal E, Lund LH, Oger E, Hage C, Persson H, Reynaud A,
Ennezat PV, Bauer F, Sportouch-Dukhan C, Drouet E, Daubert
JC, Linde C, KaRen Investigators (2014) Baseline characteristics
of patients with heart failure and preserved ejection fraction includ-
ed in the Karolinska Rennes (KaRen) study. Arch Cardiovasc Dis
107(2):112–121

24. KosmalaW, Rojek A, Przewlocka-Kosmala M,Mysiak A, Karolko
B, Marwick TH (2016) Contributions of nondiastolic factors to
exercise intolerance in heart failure with preserved ejection fraction.
J Am Coll Cardiol 67(6):659–670

25. Liu YW, TsaiWC, Su CT, Lin CC, Chen JH (2009) Evidence of left
ventricular systolic dysfunction detected by automated function im-
aging in patients with heart failure and preserved left ventricular
ejection fraction. J Card Fail 15(9):782–789

26. Carluccio E, Biagioli P, Zuchi C, Bardelli G, Murrone A, Lauciello
R, D’Addario S, Mengoni A, Alunni G, Ambrosio G (2016)
Fibrosis assessment by integrated backscatter and its relationship
with longitudinal deformation and diastolic function in heart failure
with preserved ejection fraction. Int J Cardiovasc Imaging 32(7):
1071–1080

27. Flores-Ramírez R, Azpiri-López JR, González-González JG,
Ordaz-Farías A, González-Carrillo LE, Carrizales-Sepúlveda EF,
Vera-Pineda R. (2016) Global longitudinal strain as a biomarker
in diabetic cardiomyopathy. A comparative study with Gal-3 in
patients with preserved ejection fraction. Arch Cardiol Mex. 4.
[Epub ahead of print]

28. HeneinM,Mörner S, LindmarkK, Lindqvist P (2013) Impaired left
ventricular systolic function reserve limits cardiac output and exer-
cise capacity in HFpEF patients due to systemic hypertension. Int J
Cardiol 168(2):1088–1093

29. Kraigher-Krainer E, Shah AM, Gupta DK, Santos A, Claggett B,
Pieske B, Zile MR, Voors AA, Lefkowitz MP, Packer M, JJ MM,
Solomon SD, PARAMOUNT Investigators (2014) Impaired systol-
ic function by strain imaging in heart failure with preserved ejection
fraction. J Am Coll Cardiol 63(5):447–456

30. Biering-Sørensen T, Santos M, Rivero J, McCullough SD, West E,
Opotowsky AR,Waxman AB, Systrom DM, Shah AM (2016) Left
ventricular deformation at rest predicts exercise-induced elevation
in pulmonary artery wedge pressure in patients with unexplained
dyspnoea. Eur J Heart Fail. 22. [Epub ahead of print]

31. Santos AB, Kraigher-Krainer E, Bello N, Claggett B, Zile MR,
Pieske B, Voors AA, McMurray JJ, Packer M, Bransford T,
Lefkowitz M, Shah AM, Solomon SD (2014) Left ventricular
dyssynchrony in patients with heart failure and preserved ejection
fraction. Eur Heart J 35(1):42–47

32. Hasselberg NE, Haugaa KH, Sarvari SI, Gullestad L, Andreassen
AK, Smiseth OA, Edvardsen T (2015) Left ventricular global lon-
gitudinal strain is associated with exercise capacity in failing hearts
with preserved and reduced ejection fraction. Eur Heart J
Cardiovasc Imaging 16(2):217–224

33. Wang J, Fang F, Wai-Kwok Yip G, Sanderson JE, FengW, Xie JM,
Luo XX, Lee AP, Lam YY (2015) Left ventricular long-axis per-
formance during exercise is an important prognosticator in patients
with heart failure and preserved ejection fraction. Int J Cardiol 178:
131–135

34. Gregorova Z, Meluzin J, Stepanova R, Sitar J, Podrouzkova H,
Spinarova L (2016) Longitudinal, circumferential and radial systol-
ic left ventricular function in patients with heart failure and pre-
served ejection fraction. Biomed Pap Med Fac Univ Palacky
Olomouc Czech Repub 160(3):385–392

35. Wenzelburger FW, Tan YT, Choudhary FJ, Lee ES, Leyva F,
Sanderson JE (2011) Mitral annular plane systolic excursion on
exercise: a simple diagnostic tool for heart failure with preserved
ejection fraction. Eur J Heart Fail 13(9):953–960

36. Wang J, Khoury DS, Yue Y, Torre-Amione G, Nagueh SF (2008)
Preserved left ventricular twist and circumferential deformation, but

378 Heart Fail Rev (2017) 22:371–379



depressed longitudinal and radial deformation in patients with dia-
stolic heart failure. Eur Heart J 29(10):1283–1289

37. Shah AM, Claggett B, Sweitzer NK, Shah SJ, Anand IS, Liu L, Pitt
B, Pfeffer MA, Solomon SD (2015) Prognostic importance of im-
paired systolic function in heart failure with preserved ejection frac-
tion and the impact of spironolactone. Circulation 132(5):402–414

38. Yip GW, ZhangQ, Xie JM, LiangYJ, Liu YM, Yan B, LamYY, Yu
CM (2011) Resting global and regional left ventricular contractility
in patients with heart failure and normal ejection fraction: insights
from speckle-tracking echocardiography. Heart 97(4):287–294

39. Stampehl MR, Mann DL, Nguyen JS, Cota F, Colmenares C,
Dokainish H (2015) Speckle strain echocardiography predicts out-
come in patients with heart failure with both depressed and pre-
served left ventricular ejection fraction. Echocardiography 32(1):
71–78

40. Nguyen JS, Lakkis NM, Bobek J, Goswami R, Dokainish H (2010)
Systolic and diastolic myocardial mechanics in patients with cardiac
disease and preserved ejection fraction: impact of left ventricular
filling pressure. J Am Soc Echocardiogr 23(12):1273–1280

41. De Vecchis R, Baldi C, Di Biase G (2015) The relation between
global longitudinal strain and serum natriuretic peptide is more
strict than that found between the latter and left ventricular ejection
fraction: a retrospective study in chronic heart failure. J Clin Med
Res 7(12):979–988

42. Smith SP, Secomb TW, Hong BD, Moulton MJ (2016) Time-
dependent regional myocardial strains in patients with heart failure
with a preserved ejection fraction. Biomed Res Int 2016:8957307

43. Omar AM, Vallabhajosyula S, Sengupta PP (2015) Left ventricular
twist and torsion: research observations and clinical applications.
Circ Cardiovasc Imaging 8(6):e003029

44. Luo XX, Fang F, Lee AP, Sun JP, Li S, Zhang ZH, Sanderson JE,
Kwong JS, Zhang Q, Wang J, Yu CM (2014) What can three-
dimensional speckle-tracking echocardiography contribute to eval-
uate global left ventricular systolic performance in patients with
heart failure? Int J Cardiol 172(1):132–137

45. Kosmala W, Rojek A, Przewlocka-Kosmala M, Wright L, Mysiak
A, Marwick TH (2016) Effect of aldosterone antagonism on exer-
cise tolerance in heart failure with preserved ejection fraction. J Am
Coll Cardiol 68(17):1823–1834

46. Omar AM, Narula S, Abdel Rahman MA, Pedrizzetti G, Raslan H,
Rifaie O, Narula J, Sengupta PP (2017) Precision phenotyping in
heart failure and pattern clustering of ultrasound data for the assess-
ment of diastolic dysfunction. JACC Cardiovasc Imaging. 11.
[Epub ahead of print]

47. Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish H,
Edvardsen T, Flachskampf FA, Gillebert TC, Klein AL, Lancellotti
P, Marino P, Oh JK, Popescu BA, Waggoner AD (2016)
Recommendations for the evaluation of left ventricular diastolic
function by echocardiography: an update from the American
Society of Echocardiography and the European Association of
Cardiovascular Imaging. J Am Soc Echocardiogr 29(4):277–314

Heart Fail Rev (2017) 22:371–379 379


	Left ventricular strain and twisting in heart failure with preserved ejection fraction: an updated review
	Abstract
	Introduction
	HFpEF definition
	Role of left ventricular mechanics in HFpEF
	Different factors that influence LV mechanics
	Strain measurements in HFpEF and clinical correlates
	Longitudinal strain
	Circumferential strain
	Radial strain
	Twist

	LV strain and heart failure symptoms
	Conclusion
	References


