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KEY POINTS

� Longitudinal left ventricular function by speckle tracking echocardiography provides incremental
diagnostic and prognostic information in patients with subclinical and overt coronary artery dis-
ease. This technique may be on his way to an ultimate introduction in the clinical practice.

� Longitudinal strain-derived indexes (early systolic lengthening and postsystolic shortening) are
further expanding and refining the applications of speckle tracking echocardiography, particularly
in patients with coronary artery disease.

� Right ventricular and left atrial function by speckle tracking echocardiography are emerging prog-
nosticators in ischemic cardiomyopathy, deserving great attention in the research field.
INTRODUCTION

Cardiovascular disease remains a leading and
partially preventable cause of death worldwide;
therefore, the early detection of incipient myocar-
dial ischemia has always been a challenge for
the clinicians. Echocardiography is part of the
first-line patient assessment tools and may pro-
vide crucial incremental information to guide pa-
tients’ management.1

The assessment of regional myocardial function
is the cornerstone for the detection of myocardial
ischemia by echocardiography. However, it is
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grounded on visual assessment and requires
considerable expertise. Similarly, the quantifica-
tion of damage after myocardial infarction (MI) re-
lies on left ventricular ejection fraction (LVEF)
calculation, which is based on ventricular volumes
measurements, known to hold unsatisfactory
intra- and interobserver variability, particularly in
the context of distorted LV geometry or wall mo-
tion abnormalities.2,3

Assessment of LV function through strain imag-
ing is currently increasing as an alternative method
to identify early myocardial dysfunction before an
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overt reduction in LVEF, thus revealing the
so-called subclinical LV dysfunction.4

Furthermore, when applied to other cardiac
chambers, as the right ventricle (RV) or the left
atrium (LA), strain imaging has expanded the
quantitative echocardiographic approach and
has allowed the detection of myocardial dynamics
to a level unreachable before.
The present review focuses mostly on speckle

tracking echocardiography (STE) and its applica-
tion on patients with coronary artery disease
(CAD) to improve diagnosis and prognostic risk
stratification; the analysis and the technical differ-
ences between STE and tissue Doppler methods
are beyond the scope of this dissertation.
The analysis of myocardial strain by STE results,

after an appropriate learning curve, is feasible and
can provide a quantification of the active myocar-
dial deformation.5

Strain indicates the tissue deformation
(expressed in percentage) during the cardiac cycle,
assuming positive strain values for elongation and
negative strain values for shortening; strain-rate in-
dicates the speed at which the deformation occurs.
Two-dimensional (2D) strain is progressively

being introduced in the clinical practice; 3D-
based strain has been proposed as a less
time-consuming alternative, but it is not yet imple-
mented in many laboratories and requires further
validation as well as the definition of normal refer-
ence values.6

In particular, global longitudinal strain (GLS) is
calculated as the average longitudinal strain from
all segments made in standard apical 2-, 3-, and
4-chamber views,7 with normal value reported be-
tween �18% and �25% in healthy individuals8,9

(Fig. 1), whereas circumferential and radial strains
are determined from short-axis views.
Although promising and appealing, 2D STE

does not come without limitation at the current
state. Indeed, strain normal range depends on
multiple factors as age, gender, and weight8;
furthermore, the systolic strain is not entirely inde-
pendent from loading conditions.9

Strain calculation requires good imaging quality
and according to the current guidelines its calcula-
tion should be avoided if more than 2 myocardial
segments are not adequately visualized in a single
view.2 Lastly, intersoftware and intervendor vari-
ability must also be kept in mind, especially
when assessing segmental strains.7
LEFT VENTRICULAR STRAIN AND
MYOCARDIAL ISCHEMIC PROCESS

Three layers form the myocardial wall: the inner
and the outer layers with oblique fibers and the
middle layer with circular fibers. GLS, global
circumferential strain, and global radial strain, as
measured by STE, reflect the main shortening vec-
tors of these fibers.10

Ischemic changes primarily affect the subendo-
cardial layer, where longitudinal myocardial fibers
are more represented.11 Consequently, CAD and
myocardial ischemia are more frequently associ-
ated with reduced strain values in the endocar-
dium than in the epicardium. However, in current
practice, STE is mostly used to evaluate the entire
myocardial wall dynamic (see Fig. 1), as the appli-
cability of layer-specific strain is not yet validated
and further studies are needed.12

Speckle Tracking Echocardiography to Detect
Subclinical Myocardial Damage

In terms of diagnostic accuracy improvement for
patients with suspected CAD, STE analysis has
been proposed as a feasible and reproducible
method for the identification of myocardial
ischemia during stress echocardiography recog-
nizing functional defects before the development
of regional wall motion abnormalities.13,14

A study investigated the role of strain imaging in
dobutamine stress echocardiography on 102 pa-
tients with suspected CAD.15 Longitudinal strain
had similar diagnostic accuracy to wall motion
score index; however, if combined with wall mo-
tion assessment by an expert reader its accuracy
increased to 96% in the detection of regional
ischemia.15

The routine adoption of speckle tracking during
stress echocardiography is still a matter of
debate,16 as there are issues of applicability due
to excessive myocardial motion at higher heart
rates and the lack of definition of cutoff levels for
each major coronary artery region. Joyce and col-
leagues17 reported variable diagnostic accuracy
using the same cutoff value for the strain param-
eter in different coronary perfusion regions. The
adoption of cut-offs based on “sentinel segments”
may be useful, but the heterogeneity of the perfu-
sion territory distal to the stenosis makes it not al-
ways accurate.16

SPECKLE TRACKING ECHOCARDIOGRAPHY IN
PATIENTS WITH STABLE ANGINA AND ACUTE
CORONARY SYNDROME

Regional longitudinal peak systolic strain proved
to be useful to diagnose CAD and identify the
ischemic myocardial areas in patients with stable
angina pectoris.18 GLS may also be useful to iden-
tify high-risk patients with left main stem stenosis
and 3-vessel CAD in the absence of regional wall
motion abnormalities.19



Fig. 1. Example of LV longitudinal
strain measurement from the apical 4-
chamber view. AVC, aortic valve
closure; G.L., global longitudinal strain.
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In the chronic phase of ischemic cardiomyopa-
thy, GLS has shown to provide important prog-
nostic information, being independently related
to all-cause mortality and combined endpoint in
a large cohort of 1060 patients.20

Regarding acute coronary syndrome, in the
early phase of acute MI, reduced GLS may predict
the occurrence of complications.21 Performed
right after the coronary revascularization, GLS
seemed useful in distinguishing patients more
prone to early recovery and reverse remodeling
from those who acutely would merit more intensive
monitoring and closer follow-up even after a suc-
cessful percutaneous coronary intervention.22

Indeed, GLS correlates with the final infarct size
better than LVEF or wall motion score index and
has a role in the prediction of major cardiovascular
events and overall mortality.23,24

Strain parameters are also associated with the
amount of myocardial fibrosis and might aid in
discriminating transmural scarring from nontrans-
mural to target further revascularization.25,26

Lastly, although conflicting, some report indicates
that GLS can identify stunnedmyocardium likely to
recovery after an acute MI.27

Another important diagnostic application of
myocardial strain is the identification of significant
residual CAD after MI in the presence of existing
concomitant wall motion abnormalities. A study
investigated the role of dobutamine stress echo-
cardiography in detecting residual ischemia in
105 patients at 3 months after first ST-elevation
MI.17 Not only patients with significant residual
coronary disease demonstrated greater worsening
in global peak longitudinal systolic strain from rest
to peak-dose dobutamine but the authors found a
significant drop of the peak longitudinal systolic
strain in the segments with significant coronary ar-
tery using a sentinel segment approach, confirm-
ing the promising value of STE in this setting.17
EARLY SYSTOLIC LENGTHENING AND
POSTSYSTOLIC SHORTENING OF LEFT
VENTRICULAR SEGMENTS

Early systolic lengthening (ESL) is a novel predictor
of cardiovascular events defined as the time from
onset of the QRS complex to the peak positive
systolic strain28 (Fig. 2). ESL reflects a passive
lengthening of an ischemic myocardial region
before the beginning of systolic shortening, due
to its reduced ability to generate an adequate
active force during the pressure increase in the
isovolumic contraction phase.

In patients with acute MI, ESL duration provides
information about prognosis, infarct size, may
identify patients with minimal myocardial damage,
and may differentiate between occlusive and non-
occlusive CAD.28,29 It may represent a novel and
complementary measure of ventricular damage
and a predictor of long-term cardiovascular events
in those patients who displayed good overall GLS
after ST-elevation MI.30

Furthermore, ESL may discern between viable
and nonviable segments, with akinetic segments
displaying significantly higher ESL values.30,31

Postsystolic shortening (PSS) reflects a longitu-
dinal shortening occurring after end-systole at



Fig. 2. Illustrative examples of longitu-
dinal strain profile with postsystolic
shortening (PSS) and end-systolic
lengthening (ESL). PSS is considered
myocardial contraction after the point
of aortic valve closure, whereas ESL is
a lengthening of a myocardial region
before the beginning of systolic
shortening.
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aortic valve closure (see Fig. 2). PSS may be found
in ischemic viable myocardium reflecting some
degree of active contraction, whereas irreversibly
injured myocardium remains passive after coro-
nary occlusion.32 PSS provides information about
the ischemic burden33 and is a predictor of major
adverse cardiovascular events and death in pa-
tients with acute MI and 34 chronic CAD.35

In dobutamine stress echocardiography, dia-
stolic dyssynchrony imaging is a good predictor
of CAD,36 as confirmed by a recent metanalysis.37

As a word of caution, PSS may not be ready to
be adopted as a stand-alone to identify CAD, as
it may be found in healthy individuals in up to
one-third of myocardial segments.38

RIGHT VENTRICLE FUNCTION

RV involvement in patients with MI is associated
with high in-hospital and late mortality, ventricular
arrhythmias, advanced atrioventricular block, and
mechanical complications.39–41

Because isolated RV infarction accounts for less
than 3% of all cases of MI, concomitant RV
involvement ranges from 14% to 84% of acute
MI.42 Clues of RV involvement in patients with
not only inferior but also anterior LV infarcts have
been provided by cardiac magnetic imaging
studies.43
Multiple parameters based on monodimen-
sional and 2D imaging, pulsed-wave (PW)
Doppler, and tissue Doppler imaging (TDI) have
been described to quantify RV function.44

Although fully endorsed by the current guidelines,
the efficacy of these parameters has been ques-
tioned by many investigators in recent years.
The recent application of newer myocardial

deformation techniques to the RV could help in
overcoming these limitations, allowing the detec-
tion of subtle RV dysfunction. RV strain by speckle
tracking has proved to be a reliable and accurate
tool for the evaluation of RV systolic function
when validated against RV ejection fraction by car-
diac magnetic resonance in different clinical set-
tings.45,46 In the latest recommendations for
cardiac chamber quantification for the first time a
clinical indication for RV strain is included.2 RV
speckle tracking strain is obtained from the apical
4-chamber view, and it could reflect the average
value of the RV free wall strain alone or both the
RV free wall and septal segments (Fig. 3).
Currently, the use of RV free wall seems to have
the largest body of evidence, but further investiga-
tions are needed to clarify this point. Interestingly,
a group proposed an approach for a global
assessment of RV function using 3 RV apical
views, permitting a full reconstruction of the RV



Fig. 3. Assessment of RV systolic function by 2D longitudinal strain from an apical 4-chamber view. Strain curves
obtained automatically by tracing the endocardial margin of RV free wall and septal segments (A) or of the RV
free wall alone (B). Each curve represents one RV segment. An average ventricular longitudinal strain along the
cardiac cycle is depicted (dashed curve).
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in an 18-segment model and a calculation of a
“true” RV global longitudinal strain.47 To date,
wide agreement regarding normal values is lack-
ing; a recent meta-analysis suggested �27 � 2%
as the normal range, but an RV free wall strain cut-
off of �20% to �21% seems to be able to detect
abnormal RV function.48,49

Few studies have investigated the relationship
between RV speckle tracking strain and CAD.
Among these investigations, acute MI has been
discussed more than chronic ischemic heart dis-
ease. In patients with MI, RV strain has proved to
be the best tool providing information about global
and targeted regional function, with good feasi-
bility and reproducibility.50 Global longitudinal
strain of the RV showed a better sensibility and
specificity for prediction of major adverse cardio-
vascular events than standard RV function param-
eters.51,52 It also provides important prognostic
information about the arrhythmic risk and sudden
cardiac death in patients with acute MI39 due to
interwoven scar tissue and viable myocardium
constituting substrates for reentry arrhythmias.
There is little evidence regarding outcomes asso-
ciated with RV strain in chronic ischemic heart dis-
ease. In a study by Chang and colleagues40

conducted on 208 patients with stable angina,
impaired RV strain was significantly related to
worse cardiovascular outcomes and new onset
of arrhythmia. The same group successfully
demonstrated the usefulness of RV strain for the
detection of occult RV dysfunction in patients
with chronic right coronary artery stenosis.41

Lastly, RV strain provides prognostic value also
in stable outpatients with chronic heart failure. In
a cohort of 171 consecutive patients with stable
LV dysfunction (41% with ischemic cardiomyopa-
thy), a lower magnitude of RV strain predicted
adverse events after adjustment for age, cause
of heart failure, and LVEF.53 Although it has been
accepted that RV dysfunction complicates and in-
creases long-term mortality, whether RV strain is
an independent predictor of adverse events in pa-
tients with CAD or a consequence of the progres-
sion of LV dysfunction still requires verification.
Currently, preliminary results indicate that the RV
itself plays a pivotal role in maintaining hemody-
namic and rhythmic stability, but further prospec-
tive studies are needed.
LEFT ATRIAL FUNCTION

In recent years, the role of LA mechanical function
has emerged to be of clinical value in several clin-
ical settings including the ischemic heart dis-
ease.54–57 LA function, in close interdependence
with LV function, plays a crucial role in maintaining
optimal cardiac performance. LA modulates LV
filling through its 3 phases: reservoir, conduit,
and booster pump. The reservoir function corre-
sponds to the LV systole; the conduit function re-
sults from the blood transiting from the LA to the
LV during early diastole (passive emptying); and
finally the booster pump function in late diastolic
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phase corresponds to the LA contraction. The
contribution of LA phasic function to LV filling de-
pends on LV diastolic properties. With abnormal
relaxation, the relative contribution of LA contrac-
tile function to LV filling increases, whereas the
conduit function decreases. As LV filling pressures
progressively increase, the limits of atrial preload
reserve are reached, and the LA serves predomi-
nantly as a conduit.58

The estimation of LA function can be obtained
by several methods, including the assessment of
changes in LA volume during the cardiac cycle,
analysis of transmitral flow by PW Doppler, and
evaluation of LA myocardial velocities by TDI.
Fig. 4. Comprehensive LA function by 2D longitudinal stra
region of interest tracing. (B) The LA is divided into 6 seg
Sept; light blue), apical septal (apSept; green), apical late
lateral (basLat; red). (C) Strain curves during a cardiac cyc
point. Each curve represents one LA segment. An average
picted (dashed curve). AVC, aortic valve closure; PACS, pea
nal strain.
Despite these methods, the quantification of LA
function remains a challenging issue because their
application requires a skillful acquisition technique
and calculations that are not routinely performed.
To date, direct evaluation of LA function is also
feasible with STE. This technique permits assess-
ment of longitudinal myocardial LA deformation,
which provides additive value concerning LA func-
tion when compared with conventional echocar-
diographic measurements and seems easier to
apply.59 In line with the current American Society
of Echocardiography/European Association of
Echocardiography consensus,60 the LA endocar-
dial border is manually traced in the 4- and 2-
in from an apical 4-chamber view. (A) LA endocardial
ments: basal septal (basSept; yellow), midseptal (mid-
ral (apLat; lilac), mid lateral (midLat; blue), and basal
le using the onset of the QRS complex as the starting
atrial longitudinal strain along the cardiac cycle is de-
k atrial contraction strain; PALS, peak atrial longitudi-
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chamber views, thus delineating a region of inter-
est composed by 6 segments. Then, after
segmental tracking quality analysis and eventual
manual adjustment of the region of interest, longi-
tudinal strain curves are generated by the software
for each atrial segment. Peak atrial longitudinal
strain (PALS) is measured at the end of the reser-
voir phase, and peak atrial contraction strain
(PACS) is measured just before the start of the
active atrial contractile phase (Fig. 4).

There is increasing evidence demonstrating the
value of PALS in acute and chronic ischemic heart
disease. In patients with acute MI treated with pri-
mary percutaneous coronary intervention, PALS
provides additional prognostic value beyond
baseline risk factors and LA maximal volume.61

Because of increased LV chamber stiffness and
LV filling pressures occurring in acute LV ischemia,
LA pressure may be increased. To maintain
adequate LV filling, a preserved LA reservoir func-
tion is crucial. In contrast, in patients with noncom-
pliant LA and reduced reservoir function, LV filling
may be significantly impaired, increasing the risk
of worse prognosis. LA reservoir function by STE
was also related to adverse outcomes in stable
outpatients with chronic heart failure and reduced
left ventricular ejection fraction (HFrEF). In a cohort
of 286 consecutive patients with stable HFrEF
(64% with ischemic cardiomyopathy), patients
with lower PALS showed worse event-free survival
than those with higher PALS.62 Mechanism linking
LA function with outcome in this clinical setting is
not fully understood. Chronic exposure to high
LV filling pressures will cause an increase in LA
volume, and it may be hypothesized that a
decreased LA function is just a marker of a sicker
LV.63

Because LA reservoir and conduit function
reflect underlying LV function, there is some skep-
ticism about the utility of LA strain compared with
other markers of LV strain. The reciprocating
changes in LV and LA volumes within the nearly
constant total cardiac volume suggest that any
measure of LA function will be highly influenced
by LV longitudinal function. Thus, any longitudinal
elongation of the atrium must correspond to the
deformation of the ventricle.64–66 This phenome-
non has been reported by Ersbøll and col-
leagues,67 who demonstrated that PALS
provides a composite measure of LV longitudinal
systolic function and maximum LA volume before
mitral valve opening and as such, contains no
added information when these readily obtained
measures are known.

In contrast, PACS is less dependent on LV func-
tion, and changes to atrial pump function do not
depend primarily on changes to the LV but may
be due to the development of an underlying “atri-
opathy.”68 Currently, data about the prognostic
role of PACS in the ischemic cardiomyopathy are
lacking. Further research will allow us to under-
stand this relationship better.
SUMMARY

Echocardiographic strain imaging is useful for the
evaluation of acute and chronic ischemic heart
disease. It may soon affect the guideline-based
management of patients with ischemic heart dis-
ease. GLS of the LV holds both a diagnostic and
prognostic value in patients with stable angina,
acute coronary syndrome, and subclinical CAD;
ESL and PSS of LV segments are innovative and
not entirely validated markers of ischemia. Left
atrium PALS reflects LV diastolic dysfunction and
has a prognostic value in ischemic cardiomyopa-
thy. Although less validated than the left counter-
part, RV strain measures are useful for the
diagnosis and risk stratification of patients with
RV ischemic involvement. Even though we are get-
ting closer, further accumulation of evidence is
needed for the definitive introduction of strain pa-
rameters in clinical practice and guidelines for pa-
tients with ischemic heart disease.
DISCLOSURE

The authors declare that they have no competing
financial interests or personal relationships that
could have appeared to influence the work re-
ported in this paper.
REFERENCES

1. Benfari G, Rossi A, Geremia G, et al. Optimizing the

role of transthoracic echocardiography to improve

the cardiovascular risk stratification: the dream of

subclinical coronary artery disease detection.

Minerva Med 2018;109:31–40.

2. Lang RM, Badano LP, Mor-Avi V, et al. Recommen-

dations for cardiac chamber quantification by echo-

cardiography in adults: an update from the

American Society of Echocardiography and the Eu-

ropean Association of Cardiovascular Imaging.

J Am Soc Echocardiogr 2015;28:1–39.e14.

3. Salvo GD, Pergola V, Fadel B, et al. Strain echocar-

diography and myocardial mechanics: from basics

to clinical applications. J Cardiovasc Echogr 2015;

25:1–8.

4. Shimoni S, Gendelman G, Ayzenberg O, et al. Differ-

ential effects of coronary artery stenosis on myocar-

dial function: the value of myocardial strain analysis

for the detection of coronary artery disease. J Am

Soc Echocardiogr 2011;24:748–57.

http://refhub.elsevier.com/S0733-8651(20)30055-2/sref1
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref1
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref1
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref1
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref1
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref2
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref2
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref2
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref2
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref2
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref2
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref3
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref3
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref3
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref3
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref4
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref4
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref4
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref4
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref4


Malagoli et al524
5. Chan J, Shiino K, Obonyo NG, et al. Left ventricular

global strain analysis by two-dimensional speckle-

tracking echocardiography: the learning curve.

J Am Soc Echocardiogr 2017;30:1081–90.

6. Truong VT, Phan HT, Pham KNP, et al. Normal ranges

of left ventricular strain by three-dimensional

speckle-tracking echocardiography in adults: a sys-

tematic review and meta-analysis. J Am Soc Echo-

cardiogr 2019;32:1586–97.e5.

7. Voigt JU, Pedrizzetti G, Lysyansky P, et al. Defini-

tions for a common standard for 2D speckle tracking

echocardiography: consensus document of the

EACVI/ASE/Industry Task Force to standardize

deformation imaging. Eur Heart J Cardiovasc Imag-

ing 2015;16:1–11.

8. Sugimoto T, Dulgheru R, Bernard A, et al. Echocar-

diographic reference ranges for normal left ventricu-

lar 2D strain: results from the EACVI NORRE study.

Eur Heart J Cardiovasc Imaging 2017;18:833–40.

9. Yingchoncharoen T, Agarwal S, Popovic ZB, et al.

Normal ranges of left ventricular strain: a meta-anal-

ysis. J Am Soc Echocardiogr 2013;26:185–91.

10. Gilbert SH, Benson AP, Li P, et al. Regional localisa-

tion of left ventricular sheet structure: integration with

current models of cardiac fibre, sheet and band

structure. Eur J Cardiothorac Surg 2007;32:231–49.

11. Sarvari SI, Haugaa KH, Zahid W, et al. Layer-specific

quantification of myocardial deformation by strain

echocardiography may reveal significant CAD in pa-

tients with non-ST-segment elevation acute coronary

syndrome. JACC Cardiovasc Imaging 2013;6:

535–44.

12. Hagemann CA, Hoffmann S, Hagemann RA, et al.

Usefulness of layer-specific strain in diagnosis of

coronary artery disease in patients with stable

angina pectoris. Int J Cardiovasc Imaging 2019;35:

1989–99.

13. Uusitalo V, Luotolahti M, Pietila M, et al. Two-Dimen-

sional speckle-tracking during dobutamine stress

echocardiography in the detection of myocardial

ischemia in patients with suspected coronary artery

disease. J Am Soc Echocardiogr 2016;29:470–9.e3.

14. Aggeli C, Lagoudakou S, Felekos I, et al. Two-

dimensional speckle tracking for the assessment of

cornary artery disease during dobutamine stress

echo: clinical tool or merely research method. Cardi-

ovasc Ultrasound 2015;13:43.

15. Ng AC, Sitges M, Pham PN, et al. Incremental value

of 2-dimensional speckle tracking strain imaging to

wall motion analysis for detection of coronary artery

disease in patients undergoing dobutamine stress

echocardiography. Am Heart J 2009;158:836–44.

16. Hanekom L, Cho GY, Leano R, et al. Comparison of

two-dimensional speckle and tissue Doppler strain

measurement during dobutamine stress echocardi-

ography: an angiographic correlation. Eur Heart J

2007;28:1765–72.
17. Joyce E, Hoogslag GE, Al Amri I, et al. Quantitative

dobutamine stress echocardiography using

speckle-tracking analysis versus conventional visual

analysis for detection of significant coronary artery

disease after ST-segment elevation myocardial

infarction. J Am Soc Echocardiogr 2015;28:

1379–89.e1.

18. Biering-Sorensen T, Hoffmann S, Mogelvang R, et al.

Myocardial strain analysis by 2-dimensional speckle

tracking echocardiography improves diagnostics of

coronary artery stenosis in stable angina pectoris.

Circ Cardiovasc Imaging 2014;7:58–65.

19. Choi JO, Cho SW, Song YB, et al. Longitudinal 2D

strain at rest predicts the presence of left main

and three vessel coronary artery disease in patients

without regional wall motion abnormality. Eur J Echo-

cardiogr 2009;10:695–701.

20. Bertini M, Ng AC, Antoni ML, et al. Global longitudi-

nal strain predicts long-term survival in patients with

chronic ischemic cardiomyopathy. Circ Cardiovasc

Imaging 2012;5:383–91.

21. Woo JS, Kim WS, Yu TK, et al. Prognostic value of

serial global longitudinal strain measured by two-

dimensional speckle tracking echocardiography in

patients with ST-segment elevation myocardial

infarction. Am J Cardiol 2011;108:340–7.

22. Meimoun P, Abouth S, Clerc J, et al. Usefulness of

two-dimensional longitudinal strain pattern to predict

left ventricular recovery and in-hospital complica-

tions after acute anterior myocardial infarction

treated successfully by primary angioplasty. J Am

Soc Echocardiogr 2015;28:1366–75.

23. Antoni ML, Mollema SA, Delgado V, et al. Prog-

nostic importance of strain and strain rate after

acute myocardial infarction. Eur Heart J 2010;31:

1640–7.

24. Munk K, Andersen NH, Terkelsen CJ, et al. Global

left ventricular longitudinal systolic strain for early

risk assessment in patients with acute myocardial

infarction treated with primary percutaneous inter-

vention. J Am Soc Echocardiogr 2012;25:644–51.

25. Tarascio M, Leo LA, Klersy C, et al. Speckle-tracking

layer-specific analysis of myocardial deformation

and evaluation of scar transmurality in chronic

ischemic heart disease. J Am Soc Echocardiogr

2017;30:667–75.

26. Becker M, Ocklenburg C, Altiok E, et al. Impact of

infarct transmurality on layer-specific impairment of

myocardial function: a myocardial deformation im-

aging study. Eur Heart J 2009;30:1467–76.

27. Mollema SA, Delgado V, Bertini M, et al. Viability

assessment with global left ventricular longitudinal

strain predicts recovery of left ventricular function af-

ter acute myocardial infarction. Circ Cardiovasc Im-

aging 2010;3:15–23.

28. Smedsrud MK, Sarvari S, Haugaa KH, et al. Duration

of myocardial early systolic lengthening predicts the

http://refhub.elsevier.com/S0733-8651(20)30055-2/sref5
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref5
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref5
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref5
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref6
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref6
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref6
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref6
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref6
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref7
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref7
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref7
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref7
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref7
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref7
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref8
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref8
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref8
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref8
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref9
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref9
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref9
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref10
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref10
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref10
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref10
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref11
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref11
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref11
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref11
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref11
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref11
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref12
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref12
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref12
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref12
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref12
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref13
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref13
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref13
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref13
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref13
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref14
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref14
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref14
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref14
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref14
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref15
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref15
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref15
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref15
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref15
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref16
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref16
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref16
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref16
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref16
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref17
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref17
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref17
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref17
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref17
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref17
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref17
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref18
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref18
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref18
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref18
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref18
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref19
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref19
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref19
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref19
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref19
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref20
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref20
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref20
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref20
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref21
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref21
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref21
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref21
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref21
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref22
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref22
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref22
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref22
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref22
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref22
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref23
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref23
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref23
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref23
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref24
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref24
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref24
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref24
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref24
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref25
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref25
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref25
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref25
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref25
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref26
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref26
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref26
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref26
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref27
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref27
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref27
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref27
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref27
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref28
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref28


Echocardiographic Strain Imaging 525
presence of significant coronary artery disease.

J Am Coll Cardiol 2012;60:1086–93.

29. Zahid W, Eek CH, Remme EW, et al. Early systolic

lengthening may identify minimal myocardial dam-

age in patients with non-ST-elevation acute coronary

syndrome. Eur Heart J Cardiovasc Imaging 2014;15:

1152–60.

30. Vartdal T, Pettersen E, Helle-Valle T, et al. Identifica-

tion of viable myocardium in acute anterior infarction

using duration of systolic lengthening by tissue

Doppler strain: a preliminary study. J Am Soc Echo-

cardiogr 2012;25:718–25.

31. Brainin P, Haahr-Pedersen S, Olsen FJ, et al. Early

systolic lengthening in patients with ST-segment-

elevation myocardial infarction: a novel predictor of

cardiovascular events. J Am Heart Assoc 2020;9:

e013835.

32. Lyseggen E, Skulstad H, Helle-Valle T, et al. Myocar-

dial strain analysis in acute coronary occlusion: a

tool to assess myocardial viability and reperfusion.

Circulation 2005;112:3901–10.

33. Brainin P, Hoffmann S, Fritz-Hansen T, et al. Useful-

ness of postsystolic shortening to diagnose coro-

nary artery disease and predict future

cardiovascular events in stable Angina pectoris.

J Am Soc Echocardiogr 2018;31:870–879 e3.

34. Eek C, Grenne B, Brunvand H, et al. Strain echocar-

diography and wall motion score index predicts final

infarct size in patients with non-ST-segment-

elevation myocardial infarction. Circ Cardiovasc Im-

aging 2010;3:187–94.

35. Brainin P, Skaarup KG, Iversen AZ, et al. Post-sys-

tolic shortening predicts heart failure following acute

coronary syndrome. Int J Cardiol 2019;276:191–7.

36. Onishi T, Uematsu M, Watanabe T, et al. Objective

interpretation of dobutamine stress echocardiogra-

phy by diastolic dyssynchrony imaging: a practical

approach. J Am Soc Echocardiogr 2010;23:1103–8.

37. Agarwal R, Gosain P, Kirkpatrick JN, et al. Tissue

Doppler imaging for diagnosis of coronary artery

disease: a systematic review and meta-analysis.

Cardiovasc Ultrasound 2012;10:47.

38. Voigt JU, Lindenmeier G, Exner B, et al. Incidence

and characteristics of segmental postsystolic longi-

tudinal shortening in normal, acutely ischemic, and

scarred myocardium. J Am Soc Echocardiogr

2003;16:415–23.

39. Risum N, Valeur N, Sogaard P, et al. Right ventricular

function assessed by 2D strain analysis predicts

ventricular arrhythmias and sudden cardiac death

in patients after acute myocardial infarction. Eur

Heart J Cardiovasc Imaging 2018;19:800–7.

40. Chang WT, Liu YW, Liu PY, et al. Association of

decreased right ventricular strain with worse survival

in non-acute coronary syndrome angina. J Am Soc

Echocardiogr 2016;29:350–8.e4.
41. Chang WT, Tsai WC, Liu YW, et al. Changes in right

ventricular free wall strain in patients with coronary

artery disease involving the right coronary artery.

J Am Soc Echocardiogr 2014;27:230–8.

42. Kinch JW, Ryan TJ. Right ventricular infarction.

N Engl J Med 1994;330:1211–7.

43. Masci PG, Francone M, Desmet W, et al. Right ven-

tricular ischemic injury in patients with acute ST-

segment elevation myocardial infarction: character-

ization with cardiovascular magnetic resonance. Cir-

culation 2010;122:1405–12.

44. Surkova E, Muraru D, Iliceto S, et al. The use of mul-

timodality cardiovascular imaging to assess right

ventricular size and function. Int J Cardiol 2016;

214:54–69.

45. Longobardo L, Suma V, Jain R, et al. Role of two-

dimensional speckle-tracking echocardiography

strain in the assessment of right ventricular systolic

function and comparison with conventional parame-

ters. J Am Soc Echocardiogr 2017;30:937–46.e6.

46. Mondillo S, Galderisi M, Mele D, et al, Echocardiog-

raphy Study Group Of The Italian Society Of Cardiol-

ogy (Rome, Italy). Speckle-tracking

echocardiography: a new technique for assessing

myocardial function. J Ultrasound Med 2011;30:

71–83.

47. Forsha D, Risum N, Kropf PA, et al. Right ventricular

mechanics using a novel comprehensive three-view

echocardiographic strain analysis in a normal popu-

lation. J Am Soc Echocardiogr 2014;27:413–22.

48. Fine NM, Chen L, Bastiansen PM, et al. Reference

values for right ventricular strain in patients without

cardiopulmonary disease: a prospective evaluation

and meta-analysis. Echocardiography 2015;32:

787–96.

49. Fine NM, Shah AA, Han IY, et al. Left and right ven-

tricular strain and strain rate measurement in normal

adults using velocity vector imaging: an assessment

of reference values and intersystem agreement. Int J

Cardiovasc Imaging 2013;29:571–80.

50. Lemarie J, Huttin O, Girerd N, et al. Usefulness of

speckle-tracking imaging for right ventricular

assessment after acute myocardial infarction: a

magnetic resonance imaging/echocardiographic

comparison within the relation between aldosterone

and cardiac remodeling after myocardial infarction

study. J Am Soc Echocardiogr 2015;28:818–27.e4.

51. Park SJ, Park JH, Lee HS, et al. Impaired RV global

longitudinal strain is associated with poor long-term

clinical outcomes in patients with acute inferior

STEMI. JACC Cardiovasc Imaging 2015;8:161–9.

52. Antoni ML, Scherptong RW, Atary JZ, et al. Prog-

nostic value of right ventricular function in patients

after acute myocardial infarction treated with pri-

mary percutaneous coronary intervention. Circ Car-

diovasc Imaging 2010;3:264–71.

http://refhub.elsevier.com/S0733-8651(20)30055-2/sref28
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref28
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref29
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref29
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref29
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref29
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref29
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref30
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref30
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref30
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref30
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref30
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref31
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref31
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref31
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref31
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref31
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref32
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref32
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref32
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref32
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref33
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref33
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref33
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref33
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref33
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref34
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref34
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref34
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref34
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref34
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref35
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref35
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref35
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref36
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref36
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref36
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref36
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref37
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref37
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref37
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref37
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref38
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref38
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref38
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref38
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref38
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref39
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref39
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref39
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref39
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref39
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref40
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref40
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref40
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref40
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref41
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref41
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref41
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref41
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref42
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref42
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref43
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref43
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref43
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref43
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref43
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref44
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref44
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref44
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref44
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref45
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref45
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref45
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref45
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref45
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref46
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref46
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref46
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref46
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref46
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref46
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref47
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref47
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref47
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref47
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref48
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref48
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref48
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref48
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref48
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref49
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref49
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref49
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref49
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref49
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref50
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref50
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref50
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref50
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref50
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref50
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref50
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref51
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref51
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref51
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref51
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref52
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref52
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref52
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref52
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref52


Malagoli et al526
53. Motoki H, Borowski AG, Shrestha K, et al. Right ven-

tricular global longitudinal strain provides prog-

nostic value incremental to left ventricular ejection

fraction in patients with heart failure. J Am Soc Echo-

cardiogr 2014;27:726–32.

54. Benfari G, Noni M, Onorati F, et al. Effects of aortic

valve replacement on left ventricular diastolic func-

tion in patients with aortic valve stenosis. Am J Car-

diol 2019;124:409–15.

55. Cameli M, Mandoli GE, Loiacono F, et al. Left atrial

strain: a new parameter for assessment of left ven-

tricular filling pressure. Heart Fail Rev 2016;21:

65–76.

56. Sargento L, Vicente Simoes A, Longo S, et al. Left

atrial function index predicts long-term survival in

stable outpatients with systolic heart failure. Eur

Heart J Cardiovasc Imaging 2017;18:119–27.

57. Cameli M, Mandoli GE, Loiacono F, et al. Left atrial

strain: a useful index in atrial fibrillation. Int J Cardiol

2016;220:208–13.

58. Rosca M, Lancellotti P, Popescu BA, et al. Left atrial

function: pathophysiology, echocardiographic

assessment, and clinical applications. Heart 2011;

97:1982–9.

59. Cameli M, Caputo M, Mondillo S, et al. Feasibility

and reference values of left atrial longitudinal strain

imaging by two-dimensional speckle tracking. Car-

diovasc Ultrasound 2009;7:6.

60. Mor-Avi V, Lang RM, Badano LP, et al. Current and

evolving echocardiographic techniques for the

quantitative evaluation of cardiac mechanics: ASE/

EAE consensus statement on methodology and indi-

cations endorsed by the Japanese Society of Echo-

cardiography. J Am Soc Echocardiogr 2011;24:

277–313.
61. Antoni ML, ten Brinke EA, Atary JZ, et al. Left atrial

strain is related to adverse events in patients after

acute myocardial infarction treated with primary

percutaneous coronary intervention. Heart 2011;97:

1332–7.

62. Malagoli A, Rossi L, Bursi F, et al. Left atrial function

predicts cardiovascular events in patients with

chronic heart failure with reduced ejection fraction.

J Am Soc Echocardiogr 2019;32:248–56.

63. Matsuda Y, Toma Y, Ogawa H, et al. Importance of

left atrial function in patients with myocardial infarc-

tion. Circulation 1983;67:566–71.

64. Appleton CP, Kovacs SJ. The role of left atrial func-

tion in diastolic heart failure. Circ Cardiovasc Imag-

ing 2009;2:6–9.

65. Bowman AW, Kovacs SJ. Assessment and conse-

quences of the constant-volume attribute of the

four-chambered heart. Am J Physiol Heart Circ

Physiol 2003;285:H2027–33.

66. Bowman AW, Kovacs SJ. Left atrial conduit volume

is generated by deviation from the constant-

volume state of the left heart: a combined MRI-

echocardiographic study. Am J Physiol Heart Circ

Physiol 2004;286:H2416–24.

67. Ersbøll M, Andersen MJ, Valeur N, et al. The prog-

nostic value of left atrial peak reservoir strain in

acute myocardial infarction is dependent on left ven-

tricular longitudinal function and left atrial size. Circ

Cardiovasc Imaging 2013;6:26–33.

68. Ramkumar S, Yang H, Wang Y, et al. Association of

the active and passive components of left atrial

deformation with left ventricular function. J Am Soc

Echocardiogr 2017;30:659–66.

http://refhub.elsevier.com/S0733-8651(20)30055-2/sref53
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref53
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref53
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref53
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref53
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref54
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref54
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref54
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref54
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref55
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref55
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref55
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref55
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref56
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref56
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref56
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref56
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref57
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref57
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref57
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref58
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref58
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref58
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref58
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref59
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref59
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref59
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref59
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref60
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref60
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref60
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref60
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref60
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref60
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref60
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref61
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref61
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref61
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref61
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref61
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref62
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref62
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref62
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref62
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref63
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref63
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref63
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref64
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref64
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref64
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref65
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref65
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref65
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref65
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref66
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref66
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref66
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref66
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref66
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref67
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref67
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref67
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref67
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref67
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref68
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref68
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref68
http://refhub.elsevier.com/S0733-8651(20)30055-2/sref68

	Echocardiographic Strain Imaging in Coronary Artery Disease
	Key points
	Introduction
	Left ventricular strain and myocardial ischemic process
	Speckle Tracking Echocardiography to Detect Subclinical Myocardial Damage

	Speckle tracking echocardiography in patients with stable angina and acute coronary syndrome
	Early systolic lengthening and postsystolic shortening of left ventricular segments
	Right ventricle function
	Left atrial function
	Summary
	References


