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In chronicmitral regurgitation (MR) left atrium is one of thefirst cardiac structures that is involved in remodeling
and ultrastructural changes for a progressive volume overload. Severe left atrial (LA) dilation on echocardiogra-
phy and new onset of atrial fibrillation in asymptomatic patients with preserved Left Ventricular (LV) function,
appeared as a Class IIb recommendation for consideration for surgicalmitral valve repair in the actual guidelines.
However, before atrial dilatation and dysfunction, several ultrastructural changes appear in the atrial muscle
tissue that are difficult to identify with the standard echocardiography. Speckle tracking echocardiography
(STE) can analyze LA function: it has been showed that it can indirectly identify structural tissue modifications
from excessive atrial effort in the early stages of MR up to the full depression of atrial function in the late stages
where there are advanced ultrastructural alterations.
This review aims to summarize current knowledge on the role of atrial strain identifying early structural alter-
ations of the atrial tissue in the rising stages of MR considering that Left Atrial Peak Longitudinal Strain (PALS)
considered useful parameter for a more extensive evaluation of MR patients.
© 2017 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Background

Left atrial (LA) enlargement is part of cardiac remodeling observed
in various cardiovascular diseases and appears to be associated with
poor clinical outcome [1]. LA size is a significant predictor of stroke
and death in the general population. LA dilation probably promotes
stasis of blood, which in turn predisposes to thrombus formation and
the potential for embolization. Another possible mechanism is that left
atrial dilation may serve as a marker for other risk factors for stroke
and death such as atrial fibrillation, structural heart disease, hyperten-
sion, or increased left ventricular mass [2].

In mitral regurgitation (MR), LA enlargement is part of pathophysio-
logical changes: it compensates the volume overload [3] but is also a
marker for future heart failure, [4] atrial fibrillation [5] and mortality
after surgery [6]. Defining LA remodeling is essential for interpreting LA
enlargement.

Echocardiography is widely available for LA size assessment [7].
Echocardiographic parameters of atrial dimension include LA antero-
posterior diameter, LA area and volume. These parameters are more
globally descriptive and they remain normal in the early phases of
disease. The evaluation of LA remodeling is still difficult to obtain.

Speckle tracking echocardiography (STE) is a non–Doppler-based
method for the objective quantification of myocardial deformation
).
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from standard bidimensional data sets [8] and it allows to obtain the
quantification of longitudinal myocardial LA deformation dynamics [9].

2. MR and left atrium

In significant MR during the left ventricular (LV) systole, LV
decompresses into the left atrium as the mitral orifice, in parallel with
the aortic valve, acts as a pressure-dependent outlet for the ventricle.
The physiological consequences to the left atrium are characterized by
increases in LA volume and consequently of pressure and size; however,
the magnitude of these changes depends chiefly on the rapidity and
severity with which the regurgitation develops [10].

In chronic degenerative MR both the left ventricle and left atrium are
subject to increased preload [11]. Due to adaptive remodeling of the left
ventricular and atrial components and patient adaptation to the disease,
patients can remain asymptomatic or minimally symptomatic for
prolonged periods, even in the presence of severe MR [12]. LV ejection
fraction frequently remains within the normal range in long-term MR
even if LV contractile function may begin a slow but progressive deterio-
ration [13]. However during the early phase, the heart compensates for
increasing regurgitant volume by LA remodeling and enlargement,
reflecting the left atriumas a principalMR target organdamage. This is ac-
companied by mechanic stress mediated cellular hypertrophy and inter-
stitial fibrosis, that increase vulnerability to atrial fibrillation and LA
failure [14]. In addition, LA remodeling has been documented as an im-
portant predictor of cardiovascular events [2], which is independently
e under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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related to stroke and death [16], as well as to systolic and diastolic heart
failure [17].

Early identification of atrial damage in MRmay be the key to identi-
fying the initial damage of this valvulopathy.

3. Left atrial ultrastructural changes in MR

The progressive increase in MR is associated with further increases
in atrial size but diminished atrial stroke volume indicating that this
extreme dilation no long provokes a Frank-Starling response and the
atrial myocardium is made to operate on the descending limb of func-
tion; hence, the atrial chamber is less compliant [10,11]. The left atrium
responds to the excess volume load with a range of adaptive and mal-
adaptive processes. These include myocyte growth, hypertrophy, and,
finally, necrosis and apoptosis, as well as alterations in the composition
of extracellularmatrix,with excessivefibroblast proliferation, leading to
myolysis and, consequently, loss of the contractile apparatus [18]. In
particular ultrastructural analysis [19] performed on atrial tissues
showed that hypertrophied atrialmyocytes begin to undergo functional
impairment and structural degeneration by alterations of Z-band struc-
ture, miofibrillar Iysis with preferential loss of thick filaments. Then
marked interstitial fibrosis appear with dissociation of intercellular
junctions, progressive loss of myofilaments and replacement by cyto-
skeletal filaments. The interstitial space is filled with large amounts of
collagen fibrils, which often coursed in diverse directions, typical of
areas with severe fibrosis. Atrial myocytes in or adjacent to these
areas of severe interstitial fibrosis commonly show varying degrees of
dissociation from adjacent cells. Both the interstitialfibrosis and the cel-
lular dissociation slow the conduction of the impulse and favor the oc-
currence of reentry mechanisms, which constitute the
electrophysiologic basis of atrialfibrillation and the perpetuation of atri-
al fibrillation.

4. Speckle tracking echocardiography: left atrial strain

Atria play an important role in ensuring proper performance of the
systemic and pulmonary circulation and are also primarily involved in
the context of supraventricular tachycardias in particular atrial
fibrillation.

From a hemodynamic perspective atria play as booster pomp during
late ventricular diastole, as reservoir for the inflow volume received
from pulmonary veins during ventricular systole and isovolumic relax-
ation, and as passive conduits during early ventricular diastole and
diastasis [20].

Evaluation of LA size and function can be obtained by two-
dimensional echocardiography evaluation of LA antero-posterior diam-
eter, area and volume, Doppler analysis of transmitral and pulmonary
vein flow, and Tissue Doppler (TD) assessment of LA myocardial
velocities [21, 22,23]. The assessment of LA size provides prognostic in-
formation; however these parameters are morphometric and static. On
the other hand information on regional LA function and remodeling
may provide more insight in atrial electromechanical remodeling [24].

About that, speckle tracking echocardiography (STE) is an echocar-
diographic technique that uses standard B-mode images for regional
and global myocardial function analysis. It is based on an analysis of
the spatial dislocation (referred to as tracking) of speckles (defined as
spots generated by the interaction between the ultrasound beam and
myocardial fibers) on routine 2-dimensional sonograms [25]. The
displacement of the speckled pattern is considered to followmyocardial
movement, and a change between speckles is assumed to represent
myocardial deformation [26]. STE analysis allows an excellent assess-
ment of the atrial deformation profile during an entire cardiac cycle,
closely following the LA physiology. In particular LA endocardial surface
is manually traced in both four- and two-chamber views by a click
approach. The software generates the longitudinal strain curves for
each segment and a mean curve of all segments that reflect the
pathophysiology of atrial function: peak atrial longitudinal strain
(PALS), measured at the end of the reservoir phase, and peak atrial con-
traction strain (PACS), measured just before the start of the active atrial
contractile phase [27] (Fig. 1). They are calculated by averaging values
observed in all LA segments (global PALS and PACS), and by separately
averaging values observed in four- and two-chamber views (four- and
two-chamber average PALS and PACS, respectively). The time to peak
longitudinal strain (TPLS) is measured as the average of all 12 segments
(global TPLS) and by separately averaging values observed in the two
apical views (4- and 2- chamber average TPLS). In contrast to Doppler
derived parameters, speckle tracking has the advantage of being angle
independent, and to be less affected by reverberations, side lobes and
drop out artifacts [8] (Fig. 5).

Speckle tracking imaging was found to be a feasible and reproduc-
ible method to assess LA longitudinal strain [8]. The reproducibility of
measurements was good, with lower variability in comparison with
that obtained by Doppler-derived LA strain imaging [30].

5. Correlation between left atrial strain and left Atrial dysfunction in
MR

The analysis of atrial strain has been demonstrated useful in many
clinical settings [27]. A strong association between decrease of LAmyo-
cardial deformation assessed by speckle tracking echocardiography and
cardiovascular events was demonstrates [31].

The decrease of LA reservoir and the increase of LA pump functions
are the first manifestations of the burden of diastolic dysfunction,
appearing before the LA structural changes. Several studies have
shown that strain imaging can detect LA dysfunction before the mani-
festation of LA structural changes [32].

In patients with chronic MR, global PALS is significantly influenced
by the degree of MR. A supernormal PALS has been found [14] in mild
MR, instead a strong depression has been recorded only in patients
with severe MR and it is more depressed in those who experienced an
episode of paroxysmal AF (PAF) [33].

Infact the global PALS is the parameter for the functional evaluation
of the reservoir phase that is essential for LV filling by storing energy
during ventricular systole [34]. It resulted increased in patients with
mild MR, possibly due to enhanced atrial compliance [10]. Instead, it
was found a progressive impairment of global PALS in moderate and
severe MR groups, potentially explained by the LA ultrastructural
abnormalities associated to chronic MR, such as myocyte hypertrophy,
interstitial fibrosis, decreased metalloproteinase expression and finally
electrical dissociation between muscle bundles that facilitate the initia-
tion and perpetuation of AF [35] (Figs. 2,3).

Strain parameters are influenced by loading conditions and by
rhythm irregularity, not only by fibrosis [36]. Left atrial strain is signifi-
cantly lower in subjects with AF as compared to hypertensive patient.
Post-conversion to sinus rhythmus, LA Strain increased significantly,
but did not achieve the values found in the controls [37].

Recently [43] the correlation between the grade of LA fibrosis and
the speckle tracking index of LA function (global PALS) was analyzed
in patients with severe MR who were referred for mitral surgery. LA
tissue samples were obtained from all patients. Masson’s trichrome
staining was performed to assess the extent of the fibrosis. The LA
endocardial thickness was measured. In this study, speckle tracking
echocardiographic analysis showed a stepwise reduction of global
PALS with a more depressed value in patients with a major grade of
fibrosis at the histologic analysis. Statistical analysis showed a close
negative correlation between global PALS measured by STE and LA
myocardial fibrosis grade compared to poorer correlations for the LA
indexed volume, LA ejection fraction, and E/E [1] ratio. Indeed the
increase in interstitial fibrosis in the setting of mitral valvular disease
compromises the elastic properties of the atrial myocardium and
inevitably leads to impairment of atrial compliance and thus to a reduc-
tion of LA reservoir function, as assessed by global PALS [38] (Fig. 4).



Fig. 1. Composite figure showing themeasurement of peak atrial longitudinal strain (PALS) and of peak atrial contraction strain (PACS) using the speckle tracking echocardiography (STE)
from an apical two-chamber view, in a representative subject [27].
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Several studies showed that quantitative assessment of atrial func-
tion by echocardiography as an additional tool to guide the optimum
timing of surgery for MR. [39]

Analysis of cardiac mechanics through speckle-tracking imaging has
been proposed for risk stratification in asymptomatic patients with
chronic primary MR. Compared to asymptomatic patients, those with
events at baseline showed more severe MR, larger and spherical
Fig. 2. Comparison of global peak atrial longitudinal strain (PALS) among controls and
patients with mild, moderate and severe mitral regurgitation (MR) [14].
ventricles, diastolic dysfunction, and greater systolic pulmonary arterial
pressure. Moreover, patients with events had decreased LA reservoir so
LA reservoir evaluation significantly improved risk stratification and is
considered an independent predictors of outcome [40]. Furthermore
in patients with asymptomatic severe primary MR, reduced Global
peak positive strain of the left atrium and strain rate in the LA filling
phase predicted a worse prognosis. These findings may offer additional
information to guide early surgery [41].

The clinical utility of LA functional indexes in patients with mitral
valve prolapse (MVP) and MR was also investigated using 2D speckle
imaging, maximal left atrial volume (LAVmax) and minimal left atrial
volume (LAVmin) and total left atrial emptying fraction (TLAEF). By
multivariate analysis, TLAEF and atrial strain were independent predic-
tors of severe MR requiring surgery.39 In this regard, volume overload
generally diminishes after mitral valve surgery and LA size and shape
are expected to recover. On the other hand the volume overload for
extended periods may result in irreversible ultrastructural changes
and reverse remodeling is said to be related with prognosis andmortal-
ity. It was demonstrated that Left atrial PALS, in conjunctionwith preop-
erative LA volume index (LAVI) and age is a predictor of LA reverse
remodeling in patients undergoing surgery for severe MR. LA reservoir
strain is an independent predictor and has a high accuracy to identify
patients with indications for mitral surgery [42]. Moreover impaired
LA reservoir strain in patients with severe organic MR relates to long-
term survival after mitral valve surgery, independently of and incre-
mental to current guidelines-based indications for mitral surgery
(symptoms, left ventricular ejection fraction ≤60%, left ventricular
end-systolic diameter ≥ 40 mm, atrial fibrillation, or systolic pulmonary



Fig. 3. Peak atrial longitudinal strain (PALS): two representative cases of a healthy control (left) and of a patient with severe mitral regurgitation (right) [14].
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arterial pressure N 50mmHg). Hence PALSmay beused as a valid preop-
erative prognostic marker [43,44].

Atrial natriuretic peptide (ANP) and brain natriuretic peptide (BNP)
levels increased among all moderate or severe chronic MR. It has
already shown that in MR, changes in volume load may be paralleled
Fig. 4. Correlation between glob
by changes in the N-terminal brain natriuretic peptide (NT-proBNP)
level and that the fall in NT-proBNPwas related to corrections in volume
and removal of the diastolic run-off into the left atrium [45,46]. Howev-
er there are no data on the relationship between levels of ANP, BNP, NT-
proBNP and atrial strain in patients with mitral regurgitation. LA wall
al PALS and LA fibrosis [43].



Fig. 5. Diagram with a detailed overview on how to perform the procedure of atrial strain [8].
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fibrosis, implied by delayed enhancement onMRI, is inversely related to
LA strain and strain rate and these are related to the AF burden. Lower
midlateral strain and strain rate and midseptal strain rate were
independent predictors of a larger extent of fibrosis. Echocardiographic
assessment of LA structural and functional remodeling is quick and
feasible and may be helpful in predicting outcomes in AF [47].

The two-dimensional speckle tracking (2DT)method is based on the
measurements of strain on two-dimensional (2D) images, ignoring
actual three-dimensional (3D) myocardial movements. 3D–STE has
not been a routine tool for cardiac function analysis, despite of various
advantages and potentials compared to 2-dimensional (2D) imaging.
3D–STE can simultaneously provide the three orthogonal strain values,
radial strain (RS), longitudinal strain (LS), and circumferential strain
(CS). In addition, 3D–STE provides a novel deformation parameter,
area change ratio, which have the potential for more accurate assess-
ment of overall and regional myocardial function. 3D–STE has great
promise as a clinical feasible tool for evaluating myocardial function,
and could provide novel pathophysiological insights based on 3D cardi-
ac mechanics. However, the clinical uses are not enough. Therefore, in-
formation about the current status of 3D–STE should be spread [48,49].

6. Conclusions

A routine measurement of LA strain might guarantee the detection
of LA remodeling, providing useful adjunctive information in patients
undergoing echocardiography for cardiac surgery. Thus, this novel
imaging method can be considered a promising index for the better
quantification of LA function in patients with chronic MR, allowing the
potential identification of LA impairment, useful for deciding the timing
of surgery [18]. Infact this method has proven to be able to investigate
noninvasively the early and asymptomatic ultrastructural changes
appearing in the atrial tissue in a similar way to a tissue biopsy. This
allows us to early identification of patients whose valve disease has
started to create irreversible damage to the atrial myocardium and it
can be considered a useful marker to predict good or poor survival
after surgery.
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