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Abstract Volume overload in chronic severe mitral
regurgitation (MR) causes left atrial (LA) remodeling.
Volume overload generally diminishes after mitral valve
surgery and LA size and shape are expected to recover. The
recovery of LA functions named as reverse remodeling is
said to be related with prognosis and mortality. A few
clinical and echocardiographic parameters have been
reported to be associated with LA reverse remodeling. In
this study, we investigated the relationship between LA
peak longitudinal strain (reservoir strain) assessed with
2-dimensional speckle tracking echocardiography (2D
STE) and LA reverse remodeling. 53 patients (24 females
and 29 males, mean age: 45.7 £ 13.5 years) with severe
MR and preserved left ventricular systolic function were
included in the study. All patients had normal sinus rhythm.
The etiology of MR was mitral valve prolapse (MVP) in 37
patients and rheumatic valvular disease in 16 patients.
Mitral valve repair was performed in 30 patients while 23
underwent mitral valve replacement. Echocardiography
was performed before the surgery and 6 months later. LA
peak atrial longitudinal strain (PALS) was assessed with
speckle tracking imaging. LA reverse remodeling was
defined as a percent of decrease in LA volume index
(LAVI). Left atrial volume index significantly decreased
after surgery (58.2 & 16.6 vs. 43.9 & 17.2 ml/m?, p <
0.001). Mean LAVI reduction was 22.5 £ 27.2 %. There
was no significant difference in LAVI reduction between
mitral repair and replacement groups (22.1 & 22.6 vs.
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23.1 £+ 32.8 %, p = 0.9). Although the decrease in LAVI
was higher in MVP group than rheumatic group, it was not
statistically significant (24.4 £+ 26.8 vs. 18.2 £ 28.9 %,
p = 0.4). Correlates of LAVI reduction were preoperative
LAVI (r 0.28, p = 0.039), PALS (r 0.36, p = 0.001) and
age (r —0.36, p = 0.007). Furthermore, in multivariate
linear regression analysis (entering models), preoperative
LAVI, age and PALS were all significant predictors of LA
reverse remodeling (p < 0.001, p = 0.04, p = 0.001
respectively). Left atrial peak longitudinal strain measured
by 2D STE, in conjunction with preoperative LAVI and age
is a predictor of LA reverse remodeling in patients under-
going surgery for severe MR. We suggest that in this patient
population, PALS may also be used as a preoperative
prognostic marker.

Keywords Left atrial strain - Atrial remodeling - Mitral
regurgitation - Speckle tracking echocardiography

Abbreviations

EF Ejection fraction

LA Left atrium

LAVI  Left atrial volume index
LV Left ventricle

PALS Peak atrial longitudinal strain

PACS Peak atrial contraction strain

MVP  Mitral valve prolapse

MVR  Mitral valve replacement

TVR  Tricuspid valve repair

PISA  Proximal isovelocity surface area

STE Speckle tracking echocardiography
ASE  American Society of Echocardiography
MRI  Magnetic resonance imaging

BNP  Brain natriuretic peptide

MR Mitral regurgitation
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Introduction

Volume overload caused by mitral regurgitation (MR) is
one of the reasons of cardiac remodeling. With the
remodeling, the size, shape and function of cardiac cham-
bers change. When exposed to volume overload, cellular
atrophy and interstitial fibrosis occur in the left atrium (LA)
resulting in increased volume and decreased function of the
LA [1, 2]. Previous studies have shown that LA dilatation
was predictive of stroke, new onset atrial fibrillation, heart
failure, mortality after acute myocardial infarction, severity
of diastolic dysfunction and death [3-7]. LA size and
volume have generally been used to evaluate LA functions
[8, 9]. Speckle tracking echocardiography (STE), a novel
angle-independent method based on frame-to-frame track-
ing of acoustic speckles is used for evaluation of myocar-
dial deformation has been applied recently for evaluation
of LA functions. Atrial myocardial deformation has also
been evaluated using this novel method in normal popu-
lation and a number of cardiac pathologies [10-14]. STE
based peak atrial longitudinal strain (PALS) was found to
be inversely correlated with atrial fibrosis assessed hist-
opathologically during cardiac surgery [15]. Volume
overload generally diminishes after mitral valve surgery
and LA size and shape are expected to recover. The
recovery of LA functions named as reverse remodeling is
said to be related with prognosis and mortality [16].
However, only few clinical and echocardiographic
parameters were suggested to be associated with LA
reverse remodeling. In this study we investigated the
relationship between LA peak longitudinal strain (reservoir
strain) assessed with 2-dimensional STE and LA reverse
remodeling.

Methods
Study population

53 Patients with severe mitral insufficiency, defined according
to the American Society of Echocardiography (ASE) guide-
lines [17], in sinus rhythm with left ventricular ejection
fraction (EF) >50 % were included in the study during the
period between February 2009 and March 2011. Mitral
replacement was performed in 23 patients, and the valve was
repaired in 30 patients. Patients with previous AF, mitral
pathologies other than rheumatic or mitral valve prolapse,
mitral stenosis of more than a trivial degree (mitral valve area
<2 cmz), aortic valve disease of more than a trivial degree,
coronary artery disease, previous cardiac operation and con-
genital heart diseases were excluded from the study. The use
of medications, in particular, the preoperative uses of beta
blockers, angiotensin-converting enzyme inhibitors, calcium
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channel blockers, statins, and diuretics were documented.
Informed written consent was obtained from all study sub-
jects, and the study protocol was approved by the institutional
ethics committee.

Echocardiography

Two-dimensional and Doppler echocardiography All
echocardiographic studies were done 2 days before and
6 months after the surgery. Echocardiographic studies were
performed using a Vivid 7 machine (GE Vingmed Ultra-
sound AS, Horten, Norway), equipped with a 3.5 MHz
transducer. A total of 3 cardiac cycles was recorded at the
end of expiration. All data were transferred to a worksta-
tion for further offline analysis (EchoPAC PC; GE Ving-
med Ultrasound AS).

Left ventricle (LV) end-systolic diameter, end-diastolic
diameter, septal and posterior wall thickness at end-diastole
were measured in the long-axis view using M-mode
echocardiography according to the recommendations of the
American Society of Echocardiography [18]. LV end-sys-
tolic and end-diastolic volumes and ejection fraction (EF)
were determined from the apical four and two-chamber
views using the modified bi-plane Simpson’s method. LA
anteroposterior diameter was measured by 2D-guided
M-mode echocardiography from parasternal long axis view
at end-systole. LA volume was determined using the
biplane area length method from the apical four and two-
chamber views at end-systole. LA volume was indexed to
body surface area as recommended [19, 20]. The postop-
erative percent change in LAVi was calculated as follows:

Percentage change in LAVi = (preoperative LA Vi—post-
operative LAVi)/preoperative LAVi x 100. LA remodeling
was defined as a percent decrease in LAVi >15 % [16].

Mitral regurgitation was qualified by color Doppler and
quantified by vena contracta width and the proximal iso-
velocity surface area (PISA) method in accordance with the
recommendations of the ASE [17]. Color Doppler data
were acquired at 15-17 frames/s with a depth of 16 cm.
Nyquist level was adjusted 50-60 cm/s for color jet area
and vena contracta whereas it was approximately 40 cm/s
for PISA. Color gain was adjusted to eliminate random
color in areas without flow. Mitral inflow velocities were
measured at the tips of the mitral leaflets using pulsed
Doppler on end-expiration. The Doppler beam was aligned
to produce the narrowest possible angle between the beam
and the blood flow vector. The peak velocities during early
filling (E) and late filling from atrial contraction (A) were
measured. Pulsed-wave tissue Doppler echocardiography
was performed to obtain mitral annular peak systolic (S),
peak early (E’), and late (A’) diastolic annular velocities in
the apical four-chamber view with the sample volume (2-
mm axial length) at the lateral side of the mitral annulus.
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Fig. 1 Left atrial longitudinal strain parameters. Composite figure
showing the measurement of peak atrial longitudinal strain (PALS)
and of peak atrial contraction strain (PACS) using the speckle

Systolic pulmonary artery pressure was calculated by
adding estimated the right atrial pressure to the systolic
right ventricular-right atrial gradient calculated from the
peak velocity of systolic transtricuspid regurgitant flow
signal [21].

Speckle  tracking  echocardiography  (STE) Apical
4-chamber view was used for LA strain measurements. The
frame rate for images was adjusted between 5 and 70
frames/s. For 2 dimensional STE analysis, a line was
manually drawn along the LA endocardium when the LA
was at its minimum volume after contraction. The software
then automatically generated additional lines near the atrial
epicardium and mid-myocardial line, with a region of
interest default width of 15 mm. Before processing, a cine
loop preview feature visually confirmed that the internal
line follows the LA endocardium throughout the cardiac
cycle. If tracking of the LA endocardium was unsatisfac-
tory, manual adjustments or changing software parameters
(e.g. region of interest size or smoothing functions) was
made. The software divided the LA endocardium into 6
segments. Segments in which no adequate image quality
could be obtained were rejected by the software and
excluded from the analysis. Overall, 318 segments were
analyzed (6 segments for each patient), and a total of 4.8 %
segments were excluded. LA peak strain just before mitral

P 1000

tracking echocardiography (STE) from an apical four-chamber view.
The dashed curve represents the average atrial longitudinal strain
along the cardiac cycle. AVC aortic valve closure

valve opening was taken as peak atrial longitudinal strain
(PALS) and LA strain just before atrial contraction (onset
of the P-wave on electrocardiography) was taken as peak
atrial contraction strain (PACS) (Fig. 1).

Reproducibility

Inter- and intra-observer reproducibilities were assessed for
both the PALS and the PACS values. For intra-observer
assessment, the measurements were re-analysed after
2 weeks. The Bland—Altman analysis for inter-observer
reproducibility [mean difference-95 % confidence interval
(CI)] and intra-observer reproducibility (intra-class corre-
lation coefficient, 95 % CI) were calculated, and the intra-
class correlation coefficient showed good inter- and intra-
observer agreement [inter-observer and intra-observer
agreement were assessed for PALS, —2.7 [7.3—(—1.9)] and
0.90 (0.84-0.95) respectively; and for PACS 1.6 [5.5—(—
2.3)] and 0.88 (0.80-0.93) respectively].

Statistical analysis
All values are expressed as the mean =+ standard deviation
or as percentages. The normal distribution of each variable

was assessed using the Kolmogorov—Smirnov test. For the
non-normally distributed variables, the comparison of
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Table 1 Baseline clinical characteristic of the study population

All patients n: 53

Age (years) 457 £ 135
Gender (female) (%) 29 (54.7)
Body surface area (mz) 1.7 £ 0.14
Heart rate (bpm) 713 £7.7
Systolic blood pressure (mmHg) 1299 £ 7.3
Diastolic blood pressure (mmHg) 793 £53
Diabetus (%) 11 (20.8)
COPD (%) 504
Dyslipidemia (%) 16 (30.2)
Smoking (%) 14 (26.4)
Calcium channel blockers (%) 17 (32.1)
Beta blocker (%) 44 (83)
ACE-inhibitors (%) 37 (69.8)
Diuretic (%) 13 (24.5)
Statins (%) 22 (41.5)

Data are expressed as mean £ SD or as n (%)

COPD chronic obstructive pulmonary disease, ACE angiotensin-
converting-enzyme inhibitor

groups was performed using nonparametric tests. Com-
parisons of the continuous variables in the 2 groups were
performed using Student’s ¢ test. Distributions of categor-
ical variables were compared with the %> or Fisher’s exact
test when appropriate. Pearson correlation analysis was
used to compare the relationship of the continuous vari-
ables. Multiple linear regression analysis (enter models)
was used to determine independent predictors of LA
reverse remodeling. All statistical analyses were performed
with SPSS version 16.0 (SPSS, Inc, Chicago, IL, USA),
and p values of <0.05 were taken to indicate statistical
significance.

Results

The mean age was 45.7 £ 13.5 years, and 54.7 % were
females. The etiologies of MR in this study were mitral valve
prolapse in 37 (69.8 %) patients and rheumatic in 16 (30.2 %)
patients. 30 patients (56.6 %) underwent mitral valve repair
while mitral valve replacement was done in 23 patients
(43.4 %). Tricuspid valve repair (TVR) using annuloplasty
ring was done in 13 patients (24.5 %). The mean systolic blood
pressure, diastolic blood pressure and heart rate were
129.9 4+ 7.3 mmHg, 79.3 £ 5.3 mmHgand 71.3 &+ 7.7 bpm
respectively. Preoperative PALS was (21.7 + 8.1 %), and
PACS was (10.2 £ 3.5 %). The mean effective regurgitant
orifice area preoperatively was 0.58 = 0.15 cm?), mitral
regurgitant volume was (80.4 £ 24.2 ml). The clinical and
echocardiographic parameters are listed in Tables 1 and 2.
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Table 2 Echocardiographic and clinical characteristics of the study
populations

All patients n: 53

PALS (%) 21.7 £ 8.1
PACS (%) 10.2 £ 3.5
NYHA Fc n (%)

1 12 (22.6)

2 26 (49.1)

3 15 (28.3)

4 0
Etiology

Mitral valve prolapse (%) 37 (69.8)

Rheumatic (%) 16 (30.2)
Types of operation

Repair (%) 30 (56.6)

Replacement (%) 23 (43.4)
Tricuspid valve repair (%) 13 (24.5)
Effective regurgitant orifice area (cm?) 0.58 £ 0.15
Mitral regurgitant volume (ml) 80.4 £ 24.2
Vena contracta (cm) 0.6 £ 0.09
Pulmonary systolic pressure (mmHg) 382 £ 6.7
BNP (pg/ml) 142.9 £ 69.8
E (m/s) 1.1 £03
A (m/s) 0.8 £0.25
S (cm/s) 6.7 £ 2.1
E' (cm/s) 72 +£32
A’ (cm/s) 6.7 + 2.6
E/E 19.2 + 8.7

Data are expressed as mean + SD

PALS peak atrial longitudinal strain, PACS peak atrial contraction
strain, E peak early filling transmitral velocity, A peak late filling
transmitral velocity, S peak longitudinal systolic tissue velocity of the
mitral valve annulus, E' peak longitudinal early diastolic tissue
velocity of the mitral valve annulus, A’ peak longitudinal late diastolic
tissue velocity of the mitral valve annulus, BNP brain natriuretic
peptide

After surgery, LV end-diastolic volume, LV end-dia-
stolic diameter, LV EF, were significantly decreased while
LV systolic volume and LV end-systolic diameter were not
significantly reduced. LA volume index and LA antero-
posterior diameter were significantly decreased (Table 3).
The mean postoperative decrease in LAVI was
22.5 &+ 27.2 %. LAVI was >40 ml/m? 88.7 % patients and
LAVI was >60 ml/m? 39.6 % patients.

Left atrial reverse remodeling (as previously defined) was
found in 34 patients (64.2 %). 11 patients (20.7 %) showed
an increase in LA volume index after surgery, whereas 42
patients showed a decrease in LA volume after surgery.
There was no significant difference in LAVI reduction
between mitral repair and replacement groups (22.1 + 22.6
vs.23.1 4+ 32.8 %, p = 0.9). Besides decrease in LAVI was
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Table 3 Preoperative and postoperative echocardigraphic parameters
of study populations

Pre-operative  Post- p value
operative
LV end-diastolic diameter 53 +0.7 4.9 +0.78 0.001
(cm)
LV end-systolic diameter 33+£08 3309 09
(cm)
LVend-diastolic volume 139.5 £ 40.1 112.7 £439 0.001
(ml)
LV systolic volume (ml) 479 £19.1 521 +£34 02
LVEF (%) 64.6 £ 7.1 55.5 £ 10.6 0.001
LA volume index (ml/m?) 582 £ 157 439+ 172 0.001
LA Antero-posterior 5+0.8 46 £06 0.001
diameter (cm)
LV EF left ventricular ejection fraction
MVP = MVR
W Rheumatic MV REPAIR
30 30 7
p:0,4 p: 0,9
2441268
25 251 paens
22.1+226
20 A 18,2+ 28.9 20 1
15 A - 15 1
1001 101
S5T— 51
0 0-

LA volume change LA volume change

Fig. 2 LA volume change according to operation type and etiology.
MYV mitral valve, MVP mitral valve prolapse, MVR mitral valve
replacement

higher in MVP group than rheumatic group, but it was not
statistically significant (24.4 £ 26.8 vs. 18.2 £ 28.9 %,
p = 0.4) (Fig. 2). Preoperative LAVI (r 0.28, p = 0.039),
age (r —0.36, p = 0.007), and PALS (r 0.36, p = 0.001)
were correlated significantly with the percentage of LA
volume change (Fig. 3; Table 4). Furthermore, in multi-
variate linear regression analysis (entering models), preop-
erative LAVI, age and PALS were all significant predictors
of LA reverse remodeling (p < 0.001, p = 0.04, p = 0.001
respectively) (Table 5).

Discussion

In this study, significant cardiac remodeling as indicated by
LA and LV volume was seen after MV surgery. Higher

PALS and LAVI and younger age were found to be inde-
pendent predictors of LA reverse remodeling.

Volume overload in MR has a direct effect on the LA.
LA tries to compensate volume overload in order to pre-
vent pulmonary congestion [22]. Cellular hypertrophy and
interstitial fibrosis occur in the LA when exposed to vol-
ume overload, which initiates the remodeling process seen
as increase in volume and decrease in function of the LA
[1, 2]. Previous studies have shown that LA dilatation is
predictive of a number of conditions and mortality [3-7].
In MR patients, LA dilatation was related with AF, cardiac
events and survival [23-26].

Left atrial volume and pressure usually drop after sur-
gery or percutaneous valve intervention [27]. The LA
functions can recover and is termed reverse remodeling.
Reversal of atrial functions can give additional information
regarding the prognosis. A study by Laurens et al. [28] has
shown that in patients who underwent catheter ablation for
atrial fibrillation, left atrial reverse remodeling may be a
more robust marker for successful atrial fibrillation abla-
tion. Kim et al. conducted a study on the relationship
between LA reverse remodeling and prognosis. They
included patients with mitral stenosis who underwent val-
vuloplasty, and followed them for 11 years. They found
that the percentage change in LA volume was related with
cardiovascular events and total mortality [29]. But there is
no study regarding the left atrial reverse remodeling and
clinical outcomes in patients with MR. But it is very likely
that LA reverse remodeling will be predictive of better
clinical outcomes in these patients as well.

Previous studies have established the relationship
between LAVI and LA reverse remodeling. In some stud-
ies, LAVI was found to be positively correlated with LA
volume change but in others, it was found to be negatively
correlated [16, 30-33]. In our study, preoperative left atrial
volume index was positively correlated with left atrial
volume change. This difference may be due to lower values
of preoperative LAVI in our patients. Irreversible structural
changes will be less expected when the LAVI is rather low,
and reversal of LA size and function is more likely after
surgery.

Similar to former studies, we found a reverse correlation
between age and LA reverse remodeling [16, 32, 33]. As
more fibrosis and hypertrophy occur with increase in age,
LA elasticity is reduced and LA remodeling is less prob-
able even if volume overload is released by surgery. Fur-
thermore, older patients may have had MR for a longer
duration and more irreversible changes could have occur-
red. Early surgical intervention can contribute to better
reverse atrial remodeling.

Similar to a study by Cho, we could not find the effect of
operation type (replacement or repair) on LA reverse
remodeling [30]. It must be due to similar preoperative LA
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Fig. 3 Correlation of left atrial volume change. PALS peak atrial longitudinal strain, LAV left atrial volume index

Table 4 Correlation of LA volume change

Variable Pearson s p value
coefficient
Age (years) —0.37 0.007
PALS (%) 0.36 0.009
PACS (%) 0.18 0.2
LAVi (ml/m?) 0.29 0.039
BNP (pg/ml) -0.17 0.2
Pulmonary artery systolic pressure (mmHg) 0.1 0.44
E (m/s) —0.1 0.2
A (m/s) 0.02 0.8
E/E —0.1 0.3
Systolic blood pressure (mmHg) —0.21 0.1
Diastolic blood pressure (mmHg) —0.08 0.5
LV pre EF (%) 0.15 0.26
LV post EF (%) 0.26 0.06
LA anteroposterior diameter (cm) 0.25 0.06
LV end-diastolic diameter (cm) —0.14 0.38
LV end-systolic diameter (cm) —-0.10 0.44

PALS peak atrial longitudinal strain, PACS peak atrial contraction
strain, BNP brain natriuretic peptide, LAVi left atrial volume index,
E peak early filling transmitral velocity, A peak late filling transmitral
velocity, LV EF left ventricular ejection fraction

volume and LA strain in both groups. As less fibrosis of
atrial wall is expected in the degenerative etiology than
rheumatic disease, more decrease in volume is also
expected but it was not statistically significant. Studies of
larger scale are needed.

Left ventricular diastolic dysfunction and filling pres-
sure are expected to have an effect on LA reverse remod-
eling. It is known that measurements of LV filling in
chronic MR exhibit a biphasic pattern depending on the
state of LV contractility. Previous studies have suggested
that enhanced LV filling and increased chamber compli-
ance in the early stages of chronic MR; as systolic dys-
function sets in, myocardial stiffness increases and filling
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Table 5 The results of multivariate linear regression analysis for LA
reverse remodeling

Unstandardized Standardized p value

coefficient coefficient

B SE Beta
LAVI 1.1 0.2 0.64 <0.001
Age -0.5 0.24 —-0.27 0.04
PALS 1.7 0.4 0.54 0.001
LA diamater 0.3 4.1 0.01 0.9
Postoperative LV EF 0.4 0.2 0.17 0.1

PALS peak atrial longitudinal strain, LA Vi left atrial volume index, LA
left atrium, LV EF left ventricular ejection fraction

rates decrease. Filling of the LV is also directly dependent
on systolic function; elastic energy stored in the myocar-
dium during systole (restoring forces) is released at the
onset of myocardial relaxation, generating a suction force
[34]. The subjects in our study have normal ejection frac-
tion, and although the filling pressure is elevated, no cor-
relation was found with the reverse remodeling. LA may
also have adaptive changes to volume and pressure over-
load as in the left ventricle. Moreover, The presence of MR
itself is well recognized as a confounding factor in inter-
preting transmitral flow variables and mitral valve annular
E’ as indices of myocardial relaxation [35, 36]. In a study
by Diwan et al. [37] in MR patients with normal ejection
fraction, no correlation was found between echocardio-
graphic filling parameters and LV filling pressure.

Atrial myocardial deformation has also been evaluated
using speckle tracking echocardiography methods in nor-
mal population and a number of cardiac pathologies [10—
14]. Suman et al. [38] demonstrated that VVI-based LA
wall strain and strain rate during ventricular systole was
inversely correlated with atrial fibrosis evaluated by three-
dimensional-delayed enhancement MRI.

Cameli et al. evaluated atrial longitudinal strain in
asymptomatic MR patients of different degrees using STE.
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In this study, PALS increased in mild MR patients when
compared to, control group due to atrial compliance. In
patients with moderate and severe MR, PALS decreased
because of ultrastructural changes such as interstitial
fibrosis [39]. In a recent study by Cameli et al. [15] atrial
strain was again evaluated by STE in patients with MR
who were undergoing surgery. 46 patients were included in
their study. The extent of atrial fibrosis and endocardial
thickening were determined from surgery tissue sample. In
patients with high PALS, fibrosis was found less. There
was a good negative correlation between atrial strain and
fibrosis.

Peak atrial longitudinal strain reflects the passive
stretching of the LA during LV systole, and is an accurate
measurement of LA reservoir function. Volume overload
causes atrial remodeling including the increase in intersti-
tial fibrosis, decrease in atrial elasticity, and decline in LA
reservoir functions. We also found that higher PALS was
an independent predictor of LA reverse remodeling. Higher
PALS may indicate that volume overload has caused a
lesser fibrosis and a relatively better preserved elasticity of
atrial wall. In these patients, volume reversal is more
likely.

Study limitation

Although speckle tracking echocardiography is considered
angle-independent, echocardiographic image quality
should be adequate to perform an optimal analysis. We
conducted this study with patients in early postoperative
period; therefore, long-term results of the study might be
different from what we had observed. Due to the lack of
proper national record system, we did not know the exact
duration of MR of each patient. Larger studies are needed
to confirm the results of the present study, and the prog-
nostic implications of a LA reverse remodeling after MV
surgery should be demonstrated with a longer clinical
follow-up. Our study patients had preserved EF and normal
sinus rhythm. Our results may not reflect all patients with
MR.

Conclusion

Left atrial peak longitudinal strain measured by 2D STI, in
conjunction with preoperative LAVI and age is a predictor
of LA reverse remodeling in patients undergoing surgery
for severe MR. We suggest that in this patient population,
PALS may also be used as a preoperative prognostic
marker.

Conflict of interest None.
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