
Christian Cadeddu Dessalvi 
PhD, FESC 

 Dipartimento di Scienze Mediche “M Aresu” 
Università degli studi di Cagliari 

XVII Congresso Nazionale SIEC  
Napoli 16 - 18 Aprile 2015  



“ Quando il ventricolo 
sinistro perde la capacità 
di svuotarsi, il sangue si 
accumula e la pressione 

sale nell’atrio e nel 
sistema venoso che si 

svuotano in esso” 
 

James Hope, Treatise on the disease of 
the heart, 1832 



•  The LA and LV share the 
common mitral annulus 

•  LA and LV longitudinal function 
are closely inter-related, and 
changes in LA and LV volumes 
are nearly identical but opposit 

Do left atrial function reflect intrinsic atrial 
function or is determined by left ventricular 

function?  
 28  Circ Cardiovasc Imaging  January 2013

Statistical Analysis
All data are reported as mean±SD or median (first and third quar-
tile, Q1–Q3). Baseline clinical and echocardiographic data were 
analyzed according to GLS quartiles, using Cochran-Armitage 
trend test for categorical variables and ANOVA for continuous 
variables. All tests were 2-sided, and statistical significance was 
defined as P<0.05. Interobserver and intraobserver reproducibil-
ity of PALS and GLS was assessed in 20 randomly selected pa-
tients, with calculation of bias (mean difference) and limits of 
agreement (±1.96 SD). The relationship between PALS and GLS 
were examined by correlation analysis. To explore the bivariate 
impact of LA volume and GLS on PALS, we performed multiple 
linear regression analysis with PALS as the dependent variable. 
Furthermore, the proportion of variance in PALS explained by 
GLS and LAmax, respectively, was calculated by partial correla-
tion analysis.

The ability of measures of LA volumes, LA deformation indi-
ces, and GLS for prediction of the composite end point was exam-
ined in univariate Cox proportional hazard models. To examine the 
independent and added prognostic value of PALS, we first created 
a clinical Cox model consisting of age, history of diabetes mel-
litus, Killip class >1, and type of infarction (STEMI/non-STEMI). 
Into this Cox model was then added (1) LVEF and LAmax, (2) 
GLS, and (3) PALS, with calculation of –2 log likelihood, Akaike 
Information Criterion, and concordance index at each step. The in-
cremental improvement in model performance was assessed from 
these parameters. Furthermore, we added PALS to a Cox model 
consisting of only age, GLS, and LAmax to explore the indepen-
dent value of PALS (1) without the constraints of a relatively lim-
ited number of events and (2) motivated by the findings in the 
regression analyses of PALS, GLS, and LAmax. Finally, each 
of the derived LA volumes was modeled in separate Cox mod-
els adjusted for GLS, age, and LAmax as forced entry covariates. 
Assumptions of linearity and proportionality were assessed with 
cumulated Martingale- and Schoenfeld residuals, respectively. 
Both GLS and PALS violated the proportionality assumption, thus 
a constant hazard ratio (HR) was calculated for the time interval 
up until the first year, and a constant HR at another level after the 
first year. The Cox model, including PALS, GLS, age, and LAmax, 
was tested in 1000 bootstrap samples to assess the potential ef-
fect of PALS in randomly regenerated data. All statistical analy-
ses were performed using R software (R Development Core Team 
(2012). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria. ISBN 
3-900051-07-0, URL http://www.R-project.org/).

Results
Baseline Characteristics
A total of 1110 patients with MI were prospectively included, 
53 patients were excluded because of atrial fibrillation (n=40), 
ventricular paced rhythm (n=5), and severe aortic stenosis 
(n=8). Out of the remaining 1057 patients, 51 patients had 
images insufficient for GLS calculation (5%) and 163 (15%) 
did not have sufficient tracking of the LA walls. Thus, 843 
patients (mean age 62.1±11.8; 74% male) out of the total 
study population of 1110 (76%) patients were eligible for 
analyses in the present study. The baseline characteristics of 
the patients according to quartiles of PALS are listed in Table 1.  
Reduced PALS was associated with increasing age, higher 
prevalence of hypertension, diabetes mellitus, previously 
known HF, and in-hospital heart failure (Killip class >1). 
Echocardiographic characteristics according to quartiles of 
PALS are shown in Table 2. Reduced PALS was significantly 
associated with all echocardiographic measures of reduced 
systolic and diastolic function, as well as decreasing values of 
LA functional parameters. The 163 patients without obtainable 
PALS were not significantly different compared with the 843 
patients in terms of LVEF, GLS, LAmax, LAmin, or E/e’ ratio. 
Furthermore, no clinical differences were found in regard to age, 
diabetes mellitus, known HF, prior MI, or proportion of STEMI; 
however, hypertension was more prevalent among the excluded 
patients (56% versus 45%; P<0.001) and BMI was higher (27.7 
versus 26.5; P<0.001). Intraobserver and interobserver variability 
for PALS was –0.71±2.20% and 0.31±3.8%, respectively.

Interrelation Between PALS, LA Volumes, and GLS
There was a significant linear relation between PALS and 
GLS (P<0.001, r=–0.71). A curvilinear relation existed 
between PALS and LAmax with greater variation of PALS 
in the lower ranges of LAmax, whereas higher LAmax was 
associated with a more definite reduction in PALS (Figure 2A 
and 2B). Multiple regression analysis of PALS demonstrated 
that both GLS and LAmax were independently associated 

Figure 1. Example of 2-dimensional 
speckle-tracking of the left atrium (LA; top 
left) and the LV (top right). The resulting 
strain curves for the LA (lower left) and 
LV (lower right) are shown with markings 
corresponding to peak atrial longitudinal 
strain (PALS) and peak global longitudinal 
strain (GLS).
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LV and LA remodeling due to Heart 
Failure 

 



Structural remodeling due to Heart Failure 
dog model of ventricular pacing induced heart failure 

 
CHF 

Enalapril reduced AF duration due to 

Yanfen S, et al. Cardiovasc Res 2002 

Atrial fibrosis 

heterogeneity of CV duration of AF 

less fibrosis 

Less atrial dilatation 

Li, et al. Circulation 1999 and 2001 
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(SA-index 27.7 vs. 43.8% in normotensive individuals).
The deformation during atrial contraction (SA) correlated
with the total displaced volume during this period
(VTIFORWARDþVTIREVERS) (Fig. 4, right). SA-index

correlated significantly with blood pressure (R¼ 0.4;
P< 0.0001) and PVREVERS (R¼ 0.3; P< 0.001). Peak
SRA, as an indicator of the active contractile force devel-
oped by the left atrium, was significantly higher
(P< 0.0001) in hypertension.

2090 Journal of Hypertension 2009, Vol 27 No 10

Fig. 3

A comparison of longitudinal strain/strain rate in the left atrial lateral wall in a hypertensive and a normotensive individual.

Table 4 Regional deformation parameters of the left atrial lateral
wall

NTN HTN P< GLM P<

STOTAL (%) 45.5#2.7 54.9#2.6 0.05 0.01
SE $36.2#2.4 $35.1#1.9 NS NS
SE-index (%) 78.6#2.9 63.5#2.0 0.0001 0.001
SA $12.7#1.6 $23.2#1.3 0.0001 0.0004
SA-index (%) 27.7#2.9 43.8#1.8 0.0001 0.002
SRA (s-1) $2.9#0.3 $4.9#0.2 0.0001 0.0003

GLM, general linear model; HTN, hypertensive patients; NTN, normotensive
patients.

Fig. 4

The correlation between STOTAL and pulmonary flow reversal; late diastolic S and sum of velocity time integral of total trans-mitral flow velocity time
integral and velocity time integral of the atrial reversal flow in pulmonary veins.

Baltabaeva A, et al. J Hypertension 2009 
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There was also significant change in left ventricular geo-
metry in the hypertensive group as reported previously
[17].

Reproducibility
Both strain/strain rate [20,14] and Doppler parameters of
diastolic function [21] assessment data have been shown
to be reliable with intra-observer and inter-observer
variability of 3 and 5%, respectively, when the standar-
dized approach is used.

Discussion
An increased end-systolic LAV (i.e. LAVRESERVOIR) was
suggested by Tsang et al. [3] as a sensitive pathophysio-
logic expression of the severity of diastolic impairment.
Others have shown that it was a rather poor marker in the
presence of mild-to-moderate diastolic dysfunction, at
least in the general population [1]. Additionally, despite
the high prevalence of end-systolic left atrial enlarge-
ment in highly trained athletes, they have been shown to
have normal ventricular filling pressures and a low preva-
lence of atrial fibrillation [22]. Moreover, other mechan-
isms could underline the increase in LAV. As an example,
in mitral regurgitation left atrium dilates initially in the
reservoir phase due to the high pressure of the regurgitant
jet generated during ventricular contraction. On the
contrary, the role of left atrium as a conduit during
diastasis and LAV at the end diastole are often over-
looked.

From our findings, summarized in Figs 5 and 6, we
suggest that in mild-to-moderate hypertension LAV
expansion in conduit phase better reflects the atrial
response to increased ventricular filling pressures: struc-
tural and functional remodelling of the left ventricle
caused by hypertension [17] changes both ventricular
compliance and relaxation, influencing the balance bet-
ween early and late filling (increased LAFILLING_INDEX).
The fall in passive volume shift from atrium into the left
ventricle after early filling and diastasis forces the atrium
to both increase its stroke volume (DVPUMP) during
contraction and recruit more contractile force to work
against the increased ventricular pressure [23,24] and
consequently also increases the amount of PVREVERS

(DVREVERS). The resulting increase in ventricular end-
diastolic pressure promotes further adverse ventricular
remodelling [25] (Table 1, Fig. 5) [26]. The latter is
clearly related to degree of ventricular diastolic dysfunc-
tion (Fig. 1, LAFILLING_INDEX) and the severity of hy-
pertension (Fig. 1, BPs). Lack of significance in differ-
ence between the groups when adjusted for age, sex, BMI
and HR could be explained by the fact that the measure-
ments were taken from a single pulmonary vein, but when
accounted from all four veins this increase in DVREVERS

should inevitably result in a rise in systolic PV velocity and
flow, as both PV regurgitant volume and the right ven-
tricular stroke volume have to enter the left atrium during

ventricular systole (DVRES) [26,27]. This increased DVRES

leads to atrial dilatation and thus an increase in the LAV in
all periods (LAVRES, LAVCOND, and LAVPUMP).

As raised ventricular filling pressure affects left atrial
conduit function first, it is logical that the correlation
between LAVCONDUIT and, on the one hand blood
pressure level and, on the other hand different
parameters of diastolic function, was better than for
LAVRESERVOIR and LAVPUMP (Table 3).

Changes in atrial function, related to hypertension, were
clearly reflected in the parameters of regional longitudi-
nal deformation. The revealed increase in total systolic
strain (STOTAL), reflecting longitudinal left atrial
lengthening (Fig. 3), as a result of increase in volume

Left atrial remodelling and dysfunction in hypertension Baltabaeva et al. 2091

Fig. 5

Phases of the left atrial function in normotensive and hypertensive
patients. In hypertensive patients the left atrium is dilated in all phases
of the cardiac cycle. The decrease in left atrial conduit function related
to hypertension makes the relative volume change in early diastole
smaller when compared to normal individuals. Compensatory increase
in atrial contribution to ventricular filling is accompanied by increase in
reversal flow into pulmonary veins (purple arrows) during atrial
contraction, additionally contributing to an increased change in total
volume displacement. This reverse flow comes back into the atrium
during the reservoir period, increasing its volume.

Effect of LV relaxation on LA function 
Atrial remodeling due to Hypertension 
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overload, agrees well with studies on left ventricular
volume overload [28]. The left atrial diastolic longitudi-
nal deformation reflected the increased role of the atrial
booster function. As the absolute value of total defor-
mation differed between the groups, we used the indexed
parameters for the assessment of the diastolic S. In
hypertensive patients, we observed a reduction in the
early diastolic deformation index, which was compen-
sated for by the contribution in deformation due to atrial
contraction. The amount of late diastolic deformation
correlated well with blood pressure. As expected, late
diastolic SR was significantly higher in hypertensive
patients as a result of the increased contractility of atrial
myocardium [24], which is required to cope with the
increased stroke volume.

From our findings, which suggest PVREVERS is an import-
ant determinant of the atrial dilatation, we would further
speculate that this increased flow could potentially lead
to remodelling of the PV ostia. Since the PVs were shown

to be critical in the initiation and perpetuation of atrial
fibrillation [29], this dilatation due to an increased volume
load could be the possible mechanism of atrial fibrillation
in hypertension with normal or near-normal left atrial size
(Fig. 6). Further studies are needed to investigate this
hypothesis.

In conclusion, in hypertension (and possibly in all cases of
increased afterload accompanied with changes in ventri-
cular diastolic function), atrial dilatation is a result of
abnormal pulmonary flow reversal during atrial contrac-
tion. In contrast to previous suggestions, to study atrial
volume at the onset of systole, the atrial volume after the
conduit phase, at the onset of the P-wave on the ECG,
reflects best the changes in atrial function due to increase
in ventricular filling pressures, even when ventricular
diastolic dysfunction is subclinical. These changes are
also reflected in left atrial longitudinal strain/strain
rate, which, due to limitations in LAV measurements,
might prove to be a valuable additional tool in detecting

2092 Journal of Hypertension 2009, Vol 27 No 10

Fig. 6

The sequence of changes in the left atrial remodelling and function in hypertensive patients. DV, blood volume shift during atrial contraction;
DVCONDUIT, blood volume shift during conduit phase of atrial function; DVpump, total blood volume shift during atrial contraction; DVrevers, blood
volume shift into the pulmonary veins during atrial contraction; AF, atrial fibrillation; LAVCONDUIT, left atrial conduit volume; LAVPUMP, left atrial ‘booster
pump’ volume; LAVRESERVOIR, left atrial reservoir volume; Pend-diastole, end-diastolic left ventricular pressure; PLV-early filling, left ventricular filling
pressure in early diastole; Ppump, pressure during left atrial contraction.

Baltabaeva A, et al. J Hypertension 2009 
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Left Atrial Function Predicts Heart Failure Hospitalization in
Subjects with Preserved Ejection Fraction and Coronary Heart
Disease: Longitudinal Data from the Heart and Soul Study

Christine C. Welles, MD*,†, Ivy A. Ku, MD‡, Damon M. Kwan, MD§, Mary A. Whooley, MD*,†,
Nelson B. Schiller, MD*,†, and Mintu P. Turakhia, MD, MAS||,¶

*Department of Medicine, University of California, San Francisco, CA
†VA Medical Center, San Francisco, CA
‡Department of Cardiology, Kaiser Permanente San Francisco Medical Center, San Francisco,
CA
§Division of Cardiology, Kaiser Permanente Los Angeles Medical Center, Los Angeles, CA
||Center for Health Care Evaluation, Veterans Affairs Palo Alto Health Care System, Palo Alto, CA
¶Department of Cardiovascular Medicine, Stanford University, Stanford, CA

Abstract
Objectives—We sought to determine whether left atrial (LA) dysfunction predicts heart failure
(HF) hospitalization in subjects with preserved baseline ejection fraction (EF).

Background—Among patients with preserved EF, factors leading to HF are not fully
understood. Cross-sectional studies have demonstrated LA dysfunction at the time of HF, but
longitudinal data on antecedent atrial function are lacking.

Methods—We performed resting transthoracic echocardiography in 855 subjects with coronary
heart disease and EF≥50%. Left atrial functional index (LAFI) was calculated as [(LA emptying
fraction × left ventricular outflow tract-velocity time integral)/(indexed LA end systolic volume)],
where LA emptying fraction was defined as (LA end systolic volume - LA end diastolic volume)/
LA end systolic volume. We used Cox models to evaluate the association between LAFI and HF
hospitalization.

Results—Over a median follow-up of 7.9 years, 106 participants (12.4%) were hospitalized for
HF. Rates of HF hospitalization were inversely proportional to quartile of LAFI: Q1: 47 per 1000
person-years; Q2: 18.3; Q3: 9.6; and Q4: 5.3 (p<0.001). Each standard deviation decrease in LAFI
was associated with a 2.6-fold increased hazard of adverse cardiovascular outcomes (unadjusted
HR: 2.6, 95% CI 2.1–3.3, p<0.001), and the association persisted even after adjustment for clinical
risk factors, NT-proBNP, and a wide range of echocardiographic parameters (adjusted HR: 1.5,
95% CI 1.0–2.1, p=0.05).
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Left atrial dysfunction relates to symptom onset
in patients with heart failure and preserved left
ventricular ejection fraction
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Aims Pathophysiology of heart failure (HF) with preserved ejection fraction (HFPEF) remains unclear. Left atrial (LA) function
has been related to HF symptoms. Our purpose is to analyse LA function in outpatients with new onset symptoms of HF.

Methods
and results

An observational study was performed including 138 consecutive outpatients with suspected HF referred to a one-stop
clinic. Final diagnosis [HF with reduced EF (HFREF), HFPEF, or non-HF] was established according to current recommen-
dations. Echocardiography was performed in all patients. LA function was analysed using strain derived from speckle
tracking in sinus rhythm patients (n ¼ 83). Results were analysed with ANOVA and Bonferroni statistical tests. Receiver
operating characteristic (ROC) curveswere constructed to investigate the predictive abilityof LA parameters for the final
diagnosis of HF. Patients were 75+9 years and 63% women. Final diagnosis was 23.2% HFREF, 45.7% HFPEF, and 31.2%
non-HF. Left ventricular strain rate showed no differences between non-HF and HFPEF groups, but both groups showed
differences with the HFREF group. LA strain rate (A- and S-waves) was significantly reduced in both HF groups (without
differences among them) when compared with the non-HF group. LA strain rate and indexed volume showed significant
accuracy for HF diagnosis in ROC curves.

Conclusions In outpatients with new-onset symptoms of HF, LA dysfunction was observed. It might be the initial mechanism in the
development of symptoms in HFPEF patients. These findings support the relationship of LA dysfunction with HFPEF,
suggesting that the analysis of LA function may be useful in sinus rhythm patients with new-onset dyspnoea.

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Keywords Outpatient † HFPEF † Speckle-tracking echocardiography † Atrial strain † Heart failure onset

Introduction
Heart failure (HF) with preserved left ventricular ejection fraction
(HFPEF) is the most prevalent type of HF in the ambulatory
setting.1,2 Despite its high prevalence, it remains underdiagnosed
and the corresponding mortality and morbidity are similar to HF
with reduced EF (HFREF).1,3

In recent years, several mechanisms that could be related to the
development of HFPEF have been proposed. Initial studies4,5 reported
left ventricular (LV) diastolic dysfunction and LV systolic longitudinal
dysfunction, as shown by reduced longitudinal myocardial velocities
and deformation, suggesting that HFPEF could be an HF stage

preceding HFREF. However, the heterogeneity of the patient
groups studied (ambulatory, in-hospital, recurrent HF, etc.) has pro-
duced somewhat contradictory results.6– 8 Left atrial (LA) dysfunc-
tion has also been associated with the development of HFPEF;
initially, LA indexed volume was related to diastolic dysfunction,9

exercise capacity,10 and HFPEF syndrome.11 In HFPEF patients,
atrial fibrillation and loss of atrial function have been related to
worse clinical outcomes,12 and atrial strain analysis has been used
to study LA function. Two studies have suggested that abnormal
LA strain could be related to clinically overt HF and predictive symp-
toms. In a study of patient groups that did not differ by LA volume,
LA strain was significantly decreased in HF patients (HFPEF and

* Corresponding author. Tel: +34 655756986; fax: +34 932279305. Email: lsanchisruiz@gmail.com
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also varied according to the age of the participants. In our cohort,
main LV global strain in patients with non-HF is 217.1%. This relative
low value could be explained by considering the advanced age of our
patients (73+8 years) as an age-related decline in longitudinal left
ventricular strain has also been previously observed.23 The lackof dif-
ferences in LV strain between the HFPEF and non-HF groups in our
study could be related to the fact that our population consisted of
outpatient subjects with new-onset HF symptoms. Therefore, we

could hypothesize that the LA is the first to fail in the early stages
of HFPEF, as LA dysfunction seems to be related to symptoms devel-
opment. We observed a significant correlation between LA function
(LASRa and LASRs) and LV diastolic function. If the disease pro-
gresses, LV systolic function could be more impaired, as shown in
other studies with in-hospital HF diagnosis.6,8

If atrial dysfunction is the initial mechanism in HF development,
assessing LA function and dimensions could be useful for improving
HF diagnosis. Our results show that LASR and LA volume have simi-
larly good predictive values for HF diagnosis, with LASRs providing
the best correlation with BNP and HF diagnosis. The combination
of LA function and size, using the LASRs/LA volume index, seems
to be the best predictor for HF diagnosis.

Clinical implications
Our study demonstrates structural and functional changes in the LA,
even in the early stages of HFPEF. If LA function could be preserved or
even improved, symptoms might improve in patients with HFPEF.
More studies are needed to determine whether structural LA
changes are reversible, but pharmacological (antiarrhythmic drugs)
or non-pharmacological (catheter or surgical ablation) therapies
aimed at maintaining sinus rhythm could potentially help to preserve
LA function.24–25 Subclinical LA dysfunction can currently be identi-
fied with non-invasive imaging such as echocardiography; therefore,
LA assessment should be mandatory in this type of patients with
new-onset HF symptoms.

Given difficulties in the differential diagnosis of HFPEF, the analysis
of LA could be useful in daily clinical practice. The presence of an
enlarged LA with normal LVEF should make clinicians to consider
the possibility of a HFPEF diagnosis. LA indexed volume could be a
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Table 3 Echocardiographic parameters of patients in sinus rhythm (ventricular and atrial measures) (n 5 93)

Mean (N) Statistical significance (P-value)

HFPEF (n 5 38) HFREF (n 5 16) Non-HF (n 5 39) Non-HF vs.
HFPEF

Non-HF vs.
HFREF

HFPEF vs.
HFREF

LV end-diastolic volume
(mL/m2)

63.7+14.6 (38) 117.5+44.7 (16) 57.6+15.8 (39) 0.730 <0.001 <0.001

LV end-diastolic diameter
(mm)

50.4+5.9 (38) 61.1+10.8 (16) 48.5+5.2 (39) 0.672 <0.001 <0.001

LV mass (g/m2) 136.5+26.9 (38) 155.5+48.3 (16) 108.3+21.3 (39) <0.001 <0.001 0.103

LVEF (%) 59.8+5.3 (38) 30.1+10.6 (16) 60.8+3.9 (39) 1 <0.001 <0.001
LV longitudinal strain (%) 216.7+3.9 (32) 29.8+4.6 (14) 217.1+3.5 (34) 1 <0.001 <0.001
LV longitudinal strain rate

(s21)
20.95+0.25 (32) 20.60+0.24 (14) 21.06+0.26 (34) 0.311 <0.001 <0.001

LA volume (mL/m2) 54.6+16 (38) 54.5+22.1 (16) 33.4+13.1 (39) <0.001 <0.001 1

LA positive strain (%) 8.9+4.9 (36) 6.5+5.4 (14) 9.9+5.6 (32) 1.000 0.155 0.478

LA negative strain (%) 210.8+10.6 (36) 211+5.3 (14) 215.2+5 (32) 0.016 0.132 1.000

LASRa (s21) 21.22+0.71 (36) 21.10+0.63 (14) 21.97+0.53 (32) <0.001 <0.001 1

LASRs (s21) 0.98+0.35 (36) 0.73+0.46 (14) 1.38+0.40 (32) <0.001 <0.001 0.157

LASRe (s21) 22.06+8.58 (36) 20.52+0.55 (14) 20.76+0.58 (32) 1.000 1.000 1.000

HFPEF, heart failure preserved ejection fraction; HFREF, heart failure reduced ejection fraction; Non-HF, non-heart failure; LA, left atrial; LASRa, LA strain rate post A-wave; LASRs,
LA systolic strain rate; LV, left ventricular; LASRe, left atrial strain-rate E-wave.
Bold values refers to statistically significant values.

Figure 2: ROC curve for heart failure (preserved or reduced EF)
diagnosis in patients in sinus rhythm. LA, left atrium; LASRa, LA
strain-rate post-A-wave; LASRs, LA systolic strain rate.
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Figure 1: Left atrial strain waves (speckle-tracking echocardiography). (A) Left atrial longitudinal strain waves. (B) Left atrial longitudinal strain-rate waves. LASRa, left atrial strain-rate A-wave; LASRs,
left atrial strain-rate S-wave; LASRe, left atrial strain-rate E-wave.
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Figure 1: Left atrial strain waves (speckle-tracking echocardiography). (A) Left atrial longitudinal strain waves. (B) Left atrial longitudinal strain-rate waves. LASRa, left atrial strain-rate A-wave; LASRs,
left atrial strain-rate S-wave; LASRe, left atrial strain-rate E-wave.
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ResearchLeft atrial longitudinal strain by speckle tracking 
echocardiography correlates well with left 
ventricular filling pressures in patients with heart 
failure
Matteo Cameli*1, Matteo Lisi1, Sergio Mondillo1, Margherita Padeletti1, Piercarlo Ballo2, Charilaos Tsioulpas3, 
Sonia Bernazzali3 and Massimo Maccherini3

Abstract
Background: The combination of early transmitral inflow velocity and mitral annular tissue Doppler imaging (E/Em 
ratio) is widely applied to noninvasively estimate left ventricular (LV) filling pressures. However E/Em ratio has a 
significant gray zone and its accuracy in patients with heart failure is debated. Left atrial (LA) deformation analysis by 
speckle tracking echocardiography (STE) was recently proposed as an alternative approach to estimate LV filling 
pressures. This study aimed at exploring the correlation of LA longitudinal function by STE and Doppler measurements 
with direct measurements of LV filling pressures in patients with heart failure.

Methods: A total of 36 patients with advanced systolic heart failure (ejection fraction ≤35%), undergoing right heart 
catheterization, were studied. Simultaneously to pulmonary capillary wedge pressure (PCWP) determination, peak 
atrial longitudinal strain (PALS) and mean E/Em ratio were measured in all subjects by two independent operators. PALS 
values were obtained by averaging all segments (global PALS), and by separately averaging segments measured in the 
4-chamber and 2-chamber views.

Results: Not significant correlation was found between mean E/Em ratio and PCWP (R = 0.15). A close negative 
correlation between global PALS and the PCWP was found (R = -0.81, p < 0.0001). Furthermore, global PALS 
demonstrated the highest diagnostic accuracy (AUC of 0.93) and excellent sensitivity and specificity of 100% and 93%, 
respectively, to predict elevated filling pressure using a cutoff value less than 15.1%. Bland-Altman analysis confirmed 
this close agreement between PCWP estimated by global PALS and invasive PCWP (mean bias 0.1 ± 8.0 mmHg).

Conclusion: In a group of patients with advanced systolic heart failure, E/Em ratio correlated poorly with invasively 
obtained LV filling pressures. However, LA longitudinal deformation analysis by STE correlated well with PCWP, 
providing a better estimation of LV filling pressures in this particular clinical setting.

Background
Accurate noninvasive estimation of left ventricular (LV)
filling pressures is a clinical valuable tool to predict the
severity of different heart diseases and to decide thera-
peutic strategy, particularly in patients with heart failure
[1]. In fact, invasive capillary wedge pressure (PCWP)

measurement, a surrogate for LV filling pressures, is
directly associated with functional capacity and progno-
sis in patients with heart failure [2-4]. Several echocar-
diographic indices have been proposed to assess LV filling
pressures. In particular, early transmitral flow velocity (E)
combined with mitral annular early diastolic velocity
(Em) derived from tissue Doppler imaging (E/Em ratio)
has been shown to correlate with PCWP in a wide range
of cardiac patients [5-9]. However E/Em ratio has a sig-
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The analysis of files recorded was performed off-line by
a single experienced and independent echocardiographer,
who was not directly involved in the image acquisition
and had no knowledge of hemodynamic mesasurements,
using a commercially available semi-automated two-
dimensional strain software (EchoPac, GE, USA). As pre-
viously described [13], LA endocardial border is manually
traced in both four- and two-chamber views, thus delin-
eating a region of interest (ROI), composed by 6 seg-
ments. Then, after the segmental tracking quality analysis
and the eventual manual adjustment of the ROI, the lon-
gitudinal strain curves are generated by the software for
each atrial segment. As shown in Figure 1, peak atrial lon-
gitudinal strain (PALS), measured at the end of the reser-
voir phase, was calculated by averaging values observed
in all LA segments (global PALS), and by separately aver-
aging values observed in 4- and 2-chamber views (4- and
2-chamber average PALS, respectively). The time to peak
longitudinal strain (TPLS) was also measured as the aver-
age of all 12 segments (global TPLS) and by separately
averaging values observed in the two apical views (4- and

2-chamber average TPLS). In patients in whom some seg-
ments were excluded because of the impossibility of
achieving adequate tracking, PALS and TPLS were calcu-
lated by averaging values measured in the remaining seg-
ments.

Reproducibility
To assess the reproducibility of global PALS, 10 patients
were randomly selected: Bland-Altman analysis was per-
formed to evaluate the intra- and interobserver agree-
ment by repeating the analysis 1 week later by the same
observer and a second independent observer. Bland-Alt-
man analysis demonstrated good intra- and interobserver
agreement, with small bias not significantly different
from zero. Mean differences ± 2 standard deviations were
0.4 ± 2.1% and 0.6 ± 3.4%, for intra- and interobserver
agreement, respectively.

Statistical analysis
Data are shown as mean ± SD. A P value < 0.05 was con-
sidered statistically significant. Pearson's correlation
coefficients were calculated to assess the relationships

Figure 1 Measurement of peak atrial longitudinal strain (PALS) from an apical two-chamber view. The dashed curve represents the average 
atrial longitudinal strain along the cardiac cycle. (PALS, peak atrial longitudinal strain; AVC, aortic valve closure).
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and invasive hemodynamic variables, we found in this
particular group of patients a strong correlation between
global PALS and PCWP, in contrast with the weaker and
not significant correlation showed by mean E/Em ratio.
Furthermore, global PALS demonstrated the highest
diagnostic accuracy (AUC of 0.93) and excellent sensitiv-
ity and specificity of 100% and 93%, respectively, to pre-
dict elevated filling pressure using a cutoff value less than
15.1%. ROC curve analysis indicated that, by using this
cutoff value of 15.1%, although the relative limited sample
size, no one patient in the group of elevated PCWP was
misdiagnosed. Bland-Altman analysis confirmed this

close agreement between PCWP estimated by global
PALS and invasive PCWP. The atrial reservoir phase is
essential for LV filling by storing energy during ventricu-
lar systole, that is released after MV opening [27]; in our
study the global PALS, parameter for the functional eval-
uation of the atrial reservoir phase (Figure 1), resulted
progressively decreased with the augmentation of LV fill-
ing pressures. The potential mechanism of this inverse
correlation could be explained by the principle that
PCWP is the afterload of LA function; if PCWP is high,
the left atrium should be chronically stressed, resulting in
decrease of LA reservoir function and finally in remodel-

Table 2: Receiver operating characteristics analysis of echocardiographic parameters to predict pulmonary capillary 
wedge pressure ≥18 mmHg

Cutoff value Sensitivity
(95% CI)(%)

Specificity
(95% CI)(%)

AUC

Two-dimensional 
Echo

LV EDV >278 ml 50.0 (15.6-85.6) 88.2 (46.3-99.6) 0.60

LA area >36.5 cm2 60.0 (32.4-84.1) 50.0 (16.1-85.3) 0.68

LA volume indexed >37.8 ml/m2 67.9 (53.9-96.8) 87.5 (56.9-95.7) 0.78

Mitral flow Doppler

Mitral E wave > 94.2 cm/s 90.1 (66.8-99.7) 66.8 (26.3-93.2) 0.72

E/A ratio >2.6 89.4 (65.1-97.2) 65.2 (24.3-92.9) 0.70

Tissue Doppler

Mean E/Em ratio >16.8 67.9 (27.8-91.5) 93.1 (76.9-99.8) 0.69

Speckle tracking

Global PALS <15.1% 100 (83.9-100) 93.2 (78.1-99.8) 0.93

(AUC, Area under the curve; CI, confidence interval; LV, left ventricular; EDV, end diastolic volume; LA, left atrial; E, early transmitral flow 
velocity; A. atrial transmitral flow velocity; Em, early diastolic mitral annular velocity; PALS, peak atrial longitudinal strain).

Figure 3 Correlation between global peak atrial longitudinal 
strain (PALS) and mean E/Em ratio. R = 0.1487; p = ns. (PALS, peak 
atrial longitudinal strain; E, early transmitral flow velocity; Em, early dia-
stolic mitral annular velocity).

Figure 2 Correlation between global peak atrial longitudinal 
strain (PALS) and pulmonary capillary wedge pressure. R = -
0.8070; p < 0.0001. (PALS, peak atrial longitudinal strain).
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LA dysfunction Predict Functional Capacity 

biplane method. All measurements were performed and averaged
over three cardiac cycles.

The following indices of LA volume were calculated according
to a previous study.3 10 Total LA volume is a composite of three
distinct phases: the maximum volume, the minimum volume
and the pre-contraction volume. Total LA stroke volume was
calculated as maximum LA volume-minimum LA volume. We
described the LA volume index as the maximum LA volume
divided by body surface area. The LA expansion index was
calculated as (total LA stroke volume/minimum LA volume)
3100. The following measurements were taken from pulmo-
nary vein velocities obtained at the right upper pulmonary vein:
peak S-wave inflow velocity during ventricular systole, peak D-
wave inflow velocity during the early phase of ventricular
diastole, atrial reversal velocity (A-wave) during the atrial
contraction and the corresponding S/D ratio. The early trans-
mitral flow velocity profile (E) was acquired in the apical four-
chamber view using pulsed-wave Doppler at the level of the
mitral valve tips during diastole. The early mitral annular tissue
velocity (e’) was also measured in the apical four-chamber view
with the sample volume positioned at both the septal and lateral
mitral annulus and e’ being the average of these two values. All
measurements were made off-line by an investigator blinded to
all clinical and demographic information. Resting diastolic
function was graded as normal, mild dysfunction (Grade I),
moderate dysfunction (Grade II) and severe dysfunction (Grade
III) using the ASE recommendations.11

Exercise echocardiography
All patients underwent symptom-limited exercise treadmill
testing using standard treadmill protocols with 12-lead ECG
monitoring. At a usual interval of 1e2%min after exercise (ie,
following acquisition of the wall motion study post-exercise,
sometimes with an additional delay to allow for de-merging of
E- and A-waves), mitral inflow and annulus Doppler data were
again obtained. Elevated LVE/e’ was defined by the presence of
E/e’ >13.12 The duration of the exercise was measured and the
maximal exercise tolerance was expressed as the estimated
metabolic equivalents (METs). Predicted exercise capacity was
calculated in accordance with described nomograms (predicted

METs; in males ¼18 (0.153age), in females ¼14.7 (0.133age)),13

and per cent predicted METs (%PMETs) was described as the
difference between actual and predicted METs divided by
predicted METs. Reduced exercise capacity was identified by
PMETs <85%, which has been related to death from any cause
as well as cardiac causes.13 14

LA function
LA strain measurements were obtained from a high frame rate
(60e80%frame/sec), acoustic-captured grey-scale-recorded
images in the apical four- and two-chamber views at rest. Strain
was analysed off-line (Syngo VVI, Siemens Medical Solutions,
Mountain View, California, USA). After manual definition of the
LA endocardial border, this was automatically tracked
throughout the cardiac cycle. The software divided the LA
endocardium into six segments, resembling the approach used
when studying LV strain. Segments in which inadequate traces
were obtained were excluded from further analysis, and the
remaining segments were averaged for each view. Strain was
defined as instantaneous lengthening or shortening. We used the
onset of the P-wave as the reference point for the calculation of
LA strain because this point most relevantly represents the LA
cavity just before its contraction.3 15 16 The use of the P-wave as
the reference point enabled the recognition of peak positive
strain, which corresponded to LA conduit function, the peak
negative strain, which corresponded to LA contractile function,
and the sum of these values (LA strain total), which corre-
sponded to LA reservoir function (figure 1).

Statistical analysis
Data are reported as mean6SD. Comparisons between two
groups were done with a t-test (or Wilcoxon signed rank tests
for non-normal data). We checked for collinearity between the
independent variables and exercise capacity by using Pearson’s
correlation coefficients. The diagnostic content of several echo-
cardiographic parameters for separating stress E/e’ and %PMETs
was determined by comparison of the area under the curve
(AUC) of receiver-operating characteristic curves (ROC)
(MedCalc Software 12.0.4.0, Mariakerke, Belgium). Linear
regression analysis was used to evaluate the associations

Figure 1 Left atrial strain curve.
Negative peak strain, which
corresponded to LA contractile function;
positive peak strain, which
corresponded to LA conduit function;
and the sum of these values, total
strain, which corresponded to LA
reservoir function, were obtained.
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dysfunction in 172 (36%), and moderate/severe diastolic
dysfunction in 76 (15%).

Correlates of exercise capacity
Men had a greater exercise capacity than women, and the
magnitude of this difference decreased with age (p¼0.007)
(figure 2). An additional multivariate model with age3gender
(multiple r2¼0.60) (table 2, model 1) showed that METs also
correlated with rest E/e’ and total LA strain. Total LA strain and
rest E/e’ had no interaction with any variables after adjustment
by age3gender (all p>0.05).

There were no differences in LVEF, LV mass index, LA volume
index and pulmonary vein flow profiles between patients with
preserved and reduced exercise capacity (%PMETs <85%) (table
1). Patients in the reduced exercise capacity group had signifi-
cantly lower LA strain profiles than patients in the preserved
exercise capacity group. Patients with reduced exercise capacity
had significantly higher rest and stress E/e’ than the remainder.
METs also correlated with age, gender, BMI, heart rate, smoking,
hypertension, E/e’ rest and LA strain total (multiple r2 ¼0.59)
(table 2, model 2). In addition, %PMETs were correlated with
age, gender, BMI, heart rate, smoking, hypertension, diabetes, E/
e’ rest and LA strain total (multiple r2¼0.41) (table 2, model 3).
To avoid collinearity, separate models were analysed for the LA
peak positive strain and LA peak negative strain. The multiple r2

were modest for both models (0.39 for the LA peak positive
strain and 0.38 for the LA peak negative strain). The best
predictor of %PMETs was LA strain total. LA strain total <28
predicted reduced function with 61% sensitivity and 61% spec-
ificity according to ROC curve analysis (AUC¼0.66). Patients
with abnormal LA function (LA strain total <28) had signifi-
cantly higher stress E/e’ (12.765.2 vs 9.462.8, p<0.001) and E/e’
rest (11.764.7 vs 8.262.5, p<0.001) than with normal LA
function. The interobserver and intraobserver variability,
expressed as a mean per cent error of LA strain total were
9.667.8% and 5.564.3%, respectively.

Relationship between stress E/e’ and echocardiographic
parameters
Patients in the stress E/e’>13 group had significantly lower LA
strain profiles and larger LA volume than patients in the stress E/
e’#13 group (table 1). There were no differences in resting LVEF
and pulmonary vein flow profiles between the stress E/e’ #13
group and the stress E/e’ >13 group. There was a negative linear
relationship between total LA strain and stress E/e’ (r¼"0.51,

p<0.001). After adjustment for resting E/e’, the correlation
between total LA strain and stress E/e’ was weak (partial
r¼"0.22). The stress E/e’ also correlated with age, gender, dia-
betes mellitus, LA volume index and rest E/e’ (table 2, model 4)
(multiple r2¼0.57). The best predictor of stress E/e’ was rest E/e’
and the next best was total LA strain.
A total LA strain <26.9 predicted a raised E/e’ response with

72% sensitivity and 72% specificity according to ROC analysis
(AUC 0.78). The AUC for the total LA strain to predict stress E/
e’ >13 was larger than that for the LA volume index (AUC 0.71,
p<0.005) and LA peak negative strain (AUC 0.64, p<0.001). The
AUC for the total strain was similar to that for the LA peak
positive strain (AUC 0.76, p¼0.38).

DISCUSSION
The results of this study of a large consecutive population
undergoing exercise echocardiography with preserved EF, free of
valvular heart disease or exercise-induced ischaemia or known
CAD history, show that exercise capacity was correlated with
LA function. Resting LA function was shown to be the strongest
echocardiographic correlate of exercise tolerance after
accounting for confounding by age and gender. The results also
confirm that increased E/e’ with exercise (E/e’ stress) was
associated with a decrement in exercise capacity.18 In contrast,
exercise capacity was not associated with variations of LV mass
and EF within the range of normal values.

Exercise capacity
Exercise capacity is an important prognostic marker in most
cardiovascular diseases. Widely known correlates were confirmed
in this study, including older age, female gender and higher body
mass index. Although women have a lower exercise capacity
than men, there is a greater age-associated decline in exercise
capacity in men. These results show that LA function is an
important correlate of exercise capacity, independent of
haemodynamic responses to stress.
In a previous study of patients without LV systolic dysfunc-

tion and significant valvular disease, LV diastolic dysfunction
and elevated LVE/e’ were strongly associated with exertional
dyspnoea, thus limiting exercise capacity.19 LA volumes could be
perceived as a marker of chronic elevation of LA pressure and,
hence, indirectly of diastolic dysfunction. Indeed, increased LA
volume has been identified as a predictor of cardiovascular
disease, risk for stroke, atrial fibrillation and death.20 Further-
more, some studies have suggested that LA volume is an

Figure 2 Association of gender with
exercise capacity by age. Men had
a greater exercise capacity than
women, the magnitude of this
difference decreased with age
(p¼0.007). These lines are the 10th,
50th and 90th percentile line plotted
from LA strain total and E/e’ rest in
males and females. LA strain total
spectrum was wider than the E/e’ rest
spectrum.
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four-chamber and two-chamber images were recorded using conven-
tional two-dimensional grayscale imaging, during breath hold with
a stable electrocardiographic recording. Care was taken to optimize
visualization of the LA cavity and tomaximize LA area in apical views,
avoiding foreshortening of the left atrium. The frame rate was set in all
patients between 60 and 80 frames/sec. Offline analyses were per-
formed as previously described.19 Briefly, the LA endocardial border
was manually traced at end-systole using a point-and-click approach
in both apical views. An epicardial surface tracing was automatically
generated by the software, delineating a region of interest including
six segments. The region of interest was manually adjusted to encom-
pass the thickness of the LAmyocardium, and an automated segmen-

tal tracking quality analysis was obtained. Further manual adjustment
of the region of interest was performed in the case of segments with
inadequate tracking. Cine loop preview was also used to check that
the inner border of the region of interest followed the LA endocardial
border throughout the cardiac cycle. Segments in which adequate
tracking quality could not be obtained despite manual adjustment
were excluded from the analysis, and patients in whom no adequate
tracking quality was obtained in more than three segments were ex-
cluded from the study. Longitudinal strain and strain rate curves were
then generated for each atrial segment. Setting zero strain at LV
end-diastole, the LA strain pattern is characterized by a predominant
positive wave that peaks at the end of ventricular systole, followed by

Figure 1 Pattern of LA strain (top) and strain rate (bottom) in a normal subject. TPLS, Time to peak atrial longitudinal strain.
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two distinct descending phases in early diastole and late diastole. The
LA strain rate pattern is characterized by a positive wave occurring
during ventricular systole and two negative waves during early dias-
tole and late diastole. The systolic component of LA strain and strain
rate mostly reflects LA reservoir function, whereas the early diastolic
and late diastolic components mostly reflect LA conduit function and
LA contractile function, respectively.31 The following indexes were
measured from average LA strain curves (Figure 1, top): (1) peak atrial
longitudinal strain (PALS); (2) time to PALS, measured from the onset
of the QRS complex to the positive peak of strain curve and ex-
pressed as a percentage of the RR interval duration; (3) atrial longitu-
dinal strain during late diastole (ALSlate), defined as strain at the onset
of the P wave; and (4) atrial longitudinal strain during early diastole
(ALSearly), defined as the difference between PALS and ALSlate. The
following indexes were measured from LA strain rate curves
(Figure 1, bottom): (1) PALS rate during ventricular systole
(ALSRsyst), (2) PALS rate during early diastole (ALSRearly), and (3)
peak atrial longitudinal strain rate during late diastole (ALSRlate). All
indexes were obtained by averaging values obtained in the apical
four-chamber and two-chamber views.

Data Collection and Reproducibility

LA strain analyses were performed offline by two experienced and in-
dependent investigators (M.C. and M.L.C.) who were blinded to clin-
ical and other echocardiographic characteristics of patients. All
indexes were obtained by averaging measurements obtained in three
consecutive cardiac cycles. Adequate reproducibility and feasibility of

speckle tracking for the assessment of LA longitudinal strain in our
laboratory have been recently reported, with variability coefficients
<6% for all measurements in both interobserver and intraobserver
analyses.14,32 For the purpose of this study, we also assessed
variability in LA volumes in a randomly selected subset of 30
patients. Interobserver and intraobserver variability coefficients
were as follows: maximal LA volume, 5.8% and 4.2%;
precontraction LA volume, 6.3% and 5.0%; and minimal LA
volume, 6.1% and 4.9%.

Statistical Analysis

All data are expressed as mean 6 SD. Between-group comparisons
of continuous variables were performed using analysis of variance
(ANOVA), followed by the Scheff!e post hoc pairwise comparison
test. Categorical variables were compared using c2 tests or Fisher’s
exact tests as appropriate. General linear modeling analysis, consider-
ing hypertension and diabetes as main factors within a 2! 2 factorial
design, was used to explore the interaction effect between the two
conditions on LA strain and strain rate indexes. Univariate correla-
tions were determined using Pearson’s coefficient for continuous var-
iables and the point-biserial coefficient for dichotomous variables.
Multiple regression was performed to explore the associations of hy-
pertension and diabetes with indexes of LA function after adjust-
ment to confounders. A first multivariate model was built by
adjusting for age, gender, and body size. A second multivariate
model was built by adjusting to heart rate, systolic blood pressure,
ejection fraction, indexed LV mass, relative wall thickness, s0, e0,
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Figure 2 LA strain indexes in the four study groups. TPLS, Time to peak atrial longitudinal strain.
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Left Atrial Dysfunction as a Correlate of Heart Failure
Symptoms in Hypertrophic Cardiomyopathy

Monica Rosxca, MD, Bogdan A. Popescu, MD, PhD, Carmen C. Beladan, MD, Andreea C!alin, MD,
Denisa Muraru, MD, Elena C. Popa, MD, Patrizio Lancellotti, MD, PhD, Roxana Enache, MD,

Ioan M. Coman, MD, PhD, Ruxandra Jurcutx, MD, PhD, Mihai Ghionea, MD, and
Carmen Ginghin!a, MD, PhD, Bucharest, Romania; Liege, Belgium

Background: Hypertrophic cardiomyopathy (HCM) represents a generalized myopathic process affecting both
ventricular and atrial myocardium. We aimed to assess left atrial (LA) function by two-dimensional speckle
tracking echocardiography and its relation with left ventricular (LV) function and clinical status in patients
with HCM.

Methods: We prospectively enrolled 37 consecutive patients with HCM and 37 normal subjects with similar
age and gender distribution. Longitudinal LV strain (e) and LA e and strain rate (Sr) parameters (systolic, early
diastolic, and late diastolic during atrial contraction) were assessed.

Results: Peak LAe and LA Sr parameters were significantly lower in patients compared with controls (P # .001
for all). In patients, all LA function parameters correlated with LVe (P < .003 for all). Indexed LA volume, LA
function parameters, and mitral regurgitation degree were the main correlates of New York Heart Association
class; late diastolic strain rate during atrial contraction was the only independent predictor of symptomatic
status.

Conclusion: In patients with HCM, LA function is significantly reduced and related to LV dysfunction. More-
over, LA booster pump function emerged as an independent correlate of heart failure symptoms in this setting.
(J Am Soc Echocardiogr 2010;23:1090-8.)

Keywords: Deformation imaging, Hypertrophic cardiomyopathy, Left atrium, Left ventricle, Speckle tracking
echocardiography

Hypertrophic cardiomyopathy (HCM) is characterized by a generalized
myopathic process affecting both ventricular and atrial myocardium.1,2

Left ventricular (LV) dysfunction and remodeling of the left atrium (LA)
are common features of HCM. Moreover, LA dilation has proved to be
a powerful determinant of exercise capacity3 and adverse outcome4 in
this setting.

In patients with symptomaticHCM,exertional dyspnea is a common
symptom. LA function plays a central role in maintaining optimal

cardiac output despite impaired LV relaxation and reduced LV compli-
ance.5 It has been demonstrated that the Frank-Starling mechanism is
also operative in the LA and that LA output increases as atrial diameter
increases, which contributes to maintaining a normal stroke volume.6

LV diastolic dysfunction, elevated filling pressure, LV hypertrophy, LV
outflow tract obstruction, mitral regurgitation, and intrinsic atrial
myopathy are all potential contributors to ongoing LA remodeling.7

Increased LA volume may be accompanied by a progressive impair-
ment in LA function, and both may precede symptom development
and adversely affect prognosis. The role of LA dysfunction in the
symptomatic status of patients with HCM has not been addressed.

There is a close interdependence between LVand LA function. LA
reservoir function is influenced by LV contraction through the descent
of LV base during systole, LA relaxation, and stiffness;8 LA conduit
function is dependent on LV relaxation and preload; and LA booster
pump function is influenced by LV compliance, LV filling pressures,
and intrinsic LA contractility.9 Moreover, despite the existing theory
of a generalized myopathic process affecting both ventricular and
atrial myocardium, the relationship between LA myocardial function
and the degree of LV dysfunction in patients with HCM has not been
examined.

Both LV function and LA function (reservoir, conduit, and active
contractile functions) can be adequately examined by two-
dimensional speckle-tracking echocardiography (STE).10 Strain
imaging overcomes the main drawbacks of tissue Doppler-derived
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Left atrial strain (LA e), systolic Sr (SSr), and late diastolic Sr (ASr)
were significantly related to LAVi and to LV mass in patients with
HCM. Early diastolic LA Sr (ESr) decreased with increasing age
(Table 2). There was a significant correlation between LA functional
indices derived from volumetric changes and LA-derived strain
parameters. LA expansion index correlated significantly with LA e

(r = 0.57, P < .001) and SSr (r = 0.48, P = .003), LA passive emptying
fraction correlated with ESr (r = !0.34, P = .04), and LA active
emptying fraction correlated with ASr (r = !0.62, P < .001).

Intraobserver variability was 4.1% 6 3.4% for LAe, 7.5% 6 6.4%
for SSr, 8.1% 6 6.0% for ESr, and 6.4% 6 5.7% for ASr. Interobserver
variability for the same parameters was 5.9% 6 4.5%, 8.1% 6 3.2%,
12.9% 6 8.4%, and 9.5% 6 7.8%, respectively.

Relationship of Left Atrial Function with Left Ventricular
Systolic and Diastolic Function in Patients with Hypertrophic
Cardiomyopathy

All atrial function parameters (LAe, SSr, ESr, and ASr) were signifi-
cantly related to LV global longitudinal strain (Figure 2). A similarly
close correlation was found between LV longitudinal strain measured
from the apical four-chamber view and LA function parameters
(r = !0.72, P < .001 for LAe; r = !0.62, P < .001 for SSr; r = 0.45,
P = .005 for ESr; and r = 0.48, P = .003 for ASr). Significant correla-
tions were also found between LA function parameters and septal S,
but not with lateral S. LVejection fraction was not related to LAe, SSr,
ESr, or ASr. Left atrial conduit function (ESr) and LA reservoir

Figure 1 Comparative display of LA deformation parameters in a control subject (A) and asymptomatic (B) and symptomatic (C) pa-
tients with HCM. Upper panels: mean LA longitudinal strain curves (e). Lower panels: mean values of LA SSr, ESr, and ASr. When
compared with the control subject (A), the asymptomatic (B) and symptomatic (C) patients with HCM have progressively lower lon-
gitudinal LA e, SSr, ESr, and ASr.

Table 2 Correlates of left atrial function parameters in patients with hypertrophic cardiomyopathy

LA e SSr ESr ASr

P r P r P r P r

Age .70 .47 .03 0.36 .48
LVMi .001 !0.53 .007 !0.45 .13 .01 0.40

Mitral E velocity .16 .23 .67 .05
Mitral A velocity .58 .75 .04 0.35 .22

Mitral E deceleration time .47 .87 .04 0.34 .51
Peak septal S velocity <.001 0.56 .004 0.47 .01 !0.40 .01 !0.43

Peak lateral S velocity .31 .15 .81 .21
Peak septal E’ velocity .25 .51 .005 !0.46 .49

Peak lateral E’ velocity .78 .61 .36 .79
Peak septal A’ velocity <.001 0.72 <.001 0.68 .01 !0.41 <.001 !0.77

Peak lateral A’ velocity <.001 0.66 <.001 0.65 .01 !0.45 <.001 !0.82
E/E’ ratio .02 !0.41 .02 !0.40 .007 0.49 .06

LV EF .17 .12 .41 .81
LV e <.001 !0.79 <.001 !0.71 .007 0.48 .003 0.53

LAVi .002 !0.51 .008 !0.44 .17 .003 0.48
MR degree .04 !0.33 .16 .07 .02 0.36

LVMi, Left ventricular mass indexed to body surface area; LVe, left ventricular global longitudinal strain; LVEF, left ventricular ejection fraction; LA e,
left atrial longitudinal strain; SSr, left atrial systolic strain rate; ESr, left atrial early diastolic strain rate; ASr, left atrial late diastolic strain rate; E/E’, the
ratio of peak early-diastolic transmitral flow velocity E to average E’; LAVi, maximal left atrial volume indexed to body surface area; MR, mitral re-
gurgitation.
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The main findings of the present study in patients with HCM can be
summarized as follows: LA and LV longitudinal deformation are
mutually dependent and significantly impaired, despite preserved
LV ejection fraction. Although the reduction in LA longitudinal
function involves all three atrial phases, LA booster pump dysfunction
represents the main correlate of functional disability.

Left Atrial Remodeling and Dysfunction in Patients with
Hypertrophic Cardiomyopathy

The LA acts as a reservoir during LV systole, as a conduit during early
diastole, and as a booster pump in late diastole, thus modulating LV fill-
ing.21 The LA can act to increase LA pressure (in significant atrial dis-
ease) and can react to increased LV filling pressure (in significant
ventricular disease). There is a growing body of evidence demonstrating
that LA enlargement is a marker of significant atrial22 or ventricular
disease.23,24

In patients with HCM, the enlargement of the LA has proved to
be inconsistently related to LV diastolic dysfunction, mitral regurgi-

tation degree, or LV dynamic outflow tract obstruction.25 Thus, the
existence of an additional mechanism involved in atrial remodeling
was postulated. The assessment of LA function using traditional
parameters such as atrial fraction25 or newer parameters derived
from tissue Doppler or STE analysis26 brought new insights into
the pathophysiologic mechanisms involved in atrial remodeling in
HCM. The poorer LA function was indeed attributed to a possible
atrial myopathic process.25,26 In our study, the three phases of LA
function (reservoir, conduit, and booster pump) were significantly
reduced. The passive stretching of the LA (reservoir function)
and the active LA contraction (booster pump function) were
inversely related to LA enlargement. This is in line with previous
studies showing that the LA active emptying might decrease in
the presence of severe LA dilation as the optimal Frank-Starling
relationship is exceeded.27 Neither diastolic parameters nor LV
outflow tract gradient was related to LA enlargement, whereas
mitral regurgitation severity had only a weak correlation. These
data suggest that severe LA remodeling is not only a consequence
of the hemodynamic abnormalities caused by LV dysfunction,
mitral regurgitation, or LV outflow tract obstruction.

Table 3 Correlates of New York Heart Association class in patients with hypertrophic cardiomyopathy

Variables
NYHA I
(n = 12)

NYHA II
(n = 15)

NYHA III!IV
(n = 10)

P
ANOVA

Spearman correlation
coefficient

P
Spearman

LAVi (mL/m2) 49 6 13 72 6 45 83 6 28 .06 0.55 <.001
LA e (%) 20.2 6 5.1 13.9 6 4.9 12.6 6 6.7 .005 !0.47 .003

LA SSr (s!1) 0.9 6 0.2 0.6 6 0.1 0.6 6 0.4 .004 !0.47 .003
LA ESr (s!1) !0.7 6 0.2 !0.5 6 0.1 !0.5 6 0.2 .005 0.46 .005

LA ASr (s!1) !1.3 6 0.4 !0.7 6 0.4 !0.7 6 0.6 .01 0.48 .003
LV e (%) !13.9 6 2.9 !12.2 6 3.3 !10.3 6 4.6 .14 0.36 .04

MR degree
(1/2/3/4) 8/2/1/1 3/7/5/0 1/3/6/0 .02* 0.39 .01

ANOVA, Analysis of variance; NYHA, New York Heart Association; LAVi, maximal left atrial volume indexed to body surface area; LA e, left atrial
longitudinal strain; LA SSr, left atrial systolic strain rate; LA ESr, left atrial early diastolic strain rate; LA ASr, left atrial late diastolic strain rate; MR,
mitral regurgitation; LV e, left ventricular global longitudinal strain.
*P value obtained by chi-square test.

Figure 3 Receiver operating characteristic curve for late diastolic
LA strain rate in identifying heart failure symptoms in patients with
HCM. Best cutoff value for LA ASr in identifying heart failure
symptoms was!0.92 s!1 (arrow), with an area under the receiver
operating characteristic curve of 0.83.

Table 4 Correlates of symptomatic status in patients with
hypertrophic cardiomyopathy

Univariate analysis Multivariable
analysis

Variables OR 95% CI P P

Age 1.027 0.983-1.073 .23 -
LVe 1.215 0.954-1.549 .11 .49

LAVi 1.091 1.018-1.170 .01 .34
ASr 3.377* 1.349-8.616 .009 .04

MR degree 2.277 0.969-5.353 .056 .10
Presence of LV outflow

tract obstruction (Y/N)
0.476 0.118-1.929 .29 -

Peak LV outflow
tract gradient

1.010 0.981-1.041 .49 -

OR, Odds ratio; CI, confidence interval; LV, left ventricular; LVe, left
ventricular global longitudinal strain; LAVi, maximal left atrial volume
indexed to body surface area; ASr, left atrial late diastolic strain rate;
MR, mitral regurgitation; Y/N, YES or NO.
*OR is expressed per standard deviation increment in the variable.
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DISCUSSION

The main findings of the present study in patients with HCM can be
summarized as follows: LA and LV longitudinal deformation are
mutually dependent and significantly impaired, despite preserved
LV ejection fraction. Although the reduction in LA longitudinal
function involves all three atrial phases, LA booster pump dysfunction
represents the main correlate of functional disability.

Left Atrial Remodeling and Dysfunction in Patients with
Hypertrophic Cardiomyopathy

The LA acts as a reservoir during LV systole, as a conduit during early
diastole, and as a booster pump in late diastole, thus modulating LV fill-
ing.21 The LA can act to increase LA pressure (in significant atrial dis-
ease) and can react to increased LV filling pressure (in significant
ventricular disease). There is a growing body of evidence demonstrating
that LA enlargement is a marker of significant atrial22 or ventricular
disease.23,24

In patients with HCM, the enlargement of the LA has proved to
be inconsistently related to LV diastolic dysfunction, mitral regurgi-

tation degree, or LV dynamic outflow tract obstruction.25 Thus, the
existence of an additional mechanism involved in atrial remodeling
was postulated. The assessment of LA function using traditional
parameters such as atrial fraction25 or newer parameters derived
from tissue Doppler or STE analysis26 brought new insights into
the pathophysiologic mechanisms involved in atrial remodeling in
HCM. The poorer LA function was indeed attributed to a possible
atrial myopathic process.25,26 In our study, the three phases of LA
function (reservoir, conduit, and booster pump) were significantly
reduced. The passive stretching of the LA (reservoir function)
and the active LA contraction (booster pump function) were
inversely related to LA enlargement. This is in line with previous
studies showing that the LA active emptying might decrease in
the presence of severe LA dilation as the optimal Frank-Starling
relationship is exceeded.27 Neither diastolic parameters nor LV
outflow tract gradient was related to LA enlargement, whereas
mitral regurgitation severity had only a weak correlation. These
data suggest that severe LA remodeling is not only a consequence
of the hemodynamic abnormalities caused by LV dysfunction,
mitral regurgitation, or LV outflow tract obstruction.

Table 3 Correlates of New York Heart Association class in patients with hypertrophic cardiomyopathy

Variables
NYHA I
(n = 12)

NYHA II
(n = 15)

NYHA III!IV
(n = 10)

P
ANOVA

Spearman correlation
coefficient

P
Spearman

LAVi (mL/m2) 49 6 13 72 6 45 83 6 28 .06 0.55 <.001
LA e (%) 20.2 6 5.1 13.9 6 4.9 12.6 6 6.7 .005 !0.47 .003

LA SSr (s!1) 0.9 6 0.2 0.6 6 0.1 0.6 6 0.4 .004 !0.47 .003
LA ESr (s!1) !0.7 6 0.2 !0.5 6 0.1 !0.5 6 0.2 .005 0.46 .005

LA ASr (s!1) !1.3 6 0.4 !0.7 6 0.4 !0.7 6 0.6 .01 0.48 .003
LV e (%) !13.9 6 2.9 !12.2 6 3.3 !10.3 6 4.6 .14 0.36 .04

MR degree
(1/2/3/4) 8/2/1/1 3/7/5/0 1/3/6/0 .02* 0.39 .01

ANOVA, Analysis of variance; NYHA, New York Heart Association; LAVi, maximal left atrial volume indexed to body surface area; LA e, left atrial
longitudinal strain; LA SSr, left atrial systolic strain rate; LA ESr, left atrial early diastolic strain rate; LA ASr, left atrial late diastolic strain rate; MR,
mitral regurgitation; LV e, left ventricular global longitudinal strain.
*P value obtained by chi-square test.

Figure 3 Receiver operating characteristic curve for late diastolic
LA strain rate in identifying heart failure symptoms in patients with
HCM. Best cutoff value for LA ASr in identifying heart failure
symptoms was!0.92 s!1 (arrow), with an area under the receiver
operating characteristic curve of 0.83.

Table 4 Correlates of symptomatic status in patients with
hypertrophic cardiomyopathy

Univariate analysis Multivariable
analysis

Variables OR 95% CI P P

Age 1.027 0.983-1.073 .23 -
LVe 1.215 0.954-1.549 .11 .49

LAVi 1.091 1.018-1.170 .01 .34
ASr 3.377* 1.349-8.616 .009 .04

MR degree 2.277 0.969-5.353 .056 .10
Presence of LV outflow

tract obstruction (Y/N)
0.476 0.118-1.929 .29 -

Peak LV outflow
tract gradient

1.010 0.981-1.041 .49 -

OR, Odds ratio; CI, confidence interval; LV, left ventricular; LVe, left
ventricular global longitudinal strain; LAVi, maximal left atrial volume
indexed to body surface area; ASr, left atrial late diastolic strain rate;
MR, mitral regurgitation; Y/N, YES or NO.
*OR is expressed per standard deviation increment in the variable.
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In most studies LA strain mirrors LV strain 
Table 7 LA ε and SR in cardiomyopathies and other clinical conditions

Study Population Methodology Year Main findings

Cardiomyopathies
Modesto et al.85 95 AL patients

30 controls
30 DD patients

DTI QRS timed 2005 LA εR and SRR were lower for AL patients with cardiac
involvement, compared with a control group, to a group
with LA dilatation and diastolic dysfunction and event to a
group with AL but with no cardiac involvement.

Contrary to LA ejection fraction, LA εR was lower for AL patients
with heart failure symptoms.

Telagh et al.86 20 HCM patients
20 controls

DTI QRS timed 2008 LA SRR, SRCD, and SRCT were lower in patients with HCM than
in controls.

D’Andrea et al.87 40 HTN patients
45 elite athletes
25 sedentary controls

2D ST QRS timed 2008 Contrary to LA diameter, LA εR was reduced in patients with
hypertension and LVH compared with athletes.

In patients with LVH LA εR was a predictor of maximum
workload during exercise testing.

ASD
Abd el Rahman et al.88 25 ASD patients (median

age, 25 y)
30 controls

DTI QRS timed 2005 1 wk after surgical ASD closure, LA and RA SRCT were
significantly diminished compared with baseline level.

This was in contrast to patients submitted to a percutaneous
device closure of the ASD.

Di Salvo et al.89 30 ASD patients (mean age,
9 y; 15 device closure,
15 surgery closure)

15 controls

DTI QRS timed 2005 6 mo after surgical ASD closure, LA and RA εR and SRR were
lower compared with age-matched controls.

6 mo after percutaneous device ASD closure LA and RA εR and
SRR were similar to age-matched controls.

Boyd et al.90 23 ASO devices patients
(mean age, 44 y)

30 controls

DTI QRS timed 2008 6mo after percutaneous device closure, LA εR, SRCD, and SRCT

were significantly reduced compared with a control group.
No difference in LA mechanics between PFO or ASD patients.

Other clinical conditions
D’Ascenzi et al.91 23 soccer athletes

26 controls
2D ST QRS timed 2011 No significant difference in LA εR between soccer players and

controls, but LA εCT was lower for athletes.

Leong et al.92 100 TEE patients 2D ST QRS timed 2013 Good correlation between LA εR, SRR, εCT, and SRCT and
transesophageal echocardiographic assessed LA
appendage emptying velocity and spontaneous
echocardiographic contrast.

LA mechanics had the highest accuracy to predict LA
spontaneous contrast.

Karabay et al.93 153 ischemic stroke
patients

2D ST QRS timed 2013 In ischemic stroke sinus rhythm patients, LA εR and εCT were
predictors of LAA thrombus.

Mondillo et al.94 83 HTN patients
34 diabetic patients
38 HTN + diabetic patients
36 controls

2D ST QRS timed 2011 LA εR, LA εCD, LA εCT, SRR, and SRCDwere lower in patients with
HTN or diabetes than in controls, and further reduced in
patients with diabetes and HTN. All patients had
nondilated left atria (LAVI < 28 mL/m2).

Motoki et al.26 127 patients 2D ST QRS timed
VVI QRS timed

2012 Good agreement for LA mechanics assessed with VVI
(Siemens) and 2D ST (GE) software technologies, especially
for εCT and SRCT.

AL, Amyloidosis; ASD, atrial septal defect; ASO, atrial septal occluder; DD, diastolic dysfunction; HCM, hypertrophic cardiomyopathy; HTN, hypertension; LAA, LA appendage; LAVI, LA
volume index; LVH, LV hypertrophy; PFO, patent foramen ovale; RA, right atrial; TEE, transesophageal echocardiography; VVI, Velocity Vector Imaging.
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Do left atrial strain and strain rate reflect intrinsic atrial 
function or are they determined by left ventricular function?  

 

LA deformation strongly reflects LV deformation both in asymptomatic subjects and in patients with LV 
dysfunction. discriminating intrinsic LA function from LV influence is difficult using deformation 
analysis 



LA Function and Prognosis  
 

Antoni ML, et al. Heart 2011 

Left atrial strain is related to adverse events in
patients after acute myocardial infarction treated with
primary percutaneous coronary intervention
M Louisa Antoni, Ellen A ten Brinke, Jael Z Atary, Nina Ajmone Marsan,
Eduard R Holman, Martin J Schalij, Jeroen J Bax, Victoria Delgado

ABSTRACT
Background Left atrial (LA) maximal volume is of
prognostic value in patients after acute myocardial
infarction (AMI). Recently, LA mechanical function and
LA strain have been introduced as alternative methods to
assess LA performance more accurately.
Objective To evaluate the relation between LA volume,
mechanical function and strain, and adverse events in
patients after AMI.
Methods Patients with AMI underwent two-dimensional
echocardiography within 48 h of admission. LA volume
and LA performance (mechanical function and systolic
strain) were quantified. The endpoint was a composite of
all-cause mortality, reinfarction and hospitalisation for
heart failure.
Results 320 patients (mean age 60612 years, 78%
men) were followed up for 27614 months. During
follow-up, 48 patients (15%) reached the composite
endpoint. After adjustment for clinical and
echocardiographic parameters, LA maximal volume (HR
1.05, CI 1.00 to 1.10, p¼0.04) and LA strain (HR 0.94, CI
0.89 to 0.99, p¼0.02) were independently associated
with adverse outcome. In addition, LA strain provided
incremental value to LA maximal volume (p¼0.03) for
the prediction of adverse outcome.
Conclusions After AMI treated with primary
percutaneous coronary intervention, LA strain provides
additional prognostic value beyond LA maximal volume.

INTRODUCTION
Left atrial (LA) maximal volume has been
recognised as a powerful predictor of mortality and
hospitalisation for heart failure in patients after
acute myocardial infarction (AMI).1e3 Normal LA
volumes are associated with good outcome, even in
patients with depressed left ventricular (LV) func-
tion.1 4 On the other hand, larger LA volumes are
associated with chronic increased LV filling
pressures and adverse outcome post-AMI.2 Besides
LA volume, recent studies have shown the value of
several LA functional parameters.5 For example, LA
ejection force is a measure of LA mechanical
function that is strongly related to LV diastolic
function. In the Strong Heart Study, LA ejection
force was an independent predictor of cardiovas-
cular events.5 6 Therefore, besides quantification of
LA size, assessment of LA mechanical function may
have additional prognostic value in post-AMI
patients. However, the assessment of these
parameters involves numerous geometrical

assumptions and often results in underestimation
of the atrial size.7

Direct evaluation of atrial myocardial function is
currently feasible with speckle-tracking imaging.
This novel technique permits assessment of active
myocardial deformation which may provide
additive value concerning LA function when
compared to conventional echocardiographic
measurements.8 9 Accordingly, the purpose of the
current evaluation was to investigate the associa-
tion between LA performance expressed in LA
volumes, mechanical function and strain, and
adverse events in post-AMI patients.

METHODS
Patient selection and data collection
Consecutive patients admitted with ST-segment
elevation AMI treated with primary percutaneous
coronary intervention were evaluated. Diagnosis of
ST-segment elevation AMI was based on typical
electrocardiographic changes with clinical symptoms
associated with elevation of cardiac biomarkers.10

Clinical and echocardiographic data were prospec-
tively entered into the departmental cardiology
information system (EPD-Vision, Leiden University
Medical Center) and the echocardiography database,
respectively, and retrospectively analysed.11 12 All
patients were treated according to the institutional
AMI protocol (MISSION!).11 This protocol, designed
to improve care around AMI, includes structurised
medical therapy, two-dimensional echocardiography
performed <48 h of admission and standardised
follow-up, as described previously.11 The baseline
echocardiogram was used to assess LA and LV
function. Specifically, LA function was assessed with
phasic volumes by conventional echocardiography
and with LA strain and strain rate by speckle-
tracking imaging. Of note, patients with atrial
fibrillation were excluded.
In addition, 35 normal controls selected from an

echocardiographic database were included to
provide the normal reference values of LA phasic
volumes, strain and strain rate.13 The group of
controls comprised individuals matched for age and
gender who were referred for echocardiography
with atypical chest pain, palpitations or syncope
without murmur, and did not show structural
heart disease. Those individuals who showed LV
dilatation, had known hypertension, or were
referred for echocardiographic evaluation of known
valvular disease, murmur or heart failure were
excluded.
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Simpson method.14 Indeed, LA volume has been found to be
strongly related to cardiovascular disease.23 Several studies have
demonstrated that LA volume, measured early after AMI,
provides prognostic value incremental to known risk factors.1 2 4

Recently, Meris et al demonstrated the strong relationship
between LA volume and outcome in patients with LV
dysfunction or heart failure after AMI.1 LA indexed volume
$32ml/m2 was independently associated with death or heart
failure (HR 2.35, 95% CI 1.28 to 4.31, p¼0.006).1 These results
were extended in the present evaluation, including patients with
AMI treated with primary percutaneous coronary intervention
and relatively preserved LV function.

Beyond LA size, LA mechanical function may improve the risk
stratification. LA function consists of the reservoir period (inflow
during ventricular systole), conduit period (passive emptying
during ventricular relaxation and diastasis) and contractile
period (active emptying). In post-AMI patients, LV remodelling
occurs with concomitant effects on the LA. In the present
evaluation, comparisons of LA function with matched normal
controls demonstrated that besides LA dilatation, LA total
ejection fraction deteriorated post-AMI. Interestingly,
assessment of phasic changes of LA volumes demonstrated that
LA passive ejection fraction is significantly diminished, which is
compensated by an increase in active contractile function of the
LA. As a result, LV stroke volume can be maintained despite LV
dysfunction.24 25 This phenomenon has been reported
previously by Bozkurt et al, who performed serial echocardiog-
raphy in 73 patients with an anterior AMI at four time points
(at admission, and after 1 week, 1 month and 3 months).26 The
authors demonstrated that remodelling of the LA starts during
the first week post-AMI and continues gradually up to
3 months.

Besides active contraction, LA relaxation reflected by the
reservoir function is particularly important during acute
ischaemia.24 Due to increased LV chamber stiffness and LV filling
pressures, LA pressure may be increased.27 To maintain adequate

LV filling, a preserved LA reservoir function, which can with-
stand the impact of the increased LA pressure, is crucial. In
contrast, in patients with non-compliant LA and reduced reser-
voir function, LV filling may be significantly impaired, increasing
the risk of heart failure and death. However, evaluation of LA
reservoir function relies on LA volume measurements and is
therefore challenging. Measurements may be inaccurate as they
depend on geometrical assumptions and are load dependent.28 In
contrast, speckle-tracking is a comprehensive imaging tool that
permits LA reservoir function assessment by direct evaluation of
the atrial myocardium and may better reflect intrinsic LA
function properties.8 19 29

LA strain
Speckle-tracking derived strain has been used extensively to
detect subtle LV dysfunction and associated outcome in
different patient populations.30e32 Recently, several studies
have demonstrated that strain measurements are feasible and
useful for the detection of changes in LA performance.20 33 34 In
particular, the assessment of LA reservoir function post-AMI by
direct evaluation of LA myocardium deformation may provide
clinically relevant information. Peak positive longitudinal
strain of the LA reflects the stretch of the wall during the
reservoir period. During acute LV ischaemia, atrial contraction
is initially increased and compensates LV dysfunction.
However, with further progression of LV dysfunction and
increased LV filling pressures, the LA distensibility becomes
more important. Previous studies have demonstrated that the
LA reservoir function is determined by the preceding LA
contraction, LV contraction through the descent of the base
during systole and influenced by the LA chamber stiffness.27 LA
strain reflects all those components by directly evaluating the
amount of deformation of the myocardium as reported by
previous studies.9 33 34

Recently, in 36 patients with systolic heart failure, Cameli
et al reported that LA strain correlated better with pulmonary
capillary wedge pressure than the traditional E/E9 ratio.35 In
addition, excellent sensitivity and specificity of 100% and 93%,
respectively, were observed for LA strain <15.1% to predict
elevated filling pressures. The strong correlation between LA
strain and LV diastolic dysfunction may explain the strong
relation observed with adverse outcome in the current study.
Although this is the first study to evaluate the prognostic value
of LA strain in patients after AMI, several studies have related
LA strain to outcome in other patient populations. For example,
in patients with atrial fibrillation, studies have demonstrated the
predictive value of LA strain for maintenance of sinus rhythm
after catheter ablation.20

Limitations
The cut-off value for LA strain was chosen at 2 SDs from the
normal LA strain in a group of 35 normal controls, corre-
sponding to 19%. These results may not apply to larger popu-
lations. The addition of LA strain to the model including LA
volume yielded a significant but modest increase in the global c2

value. Therefore, the clinical relevance of these measurements
needs to be further investigated. In addition, measurement of LA
strain may be challenging as demonstrated by the reported
feasibility. However, the semi-automated assessment of LA
strain is promising and provides a comprehensive assessment of
LA function. In addition, improvements of the software may
improve the feasibility of the application in clinical practice.
Finally, mitral annular velocities were assessed with colour-
coded tissue Doppler imaging.
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Figure 1 Cumulative incidence of adverse events in patients stratified
by left atrial (LA) maximal volume (panel A) and LA strain (panel B).
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the composite endpoint and patients who remained event-free
are shown in tables 1 and 2.

Relation between LA performance and outcome
Table 3 shows the significant univariable predictors of the
composite endpoint. In addition to clinical characteristics and
LV function measurements, LA maximal volume, ejection
fraction, strain and strain rate were univariable predictors of the
composite endpoint. After adjusting LA maximal volume,
ejection fraction, strain and strain rate for other variables that
predicted adverse outcome, LA maximal volume and LA strain
independently predicted the occurrence of the composite
endpoint (HR 1.05, 95% CI 1.00 to 1.10, p¼0.04 and HR 0.94,
95% CI 0.89 to 0.99, p¼0.02, respectively). However, LA ejection
fraction and LA strain rate did not remain significant in the
multiple variable analysis (HR 0.99, 95% CI 0.96 to 1.03, p¼0.63

and HR 0.55, 95% CI 0.28 to 1.06, p¼0.07, respectively). To
further investigate the prognostic value of LA function, LA
maximal volume and LA strain were dichotomised according to
normal and abnormal LA function with the above described cut-
off values. KaplaneMeier curves for LA maximal volume divided
into >32 ml/m2 and #32 ml/m2 and LA strain divided into
<19% and $19% are shown in figure 1. The 3-year event rate
in patients with LA maximal volume >32 ml/m2 (n¼50) was
35% compared to 14% in patients with LA maximal volume
#32 ml/m2 (n¼270, p¼0.008). The incidence of adverse events
at 3 years was 26% in patients with LA strain <19% (n¼23) and
12% in patients with LA strain $19% (n¼228, p¼0.001).

Incremental value of LA strain to traditional risk factors and
LA volume
Global c2 values were calculated to assess the incremental value
of LA function. LA maximal volume provided incremental value
to traditional risk factors (age, Killip class $2, multivessel
disease, peak cardiac troponin T level, LV ejection fraction, E/E9
ratio and moderate or severe mitral regurgitation) by increasing
the global c2 value from 35.5 to 40.2 (p¼0.046). In addition,
when LA strain was added to the previous model with LA
maximal volume, the predictive power of the model increased
even further, reflected by the increase in the global c2 from 40.2
to 43.1 (p¼0.03).

DISCUSSION
The main findings of the present retrospective evaluation can be
summarised as follows: (1) LA reservoir function assessed with
LA strain provides useful information in patients with AMI
treated with primary percutaneous coronary intervention; and
(2) LA strain is a promising novel technique to quantify LA
function; it provides additional value to baseline risk factors
and LA maximal volume for the prediction of adverse events
after AMI.

Assessment of LA function and outcome
In the current evaluation, LA function was assessed using LA
volumes, mechanical function and strain. Currently, guidelines
recommend measuring LA volume with the ellipsoid model or

Table 2 Baseline echocardiographic characteristics
Controls
(n[35)

All patients
(n[320)

Event
(n[48)

Event-free
(n[272)

p Value
(event vs event-free)

LV systolic function

LV end-systolic volume (ml) 39613 62621 65623 62620 0.29

LV end-diastolic volume (ml) 95625 115634 114636 115633 0.89

LV ejection fraction (%) 6066 4668 4369 4668 0.01

Wall motion score index 1.060.0 1.560.3 1.660.3 1.560.3 <0.001

LV diastolic function

E/A ratio 1.160.4 0.960.3 1.060.4 0.960.3 0.13

Deceleration time (ms) 166659 214669 201664 216669 0.14

E/E9 ratio 1163 1365 1566 1365 0.14

Moderate or severe MR 0 (%) 25 (8%) 8 (17%) 17 (6%) 0.01

LA function

LA max (ml/m2) 2266 2567 27610 2467 0.03

LA total ejection fraction (%) 6165 56611 51611 56611 0.005

LA passive emptying fraction (%) 39613 28610 2669 28610 0.11

LA active emptying fraction (%) 34614 38611 35611 39611 0.01

LA reservoir function (%) 164641 140665 117656 144665 0.008

LA strain (%) 39610 33611 26611 34611 <0.001

LA strain rate (per second) 2.160.5 2.360.7 2.060.8 2.360.7 0.009

E/A, mitral inflow peak early velocity/mitral inflow peak late velocity; E/E9 , mitral inflow peak early velocity/mitral annular peak early
velocity); LA, left atrium; LV, left ventricular; MR, mitral regurgitation.

Table 3 Cox univariable predictors for the composite endpoint
HR 95% CI p Value

Clinical information

Age (years) 1.04 1.01 to 1.07 0.006

Killip $2 3.64 1.92 to 6.88 <0.001

Infarct characteristics

Multivessel disease 2.69 1.44 to 5.02 0.002

Peak creatine phosphokinase level
(per 100 U/l)

1.02 1.01 to 1.03 <0.001

Peak cardiac troponin T level (mg/l) 1.07 1.04 to 1.09 <0.001

LV function

LV ejection fraction (%) 0.95 0.92 to 0.99 0.01

Wall motion score index 8.9 3.1 to 25.8 <0.001

E/A ratio 3.1 1.4 to 7.0 0.005

E/E9 ratio 1.07 1.01 to 1.14 0.03

Moderate or severe mitral regurgitation 3.3 1.5 to 7.1 0.002

LA function

LA max (ml/m2) 1.05 1.02 to 1.08 0.004

LA total ejection fraction (%) 0.96 0.93 to 0.98 0.001

LA active emptying fraction (%) 0.96 0.94 to 0.99 0.005

LA reservoir function (%) 0.99 0.99 to 0.99 0.004

LA strain (%) 0.93 0.89 to 0.97 <0.001

LA strain rate (per second) 0.42 0.23 to 0.79 0.006

E/A, mitral inflow peak early velocity/mitral inflow peak late velocity; E/E9 , mitral inflow
peak early velocity/mitral annular peak early velocity; LA, left atrium; LV, left ventricular.
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LA functional deterioration, questioning the independent and 
added value of assessing LA deformation in patients with MI.

LA Function in Relation to GLS
The LA reservoir phase has been shown to depend initially on 
LA-relaxation properties after the preceding LA contraction, 
and later the downward motion of the mitral plane driven by LV 
longitudinal shortening but modulated by LA compliance.12 
This study also demonstrated that right ventricular (RV) 
function was not a determinant of LA reservoir function. 
We find that tricuspid annular plane systolic excursion is 
progressively diminished with reduced PALS; however, this 
would also be confounded by impaired GLS, as more extensive 
LV myocardial damage after the MI would inherently increase 
the likelihood of simultaneous RV involvement. Whether RV 

strain utilizing deformation analysis would impact on PALS, 
independently of GLS and LAmax, should be explored in 
future studies. Reduced PALS was associated with moderate-
to-severe MR that has been demonstrated previously7; however, 
both LA dilatation through increased volume overloading and 
impaired GLS18 are also associated with MR. Only 28 patients 
(3.3%) had moderate-to-severe MR and were included in the 
analyses as PALS, as well as GLS and LAmax, was expected 
to be related to the MR.

Previous studies have shown that PALS, as a measure of LA 
reservoir function, exhibits distinct abnormalities in a num-
ber of conditions, including hypertension, diabetes mellitus, 
STEMI, cardiomyopathies, and HF with preserved LVEF.6,9,10,19 
Based on this, PALS has been proposed as a measure of LA 
intrinsic functional properties reflecting earlier stages of 

Figure 3. Bivariate distribution of peak atrial longi-
tudinal strain (PALS) values as a function of global 
longitudinal strain (GLS) and left atrial maximum 
volume (LAmax) quartiles with axes showing the 
direction of impaired GLS and dilated left atrium 
(LA) and the resulting reductions in PALS. Worsen-
ing GLS confers larger reduction in PALS given 
constant LAmax, whereas progressively dilated LA 
given a constant GLS reduces PALS by a smaller 
magnitude.

Table 3. Stepwise Multivariable Cox Regression Modeling

Covariate

Model 1
Clinical

Model 2
Clinical+LVEF+LA

Model 3
Clinical+LVEF+LA+GLS

Model 3
Clinical+LVEF+LA+GLS+PALS

β P β P β P β P

Age 1.07 <0.0001 1.06 <0.0001 1.06 <0.0001 1.06 <0.0001

Diabetes 1.23 0.47 1.14 0.64 1.09 0.77 1.09 0.76

Killip class >1 3.44 <0.0001 1.79 0.03 1.47 0.17 1.47 0.16

Type of infarction (STEMI/nSTEMI) 1.00 0.99 1.01 0.96 0.96 0.86 0.95 0.83

LVEF 0.94 <0.0001 0.96 0.0005 0.95 0.0005

LAmax 1.02 0.048 1.02 0.041 1.02 0.04

GLS (first year) 1.18 0.03 1.18 0.03

GLS (later than first year)* 0.93 0.34 0.93 0.35

PALS (first year) 1.00 0.86

PALS (later than first year)* 0.96 0.32

–2 log likelihood 927 882 876 876

AIC 934 894 890 893

Concordance index 0.79 0.83 0.83 0.83

AIC indicates Akaike Information Criterion; GLS, global longitudinal strain; LAmax, left atrial maximum volume; LVEF, left ventricular ejection fraction; 
PALS, peak atrial longitudinal strain; and STEMI, ST elevation myocardial infarction.

*Conditioned on having survived the first year without event.
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Statistical Analysis
All data are reported as mean±SD or median (first and third quar-
tile, Q1–Q3). Baseline clinical and echocardiographic data were 
analyzed according to GLS quartiles, using Cochran-Armitage 
trend test for categorical variables and ANOVA for continuous 
variables. All tests were 2-sided, and statistical significance was 
defined as P<0.05. Interobserver and intraobserver reproducibil-
ity of PALS and GLS was assessed in 20 randomly selected pa-
tients, with calculation of bias (mean difference) and limits of 
agreement (±1.96 SD). The relationship between PALS and GLS 
were examined by correlation analysis. To explore the bivariate 
impact of LA volume and GLS on PALS, we performed multiple 
linear regression analysis with PALS as the dependent variable. 
Furthermore, the proportion of variance in PALS explained by 
GLS and LAmax, respectively, was calculated by partial correla-
tion analysis.

The ability of measures of LA volumes, LA deformation indi-
ces, and GLS for prediction of the composite end point was exam-
ined in univariate Cox proportional hazard models. To examine the 
independent and added prognostic value of PALS, we first created 
a clinical Cox model consisting of age, history of diabetes mel-
litus, Killip class >1, and type of infarction (STEMI/non-STEMI). 
Into this Cox model was then added (1) LVEF and LAmax, (2) 
GLS, and (3) PALS, with calculation of –2 log likelihood, Akaike 
Information Criterion, and concordance index at each step. The in-
cremental improvement in model performance was assessed from 
these parameters. Furthermore, we added PALS to a Cox model 
consisting of only age, GLS, and LAmax to explore the indepen-
dent value of PALS (1) without the constraints of a relatively lim-
ited number of events and (2) motivated by the findings in the 
regression analyses of PALS, GLS, and LAmax. Finally, each 
of the derived LA volumes was modeled in separate Cox mod-
els adjusted for GLS, age, and LAmax as forced entry covariates. 
Assumptions of linearity and proportionality were assessed with 
cumulated Martingale- and Schoenfeld residuals, respectively. 
Both GLS and PALS violated the proportionality assumption, thus 
a constant hazard ratio (HR) was calculated for the time interval 
up until the first year, and a constant HR at another level after the 
first year. The Cox model, including PALS, GLS, age, and LAmax, 
was tested in 1000 bootstrap samples to assess the potential ef-
fect of PALS in randomly regenerated data. All statistical analy-
ses were performed using R software (R Development Core Team 
(2012). R: A language and environment for statistical computing. 
R Foundation for Statistical Computing, Vienna, Austria. ISBN 
3-900051-07-0, URL http://www.R-project.org/).

Results
Baseline Characteristics
A total of 1110 patients with MI were prospectively included, 
53 patients were excluded because of atrial fibrillation (n=40), 
ventricular paced rhythm (n=5), and severe aortic stenosis 
(n=8). Out of the remaining 1057 patients, 51 patients had 
images insufficient for GLS calculation (5%) and 163 (15%) 
did not have sufficient tracking of the LA walls. Thus, 843 
patients (mean age 62.1±11.8; 74% male) out of the total 
study population of 1110 (76%) patients were eligible for 
analyses in the present study. The baseline characteristics of 
the patients according to quartiles of PALS are listed in Table 1.  
Reduced PALS was associated with increasing age, higher 
prevalence of hypertension, diabetes mellitus, previously 
known HF, and in-hospital heart failure (Killip class >1). 
Echocardiographic characteristics according to quartiles of 
PALS are shown in Table 2. Reduced PALS was significantly 
associated with all echocardiographic measures of reduced 
systolic and diastolic function, as well as decreasing values of 
LA functional parameters. The 163 patients without obtainable 
PALS were not significantly different compared with the 843 
patients in terms of LVEF, GLS, LAmax, LAmin, or E/e’ ratio. 
Furthermore, no clinical differences were found in regard to age, 
diabetes mellitus, known HF, prior MI, or proportion of STEMI; 
however, hypertension was more prevalent among the excluded 
patients (56% versus 45%; P<0.001) and BMI was higher (27.7 
versus 26.5; P<0.001). Intraobserver and interobserver variability 
for PALS was –0.71±2.20% and 0.31±3.8%, respectively.

Interrelation Between PALS, LA Volumes, and GLS
There was a significant linear relation between PALS and 
GLS (P<0.001, r=–0.71). A curvilinear relation existed 
between PALS and LAmax with greater variation of PALS 
in the lower ranges of LAmax, whereas higher LAmax was 
associated with a more definite reduction in PALS (Figure 2A 
and 2B). Multiple regression analysis of PALS demonstrated 
that both GLS and LAmax were independently associated 

Figure 1. Example of 2-dimensional 
speckle-tracking of the left atrium (LA; top 
left) and the LV (top right). The resulting 
strain curves for the LA (lower left) and 
LV (lower right) are shown with markings 
corresponding to peak atrial longitudinal 
strain (PALS) and peak global longitudinal 
strain (GLS).
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The Pseudorestrictive Pattern of Transmitral
Doppler Flow Pattern after Conversion of

Atrial Fibrillation to Sinus Rhythm: Is Atrial or
Ventricular Dysfunction to Blame?

Hirotsugu Yamada, MD, PhD, Erwan Donal, MD, Yong-Jin Kim, MD, Deborah A. Agler,
RCT, RDCS, Youhua Zhang, MD, Neil L. Greenberg, PhD, FACC, Todor N. Mazgalev,

PhD, FACC, James D. Thomas, MD, FACC, and Richard A. Grimm, DO, FACC,
Cleveland, Ohio

Patients with paroxysmal atrial fibrillation (AF) who
have recently converted from AF to sinus rhythm
often exhibit a restrictive Doppler pattern in the
transmitral flow (TMF) velocity. However, the mech-
anism of this phenomenon has not been well de-
fined. We evaluated the temporal change of TMF
pattern and hemodynamics after conversion of AF
to in sinus rhythm in an animal model. Eight open-
chest dogs underwent 3 hours of pacing-induced AF.
TMF velocities and pressure data were acquired at
baseline (sinus rhythm), immediately after conver-
sion of AF, and every 10 minutes thereafter. Early
diastolic TMF velocity was increased immediately
after conversion and recovered to the baseline value
in 20 minutes. Atrial systolic TMF velocity was re-
duced after AF and recovered to baseline value in 20
to 30 minutes. Early diastolic/atrial systolic TMF

velocity was increased after conversion, and recov-
ered to baseline value in 20 to 30 minutes. The mean
left atrial (LA) pressure increased immediately, 10
and 20 minutes after the conversion of AF to sinus
rhythm. The left ventricular end-diastolic pressure
was increased and positive left ventricular dP/dt and
! were decreased immediately after AF, whereas
they recovered within 10 minutes. In conclusion, a
pseudorestrictive pattern of TMF after AF occurred
as a result of transient LA mechanical functional
impairment and increased LA pressure caused by LA
stunning. Transient left ventricular diastolic dys-
function also effected the TMF velocity immediately
after the conversion from AF to sinus rhythm, al-
though it recovered faster than LA mechanical dys-
function. (J Am Soc Echocardiogr 2004;17:813-8.)

The transmitral flow (TMF) velocity pattern has
been used for the assessment of left ventricular (LV)
diastolic function. Despite its preload dependency,
this velocity pattern has been recorded routinely in
clinical practice and used for treatment of patients
with various cardiac diseases. After conversion of
atrial fibrillation (AF) to sinus rhythm, the ratio of
early diastolic TMF (E) velocity to atrial systolic TMF
(A) velocity is typically greater than 2. This TMF
pattern is usually observed for patients with severe
LV diastolic dysfunction and is referred to as a
restrictive TMF pattern. However, after termination
of an atrial arrhythmia this pattern is believed to be
reflective of impaired left atrial (LA) function rather
than LV diastolic dysfunction. We have, therefore,

designated the TMF pattern a pseudorestrictive. This
phenomenon is commonly observed in the clinical
setting, however, the underlying mechanism has not
been well documented. In this study, we evaluated
LV and LA hemodynamics and the Doppler TMF
pattern after conversion of AF to sinus rhythm using
an animal model to elucidate the mechanisms of the
pseudorestrictive TMF pattern.

METHODS

Animal Preparation

In all, 9 healthy mongrel dogs (25-35 kg body weight) of
either sex were premedicated with thiopental sodium (20
mg/kg) intravenously. The dogs were intubated and ven-
tilated by a respirator (Narkomed 2, North American
Drager, Telfold, Pa) with room air and oxygen to maintain
normal arterial blood gases. Anesthesia was maintained
with an inhalation of 1% to 2% isoflurane throughout the
experiment. We used a continuous infusion of normal
saline at a rate of 100 to 200 mL/h by the left external
jugular vein to replace spontaneous fluid loss. Blood gas
values were maintained at a PO2 of !80 mm Hg, PCO2 of
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35 to 45 mm Hg, and pH of 7.35 to 7.45 by infusion of
bicarbonate solutions and alteration of ventilation volume
and rate. A surface electrocardiogram was monitored
continuously throughout the study. A median sternotomy
was performed to expose the heart and a pericardial
cradle was created to support the heart during manipula-
tions.

The experimental protocol was approved by our insti-
tutional animal research committee. All animals used in
this study received humane care in compliance with the
“Guide for the Care and Use of Laboratory Animals”
published by National Institutes of Health (NIH Publica-
tion No. 85-239, revised 1985). Our animal care facility is
accredited by the American Association for the Accredita-
tion of Laboratory Animal Care.

Hemodynamic Assessment

A micromanometer-tipped catheter (Millar, Houston, Tex)
was inserted through the left carotid artery and advanced
so that its tip was in the LV to record LV pressure. Another
catheter (Millar) was inserted from the apex of the LA
appendage and the tip placed in the LA to monitor LA
pressure. Both catheters were soaked in warm saline
solution for more than 30 minutes and calibrated to the
atmospheric pressure. Hemodynamic measurements were
performed with the respirator suspended in expiration.

Transesophageal Echocardiography

Doppler echocardiographic assessment was performed
using a commercially available ultrasonic system (GE
Vingmed System Five, GE Medical Systems, Milwaukee,
Wis) with a 10-MHz transesophageal probe. TMF velocity
was recorded using the pulsed wave Doppler technique,
with the respirator suspended in expiration. The sample
volume was placed at the leaflet tips of the mitral valve.
The 2-dimensional echocardiographic views and the loca-
tion of the sample volume for the Doppler evaluation of
TMF velocity were established in previous reports.1-4

Study Protocol

AF was induced and maintained by rapid right atrial
pacing (pulses at 20 Hz, 1-millisecond duration, and 2 to 3

times the threshold). After 3 hours of maintained AF, right
atrial rapid pacing was terminated. Spontaneous resump-
tion of normal in sinus rhythm was obtained within 1 to 20
minutes in 6 dogs. In 2 dogs, we performed electrical
cardioversion with 5 to 10 J at 30 minutes after the
termination of pacing, resulting in successful cardiover-
sion to sinus rhythm. The average rate of ventricular
response during AF was 210 ! 21 bpm and the mean
duration of AF was 198 ! 14 minutes. The hemodynamic
and pulsed Doppler measurements were made as soon as
in sinus rhythm resumed and at 10-minute intervals there-
after, for a total of 60 minutes (Figure 1). This model had
unique advantages that included the existence of the
baseline measurements before the induction of AF, which
serve as the basis for quantifying the magnitude of LA
stunning in the recovery period.

Data Acquisition and Analysis

All hemodynamic signals (surface electrocardiogram, right
atrial and ventricular electrograms, LV and LA pressures)
were amplified and filtered, while continuously moni-
tored on a monitoring system digitized with 1000-Hz
resolution (Prucka Engineering Inc, Houston, Tex). In
addition, these signals were transferred to a computer
workstation (Pentium, 200-MHz), corrected, and analyzed
with customized software that was developed within
programming environment (Labview, National Instru-
ments, Austin, Tex).

The LA pressure waveforms were averaged for at least
5 cycles using the onset of the QRS complex as the cycle
identification marker. LV end-diastolic pressure was de-
fined as the pressure coinciding with the peak of the QRS
complex. Maximal and minimal values of the first deriva-
tive of the LV pressure curve ("dP/dt and #dP/dt,
respectively) were calculated as indices of LV systolic and
diastolic function. The time constant of LV relaxation ($)
was determined by nonlinear regression analysis of the LV
pressure-time data during isovolumic relaxation by use of
a monoexponential function with a zero asymptote, ac-
cording to the method of Weiss et al.5 The amplitude of
the LA pressure change during atrial contraction was
calculated as the difference between LA pressure immedi-

Figure 1 Pulsed Doppler recording of transmitral flow (TMF) velocities obtained at baseline and
sequentially after conversion of atrial fibrillation to sinus rhythm. Note progressive increase in amplitude
of atrial systolic TMF velocity (A) wave by 30 to 40 minutes. Early diastolic TMF velocity (E) wave
increased at 0 and 10 minutes after conversion and recovered to baseline by 20 minutes.
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rhythm. The LV end-diastolic pressure immediately
after conversion from AF to sinus rhythm (6.9 ! 1.3
mm Hg) was greater than its baseline value (6.0 !
0.9 mm Hg) and the pressure after 20 minutes
showed no significant difference with baseline. The
positive LV dP/dt was decreased immediately after
conversion from AF to sinus rhythm and recovered
by 10 minutes. Although negative LV dP/dt showed
no statistically significant change during the obser-
vation, " did exhibit an increase immediately after
the restoration of sinus rhythm and improved by 10
minutes.

Spontaneous Versus Electrical Conversion

TMF A velocity immediately after conversion of AF
was 18.5 ! 6.2 in animals recovered spontaneously
and 19.2 ! 0.8 cm/s in animals requiring cardiover-
sion. These velocities increased to 26.5 ! 5.9 and
23.5 ! 4.3 cm/s after 10 minutes and 30.9 ! 4.5 and
29.6 ! 4.2 after 20 minutes, respectively. The E/A

ratio in animals with spontaneous recovery was 3.5
! 1.7 in 0 minutes, 2.1 ! 0.7 in 10 minutes, and 1.7
! 0.5 in 20 minutes. This parameter in animals with
electrical conversion was 3.0 ! 0.2 in 0 minutes, 2.1
! 0.4 in 10 minutes, and 1.7 ! 0.1 in 20 minutes.

DISCUSSION

This study demonstrated that the mechanisms for an
increased E/A ratio in the Doppler TMF pattern after
conversion of AF to sinus rhythm is largely the result
of transient LA mechanical dysfunction and in-
creased LA pressure. The recovery of the TMF A
velocity coincided with the recovery of LA pressure.
Moreover, transient LV dysfunction also affected the
TMF pattern immediately after conversion from AF
to sinus rhythm. However, it recovered more rapidly
than LA pressure and LA mechanical dysfunction.

Figure 3 Left atrial pressure (LAP) parameters at baseline and sequentially after conversion of atrial
fibrillation (AF) to sinus rhythm. DLAPa, Amplitude of LAP increase during atrial contraction; LAPa,
LAP during atrial contraction. †P # .01, ‡P # .001 versus baseline.

Figure 4 Left ventricular (LV) pressure parameters at baseline and sequentially after conversion of atrial
fibrillation (AF) to sinus rhythm. LVEDP, LV end-diastolic pressure; LVSP, LV systolic pressure; tau, time
constant of LV pressure decay during isovolumic relaxation. *P # .05, ‡P # .001 versus baseline.
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have recently converted from AF to sinus rhythm
often exhibit a restrictive Doppler pattern in the
transmitral flow (TMF) velocity. However, the mech-
anism of this phenomenon has not been well de-
fined. We evaluated the temporal change of TMF
pattern and hemodynamics after conversion of AF
to in sinus rhythm in an animal model. Eight open-
chest dogs underwent 3 hours of pacing-induced AF.
TMF velocities and pressure data were acquired at
baseline (sinus rhythm), immediately after conver-
sion of AF, and every 10 minutes thereafter. Early
diastolic TMF velocity was increased immediately
after conversion and recovered to the baseline value
in 20 minutes. Atrial systolic TMF velocity was re-
duced after AF and recovered to baseline value in 20
to 30 minutes. Early diastolic/atrial systolic TMF

velocity was increased after conversion, and recov-
ered to baseline value in 20 to 30 minutes. The mean
left atrial (LA) pressure increased immediately, 10
and 20 minutes after the conversion of AF to sinus
rhythm. The left ventricular end-diastolic pressure
was increased and positive left ventricular dP/dt and
! were decreased immediately after AF, whereas
they recovered within 10 minutes. In conclusion, a
pseudorestrictive pattern of TMF after AF occurred
as a result of transient LA mechanical functional
impairment and increased LA pressure caused by LA
stunning. Transient left ventricular diastolic dys-
function also effected the TMF velocity immediately
after the conversion from AF to sinus rhythm, al-
though it recovered faster than LA mechanical dys-
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been used for the assessment of left ventricular (LV)
diastolic function. Despite its preload dependency,
this velocity pattern has been recorded routinely in
clinical practice and used for treatment of patients
with various cardiac diseases. After conversion of
atrial fibrillation (AF) to sinus rhythm, the ratio of
early diastolic TMF (E) velocity to atrial systolic TMF
(A) velocity is typically greater than 2. This TMF
pattern is usually observed for patients with severe
LV diastolic dysfunction and is referred to as a
restrictive TMF pattern. However, after termination
of an atrial arrhythmia this pattern is believed to be
reflective of impaired left atrial (LA) function rather
than LV diastolic dysfunction. We have, therefore,

designated the TMF pattern a pseudorestrictive. This
phenomenon is commonly observed in the clinical
setting, however, the underlying mechanism has not
been well documented. In this study, we evaluated
LV and LA hemodynamics and the Doppler TMF
pattern after conversion of AF to sinus rhythm using
an animal model to elucidate the mechanisms of the
pseudorestrictive TMF pattern.

METHODS

Animal Preparation

In all, 9 healthy mongrel dogs (25-35 kg body weight) of
either sex were premedicated with thiopental sodium (20
mg/kg) intravenously. The dogs were intubated and ven-
tilated by a respirator (Narkomed 2, North American
Drager, Telfold, Pa) with room air and oxygen to maintain
normal arterial blood gases. Anesthesia was maintained
with an inhalation of 1% to 2% isoflurane throughout the
experiment. We used a continuous infusion of normal
saline at a rate of 100 to 200 mL/h by the left external
jugular vein to replace spontaneous fluid loss. Blood gas
values were maintained at a PO2 of !80 mm Hg, PCO2 of
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ately before the beginning of atrial contraction defined
from the atrial electrogram and its peak during atrial
contraction. Echocardiographic data were measured off-
line. We measured peak E and A velocities and their
velocity-time integrals. The deceleration time (DT) of the
E wave (E-DT) and the duration of the A wave were also
measured. These measurements were averaged over at
least 5 consecutive cardiac cycles.

Statistical Analysis

One dog had a rapid heart rate at baseline and after
conversion of AF (!120 bpm) and the E and A waves
fused resulting in difficulty for evaluating LA function.
Recurrence of AF occurred during the recovery period in
one dog. Therefore, we excluded these animals from the
data analysis. Data were expressed as mean " SD. Com-
parisons of each parameter at baseline and immediately
after the conversion of AF to normal in sinus rhythm were
made using a paired Student t test. Comparisons of each
value during the recovery period versus its baseline value
were made using repeated measures analysis of variance
followed by a post hoc Tukey honest significant difference
test. A value of P # .05 was considered significant.

RESULTS

TMF Velocities

As shown in Figure 2, the peak E velocity was 49.7
" 8.0 cm/s at baseline and increased to 57.5 " 10.8
cm/s immediately after conversion of AF to sinus
rhythm. The E velocity at 10 minutes after the
conversion was 52.2 " 9.3 cm/s and not signifi-

cantly different from the baseline value. The veloc-
ity-time integral of the E wave had a similar trend as
the E wave velocity. The A velocities at 0 (18.7 " 5.1
cm/s) and 10 minutes (25.6 " 5.3 cm/s) after
conversion of AF were significantly lower than the
velocity at baseline (34.8 " 3.5 cm/s). The A veloc-
ities after 20 minutes did not show a significant
difference with baseline. The E/A ratio was signifi-
cantly increased at 0 and 10 minutes (0 minutes, 3.4
" 1.4; 10 minutes, 2.1 " 0.6) compared with
baseline (1.4 " 0.3). The TMF patterns in this period
were, therefore, interpreted as a pseudorestrictive
pattern. The E-DT did not show a statistically signif-
icant difference throughout the experiment. The
duration of the A wave shortened and the velocity-
time integral decreased by 20 minutes into recovery
compared with baseline values and fully recovered
after 30-minute duration.

LA Pressure

As shown in Figure 3, the mean LA pressure was
greater and LA pressure increase during atrial con-
traction was lower than their baseline values, re-
spectively. Immediately and 10 minutes after con-
version of AF to sinus rhythm, both parameters
showed no significant difference with their baseline
values after 20 minutes of recovery. Peak LA pres-
sure during atrial contraction did not change signif-
icantly throughout the experiment.

LV Pressure

As shown in Figure 4, there was no significant
difference between the peak systolic LV pressure at
baseline and immediately after conversion to sinus

Figure 2 Transmitral flow (TMF) velocity parameters at baseline and sequentially after conversion of atrial
fibrillation (AF) to sinus rhythm. A, Atrial systolic TMF velocity; A-dur, duration of A wave; A-VTI,
velocity-time integral of A wave; E, early diastolic TMF velocity; E-DT, deceleration time of E wave. *P #
.05, ‡P # .001 versus baseline.
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rhythm. The LV end-diastolic pressure immediately
after conversion from AF to sinus rhythm (6.9 ! 1.3
mm Hg) was greater than its baseline value (6.0 !
0.9 mm Hg) and the pressure after 20 minutes
showed no significant difference with baseline. The
positive LV dP/dt was decreased immediately after
conversion from AF to sinus rhythm and recovered
by 10 minutes. Although negative LV dP/dt showed
no statistically significant change during the obser-
vation, " did exhibit an increase immediately after
the restoration of sinus rhythm and improved by 10
minutes.

Spontaneous Versus Electrical Conversion

TMF A velocity immediately after conversion of AF
was 18.5 ! 6.2 in animals recovered spontaneously
and 19.2 ! 0.8 cm/s in animals requiring cardiover-
sion. These velocities increased to 26.5 ! 5.9 and
23.5 ! 4.3 cm/s after 10 minutes and 30.9 ! 4.5 and
29.6 ! 4.2 after 20 minutes, respectively. The E/A

ratio in animals with spontaneous recovery was 3.5
! 1.7 in 0 minutes, 2.1 ! 0.7 in 10 minutes, and 1.7
! 0.5 in 20 minutes. This parameter in animals with
electrical conversion was 3.0 ! 0.2 in 0 minutes, 2.1
! 0.4 in 10 minutes, and 1.7 ! 0.1 in 20 minutes.

DISCUSSION

This study demonstrated that the mechanisms for an
increased E/A ratio in the Doppler TMF pattern after
conversion of AF to sinus rhythm is largely the result
of transient LA mechanical dysfunction and in-
creased LA pressure. The recovery of the TMF A
velocity coincided with the recovery of LA pressure.
Moreover, transient LV dysfunction also affected the
TMF pattern immediately after conversion from AF
to sinus rhythm. However, it recovered more rapidly
than LA pressure and LA mechanical dysfunction.

Figure 3 Left atrial pressure (LAP) parameters at baseline and sequentially after conversion of atrial
fibrillation (AF) to sinus rhythm. DLAPa, Amplitude of LAP increase during atrial contraction; LAPa,
LAP during atrial contraction. †P # .01, ‡P # .001 versus baseline.

Figure 4 Left ventricular (LV) pressure parameters at baseline and sequentially after conversion of atrial
fibrillation (AF) to sinus rhythm. LVEDP, LV end-diastolic pressure; LVSP, LV systolic pressure; tau, time
constant of LV pressure decay during isovolumic relaxation. *P # .05, ‡P # .001 versus baseline.
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Left atrial strain in patients with atrial fibrillation 
 Relationship to left atrial structural remodeling detected by delayed-enhancement MRI 

was used to examine relationships of log(fibrosis) and LA strain and
strain rate parameters, as well as several echocardiographic param-
eters of structural and functional remodeling. Stepwise multivariable
analysis with log(fibrosis) by DE-MRI as dependent variable and
echocardiographic parameters, including the rhythm (sinus versus
AF) at the time of imaging, as independent variables was done to
assess the echocardiographic predictor of increased LA fibrosis. A
probability value of !0.05 was considered statistically significant.
Intraobserver variability and interobserver variability were examined
using Pearson bivariate correlation.

Results
Of the 65 eligible patients, 55 patients met inclusion criteria
(age, 61!14 years; 67% men). Of the 55 patients, only 16
(29%) were in AF at the time of echo and MRI, and even
these were relatively well rate-controlled, with an average
heart rate of 86!12 beats per minute. Of these, 11 of 16
patients with AF had echocardiographic acquisition over
2-second duration or for 2 heart beats. Table 1 shows the
baseline 2D echocardiographic and VVI findings. The aver-
age amount of fibrosis in the LA wall by DE-MRI was
17.8!14.5%. There were 18 women who were older than the
men (68!13 versus 58!14, P"0.01) and showed a trend
toward more fibrosis, but it was not statistically significant
(21!14.7% in women versus 15.9!14.3% in men, P"NS).
There were 25% of patients taking antiarrhythmic drugs and
30% taking angiotensin-converting enzyme inhibitors or an-
giotensin receptor blockers. Mitral regurgitation was absent
in 61% of patients, mild in 25%, and moderate in 14%. Of the
55 patients, 44% had paroxysmal AF, 56% had persistent AF,
33% had hypertension, 9% had coronary artery disease, and
3% had diabetes mellitus.

Intraobserver and interobserver correlations were: midsep-
tal strain (r"0.9, P#0.005 and r"0.8, P"0.001), midlateral
strain (r"0.8, P"0.002 and r"0.9, P"0.001), midseptal
strain rate (r"0.8, P#0.05 and r"0.7, P"0.01), and midlat-

eral strain rate (r"0.8, P#0.05 and r"0.8, P"0.02), respec-
tively. Similar agreements were obtained in the 25 control
echocardiograms.

Comparison Between Paroxysmal and
Persistent AF
Patients with persistent AF as compared with paroxysmal AF
had more LA wall fibrosis (22!18% versus 14!9%,

Figure 1. Example of assessment of LA strain and strain rate using VVI. A, Tracing of the LA endocardial border in apical 4-chamber view
showing velocity vectors. B, Strain and C, strain rate verses time curves in midseptal (red) and midlateral (blue) LA wall samples. Note the
long superior-inferior diameter in this subject.

Table 1. Baseline Characteristics of Patients With Paroxysmal
and Persistent Atrial Fibrillation

Total
(n"55)

Paroxysmal
AF

(n"24)

Persistent
AF

(n"31)
P

Value

Age, y 61.2!14.2 60.1!16.8 62.1!12.1 0.6

Sex, male"0,
female"1

67% 63% 71% 0.5

Hypertension,
no"0, yes"1

36% 33% 39% 0.3

LA wall fibrosis, % 19!15 14!9 22!18 0.04

LA antero-posterior
diameter, cm

4.1!0.7 3.7!0.6 4.4!0.7 0.0007

LA superior-inferior
diameter, cm

6.0!1 5.6!0.8 6.3!0.9 0.005

LA biplane volume
index, mL/m2

35!11 31!11 37!10 0.04

LA midseptal strain, % 33!16 38!15 27!15 0.01

LA midseptal strain
rate, cm/s

1.6!0.8 1.7!0.9 1.5!0.9 0.46

LA midlateral strain, % 38.3!16.1 45!14 35!18 0.03

LA midlateral strain
rate, cm/s

1.8!0.8 2.0!0.9 1.7!0.8 0.21

LA emptying fraction, % 48!16 53!13 45!18 0.07

LV ejection fraction, % 55!9 55!11 54!10 0.55
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P!0.04) and lower midseptal (38"15% versus 27"15%,
P!0.01) and midlateral (45"14% versus 35"18%, P!0.03)
strain. There was no significant difference in the strain rates
between those with persistent AF and those with paroxysmal
AF. The average strain and strain rate in the control subjects
with normal echocardiograms were: midseptal strain
(67"20%), midlateral strain (68"24%), midseptal strain rate
(2.3"0.5 cm/s), and midlateral strain rate (2.7"0.9 cm/s).
These were significantly higher as compared with the values
in paroxysmal and persistent AF (P#0.05, control versus
paroxysmal AF and persistent AF).

Significantly larger biplane LA volume index (37"10 mL/m2

versus 31"11 mL/m2, P#0.05), LA A-P diameter (4.4"0.7 cm
versus 3.7"0.6 cm, P#0.05), and superior-inferior diameter
(6.3"1 cm versus 5.6"0.9 cm, P#0.05) were present in
persistent AF as compared with paroxysmal AF (Table 1).

Relationship Between LA Strain and Strain Rate
With LA Structural Remodeling by DE-MRI
Representative examples of DE-MRI images and strain
curves for 2 patients are shown in Figure 2. Patient 1 (A) has
mild fibrosis and patient 2 (B) has extensive fibrosis. Patient
1 shows higher strain than patient 2. For the entire group,
there were significant negative correlations between LA wall
log(fibrosis) and midlateral strain/strain rate and midseptal
strain rate, but the correlation with midseptal strain was weak
(Table 2 and Figure 3).

Midlateral strain correlated significantly with LA wall
log(fibrosis) in persistent AF but not in paroxysmal AF
(Figure 3). Further subgroup analyses in patients with and
without hypertension and those with LV ejection fraction
above and below 50% showed no significant difference in the
extent of fibrosis and strain and strain rate.

Multivariable stepwise regression analysis was performed
to analyze echocardiographic predictors of LA fibrosis by
DE-MRI. Log(fibrosis) was entered as dependent variable
and echocardiographic LA variables as independent vari-
ables. Four separate regression models were analyzed by
entering midseptal strain, midlateral strain, midseptal strain
rate, and midlateral strain rate with other independent vari-
ables such as LA superior-inferior and anterior-posterior
diameters, LA maximum biplane volume index, LA emptying
fraction, transmitral E/E$, and the rhythm during imaging
(sinus or AF). Lower midlateral strain and strain rate and
midseptal strain rate were independent predictors of a larger
extent of fibrosis (Table 3).

Relationship Between LA Strain and LA
Dimensions, LA Volume, and LA
Emptying Fraction
Midseptal strain was inversely associated with LA superior-
inferior diameter but was not associated with A-P diameter
(r!%0.4, P#0.05 versus r!%0.2, P!0.1). Both midseptal
and midlateral strains correlated inversely with LA volume
indexed to body surface area (r!%0.4, P#0.05) and corre-
lated with higher LA emptying fraction (r!0.3, P!0.08 and
r!0.5, P!0.001). There was no correlation between midsep-
tal or midlateral LA strain and LV filling pressure estimated
from E/E$, entered as a continuous variable (P!NS) (Table 2
and Figure 4).

Discussion
In this study, we describe an inverse relationship between the
extent of LA structural remodeling detected by DE-MRI and
echocardiographically derived LA strain and strain rate. This
relationship was more prominent in patients with persistent
AF compared with paroxysmal AF. Moreover, LA strain was
inversely related to LA volume but not apparently related to

Figure 2. Comparison of LA midlateral strain by VVI and extent of LA posterior wall fibrosis by delayed enhancement MRI in 2 patients.

Table 2. Correlation Analysis Between Midseptal
and Midlateral Strains and Factors Associated With
Atrial Fibrillation

Parameter

Midseptal Strain Midlateral Strain

r Value P Value r Value P Value

Age, y %0.3 0.08 %0.0 0.70

Sex, male!0, female!1 %0.0 0.63 %0.1 0.44

Type of AF, paroxysmal!0,
persistent!1

%0.4 0.02 %0.3 0.09

Hypertension, no!0, yes!1 %0.3 0.09 %0.3 0.09

LV ejection fraction, % 0.3 0.02 0.2 0.11

Midlateral strain 0.7 #0.005
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patient age, history of hypertension, LV filling pressure, or
mitral regurgitation severity.

Patients with AF have extensive abnormalities in atrial
ultrastructure. Initial studies in animal models showed remod-
eling in atrial ultrastructure and dedifferentiation of atrial
myocytes to a more fetal stage after sustained atrial pac-
ing.19,20 Similar changes were reported in human atrial tissue
in patients with AF who were undergoing valve surgery1,3 and in
patients with lone AF.2 These studies showed that in addition to
an increase in cell size, myolysis, and perinuclear accumulation
of glycogen, tissue from patients with chronic AF also showed
increased interstitial fibrosis. Oakes et al9 recently reported a
novel DE-MRI technique that is able to detect the extent of LA
structural remodeling in patients with AF.

The ultrastructural changes caused by AF may lead to
further electric and contractile remodeling. For the first time,
Mary-Rabine et al21 attempted to show the relationship
between atrial ultrastructural changes by using optical and
electron microscopy and cellular electrophysiological de-
rangements to clinical hemodynamic manifestations. Their
study showed that the contractile force of the atria is reduced
due to myolysis and due to an imbalance in collagen synthesis
and degradation. Longer duration of AF is associated with
worsening atrial contractility and also takes longer for recov-
ery of atrial mechanical function after cardioversion.22 Pa-
tients with paroxysmal AF often progress to persistent or
permanent AF. In our study, those with persistent AF had
significantly more delayed enhancement as a marker for
fibrosis and reduced strain and strain rate as compared with
those with paroxysmal AF. These findings support the notion
that there is a progressive remodeling process that occurs
once AF is initiated. The inverse relationship between LA
enhancement and strain was evident in persistent AF but not
in paroxysmal AF. The patients with paroxysmal AF had less
fibrosis. The weak association between fibrosis and strain in
paroxysmal AF is intriguing, and other mechanisms such as
cellular dysfunction that may precede development of fibrosis
are likely to be important. In longer-standing AF, fibrosis
appears to be the dominant factor causing mechanical dys-
function. Neither the extent of fibrosis nor the degree of
reduction in strain was influenced by age, sex, severity of

mitral regurgitation, or history of hypertension, suggesting
that the changes may be primarily due to AF.

Assessment of atrial function with conventional ap-
proaches is very challenging. Transmitral flow velocity with
pulsed Doppler imaging shows the flow velocity due to atrial
contraction. This can be used to measure atrial force, an
indirect measure of atrial function. Unfortunately, the A wave
is absent in AF, recovers gradually after successful electric
cardioversion,22 and is highly dependent on loading condi-
tions (ie, LA and LV pressures) and diastolic function. Thus,
the A wave is a limited tool for assessing atrial mechanical
function. Another way of assessing atrial function is to
measure the LA emptying fraction. In sinus rhythm, atrial
emptying comprises both passive and active phases. In AF,
there is only a passive phase, hence the term “emptying
fraction” rather than “ejection fraction.” Myocardial mechan-
ics by strain imaging, which is widely used to assess
ventricular function, has been used to assess atrial function in
a few studies. Di Salvo et al12 measured regional atrial strain
by color Doppler imaging and reported LA lateral wall strain
of 79% and septal strain of 98% in healthy control subjects.
Cameli et al15 measured LA longitudinal strain by speckle
tracking and reported a global LA strain of 42%. Our values
of regional strain in healthy control subjects by VVI in
midseptal and midlateral walls were lower than that by color
Doppler and higher than that by speckle tracing. VVI tracks
the motion of mitral annular plane in addition to speckle
tracking to generate strain curves. Differences in the 3
techniques probably resulted in different values for strain and
strain rate in normal subjects. Studies in a larger population
comparing the different approaches are needed to provide
standard or reference values. Our study demonstrates that LA
fibrosis by DE-MRI has significant correlation with midlat-
eral strain and strain rate as compared with midseptal strain,
independent of other LA measurements. The midseptal area is
thin because of the presence of fossa of ovalis or septal
aneurysms, and its movement can be influenced by the filling
pressure in the right atrium. The lateral wall strain can be
reliably imaged and is not constrained by other cardiac
chambers and may be used as the best surrogate of LA wall
fibrosis by DE-MRI.

Strain by Doppler techniques has inherent limitations
caused by angle dependency and influence by loading con-
ditions. With the advent of speckle tracking technology, it is
now possible to quantify atrial strain and strain rate through-
out the cardiac cycle, and it overcomes many of the limita-
tions of Doppler-based methodologies.11 Nonetheless, the
very thin LA wall poses challenges to pure speckle tracking
techniques as well. LA contraction, which is seen as negative
strain and strain rate, is absent in AF. LA relaxation or peak
lengthening strain during ventricular systole, represented by
positive strain and strain rate, are important indicators of LA
compliance or reservoir function that is impaired in AF
caused by fibrosis. Our study showed that reduction in atrial
strain did not appear to be caused by elevation of filling
pressure as assessed by E/E!. Interestingly, there was also no
correlation between LV filling pressure and the amount of
fibrosis. The exact pathogenesis of AF is still unclear, and
both hemodynamic and nonhemodynamic mechanisms are

Table 3. Echocardiographic Predictors of LA Fibrosis
by DE-MRI

Predictors of LA Fibrosis r Value P Value

1. Midseptal LA strain "0.1 0.5

LA biplane volume index 0.4 0.02

2. Midlateral LA strain "0.5 0.006

3. Midseptal LA strain rate "0.5 0.003

4. Midlateral LA strain rate "0.4 0.01

Multivariable stepwise regression analysis with log(fibrosis) as dependent
variable and echocardiographic LA variables as independent variables. Four
separate regression models were analyzed, by entering midseptal strain,
midlateral strain, mid-septal strain rate, and midlateral strain rate with other
independent variables such as LA superior-inferior and anterior-posterior
diameters, LA maximum biplane volume index, LA emptying fraction, transmi-
tral E/E!, and the rhythm during imaging (sinus or atrial fibrillation).
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Atrial Strain evaluation 
 

• Global atrial strain 
 – stricltly reflect LV longitudinal function 
 – impact of the anchoring provided by the pulmonary 

veins 
 – does not assess the differences on LA geometry 
 – non inclusion of LA appendage in the analysis 

• Left atrial appendage function  

 – Marker for LA systolic potential 



TTE for LAA function evaluation 

with TEE). When the LAA visualization was suboptimal or
to detect the best LAA endocardial border, a modified
apical 5-chamber view and/or a parasternal short-axis view
at the level of the aortic valve were used. However, the
parasternal view was often not suitable, especially for a
perpendicular M-mode LAA tracing.

After having obtained the best B-mode visualization, a
monodimensional study of LAA was performed, under
the guidance of the B-mode second harmonic image. A
single M-mode beam was oriented immediately lateral to
the mitral annulus, where it was almost perpendicular to the
body of the LAA, trying to be as perpendicular as possible to
both LAA walls. In the M-mode tracing the best excursion of
both walls was searched, having the medial wall excursion in
the anterior part of the M-mode tracing (closer to the
transducer) and the lateral wall excursion in the posterior
part (away from the transducer), apparently anatomically
continuous with the atrioventricular fibrous annulus. The
detailed movement of LAA medial wall can be observed,
thanks to the high temporal resolution of the M-mode
technique and the high axial resolution as a result of the
single M-mode beam direction, which is almost perpen-
dicular to the medial LAA wall (Figure 1).

The thickening of the medial LAA wall was, then,
computed as a delta in millimeters (!), related to the LAA
contraction and relaxation phases. We subtracted the
value (as the average of 5-7 consecutive measurements) at
the LAA relaxation phase to the one at the LAA contrac-
tion phase (Figure 2). We considered a ! greater than 0.25
mm as a sign of normal LAA function.

When the medial LAA wall movement was particularly
evident, it was possible to detect a contraction posterior
“dip” with the feature of a beak, related to the LAA

function, after the ECG P wave in patients with in sinus
rhythm, with a repetitive aspect and constant amplitude
extent; in patients with AF this posterior dip was also
observable as a saw-tooth aspect with variable amplitude
extent (Figure 3).

Great attention must be drawn in the analysis of the real
LAA wall thickening, during the LAA emptying phase, in
comparison with the LAA relaxing phase, because a false
dip can be observed as a result of the rotation in the
3-dimensional space of the entire LAA. The real thickening
increase, during the LAA emptying phase, has to be
evaluated comparing the relative M-mode movement of
the two echoes arising from the inner and outer borders of
the medial LAA wall.

The lateral LAA wall motion has not been considered,
because the signal is attenuated with a unclear definition
of the inner border, as a result of the long distance from
the transducer.

Finally, the LAA contraction velocities were measured
during TTE with pulsed wave Doppler, positioning a
2-mm sample volume into the outlet of the LAA cavity, 1
cm or more away from the LA cavity. In patients with
AF/atrial flutter, the highest velocity within each of 5
consecutive cycles was measured and then averaged. In
patients with in sinus rhythm, the peak late diastolic
emptying velocity (LAA contraction-related) was mea-
sured as the highest negative velocity occurring after P
wave of the ECG.

In patients with AF or atrial flutter the typical mul-
tiphase repetitive pattern was searched mostly in the
longest cardiac cycles, making the greatest efforts to
differentiate it from wall-motion artifacts. No angle correc-

Figure 1 To search M-mode tracing of left atrial appendage (LAA) (right), single M-mode beam guided
by B-mode 2-chamber view (left) is directed immediately lateral to mitral annulus, trying to be perpen-
dicular to both LAA walls. Detailed movement of LAA medial wall can be observed, thanks to high
temporal resolution of M-mode technique and high axial resolution because of single M-mode beam
direction, which is almost perpendicular to medial LAA wall.
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with TEE). When the LAA visualization was suboptimal or
to detect the best LAA endocardial border, a modified
apical 5-chamber view and/or a parasternal short-axis view
at the level of the aortic valve were used. However, the
parasternal view was often not suitable, especially for a
perpendicular M-mode LAA tracing.

After having obtained the best B-mode visualization, a
monodimensional study of LAA was performed, under
the guidance of the B-mode second harmonic image. A
single M-mode beam was oriented immediately lateral to
the mitral annulus, where it was almost perpendicular to the
body of the LAA, trying to be as perpendicular as possible to
both LAA walls. In the M-mode tracing the best excursion of
both walls was searched, having the medial wall excursion in
the anterior part of the M-mode tracing (closer to the
transducer) and the lateral wall excursion in the posterior
part (away from the transducer), apparently anatomically
continuous with the atrioventricular fibrous annulus. The
detailed movement of LAA medial wall can be observed,
thanks to the high temporal resolution of the M-mode
technique and the high axial resolution as a result of the
single M-mode beam direction, which is almost perpen-
dicular to the medial LAA wall (Figure 1).

The thickening of the medial LAA wall was, then,
computed as a delta in millimeters (!), related to the LAA
contraction and relaxation phases. We subtracted the
value (as the average of 5-7 consecutive measurements) at
the LAA relaxation phase to the one at the LAA contrac-
tion phase (Figure 2). We considered a ! greater than 0.25
mm as a sign of normal LAA function.

When the medial LAA wall movement was particularly
evident, it was possible to detect a contraction posterior
“dip” with the feature of a beak, related to the LAA

function, after the ECG P wave in patients with in sinus
rhythm, with a repetitive aspect and constant amplitude
extent; in patients with AF this posterior dip was also
observable as a saw-tooth aspect with variable amplitude
extent (Figure 3).

Great attention must be drawn in the analysis of the real
LAA wall thickening, during the LAA emptying phase, in
comparison with the LAA relaxing phase, because a false
dip can be observed as a result of the rotation in the
3-dimensional space of the entire LAA. The real thickening
increase, during the LAA emptying phase, has to be
evaluated comparing the relative M-mode movement of
the two echoes arising from the inner and outer borders of
the medial LAA wall.

The lateral LAA wall motion has not been considered,
because the signal is attenuated with a unclear definition
of the inner border, as a result of the long distance from
the transducer.

Finally, the LAA contraction velocities were measured
during TTE with pulsed wave Doppler, positioning a
2-mm sample volume into the outlet of the LAA cavity, 1
cm or more away from the LA cavity. In patients with
AF/atrial flutter, the highest velocity within each of 5
consecutive cycles was measured and then averaged. In
patients with in sinus rhythm, the peak late diastolic
emptying velocity (LAA contraction-related) was mea-
sured as the highest negative velocity occurring after P
wave of the ECG.

In patients with AF or atrial flutter the typical mul-
tiphase repetitive pattern was searched mostly in the
longest cardiac cycles, making the greatest efforts to
differentiate it from wall-motion artifacts. No angle correc-

Figure 1 To search M-mode tracing of left atrial appendage (LAA) (right), single M-mode beam guided
by B-mode 2-chamber view (left) is directed immediately lateral to mitral annulus, trying to be perpen-
dicular to both LAA walls. Detailed movement of LAA medial wall can be observed, thanks to high
temporal resolution of M-mode technique and high axial resolution because of single M-mode beam
direction, which is almost perpendicular to medial LAA wall.
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A value of TTE ! " 0.25 cm or less showed a
sensitivity of 98% (40/41 patients) and a specificity
of 94% (44/47 patients) and a specificity of 89%
(40/45 patients) in identifying patients with a TEE
LAAV 30 cm/s or less. The predictive value of
M-mode ! at TTE was particularly good (93%) in
detecting the low LAAVs at TEE (Figure 5).

At the qualitative analysis, the presence of a
posterior dip at M-mode TTE was recognized in 46
patients: in 41 of them the TEE LAAVs were greater
than 40 cm/s and in 5 patients were lower than 40
cm/s. The absence of the posterior dip at M-mode
TTE was, on the other hand, always observed in all
the 31 patients with TEE LAAVs lower than 30 cm/s.
In the 11 cases with a dip judged as intermediate,
the TEE LAAVs were between 20 and 40 cm/s.

Compared with TTE LAAV, the TTE LAA !
M-mode showed a greater feasibility (96% vs 89%),
but also a greater diagnostic accuracy (95 vs 90%), a
greater sensitivity (98% vs 92%), and specificity (94%
vs 89%).

In a subset of 4 patients showing post-C early
stunning (TEE LAAV ! 30 cm/s at the additional 24
hours post-C, mean LAAV 22 # 5.1 cm/s), the TTE !
was 0.39 # 0.11 cm at pre-C, 0.16 # 0.09 cm (P $
.05 vs pre-C) at 24 hours post-C, and 0.34 # 0.12 cm
(P $ .05 vs 24 hours post-C) at 7 days post-C (when
the TEE LAAV increased to 48.2 # 16.8 cm/s, P $
.05 vs 24 hours post-C). The M-mode dip, present
before the procedure, practically disappeared after
24 hours with the atrial stunning and the parallel
reduction in LAAVs and then reappeared 7 days later
with the increase in LAAVs (Figure 3).

DISCUSSION

In AF the systemic embolism coming from the LAA
cavity is considered the most likely pathophysiologic
mechanism for thromboembolism. The thrombi for-
mation is prevented by an effective contractile activity
of LAA, capable of developing an internal flow signal,
represented by high filling and emptying velocities
(%50 cm/s). An effective contractile force with high
emptying velocities can be maintained also during AF.
Conversely, the persistence of the arrhythmia13 or of
other pathologic conditions (high pressures in the LA,
a primitive atrial myocardial pathology, or mitral ste-
nosis) can determine a progressive mechanical LAA
remodeling with a consequent reduced contractile
force of LAA walls. The dysfunctional LAA is unable to
produce normal flow velocities, the emptying and
filling velocities are reduced ($25 cm/s), and the
hematic stasis creates the milieu for the thrombus
formation.

The AF cardioversion leads to a further deteriora-
tion of the atrial mechanical function, called “atrial
stunning,” a status considered very important in the
increased post-C thromboembolic risk. Most of the
atrial stunning resolves in 48 to 72 hours after
cardioversion and almost always in 7 days, which
correlates with the clinical observation that most
episodes of post-C thromboembolism occurs within
this time frame after cardioversion of AF.14 In some
rare cases this LAA dysfunction can be persistent,
probably because of a structural disease of the LAA
muscle.

So far TEE has been considered the gold standard
for LAA assessment15-17; however, it remains a semi-
invasive and uncomfortable technique, which limits
its application in serial studies. The conventional
TTE examination has been little used since it has
been considered insufficient for the LAA study. Ono
et al18 first proposed the use of second harmonic
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Figure 4 Scatterplot graphs of the measurements in the 88
patients, showing a good correlation (r " 0.76; p $ 0.001)
between the left atrial appendage (LAA) medial wall thick-
ening indicated as “TTE DELTA M-MODE”, and the
transesophageal LAA velocities, considered the gold stan-
dard for LAA function estimate.

Figure 5 Graph with the individual values of TTE DELTA
M-MODE in 43 patients with low transesophageal atrial
appendage velocities (VEL LAA $ 30 min/sec) and in the
45 patients with normal transesophageal atrial appendage
velocities (VEL LAA % 30 min/sec).
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LAA Function – TT 3D Echocardiography 
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Conclusions 
•  Many authors have used STE to identify changes in LA longitudinal S 

and SR in different cardiac diseases.  

•  Results often reflect known alterations of LV longitudinal S and SR in 
these conditions 
 

•  LA reservoir function is dependent on LA dimensions but also on LV 
longitudinal deformation, indicating that LA ε is a reflection of LV 
longitudinal ε and LA dilation and not a measure of LA intrinsic 
functional properties 

•  LA pump function better reflects LA intrinsic contractility 

•  LAA function could be used as a Marker for LA systolic potential 


