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ABSTRACT 

Purpose 

We aimed to investigate left atrial (LA) myocardial dynamics during reservoir phase using three-

dimensional speckle-tracking echocardiography (3DSTE) focusing on its longitudinal-circumferential 

relationship in patients with left ventricular (LV) hypertrophy and clarifying the difference in LA 

myocardial reservoir dynamics between hypertrophic cardiomyopathy (HCM) and hypertension with LV 

hypertrophy (HT-LVH).  

Methods and results 

We studied 4 age-matched groups consisting of 27 patients with HCM, 16 with HT-LVH, 22 

hypertensive patients without LV hypertrophy (HT), and 18 normal controls. Using 3DSTE, we 

measured LA global longitudinal strain (LA-LSR), global circumferential strain (LA-CSR), and global 

area strain (LA-ASR) during the reservoir phase, as well as LV global longitudinal strain (LV-LS), global 

circumferential strain (LV-CS), and global area strain (LV-AS). LA-LSR was significantly lower in the 

HCM and HT-LVH groups than in the controls, but there was no significant difference between the 

HCM and HT-LVH groups. LA-CSR and LA-ASR were significantly lower in the HCM group than in the 

other 3 groups, among which no significant difference was detected. In all subjects, LA-LSR was 

significantly correlated with LV-LS but not with LV-CS. LA-CSR was correlated with neither LV-LS nor 

LV-CS. 

Conclusion 

Both longitudinal and circumferential LA myocardial expansion during reservoir phase were reduced in 

HCM, while only the longitudinal one was reduced in HT-LVH. Reduction of LA circumferential 

expansion may reflect a more serious and intrinsic impairment of LA myocardial distensibility in HCM. 

Measuring LA-CSR and LA-ASR using 3DSTE would contribute to a more accurate understanding of 

LA reservoir function abnormality in HCM. 
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INTRODUCTION 

Impairment of left atrial (LA) reservoir function is known to be present in patients with hypertrophic 

cardiomyopathy (HCM) based on several clinical studies using LA volumetric approaches such as 

cineangiogram [1], conventional echocardiography [2], and cardiac magnetic resonance imaging (CMR) 

[3]. Subsequently, with the technological advances in noninvasive myocardial strain analysis using 

echocardiography or CMR, a decrease in LA myocardial expansion during the reservoir phase was 

detected in patients with HCM [4-7] and also in those with hypertension [8,9]. In those studies, however, 

LA myocardial dynamics was analyzed only in the cardiac longitudinal direction. 

 More recently, three-dimensional (3D) speckle tracking echocardiography (3DSTE) enabled the 

quantitation of three-dimensional myocardial deformation and was applied in a few studies to the 

analysis of LA myocardial dynamics in patients with left ventricular (LV) hypertrophy [10,11]. 

However, there has been no consensus on the longitudinal-circumferential relationship of LA myocardial 

dynamics during the reservoir phase or on the difference between HCM and hypertensive heart. Thus, 

this study aimed to investigate LA myocardial dynamics during the reservoir phase using 3DSTE 

focusing on its longitudinal-circumferential relationship in patients with LV hypertrophy, and to examine 

the difference in three-dimensional LA myocardial dynamics during the reservoir phase between patients 

with HCM and those with hypertensive LV hypertrophy. 
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SUBJECTS AND METHODS 

Subjects 

We retrospectively examined 31 patients with hypertrophic cardiomyopathy (HCM), 21 age-matched 

patients with hypertension with LV hypertrophy (HT-LVH), 27 age-matched hypertensive patients 

without LV hypertrophy (HT), and 22 age-matched normal control subjects who underwent 

echocardiographic examination using an Artida ultrasonographic system and data acquisition for LA 

strain analysis using 3DSTE in our laboratory between January 2016 and May 2019. They did not have 

atrial fibrillation, atrial septal aneurysm, moderate or severe mitral regurgitation, significant mitral 

annular calcification, LV systolic dysfunction (LV ejection fraction <50%), or hemodialysis. Among the 

initial subjects, 3DSTE analysis for LA was not successful due to inadequate echocardiographic image 

quality in 18 subjects. The remaining 83 subjects (27 patients with HCM, 16 with HT-LVH, 22 with HT, 

and 18 normal controls) were included in the present study. 

HCM was defined according to the current European Society of Cardiology guidelines [12]. 

Among our 27 HCM patients, asymmetric septal hypertrophy was found in 19 (70%) and apical 

hypertrophy in 8 (30%). LV outflow tract obstruction at rest was present in 6 (22%). A diagnosis of HT 

was made when blood pressure measurements after sufficient physical and mental rest on 2 or more 

subsequent visits were consistently >140 mmHg systolic or >90 mmHg diastolic, or when a patient with 

a history of hypertension was receiving antihypertensive medications. We defined HT-LVH as both 
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hypertension and LV hypertrophy (LV mass index >115 g/m2 for males, >95 g/m2 for females and/or 

relative wall thickness >0.42). The control group consisted of age-matched patients who underwent an 

echocardiographic examination in our laboratory and did not have any echocardiographic abnormalities 

or any history of cardiac diseases. 

 

Conventional echocardiography 

Using an Artida ultrasonographic system (Canon Medical Systems, Otawara, Japan) equipped with a 

PST-30 BT transducer, a standard echocardiographic examination was performed in every patient 

according to the guidelines of the American Society of Echocardiography (ASE) and European 

Association of Cardiovascular Imaging (EACVI) [13]. In patients with HCM, the greatest wall thickness 

among 16 LV segments at end-diastole was measured as the LV maximum wall thickness. In the other 

subject groups, the thicknesses of interventricular septum and LV posterior wall were measured in the 

end-diastolic parasternal short-axis image at the chordal level, and the greater of the two thicknesses was 

defined as the LV maximum wall thickness. Left atrial volume index (LAVI) was measured from apical 

two-chamber and four-chamber images using the biplane disk-summation method. LV end-diastolic and 

end-systolic volumes were also measured using the biplane disk-summation method, and the LV ejection 

fraction (LVEF) was calculated. 
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Pulsed Doppler echocardiography was performed to measure peak early diastolic and atrial 

systolic transmitral flow velocities (E and A, respectively), and the E/A ratio was calculated. Tissue 

Doppler imaging of the mitral annulus was performed in the apical four-chamber view to measure peak 

early diastolic annular velocity (e′) was measured at the septal and lateral side and then averaged. The 

E/e′ ratio was calculated using averaged e′ value. LV diastolic dysfunction grade was assessed according 

to the current ASE/EACVI recommendations [14]. 

 

Three-dimensional speckle-tracking echocardiography 

Using the Artida system equipped with a PST-25SX matrix-array transducer, 3DSTE was performed 

immediately following the conventional echocardiographic study. Within a breath-hold and during a 

constant RR interval, an apical full-volume image of LA and one of LV were acquired. In all subjects, 

3D data were collected through 6 consecutive cardiac cycles. To improve the temporal and spatial 

resolution of each of the LA and LV volumetric images, the depth and sector width were decreased as 

much as possible. The mean volume rate of LA images was 33.5±4.9 (16 to 40) vps and that of the LV 

images was 33.9±5.3 (16 to 40) vps. All the 3D data sets were stored for offline analysis and exported to 

a workstation (UltraExtend Advanced Cardiology Package version 2.7, Canon Medical Systems). We set 

several markers on the endocardial surface of the LA of two orthogonal apical views in a 

counterclockwise manner, and then, the LA endocardial border was automatically detected by the 
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software (Figure 1). We confirmed the border and adjusted manually if needed and started the 3DSTE 

analysis and time-global strain curves were generated. We also checked whether tracking was performed 

properly referring to the cine loops with tracking markers and shape of the strain waveform, and if it was 

insufficient, tried to re-analyze it, and excluded it when re-analyze was not successfully conducted. 

From the time-LA global strain curves, we measured LA peak global longitudinal strain during the 

reservoir phase (LA-LSR) and that during the atrial contraction phase (LA-LSCT), peak global 

circumferential strain during the reservoir phase (LA-CSR) and that during atrial contraction phase (LA-

CSCT), and peak global area strain during the reservoir phase (LA-ASR) and that during the atrial 

contraction phase (LA-ASCT) [15] (Figure 2). Similarly, from the time-LV global strain curves, we 

measured LV peak global longitudinal train (LV-LS), peak global circumferential strain (LV-CS), and 

peak global area strain (LV-AS). The absolute values of these strains were used in the present study. 

From the LA time-volume curve, maximal LA volume (LAVmax) and minimal LA volume (LAVmin) 

were measured to calculate the LA expansion index using the following equation: 

LA expansion index ={(LAVmax−LAVmin)/LAVmin}×100 

 

Statistical analysis 

Statistical analysis was performed with standard statistical software (IBM SPSS Statistics ver. 25 for 

Windows, IBM SPSS, Chicago, IL, USA). Continuous variables are presented as mean ± standard 
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deviation. Differences among the 4 groups were tested by one-way analysis of variance, and when a 

significant difference was detected, each difference between those two groups was tested using Tukey’s 

test. The relationship between a pair of parameters was assessed by linear correlation and regression 

analysis. Categorical variables were compared by the Fisher’s exact test at first, and differences between 

pairs of groups were tested using Ryan’s method. Receiver operating characteristic (ROC) analysis was 

used to evaluate the ability of LA global strain measurements for distinguishing HCM from HT-LVH. A 

multivariate linear regression analysis was performed to find the independent determinants of the LA 

strain parameters. The reproducibility of the LA global strain measurements was assessed in 15 

randomly selected study subjects. 

 

 

RESULTS 

 

Patient characteristics and conventional echocardiographic parameters 

The clinical characteristics and conventional echocardiographic parameters of the HCM, HT-LVH, HT, 

and normal control groups are shown in Table 1. LV maximum wall thickness was significantly greater 

in the HCM group than in the other 3 groups, and was significantly greater in the HT-LVH group than in 

the control group. LA volume index was significantly greater in the HCM and HT-LVH groups than in 
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the control group and did not significantly differ between the HCM and HT-LVH groups. E/e′ was 

significantly greater in the HCM group than in the control and HT groups, and was significantly greater 

in the HT-LVH group than in the control group. The percentage of subjects with LV diastolic 

dysfunction grade >2 was higher in the HCM and HT-LVH groups than in the control and HT groups.  

 

LA volumetric parameters derived from 3DSTE 

Results for 3DSTE-derived LA volumetric parameters are shown in Table 2. LAVmax was significantly 

greater in the HCM and HT-LVH groups than in the control group. LAVmin was significantly greater in 

the HCM and HT-LVH groups than in the control group, and was significantly greater in the HCM group 

than in the HT group. LA expansion index was significantly lower in the HCM and HT-LVH groups than 

in the control group, and was significantly lower in the HCM group than in the HT group. 

 

LA and LV strain parameters derived from 3DSTE 

3DSTE-derived LA strain parameters are shown in Table 2 and Figure 3. For the LA strains during the 

reservoir phase, LA-LSR was significantly lower in the HCM group than in the HT and control groups 

and did not significantly differ from that in the HT-LVH group. LA-LSR was significantly lower in the 

HT-LVH group than in the control group. LA-CSR was significantly lower in the HCM group than in the 

HT-LVH, HT, and control groups, and did not significantly differ among the HT-LVH, HT, and control 
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groups. The results for LA-ASR were similar to those for LA-CSR. For the LA strains during the atrial 

contraction phase, LA-LSCT did not differ among groups. LA-CSCT was significantly lower in the HCM 

group than in the HT-LVH and HT groups, and did not significantly differ among the HT-LVH, HT, and 

control groups. The results for LA-ASCT were similar to those for LA-CSCT.  

LV-LS was significantly lower in the HCM and HT-LVH groups than in the HT and control groups 

and did not significantly differ between the HCM and HT-LVH groups. LV-CS and LV-AS were not 

significantly different among the 4 groups.  

The utilities of LA strain parameters for discriminating between patients with HT-LVH and those 

with HCM are summarized in Table 3. ROC analysis showed that LA-CSR, LA-CSCT, LA-ASR, and LA-

ASCT had good diagnostic performance whereas LA-LSR and LA-LSCT did not. We also performed 

multivariate analyses to investigate whether decreased LA strains were independently related to HCM. 

Analyses with LA-LSR or LA-CSR as the objective variable and age, LA volume index, E/e′, LV-LS, and 

HCM as the explanatory variable showed that HCM was a significant independent predictor for LA-CSR 

but not for LA-LSR (supplemental Table). 

 

Relationships between LV strains and LA strains during the reservoir phase 

The correlations between LA strains (LA-LSR and LA-CSR) and LV strains (LV-LS and LV-CS) among 

all the study subjects are shown in Figure 4. LA-LSR was significantly correlated with LV-LS but was 
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not significantly correlated with LV-CS, while LA-CSR was significantly correlated with neither LV-LS 

nor LV-CS. 

 

Reproducibility of measurements  

Results of inter- and intra-observer reproducibility are summarized in Table 4. The interclass correlation 

coefficients for the inter- and intra-observer comparisons were excellent for both LA-LSR (0.95 and 

0.93, respectively) and LA-CSR (0.90 and 0.94, respectively).  

 

 

DISCUSSION 

 

LA myocardial expansion in the longitudinal and circumferential directions 

In the present study, LA-LSR was significantly lower in the HCM and HT-LVH groups than in the 

control group, with no significant difference between the HCM and HT-LVH groups. On the other hand, 

LA-CSR and LA-ASR were significantly lower only in the HCM group compared to the other 3 groups. 

The usefulness of LA-CSR for distinguishing patients with HCM from those of HT-LVH was also 

investigated. The present study is the first to demonstrate such a unique feature of LA myocardial 

expansion abnormality in patients with HCM. Thus, the present results suggest that LA myocardial 
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expansion during the reservoir phase was more seriously impaired in patients with HCM than in those 

with HT-LVH, and that the measurement of LA-CSR and LA-ASR using 3DSTE may be essential for an 

accurate and comprehensive understanding of decreased LA reservoir function in HCM patients.  

 

Relationship between LA expansion and LV contraction 

In our study subjects, LA-LSR was significantly correlated with LV-LS but not with LV-CS, while LA-

CSR was correlated with neither LV-LS nor LV-CS. The LV and LA share the mitral annulus, which 

moves toward the apex during systole. In the longitudinal direction, the LA myocardial expansion after 

the onset of LV systole should be explained mainly by the passive extension owing to the pulling force 

of the powerful LV myocardial contraction. A few previous studies demonstrated the significant 

relationship between the LA expansion during the reservoir phase and LV contraction through an animal 

experiment using pressure-volume loop analysis [16] and an observational study using 2DSTE [5,17]. 

When interpreting the LA-LSR, the LV-LS should be taken into account, however, this necessity is not 

widely recognized. 

On the other hand, LA circumferential expansion should not be directly influenced by LV 

contraction; indeed, the LA-CSR was not correlated with any parameter of LV contraction in our results. 

This suggested that the impairment of LA circumferential expansion may more directly reflect the 

inherent abnormality in LA myocardial distensibility than that in longitudinal expansion. Thus, the LA-
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CSR and LA-ASR measured using 3DSTE may contribute to more profound insights into LA reservoir 

function in HCM patients. 

 

Mechanism underlying decreased LA myocardial expansion during reservoir phase in HCM 

It is generally thought that the hemodynamic burden to LA caused by LV systolic and diastolic 

dysfunction can cause LA functional abnormality, and several experimental studies have supported this 

[16-19]. However, the present study has shown a significant relationship between LA-LSR and LV-LS, 

suggesting that the longitudinal LA myocardial expansion may be distinctly influenced by LV 

longitudinal contraction. In our HT-LVH group, only LA-LSR was decreased together with LV-LS, and 

the impairment of longitudinal LA reservoir function in this group seems attributable to the impaired 

longitudinal LV contraction due to LVH rather than by the hemodynamic effect of LV dysfunction. In 

contrast, our HCM group had both LA-LSR and LA-CSR abnormalities in spite of there was no 

significant difference in the conventional LV systolic and diastolic parameters except for a relatively 

small difference in E/e′ between the HT-LVH and HCM groups. These results suggest that a more 

serious and intrinsic abnormality in the LA myocardium may be present in patients with HCM compared 

to those with HT-LVH. It is known that, in patients with HCM, myocardial pathological changes are 

seen not only in the ventricles but also in the atria [20]. In addition, a few studies have shown that the 

decreased LA strain is associated with histological alterations of the LA wall, such as myocardial 



Reservoir Dynamics of LA Myocardium Page 15 

fibrosis and endocardial thickening [21-23]. Thus, the deterioration of LA-CSR in our HCM group might 

be attributable to such pathological alterations of the LA myocardium rather than to the hemodynamic or 

mechanical burden to the LA due to LV dysfunction.  

     In the present study, LA-CSCT and LA-ASCT were also considered to be useful to assess 

deteriorated LA function in the HCM patients, however, they are thought to be more influenced by the 

preload for the LA (LA volume before atrial contraction) which is more influenced by LV relaxation, 

and afterload (late-diastolic LV stiffness). Therefore, we consider that the LA strains during the reservoir 

phase would be better to use for detecting deteriorated LA function. 

 

Comparison with previous studies closely related to the present results 

Domsik et al. reported that 3DSTE-derived LA longitudinal expansion was lower in their HCM patients 

than in the controls, whereas LA circumferential expansion and LA area strain were comparable [10]. 

One possible reason for the difference between their results and ours may stem from the difference in 

patient characteristics. Average age was lower in their study than in our HCM patients (49±15 vs. 65±14 

years), and LA maximal volume was lower (66±20 vs. 77±22 mL). In addition, the LA-CSR mean and 

SD values for their HCM group were distinctly greater than those of ours (26.5±16.5% vs. 20.0±7.0%). 

These suggest that their study subjects may have included a wider range of HCM severity due to the 

inclusion of milder HCM cases.  
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Furukawa et al. reported that LA peak global area strain assessed by 3DSTE was comparable 

between hypertensive patients and controls [11]. However, they did not separate the hypertensive group 

by the presence or absence of LV hypertrophy, and they did not show the data for LA-LSR and LA-CSR. 

The present study demonstrated that LA myocardial expansion during the reservoir phase was generally 

preserved in hypertensive patients without LVH and was distinctly but only longitudinally reduced in 

hypertensive patients with LVH. These may also be among our new findings contributing to an 

understanding of LA reservoir function in hypertensive patients. 

 

Clinical implications 

The results of this study showed that the decrease in LA circumferential expansion, rather than in LA 

longitudinal expansion, may more distinctly reflect the decreased LA distensibility in HCM. Recently, 

several investigators have demonstrated that LA expansion is closely related to the prognosis of patients 

with cardiovascular diseases [24-26]. Mochizuki et al. reported that LA peak global circumferential 

strain and LA peak global area strain obtained by 3DSTE in patients with paroxysmal atrial fibrillation 

were predictors of atrial fibrillation recurrence after catheter ablation [27]. LA-CSR and LA-ASR 

obtained by 3DSTE may be useful to more accurately assess LA reservoir function and predict their 

prognosis in patients with LV hypertrophy as well as in a wider range of patients with heart diseases that 

can cause left heart failure. Further studies on 3DSTE analysis of LA expansion during the reservoir 
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phase may lead to more profound insights into the mechanisms underlying ‘diastolic heart failure’ and 

into the prediction of prognosis in patients with heart failure with preserved ejection fraction. 

     Recently, several investigators have proposed the usefulness of adding the LA-LSR to the 

ASE/EACVI guidelines for detecting increased LV filling pressure [28-29]. We expect that the LA-CSR 

may have equal or greater added value than the LA-LSR, but this remains to be further investigated.  

 

Limitations 

This study has several limitations. First, the number of cases was small. For this reason, in particular, the 

differences in strain parameters between asymmetric septal hypertrophy and apical hypertrophy remain 

unclear. Second, the present study was performed at a single center of a Japanese university hospital, 

and there might be some selection bias. Third, in the present study, 6 patients with HCM have had the 

LV outflow tract obstruction at rest (63±29 mmHg). The possibility that LVOT obstruction has some 

effect on the LA strain parameters cannot be ruled out. Fourth, the accuracy of 3DSTE depends strongly 

on the quality of the obtained images. Although we initially recruited 97 patients, we then excluded 18 

patients (19%) due to poor image quality. The low temporal resolution of 3DSTE may also be a 

problem. Yodwut et al. reported that LV strain measurements obtained using 3D images with a volume 

rate of 18±2 vps were comparable to those obtained using 2DSTE with a frame rate of 62±9 fps, and the 

temporal resolution of this study (16 to 40 vps) was considered acceptable [30]. 3D echocardiographic 
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technology is advancing, and a further improvement in both 3D image quality and temporal resolution 

would overcome these problems for the clinical application of 3DSTE to LA. 

 

 

CONCLUSION 

Both longitudinal and circumferential LA expansions during the reservoir phase were reduced in patients 

with HCM, whereas only longitudinal LA expansion was reduced in those with HT-LVH. The 

deterioration of LA circumferential expansion may reflect a more serious and intrinsic decrease in LA 

myocardial distensibility in HCM patients. The measurement of LA circumferential and area strains 

using 3DSTE would be useful to obtain a more accurate understanding of LA reservoir function in 

patients with LV hypertrophy, including those with HCM. 
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Table 1. Patient characteristics and conventional echocardiographic parameters 

 Control 

n=18 

HT 

n=22 

HT-LVH 

n=16 

HCM 

n=27 

p-value 

Clinical characteristics 

Age (years) 57.1±12.8 62.4±13.4 64.1±12.4 64.8±13.8 0.27 

Male/female (n) 11/7 13/9 10/6 14/13 0.91 

Body surface area (m2) 1.68±0.26 1.66±0.16 1.68±0.21 1.65±0.21 0.95 

Systolic blood pressure (mmHg) 116±15 134±19* 135±18* 129±21 <0.05 

Diastolic blood pressure (mmHg) 66±12 74±11 68±16 69±12 0.26 

Heart rate (bpm) 66±10 68±12 66±11 59±8§ <0.05 

Medications 

ACE inhibitor or ARB (n [%])  11 [50%] 8 [50%] 8 [30%) 0.27  

β blocker (n [%])  3 [14%] 5 [31%) 11 [41%]§ 0.12 

Calcium antagonists (n [%])  16 [73%] 11 [69%] 9 [33%]§§,♰ <0.05 

Two-dimensional echocardiographic parameters 

LV end-diastolic dimension (mm) 47.4±4.6 46.8±3.1 49.9±6.2 45.1±5.9♰ <0.05 

LV end-systolic dimension (mm) 29.7±4.5 29.3±2.8 31.2±5.7 26.5±4.1♰♰ <0.01 

LV maximum wall thickness (mm) 8.4±1.0 9.5±0.9 11.6±1.4* 20.5±5.0***,§§§,♰♰♰ <0.001 

LV ejection fraction (%) 66.0±4.9 67.1±5.7 66.6±6.4 70.3±6.1 0.06 

LA volume index (mL/m2) 27.0±4.4 34.8±8.7 43.5±12.8*** 48.4±14.0***,§§§ <0.001 

Doppler-derived echocardiographic parameters 

E (cm/s) 70.5±17.6 71.8±15.5 69.1±19.1 77.0±17.5 0.45 

A (cm/s) 66.4±19.2 81.6±15.5 80.1±15.8 83.0±21.3 * <0.05 

E/A  1.11±0.31 0.91±0.26 0.87±0.21 0.98±0.33 0.07 

DT (ms) 216±33 214±44 218±60 245±70 0.16 

averaged e′ (cm/s) 10.7±2.1 9.0±2.1* 6.7±1.4***,§§ 7.0±2.0***,§§ <0.001 

averaged E/e′ 6.9±2.5 8.4±2.4 10.4±2.3*, 12.6±4.5***,§§§ <0.001 

TRPG (mmHg) 21.9±4.8 21.8±4.3 22.8±8.1 24.3±5.7 0.52 

PVS/PVD 1.21±0.30 1.50±0.27 1.47±0.34 1.49±0.42* <0.05 

PVAd−Ad (ms) −16±33 −8±19 −9±23 3±28 0.12 

ASE DD grade >2 (n [%])  0 [0%]  0 [0%]  3 [19%]   6 [21%] <0.05 

Data are presented as mean ± standard deviation or number (percentage). The p-values are for analysis of variance 

or Fisher’s exact test. 
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HT, hypertensive patients without left ventricular hypertrophy; HT-LVH, hypertensive patients with left 

ventricular hypertrophy; HCM, hypertrophic cardiomyopathy; ACE, angiotensin converting enzyme; ARB, 

aldosterone receptor blocker; LV, left ventricle; LA, left atrium; E, peak early diastolic transmitral flow velocity; 

A, peak atrial systolic transmitral flow velocity; DT, Deceleration time of E; e′, peak early diastolic mitral annular 

velocity; TRPG, tricuspid regurgitation pressure gradient; PVS/PVD, the ratio of systolic pulmonary venous flow 

velocity to diastolic pulmonary venous flow velocity; PVAd−Ad, the difference of the duration between atrial 

systolic pulmonary venous flow and atrial systolic transmitral flow; ASE, American Society of Echocardiography; 

and DD grade, diastolic dysfunction grade. 

*p <0.05, **p <0.01, and ***p <0.001 versus controls 

§p <0.05, §§p <0.01, and §§§p <0.001 versus HT 

♰p <0.05, ♰♰p <0.01, and ♰♰p <0.001 versus HT-LVH 
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Table 2. Three-dimensional echocardiographic parameters 

 Control 

n=18 

HT 

n=22 

HT-LVH 

n=16 

HCM 

n=27 

p-value 

(ANOVA) 

Maximal LA volume (mL) 50.0±11.6 62.2±21.1 80.1±31.5*** 76.7±22.0*** <0.001 

Minimal LA volume (mL) 24.3±8.9 31.5±11.4 43.6±18.1** 47.9±16.6***,§§§ <0.001 

LA expansion index (%) 117.9±49.4 102.5±31.4 87.4±23.1* 65.0±23.4***,§§§ <0.001 

LA-LSR (%)  25.6±6.2 24.1±5.6 20.5±4.2* 17.1±5.1***,§§§ <0.001 

LA-LSCT (%) 10.7±3.5 11.8±2.8 10.8±2.5 9.1±3.9 0.06 

LA-CSR (%)  29.2±12.0 28.8±8.8 27.1±7.4 18.6±7.4**,§§,♰ <0.001 

LA-CSCT (%) 15.6±4.5 17.0±5.3 19.5±7.4 12.0±7.0§,♰♰ <0.01 

LA-ASR (%) 64.8±23.6 61.7±16.9 54.9±12.4 39.1±13.9***,§§§,♰ <0.001 

LA-ASCT (%) 29.2±8.4 32.0±8.2 34.5±11.3 22.2±11.6§§,♰♰ <0.001 

LV-LS# (%) 15.5±2.1 15.2±2.1 12.3±2.5**,§ 10.8±3.1***,§§§ <0.001 

LV-CS# (%) 34.2±6.5 32.1±4.6 29.2±6.2 28.4±15.1 0.29 

LV-AS# (%) 44.5±7.4 43.2±5.0 38.6±7.0 39.5±9.2 0.08 

LA-LSR, LA global longitudinal strain during the reservoir phase; LA-LSCT, LA global longitudinal strain during 

the atrial contraction phase; LA-CSR, LA global circumferential strain during the reservoir phase; LA-CSCT, LA 

global circumferential strain during the atrial contraction phase; LA-ASR, LA global area strain during the 

reservoir phase; LA-ASCT, LA global area strain during the atrial contraction phase; LV-LS, LV global 

longitudinal strain; LV-CS, LV global circumferential strain; LV-AS, LV global area strain; other abbreviations are 

the same as in Table 1. 

#3DSTE-derived LV strain data are available in 24 patients with HCM, 14 with HT-LVH, 19 with HT, and 15 with 

controls. 

*p<0.05, **p<0.01, and ***p<0.001 versus controls 

§p<0.05, §§p<0.01, and §§§p<0.001 versus HT 

♰p<0.05 and ♰♰p<0.01 versus HT-LVH 
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Table 3. Performance of LA strain parameters for discriminating between patients with HT-LVH 

and those with HCM 

LA strain parameters AUC (95% CI) p-value Optimal Cut off 

value 

Sensitivity   Specificity 

LA-LSR  0.67 (0.51-0.84) 0.06    

LA-LSCT  0.63 (0.45-0.80) 0.18    

LA-CSR   0.80 (0.65-0.94) <0.01 27.6% 93% 63% 

LA-CSCT 0.77 (0.62-0.92) <0.01 15.8% 72% 75% 

LA-ASR  0.80 (0.66-0.94) <0.01 52.4% 78% 69% 

LA-ASCT  0.79 (0.64-0.93) <0.01 30.3% 80% 69% 

Abbreviations are the same as Tables 1 and 2. 
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Table 4. Inter- and intra-observer reproducibility 

 Inter-observer Intra-observer 

ICC 95% CI p-value ICC 95% CI p-value 

LA-LSR 0.95 0.87-0.98 <0.001 0.93 0.83-0.98 <0.001 

LA-LSCT 0.89 0.71-0.96 <0.001 0.92 0.77-0.97 <0.001 

LA-CSR 0.90 0.73-0.98 <0.001 0.94 0.84-0.98 <0.001 

LA-CSCT 0.87 0.65-0.95 <0.001 0.89 0.71-0.96 <0.001 

ICC, intraclass correlation coefficient; CI, confidence interval; Other abbreviations are the same as 

Tables 1 and 2. 
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FIGURE LEGENDS 

 

Figure 1. Three-dimensional speckle-tracking echocardiography 

Representative images of three-dimensional speckle-tracking echocardiography of the left atrium. 

 

Figure 2. Time-LA strain curves 

From each time-LA strain curve, LA global longitudinal strain during the reservoir phase and that during 

atrial contraction phase (LA-LSR and LA-LSCT, respectively) (A); LA global circumferential strain 

during the reservoir phase and that during atrial contraction phase (LA-CSR and LA-CSCT, respectively) 

(B); and LA global area strain during the reservoir phase and that during atrial contraction phase (LA-

ASR and LA-ASCT, respectively) (C) were measured. 

 

Figure 3. Comparisons of 3D-derived strains among control, HT, HT-LVH, and HCM groups 

 

Figure 4. Correlations between left atrial strains and left ventricular strains 
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Figure 4
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