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Abstract 

Clinical evaluation of the left atrium (LA) is important in several heart diseases. 

Echocardiography is an established method for non-invasive evaluation of LA function 

with different assessment possibilities, but it is unclear how these measurements are 

changed with different preload conditions. 

The aim of this study was to compare transmitral peak velocities, mitral annulus 

movement, LA size and Doppler tissue velocity imaging derived peak velocity, strain and 

strain rate between normal and changed preload conditions to see if any differences occur. 

Twenty healthy volunteers were examined by two dimensional and Doppler 

echocardiography during normal conditions, and increased and decreased preload 

conditions.  

This study showed very small changes in the recorded parameters of the LA function 

between the different preload conditions and most of the strain and strain rate 

measurements were not affected by the preload change.  
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1. Introduction  

Clinical evaluation of the left atrium (LA) is important in several heart diseases. An early 

detection of LA dysfunction can provide new insight into heart conditions such as atrial 

fibrillation, hypertension, valvular heart diseases and cardiomyopathy. Evaluation of LA 

function can be done by two dimensional (2D) cardiac ultrasound, echocardiography, as 

well as Doppler measurements of the transmitral and pulmonary vein flow and Doppler 

tissue velocity imaging (TVI) of mitral annulus velocities. LA deformation (strain) and the 

speed of deformation (strain rate) are newer methods to assess LA-function. The LA has 

many functions during diastole, which results in the left ventricular (LV) filling (1). 

Diastole is mechanically defined as the time between the closure of the aortic valve and the 

closure of the mitral valve (2). Diastole can be split up in four different phases; isovolumic 

relaxation, early diastolic filling, diastasis and the late diastolic contraction of the LA.  

The LA acts as a reservoir receiving blood from pulmonary veins during LV systole and 

isovolumic relaxation, it acts as a passive conduit, transferring blood from the pulmonary 

veins to the LV during early diastole and diastasis and acts as an active booster pump that 

increases LV filling in late diastole and a suction source that refills itself in early systole 

(1,3). Normally the reservoir, passive conduit and pumping phase account for 

approximately 40, 35 and 25 % of the atrial contribution to stroke volume, respectively.  

The LA reservoir phase is essential for LV filling because the energy stored by the LA 

during ventricular systole is released after mitral valve opening, greatly contributing to the 

LV stroke volume. LA contractile phase performance depends on preload, afterload, 

intrinsic contractility and electromechanical coupling (1).  

The LA contributes to maintaining adequate LV end-diastolic volume by the late diastolic 

LA contraction (4). 

The diastolic function changes with age. In young healthy individuals the LV has a very 

fast relaxation which quickly decreases the pressure in LV and a relatively big difference 

in pressure arises between the atrium and ventricle, and the greater part of the LV filling 

from the LA is completed in the early diastole. The late diastolic contraction will only 

contribute with a small part of the LV filling.  

With increased age the relaxation of the LV becomes slower which leads to a longer time 
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for the pressure in the ventricle to decrease under the LA pressure and the opening of the 

mitral valve is delayed. The reduced early diastolic relaxation velocity leads to reduced 

early diastolic filling of the LV, which gives the late diastolic atrial contraction a more 

important role in LV filling (2).  

An increase in LA size gives an increase in the preload of atrial contraction. According to 

Frank-Starlings rule, an increased preload may result in enhanced LA active emptying and 

late diastolic LV filling (5). 

Echocardiography has become an established method for non-invasive evaluation of the 

triphasic nature of the LA (1). 

The measurement of LA volume is highly feasible and reliable in most echocardiographic 

studies, with the most accurate measurements obtained using the apical 4-chamber and 2-

chamber views (4), but is still limited by the definition of the LA endocardial border during 

the trace (6). This assessment is clinically important, because there is a significant relation 

between LA remodelling and echocardiographic indices of diastolic function.  

LA size and volume have consistently been reported to be powerful predictors for negative 

clinical outcomes in various cardiovascular diseases (7).  

LA volume often reflects the cumulative effects of filling pressures over time, whereas 

Doppler velocities and time intervals reflect filling pressures at the time of measurement 

(4). 

Traditional Doppler echocardiographic measurements, including the peak transmitral 

velocity and pulmonary vein flow, have been used as alternative markers of global LA 

function. The evaluation of LA volumes by 2D echocardiography is limited by the use of 

geometric models to determine the volume of a non-symmetric chamber and by errors due 

to foreshortening. The evaluation of LA function by Doppler analysis of transmitral and 

pulmonary vein flows is indirect and therefore also limited (7). 

Physiological factors such as age, blood volume, heart rate and blood viscosity affects the 

pattern of transmitral Doppler flow and these factors have led to a search for less load-

dependent assessment parameters (8). 

The late diastolic velocity in the transmitral flow is often considered a measure of LA 

function, but it is affected by age and loading conditions (9). 
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In the normal heart of a young healthy person with rapid early ventricular filling the 

diastolic pulmonary venous wave (D) is dominant, due to rapid flow during diastole 

through the pulmonary vein into the LA, mitral valve and in to the LV. Therefore the 

pulmonary venous diastolic wave is the dominant wave (systolic < diastolic) corresponding 

to the dominant transmitral E wave (10). 

The mitral annulus motion represents changes in longitudinal LV long-axis dimension, 

which could reflect LV volume changes (11). 

Measurements of mitral annulus velocities with tissue Doppler imaging is a simple and 

reliable method for assessment of systolic and diastolic LV function but the effects of 

preload on the parameters have still not been clarified. There have been suggestions that a 

failing heart is more sensitive to load changes than a healthy heart, but even a heart with 

normal systolic function has shown sensitivity to load conditions (12). 

The early diastolic tissue Doppler wave recorded from the mitral annulus movement (E’) 

may be less dependent on loading conditions and may distinguish normal from 

pseudonormal filling patterns. It has also been suggested that the E’ behaves as a relatively 

load-independent index of the LV relaxation (13). 

 

Deformation indices as peak LA systolic strain and strain rate can be used to quantify 

global and regional LA contractility (9). 

TVI is a Doppler technique that allows quantification of myocardial tissue velocities. 

Doppler derived strain can be obtained through spatial derivation of the velocity. Strain is a 

dimensionless quantity often expressed in percent. Doppler TVI has the disadvantage of 

being angle dependent as all Doppler based recordings (3). 

Strain is deformation between two nearby parts. By detecting end-systolic distance that 

refers to the amount of tissue deformation normalised to its original length strain is 

obtained. Strain rate is the first time derivate of strain, or the speed (i.e. velocity) at which 

strain occurs and has the unit /s (14).  

Both strain and strain rate of the LA measured by Doppler TVI may be useful for 

measuring LA function during various pathological conditions that include hypertension, 
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diabetes mellitus, and atrial fibrillation. LA strain rate may also reflect the degree of LV 

diastolic function (8).  

Atrial segments closest to the mitral annulus have the highest velocities while superior 

segments are relatively fixed (3).  

 

LA strain has been found to be a new tool that can be used to evaluate LA function (7), but 

it is not confirmed how it correlates with load. (8). 

The observation that the LV longitudinal strain is preload dependent suggests that the 

values of the deformation parameters measured from other cardiac chambers also would be 

effected by preload changes, but in one study on forty-one subjects who underwent 

transthoracic echocardiography just before and after haemodialysis, both tissue velocity 

and strain rate during late diastole, representing the contractile function of the LA, were 

relatively preload-independent parameters (15).  

Doppler TVI allows the quantification of the low-velocity, high-amplitude, long-axis 

intrinsic myocardial velocities in both systole and diastole and can be seen as a relatively 

load independent measure of both LV systolic and diastolic function (3). 

Mitral annulus velocity determined by Doppler TVI is a relatively preload-independent 

variable in evaluating diastolic function (16). 

However, it is unknown whether LA strain or strain rate are affected by preload, and 

whether LA strain and strain rate, which are not only clinically important but also good 

markers for cardiac diastolic function, are dependent on these volume changes in the heart 

(15). 

 

The aim of this study was to compare transmitral peak velocities, mitral annulus 

movement, LA size and Doppler TVI derived peak velocity, strain and strain rate between 

normal and changed preload conditions to see if any differences occur. 
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2. Material and methods 

2.1. Study population 

Twenty healthy volunteers with no evidence of cardiac disease in their medical history, no 

cardiac medication and no electrocardiographic (ECG) changes were examined with 

echocardiography. Only patients with sinus rhythm were included in the study. If the 

subject had a cardiac valve disease graded more than mild or an ejection fraction <50 % 

they was excluded from the study. The subject also were also excluded if they had high 

blood pressure (>140/90).  

 

2.2. Echocardiography 

The examination with ultrasound was performed with Vivid E9 (General Electric Health 

Care, Waukesha, WI, USA) and a standard phased array 3,5 MHz multi-frequency 

transducer.  

Echocardiographic images were acquired from the apical four chamber and two chamber 

views with the subject lying in a left lateral position. Cine loops of three complete 

heartbeats from the LA septal, lateral, inferior and anterior walls were recorded separately 

both with 2D image and Doppler TVI and stored digitally.  

The transmitral flow and pulmonary vein flow were measured with pulsed Doppler 

echocardiography with the sample volume placed at the tips of the mitral leaflets and in the 

right upper pulmonary vein respectively.  The mitral annulus movement was measured 

with Doppler TVI by integrating longitudinal velocities. All measurements were performed 

according to the guidelines of the American Society of Echocardiography and the 

European Association of Echocardiography (17). 

Baseline cine loops were recorded from each heart wall with a small ultrasound sector, to 

increase the frame rate (>100 fps), with extra focus on the LA (Test 1). Then the subject 

was tilted with the head down and feet up (20 degrees) to increase the preload and the 

same parameters were recorded (Test 2), and after that the subject was tilted with the head 

up and the legs down (20 degrees)to decrease the preload,  and the same parameters were 

recorded once more (Test 3). 
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The cine loops were analysed on an Echopac workstation, (1.1.12. General Electric Health 

Care). 

From the pulsed Doppler echocardiography of transmitral velocities, the early diastolic 

peak E velocity, late diastolic peak A velocity, the deceleration time (DT) and ratio 

between peak E and A velocities (E/A ratio) were acquired. The pulmonary vein flow 

velocities, systolic (S), diastolic (D), the retrograde diastolic wave and the ratio S/D, were 

measured with pulsed Doppler echocardiography by placing the sample volume in the 

upper right pulmonary vein. The LV systolic (S′) , LV early diastolic (E′) , and LV late 

diastolic (A′) peak velocities were measured by Doppler TVI in the septal, lateral, inferior 

and anterior LV wall and then an average of the four measurements were calculated (figure 

1).  

a)      b)            c) 

Figure 1. a) Transmitral early (E) and late (A) diastolic velocities and b) Pulmonary vein 

systolic (S), diastolic (D) and retrograde diastolic (Ar) flow measured by pulsed wave 

Doppler. c) Mitral annulus movement early (E’) and late (A’) diastolic velocities measured 

by Doppler tissue velocity imaging. 
   

a 
 

LA maximal volume was recorded at the onset of the mitral opening and the LA minimal 

volume was recorded at the onset of mitral closure calculated by Simpson’s rule in 4 

chamber and 2 chamber views.  

Strain curves are monophasic and strain rate curves are triphasic. Negative velocities 

represent myocardial motion away from the LV apex during diastole. The LA peak tissue 

velocities and strain rate during the LV systole (positive peak), early and late LV diastole 

(negative peaks) were measured for evaluating the LA reservoir, conduit, and contractile 

function (figure 2 and 3). The peak LA strain (positive peak) during the LV late systole 

was measured to evaluate the LA reservoir function (figure 4). To derive velocity, strain 
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and strain rate a 6x3 mm region of interest (ROI) with elliptical shape was manually 

tracked frame by frame to maintain its position within the atrial wall.  

The ROI was placed in the mid atrial wall to record velocities that not are affected by the 

movement of the mitral annulus and LV. Each parameter was evaluated by averaging at 

least three measurements. 

 

 

 

 

 

 

 

Figure 2. Peak left atrial velocities during left ventricular systole, and early and late 

diastole measured with tissue velocity imaging. 

 

Figure 3. Peak left atrial strain rate during left ventricular systole, and early and late 

diastole measured with tissue velocity imaging. 

 

Figure 4. Peak left atrial strain during the left ventricle systolic phase measured with tissue 

velocity imaging.  
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2.3. Reproducibility 

Doppler TVI peak strain and strain rate from the LA were analysed on six subjects for 

intra- and interobserver variability. The interobserver measurements were analysed by two 

separate observers independently, and the intraobserver measurements were performed 

with more than one week apart. The LA peak strain and strain rate from the LA posterior 

wall was measured from test 1 in all of the 6 subjects. The measurements were averaged 

for at least three measurements on each segment. 

 

2.4. Statistical analyses 

All normally distributed data were reported as the mean ± standard deviation (SD). Data 

that were not normally distributed were reported as median ± interquartile range (IQR), 

and the assessment of the statistically difference between the groups were measured with 

Related-sample Wilcoxon Signed Rank test. The estimation of intra- and interobserver 

variability was performed using the Bland-Altman analysis (18) and coefficients of 

variation (19). All data analyses were performed using Statistical package of the social 

science (SPSS, v21.0). P-value <0,05 was considered as statistically significant.  

 

2.5. Ethical consideration 

Echocardiography is a non-invasive, painless examination and gives no radiation. There 

are no side effects of the examination.  

The tilting with the head down and feet up can feel slightly unpleasant but lasts no longer 

than five minutes. 

Therefore an ethical application was not considered to be necessary. The participants gave 

prior informed consent.  
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3. Results 

The clinical characteristics of the subjects are summarized in Table 1. The mean age of the 

subjects was 37,0±8,6 years and 11 subjects were females (55 %). 

 

Table 1. Baseline characteristics of 20 patients presented in mean ± SD. 

 

 

 

 

 

 

There were significant increase in both LA maximal area and the LA maximal volume 

between test 1 test 2 (p = 0,002 resp. 0,001). There were no differences in the LA maximal 

area and volume between test 1 and test 3. The transmitral velocities E and E/A showed 

small difference between the tests, but only the E-values in test 1 compared to test 3 had a 

significant decrease (p = 0,001).  

The LV systolic S′ velocity, LV early diastolic E′ velocity, and LV late diastolic A′ 

velocity measured by Doppler TVI showed no statistically differences between the tests.  

The pulmonary vein flow velocities showed a statistical difference in systolic S and the 

ratio S/D in test 1 compared to both test 2 and test 3 (p=0,05 and p= 0,017 ;and p= 0,033 

and p= 0,004 respectively). (Table 2)  

 

 

 

 

 

 

 

 

Age (years) 37,0±8,6 

Female (%) 55 

Heigth (cm) 173,2±11,8 

Weight (kg) 76,5±16,2 
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Table 2. Median ± interquartile range for left atrial area and volume, transmitral flow, 

pulmonary vein flow and mitral annulus movement measurements. Test 1=normal 

conditions, Test 2=increased preload and Test 3=Decreased preload. n represents n=20, ˟ 

represents n=16. * p<0,05 

 Test 1 Test 2 P-value  

(Test 1 vs Test 2) 

Test 3 P-value  

(test 1 vs test 3) 

LA maximal area (cm2) n  16,90±3,70 19,55±4,50 0,002* 17,80±4,70 0,199 

LA maximal volume (ml) n 48±24 57±27 <0,001* 47±14 0,203 

E-wave (m/s) n 0,75±0,21 0,79±0,19 0,126 0,68±0,22 0,001* 

A-wave (m/s) n 0,58±0,19 0,55±0,23 0,888 0,51±0,22 0,079 

E/A n 1,35±0,60 1,45±0,48 0,099 1,34±0,48 0,467 

DT (ms) n 166,2±30,8 166,3±38,1 0,444 178,8±40,5 0,444 

E’ (m/s) ˟  0,13±0,04 0,13±0,04 0,377 0,12±0,03 0,062 

A’(m/s) ˟ 0,08±0,03 0,08±0,02 0,523 0,08±0,02 0,623 

S’(m/s) ˟  0,08±0,03 0,08±0,02 0,329 0,09±0,01 0,250 

E/E ˟  6,47±1,84 6,61±1,53 0,587 6,13±1,53 0,569 

Pulm S (m/s) n 0,51±0,16 0,54±0,15 0,050* 0,42±0,11 0,017* 

Pulm D (m/s) n 0,46±0,11 0,44±0,10 0,445 0,48±0,16 0,060 

Pulm A (m/s)n 0,25±0,19 0,27±0,05 0,325 0,26±0,06 0,418 

Pulm S/D n 1,09±0,53 1,15±0,41 0,033* 0,87±0,37 0,004* 

 

LA=left atrium, E-wave=early diastolic transmitral velocity, A-wave= late diastolic transmitral velocity, E/A = ratio 

between early and late diastolic transmitral flow, DT=deceleration time of the E-wave, E’=early diastolic mitral annulus 

movement, A’= late diastolic mitral annulus movement, S’=systolic mitral annulus movement, E/E’= ratio of E-wave and 

E’, Pulm S=Systolic Pulmonary vein flow, Pulm D=diastolic Pulmonary vein flow, Pulm A= retrograde diastolic 

pulmonary vein flow and Pulm S/D = The ratio between pulmonary systolic and diastolic vein flow. 
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There were no differences between the tests in the LA tissue velocities in LV systole but 

there was a significant decrease in the global measurements in both the LV early and late 

diastolic velocities (p 0,001 and p 0,015) between test 1 and test 3. In the late diastolic 

velocity, there was also a significant difference between test 2 and test 3(p 0,002). In the 

lateral wall both the early and late diastolic velocities showed significant decrease between 

test 1 and test 3 (p=0,017 for early diastole and p=0,003 for late diastole). (Table 3). 
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Table 3.  Median± interquartile range and p-values from left atrial tissue velocities from 

the left ventricular (LV) systolic, early and late diastolic wave in 20 subjects from test 1, 2 

and 3. Test 1=normal conditions, Test 2=increased preload and Test 3=Decreased preload. 

* p<0,05 

N = 20 Test 1 Test 2 P-value  

(test 1 vs. test 2) 

Test 3 P-value  

(test 1 vs. test 3) 

p-value  

(test 2 vs. Test 3) 

Left atrial tissue velocity. LV systole (cm/s) 

Lateral 6,25±3,74 5,54±2,41 0,076 6,31±2,19 0,145 0,654 

Septal 5,29±1,8 5,28±0,96 0,709 5,51±1,56 0,751 0,794 

Anterior 5,97±3,82 5,74±1,44 0,370 6,12±3,60 0,204 0,073 

Posterior 4,87±1,69 5,39±1,80 0,911 5,22±1,39 0,911 1,000 

Global 5,69±2,34 5,45±1,74 0,159 5,82±1,80 0,853 0,202 

Left atrial tissue velocity, LV early diastole (cm/s) 

Lateral -8,20±6,56 -6,85±3,87 0,351 -6,38±3,86 0,017* 0,550 

Septal -7,11±2,80 -7,04±2,40 0,411 -6,59±1,83 0,086 0,422 

Anterior -7,64±3,54 -8,43±2,89 0,526 -7,29±5,65 0,433 0,563 

Posterior -7,07±2,38 -7,61±3,41 0,852 -6,15±2,11 0,062 0,052 

Global -7,21±3,44 -7,54±3,08 0,650 -6,38±3,42 0,001* 0,053 

Left atrial tissue velocity, LV late diastole (cm/s) 

Lateral -6,10±3,53 -5,74±2,75 0,550 -5,04±2,39 0,003* 0,025* 

Septal -5,25±1,91 -5,64±1,95 0,709 -5,11±1,23 0,046* 0,009* 

Anterior -5,99±4,12 -5,90±3,86 0,433 -6,06±3,71 0,370 0,765 

Posterior -5,93±1,89 -6,41±3,08 0,526 -5,68±1,92 0,370 0,018* 

Global -5,78±2,69 -5,74±2,86 0,255 -5,27±2,17 0,015* 0,002* 
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The global LA peak strain rate and the peak strain rate from the lateral wall had a 

significant decrease between test 1 and test 3 in early diastole (p=0,019 resp p=0,003). 

There was also a significant decrease in the LA peak strain rate from the lateral wall in 

systole between test 2 and test 3 (p=0,014) (table 4). 
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Table 4. Median± interquartile range and p-values from left ventricular peak systolic strain and 

systolic, early and late diastolic strain rate from the left atrium in 20 subjects from test 1, 2 and 3. 

Test 1=normal conditions, Test 2=increased preload and Test 3=Decreased preload. * p<0,05 

N = 20 Test 1 Test 2 P-value (test 1 vs. test 2) Test 3 P-value (test 1 vs. test 3) p-value (test 2 vs. Test 3) 

Peak left atrial strain Left Ventricle (LV) systole (%) 

Lateral 24,1±4,4 25,9±4,0 0,184 25,5±3,2 0,563 0,587 

Septal 25,5±2,9 24,4±4,8 0,255 24,7±3,2 0,779 0,852 

Anterior 26,5±3,9 25,7±5,3 0,601 25,4±2,9 0,872 0,837 

Posterior 27,1±4,5 28,2±3,7 0,538 26,6±5,3 0,526 0,401 

Global 25,7±4,0 26,0±4,5 0,579 25,3±3,7 0,587 0,517 

Left atrial strain rate, LV systole ( /s) 

Lateral 1,67±0,69 1,59±0,69 0,263 1,55±0,50 0,296 0,014* 

Septal 1,54±0,79 1,55±0,85 0,411 1,44±0,76 0,627 0,526 

Anterior 1,59±0,44 1,66±0,70 0,351 1,71±1,03 0,135 0,466 

Posterior 1,69±0,62 1,83±0,40 0,627 1,60±0,68 0,601 0,156 

Global 1,60±0,62 1,69±0,56 0,073 1,59±0,73 0,857 0,076 

Left atrial strain rate, LV early diastole ( /s) 

Lateral -2,85±0,77 -2,47±0,69 0,145 -2,24±1,10 0,003* 0,191 

Septal -1,65±1,22 -2,01±1,07 0,823 -1,65±1,06 0,970 0,709 

Anterior -2,73±1,86 -2,30±1,59 0,191 -2,12±1,79 0,204 0,970 

Posterior -1,90±0,63 -2,25±0,91 0,048* -1,89±1,23 0,709 0,093 

Global -2,16±1,46 -2,28±0,90 0,768 -1,99±1,36 0,019* 0,104 

Left atrial strain rate, LV late diastole ( /s) 

Lateral -1,50±1,09 -1,48±1,23 0,825 -1,55±1,12 0,837 0,370 

Septal -1,53±0,52 -1,84±0,97 0,296 -1,74±0,80 0,765 0,794 

Anterior -1,67±1,05 -1,57±1,59 0,654 -1,55±1,45 0,765 0,737 

Posterior -1,91±1,30 -1,58±4,01 0,370 -1,51±0,95 0,100 0,985 

Global -1,59±0,87 -1,62±1,26 0,745 -1,60±1,03 0,294 0,467 
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All images for the measuring of the left atrial area and volume, transmitral flow and 

pulmonary vein flow velocities hade adequate image quality. Four of the images form 

mitral annulus movement were missing, but the analysed images all had adequate quality. 

Of 240 segments from the LA, all (100 %) had adequate waveform for assessment of peak 

velocity and strain rate, and 239 (99,6 %) had adequate waveforms for assessment of peak 

systolic strain.  

 

Bland-Altman analysis showed no evidence of systematic difference between the two sets 

of measurements (no figure shown). Table 5 shows the absolute mean difference and 95 % 

limit of agreement of intra-and interobserver variability. The intra-and interobserver 

coefficients of variation for LA peak systolic strain was 18 % and 17 % respectively. For 

LA strain rate systolic, early diastolic and late diastolic it was 33 % and 35 %, 35 % and 18 

% and 36 % and 34 % respectively.  

 

Table 5. Bland-Altman analysis for intra-and interobserver variability and limit of agreement 

for left ventricular (LV) peak systolic strain and peak systolic, early and late diastolic strain 

rate of the left atrium measured from normal conditions.  

N=6 Intra-observer 

absolute mean 

difference ± SD 

95 % Limit of 

agreement 

Inter-observer 

absolute mean 

difference ± SD 

95 % Limit of 

agreement 

Left atrial strain rate, LV systole 0,187 ± 0,758 -1,300 to 1,674 -0,305 ± 0,378 -1,047 to 0,437 

Left atrial strain rate, LV early diastole -0,577 ± 1,305 -3,134 to 1,981 0,0567 ± 0,967 -1,839 to 1,952 

Left atrial strain rate, LV late diastole 0,237 ± 0,871 -1,470 to 1,943 -0,038 ± 0,528 -1,073 to 0,996 

Peak left atrial strain LV systole 0,203 ± 0,074 -0,125 to 0,166 0,013 ± 0,033  -0,125 to 0,150 
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4. Discussion 

4.1. Results 

This study is based on a small group of healthy subjects, who were exposed to relatively 

small changes in preload conditions. I choose to study subjects that were under the age of 

50 years to avoid changes in the LA function and morphology that comes with increased 

age, such as decreased transmitral E wave and increased A wave due to the slower 

relaxation of the LV. 

This study showed significant difference in both LA maximal area and LA maximal 

volume between test 1 and test 2, which indicates that the preload conditions were 

changed. There was no significant change between test 1 and test 3 and that can indicate 

that the provocation was too mild to change the preload condition or that the hearts of these 

healthy subjects had the ability to adapt quickly to this small volume change. In a study of 

Mendes et al the LA volume decreased significantly due to haemodialysis (8), which gives 

a larger preload change than just tilting the bed.  

The pulmonary vein flow showed statistical differences in both the systolic wave and the 

ratio between the systolic and diastolic wave between all tests with an increase from test 1 

to test 2 and a decrease from test 1 to test 3. The increase in the systolic pulmonary vein 

flow can be explained by the increased venous return due to the increased preload (test 1 – 

test 2). The decrease in venous return in test 3 is responsible for the decrease in the systolic 

pulmonary vein flow, even if the area and volume measurements are not changed.   

There were small and not significant changes in the transmitral flow velocities with 

increased velocities with increased preload and decreased velocities with decreased 

preload. Only the early diastolic wave in test 1 compared to test 3 showed a significant 

difference. Drighil A et al (12) suggest that the lateral mitral annulus is more resistant to 

acute change in preload than the septal side but this study showed no such difference. 

The TVI measurements of the mitral annulus movement in the present study were stable 

with very small changes between the tests. Caiani et al found an increase in E’ and A’ with 

increased venous flow and a reduction of S’, E’ and A’ with decreased venous flow in ten 

normal volunteers. The subjects in that study had a preload change induced by parabolic 
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flight (11), which probably led to a bigger change in preload conditions than in the present 

study.  

Pelà et al observed that S’, E’ and A’ decreased with reduced preload in ten healthy 

subjects who were exposed to lower body negative pressure (LBNP), and the reduction 

was significantly affected by preload change (13) and that result  were confirmed by 

another study by Sağ et al where the patients were examined before and after 

haemodialysis (20). 

The finding of no significant difference between the three tests in the early diastolic 

velocity (E’) in this present study is in line with Fijalkowski et al (21) who used 

haemodialysis as preload reduction. 

The global LA tissue velocities measured with TVI showed significant decreased in the 

both early and late diastole between test 1 and test 3. The difference in the late diastolic 

velocity between test 2 and 3 was also significant. In contrast Park et al found a significant 

difference in the systolic tissue velocity and no changes in the early and late diastolic tissue 

velocities. That study examined 41 patients with end stage renal disease had done 

echocardiography before and after haemodialysis (15). 

The global LA peak strain rate and the peak strain rate from the lateral wall had a 

significant difference between test 1 and test 3 in early diastole. This finding is similar to 

the result from the study from Park et al (15). 

The early diastolic wave of LA peak strain rate is assessed when the LA works mainly as a 

conduit and could be used as an index of the LA conduit function (22), which also can be 

measured by the E-wave from the transmitral flow and the early diastolic mitral annulus 

movement E’. In the present study E’ was the least load dependent measurement. 

Measurements of LA volume have been considered as a good indicator for LA reservoir 

function, but the peak systolic wave of the strain and strain rate measurement, which 

represents the passive stretching of the LA wall during LV systole, can also be used as an 

index for the LA reservoir function (22). The results in the present study indicate that both 

the peak systolic strain and strain rate measurements are less load dependent than the 

measurements of LA volume.  
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The late diastolic wave of LA strain rate could be used as an index of the LA contractile 

function. The late diastolic transmitral velocity (A) has been used as a parameter of LA 

contractility but it only reflects the pressure gradient between the LA and LV, not the 

direct function of the LA. The late diastolic mitral annulus movement (A’) has also been 

used for evaluating the contractile function. Mitral annulus movement is a direct indicator 

of the contractile function, but the effect from the LV movement on the LA myocardial 

movement is a problem. In this study the A-wave, the A’ the late diastolic strain rate 

measurements were all stable through the different preload conditions.  

 

4.2. Feasibility and Reproducibility 

The first four subjects in the present study did not generate any measurements of the mitral 

annulus velocities due to technical problems which were solved from subject number five. 

Those missing data would not have given a different result, because the measurements had 

a small variation between the subjects. 

The assessment of peak velocity, strain and strain rate had a very high feasibility. This 

study was based on examinations of healthy volunteers and high feasibility rate may not be 

reproduced in patients with difficult acoustic windows. 

Compared to healthy controls in other studies the measurements of peak velocity, strain 

and strain rate had similar results (15,23,24).  

The Bland-Altman analysis and the coefficients of variations showed a decreased 

reproducibility and peak systolic strain had better reproducibility than strain rate between 

the measurements both within and between observers. The Bland-Altman analysis results 

was is in line with the results from a study of Eshoo et al (25).  

The need to manually track the LA-wall and reposition the ROI on each wall, frame by 

frame, makes this method very time consuming. The mean time for the offline 

measurements for each test was 20 minutes. Similar results were noted by Ancona et al 

who concluded that the method also gave a decreased reproducibility (26).  

Other studies have found that strain rate imaging in the LA were successfully performed 

with high feasibility and modest reproducibility (6,22,24).  
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Since the amplitude of the estimated velocity is dependent on the angle between the 

myocardium and the ultrasound beam, accurate quantification of peak velocities can be 

difficult (27). One explanation to why there were differences between test 1 and test3 and 

not between test 1 and test 2 could be that when the subjects were tilted in test 3, in most of 

the subjects the image quality decreased and the angle between the beam and the 

myocardium increased.  

2D speckle-tracking is a newer, not angle dependent technique for assessment of strain and 

strain rate, which has increased in use for measuring LA functions. However the LA is a 

complex chamber for application of this technique because of its thin walls. The dropout at 

the LA appendage and origin of the pulmonary veins make the use of 2D speckle-tracking 

difficult (25). 

 

4.3. Conclusion 

All measurements of LA function had a high feasibility, but strain and strain rate measured 

with Doppler TVI had modest reproducibility and was time consuming. This study on a 

small group of healthy subjects had very small changes in the recorded parameters of LA 

function between the different preload conditions and most of the parameters including the 

strain and strain rate measurements were not affected by the preload change.  
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