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Abstract

Introduction: This study was carried out to (i) provide the methodology for determining
left atrial (LA) volume, emptying fraction and ejection force (LAEF), from real-time
3-dimensional echocardiography (RT3DE), and (ii) evaluate the effects of age and genderon
LAvolume and LAEF in awide age range of healthy participants. Materials and Methods:
RT3DE was performed in 102 healthy participants (age range, 20 to 80 years). From full-
volume datasets, LAendocardial borderswere automatically traced and LAvolumes were
determined. LAEF was calculated as 1/3xmitral annular area x (blood density) x (peak
velocity of A wave)? according to Newton’s law of motion and hydrodynamics; wherein
the mitral annular area (MVA) is traced using RT3DE and A is the peak Doppler-derived
blood velocity at atrial systole with the sample volume placed at the mitral annulus level.
Results: ANOVA analysis revealed that LA volume indices were significantly correlated
with age (r = 0.366, P <0.0001 for maximal volume index and r = 0.288, P <0.005 for
minimal volume index). LAEF was also significantly positively correlated with age (r =
0.49, P <0.0001). The LAemptying fraction was maintained across ages. LAvolume indices
and LAEF did not differ significantly with gender. Conclusion: Our data can be used as
normal reference values for LA volumes and LAEF. We have demonstrated that age is
positively related to LA volume indices and LAEF, which suggests that age-dependent
cut-off values should be considered in those with heart disease.
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Introduction

The left atrium (LA) plays the primary role in the
filling of the left ventricle (LV). A number of studies have
demonstrated that LA enlargement (i.e. volume increase)
is a negative prognostic factor for survival in patients with
a variety of cardiovascular disorders, including stroke,
congestive heart failure and myocardial infarction.'” In
the absence of mitral valve disease, an enlarged LA is
also a marker of chronic elevated LV filling pressures.’
LA ejection force (LAEF) is a measure of atrial systolic
function and plays an important role in LV diastolic filling.
In a similar way to LA enlargement, LAEF also serves as
an independent determinant of prognosis in patients with
heart failure.”® Real-time 3-dimensional echocardiography
(RT3DE) is anew non-invasive imaging technique that has
been shown to be useful for assessing LA volumes due to

its high feasibility rate of data acquisition and convenient
semi-automated offline analysis.” Unfortunately, the prior
methodology for LAEF determination'® has proven to
be inaccurate. Also, to our knowledge, there have been
no published studies on the effect of age and gender on
LA volume and LAEF as assessed by RT3DE in healthy
participants. Therefore, our main aims were to (i) provide
the methodology for determining LA volume, emptying
fraction and ejection force using RT3DE, and (ii) determine
the effects of age and gender on LA volumes and LAEF
using RT3DE in healthy participants across a wide range of
ages. Accordingly, the outcomes would establish reference
standards for future studies regarding the assessment of
LA volumes and contractile function in patients with atrial
fibrillation or LV diastolic dysfunction.
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Materials and Methods
Study Participants

From June 2008 through November 2009, we evaluated
137 healthy participants who underwent echocardiography.
Of these, 102 had good quality echocardiographic images
for LA volume assessment. The echocardiograms of
these participants were studied and their data analysed.
Participants included 46 males and 56 females, with age
ranging from 20 to 80 years (median age: 47 years). The
weight and height of all participants were recorded, and
their body surface area (BSA) was calculated. Participants
were divided into 5 groups according to theirage: <30 years,
30 to 40 years, 41 to 50 years, 51 to 60 years, and >61
years. The study protocol was approved by the Institutional
Review Board and informed consent was obtained from
all participants.

Echocardiography

Allparticipantsunderwenttransthoracic echocardiography
(IE33, Philips) according torecommended guidelines.' The
transmitral flow, pulmonary venous flow and tissue Doppler
imaging were recorded from a 2D apical 4-chamber view.
Mitral flow was recorded at the tips of the mitral leaflets and
at the level of the mitral annulus using pulse wave Doppler
during quietrespiration. The peak velocity of early diastolic
flow (E velocity), peak velocity of late diastolic flow (A
velocity) and the E/A ratio were determined. The average
value of septal and lateral E/E' indices was calculated as a
marker of LV diastolic filling pressure. Pulmonary venous
flow was recorded with the sample volume at 1 cm into the
pulmonary vein. Peak systolic velocity (S), early diastolic
velocity (D) and velocity at atrial contraction (AR) were
measured, and the S/D ratio was calculated. The 2D images
were obtained in standard apical 4- and 2-chamber views.
All measurements were assessed at 3 consecutive beats.
Each value was recorded, and the arithmetic mean was
calculated.

RT3DE for LA Volume and Function

The RT3DE was acquired using an X3-1 matrix transducer
on a Phillips IE33 (Phillips Medical Systems, Andover,
MA). Apical full-volume images were acquired over 4
cycles. The images were aligned to obtain the optimal
border delineation of the LA in the far field. The 3D
longitudinal axis was aligned parallel to the LA axis. The
3D transverse axis was placed at the level of the LA where
it crossed the 3D longitudinal axis approximately at the LA
geometric center point (Fig. 1A). Maximum LA volume
was measured in the frame just before mitral valve opening.
Minimum LA volume was measured in the frame just at
mitral valve closure.!? Semi-automatic LA border tracing

Figure 1A
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Fig. 1. From RT3DE, semi-automatic left atrial border tracing is carried
out by marking (e) at 4 mitral annular points (lateral, septal, inferior,
anterior) and an atrial superior dome point opposite the annulus (A). The
automatic border tracing is shown by the software. The left atrial end
diastolic volume (EDV), end systolic volume (ESV) and ejection fraction
(EF) are calculated automatically by the software and displayed on the
right side of the screen (B).

RT3DE: real-time 3-dimensional echocardiography, SV: stroke volume

was performed in LA systole and diastole by marking 4
mitral annular points (lateral, septal, inferior, anterior) and
anatrial superior dome point opposite the annulus (Fig. 1A).
The LA maximal and minimal volumes were automatically
calculated by the software. The LA emptying fraction was
calculated using the following formula: [(LA maximum
volume — LA minimum volume)/LA maximum volume]
x 100% (Fig. 1B).
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LAEF Determination

The LAEF has been proposed as a measure of atrial
biomechanical function.'” LAEF is the force exerted by the
LAto propel blood across the mitral valve into the LV during
atrial systole. Based on the Newtonian principle, the LAEF
is calculated as the product of the mass and acceleration
of blood from the LA during atrial systole. The mass of
the blood can be calculated as the product of the density
of blood (p = 1.06 g/cm?) and the volume of blood that
passes through the mitral annulus. In 1993, Manning et al'°
surmised LAEF to be: LAEF = 1/2 x pxMVA x A%, where
MVA is the mitral valve annulus area [=nx(MVD/2)?], on
the assumptions that (i) the mitral valve orifice is circular,
(i1) its diameter is measured from the apical 4-chamber view,
and (iii) A is the blood velocity at atrial systole (with the
sample volume placed at the mitral annulus level rather than
at the leaflet tips). However, the derivation of the Manning
formula is not accurate.'

We therefore decided to derive the LAEF based on
principles of hydrodynamics. Figure 2 shows the blood
velocity across the mitral annulus. During atrial systole, at

velocity, v

dt

Fig. 2. Schematic drawing of trans-mitral flow (Top) and pulsed Doppler
recording at mitral annulus (Bottom). The T is time to peak velocity A from
a reference point at the onset of atrial systole. The instantaneous velocity
v (at time t) is given by At/T, and mitral annulus area a (at time t) is given
by (MVA)UT.
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any time t, the instantaneous blood velocity v is deemed to
be given by v=At/T; and the mitral annulus area, a, is given
by a=(MVA)/T, wherein (i) T is the time to peak velocity
A, and (i1) MVA is the area corresponding to peak velocity.

Blood volume exiting during time interval dt is dV =
axvxdt, and the LAEF at time t during time interval dr is
equal to m(t)xdv/dt. Hence, the total LAEF is:

LAEF = fm(t)dv/dt )

Substituting m(t) = pavdt = p[(MVA)t /T][At / T]dt =
p (MVA)A(t /T)*dt and dv/dt = A/T into equation (1), we
obtain

LAEF = M [ (e he = %p(MVA)AZ )

Therefore, the final formula is as follows: LAEF = 1/
3x p(MVA)A?, where (i) p is the blood density (1.06 g/
cm?), (i) MVA is the mitral annulus area corresponding to
peak atrial velocity A, (iii) A is obtained by pulsed wave
recording when the sample volume is placed at the mitral
annulus level rather than at the leaflet tips, and (iv) the
peak velocity of A waves is obtained by averaging over 3
consecutive beats. Using RT3DE, the MVA is determined
by tracing the inner border of the mitral annulus. Examples
of measurements employed for LAEF in young and older
healthy participants are shown in Figure 3.

Inter-observer Viability Test

The results of 20 participants were randomly selected
and repeat analyses were independently performed by
2 investigators who were each blinded to the other’s
results. The inter-observer reproducibility was assessed
by calculating the mean difference and standard deviation
between the results, with the percentage variability equal to
the mean of the absolute values of the differences between
the 2 measurements divided by their mean.

Statistical Analysis

Continuous variables are presented as mean+SD,
and dichotomous variables as number and percentage.
Differences in continuous variables between groups were
calculated using one-way analysis of variance (ANOVA)
with post hoc Bonferroni correction. Gender differences
were determined by using an independent-sample test. The
relationship between continuous variables was analysed
by using regression analysis and the Pearson’s correlation
coefficient. A P value <0.05 defined a significant result.
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Results

Participant physical characteristics are shown in Table
1. The significant findings were a decrease in height and
an increase in systolic blood pressure with increasing age.

LA volume and function from RT3DE

The data on LA volumes using RT3DE are shown in
Table 2. LA volumes significantly increased with age. The
LA maximal and minimal volume indices were correlated
with age (r = 0.366, P <0.0001 and r = 0.288, P <0.005,
respectively). Overall, no differences were found between
men and women regarding LA maximum and minimum
volumeindices (Fig.4). Asnotedin Table 2, the LA emptying
fraction was maintained across ages. As expected, the E/A
ratio declined significantly with age (P <0.0001). The E/E'

Table 1. Participant Physical Characteristics

Fig. 3. Sample measurements of LA ejection force for young
healthy participant (25 years old) (upper panel) and older
healthy participant (63 years old) (lower panel). Mitral annulus
area is measured by RT3DE (left column) and peak velocity
of A wave (right column) was measured by pulsed-Doppler
echocardiography. The calculated LA ejection force was 3.11
kdyne and 9.40 kdyne in the young and older participant,
respectively.

LA: left atrial; RT3DE: real-time 3-dimensional
echocardiography

and S/D ratios increased, and the pulmonary vein diastolic
velocity (D) decreased significantly with age (all P<0.0001).
The LAmaximum volume index was positively significantly
associated with septal E/A' (r=0.23, P <0.05), septal E/E'
(r=0.26, P <0.05) and lateral E/E' (r = 0.18, P = 0.075)
and the average of both (r = 0.20, P <0.05).

LA Ejection Force

We found that LAEF increased significantly with age (r=
0.49, P<0.0001) (Table 2). Overall, no differences between
men and women were found in LAEF (Fig. 5). LAEF was
positively associated with E/A ratio of the mitral flow (r
=0.59, P <0.0001), septal E'/A" (r=0.49, P <0.0001) and
E/E' (r=0.45, P <0.0001).

Characteristic <31 31to40 41 to 50 51 to 60 >60 ANOVA
(n=20) (n=22) (n=14) (n=27) (n=19) P value
Male (%) 45 50 26 53 0.36
Weight (kg) 61+13 64+ 15 70 £13 6110 61+9 0.18
Height (cm) 166 + 8 166 + 10 164+9 160+ 7 160 + 8 0.04
BSA (m?) 1.67+0.18 1.71+0.23 1.76 £0.19 1.63+£0.16 1.63+£0.16 0.18
HR (bpm) 74+ 11 73+ 10 78+ 8 72+11 75+9 0.39
Systolic BP (mmHg) 118+ 10 119+ 14 123 £ 11 122+ 14 130+ 9* 0.03
Diastolic BP (mmHg) 71+9 76 + 10 76 +8 72+8 75+9 0.20

*P <0.05 vs participants aged <31 years

ANOVA: analysis of variance; BP: blood pressure; bpm: beats per minute; BSA: body surface area; HR: heart rate
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Table 2. Left Atrial Volume and Function, and Left Atrial Ejection Force, in Normal Participants by Age

Characteristic <31 31-40 41-50 51-60 >60 ANOVA
(n=20) (n=22) (n=14) (n=27) (n=19) P value
Maximal volume index, (mL/m?) 19+4 21+4 22+6 24 + 4% 25 + 5% 0.004
Minimum volume index, (mL/m?) 9+2 11+4 10+£2 11+3 13 +£4* 0.022
LA emptying fraction, (%) 50+9 50+ 11 54+9 54+7 48+9 0.21
E/A ratio 1.9+0.4 1.9+0.6 1.3 £0.4% 1.4 +£0.4% 1.1+£0.5% <0.0001
DT(s) 0.20 £ 0.03 0.24 +0.09 0.23 £0.03 0.23 £0.02 0.25+0.04 0.052
E/E' ratio 74+£15 78+15 9.0+23 9.9 + 1.6% 10.0 £2.2%F <0.0001
Pulmonary vein S velocity (cm/sec) 48+ 10 55+ 10 54+12 S6+12 56+ 14 0.033
Pulmonary vein D velocity (cm/sec) 52+12 53+11 46 + 10 44 + 10*t 41 + 8*f 0.001
Pulmonary vein AR velocity (cm/sec) 24+4 2523 32+18 28 + 4*f 30 + 7*F 0.022
S/D ratio 0.95+0.28 1.05+0.21 1.21+0.32 1.32 +0.30*f 1.37 +£0.32%* <0.0001
LA ejection force (kdyne) 40+14 40+13 54+22 52+2.1 5.8 +£2.0% <0.005

*P <0.05 vs participants aged <31 years
P <0.05 vs participants aged 31 to 40 years

ANOVA: analysis of variance; AR: atrial reversal of flow in late diastole; D: peak diastolic velocity; DT: deceleration time; E/A: peak velocity of early
diastolic flow / peak velocity of late diastolic flow; E/E’: peak velocity of early diastolic flow across mitral valve / peak septal annular velocity of early

diastole; LA: left atrium; S: peak systolic velocity

Inter-observer Variability

The mean inter-observer difference for maximum
LA volume index was 1.05 £+ 0.84 mL/m? whereas the
percentage variability was 5.53 + 4.46%. The mean inter-
observer difference for LAEF was 0.42 + 0.31 kdyne,
whereas the percentage variability was 6.70+3.12% (Table
3). The propagation error analysis for LAEF is shown in
the Appendix.
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Fig. 4. Maximum and minimum LA volume indices in healthy participants
across 5 age groups according to gender. Data are expressed as mean and
95% CI. LA volume increases significantly with age, but is not significantly
different between males and females.
CI: confidence interval; LA: left atrial
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Discussion

The main finding of our study was that age is positively
associated with LA enlargement. This is likely to be a result
of impaired LV diastolic function with increasing age. This
is also shown by the analysis of transmitral flow patterns,
detected using pulse-wave Doppler and tissue Doppler
imaging, in which there is a progressive increase in LAEF
in older participants. There was no effect of gender on LA
volume indices or LAEF. Our population study showed age
to be very strongly associated with LA volume indices and
LAEF, which indicates that ageing should be considered an
independent factor in the development of LV compliance
abnormalities.

101 M Male
El Female

LA gjection force (kdynes)

<31 31-40

41-50 51-60 =60
Age (years)

Fig. 5. LA ejection force in healthy participants across five age groups
according to gender. Data are expressed as mean and 95% CI. LA
ejection force increases significantly with age, but is not significantly
different between males and females.
CI: confidence interval; LA: left atrial
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Table 3. Inter-observer Variability for Left Atrium Volumes, Emptying
Fraction and Ejection Force

Characteristic ~ Maximal Minimal  Emptying LA
volume volume fraction ejection
index index (%) force
(mL/m2) (mL/m2) (kdyne)
Mean 19.9+4.5 8.7+2.0 56+4 5.0+1.8
Mean 1.1+£09 0.6+0.4 3+£3 0.42+0.31

difference

% variability 553+446 689+4.71 501+443 6.70+3.12

Correlation 0.97 0.94 0.67 0.96
coefficient
t-test P value NS NS NS NS

Mean, Mean difference and % variability are mean+SD

LA: left atrium; NS: not significant

LA volume determination using RT3DE

Three-dimensional echocardiography evaluation of LA
volume has been shown to be accurate and to correlate well
with gold standard magnetic resonance imaging (MRI).
Initial work on 3D volume estimation'*'> was done by
using the non-real-time echocardiography, which is labour
intensive and time-consuming as the images had to be
manually acquired using a 2D rotating transducer and then
reconstructed off-line on the workstation. The images are also
subjected to motion and respiratory artifact. Nevertheless,
they showed good correlation with MRI estimations of LA
volume (r = 0.90, SEE =9.6 mL, P <0.001). Recent work
by Artang etal’ using RT3DE has confirmed the accuracy of
3D echocardiography for LA volume estimation compared
to MRI (r = 0.86 for systole, r = 0.76 for diastole, r = 0.88
for ejection fraction, P <0.0001 for all). Furthermore, 3D
echocardiography has been shown to be more accurate in
the estimation of LA volume than either M-mode or 2D
echocardiography. Jenkins etal'¢ assessed LA volume using
M-mode and 2D echocardiography methods (including
area-length and Simpson’s methods) in 106 patients and
compared the results to measurements made using RT3DE.
They showed greater test-retest variation in M-mode and
2D echocardiography estimation of LA size compared
to RT3DE (r = 0.98, P <0.01). Inter-observer agreement
between measurements was best for RT3DE (r = 0.99, P
<0.01), and worst for M-mode (r = 0.89, P <0.01).

The study by Artang et al® showed that echocardiography
systematically underestimates LA volumes compared to
MRI. This phenomenon is based on previous comparisons of
echocardiography versus MRI and gated cardiac computer
tomography for assessment of LA volumes.'*!”:'8 A likely
explanation is the difference in spatial image resolution
between the 2 imaging techniques. In RT3DE, the apical
window places the LA inthe far field of the ultrasound beam,

resulting in loss of lateral image resolution. MRI enables
better image resolution and thus permits more accurate
border detection of the LA compared to RT3DE, which
could explain the difference in volume observed between
these modalities in the literature. The underestimation of
LA maximal and minimal volumes by RT3DE results in
mild overestimation of LAEF compared to MRI. In the
present study, however, we did not perform MRI for all
participants and we were therefore unable to compare LA
volume variations between MRIand RT3DE measurements.

Overall, the RT3DE with semi-automatic border detection
is a practical alternative for obtaining LA volume, and
has been shown to have good correlation with MRI
measurements.” Furthermore, with RT3DE, LA volume
data can be obtained at multiple time points per cardiac
cycle, which is suited for studying the phasic changes in
LA volumes.

LAEF Determination using RT3DE

Manning et al'® introduced the LAEF concept in 1993
and calculated it using transthoracic echocardiography with
the formula 1/2xpxMVAXAZ, In 2000, Tokushima et al'
derived the formula with a different coefficient “1/3” based
onhydrodynamic principles, butdid notprovide the detailed
derivation. In this study, we have systematically derived
the formula for LAEF. The values of LAEF in healthy
participants in our study were different from Manning’s
study due to the different coefficient value in the formula
and the use of different methods. Our derivation provides
a mathematically-based scientific insight into the basis
and use of the LAEF formula. In our derivation, the mitral
annulus area is obtained using RT3DE, and the mitral flow
velocity A is measured by placing the sample volume at
the mitral annulus position. A minor technical limitation
on the use of the LAEF formula is the non-simultaneous
measurements of the peak velocity A and the mitral annulus
area. From the formulation, we see that the propagation
error of LAEF originates from the measurement of mitral
annulus area and peak velocity A. Our propagation error
analysis found an error of 5.06%.

Effect of age on LA Volume, Emptying Fraction and
Ejection Force

The effect of age on LA volume and function has been
studied using 2D and 3D echocardiography.®?*?* Spencer
et al** studied LA volumes via cross-sectional acoustic
quantification in a large group of healthy participants
aged 3 to 79 years using 2D echocardiography. Similar 2D
echocardiography studies of elderly participants (mean age:
76 years) have recently been reported.’>** These studies
have shown age and sex differences in LA volumes. In
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vivo validation studies have found that compared to 3D
echocardiography and MRI, 2D echocardiography is likely
to underestimate LA volume.'* In 2003, Poutanen et al*
reported LA volumes and function assessed using 3D
echocardiography in 169 healthy children and young adults
and found that LA volume indices increase with growth,
with no differences between boys and girls. The major
limitation of that study was the use of non-real-time 3D
echocardiography, wherein LA volume was reconstructed
offline. In order to overcome this problem, RT3DE (using a
matrix probe) is carried out for acquisition of instantaneous
volumetric images. Rapid image acquisition also decreases
the risk of motion artifact.

In our current study, we found a significant correlation
between LA volume and age using RT3DE. In contrast,
a study by Thomas et al’® showed that normal ageing did
not affect atrial size. However, similar to our finding, other
studies have reported age-related LA enlargement that may
be a consequence of abnormal relaxation rate with age.>*%-%!
We found no significant difference in LA volume between
men and women. Greater age did not appear to affect the
LA emptying fraction.

Manning et al'®was the first to report that LAEF provides
aphysiologic assessment of atrial systolic function. Mattioli
etal®’ also reported that LAEF correlated with age (r=0.90)
inhealthy participants. A similar age-dependent relationship
was found in 35 healthy participants (r = 0.74, P <0.0001)
by Inoue et al'® and in 356 hypertensive patients (r = 0.34,
P <0.001) by Cioffi et al.”® Our current study confirmed this
positive correlation between LAEF and age. Our explanation
isthatincreasing age results in impairment of LV relaxation
(i.e. the LV stiffens with age), whereby filling is reduced at
early diastole.” Thus, a greater LAEF isrequired, providing
a booster that the heart needs to pump blood from the LA to
ensure adequate filling of the LV. We found no significant
difference in LAEF between men and women.

Limitations

First, this study was limited by a relatively small sample
size, which may limit the power of statistical analysis.
Second, we did not measure the LA volume at the P wave
on the ECG. Thereafter, the passive and active emptying
fractions of LA were not calculated. Third, there is a lack of
validation of echocardiographic findings with independent
methods of assessment (i.e. MRI).

Conclusion

RT3DE is well suited to the study of LA volume and
LAEF. Age appears to be positively related to LA volume
indices and LAEF, which suggests thatage-corrected values
should be considered for healthy individuals and for those
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with heart disease.

Acknowledgements

This work was partially supported by a research grant NMRC/
NIG/1006/2009 (Zhong L) from the National Medical Research Council
(NMRC), Singapore. Wewould like to thank Ms Lay-Hong Chua, Ms Lay-Kian
Gohand Dr Fei-Qiong Huang for their help in performing echocardiographic
measurements. We acknowledge the editorial support of Jon Kilner, MS, MA
(Pittsburgh, PA, USA) and Augustus John Rush, M.D. (Duke-NUS, Graduate
Medical School, Singapore).

REFERENCES

1. Moller JE, Hillis GS, Oh JK, Seward JB, Reeder GS, Wright RS, et al.
Leftatrial volume, a powerful predictor of survival after acute myocardial
infarction. Circulation 2003;107:1-6.

2. Pritchett AM, Jacobsen SJ, Mahoney DW, Rodeheffer RJ, Bailey
KR, Redfield MM. Left atrial volume as an index of left atrial size: a
population-based study. J Am Coll Cardiol 2003;41:1036-43.

3. RossiA, Cicoira M, Bonapace S, Golia G, Zanolla L, Franceschini L, et
al. Left atrial volume provides independent and incremental information
compared with exercise tolerance parameters in patients with heart failure
and left ventricular systolic dysfunction. Heart 2007;93:1420-5.

4. Sabharwal N, Cemin R, Rajan K, Hickman M, Lahiri A, Senior R.
Usefulness of left atrial volume as a predictor of mortality in patients
with ischemic cardiomyopathy. Am J Cardiol 2002;94:760-3.

5. Tsang TSM, Barnes ME, Gersh BJ, Bailey KR, Seward JB. Left atrial
volume as a morphophysiologic expression of left ventricular diastolic
dysfunction and relation to cardiovascular risk burden. Am J Cardiol
2002;90:1284-9.

6. Murata M, Iwanaga S, Tamura Y, Kondo M, Kouyama K, Murata M, etal.
Areal-time three-dimensional echocardiographic quantitative analysis of
left atrial function in left ventricular diastolic dysfunction. Am J Cardiol
2008;102:1097-102.

7. Stefanadis C, Dernellis J, Toutouzas P. A clinical appraisal of left atrial
function. Eur Heart J 2001;22:22-36.

8. Triposkiadis F, Harbas C, Sitifadis G, Skoulagiris J, Demopoulos V,
Kelepeshis G. Echocardiographic assessment of left atrial ejection force
and kinetic energy in chronic heart failure. Int J Cardiovasc Imaging
2008;24:15-22.

9. Artang R, Migrino RQ, Harmann L, Bowers M, Woods TD. Left atrial
volume measurement with automated border detection by 3-dimensional
echocardiography: comparison with magnetic resonance imaging.
Cardiovasc Ultrasound 2009;7:16.

10. Manning WJ, Silverman DJ, Katz SE, Douglas PS. Atrial ejection force:
a noninvasive assessment of atrial systolic function. J Am Coll Cardiol
1993;22:221-5.

11. Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, Pellikka
PA, et al. Recommendations for chamber quantification: a report from
the American Society of Echocardiography’s Guidelines and Standards
Committee and the Chamber Quantification Writing Group, developed
in conjunction with the European Association of Echocardiography, a
branch of the European Society of Cardiology. ] Am Soc Echocardiogr
2005;18:1440-63.

12. Abhayaratna WP, Seward JB, Appleton CP, Douglas PS, Oh JK, Tajik AJ,
et al. Left atrial size: physiologic determinants and clinical applications.
J Am Coll Cardiol 2006;47:2357-63.

13. Inoue J, Ogata T, Ohtsubo Y, Tokushima T, Tsuji S, Utsunomiya T, et al.
Left atrial ejection force (LAEF) in patients with hypertension: LAEF is



168

14.

15.

19.

20.

21.

LA Ejection Force and Volume by RT3DE—Liang Zhong et al

decreased in hypertensive patients with left ventricular failure or atrial
fibrillation. J Clin Basic Cardiol 2002;5:237-40.

Keller AM, Gopal AS, King DL. Left and right atrial volume by freehand
three-dimensional echocardiography: in vivo validation using magnetic
resonance imaging. Eur J Echocardiogr 2000;1:55-65.

Rodevan O, Bjornerheim R, Ljosland M, Maehle J, Smith HJ, Thlen H. Left
atrial volumes assessed by three- and two-dimensional echocardiography
compared to MRI estimates. Int J Card Imaging 1999;15:397-410.

. Jenkins C, Bricknell K, Marwick TH. Use of real-time three-dimensional

echocardiography to measure left atrial volume: comparison with other
echocardiographic techniques. J Am Soc Echocardiogr 2005;18:991-7.

. Jenkins C, Chan J, Hanekom L, Marwick TH. Accuracy and feasibility

of online 3-dimensional echocardiography for measurement of left
ventricular parameters. J Am Soc Echocardiogr 2006;19:1119-28.

. Kircher B, Abbortt JA, Pau S, Gould RG, Himelman RB, Higgins CB,

et al. Left atrial volume determination by biplane two-dimensional
echocardiography: validation by cine computed tomography. Am Heart
J1991;121:864-71.

Tokushima T, Utsunomiya T, Yoshida K, Kido K, Ogawa T, Ryu T, et
al. Left atrial systolic function assessed by left atrial ejection force in
patients with sick sinus syndrome and paroxysmal atrial fibrillation. Jpn
Heart J 2000;41:723-31.

De Castro S, Caselli S, Di Angelantonio E, Del Colle S, Mirabelli F,
Marcantonio A, et al. Relation of left atrial maximal volume measured
by real-time 3D echocardiography to demographic, clinical and Doppler
variables. Am J Cardiol 2008;101:1347-52.

Gottdiener JS, Kitaman DW, Aurigemma GP, Arnold AM, Manolio TA.
Left atrial volume, geometry and function in systolic and diastolic heart

22.

23.

24.

25.

26.

27.

28.

29.

failure of persons > or = 65 years of age (the Cardiovascular Health
Study). Am J Cardiol 2006;97:83-9.

Okamatsu K, Takeuchi M, Nakai H, Nishikage T, Salgo IS, Husson S, et
al. Effects of aging on left atrial function assessed by two-dimensional
speckle tracking echocardiography. J Am Soc Echocardiogr2009;22:70-5.

Poutanen T, Jokinen E, Sairanen H, Tikanoja T. Left atrial and left
ventricular function in healthy children and young adults assessed by
three-dimensional echocardiography. Heart 2003;89:544-9.

Spencer KT, Mor-Avi V, Gorcsan J 3rd, DeMaria AN, Kimball TR,
Monaghan MJ, et al. Effect of aging on left atrial reservoir, conduit and
booster pump function: a multi-institution acoustic quantification study.
Heart 2001;85:272-7.

Aurigemma GP, Gottdiener JS, Arnold AM, Chinali M, Hill JC, Kitzman
D. Left atrial volume and geometry in healthy aging: the cardiovascular
health study. Circ Cardiovasc Imaging 2009;2:282-9.

Thomas L, Levett K, Boyd A, Leung DYC, Schiller NB, Ross DL.
Compensatory changes in atrial volumes with normal aging: is atrial
enlargement inevitable? J] Am Coll Cardiol 2002;40:1630-5.
Mattioli AV, Tarabini CE, Vivoli D, Molinari R, Mattioli G. Atrial ejection
force: findings in healthy subjects. Cardiologia 1995;40:341-5.

Cioffi G, Mureddu GF, Stefenelli C. Influence of age on the relationship
between atrial performance and left ventricular systolic and diastolic
function in systemic arterial hypertension. Exp Clin Cardiol 2006;11:305-
10.

Nagueh SF, Appleton CP, Gillbert TC, Marino PN, Oh JK, Smiseth OA,
et al. Recommendations for the evaluation of left ventricular diastolic
function by echocardiography. J Am Soc Echocardiogr 2009;22:107-33.

Annals Academy of Medicine



LA Ejection Force and Volume by RT3DE—Liang Zhong et al 169

Appendix

Propagation of error analysis for LA ejection force:

For the LA ejection force = 1/3 x p x MVA x A% where MVA is the mitral valve annulus area, p is blood density and A
is the velocity of atrial filling.

Hence, MVA and A are two measured quantities with errors AMVA and AA, respectively. By using the Pythagorean
theorem, we obtain ALAEF/LAEF=2((AMVA/MVA)**+(AA/A)*)"?. Here we take the intra-observer variability as measurement
errors in D and A. AMVA/MVA = 4.89 %, AA/A =1.32 %, and then the error in the index ALAEF/LAEF = 5.06%.
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