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Abstract
Different cut-offs have been proposed for left atrial (LA) size. Furthermore, conflicting results have been reported about the 
influence of age on LA size and data on the impact of age on LA myocardial function are scanty. The aim of this study was 
to derive references values for LA size and function in healthy subjects and to evaluate the impact of age. We conducted a 
systematic literature search of MEDLINE database. We included only studies evaluating healthy subjects, with age ranged 
between 18 and 80 years. Parameters were compared among four age groups, < 30, 30–45, > 45–60, > 60 years. Three hun-
dred twenty-six studies met the inclusion criteria and the final population consisted of 62,821 subjects. LA volume index 
(LAVi) did not differ among different age groups (p = 0.21). The normal upper limit of LAVi was 24 mL/m2. LA reservoir 
function, measured by strain, did not differ among age groups (38 ± 3%, 32–43%; p = 0.74). Left ventricular (LV) size and 
function were not different among groups, except LV mass index. A decrease in E/A ratio and an increase in E/e′ ratio were 
found with advancing age (p < 0.0001 and p = 0.001, respectively). In healthy subjects the normal upper limit of LAVi was 
lower than that recommended and is not influenced by advancing age. Furthermore, also LA function measured by strain 
was not affected by age. The current reference values of LAVi should be used with caution when applied to healthy subjects.
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Introduction

Strong evidence exists supporting the robust role of left 
atrial (LA) size in predicting cardiovascular clinical out-
come, with the increased size associated with higher inci-
dence of atrial fibrillation, stroke, congestive heart failure, 
hospitalization, and even death [1–5]. Therefore, providing 
normative data for LA size is crucial. Reference values for 

echocardiographic chamber quantification were jointly pub-
lished by the American Society of Echocardiography (ASE) 
and the European Association of Cardiovascular Imaging 
(EACVI) in 2006 [6] and revised recommendations have 
recently been released [7]. While normal limits of linear LA 
dimension and LA absolute volumes were reported in the 
previous document published in 2006, in the revised recom-
mendations a new upper normal limit for LA volume indexed 
to body surface area (BSA) (LAVi) was reported, changing 
from 28 to 34 mL/m2. However, discrepancies exist among 
the studies reporting the normal cut-offs for LA size [3, 
8–12] and partition values for LA volume were established 
in the 2015 revised recommendations on an experience-
based consensus rather than on published data alone [7]. 
Furthermore, although the cardiovascular system is affected 
by normal aging [13] and LA enlargement is expected to fol-
low the same pattern [14, 15], conflicting results from obser-
vational studies cloud the potential relationship between LA 
dimensions and age, with some supporting [8, 14, 15] and 
others refuting [9, 16]. Furthermore, data based on the newly 
developed markers of LA myocardial function, particularly 

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s1055​4-018-1427-9) contains 
supplementary material, which is available to authorized users.

 *	 Flavio D’Ascenzi 
	 flavio.dascenzi@unisi.it

1	 Department of Medical Biotechnologies, Division 
of Cardiology, University of Siena, Viale M. Bracci, 16, 
53100 Siena, Italy

2	 Department of Medicine, Surgery, and NeuroScience, 
University of Siena, Siena, Italy

3	 Department of Public Health and Clinical Medicine, Umeå 
University and Heart Centre, Umeå, Sweden

http://orcid.org/0000-0002-0947-6836
http://crossmark.crossref.org/dialog/?doi=10.1007/s10554-018-1427-9&domain=pdf
https://doi.org/10.1007/s10554-018-1427-9


42	 The International Journal of Cardiovascular Imaging (2019) 35:41–48

1 3

those derived from speckle tracking echocardiography, is 
scanty enough to propose robust conclusions. The aim of 
this study, therefore, was to derive in a meta-analysis adult 
normative reference values for LA size and function and 
to establish the impact of age on LA size and function in 
healthy subjects.

Methods

Data source and searches

We conducted a systematic literature search of MEDLINE 
database. All searches were limited to humans and studies 
published between January 1st, 1990 and April 30th, 2016. 
The primary search used the following keywords: LA size, 
LA dimension, LA morphology, LA volume, LA phasic vol-
umes, LA function, LA strain, LA ejection fraction (EF), 
and LA deformation. Studies not in English, review articles, 
editorials, case reports, and letters were all excluded.

Study selection

The included studies were assessed using the follow-
ing previously defined criteria: (1) the study evaluated 
healthy subjects or healthy controls, with no history of 
cardiovascular disease; (2) subjects with hypertension, 
diabetes mellitus and/or supraventricular arrhythmias were 
excluded; (3) athletes and pregnant women were excluded; 
(4) the study reported at least one parameter of LA dimen-
sions and/or function, measured by one dimensional, two-
dimensional echocardiography, and/or speckle-tracking 
echocardiography (STE) according to current clinical 
standards [7, 17]; (5) the study cohort age ranged between 
18 and 80 years; and (6) a measure of statistical variance 
was reported. Study arms that reported individuals which 
potentially overlapped with other studies as well as those 
included < 30 subjects were excluded. A flowchart show-
ing derivation of the reference cohort is reported in Fig. 1.

Fig. 1   Results of the literature search according to the different key-
words used. (a) inadequate sample size; (b) publication type (e.g. 
reviews, meta-analysis, case reports, editorials…); (c) insufficient 

data available; (d) inadequate echocardiographic techniques and/or 
subjects not fulfilling the inclusion criteria (e.g. athletes, pregnant 
women…)



43The International Journal of Cardiovascular Imaging (2019) 35:41–48	

1 3

Data collection

Two investigators (C.S. and V.C.) collected study charac-
teristics, demographic values, echocardiographic and strain 
data from individual studies. Discrepancies were resolved 
by consensus among all authors. Each data set was reviewed 
for units and methods of measurement, range checks were 
performed to identify and exclude biologically inconsistent 
values, and summary statistics were cross-checked against 
published results, where available. Among the dimensional 
parameters, the following echocardiographic indexes evalu-
ated in the current meta-analysis were: LA diameter, indexed 
diameter to BSA, LA absolute and indexed area, LA vol-
ume and indexed volume, left ventricular (LV) absolute and 
indexed end-diastolic and end-systolic diameter and volumes 
and LV EF, peak early (E) and late (A) mitral flow velocity 
ratio (E/A) and E/e′. Two-dimensional echocardiography 
and the derived phasic volumes, three-dimensional echo-
cardiography, and STE were also performed to assess LA 
myocardial function, from which we obtained the following 
parameters: LA strain, defined as peak atrial longitudinal 
strain (PALS), with the R wave (R-R gating) or P wave (P–P 
gating) as the onset of the strain calculation, LA phasic vol-
umes obtained by two-dimensional echocardiography and 
LA EF obtained by 3-dimensional echocardiography.

Data synthesis, statistical analysis, 
and development of reference values

To provide reference values and to explore the impact of age 
on LA size and function, a meta-analysis was conducted to 
integrate the results of a set of studies about LA parameters 
measured by echocardiography in healthy subjects. Specifi-
cally, meta-regressions were used [18–20] which allowed 
for potential residual heterogeneity. LA dimensional data 
and LA function were analysed in the overall population 
without distinguishing between men and women because 
of the lack of gender-related studies in the available litera-
ture. The outcome variable in each meta-regression was the 
raw mean of the LA parameters and the explanatory vari-
able was expressed by the sample average age reported by 
the included studies. To allow for the residual heterogene-
ity among intervention effects not to be modelled by age, 
random-effects models were considered for the meta-regres-
sions. The Knapp-Hartung adjustment [21] to the standard 
errors of the estimated coefficients was applied in order to 
adjust the statistics and the confidence intervals of the esti-
mates whose properties are closer to the nominal. Therefore, 
the tests on individual coefficients as well as the confidence 
intervals relied on the distributions with k-1 degrees of free-
dom, where k is the number of studies. The coefficients from 
the fitted model estimated the direction and magnitude of 
the relationship between the average ‘true’ outcome in the 

population of studies and the moderator variable included in 
the model. Upper reference values were defined at the 95th 
percentile and lower reference values at the 5th percentile. 
These values defined 90% of the population as normal, but 
they allowed for abnormal distributions. The 99th confi-
dence interval was also reported for dimensional parameters.

Homogeneity statistics were computed to quantify the 
amount of the residual unexplained variance in true effects 
across studies (between-study variance). We calculated both 
the Q and the I2 statistics, which measure the proportion of 
overall variation that is attributable to between-study hetero-
geneity rather than chance. I2 statistic > 50% and p values 
< 0.05 for the Q statistic suggested significant heterogene-
ity among the studies [22]. Reference values were derived 
for LA size (LA diameter, LA area, LA volume, and their 
indexed values) and for LA function (LA PALS, LA reser-
voir volume, and LA EF). In order to report a comprehensive 
analysis of the left heart from the selected studies, reference 
values for LV end-diastolic and end-systolic volume, LV 
mass, LV EF, E/A ratio, and E/e′ ratio were derived. All 
statistical analyses were carried out with the comprehensive 
software meta-analysis package for R: metafor 1.9-8 (2015-
09-28) [23].

Results

The literature search (Fig. 1) for LA size and function identi-
fied 1996 articles with the keyword LA size, 767 with LA 
dimension, 4050 with LA volume, 4590 with LA morphol-
ogy, 154 with LA deformation, 518 with LA strain, 28 with 
LA phasic volumes, 3613 with LA EF, and 6256 with LA 
function. Among the selected studies, 1948 articles with the 
keyword LA size, 748 with LA dimension, 3998 with LA 
volume, 4560 with LA morphology, 152 with LA defor-
mation, 419 with LA strain, 25 with LA phasic volumes, 
3589 with LA EF, 6173 with LA function, were excluded 
for various reasons, mainly because populations were not 
free of cardiovascular disorders or risk factors or because 
LA was not accurately evaluated. Thus, after excluding 34 
duplicates, 326 studies met the inclusion criteria and a final 
population of 62,821 subjects were included into the analy-
sis. The Supplemental Table 1 summarizes the demographic 
characteristics of the articles evaluating LA size and func-
tion and which are included in this analysis. Parameters were 
compared among four age groups, < 30, 30–45, > 45–60, 
> 60 years.

In the overall population neither BSA nor body mass 
index differed (p = 0.19 and p = 0.48, respectively) between 
groups but systolic and diastolic blood pressure (BP) 
increased with increasing age (systolic BP: 115.9 ± 0.8 vs. 
119.6 ± 0.5 vs. 123.2 ± 0.5 vs. 126.8 ± 0.9 mmHg, p < 0.0001 
and diastolic BP: 74.1 ± 0.5 vs. 75.3 ± 0.3 vs. 76.5 ± 0.3 
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vs. 77.6 ± 0.6 mmHg, p = 0.005 for the four age groups, 
respectively).

Normative reference values of LA size and impact 
of age on LA and LV structure

Table 1 shows LA and LV parameters in the overall popula-
tion divided in four age groups. LAVi did not differ between 
age groups. The upper limit of LAVi was 24 and 25 mL/m2 
when the 95th and the 99th confidence interval were taken 
into account, respectively. LV dimensions were not different 
among groups neither were LV end-diastolic volume or LV 
end-systolic volume. While LV mass did not differ, LV mass 
index increased with age (p < 0.0001). LV EF did not change 
with age, but LV diastolic function was significantly influ-
enced by age with a decrease in E/A ratio and an increase 
in E/e′ ratio with advancing age (p < 0.0001 and p = 0.001, 
respectively).

Impact of age on LA and LV function

Table 2 shows reference values of LA functional parameters. 
We selected 25 studies, of a total of 1842 subject, which esti-
mated LA strain, i.e. reservoir function, by STE. The impact 
of age was not significant among the groups (p = 0.74). This 
lack of effect was further confirmed when only studies using 
the GE software were included in the analysis (22 studies, 
1648 subjects). Additional parameters of LA size and func-
tion are reported in Supplemental Table 2.

The number of studies and subjects used to derive each 
parameter are reported in Table 3.

Discussion

The present meta-analysis derived reference values for LA 
size on the basis of the previously published echocardio-
graphic studies and is the largest database currently avail-
able. We confirm the reference values of LA antero-posterior 
diameter recommended by the ASE and EACVI in 2006. 
However, assessment of LA size using only the antero-pos-
terior diameter assumes that when the cavity enlarges, all its 
dimensions equally change, which is not often the case dur-
ing LA remodelling. Therefore, although this measurement 
has been used extensively in clinical practice and research, 
it has become clear that frequently it may not represent an 
accurate picture of LA size contrary to LAVi [24, 25]. In 
our study we derive the normal limit for LAVi: contrary to 
LA antero-posterior diameter, the upper normal limit for 
LAVi differs from that recommended by the revised scien-
tific consensus published in 2015, being lower and similar 
to the previous cutoff proposed in 2006. Indeed, while the 
revised document suggested an upper limit of 34 mL/m2, the 

previous recommendations for echocardiographic chamber 
quantification reported a cutoff of 28 mL/m2 for distinguish-
ing between a normal vs. a mild dilated atrium. The current 
study, including for LAVi 117 studies and 31,201 healthy 
subjects, demonstrated an upper limit of 24 or 25 mL/m2 
according to the 95th or 99th CI, respectively. Discrepan-
cies have been reported among the studies investigating LA 
size in the general population. Indeed, while some authors 
reported upper limits similar to those recommended by the 
2015 chamber quantification [8, 10, 11], others reported 
values similar to those found in the current study [3, 9, 12]. 
Discrepancies among the studies could be explained by the 
different populations enrolled in the studies: in the current 
meta-analysis we included only studies investigating LA size 
in healthy subjects, excluding not only patients affected by 
cardiovascular disorders but also individuals with factors 
potentially influencing LA volume such as arrhythmias or 
hypertension. Indeed, other authors found that, when these 
factors were excluded, the normal upper limit of LAVi was 
lower than that currently recommended [3].

LAVi with a cut-off of 34 mL/m2 has demonstrated its 
ability in providing relevant prognostic information [11, 
26]. However, also LAVi with a cut-off of 28 mL/m2 has 
demonstrated to be sensitive in predicting cardiovascular 
outcomes and providing uniform and accurate risk stratifi-
cation [27, 28]. Furthermore, as suggested by our findings, 
when applied to low-risk populations, the cutoff of 34 mL/
m2 could lose its sensitivity in distinguishing normal from 
abnormal, with the possibility to have a relevant percentage 
of subjects with early LA abnormalities being classified as 
normal. Therefore, further studies are needed to evaluate 
the best performance in predicting cardiovascular outcomes 
between these two different cut-offs and to contemporary 
identify the best cut-offs for the general population.

The current study evaluated also the impact of age on LA 
size. The available literature reports conflicting data on the 
influence of age on LA size. Using LA volume measure-
ments, Pearlman et al. found that LAVi is independent of age 
from childhood [16]. Thomas et al. confirmed these results 
in a population of varying age from 17 to 86 years [9]. Also, 
in a cohort of 966 patients with no known cardiovascular 
disease or risk factors, no difference in LAVi or relationship 
was found across age decades, which suggested any increase 
of LA dimensions to be pathological. On the other hand, 
using LA antero-posterior diameter, the calculated LA size 
was found to significantly increase with age [14, 15]. More 
recently, Nistri et al. in a population of 418 healthy sub-
jects (age range 16–84 years) found that age is a predictor of 
LAVi, both in the athletes and non-athletes, independent of 
changes in LV diastolic properties [8]. In order to reconcile 
the two means of measuring LA size, we designed the cur-
rent meta-analysis which included the largest ever analysed 
cohort of 65,052 subject.



45The International Journal of Cardiovascular Imaging (2019) 35:41–48	

1 3

Table 1   Left atrial size 
according to age obtained from 
the overall population

Mean ± SE 95% CR 99% CR p value for age

LA area (cm2) 14.9 ± 0.9 11–18 10–20 0.35
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LA volume index (mL/m2) 22.2 ± 0.6 21–24 20–25 0.19
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV end-diastolic diameter (mm) 47.4 ± 0.4 45–50 44–50 0.20
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV end-systolic diameter (mm) 28.8 ± 0.8 23–34 21–36 0.10
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV EDV (mL) 97.5 ± 4.0 79–116 72–123 0.46
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV ESV (mL) 31.6 ± 1.9 25–38 23–40 0.30
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV EDV index (mL/m2) 54.9 ± 1.8 51–59 50–60 0.06
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV ESV index (mL/m2) 20.1 ± 0.7 19–22 18–22 0.14
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV mass (g) 128.6 ± 8.6 66–192 45–213 0.15
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

LV mass index (g/m2) < 0.0001
 Age ≤ 30 years 66.4 ± 3.2 40–93 31–102
 Age > 30 and age ≤ 45 74.6 ± 1.8 48–101 40–110
 Age > 45 and age ≤ 60 82.9 ± 1.8 57–109 48–118
 Age > 60 91.2 ± 3.1 64–118 56–127
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The present findings demonstrate an impact of age on 
LA absolute volumes, but, when LAVi was considered, no 
differences were found among age groups. This finding is of 
significant importance due to the ability of LAVi, the recom-
mended method for measuring LA size [7], to provide rel-
evant prognostic information [29]. The results of the effects 
of advanced age on LAVi should be taken into account more 
relevantly according also to the demonstration of heteroge-
neity of studies reporting LA volumes, contrary to studies 
analysing LAVi (see Table 3). Our findings support the cur-
rent guidelines in justifying the accurate role of LAVi in 
reflecting cavity size, with any increase due to an underlying 
structure or function disturbances as pathological.

Despite not planning this meta-analysis to study the 
effect of age on LV structure and function, it was inevitable 

not to ignore the available data in different studies, in an 
attempt to interpret the overall findings. The present meta-
analysis shows that the only structural LV change with age 
is the increase in indexed cavity mass while LV diastolic 
function was the most sensitive cardiac measure affected 
by age with E/A ratio reducing and E/e′ ratio increasing. 
Conversely, LV systolic function, measured by LV ejec-
tion fraction, was not influenced by age. These findings are 
consistent with what we previously reported using myocar-
dial tissue Doppler velocity analysis, having demonstrated 
that not only EF but even segmental systolic velocities are 
not affected by age but it is the early diastolic velocities 
that drop and the late diastolic ones that increase with age. 
In the same report we also highlighted the close relation-
ship, we found, between myocardial velocities and spectral 
cavity diastolic velocities. These results are supported by 
the recently published differences in phasic LA volumes. 
The latter explains the significant relationship our meta-
analysis showed between LV E/A and E/e′ ratios and age 
[8, 9, 12, 14, 30–33].

Finally, our results also show that age has not a signifi-
cant impact on LA myocardial intrinsic function as shown 
by deformation analysis, despite a slight decrease in strain 
with advanced age. These findings were received not with 
any surprise since various LA volumes were not affected 
either. Therefore, changes in pattern of LV diastolic fill-
ing with age should always be seen as a reflection of LV 
myocardium function rather than LA function.

Also left ventricular dimensional and functional parameters are reported in the table
Data are presented for all the age groups only if p value is < 0.05
LA left atrial, AP antero-posterior, LV left ventricular, EDV end-diastolic volume, ESV end-systolic vol-
ume, EF ejection fraction

Table 1   (continued) Mean ± SE 95% CR 99% CR p value for age

EF (%) 65.0 ± 0.6 60–70 59–71 0.75
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60

E/A ratio < 0.0001
 Age ≤ 30 years 1.65 ± 0.03 1.50–1.80 1.45–1.84
 Age > 30 and age ≤ 45 1.41 ± 0.02 1.27–1.56 1.23–1.60
 Age > 45 and age ≤ 60 1.18 ± 0.01 1.04–1.32 1.00–1.37
 Age > 60 0.95 ± 0.02 0.81–1.10 0.76–1.14

E/e′ ratio 0.001
 Age ≤ 30 years 6.8 ± 0.3 5–9 4–10
 Age > 30 and age ≤ 45 7.3 ± 0.2 5–9 5–10
 Age > 45 and age ≤ 60 7.8 ± 0.2 6–10 5–11
 Age > 60 8.3 ± 0.3 6–10 6–11

Table 2   Left atrial function in overall population estimated by 
2-dimensional phasic volumes, speckle tracking, and three-dimen-
sional echocardiography

Data are presented for all the age groups only if p value is < 0.05
PALS peak atrial longitudinal strain

Mean ± SE 95% CR p value for age

PALS (%) 37.5 ± 2.8 32–43 0.74
 Age ≤ 30 years
 Age > 30 and age ≤ 45
 Age > 45 and age ≤ 60
 Age > 60
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Limitations

Our results should be interpreted in the context of the fol-
lowing limitations. First, as all meta-analyses, our study is 
limited by variations in the studies included, which them-
selves may be limited by biases in the recruitment process. 
Although most of the studies were performed according to 
the international recommendations, some variations may 
have occurred in image capturing or measurement.

LA volume measured from 2D echocardiography in the 
studies we included may underestimate the exact value 
measured by cardiac computed tomography (about 19% for 
LAVi) [34]. However, in those studies the LA volume was 
compared with the normal values determined by the same 
imaging technique using the same methodology. For the 
characterization of LA function, we included data obtained 
using the most recent echocardiographic techniques, includ-
ing STE, which is known for its limitations, and requires 
expertise and highly trained operators. Furthermore, while 
for LA size the sample size is adequate to derive conclusions, 
further studies investigating LA function in large cohorts of 
subjects are needed to confirm the current findings.

Meta-analyses have inherent limitations, not the least of 
which is that all studies are assumed to have equal value. The 
heterogeneity of studies in meta-analyses is considered by 
some to be a limitation, although it is through this that the 
performance (and variability) of a test can be appreciated 
in different patient groups and sources of variation identi-
fied. Indeed, heterogeneity among studies represented the 

real world in clinical and academic centers. In order to pro-
vide most possible information, in Table 3 we reported the 
results of the heterogeneity tests for each parameter. Finally, 
any comparison of reference values obtained by different 
measurement modes or echocardiographic views was limited 
because very few subjects had measurements repeated from 
more than one mode or view.

Conclusions

In subjects free of cardiovascular disease or risk factors 
the normal upper limit of LAVi is lower than that currently 
recommended. LAVi and LA reservoir function, estimated 
by atrial strain, are not significantly influenced by advanc-
ing age. These findings suggest that the reference values of 
LAVi should be likely redefined when assessing LA size in 
healthy subjects in order not to loose the sensitivity of this 
parameter.

Conflict of interest  The authors declare that they have no conflict of 
interest.

References

	 1.	 Vaziri SM, Larson MG, Benjamin EJ, Levy D (1994) Echocardio-
graphic predictors of nonrheumatic atrial fibrillation. Framingham 
Heart Study Circ 89:724–730

Table 3   Number of studies and 
subjects used to derive each 
parameter

I2 and Q factor for each parameter are also shown
LA left atrial, LV left ventricular, PALS peak atrial longitudinal strain, 3D three-dimensional

Studies (n) Subjects (n) I2 Q P value Q

Overall
 LA antero-posterior diameter 187 21,589 24.65 308.1 < 0.0001
 LA area 28 4120 25.7 32.5 0.17
 LA volume index 117 31,201 0.51 54.4 1.0
 LV end-diastolic diameter 167 36,002 16.5 0.7 0.20
 LV end-systolic diameter 109 13,373 53.4 243.4 < 0.0001
 LV end-diastolic volume 40 5289 35.3 77.3 0.0002
 LV end-systolic volume 33 3511 12.8 24.7 0.78
 LV end-diastolic volume index 33 2452 0 13.4 1.0
 LV end-systolic volume index 29 1830 0 8.5 1.0
 LV mass 50 24,058 80.5 417.4 < 0.0001
 LV mass index 128 37,739 68.0 889.7 < 0.0001
 LV ejection fraction 222 39,133 31.8 312.0 < 0.0001
 E/A ratio 171 14,757 7.8 95.6 1.0
 E/e′ 88 8481 49.5 177.6 < 0.0001
 PALS 32 2087 0 29.3 0.50
 3D ejection fraction 6 516 0 1.8 0.78
 Ejection fraction by phasic volumes 5 304 0 2.3 0.50



48	 The International Journal of Cardiovascular Imaging (2019) 35:41–48

1 3

	 2.	 Benjamin EJ, D’Agostino RB, Belanger AJ, Wolf PA, Levy D 
(1995) Left atrial size and the risk of stroke and death. Framing-
ham Heart Study Circ 92:835–841

	 3.	 Tsang TS, Barnes ME, Gersh BJ, Bailey KR, Seward JB (2002) 
Left atrial volume as a morphophysiologic expression of left ven-
tricular diastolic dysfunction and relation to cardiovascular risk 
burden. Am J Cardiol 90:1284–1289

	 4.	 Tsang TS, Barnes ME, Gersh BJ, Takemoto Y, Rosales AG, Bailey 
KR et al (2003) Prediction of risk for first age-related cardiovas-
cular events in an elderly population: the incremental value of 
echocardiography. J Am Coll Cardiol 42:1199–1205

	 5.	 Kizer JR, Bella JN, Palmieri V, Liu JE, Best LG, Lee ET et al 
(2006) Left atrial diameter as an independent predictor of first 
clinical cardiovascular events in middle-aged and elderly adults: 
the Strong Heart Study (SHS). Am Heart J 151:412–418

	 6.	 Lang RM, Bierig M, Devereux RB, Flachskampf FA, Foster E, 
Pellikka PA et al (2005) Recommendations for chamber quantifi-
cation: a report from the American Society of Echocardiography’s 
Guidelines and Standards Committee and the Chamber Quanti-
fication Writing Group, developed in conjunction with the Euro-
pean Association of Echocardiography, a branch of the European 
Society of Cardiology. J Am Soc Echocardiogr 18:1440–1463

	 7.	 Lang RM, Badano LP, Mor-Avi V, Afilalo J, Armstrong A, 
Ernande L, Fet al (2015) Recommendations for cardiac chamber 
quantification by echocardiography in adults: an update from the 
American Society of Echocardiography and the European Associ-
ation of Cardiovascular Imaging. J Am Soc Echocardiogr 28:1–39

	 8.	 Nistri S, Galderisi M, Ballo P, Olivotto I, D’Andrea A, Pagli-
ani L et al Working Group on Echocardiography of the Italian 
Society of Cardiology (2011) Determinants of echocardiographic 
left atrial volume: implications for normalcy. Eur J Echocardiogr 
12:826–833

	 9.	 Thomas L, Levett K, Boyd A, Leung DY, Schiller NB, Ross 
DL (2002) Compensatory changes in atrial volumes with nor-
mal aging: is atrial enlargement inevitable? J Am Coll Cardiol 
40:1630–1635

	10.	 Echocardiographic Normal Ranges Meta-Analysis of the Left 
heart (EchoNoRMAL) Collaboration (2014) A meta-analysis of 
echocardiographic measurements of the left heart for the devel-
opment of normative reference ranges in a large international 
cohort: the EchoNoRMAL study. Eur Heart J Cardiovasc Imag-
ing 15:341–348

	11.	 Barnes ME, Miyasaka Y, Seward JB, Gersh BJ, Rosales AG, Bai-
ley KR et al (2004) Left atrial volume in the prediction of first 
ischemic stroke in an elderly cohort without atrial fibrillation. 
Mayo Clin Proc 79:1008–1014

	12.	 Wang Y, Gutman JM, Heilbron D, Wahr D, Schiller NB (1984) 
Atrial volume in a normal adult population by two-dimensional 
echocardiography. Chest 86:595–601

	13.	 Wei JY (1992) Age and the cardiovascular system. N Engl J Med 
327:1735–1739

	14.	 Triposkiadis F, Tentolouris K, Androulakis A, Trikas A, Toutou-
zas K, Kyriakidis M et al (1995) Left atrial mechanical function 
in the healthy elderly: new insights from a combined assessment 
of changes in atrial volume and transmitral flow velocity. J Am 
Soc Echocardiogr 8:801–809

	15.	 Gardin JM, Henry WL, Savage DD, Ware JH, Burn C, Borer JS 
(1979) Echocardiographic measurements in normal subjects: 
evaluation of an adult population without clinically apparent heart 
disease. J Clin Ultrasound 7:439–447

	16.	 Pearlman JD, Triulzi MO, King ME, Abascal VM, Newell J, Wey-
man AE (1990) Left atrial dimensions in growth and develop-
ment: normal limits for two-dimensional echocardiography. J Am 
Coll Cardiol 16:1168–1174

	17.	 Mor-Avi V, Lang RM, Badano LP, Belohlavek M, Cardim 
NM, Derumeaux G et al (2011) Current and evolving echocar-
diographic techniques for the quantitative evaluation of cardiac 
mechanics: ASE/EAE consensus statement on methodology and 
indications endorsed by the Japanese Society of Echocardiogra-
phy. J Am Soc Echocardiogr 24:277–313

	18.	 Iskandar A, Mujtaba MT, Thompson PD (2015) Left atrium size 
in elite athletes. JACC Cardiovasc Imaging 8:753–762

	19.	 Viechtbauer W, Lopez-Lopez JA, Sanchez-Meca J, Marin-Mar-
tinez F (2015) A comparison of procedures to test for modera-
tors in mixed-effects meta-regression models. Psychol Methods 
20:360–374

	20.	 Viechtbauer W (2005) Bias and efficiency of meta-analytic vari-
ance estimators in the random-effects model. J Educ Behav Stat 
30:261–293

	21.	 Knapp G, Hartung J (2003) Improved tests for a random effects 
meta-regression with a single covariate. Stat Med 22:2693–2710

	22.	 Higgins JP, Thompson SG, Deeks JJ, Altman DG (2003) Measur-
ing inconsistency in meta-analyses. BMJ 327:557–560

	23.	 Viechtbauer W (2010) Conducting meta-analyses in R with the 
metafor package. J Stat Softw 36:48

	24.	 Schabelman S, Schiller NB, Silverman NH, Ports TA (1981) Left 
atrial volume estimation by two-dimensional echocardiography. 
Cathet Cardiovasc Diagn 7:165–178

	25.	 Wade MR, Chandraratna PAN, Reid CL, Lin SL, Rahimtoola 
SH (1987) Accuracy of nondirected and directed m-mode echo-
cardiography as an estimate of left atrial size. Am J Cardiol 
60:1208–1211

	26.	 Nagueh SF, Appleton CP, Gillebert TC, Marino PN, Oh JK, 
Smiseth OA et al (2009) Recommendations for the evaluation of 
left ventricular diastolic function by echocardiography. J Am Soc 
Echocardiogr 22:107–133

	27.	 Takemoto Y, Barnes ME, Seward JB, Lester SJ, Appleton CA, 
Gersh BJ et al (2005) Usefulness of left atrial volume in predict-
ing first congestive heart failure in patients > or = 65 years of 
age with well-preserved left ventricular systolic function. Am J 
Cardiol 96:832–836

	28.	 Tsang TS, Abhayaratna WP, Barnes ME, Miyasaka Y, Gersh BJ, 
Bailey KR et al (2006) Prediction of cardiovascular outcomes with 
left atrial size: is volume superior to area or diameter? J Am Coll 
Cardiol 47:1018–1023

	29.	 Kou S, Caballero L, Dulgheru R, Voilliot D, De Sousa C, Kacha-
rava G et al (2014) Echocardiographic reference ranges for normal 
cardiac chamber size: results from the NORRE study. Eur Heart 
J Cardiovasc Imaging 15:680–690

	30.	 Abhayaratna WP, Seward JB, Appleton CP, Douglas PS, Oh JK, 
Tajik AJ et al (2006) Left atrial size: physiologic determinants and 
clinical applications. J Am Coll Cardiol 47:2357–2363

	31.	 Spencer KT, Mor-Avi V, Gorcsan J 3rd, DeMaria AN, Kimball 
TR, Monaghan MJ et al (2001) Effects of aging on left atrial res-
ervoir, conduit, and booster pump function: a multi-institution 
acoustic quantification study. Heart 85:272–277

	32.	 Pritchett AM, Jacobsen SJ, Mahoney DW, Rodeheffer RJ, Bai-
ley KR, Redfield MM (2003) Left atrial volume as an index 
of left atrial size: a population-based study. J Am Coll Cardiol 
41:1036–1043

	33.	 Knutsen KM, Stugaard M, Michelsen S, Otterstad JE (1989) 
M-mode echocardiographic findings in apparently healthy, non-
athletic Norwegians aged 20–70 years. Influence of age, sex and 
body surface area. J Intern Med 225:111–115

	34.	 Miyasaka Y, Tsujimoto S, Maeba H, Yuasa F, Takehana K, Dote 
K et al (2011) Left atrial volume by real-time three-dimensional 
echocardiography: validation by 64-slice multidetector computed 
tomography. J Am Soc Echocardiogr 24:680–686


	Reference values of left atrial size and function according to age: should we redefine the normal upper limits?
	Abstract
	Introduction
	Methods
	Data source and searches
	Study selection
	Data collection
	Data synthesis, statistical analysis, and development of reference values

	Results
	Normative reference values of LA size and impact of age on LA and LV structure
	Impact of age on LA and LV function

	Discussion
	Limitations
	Conclusions
	References


