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Abstract
Heart failure (HF) with preserved ejection fraction (HFpEF) is diagnosed by symptoms and/ or markers of congestion with 
cardiac dysfunction despite ‘normal’ (preserved) left ventricular (LV) EF. Of the criteria, left atrial volume (LAV) is being 
increasingly used, with cardiovascular magnetic resonance (CMR) recognised as the gold standard for volumetric assess-
ment. We searched databases for studies with LAV and indexed (LAVi) measurements obtained through both transthoracic 
echocardiography (TTE) and CMR. We identified 17 articles, encompassing 1203 individuals with cardiac disease. TTE 
showed more frequent measurement failure (6% [95% CI 2, 11]) compared to CMR (1% [0, 5]). TTE underestimated 
values compared to CMR, with a bias of -20mL [95% CI -30, -11] for LAV and − 9 mL/m2 [95% CI -13, -5] for LAVi 
(p < 0.001). TTE misclassified LA enlargement in 38% [95%CI 25, 52) of cases diagnosed by CMR. TTE systematically 
underestimates LAV and should be used with caution.

Graphical abstract
Quantification of left atrial enlargement. Left atrial volume (LAV) enlargement is one of the imaging criteria to diagnose 
heart failure with preserved ejection fraction (HFpEF). While cardiovascular magnetic resonance (CMR) is recognised as the 
gold standard technique, transthoracic echocardiography (TTE) is routinely used to measure LAV. This review identified 17 
articles, encompassing 1203 individuals who had LAV and/or indexed (LAVi) measurements obtained from both TTE and 
CMR. When compared to CMR, TTE showed higher failure rates (6% vs 1%), underestimated LA values, and misclassified 
LAV enlargement in 38% of cases diagnosed by CMR.
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  Abbreviations
AF	 �Atrial fibrillation
AL	 �Area length
BMI	� Body mass index
BSA	 �Body surface area
CI	 �Confidence interval
CMR	� Cardiovascular magnetic resonance
EF	� Ejection fraction
HCM	� Hypertrophic cardiomyopathy
HF	� Heart failure
HFpEF	� Heart failure preserved ejection fraction
IQR	� Inter-quartile range
LA	 �Left atrium
LAP	 �Left atrial pressure
LAV	 �Left atrial volume
LAVi	 �Left atrial volume index
LoA	 �Limits of agreement
NR	� Nsot reported
PCWP	 �Pulmonary capillary wedge pressure
RHC	� Right heart catheterization
PICOS	� Population, intervention, comparison, outcome 

and study type
PRISMA	 �Preferred Reporting Items for Systematic 

Reviews and Meta-Analyses
SD	� Standard deviation
STEMI	� ST segment elevation myocardial infarction
TTE	� Transthoracic echocardiography

Introduction

Heart failure (HF) with preserved ejection fraction (HFpEF) 
is a clinical syndrome in which patients exhibit signs and 
symptoms of HF despite normal or near normal left ven-
tricular ejection fraction (LVEF) [1]. HFpEF currently 
represents over half of newly diagnosed cases of HF in 
the community, and, with an incidence rate of 27 cases per 
10,000 person years, will affect 1 out of 10 adults in their 
lifetime [2]. Nevertheless, HFpEF is still underdiagnosed 
in up to 64% of cases due to lack of awareness, continued 
diagnostic uncertainty, and absence of a consensus on the 
best clinical pathway [3–5]. This delays therapeutic inter-
vention and development of new drug therapies.

Diagnosis of HFpEF requires symptoms and/or signs of 
pulmonary congestion supported by objective evidence of 
preserved LVEF (> 50%) and diastolic dysfunction or raised 
filling pressures [6, 7]. The imaging biomarkers of HFpEF 
are increased left atrial volume (LAV), LV mass and/or 
impaired LV strain [6–8]. These imaging metrics provide 
phenotypic, diagnostic and prognostic value in HFpEF and 
other cardiovascular conditions and outcomes [5, 9–13]. 
Elevation of the blood biomarker N-terminal pro B-type 
natriuretic peptide (NT-proBNP) indicates congestion.

Of the imaging criteria, LAV is routinely used in HFpEF. 
Importantly, LAV indexed to body surface area (BSA)—
LAVi is an indirect measure of LV filling pressures [14] 
and correlates with indices of LV diastolic function [15]. 
When compared to LA diameter or area, LAVi is a more 
reliable marker of chronic LA remodelling [16, 17]. The 
European Society of Cardiology Guidelines state that LAV 
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index (LAVi) > 34 mL/m2, in sinus rhythm and in absence of 
atrial fibrillation (AF), indicates disease and significant LA 
dilatation in HFpEF [18]. Values above that threshold have 
been associated with death, HF, AF, and ischaemic stroke 
outcomes [19]. Cardiovascular magnetic resonance (CMR) 
has superior spatial resolution allowing more accurate and 
reproducible cardiac chamber quantification and is the gold 
standard for imaging cardiac structures and assessing car-
diac volumes [20–22]. Nevertheless, transthoracic echo 
(TTE) is often the first line imaging modality due to high 
availability, although TTE sensitivity varies substantially 
(25–80%) [23]. Therefore comparing CMR to TTE is rel-
evant in clinical setting and HFpEF research.

To ensure a standardised and scalable imaging approach 
is implemented in clinical trials and studies for HFpEF, we 
undertook a systematic review and meta-analysis to explore 
LAV quantification measured by CMR and TTE. In this 
head-to-head comparison of the two techniques in HFpEF 
and other cardiac disease cohorts, we aimed to compare: [1] 
technical performance for measurement of LA enlargement 
[2], LAV values and [3] classification of LA enlargement 
and prognostic accuracy.

Methods

Data sources, search strategy

This systematic review and meta-analysis was conducted 
following the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines [24].

The following keywords were used for the final search: 
“cardiovascular magnetic resonance imaging/CMR”, 
“echocardiography/echo/transthoracic echo/TTE”, “left 
atrial volume/LA size”, “reproducibility”, “repeatability” 
and “diagnostic accuracy”. The literature search was per-
formed on 8th November 2024 on PubMed for abstracts 
published between January 2012 to November 2024. The 
search was restricted to human studies in English. Inclu-
sion of “HFpEF/heart failure/HFA-PEFF” in the key words 
did not identify any additional studies. Additional studies 
known to the cardiologist co-authors were included as grey 
literature.

Study selection and eligibility criteria

Studies with CMR and 2D TTE on the same subjects to 
derive LAV measurements with enough data for qualita-
tive and quantitative analysis were selected. Two authors 
screened the abstracts and titles and 1 author retrieved and 
screened full texts for eligibility. Eligibility of full text 
selection was finalised by consensus agreement between 

co-authors to ensure a minimum dataset of paired LAV mea-
surement by 2D TTE and CMR. Only articles in English 
were considered. The PICOS criteria (population, interven-
tion, comparison, outcome and study type) were: P: adult 
patients (≥ 18 years old) with or suspected cardiac disease; 
I: CMR; C: 2D transthoracic echocardiography; O: LAV 
measurement; S: original research but not literature reviews. 
Articles only reporting 3DE TTE or transoesophageal echo-
cardiography were excluded. Due to the paucity of articles 
solely on HFpEF, studies on other cardiac diseases were 
included.

Data extraction and quality assessment

Five authors extracted the following data from the included 
studies: PMID, author’s last name, publication year, coun-
try, sample size, study design, methodology for CMR and 
TTE, population characteristics and demographics, LAV, 
measurement bias between TTE and CMR LAV, LV EF, 
technical performance, diagnostic accuracy, prognostic 
value, agreement/correlations between LAV values CMR 
vs. TTE. LAV measurements included the maximum LAV 
that is measured just before the opening of the mitral valve 
(LAVmax) and or the LAV indexed to body surface area 
(BSA) (LAVi). Measurement difference is defined as the 
patient-by-patient difference in the LAV measurement by 
CMR vs. TTE derived from Bland-Altman analysis. Tech-
nical performance for LAV included: the number of mea-
surement failures (measurement failure rate), the variability 
in measurement following re-analysis of the same scan 
images by a second operator (inter-operator variability) or 
by the same operator after a time interval (intra-operator 
variability), scan-rescan repeatability (the difference in the 
measurement when the same individual is re-scanned with 
the same device under identical conditions), manufacturer 
reproducibility (the difference in the measurement when the 
same individual is scanned with the same devices from dif-
ferent manufacturers).

Two authors independently assessed the quality of the 
studies included in the primary meta-analysis using a modi-
fied version of the Newcastle–Ottawa quality assessment 
scale [25]. When there were different assessments, discus-
sion was made in detail until consensus was achieved with 
input from an additional author. Funnel plots and Egger’s 
tests were not performed because the number of studies 
examined in each case was below the minimum required to 
sufficiently power these tests.

Statistical analysis

We looked at the measurement failure rate of TTE and of 
CMR for LAV (when a measurement was not reported) 
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The quality of the studies was good overall and there was 
low risk of bias (Supplementary Table 2).

Technical performance

Six studies reported on measurement failure (images not 
analysable) from both CMR and TTE, and 1 study on mea-
surement failure by CMR only (Fig. 1, Supplementary Table 
3). TTE failed to provide a measurement more frequently 
(median 7% scan fails, pooled mean 6% [2, 11]) than by 
CMR (median 0%, pooled mean 1% [0, 5]). By CMR, 4/7 
studies reported no failures, whereas by TTE only 1/6 study 
had no failures. Most frequent cause of measurement fail-
ures was poor image quality by TTE and patient compliance 
(claustrophobia) for CMR.

CMR performed well in LAV metric derivation on repeat 
processing of scans by the same operator (rho: 0.97) and by 
different operators (rho: 0.93) (Supplementary Table 4). In 
contrast, TTE performed worse (rho: 0.87 same operator; 
rho: 0.74 different operators).

None of the 17 studies reported on the scan-rescan repeat-
ability nor on manufacturer reproducibility of the LAV mea-
surement by either TTE, CMR or both.

Quantification of LAVmax

On average correlation was good between TTE and CMR 
values (Table 2, Supplementary Table 5).

In 8/8 studies reporting paired LAVmax values, those 
derived by TTE were lower than those by CMR. The LAV-
max derived by TTE was 68mL [95%CI 53, 82] vs. CMR was 
83mL [95%CI 64, 101]. On a patient-by-patient level, the 
TTE LAVmax values differed by −20 mL [95% CI −30, −10] 
(p < 0.001) from those by CMR (Fig. 2 A). In a supgroup 
analysis in individuals with AF, the TTE LAVmax values 
differed by −17mL [95% CI −24, −10] (p < 0.001) from 
LAVmax by CMR (Supplementary Fig. 2).

The underestimation of LAVmax by TTE occurred irre-
spective of CMR method (biplanar or multi-slice stack). 
The underestimation of LAVmax remained in 3/4 studies 
where 3D TTE was also used [27, 28] and [29]; (Supple-
mentary Table 6).

Quantification of LAVi

Nine studies reported paired LAVi by both CMR and TTE 
(Table 2, Supplementary Table 6). In 8/9 studies across all 
indications and subgroups, mean LAVi values reported by 
TTE (37mL/m2 [95%CI 30, 44]) were lower than by CMR 
(43mL/m2 [95%CI 36, 51]). On a patient-by-patient level, 
the TTE LAVi values differed by −9 mL/m2 [95% CI −13, 
−5] (p < 0.001) from those by CMR (Fig. 2B).

and the misclassification rate (when CMR diagnosed LA 
enlargement and TTE classified the LAV as normal). To per-
form statistical tests, varying forms of averages, and their 
associated dispersion, were converted to mean and stan-
dard deviation [26]. Where applicable, values were trans-
formed and fixed effects or random effects models were 
utilised to provide pooled estimates across studies, along-
side Cochran’s Q and I-squared for tests of heterogeneity. 
All statistical analyses were performed in R Version 4.4.2.

Results

Literature search results

After conducting an electronic search on PubMed/EMBASE 
and consultation with experts in the field, we obtained a 
total of 131 articles without duplicates. 87 irrelevant articles 
were excluded based on screening of the title and abstract. 
44 articles required full-text screening, 1 was not acces-
sible even after contacting the authors, and 17 studies were 
included in both the qualitative, and quantitative analysis, as 
shown in Supplementary Fig. 1.

Summary of the included studies

The 17 studies yielded 1203 participants in which LAV or 
LAVI were measured by both 2D TTE and CMR (from 1482 
with TTE and 1288 with CMR). The baseline data of these 
studies are presented in Table 1, alongside the summary of 
the included studies in Supplementary Table 1. On average, 
where reported, participants were aged 60 years, male par-
ticipants represented 64% of total and median BMI was 28 
kg/m2. 45% of participants had hypertension and 16% had 
diabetes.

Only two studies were specifically on suspected HFpEF 
and a third described undifferentiated dyspnoea. The remain-
ing studies included three on patients with atrial fibrillation 
(AF), three on patients with hypertrophic cardiomyopathy 
(HCM), one on patients with stroke, one on ST segment 
elevation myocardial infarction (STEMI) patients, two on 
heart transplant patients and 4 studies evaluating cardiology 
patients without specified indications. On average 93% of 
participants had LV EF > 50% in the 12/17 studies where it 
was reported.

The time interval between 2D TTE and CMR was 
reported in 12/17 studies and was within 7 days in all studies 
and within 1 day in 9/17. LAV processing by 2D TTE was 
biplanar in all 17 studies and the CMR measurement was 
also biplanar in 5/17 studies. CMR was either by multi-slice 
LA stack in the remaining studies (11/17) or single slice AL. 
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[95%CI 25, 52]. Two studies also reported on 3D TTE; the 
misclassification rates were still evident but reduced by 
about 2-fold (from 53 to 26% and from 29 to 12%, in [30] 
and [21], respectively) (Fig. 2C).

 Classification of LA enlargement

Three studies reported that TTE misclassified patients 
according to the > 34 mL/m2 LAVi threshold for LA enlarge-
ment, referring to CMR LAVi as the gold standard [30–32] 
(Table 2). The rate of misclassification by TTE was 38% 

Table 1  Characteristics of selected studies
Author, year Indication (n) Age 

(years)a
% 
Male

% 
Hypertensive

% 
Diabetic

BMI (kg/m2)a BSA 
(m2)a

LV EF 
(%)a

Backhaus SJ, 2023 
[33]

HFpEF (by RHC or stress TTE) (34) 69 
(67–77)

26 79 15 29 (27–33) NR 59 
(55–65)

Dyspnoea (34) 66 
(52–73)

44 79 15 28 (25–32) NR 58 
(53–62)

Ng MY, 2023 [53] HFpEF (by RHC) (53) 78 
(74–82)

40 89 42 26 (24–29) NR 63 
(56–66)

Dyspnoea (38) 70 
(64–76)

45 74 32 27 (24–32) NR 63 
(60–68)

Healthy (17) 64 
(60–67)

35 6 0 21 (20–24) NR 65 
(60–68)

Rahi W, 2024 [54] HFpEF (by RHC, PCWP > 15 mmHg) 
(33)

51 ± 15 39 55 27 30 ± 11 NR 66 ± 9

Dyspnoea (RHC, PCWP < = 15 mmHg) 
(46)

60 ± 13 43 46 15 28 ± 10 NR 60 ± 9

Agner BF, 2014 
[55]

Atrial fibrillation (34) 69 ± 6 65 50 62 NR 2.0 ± 0.2 NR

Buechel RR, 2013 
[29]

Atrial fibrillation (60) 61 ± 10 
[32–77]

70 57 5 27 ± 5 [19,40] NR 55 ± 8 
[35,75]

Rabbat MG, 2015 
[56]

Atrial fibrillation (250 for CMR, 171 
for TTE)

58 ± 10 72 57 13 29 ± 5 NR NR

Chung, 2021 [57] HCM, Sarcomere+ (67 for TTE, 42 for 
CMR)

55 ± 14 63 42 18 NR NR 64 ± 7

HCM, Sarcomere- (145 for TTE, 93 for 
CMR)

61 ± 13 74 63 19 NR NR 65 ± 6

Age-, sex-matched controls (30 for 
TTE only)

60 ± 3 77 37 17 NR NR 66 ± 4

Fujikura K, 2024 
[32]

HCM (87) 45 ± 18 52 29 9 NR 1.9 ± 0.3 NR

Ricci F, 2019 [58] HCM (Increased LAP, grade II-III) (23) 57 ± 11 78 43 13 29 (6) 2.0 (0.4) 75 ± 8
HCM (Normal LAP, grade I) (46) 58 ± 11 85 39 20 29 (8) 2.0 (0.3) 72 ± 9

Isaac M, 2024 [59] Stroke (44) 60 [25, 
90]

59 NR NR NR 2.1 [1.5, 
2.6]

NR

Dell’Aquila AM, 
2012 [60]

Post-heart transplant (standard tech-
nique) (16)

48 ± 16 94 NR NR NR NR 66 ± 7

Dell’Aquila AM, 
2012 [60]

Post-heart transplant (bicaval tech-
nique) (19)

55 ± 10 95 NR NR NR NR 70 ± 6

Zhu S, 2020 [28] Post-heart transplant (31) 46 ± 14 74 NR NR 23 1.7 ± 0.2 NR
Kühl JT, 2012 [61] Post-STEMI (54 for CMR, 48 for TTE) 61 ± 10 76 28 4 28 ± 5 2.1 ± 0.2 56 ± 10
Florescu DR, 2021 
[27]

Non-disease specific (198 for TTE) 67 
(49–77)

64 12 NR NR 1.8 [0.7, 
2.0]

NR

Non-disease specific (26 paired for 
CMR)

59 
(17–83)

81 12 NR NR NR NR

Mor-Avi V, 2012 
[21]

Non-disease specific (92) 48 ± 18 62 NR NR NR 1.7 ± 0.3 NR

Perez de Isla L, 
2014 [30]

Non-disease specific (70) 56 ± 18 60 29 20 NR 1.7 ± 0.3 42 ± 17

Ramos JG, 2020 
[44]

Non-disease specific (46) 59 
(46–68)

67 NR NR 26 ± 4 2.0 ± 0.2 58 
(50–62)

aData are shown as mean ± SD, median (interquartile range), or median [range]
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Differences in technical performance

This work demonstrated better technical performance with 
CMR, therefore reliance on TTE has implications both for 
clinical trials and healthcare. The reliability of echocardiog-
raphy varies according to the density and depth of tissue 
through which the ultrasound (US) signal must pass. With 
the LA positioned distally to the US beam, image resolution 
will inevitably be compromised leading to the increased 
measurement failure rates seen using TTE. In a study of 
2042 residents in Olmsted County Minnesota, 19% (365) 
patients did not have adequate measures of LAVi and dia-
stolic dysfunction using TTE [34]. In clinical trials for 
HFpEF, this may also be compounded by obesity. In a study 
of over 1000 TTEs from 2022, 13% of scans were labelled 
as ‘non-diagnostic’ in people with obesity, compared to only 
8% in people without obesity [35]. Nevertheless, MR image 
quality may also be compromised in patients with arrhyth-
mias such as AF [36]. AF poses challenges for CMR acqui-
sition due to irregular R-R intervals, which can compromise 
image quality through motion artifacts and affect the accu-
racy of volumetric measurements. However, in this review, 
of the 3 studies on AF, all images were of sufficient quality 
for analysis except for only 2 cases.

Prognostic accuracy of LAV

Only a single study examined prognostic accuracy with 
LAV [33]. CMR and TTE predicted risk of CVD hospitali-
sation equally (LAVi by CMR HR 1.06 [95%CI 1.01, 1.12] 
and by TTE HR 1.06 [95%CI 1.01–1.11]) (Table 2).

Discussion

This is the first systematic review of LAV measurement by 
TTE versus CMR within the same subjects, as performed 
in 17 studies comprising 1203 adults with different cardiac 
indications. Our analysis demonstrated 3 important find-
ings. Firstly, TTE had a higher measurement failure rate 
compared to CMR (6% vs. 1%), mainly due to poor image 
quality and operator variability. Overall, consistently bet-
ter inter-operator and intra-operator variability was seen 
by CMR. Secondly, LAV quantification by 2D TTE sig-
nificantly underestimates LAV and LAVi values when com-
pared to the gold standard CMR, regardless of CMR method 
used. Thirdly, 2D TTE misclassified 1 in every 3 patients.

Fig. 1  Measurement failure by CMR (green) compared to TTE (grey)
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Author, year Indication (n) Interval 
between TTE 
and CMR 
(days)a

TTE CMR
Method Valuea Method Valuea

LAVmaxreported (mL)
Rahi W, 2024 [54] Dyspnoea (RHC, 

PCWP > 15 mmHg) (33)
1 (3) 2DE biplane AL 96 ± 33 Biplane AL 141 ± 60

Rahi W, 2024 [54] Dyspnoea (RHC, PCWP ≤ 
15 mmHg) (46)

1 (3) 2DE biplane AL 66 ± 36 Biplane AL 81 ± 37

Agner BF, 2014 [55] Atrial fibrillation (34) 7 ± 4 2DE biplane AL 60 ± 11 Multi-slice LA stack 73 ± 16
Rabbat MG, 2015 [56] Atrial fibrillation (250 for 

CMR, 171 for TTE)
NR 2DE biplane AL 93 ± 27 Multi-slice LA stack 113 ± 37

Dell’Aquila AM, 2012 [60] Post-heart transplant (35) NR 2DE biplane 
Simpson’s

89 ± 38 Multi-slice LA stack 153 ± 70

Zhu S, 2020 [28] Post-heart transplant (31) 1 (0) 2DE biplane AL 79 ± 22 Multi-slice LA stack 89 ± 23
Florescu DR, 2021 [27] Non-disease specific (26) 1 (0) 2DE biplane 

Simpson’s
63 (53–78) Multi-slice LA stack 76 (59–89)

Perez de Isla L, 2014 [30] Non-disease specific (70) < 21 2DE biplane AL 63 ± 27 Multi-slice LA stack 80 ± 29
Ramos JG, 2020 [44] Non-disease specific (46) 3 (16) 2DE biplane AL 65 (52–84) Biplane AL 80 

(67–100)
Bias between LAVmax by TTE vs. by CMR (mL)
Agner BF, 2014 [55] Atrial fibrillation (34) 7 ± 4 2DE biplane AL −14 ± 13 Multi-slice LA stack –
Buechel RR, 2013 [29] Atrial fibrillation (60) 1 (0) 2DE biplane 

Simpson’s
−13 ± 25 Multi-slice LA stack

Rabbat MG, 2015 [56] Atrial fibrillation (250 for 
CMR, 171 for TTE)

NR 2DE biplane AL −24 ± 28 Multi-slice LA stack

Dell’Aquila AM, 2012 [60] Post-heart transplant (35) NR 2DE biplane 
Simpson’s

−51 ± 31 Multi-slice LA stack –

Zhu S, 2020 [28] Post-heart transplant (31) 1 (0) 2DE biplane AL −10 ± 16 Multi-slice LA stack –
Florescu DR, 2021 [27] Non-disease specific (26) 1 (0) 2DE biplane 

Simpson’s
−8 ± 9 Multi-slice LA stack –

Perez de Isla L, 2014 [30] Non-disease specific (70) < 21 2DE biplane AL −16 ± 26 Multi-slice LA stack –
Mor-Avi V, 2012 [21] Non-disease specific (92) NR 2DE biplane AL −31 ± 25 Multi-slice LA stack –
LAVi reported (mL/m 2)
Backhaus SJ, 2023 [33] HFpEF (by RHC or stress 

TTE) (34)
NR 2DE biplane 

Simpson’s
44 (37–54) Multi-slice LA stack 35 (30–43)

Backhaus SJ, 2023 [33] Non-HFpEF Dyspnoea (34) NR 2DE biplane 
Simpson’s

36 (29–41) Multi-slice LA stack 28 (22–35)

Ng MY, 2023 [53] HFpEF (by RHC) (53) 1 (0) 2DE biplane AL 52 (38–65) Biplane AL 62 (48–86)
Ng MY, 2023 [53] Non-HFpEF Dyspnoea (38) 1 (0) 2DE biplane AL 37 (31–42) Biplane AL 44 (35–51)
Ng MY, 2023 [53] Healthy (17) 1 (0) 2DE biplane AL 29 (24–37) Biplane AL 43 (36–53)
Rahi W, 2024 [54] Dyspnoea (RHC, 

PCWP > 15 mmHg) (33)
1 (3) 2DE biplane AL 47 ± 19 Biplane AL 71 ± 34

Rahi W, 2024 [54] Dyspnoea (RHC, PCWP 
≤15 mmHg) (46)

1 (3) 2DE biplane AL 32 ± 16 Biplane AL 43 ± 19

Buechel RR, 2013 [29] Atrial fibrillation (60) 1 (0) 2DE biplane 
Simpson’s

51 ± 15 Multi-slice LA stack 58 ± 17

Chung, 2021 [57] HCM, Sarcomere+ (67 for 
TTE, 42 for CMR)

NR 2DE ellipsoid 41 ± 22 Single plane AL 78 ± 44

Chung, 2021 [57] HCM, Sarcomere- (145 for 
TTE, 93 for CMR)

NR 2DE ellipsoid 35 ± 15 Single plane AL 67 ± 23

Ricci F, 2019 [58] HCM (Increased LAP, grade 
II-III) (23)

5 (7) 2DE biplane AL 68 (45) Biplane AL 69 ± 13

Ricci F, 2019 [58] HCM (Normal LAP, grade 
I) (46)

5 (7) 2DE biplane AL 47 (14) Biplane AL 50 ± 12

Isaac M, 2024 [59] Stroke (44) NR 2DE biplane AL 29 ± 13 Biplane AL 35 ± 11
Kühl JT, 2012 [61] Post-STEMI (54 for CMR, 

48 for TTE)
1 (0) 2DE biplane AL 36 ± 11 Multi-slice LA stack 47 ± 10

Ramos JG, 2020 [44] Non-disease specific (46) 3 (16) 2DE biplane AL 35 (29–44) Biplane AL 41 (33–51)

Table 2  Left atrial quantification by TTE and CMR
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that were still missed by 3D TTE in half. The systematic 
underestimation of LA volumes observed in the present 
meta-analysis is likely contributed to by foreshortening of 
the left atrium obtained from the standard apical four- and 
two-chamber TTE views. Proper LA-focused views are 
achieved by adjusting TTE transducer until the maximum 
LA long axis is identified. The use of atrial-focused views 
has been shown to provide larger volumes than the standard 
apical views and are in better agreement with 3DE [38]. 
Although this technique could potentially reduce measure-
ment disparity between TTE and CMR, it still relies on good 
TTE image quality.

A relevant application is in HFpEF, where LA enlarge-
ment is a diagnostic criterion and the scale of clinical trials 
requires optimal technical performance. Diagnosis of LA 
enlargement in current guidelines for HFpEF is based on 
the observed association of LAVi above 34 ml/m2 measured 
by TTE with cardiovascular events and mortality [39–41]. 
With the current review, the threshold for stratification of 
LA enlargement may be better defined by CMR.

In HFpEF the underlying impaired cardiac relaxation 
results in heterogeneous clinical presentation with multiple 
features of LV dysfunction and/or increased LV filling pres-
sure. Current recommendation advocates for meticulous 

CMR has demonstrated better technical success rates 
across operators or by the same operator, compared to TTE. 
We found that 3D TTE underestimated LAV less than 2D. 
This is not surprising as unlike 2DE, 3D echocardiography 
does not depend on geometric assumption, thus, it is more 
accurate and reproducible than 2DE [20]. While potentially 
offering improved volumetric assessment compared to 
2D methods, it remains highly dependent on image qual-
ity. Both TTE methods require good spatial and temporal 
resolution of the image and, unlike CMR, a standardised 
method for 3D post processing analysis of LAV is not yet 
adopted [20]. Among the CMR methods, the multi-slice LA 
stack method is regarded as most reliable [37] because it 
tracks endocardial borders of successive slices across the 
whole atrium, overcoming the geometric assumptions of the 
biplane methods [37].

Diagnosis of LA enlargement

Across cardiac diseases, TTE was inferior to CMR in this 
work, supporting CMR as the gold standard technique for 
LAV measurement. We found that TTE underestimated 
LAV and LAVi in almost all studies, resulting in missed 
diagnoses of LA enlargement in 38% of patients by 2D TTE 

Author, year Indication (n) Interval 
between TTE 
and CMR 
(days)a

TTE CMR
Method Valuea Method Valuea

Chung H, 2021 [57] Age-, sex-matched controls 
(30 for TTE only)

NR 2DE ellipsoid Mean: 20 
(SD: 3)

Single plane AL NR

Bias between LAVi by TTE vs. by CMR (mL/m 2)
Fujikura K, 2024 [32] HCM (87) 0 [0, 9] 2DE biplane AL −13 (LoA 

− 7 to 32)
Multi-slice LA stack –

Isaac M, 2024 [59] Stroke (44) NR 2DE biplane AL −6 Biplane AL –
Kühl JT, 2012 [61] Post-STEMI (48) 1 (0) 2DE biplane AL 24% Multi-slice LA stack –
Ramos JG, 2020 [44] Non-disease specific (46) 3 (16) 2DE biplane AL −7 ± 8 Biplane AL –
Misclassification (%) of LAVi > 34ml/m2 by TTE, compared to CMR
Perez de Isla L, 2014 [30] Non-disease specific (70) < 21 2DE biplane AL 53 [95%CI 

41, 64]
Multi-slice LA stack –

Mor-Avi V, 2012 [21] Non-disease specific (92) NR 2DE biplane AL 29 [95%CI 
20, 39]

Multi-slice LA stack –

Fujikura K, 2024 [32] HCM (87) 0 [0, 9] 2DE biplane AL 34 [95%CI 
25, 45]

Multi-slice LA stack –

Prognostic accuracy for hospitalisation for cardiovascular disease (Hazard ratio for LAVmax)
Backhaus SJ, 2023 [33] Non-HFpEF Dyspnoea (34) NR 2DE biplane 

Simpson’s
1.03 
(95%CI 
1.01–1.06)

Multi-slice LA stack 1.03 
(95%CI 
1.01, 1.06)

Prognostic accuracy for hospitalisation for cardiovascular disease (Hazard ratio for LAVi)
Backhaus SJ, 2023 [33] Non-HFpEF Dyspnoea (34) NR 2DE biplane 

Simpson’s
1.06 
(95%CI 
1.01–1.11)

Multi-slice LA stack 1.06 
(95%CI 
1.01, 1.12)

aData are shown as mean ± SD, median (interquartile range. For the mean bias the SD reported is the SD of mean differences
2DE: two-dimensional echocardiography, AL: area length method; LA: left atrial; NR: not reported. CI: confidence intervals

Table 2  (continued) 

1 3

1664



The International Journal of Cardiovascular Imaging (2025) 41:1657–1669

comparable with echo, thus CMR-derived diastolic indices 
may be integrated in future practice [43, 44]. Echo-based 
diastolic function assessment is dependent on good image 
quality, and this is often impaired in obesity which is highly 
prevalent in HFpEF.

Beyond LA enlargement, CMR is the gold standard for 
evaluation of known early features such as cardiac stiffness 
(abnormal global longitudinal strain (GLS), and cardiac 
hypertrophy and elevated LV mass [45]. This is particularly 
relevant because obesity and diabetes are clinical comorbid-
ities in 40–50% of people with HFpEF and in those patients 
due to their body habitus the accurate assessment of LAV 

pathophysiological-based phenotyping to enhance patient 
characterization and facilitate the individualization of treat-
ment [3]. Cardiac dysfunction in HFpEF is multi-layered 
and identified by some combination of cardiac stiffness, 
reduced filling and emptying in the LV, increased pressure 
in ventricle and atrium, hypertrophy and remodelling on 
the LV and atrium eventually affecting the right ventricle 
and atrium. The multiparametric approach of diastolic func-
tion is based on the assessment of LA volume index, maxi-
mal tricuspid regurgitation velocity, E/e’ ratio and mitral 
annular velocity (e’) by TTE [42]. Nevertheless, CMR 
measurements of diastolic function have been shown to be 

Fig. 2  (A) Measurement differ-
ence between TTE and CMR for 
LAVmax. (B) Measurement differ-
ence between TTE and CMR for 
LAVi. (C) Misclassification of LA 
enlargement by TTE (grey for 2D 
and orange for 3D TTE). The rate 
of misclassification by 2DE was 
38%. 3DE studies reported reduced 
misclassification rates by about 
2-fold (17%)
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studies of one technology in the absence of a head-to-head 
comparison; for CMR biplane method LAVmax value ICC 
0.89 [50] and for 2D TTE LAVmax ICC 0.92 [51]. Only 
1 study reported on association to cardiovascular outcomes 
using both TTE and CMR and only 1 study compared CMR 
and TTE in healthy controls. While independent stud-
ies have found associations of LAVi to outcomes by TTE 
[39–41], equivalent studies are needed to identify optimal 
CMR prognostic biomarkers for HFpEF and the clinical 
impact of observed LAVi underestimation by TTE, given 
the improved technical performance of CMR reported here. 
Only 10/17 studies reported on BMI or BSA and 0/17 stud-
ies reported on ethnicity despite their influence on severity 
and course of cardiometabolic disease. These limitations 
should be addressed to inform HFpEF clinical trials with 
prospective research on technical performance, including 
on 3D TTE, and change over time. We did not specifically 
look at cardiac computed tomography angiography (CCTA) 
as it is beyond the scope of this review. CCTA offers true 
3D isotropic spatial resolution for LA evaluation, superior 
to echocardiography and standard CMR protocols. It can be 
performed faster than echo and CMR, with sufficient tem-
poral and spatial resolution [52]. Cardiac CT is however 
limited by exposure to radiation making it less suitable for 
repeated studies.

Conclusion

In this meta-analysis of paired studies, CMR has supe-
rior technical performance over TTE for diagnosis of LA 

may be possible by CMR. Additionally, both inflammation 
[46] and epicardial fat deposition contribute to localized 
dysfunction, measured by CMR in a recent HFpEF clinical 
trial with tirzepatide [45], so CMR could further improve 
the diagnostic algorithm beyond LA enlargement. CMR 
techniques may be unsuitable for routine application in 
large population due to high cost and limited availability. 
However, as CMR is more accurate and reproducible, it is 
more cost-effective given substantial reduction in sample 
sizes required in research studies compared to 2DE [47]. In 
clinical settings, CMR is preferred when small changes are 
of clinical importance for making treatment decision [48]. 
Other recognised limitations of CMR are patient-specific 
barriers, including claustrophobia, implanted devices, or 
inability to lie flat for extended periods, also restrict par-
tially its feasibility.

Limitations

While the literature search was comprehensive, there may 
be studies not found using our search criteria, although 
experts in the field were consulted to add to the studies 
identified. There was a paucity of articles solely on HFpEF 
and the studies we found were cross-sectional and on 2D 
TTE. The effect of differences in hardware or variability in 
image acquisition (scan-rescan repeatability) on LAV quan-
tification was not reported in any study, despite their impor-
tance for large-scale applications as recommended by the 
Quantitative Imaging Biomarkers Alliance [49]. However, 
test-retest repeatability has been reported in independent 

Fig. 2  (continued)

 

1 3

1666



The International Journal of Cardiovascular Imaging (2025) 41:1657–1669

References

1.	 Roh J, Hill JA, Singh A, Valero-Muñoz M, Sam F (2022) Heart 
failure with preserved ejection fraction: heterogeneous syndrome, 
diverse preclinical models. Circul Res 130(12):1906–1925

2.	 Borlaug BA (2020) Evaluation and management of heart failure 
with preserved ejection fraction. Nat Rev Cardiol 17(9):559–573

3.	 Borlaug BA, Sharma K, Shah SJ, Ho JE (2023) Heart failure with 
preserved ejection fraction. J Am Coll Cardiol 81(18):1810–1834

4.	 Ho JE, Redfield MM, Lewis GD, Paulus WJ, Lam CSP (2020) 
Deliberating the diagnostic dilemma of heart failure with pre-
served ejection fraction. Circulation 142(18):1770–1780

5.	 Pop-Busui R, Januzzi JL, Bruemmer D, Butalia S, Green JB, Hor-
ton WB et al (2022) Heart failure: an underappreciated compli-
cation of diabetes. A consensus report of the American diabetes.
Association. Diabetes Care 45(7):1670–1690

6.	 Garg P, Gosling R, Swoboda P, Jones R, Rothman A, Wild JM 
et al (2022) Cardiac magnetic resonance identifies Raised left 
ventricular filling pressure: prognostic implications. Eur Heart J 
43(26):2511–2522

7.	 McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach 
A, Böhm M et al (2023) 2023 focused update of the 2021 ESC 
guidelines for the diagnosis and treatment of acute and chronic 
heart failure. Eur Heart J 44(37):3627–3639

8.	 Heidenreich PA, Bozkurt B, Aguilar D, Allen LA, Byun JJ, Col-
vin MM et al (2022) 2022 AHA/ACC/HFSA guideline for the 
management of heart failure: A report of the American college of 
cardiology/american heart association joint committee on clinical 
practice guidelines. Circulation 145(18):e895–e1032

9.	 Pritchett AM, Mahoney DW, Jacobsen SJ, Rodeheffer RJ, Karon 
BL, Redfield MM (2005) Diastolic dysfunction and left atrial vol-
ume: a population-based study. J Am Coll Cardiol 45(1):87–92

10.	 Packer M, Zile MR, Kramer CM, Baum SJ, Litwin SE, Menon V 
et al (2024) Tirzepatide for heart failure with preserved ejection 
fraction and obesity. N Engl J Med

11.	 Ristow B, Ali S, Whooley MA, Schiller NB (2008) Usefulness of 
left atrial volume index to predict heart failure hospitalization and 
mortality in ambulatory patients with coronary heart disease and 
comparison to left ventricular ejection fraction (from the heart 
and soul Study). Am J Cardiol 102(1):70–76

12.	 Le Tourneau T, Messika-Zeitoun D, Russo A, Detaint D, Topilsky 
Y, Mahoney DW et al (2010) Impact of left atrial volume on clini-
cal outcome in organic mitral regurgitation. J Am Coll Cardiol 
56(7):570–578

13.	 Mancusi C, Canciello G, Izzo R, Damiano S, Grimaldi MG, de 
Luca N et al (2018) Left atrial dilatation: A target organ dam-
age in young to middle-age hypertensive patients. The campania 
salute network. Int J Cardiol 265:229–233

14.	 Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish 
H, Edvardsen T et al (2016) Recommendations for the evalua-
tion of left ventricular diastolic function by echocardiography: 
an update from the American society of echocardiography and 
the European association of cardiovascular imaging. Eur Heart J 
Cardiovasc Imaging 17(12):1321–1360

15.	 Hao Z, Xu G, Yuan M, Sun Y, Tan R, Liu Y et al (2023) The 
predictive value of changes in left atrial volume index for rehos-
pitalization in heart failure with preserved ejection fraction. Clin 
Cardiol 46(2):151–158

16.	 Moya-Mur JL, García-Martín A, García-Lledó A, Ruiz-Leria S, 
Jiménez-Nacher JJ, Megias-Sanz A et al (2010) Indexed left atrial 
volume is a more sensitive indicator of filling pressures and left 
heart function than is anteroposterior left atrial diameter. Echo-
cardiography 27(9):1049–1055

17.	 Marchese P, Malavasi V, Rossi L, Nikolskaya N, Donne GD, 
Becirovic M et al (2012) Indexed left atrial volume is superior 

enlargement and TTE misdiagnosed LA enlargement in 
38% of cases. LA enlargement is a measure of cardiac dys-
function and contributes to pathophysiology in obesity and 
HFpEF. The limitations of TTE should be considered as 
we design clinical pathways for HFpEF, and interventional 
clinical trials.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​0​5​5​4​-​0​
2​5​-​0​3​4​5​5​-​1.

Author contributions  Author Contributions: MM: Data curation, For-
mal analysis, Writing– original draft, Writing– review and editing. SB: 
Writing– review and editing. TK: Conceptualisation; Writing– review 
and editing TD: Data curation, Formal analysis, Writing– review and 
editing. AB: Data curation, Writing– review and editing: All authors. 
IP: Data curation, Writing– review and editing: All authors. ID: Writ-
ing– review and editing.MW: Writing– review and editing. HTB: 
Data curation, Formal analysis, Supervision, Writing– original draft, 
Writing– review and editing.All authors reviewed the manuscript. 
RB: Conceptualisation; Supervision; Writing– review and editing AB: 
Conceptualisation; Writing– review and editingAll authors reviewed 
the manuscript.

Funding   This research did not receive any specific grant from funding 
agencies in the public, commercial, or not- for-profit sectors.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations

Competing interests  Masliza Mahmod, Alessandra Borlotti, Iulia A. 
Popescu, Tom Davis, Tushy Kailayanathan, Helena Thomaides Brears, 
Rajarshi Banerjee are employees for Perspectum, a company that de-
veloped a medical imaging device (for the liver, pancreas, kidneys, 
spleen, lungs and heart; CoverScanÔ) that includes LAV quantifica-
tion. Helena Thomaides Brears, Rajarshi Banerjee are also sharehold-
ers at Perspectum. Sacha Bull is a consultant for Perspectum. Amitava 
Banerjee was a consultant for Perspectum. The remaining authors de-
clare that they have no known competing financial interests or personal 
relationships that could have appeared to influence the work reported 
in this paper.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit ​h​t​t​p​:​​​/​​/​c​r​e​a​t​i​​v​e​c​​o​m​m​o​​n​​s​.​​o​
r​​​g​/​l​i​c​e​n​s​​e​s​/​​b​​y​/​4​.​0​/.

1 3

1667

https://doi.org/10.1007/s10554-025-03455-1
https://doi.org/10.1007/s10554-025-03455-1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


The International Journal of Cardiovascular Imaging (2025) 41:1657–1669

and exercise-stress left atrioventricular coupling index to 
detect diastolic dysfunction. Am J Physiol Heart Circ Physiol 
324(5):H686–h95

34.	 Pritchett AM, Mahoney DW, Jacobsen SJ, Rodeheffer RJ, Karon 
BL, Redfield MM (2005) Diastolic dysfunction and left atrial vol-
ume. J Am Coll Cardiol 45(1):87–92

35.	 Ellenberger K, Jeyaprakash P, Sivapathan S, Sangha S, Kitley J, 
Darshni A et al (2022) The effect of obesity on echocardiographic 
image quality. Heart Lung Circ 31(2):207–215

36.	 Laubrock K, von Loesch T, Steinmetz M, Lotz J, Frahm J, Uecker 
M et al (2022) Imaging of arrhythmia: Real-time cardiac mag-
netic resonance imaging in atrial fibrillation. Eur J Radiol Open 
9:100404

37.	 Kanagala P, Arnold JR, Singh A, Khan JN, Gulsin GS, Gupta P 
et al (2020) Intra-study and inter-technique validation of cardio-
vascular magnetic resonance imaging derived left atrial ejection 
fraction as a prognostic biomarker in heart failure with preserved 
ejection fraction. Int J Cardiovasc Imaging 36(5):921–928

38.	 Kebed K, Kruse E, Addetia K, Ciszek B, Thykattil M, Guile B 
et al (2017) Atrial-focused views improve the accuracy of two-
dimensional echocardiographic measurements of the left and right 
atrial volumes: a contribution to the increase in normal values in 
the guidelines update. Int J Cardiovasc Imaging 33(2):209–218

39.	 Pieske B, Tschöpe C, de Boer RA, Fraser AG, Anker SD, Donal E 
et al (2019) How to diagnose heart failure with preserved ejection 
fraction: the HFA-PEFF diagnostic algorithm: a consensus recom-
mendation from the heart failure association (HFA) of the Euro-
pean society of cardiology (ESC). Eur Heart J 40(40):3297–3317

40.	 Melenovsky V, Hwang S-J, Redfield MM, Zakeri R, Lin G, Bor-
laug BA (2015) Left atrial remodeling and function in advanced 
heart failure with preserved or reduced ejection fraction. Circula-
tion: Heart Fail 8(2):295–303

41.	 Almeida P, Rodrigues J, Lourenço P, Maciel MJ, Bettencourt P 
(2018) Left atrial volume index is critical for the diagnosis of 
heart failure with preserved ejection fraction. J Cardiovasc Med 
(Hagerstown) 19(6):304–309

42.	 Nagueh SF, Smiseth OA, Appleton CP, Byrd BF 3rd, Dokainish 
H, Edvardsen T et al (2016) Recommendations for the evalua-
tion of left ventricular diastolic function by echocardiography: 
an update from the American society of echocardiography and 
the European association of cardiovascular imaging. J Am Soc 
Echocardiogr 29(4):277–314

43.	 Fujikura K, Sathya B, Acharya T, Benovoy M, Jacobs M, Sachdev 
V et al (2024) CMR provides comparable measurements of dia-
stolic function as echocardiography. Sci Rep 14(1):11658

44.	 Ramos JG, Fyrdahl A, Wieslander B, Thalén S, Reiter G, Reiter 
U et al (2020) Comprehensive cardiovascular magnetic reso-
nance diastolic dysfunction grading shows very good agreement 
compared with echocardiography. JACC Cardiovasc Imaging 
13(12):2530–2542

45.	 Kramer CM, Borlaug BA, Zile MM, Ruff D, DiMaria JM, Menon 
V et al (2024) Tirzepatide reduces LV mass and paracardiac adi-
pose tissue in Obesity-Related heart failure: SUMMIT CMR sub-
study. J Am Coll Cardiol

46.	 Gomberg-Maitland M, Shah SJ, Guazzi M (2016) Inflammation 
in heart failure with preserved ejection fraction: time to put out 
the fire. JACC Heart Fail 4(4):325–328

47.	 Bellenger NG, Ceri DL, FJ M, S. CAJ, and, Pennell DJ (2000) 
Reduction in sample size for studies of remodeling in heart failure 
by the use of cardiovascular magnetic resonance. J Cardiovasc 
Magn Reson 2(4):271–278

48.	 Gardner BI, Bingham SE, Allen MR, Blatter DD, Anderson JL 
(2009) Cardiac magnetic resonance versus transthoracic echo-
cardiography for the assessment of cardiac volumes and regional 
function after myocardial infarction: an intrasubject comparison 

to left atrial diameter in predicting nonvalvular atrial fibrillation 
recurrence after successful cardioversion: a prospective study. 
Echocardiography 29(3):276–284

18.	 McDonagh TA, Metra M, Adamo M, Gardner RS, Baumbach 
A, Böhm M et al (2021) 2021 ESC guidelines for the diagno-
sis and treatment of acute and chronic heart failure. Eur Heart J 
42(36):3599–3726

19.	 Pieske B, Tschöpe C, de Boer RA, Fraser AG, Anker SD, Donal 
E et al (2020) How to diagnose heart failure with preserved ejec-
tion fraction: the HFA-PEFF diagnostic algorithm: a consen-
sus recommendation from the heart failure association (HFA) 
of the European society of cardiology (ESC). Eur J Heart Fail 
22(3):391–412

20.	 Badano LP, Miglioranza MH, Mihăilă S, Peluso D, Xhaxho 
J, Marra MP et al (2016) Left atrial volumes and function by 
Three-Dimensional echocardiography. Circ Cardiovasc Imaging 
9(7):e004229

21.	 Mor-Avi V, Yodwut C, Jenkins C, Kühl H, Nesser H-J, Marwick 
TH et al (2012) Real-Time 3D Echocardiographic Quantifica-
tion of Left Atrial Volume: Multicenter Study for Validation With 
CMR. JACC: Cardiovascular Imaging.;5(8):769– 77

22.	 Hampson R, Senior R, Ring L, Robinson S, Augustine DX, 
Becher H et al (2023) Contrast echocardiography: a practical 
guideline from the British society of echocardiography. Echo Res 
Pract 10(1):23

23.	 Mitter SS, Shah SJ, Thomas JD (2017) A test in context: E/A and 
e/e’ to assess diastolic dysfunction and LV filling pressure. J Am 
Coll Cardiol 69(11):1451–1464

24.	 Moher D, Liberati A, Tetzlaff J, Altman DG (2009) Preferred 
reporting items for systematic reviews and meta-analyses: the 
PRISMA statement. Ann Intern Med 151(4):264–269w64

25.	 Stang A (2010) Critical evaluation of the Newcastle-Ottawa scale 
for the assessment of the quality of nonrandomized studies in 
meta-analyses. Eur J Epidemiol 25(9):603–605

26.	 Luo D, Wan X, Liu J, Tong T (2018) Optimally estimating the 
sample mean from the sample size, median, mid-range, and/or 
mid-quartile range. Stat Methods Med Res 27(6):1785–1805

27.	 Florescu DR, Badano LP, Tomaselli M, Torlasco C, Târtea GC, 
Bălșeanu TA et al (2021) Automated left atrial volume measure-
ment by two-dimensional speckle-tracking echocardiography: 
feasibility, accuracy, and reproducibility. Eur Heart J Cardiovasc 
Imaging 23(1):85–94

28.	 Zhu S, Sun W, Qiao W, Li M, Li Y, Liang B et al (2020) Real time 
three-dimensional echocardiographic quantification of left atrial 
volume in orthotopic heart transplant recipients: comparisons 
with cardiac magnetic resonance imaging. Echocardiography 
37(8):1243–1250

29.	 Buechel RR, Stephan FP, Sommer G, Bremerich J, Zellweger MJ, 
Kaufmann BA (2013) Head-to-Head comparison of Two-Dimen-
sional and Three-Dimensional echocardiographic methods for 
left atrial chamber quantification with magnetic resonance imag-
ing. J Am Soc Echocardiogr 26(4):428–435

30.	 Perez de Isla L, Feltes G, Moreno J, Martinez W, Saltijeral A, de 
Agustin JA et al (2014) Quantification of left atrial volumes using 
three-dimensional wall motion tracking echocardiographic tech-
nology: comparison with cardiac magnetic resonance. Eur Heart 
J Cardiovasc Imaging 15(7):793–799

31.	 Mor-Avi V, Yodwut C, Jenkins C, Kühl H, Nesser HJ, Marwick 
TH et al (2012) Real-time 3D echocardiographic quantification 
of left atrial volume: multicenter study for validation with CMR. 
JACC Cardiovasc Imaging 5(8):769–777

32.	 Fujikura K, Sathya B, Acharya T, Benovoy M, Jacobs M, Sachdev 
V et al (2024) CMR provides comparable measurements of dia-
stolic function as echocardiography. Sci Rep 14(1):11658

33.	 Backhaus SJ, Lange T, Schulz A, Evertz R, Frey SM, Hasen-
fuß G et al (2023) Cardiovascular magnetic resonance rest 

1 3

1668



The International Journal of Cardiovascular Imaging (2025) 41:1657–1669

56.	 Rabbat MG, Wilber D, Thomas K, Malick O, Bashir A, Agrawal 
A et al (2015) Left atrial volume assessment in atrial fibrillation 
using multimodality imaging: a comparison of echocardiography, 
invasive three-dimensional CARTO and cardiac magnetic reso-
nance imaging. Int J Cardiovasc Imaging 31(5):1011–1018

57.	 Chung H, Kim Y, Park CH, Kim IS, Kim JY, Min PK et al (2021) 
Contribution of sarcomere gene mutations to left atrial function 
in patients with hypertrophic cardiomyopathy. Cardiovasc Ultra-
sound 19(1):4

58.	 Ricci F, Aung N, Thomson R, Boubertakh R, Camaioni C, Doimo 
S et al (2019) Pulmonary blood volume index as a quantitative 
biomarker of haemodynamic congestion in hypertrophic cardio-
myopathy. Eur Heart J Cardiovasc Imaging 20(12):1368–1376

59.	 Isaac M, Kumar SA, Petroski GF, Shinn A, Mehra A, Gomez CR 
(2024) Assessing left atrial size and pump function in ischemic 
stroke patients: is cardiac MRI superior to transthoracic echocar-
diography? J Stroke Cerebrovasc Dis 33(6):107674

60.	 Dell’Aquila AM, Mastrobuoni S, Bastarrika G, Praschker BL, 
Agüero PA, Castaño S et al (2012) Bicaval versus standard 
technique in orthotopic heart transplant: assessment of atrial 
performance at magnetic resonance and transthoracic echocar-
diography. Interact Cardiovasc Thorac Surg 14(4):457–462

61.	 Kühl JT, Lønborg J, Fuchs A, Andersen MJ, Vejlstrup N, Kel-
bæk H et al (2012) Assessment of left atrial volume and func-
tion: a comparative study between echocardiography, magnetic 
resonance imaging and multi slice computed tomography. Int J 
Cardiovasc Imaging 28(5):1061–1071

Publisher’s note  Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

using simultaneous intrasubject recordings. Cardiovasc Ultra-
sound 7:38

49.	 Hagiwara A, Fujita S, Ohno Y, Aoki S (2020) Variability and 
standardization of quantitative imaging: monoparametric to mul-
tiparametric quantification, radiomics, and artificial intelligence. 
Invest Radiol 55(9):601–616

50.	 Alfuhied A, Marrow BA, Elfawal S, Gulsin GS, Graham-Brown 
MP, Steadman CD et al (2021) Reproducibility of left atrial 
function using cardiac magnetic resonance imaging. Eur Radiol 
31(5):2788–2797

51.	 Velcea AE, Baldea SM, Cinteza M, Vinereanu D (2022) Three-
Dimensional echocardiography is a feasible and reproducible 
method for the measurement of left atrial volumes, regardless of 
expertise level. Maedica (Bucur) 17(1):4–13

52.	 Kuchynka P, Podzimkova J, Masek M, Lambert L, Cerny V, 
Danek B et al (2015) The role of magnetic resonance imaging 
and cardiac computed tomography in the assessment of left atrial 
anatomy, size, and function. Biomed Res Int 2015:247865

53.	 Ng MY, Kwan CT, Yap PM, Fung SY, Tang HS, Tse WWV et 
al (2023) Diagnostic accuracy of cardiovascular magnetic reso-
nance strain analysis and atrial size to identify heart failure with 
preserved ejection fraction. Eur Heart J Open 3(2):oead021

54.	 Rahi W, Hussain I, Quinones MA, Zoghbi WA, Shah DJ, Nagueh 
SF (2024) Noninvasive prediction of pulmonary capillary wedge 
pressure in patients with normal left ventricular ejection fraction: 
comparison of cardiac magnetic resonance with comprehensive 
echocardiography. J Am Soc Echocardiogr 37(5):486–494

55.	 Agner BF, Kühl JT, Linde JJ, Kofoed KF, Åkeson P, Rasmussen 
BV et al (2014) Assessment of left atrial volume and function in 
patients with permanent atrial fibrillation: comparison of cardiac 
magnetic resonance imaging, 320-slice multi-detector computed 
tomography, and transthoracic echocardiography. Eur Heart J 
Cardiovasc Imaging 15(5):532–540

1 3

1669


	﻿Left atrial volume quantification by transthoracic echocardiography versus cardiovascular magnetic resonance: a systematic review and meta-analysis
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Data sources, search strategy
	﻿Study selection and eligibility criteria
	﻿Data extraction and quality assessment
	﻿Statistical analysis

	﻿Results
	﻿Literature search results
	﻿Summary of the included studies
	﻿Technical performance
	﻿Quantification of LAV﻿max﻿
	﻿Quantification of LAVi
	﻿ Classification of LA enlargement
	﻿Prognostic accuracy of LAV

	﻿Discussion
	﻿Differences in technical performance
	﻿Diagnosis of LA enlargement
	﻿Limitations
	﻿Conclusion

	﻿References


