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Abstract

Purpose—The biplane area-length method is commonly used in cardiac magnetic resonance 

(CMR) to assess left atrial (LA) volume (LAV) and function. Associations between left atrial 

emptying fraction (LAEF) and clinical outcomes have been reported. However, only limited data 

are available on the calculation of LAEF using the biplane method compared to 3D assessment. 

This study aimed to compare volumetric and functional LA parameters obtained from the biplane 

method with 3D assessment in a large, multiethnic cohort.

Method—158 participants of MESA (Multi-Ethnic Study of Atherosclerosis) underwent CMR 

that included standard two- and four-chamber steady-state free precession (SSFP) cine imaging for 

the biplane method. For 3D-based assessment, short-axis SSFP cine series covering the entire LA 

were obtained, followed by manual delineation of LA contours to create a time-resolved 3D LAV 

dataset. Paired t-tests and Bland-Altman plots were used to analyze the data.

Results—Standard volumetric assessment showed that LAVmin (bias: −8.35mL, p<0.001), 

LAVmax (bias: −9.38mL, p<0.001) and LAVpreA (bias: −10.27mL, p<0.001) were significantly 

smaller using the biplane method compared to 3D assessment. Additionally, the biplane method 
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reported significantly higher LAEFtotal (bias: 7.22%, p<0.001), LAEFactive (bias: 6.08%, p<0.001), 

and LAEFpassive (bias: 4.51%, p<0.001) with wide limits of agreement.

Conclusions—LA volumes were underestimated using the biplane method compared to 3D 

assessment, while LAEF parameters were overestimated. These findings demonstrate a lack of 

precision using the biplane method for LAEF assessment. Our results support the usage of 3D 

assessment in specific settings when LA volumetric and functional parameters are in focus.
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INTRODUCTION

Left atrial (LA) volume (LAV) is an important predictor of cardiovascular outcomes and 

function. LA enlargement is associated with various clinical conditions, such as atrial 

fibrillation (AF), heart failure, myocardial infarction, and hypertension [1–4]. Increased 

LAV has also been linked to stroke and death [5]. More recently, studies have reported 

associations between LA emptying fraction (LAEF) as a measure of LA function and 

clinical endpoints, such as outcome after myocardial infarction, recurrence after ablation for 

AF, and mitral valve regurgitation [6–8].

Cardiac MRI (CMR) plays an established role in measuring cardiac chamber volumes 

as well as cardiac function. The biplane area-length method is commonly used in CMR 

to assess LAV and LA function. Studies have shown that this method allows for good 

estimation of maximum LA volume (LAVmax) compared to 3D assessment, which is 

based on short axis (SAX) image acquisition with full volumetric coverage of the LA 

[9]. However, data on its estimation of minimum LAV (LAVmin) and volume before atrial 

contraction (LAVpreA) is not available to the same extent [9, 10]. As a result, the effect on 

the calculation of LAEF using the biplane method compared to 3D assessment is not well 

investigated in larger, multiethnic cohorts [11, 12].
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The Multi-Ethnic Study of Atherosclerosis (MESA) has contributed to understanding the 

role of LA parameters from CMR assessment in many diseases, such as AF or diabetes 

mellitus, and in relation to other cardiovascular risk factors [9, 13, 14]. The cohort is 

well described overall and, therefore, appropriate for investigating the impact of technique 

on LAEF assessment. In this study, we sought to compare volumetric and functional 

LA parameters, such as LAEF, obtained from the biplane area-length method with 3D 

assessment as the reference standard in a cohort of more than 150 MESA participants.

MATERIALS AND METHODS

Study Cohort

This was an ancillary, single center study within MESA and was approved by the 

Institutional Review Board at our institution. All participants gave written informed consent, 

in addition to their prior enrollment into the MESA study. MESA protocol has previously 

been described in detail [15]. 240 MESA participants at our institution were approached 

to participate in this study. 77 declined participation due to concerns about entering a 

hospital space during the COVID-19 pandemic. The prospectively recruited cohort of MESA 

participants (n=163) underwent an additional CMR at our institution between 2018–2020 

outside of the original MESA protocol. These additional CMR were analyzed for this study. 

A total of 5 participants were excluded due to missing imaging series (biplane: n=3, 3D: 

n=2), resulting in a final study cohort of 158 participants (Figure 1). At inclusion into MESA 

(between 2000–2002), all participants were free of known cardiovascular disease.

MRI Protocol

CMR examinations were performed on a 1.5T MRI system (Aera, Siemens Healthineers, 

Erlangen, Germany). All participants underwent standard two- and four-chamber balanced 

steady state free precession (SSFP) cine imaging, as well as SAX SSFP cine series covering 

the left ventricle (LV) and the entire LA (TE: 1.2ms, TR: 35.5ms, flip angle: 59°, spatial 

resolution: 1.8mm × 1.8mm, slice thickness: 6 mm, slice gap: 3mm, inter-slice distance: 

9mm, field of view: 340 mm × 308 mm, matrix: 192 × 180, number of cardiac time points: 

25).

Volumetric and Functional Assessment of the Left Atrium

For the biplane area-length method, CMR examinations were evaluated for LA volumes 

using a commercially available software (cvi42, Version 5.9.0., Circle Cardiovascular 

Imaging Inc., Calgary, Canada). Two- and four-chamber SSFP cine series were used to 

contour the LA endocardial boundaries at all time points of the cardiac cycle with the 

software’s automatic tool for LA assessment. A trainee (S.L.) performed the automated 

biplane analysis, which was then reviewed in detail by the cardiovascular (CV) radiologist 

with 3 years of experience in CMR (M.P.). The pulmonary veins and the left atrial 

appendage were excluded from the LA contours (Figure 2A). For the biplane method, the 

formula used for estimating the LA volume for each time point is: LA volume = (4-chamber 

area) × (2-chamber area) × 0.85/atrial length [16].
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3D assessment based on 2D SAX images was performed by the CV radiologist (M.P.) using 

a home-built software programmed in MATLAB (The MathWorks, Natick, MA, USA). The 

LA endocardial borders were contoured by the CV radiologist on each SAX slice and at 

all cardiac time points. At the atrioventricular junction, the LA was contoured only if there 

was less than 50% of LV myocardium visible. This rule was also used to define the mitral 

valve plane. The contours for each plane were combined into a time-resolved 3D volume 

dataset for further analysis. The biplane and 3D-based assessments for each participant were 

performed at least 4 weeks apart. An overview is depicted in Figure 2B.

LAVmax and LAVmin were automatically identified in each of the volume-time curves 

derived for both methods (biplane and 3D assessment, Figure 3A). The pre-atrial 

contraction volume (LAVpreA) was manually identified for each participant and each method 

independently using the volume-time curves as well. If neighboring points were present 

for LAVpreA, we systematically chose the larger volume. Based on these parameters, total, 

active, and passive LAEF were calculated using the standard equations in Figure 3B [9].

Interreader assessment was performed on ten random participants by a reader with one year 

of experience in both biplane and 3D methods (A.M.). For each method, we compared 

all six parameters: LAVmax, LAVmin, LAVpreA, LAEFtotal, LAEFpassive, and LAEFactive. To 

evaluate agreement between the two readers, we calculated intraclass correlation coefficients 

(ICC) for each LAV and LAEF parameter.

Statistical Analysis

Statistical analyses were performed using Excel (Microsoft, Redmond, WA, USA) and 

Python (Python Software Foundation, Wilmington, DE, USA). All parameters were first 

tested for normal distribution and if normally distributed, reported as mean and standard 

deviation (SD). Paired t-tests were then performed. Bland-Altman plots were created 

to compare the differences between the biplane and 3D methods for all available time 

points, including the mean difference (bias) and limits of agreement (LoA). The percentage 

difference was calculated by taking the absolute value of the change in means (bias) divided 

by the average of the two methods.

RESULTS

Subject Demographics

The study included 158 participants (83 female) with a mean age of 72.7 ± 7.3 years (Table 

1). Ethnicity was self-reported as African American (n=36), Chinese American (n=52), or 

White (n=70). Mean BMI was 26.4 ± 4.7 kg/m2. Although participants were free of a history 

of cardiovascular events (myocardial infarction, revascularization, stroke, heart failure, or 

current atrial fibrillation) at their entry into the MESA study in 2000–2002, participants 

had the following characteristics in 2018–2020 at the time of the cardiac MRI: arterial 

hypertension (n=90, 57.0%), diabetes (n=20, 12.7%), history of AF (n=12, 7.6%) and former 

or current smoker (n=74, 46.8%). For each participant, the median number of slices with a 

visible LA was 6 (IQR: 2, range: 3–9).
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LA Volumes

Overall, pairwise comparisons for LAVmin, LAVmax and LAVpreA showed significantly 

smaller values for the biplane method compared to 3D assessment (p<0.001, p<0.001, and 

p<0.001) (Table 2). Analysis of agreement via Bland-Altman plots resulted in negative 

biases of −8.35 mL, −9.38 mL and −10.27 mL respectively for these three parameters. When 

comparing the two methods for each participant, this discrepancy was also seen over all 

25 available time points (mean bias ± SD: −9.03 ± 0.80 mL, range: −9.97 mL,−7.18 mL), 

indicating that LA volumes were generally underestimated using the biplane area-length 

method versus 3D assessment (Figure 4A). Limits of agreement were wide for LAVmax 

(−37.49, 18.73 mL), LAVmin (−26.91, 10.21 mL), and LAVpreA (−33.48, 12.95 mL), and the 

percentage differences were large (LAVmax 14.24%, LAVmin 25.90%, and LAVpreA 20.32%) 

(Figure 4, Table 2). While the overall trend was underestimation of LAV by the biplane 

method, a total of 44 participants (27.8%) had larger volumes in at least one LAV parameter 

(LAVmax: 38 participants, LAVmin: 21 participants, LAVpreA: 24 participants).

LA Emptying Fractions

The biplane method resulted in significant overestimation of LAEF parameters, including 

higher LAEFtotal (p<0.001), LAEFactive (p<0.001), and LAEFpassive (p<0.001) compared to 

3D assessment (Table 2). Analysis of agreement by Bland-Altman plots showed positive 

biases with wide limits of agreement for LAEFtotal (bias: 7.22%, LoA: −7.91%, 22.35%), 

LAEFactive (bias: 6.08%, LoA: −11.7%, 23.85%), and LAEFpassive (bias: 4.51%, LoA: 

−9.54%, 18.56%) and high percentage differences (Figure 5, Table 2). While the overall 

trend was overestimation of LAEF by the biplane method, a total of 80 participants (50.6%) 

had lower values for at least one LAEF parameter (LAEFtotal: 24 participants, LAEFactive: 

42 participants, LAEFpassive: 42 participants).

Reproducibility and Variability

Interreader assessment revealed excellent agreement for the volumetric parameters derived 

from the biplane and 3D methods. For the 3D method, the bias was −1.1 mL (LoA: −10.55, 

8.4 mL) for LAVmax (ICC: 0.99), −2.4 mL (LoA: −6.2, 1.4 mL) for LAVmin (ICC: 1.00) and 

−1.0 mL (LoA: −11.3, 9.4 mL) for LAVpreA (ICC: 0.98). Comparison of LAEF parameters 

for the 3D method also showed excellent agreement for LAEFtotal (bias: 2.3%, LoA: −4.4, 

9.0%, ICC: 0.99) and LAEFactive (bias: 2.8%, LoA: −6.7, 12.3%, ICC: 0.92). Bias for 

LAEFpassive was similarly low (bias: −1.0%, LoA: −13.1, 11.1%), while ICC was less 

compared to the other parameters (ICC: 0.72).

For the biplane method, there was also excellent agreement for LAV and LAEF parameters. 

The bias was 3.1 mL (LoA: −3.1, 9.3mL) for LAVmax (ICC: 1.00), 0.2 mL (LoA: −4.8, 

5.1mL) for LAVmin (ICC: 1.00), and 5.2 mL (LoA: −0.3, 10.6mL) for LAVpreA (ICC: 0.99). 

LAEF assessment showed a bias of 1.9% (LoA: −7.8, 11.6%) for LAEFtotal (ICC: 0.98), 

4.4% (LoA: −7.2, 16.0%) for LAEFactive (ICC: 0.94) and −3.8% (LoA: −7.7, 0.2%) for 

LAEFpassive (ICC: 0.98).
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DISCUSSION

In this study, we compared the biplane area-length method with the 3D method as the 

reference standard for the assessment of LA volumetric and functional parameters in a 

cohort of 158 MESA participants. Our main finding was that LAEF parameters (total, 

active, and passive) were significantly overestimated using the biplane area-length method 

when compared to the reference standard of 3D assessment. This result was based on 

an underestimation of LA volumes for each time point of the cardiac cycle when using 

the biplane method. Furthermore, limits of agreement between methods were wide and 

percentage differences were high for LAV and LAEF parameters, indicating large variances 

on an individual level between biplane and 3D-based assessments.

The importance of LA volume was first described as a marker for AF, stroke, and 

death in the Framingham study [4, 5]. Over the years, remodeling and enlargement of 

the LA have been linked to other diseases, such as heart failure, hypertension, diabetes, 

and demographics such as age and obesity, using different imaging modalities [1, 3, 17–

19]. There is general consensus that CMR represents the gold standard for assessment 

of cardiac chambers and cardiac function [20]. While this primarily refers to 3D-based 

evaluation of LV function, assessment of the LA is mainly performed using the biplane 

method [21]. In the reference work for cardiac chamber assessment by Kawel-Boehm 

et al., only the LAVmax was reported for the 3D-based assessment. This was likely due 

to the time-consuming nature of the analysis, which is especially relevant if more time 

points need to be segmented. On the other hand, the biplane area-length method is simpler 

to use and does not require extra image acquisition, since two- and four-chamber cine 

SSFP are standard in any cardiac MRI protocol [22]. Regarding LAV assessment in our 

study, we found that the biplane method, which assumes an ellipsoidal LA, significantly 

underestimated LAV compared to the reference standard of 3D-based assessment, which 

depicts the actual LA shape. This underestimation was found at all cardiac time points, 

which is of interest since previous studies focused primarily on distinct time points in the 

cardiac cycle [9, 11, 21]. Few studies investigated all time points [23, 24]. Overall, we also 

found wide limits of agreement and high percentage differences for volumetric assessment, 

but especially at the fiducial points of maximum, minimum, and pre-atrial contraction, 

indicating large variance on the level of individual participants. Li et al. reported similar 

results showing an underestimation of LAV and overestimation of LAEF by the biplane 

method compared to 3D assessment in a cohort of healthy Chinese participants [12]. Zareian 

et al. reported a better agreement between the two techniques for LAVmax assessment with 

narrower limits of agreement compared to our results. However, they investigated a smaller 

cohort (30 participants) and pre-selected the time points for assessment visually, while 

we segmented each time point and extracted the volume at the specific time points from 

the comprehensive volume-time curves. They also used multimodality tissue tracking for 

contouring LA boundaries, which could explain these differences [21]. For maximum LA 

volume, Bashir et al. reported a general overestimation of LAV by the biplane area-length 

method in a cohort of 250 AF patients; LA enlargement as a result of remodeling could 

explain that finding [10]. They also reported wide limits of agreement of net 40 mL, which 

indicates large variance on the level of individual patients.

Liu et al. Page 6

Eur J Radiol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LAEF has been linked to various cardiovascular conditions, such as AF and mitral 

regurgitation, but most studies reporting LAEF (and LA volumes) have used the biplane 

method [25, 26]. However, our findings suggest a potential lack of precision using the 

biplane area-length method for both LAV and LAEF assessment. Our results from 3D-based 

LAEF assessment are in accordance with previously reported 3D mean values in two studies 

with small sample sizes of 20 and 15 participants in the same age group [7, 8]. Most 

studies evaluating the biplane method compared to 3D-based assessment have focused on 

LAVmax [9, 10, 21, 27]. However, the importance of LAVmin as an imaging marker has 

grown in recent years, potentially since it has outperformed LAVmax in the assessment 

of LV diastolic dysfunction, prediction of AF, and prognosis in heart failure in certain 

studies [24, 28–31]. Since LAVmin is part of the numerator in the formulas used to calculate 

total and active LAEF, LAEF assessment is, therefore, dependent on precise and accurate 

LAVmin assessment. In our analysis, we found an underestimation of LAVmin using the 

biplane method with a higher percentage difference compared to LAVmax assessment. This 

indicates a greater relative underestimation of LAVmin compared to LAVmax and, moreover, 

a larger influence of measurement technique on its assessment. This result can be due to 

the angulation of the two- and four-chamber views, causing them to be uncentered at the 

time point of LAVmin. This angulation cannot be adjusted retrospectively in the biplane 

method. On the other hand, if the LA is fully covered using the 3D technique, it is 

possible to assess the entire LA, and angulation does not play a role. As a result of the 

greater underestimation of LAVmin than LAVmax by the biplane method, LAEF assessment 

showed an overestimation compared to the 3D method. Yet, we observed wide limits of 

agreement with high percentage differences, which again indicate both overestimation and 

underestimation on an individual level.

We believe that our results have potential implications for future studies, for example, on 

normal values of LAEF, but also on associations with disease in general. Assessment of 

LV function is routinely performed using 3D cine imaging; while this method allows for 

assessment of regional wall motion abnormalities, biplane assessment would not be feasible 

in this case. If LA function is of interest, such as specific research settings, our results 

support the usage of a 3D-based approach over the clinical standard of biplane assessment. 

In addition, interreader analysis on all parameters (LAV and LAEF) showed small but 

similar differences in bias and limits of agreement between the biplane and 3D methods. 

This indicates that our findings cannot be explained by measurement variability alone, but 

that the chosen technique plays an important role.

Although full time-resolved, 3D-based assessment of the LA is likely superior, it is not 

yet ready for clinical usage. This mainly involves two factors: first, SAX cine series are 

typically only acquired for the LV in a clinical setting, and for full LA coverage, additional 

SAX slices would have to be acquired. Even though this would only slightly add to scan 

protocol duration, any extension needs to be justified. The 3D segmentation of the LA is 

the second, larger hurdle. There are only limited software options available offering LA 

assessment beyond biplane assessment using the two- and four-chamber views; therefore, in 

our study, we used a MATLAB-based solution. The actual contouring of endocardial borders 

of the LA needs to be performed on each slice in which the LA is visible. The median 

number of slices with a visible LA was 6 but ranged from 3 to 9 slices, depending on the 

Liu et al. Page 7

Eur J Radiol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



LA size, and included about 25 individual images, depending on the temporal resolution. 

Even when segmenting only the two time points of maximum and minimum LA volumes, 

this technique will add to the CMR post-processing analysis significantly. Fully automatic, 

artificial intelligence-based solutions could address and overcome this hurdle. However, 

there are only a few works involving 3D LA assessment based on cine images, and those 

still have some limitations, such as its development on a cohort of AF patients, or that the 

segmentation is only done on specific, pre-selected time points [32, 33]. Having results from 

LA segmentations automatically available could be the next step in imaging and assessment 

of the LA. This could enable researchers to make full use of the advantages of 3D-based 

assessment as shown in this study. Furthermore, a better understanding of the impact of 

3D-based analysis of LAV and LAEF might affect the classification of patients with diseases 

such as AF, heart failure, or myocardial infarction.

The study has limitations. It was a single-center study; we included 158 MESA participants 

who underwent an additional CMR at our institution involving SAX covering the whole LA, 

which was not part of the original MESA CMR protocol. Participants were of older ages 

(range: 62–93 years) and do not represent the entire population. However, LAV and LA 

function from this cohort most likely represent a cross-section of their age group. About a 

quarter of MESA participants who were approached to participate could not be included due 

to their concerns of being exposed to COVID-19. In addition, there were a few enlarged LAs 

in the cohort, which could have impacted the results. While there were about 23% Hispanic 

participants in the entire MESA cohort, there were none included in this study, since our site 

did not recruit members of this ethnicity. Our cohort still has a fair distribution of African 

American, Chinese American, and White participants. MRI exams were acquired on one 

model from one vendor, so inter-scanner and inter-vendor differences could not be assessed. 

Although the interreader assessment showed excellent agreement scores, it was performed 

on a small, random portion of the overall cases which might limit the generalizability.

CONCLUSIONS

In this study of more than 150 multiethnic participants, we demonstrated that the biplane 

area-length method systemically underestimated LAV for all time points of the cardiac 

cycle compared to the gold standard of 3D assessment based on LA SAX cine imaging. 

Furthermore, the underestimation was greater for LAVmin compared to LAVmax. These 

results led to a significant overestimation of total, active, and passive LAEF as parameters 

for LA function. While 3D assessment currently appears too time-consuming for clinical 

use, our results support its usage in specific settings when LA volumetric and functional 

parameters are in focus.
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LA left atrial
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LAVmin minimum left atrial volume
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Figure 1. 
Flow diagram showing selection of the study population.
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Figure 2. 
(A) Biplane method: LA endocardial boundaries were contoured on two- and four-chamber 

images at max LAV. (B) 3D assessment: Contours on SAX images and a 3D volume 

representation of the LA endocardium for a single time point; the contouring was performed 

for each time point of the cardiac cycle (25 per patient). At the atrioventricular border, the 

LA was contoured if less than 50% of left ventricular myocardium was visible.
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Figure 3. 
(A) Determination of maximum (LAVmax), minimum (LAVmin), and LAV before atrial 

contraction (LAVpreA) using the LA volume time curve for each method. (B) The equations 

used to calculate LAEF parameters.
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Figure 4. 
Box plots (top) and Bland-Altman plots (bottom) comparing biplane and 3D methods for 

each LAV parameter. Overall, the biplane method significantly underestimated the LAVs 

with wide limits of agreement.
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Figure 5. 
Box plots (top) and Bland-Altman plots (bottom) comparing biplane and 3D methods for 

each LAEF parameter. Overall, the biplane method overestimated the LAEFs significantly 

with wide limits of agreement.
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Table 1.

Characteristics of the study cohort.

Characteristics

Participants 158

Age (years) ± SD 72.7 ± 7.3

Female 83 (52.5)

Race/Ethnicity

 White 70 (44.3)

 African American 36 (22.8)

 Chinese American 52 (32.9)

Mean BMI (kg/m2) 26.4 ± 4.7

Conditions at Time of CMR

 Hypertension 90 (57.0)

 Diabetes 20 (12.7)

 History of AF 12 (7.6)

 Former or current smoker 74 (46.8)

Median Slice Number ± IQR 6 ± 2

Numbers are mean ± SD (if not stated otherwise) or number of participants (percentage). CMR = cardiac magnetic resonance imaging. AF = atrial 
fibrillation. IQR = interquartile range. SD = standard deviation.
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Table 2.

Mean values with SD for LAV and LAEF parameters as calculated by the biplane and 3D methods.

Analysis of Differences between methods Agreement between methods

Parameter Biplane 3D p-value % diff Bias (95% CI) LoA

LAV max (mL) 58.18 ± 23.87 67.10 ± 21.28 <0.001 14.24 −9.38 (−11.65, −7.10) −37.49, 18.73

LAV min (mL) 26.68 ± 19.66 34.62 ± 17.77 <0.001 25.90 −8.35 (−9.85, −6.84) −26.91, 10.21

LAV preA (mL) 45.93 ± 19.15 56.32 ± 17.00 <0.001 20.32 −10.27 (−12.20, −8.33) −33.48, 12.95

LAEF total (%) 56.71 ± 12.31 49.51 ± 11.15 <0.001 13.56 7.22 (6.00, 8.45) −7.91, 22.35

LAEF active (%) 47.60 ± 11.48 41.23 ± 10.56 <0.001 14.34 6.08 (4.59, 7.56) −11.70, 23.85

LAEF passive (%) 20.14 ± 7.95 15.29 ± 7.73 <0.001 27.38 4.51 (2.82, 5.52) −9.54, 18.56

LoA = Limits of Agreement. % diff = percentage difference. CI = confidence interval.
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