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Abstract

Background: Left ventricular opacification (LVO) improves the accuracy of left ventricular ejection fraction (LVEF) by enhan-
cing the visualization of the endocardium. Manual delineation of the endocardium by sonographers has observer variability.
Artificial intelligence (AI) has the potential to improve the reproducibility of LVO to assess LVEF.

Objectives: The aim was to develop an AI model and evaluate the feasibility and reproducibility of LVO in the assessment of
LVEF.

Methods: This retrospective study included 1305 echocardiography of 797 patients who had LVO at the Department of
Ultrasound Medicine, Union Hospital, Huazhong University of Science and Technology from 2013 to 2021. The AI model
was developed by 5-fold cross validation. The validation datasets included 50 patients prospectively collected in our center
and 42 patients retrospectively collected in the external institution. To evaluate the differences between LV function deter-
mined by AI and sonographers, the median absolute error (MAE), spearman correlation coefficient, and intraclass correl-
ation coefficient (ICC) were calculated.

Results: In LVO, the MAE of LVEF between AI and manual measurements was 2.6% in the development cohort, 2.5% in the
internal validation cohort, and 2.7% in the external validation cohort. Compared with two-dimensional echocardiography
(2DE), the left ventricular (LV) volumes and LVEF of LVO measured by AI correlated significantly with manual measurements.
AI model provided excellent reliability for the LV parameters of LVO (ICC > 0.95).

Conclusions: AI-assisted LVO enables more accurate identification of the LV endocardium and reduces observer variability,
providing a more reliable way for assessing LV function.
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Introduction
Accurate assessment of cardiac function is crucial for diag-
nosing cardiovascular diseases1 and decision-making
regarding the clinical management of patients with heart
failure,1–4 myocardial infarction,5 heart valve disease,6,7

cancer, and so on.8,9 Left ventricular ejection fraction
(LVEF) is the most commonly used echocardiographic par-
ameter to assess left ventricular (LV) function in clinical
routine.10 The current guidelines for echocardiography
highlight the necessity of precise measurement of LVEF,
as its cutoff points are essential indications for therapeutic
interventions.11 However, traditional methods to assess
LVEF highly depend on individual experience and have
considerable observer variability. Recent advances have
demonstrated the ability of artificial intelligence (AI) to
accurately identify endocardial borders and measure LV
volumes and function with minimal manual assistance,
with proven accuracy and reliability similar to expert-
provided LVEF reference values.12–14

The interface between blood and tissue, combined with
the presence of endocardial trabeculae, significantly influ-
enced the evaluation of LVEF by sonographers.15 Contrast
echocardiography, especially left ventricular opacification
(LVO), has been proven to improve 70%∼90%of poor echo-
cardiographic images, which helps sonographers quantify
LV volumes and LVEF more accurately.16,17 However,
whether AI can automatically analyze LVO echocardio-
grams, reduce observer variability in measuring LVEF,
and improve measurement reproducibility remains unclear.

Accordingly, we presented a temporally-consistent AI
algorithm to estimate LVEF automatically based on the
LVO dataset. The dataset comprised two-dimensional echo-
cardiography (2DE) and LVO videos obtained from 1100
patients. The feasibility and reproducibility of automated
quantification of LV volumes and LVEF in LVO were eval-
uated, and results obtained by the AI-assisted approach
were compared with those of experienced sonographers.

Methods
The study was approved by the Ethics Committee of Tongji
Medical College, Huazhong University of Science and

Technology, Wuhan, China. The ethics committee waived
the need for informed consent because the images were
obtained during routine clinical practice.

Datasets

The study consisted of three cohorts. The development
cohort 1 retrospectively included 1000 patients who had
undergone LVO in our center from 2013 to 2021. We
excluded 203 studies with incomplete LV structures or non-
standard views. Poor image quality was not an exclusion
standard. Finally, cohort 1 included 634 apical four-
chamber (A4C) videos and 295 apical two-chamber
(A2C) videos for 2DE and 671 A4C videos and 319 A2C
videos for LVO from 797 patients. The echocardiograms
were mainly acquired with EPIQ 7C, Philips iE33, and IE
Elite. The prospective internal validation cohort 2 com-
prised 50 patients from our center who underwent both
2DE and LVO examinations, including A4C and A2C
videos. LVO was performed utilizing SonoVue® (Bracco,
Italy) as the ultrasonic contrast agent. The independent
external validation cohort 3 included 50 patients with
2DE and LVO A4C videos from the Department of
Ultrasound Medicine, First Hospital of China Medical
University. Due to incomplete 2DE and LVO views, 8
patients in cohort 3 were excluded.

Data preprocessing and annotation

All datasets were anonymized and sensitive information
around the images was removed. This study employed an
independently developed convolutional neural network to
classify 2DE and LVO A4C videos18 automatically. Due
to the differences in image sizes captured by different
equipment, all videos were resized to 256× 256 pixels by
linear interpolation, and the intensity was normalized to
[–1, 1]. Using the end of diastole (ED) as the start frame
and the end of systole (ES) as the end frame, 10 frames
are sampled from each video at equal intervals to form a
sequence.

Two sonographers independently completed data anno-
tation. Data quality control was conducted by a senior sono-
grapher. Cohort 1 and Cohort 3 were randomly assigned to
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two sonographers. A representative cardiac cycle was
chosen from each video, and the LV endocardium was
manually traced at ED and ES. According to the recommen-
dations of the American Society of Echocardiography,19 the
papillary muscles and trabeculations were contained within
the LV cavity. Two sonographers independently annotated
cohort 2 to assess the test-retest variability, in which the LV
endocardium was manually traced at ED and ES. For
intra-observer variability, the same observer re-analyzed
the data within one month, blinded to previous measure-
ments. For inter-observer variability, two observers inde-
pendently labeled the videos in cohort 2. Annotation
results were randomly sampled at a 10% proportion and
checked by the senior sonographer.

Temporal-consistent deep learning model
development and training

We presented the Co-Learning of segmentation and track-
ing on appearance and shape level (CLAS) algorithm
based on 3D U-Net to perform bidirectional motion track-
ing and video segmentation tasks.20 CLAS used 3D
U-Net as a shared feature extractor. The model adopted
ED and ES frames to extract rich semantic information
from intermediate frames through bidirectional motion
tracking. This improved the accuracy of segmentation
results and enhanced the temporal consistency of sequence
segmentation results. Based on the segmentation of the LV,
the monoplane Simpson’s method was used to calculate the
LV end-diastolic volume (LVEDV) and LV end-systolic
volume (LVESV) and assess LVEF, as shown in
Figure 1. During training, 5-fold cross-validation was
adopted. We split the dataset at the patient level to ensure
the reliability of the results. The training hyperparameters
and learning curve of CLAS were detailed in Appendix
Page 1 and Figure S1.

Statistical analysis

The Shapiro-Wilk test was used to test normality.
Continuous variables were expressed as median and inter-
quartile ranges (IQR). Categorical data were presented as
a percentage. The accuracy of LV segmentation was evalu-
ated using the Dice similarity coefficient (DSC), mean
surface distance (MAD), and Hausdorff distance (HD) (cal-
culation formulas shown in Appendix Page 1-2). The
median absolute error (MAE) was used to compare the dif-
ferences between AI and manual measurements of LVEDV,
LVESV, and LVEF. The relative bias was determined by
dividing the absolute difference between AI and manual
measurements by the manual measurements. The reliability
of LV volumes and LVEF in 2DE or LVO was evaluated
using linear regression, Spearman’s correlation coefficient,
Bland Altman analysis, and intraclass correlation

coefficients. The bias (mean difference), limits of agreement
(LOA), and standard deviation of bias (SD of Bias) were cal-
culated. The LOA and SD of Bias were used to estimate the
precision or random error of the measurements around the
bias. For all statistical tests, P values <0.05 were considered
statistically significant. Statistical analyses were performed
with R (version 4.2.2) and Python (version 3.7).

Results

Study population

The study included 566 men and 231 women aged 41 to 62
(median age 53) in cohort 1. The dataset included different
diseases, such as hypertrophic cardiomyopathy (HCM),
ischemic cardiomyopathy (ICM), dilated cardiomyopathy
(DCM), cardiac space-occupying lesions (CSOL), and
others. The detailed baseline characteristics were summar-
ized in Appendix Table S1. 50 patients (29 male, 21
female) aged 41–59 were in cohort 2 (median age 53), as
shown in Table 1. And cohort 3 comprised 42 patients
(34 male and 16 female) aged 38–65 (median age 56.5).

LV segmentation results of the development and
internal validation cohort

The AI model utilized the myocardial motion information
captured by the optical flow algorithm to reconstruct inter-
mediate frames, assist with ED and ES segmentation, and
improve the temporal consistency of the segmentation
results of echocardiographic sequences, as shown in
Figure 2. For segmentation, LV endocardium labels
included 1342 frame-level segmentations of LVO and
1268 frame-level segmentations of 2DE performed by sono-
graphers. These sparse labels were used to train CLAS to
generate frame-level segmentation of the entire sequence.

LV segmentation with LVO was better than that with
2DE. In the development cohort, the DSC for ED segmen-
tation in LVO was 0.96, and the DSC for ES was 0.93. In
2DE, the DSC for ED segmentation was 0.94, and the
DSC for ES was 0.89. The detailed results are shown in
Appendix Table S2. In the internal validation cohort, the
segmentation results for LVO (ED: DSC, 0.96, MAD,
1.08mm, HD, 4.11mm; ES: DSC, 0.91, MAD, 1.46mm,
HD, 5.29mm) were better than those obtained by 2DE
(ED: DSC, 0.94, MAD, 1.61mm, HD, 5.23mm; ES:
DSC, 0.88, MAD, 2.1mm, HD, 6.66mm), as shown in
Appendix Table S3.

The variability analysis of LV volumes and LVEF

To investigate the feasibility of AI in quantifying cardiac
function, we compared the measurements obtained by
CLAS with those manually measured by sonographers
using MAE, correlation coefficient, and agreement analysis.
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The results showed that AI-driven LVO measurements had
strong correlation and good agreement with sonographer
measurements in the development and internal validation
cohorts.

Development cohort. The median LV volumes and LVEF
determined by AI and sonographers were presented in
Appendix Table S4. The differences between AI and sono-
grapher measurements for LV volumes (LVEDV: MAE,
5.6ml; LVESV: MAE, 3.4ml) were smaller than those
obtained by 2DE (LVEDV: MAE, 11.3ml; LVESV:
MAE, 7.5ml). The MAE of LVEF measurements obtained
by sonographers and AI was 2.6% for LVO and 5.2% for
2DE (P< 0.05), as shown in Table 2.

In 2DE, the correlations between AI and manual mea-
surements of LVEDV, LVESV, and LVEF were high
(LVEDV: r= 0.91, LVESV: r= 0.892, LVEF: r= 0.823;
P< 0.05 for all). In LVO, the correlations between AI and
manual measurements for LV volumes and LVEF were
more excellent (LVEDV: r= 0.967, LVESV: r= 0.971,
LVEF: r= 0.961; P< 0.05 for all). The detailed results are
shown in Figure 3 and Table 2.

LV volumes were slightly underestimated by automated
measurements of both 2DE and LVO compared to manual
reference values, with tolerable biases (2DE: −2.2ml for
LVEDV, −1.9ml for LVESV; LVO: −1.8ml for

Figure 1. The co-learning of segmentation and tracking on the appearance and shape level algorithm was employed to analyze the
sequences of 2DE and LVO echocardiograms and identify the endocardial contour of LV by integrating the temporal and spatial information.
The LV volumes and LVEF were quantified based on the single-plane Simpson method. 3D-UNet (G) as backbone for feature extraction, a
segmentation head S that outputs the prediction of LV, and a tracking head T that outputs the optical flow fields.

Table 1. Patients’ baseline characteristics.

Variable Cohort 1 (N= 797) Cohort 2 (N= 50)

Demographics

Age (years) 53.0 (42, 62.0) 53.00 (41.3, 59.0)

Sex(male) 566 (71.0%) 29 (58.0%)

Diagnosis

HCM 296 (37.1%) 36 (72.0%)

DCM 57 (7.2%) 4 (8.0%)

ICM 189 (23.7%) 2 (4.0%)

CSOL 54 (6.8%) 1 (2.0%)

Other 201 (25.2%) 7 (14.0%)

N, number of studies; HCM, hypertrophic cardiomyopathy; DCM, dilated
cardiomyopathy; ICM, ischemic cardiomyopathy; CSOL, cardiac
space-occupying lesions. Other, cohort 1 mainly included 24 cases of valvular
disease, 33 cases of left ventricular hypertrophy, 56 cases of left ventricular
noncompaction, and 57 cases without obvious abnormality in cardiac
morphology and structure and 31 cases without clear ultrasound diagnosis.
And cohort 2 included 4 cases of left ventricular hypertrophy, 2 cases of
hypertension, and 1 case without obvious abnormality in cardiac
morphology and structure.
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LVEDV, −1.8ml for LVESV). LVO outperformed 2DE,
with a reduction in the 95% LOA for LVEDV, LVESV,
and LVEF (from 72.4% to 42.0%, 53.0% to 26.2%, and
32.4% to 17.1%, respectively). The absolute value of rela-
tive bias for LV volumes was 0.3% to 2.9%. The SD of the
Bias of LVO was smaller compared to 2DE, as shown in
Figure 4 and Appendix Table S5. The ICCs between AI
and manual measurements of cardiac function for both
2DE and LVO were above 0.86.

Internal validation cohort. In 2DE, the MAE of LVEDV,
LVESV, and LVEF was 7.6ml, 5.5ml, and 6.8%, while
the MAE for LVO were 5.5ml, 2.7ml, and 2.5%, respect-
ively. The AI and manual measurements of LVEDV and
LVESV in 2DE showed a high correlation (LVEDV: r=
0.86, LVESV: r= 0.85; P< 0.05 for all), while LVEF also
showed a strong correlation (r= 0.69, P< 0.05) between
the two methods. The results are presented in Appendix
Table S6 and Figure 5. The correlation coefficients
between AI and sonographers for LVO cardiac function
parameters (LVEDV: r= 0.93, LVESV: r= 0.95, LVEF: r
= 0.91; P< 0.05 for all) were higher than the values
obtained by 2DE.

The difference between AI and manual measurements of
LVEDV, LVESV, and LVEF for LVO was smaller than
that for 2DE (LVEDV: Bias= -2.1ml, SD= 9.9%;
LVESV: Bias= -1.0ml, SD= 6.1%; LVEF: Bias= -0.3%,
SD= 4.4%), as shown in Table 3.

Furthermore, we used the biplane Simpson’s method to
measure the LVEDV, LVESV, and LVEF. The results

showed that in LVO, the MAE between AI and manual
measurements of LVEDV and LVEF were lower than
those of 2DE (P< 0.05), and the correlation was better (P
< 0.05) (Table S16). Meanwhile, when measuring cardiac
function using the biplane Simpson’s method, the agree-
ment was better than the monoplane Simpson’s method
(Figure S2).

Cardiac function measurements in the subgroups

LVEDV, LVESV, and LVEF were measured by AI and
sonographers in subgroups with different cardiac diseases,
as shown in Appendix Table S7. In 2DE, the MAE of
LVEDV, LVESV, and LVEF were 11.7ml, 8.7ml, and
5.2%, respectively. In LVO, the MAE of LVEDV,
LVESV, and LVEF were 6.3ml, 4.1ml, and 2.5%, respect-
ively. In each subgroup, the MAE of LVO cardiac function
parameters between AI and sonographers’ measurements
were less than 2DE. The results are presented in Figure 6
and Appendix Table S8.

In 2DE, the correlation between AI and manual LVEF
measurements was lowest in the HCM group at 0.64. The
correlation of LVEF between AI and manual measure-
ments was 0.87 in LVO. In subgroups of LVO, AI and
manual measurements of LVEF had a higher correlation
(P< 0.05) compared with 2DE, as shown in Appendix
Table S9.

Furthermore, we divided 50 patients from cohort 2 into
three groups based on image quality: good, fair, and poor,
to evaluate the differences of LVEF between AI and

Figure 2. Two examples of left ventricle endocardium segmentation. The top row displays the segmentation for case 1, while the bottom
row shows the segmentation for case 2. The red line represents the AI prediction results, and the green line represents the manual
segmentation results.
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manual measurements in different subgroups of image
quality (Appendix Page 3-4).

Inter-observer and intra-observer variability analysis

Compared with 2DE (Intra-observer: MAE= 4.2%, r=
0.89; Inter-observer: MAE= 6.0%, r= 0.80), there was a
significant improvement in the observer variability of

LVEF in LVO (Intra-observer: MAE= 1.9%, r= 0.97;
Inter-observer: MAE= 3.3%, r= 0.92, P< 0.05), as shown
in Table 4.

In LVO, LVEF measurements showed lower
intra-observer variability and higher reproducibility (ICC
= 0.99). Compared to 2DE, the inter-observer Bias
(−1.2%) and LOA (21.4%) for LVEF in LVO were
lower. Whereas in 2DE, the values were −2.1% and

Table 2. Difference between AI and manual for LVEDV, LVESV, and LVEF in cohort 1.

2DE LVO

Parameter MAE IQR r MAE IQR r

LVEDV 11.3 (5.3,19.8) 0.910 5.6* (2.8,10.8) 0.967*

LVESV 7.5 (3.8,13.9) 0.892 3.4* (1.4,6.6) 0.971*

LVEF 5.2 (2.5,8.7) 0.823 2.6* (1.3,4.6) 0.961*

LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; LVEF, left ventricular ejection fraction; 2DE, 2D echocardiography; LVO,
left ventricular opacification; R, Spearman correlation coefficient; MAE, median absolute error; IQR, interquartile range. N= 508
*P < 0.05, 2DE versus LVO.

Figure 3. Linear regression results between AI prediction and manual measurements in cohort 1. A, LVEDV of 2DE; B, LVESV of 2DE; C,
LVEF of 2DE; D, LVEDV of LVO; E, LVESV of LVO; F, LVEF of LVO.
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38.3%, respectively. The ICCs of LVEDV and LVESV for
both inter-observer and intra-observer were above 0.86.
Detailed results are shown in Appendix Table S10.

In terms of AI measurements, the model parameters
were optimized and fixed during the training process, ensur-
ing identical outputs when the same image was input mul-
tiple times, thus eliminating observer differences. This
guaranteed the reproducibility of AI in the assessment of
cardiac function.

Generalization of the AI model

We used an external validation dataset consisting of 84
echocardiographic videos from 42 patients to assess the
generalizability of the AI model.

The segmentation performancewas similar to that ofCohort
1. The mean DSC, mean MAD and mean HD of LV segmen-
tation for 2DEwere 0.92, 1.76mm, and 5.52mm, respectively,
and for LVO of 0.95, 1.32mm, and 4.99mm, as shown in
Appendix Table S11.The correlation between AI and manual
measurements of LV volumes and LVEF for both 2DE and
LVO was over 0.8. The MAE of LVEF was 4.8% in 2DE
and 2.7% in LVO, as shown in Appendix Table S12.

The agreement analysis indicated that LV volumes and
LVEF measurements in LVO showed less variability
(LVEDV: Bias= -1.7ml, SD= 5.9ml; LVESV: Bias= 0.7
ml, SD =5.1ml; LVEF: Bias= -1.3%, SD= 4.2%) com-
pared to 2DE (LVEDV: Bias= 5.0ml, SD of Bias= 12.3

ml; LVESV: Bias= 2.7ml, SD= 10.4ml; LVEF: Bias=
-1.0%, SD= 6.7%), as shown in Appendix Table S13.

Discussion
This study aimed to investigate the capability of AI to pre-
cisely integrate temporal and spatial information for asses-
sing LVEF in LVO. The study found that (1) LV
endocardial segmentation results were more accurate with
LVO compared to 2DE. (2) Compared to 2DE, AI’s predic-
tions of LV volumes and LVEF in LVO had less variability
and were within acceptable range. (3) Compared to 2DE,
there was a significant improvement in observer variability
of LVEF in LVO. AI measurements enhanced reproducibil-
ity by eliminating observer differences, ensuring consistent
outputs for the same input image. (4) The results from
internal and external validation datasets were consistent
with those from the development cohort, suggesting that
the AI model demonstrates a degree of generalization cap-
ability. Overall, AI can improve the reproducibility of quan-
titative cardiac function parameters in LVO.

Segmentation of the LV endocardium and
assessment of cardiac function

Previous studies have utilized AI models to extract spatial
features of ED and ES of 2DE, automatically recognize
the LV endocardium, and assess LVEF. One study

Figure 4. Bland-Altman plot. Bland-Altman plots comparing fully automated AI to manual measurements in cohort 1. A, LVEDV of 2DE; B,
LVESV of 2DE, C, LVEF of 2DE; D, LVEDV of LVO; E, LVESV of LVO; F, LVEF of LVO. The middle line denotes the mean difference. Dashed lines
denote± 1.96 standard deviations.
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indicated that the mean correlation coefficient was 0.8 and
the mean absolute error was 5.6%.21 Due to the rich tem-
poral information of echocardiography, Ouyang et al.12

developed the EchoNet-Dynamic model based on 10,030
2DE sequences and sparse labels to realize dynamic track-
ing of LV endocardium. The model implicitly captured the
temporal domain information of cardiac motion and pre-
dicted LVEF with a mean absolute error of 4.1%. Despite
the high accuracy in segmenting LV and quantifying
LVEF tasks, the segmentation still lacked temporal consist-
ency. We employed the optical flow algorithm to capture
the myocardial motion features, explicitly representing LV
motion information. By combining spatial and temporal
information, and using the sparse labels of ED and ES, we

segmented the LV endocardium in the intermediate frames
in a semi-supervised manner. This approach improved the
temporal consistency of segmentation results, accurately
segmenting key frames and enabling more precise quantifi-
cation of cardiac function parameters.

Ultrasonic contrast agents can fill the intertrabecular space
to improve the definition of the outermost layer of the LV
endocardium.16 Several studies have shown that LVO
improves image quality, leading to more precise LV and
LVEFmeasurements and amuch better correlation and agree-
ment of cardiac functionmeasurementswith cardiacmagnetic
resonance.22,23 The measurements of LV volumes and LVEF
were more consistent between and within observers when
compared to 2DE. Manual endocardial tracing is time-

Figure 5. The linear regression results of association between CLAS and manual measurements of LVEF. A, LVEF of 2DE in cohort 2; B, LVEF
of LVO in cohort 2; C, LVEF of 2DE in cohort 3; D, LVEF of LVO in cohort 3.
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consuming and labor-intensive regardless of 2DE or LVO.
We applied an AI model to assess cardiac function by LVO,
enabling automated analysis of LVO and reducing observer
variability in traditional methods. Compared to 2DE, we
observed a significant enhancement in the correlation and
agreement of cardiac function parameters between AI and
manual measurements by LVO.

Previous studies showed variability in LVEF assessment
using single four-chamber echocardiography, ranging from
7.6–13.9%.23,24 In cohort 2, LV volumes and LVEF mea-
surements from LVO had a smaller range of variation
between and within observers compared to 2DE.

In an external dataset, the MAE of LVEF between AI
and manual measurements in LVO was significantly
smaller than that of 2DE. The correlation between AI and
manual measurements was very strong, and the results
were similar to those of the development cohort. The AI
model performed well in the external dataset, demonstrating
a certain degree of generalization ability.

Subgroup analysis

In the development cohort, the HCM subgroup showed a
significant reduction in MAE for LVO cardiac function
measurements compared to 2DE. The explanations are:
(1) LVO improves LV endocardial boundary delineation
in cases where 2DE images of LV apex or lateral wall of
HCM are unclear. (2) HCM patients have thicker papillary
muscles and increased trabeculae, which can obscure LV
endocardium. LVO facilitates endocardial boundary deter-
mination by incorporating trabeculae, LV, and strengthened
papillary muscles. (3) LV chamber size during systole is
significantly reduced in HCM, even close to occlusion,
making it challenging to discern endocardial boundary.
LVO improves the distinction between the cardiac cavity
and the myocardium. In ICM and CSOL subgroups,
cardiac structures can vary due to thrombus, infarction, or

space occupancy, and AI with LVO reduces the variability
of cardiac function measurements.

In the DCM subgroup, 2DE and LVO showed larger
MAEs in EDV and ESV than in other subgroups. The
main reason is that in patients with DCM, the cardiac
cavity significantly enlarges, especially during ED, when
the apical lateral wall and the mid anterolateral wall are
often outside the sector area. This out-of-range situation
results in the unclear display of these two ventricular wall
segments, thereby increasing the difficulty of endocardial
recognition. In this scenario, AI may tend to over-segment,
resulting in contours larger than the actual size. In addition,
since the AI model focuses on capturing continuous infor-
mation between frames, when the ED segmentation
contour is oversized, this bias extends to ES, resulting in
oversized ES contours as well. Therefore, the MAEs of
both EDV and ESV are relatively significant. However,
since LVEF is calculated by comparing the volumes at
ED and ES, the deviations are partially offset to each
other, resulting in no significant increase in the MAE of
LVEF. It is noteworthy that when comparing LVO with
2DE in patients with DCM, the MAE of LVO was signifi-
cantly lower than that of 2DE. This is attributed to the fact
that the contrast agent fills the cardiac cavity, resulting in a
clearer delineation of the endocardial contour.

AI quantified LVO cardiac function parameters with
fewer outliers

Although the results of cardiac function parameters were
convincing, outliers still existed. The combination of AI
and LVO results in a more accurate quantification of
cardiac function parameters with fewer outliers. In cohort
2 and cohort 3, the outliers for the difference between AI
and manual measurements of quantitative LVO cardiac
function were less than 2DE. The detailed results are
shown in Appendix Table S14 and Table S15.

Table 3. Comparison of LVEDV, LVESV and LVEF measured by AI versus manual echocardiographic measurements in cohort 2.

Parameter Bias± LOA SD of Bias Relative bias (%) ICC

2DE LVEDV 4.7± 55.0 14.0 7.5 0.89

LVESV −0.6± 32.8 8.4 4.8 0.94

LVEF 2.6± 40.9 10.4 6.3 0.75

LVO LVEDV −2.1± 38.6 9.9 −1.0 0.95

LVESV −1.0± 24.0 6.1 1.0 0.98

LVEF −0.3± 17.2 4.4 0.3 0.97

LVEDV, left ventricular end diastolic volume; LVESV, left ventricular end systolic volume; LVEF, left ventricular ejection fraction; 2DE, 2D echocardiography; LVO,
left ventricular opacification. Relative bias= (AI - Manual) / Manual. ICC, intraclass correlation coefficients.
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In cohort 1’s subgroup analysis, HCM showed the weakest
correlation betweenAI andmanualLVEF,withmoreAI-based
cardiac functionmeasurement outliers in 2DE.However, LVO
significantly decreased measurement variability and improved
endocardial boundary recognition. Injecting microbubble con-
trast agents into the blood circulation can help LVO generate
strongbackscattering signals, sharpen the visibility of the endo-
cardial border and allow for more precise LV volumes and
LVEF measurements.17 AI combined with LVO considerably

improved the correlation and agreement of LVEF, demonstrat-
ing its potential to accurately quantify cardiac function para-
meters for individuals with cardiac structure abnormalities
while reducing measurement variability.

Limitation

Firstly, our center used SonoVue exclusively to assess LV
function for LVO. Further research is needed to confirm the

Figure 6. Subgroup analysis in cohort 1. A, B, C, the MAE of LVEDV, LVESV and LVEF in 2DE, respectively; D, E, F, the MAE of LVEDV, LVESV
and LVEF in LVO. MAE, median absolute error. HCM, hypertrophic cardiomyopathy. DCM, dilated cardiomyopathy. ICM, ischemic
cardiomyopathy. CSOL, cardiac space-occupying lesions. Other, mainly included valvular disease, left ventricular hypertrophy, and left
ventricular noncompaction, without obvious abnormality in cardiac morphology and structure, and without clear ultrasound diagnosis.

Table 4. Inter-observer and intra-observer variability analysis.

LVEDV LVESV LVEF

MAE IQR r MAE IQR r MAE IQR r

2DE

Intra-observer 7.2* (4.0,10.4) 0.933 3.1* (1.4,6.1) 0.961 4.2* (2.3,6.0) 0.886*

Inter-observer 10.3* (5.0,16.0) 0.863 5.3* (2.6,9.3) 0.869 6.0* (3.8,10.6) 0.795*

LVO

Intra-observer 4.2 (1.7,7.7) 0.968 1.9 (1.1,3.2) 0.98 1.9 (1.2,2.7) 0.974

Inter-observer 6.2 (3.6,9.1) 0.923 3.7 (2.3,6.2) 0.926 3.3 (1.9,5.2) 0.919

*P < 0.05, 2DE versus LVO.
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utility of AI in LVO when using other contrast agents.
Secondly, this study did not include cardiac magnetic reson-
ance imaging data. Subsequent research will consider incorp-
orating gold standard data to further validate the accuracy of
the results. Thirdly, the development cohort comprised
images obtained from multiple vendors’ instruments with
varying image quality and other characteristics, but the
study demonstrated that AI had excellent generalizability
and could effectively interpret images from various instru-
ments. Finally, the validation dataset had a significantly
smaller sample size than the development cohort.
Consequently, we intend to acquire more extensive and com-
prehensive datasets in the near future to conduct a comprehen-
sive and systematic quantitative analysis of cardiac function.

Conclusion
This study proposed anAI algorithm based on temporal con-
sistency to improve the continuity between frames. The AI
algorithm can automatically analyze contrast echocardiog-
raphy, significantly reducing the need for manual interven-
tion and improving the efficiency of LVEF measurements.
Compared with 2DE, AI exhibits superior correlation and
agreement in assessing cardiac function inLVO.The reliable
measurements provided by AI can help reduce inter- and
intra-observer variability and provide cardiologists with
more accurate cardiac function assessments, thereby contrib-
uting to the optimization of treatment strategy.

Clinical perspectives
LVO improves the clarity of the endocardial boundary and
contributes to the reproducibility of cardiac function para-
meters. Despite this, the LVEF measurements require the
operator to delineate the LV endocardial boundary at the end-
diastolic and end-systolic of LV. Previous studies have
demonstrated that AI can efficiently segment the LV and
assess LV volumes and functional parameters in non-contrast
echocardiograms. Further research is needed to determine the
accuracy of AI in assessing cardiac function in LVO.

This study initially demonstrated that it is possible to use
AI to incorporate temporal information to assess LV volumes
and LVEF. Meanwhile, the AI’s prediction showed a strong
correlation to the measurements taken by the sonographer,
and its performance was consistent across the external
dataset, demonstrating that the AI model is capable of gener-
alizing. The AI model can automate the monitoring of the LV
endocardial boundary and reduce the variability of observers,
which has important clinical significance.

Future research will conduct more validation studies in
diverse patient populations, such as those with noncompaction
of ventricular myocardium, ventricular aneurysm, cardiac
masses, and thrombosis, to evaluate the applicability and
accuracy of AI-assisted LVO analysis in different scenarios.
Meanwhile, the value of AI-assisted LVOon clinical decision-

makingwill be thoroughly investigated.Wewill design experi-
ments to compare the accuracy of AI-assisted LVO with
doctors’ independent assessment of cardiac function, and
explore how AI can assist cardiologists in improving the pre-
cision of diagnosis and the effectiveness of treatment strategy.
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MAD Mean Surface Distance
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