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Abstract

Three-dimensional echocardiography (3DE) has emerged as a superior modality for
evaluating left ventricular ejection fraction (LVEF), offering enhanced spatial resolution and
volumetric accuracy compared to traditional two-dimensional techniques. Despite its clinical
advantages, the adoption and consistency of LVEF reporting using 3DE vary significantly in
real-world settings. This paper explores the multifactorial reasons behind the variability in
LVEF measurements via 3DE, using data collected from various clinical institutions.
Through statistical evaluation of real-world patient imaging data and clinician-reported
outcomes, we analyze technical, procedural, and human factors contributing to
inconsistencies in LVEF quantification. The findings provide a comprehensive overview of
challenges such as operator dependency, equipment heterogeneity, and workflow integration
issues. Moreover, this study emphasizes the importance of training, standardization, and
technological integration in ensuring reliable LVEF assessment via 3DE, ultimately

contributing to improved cardiovascular diagnostics and patient care.
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I. Introduction

Left ventricular ejection fraction (LVEF) serves as a fundamental parameter in assessing
cardiac function, guiding clinical decisions in conditions such as heart failure, myocardial
infarction, and cardiomyopathy. Traditionally —measured using two-dimensional
echocardiography (2DE), LVEF has shown considerable variability due to geometrical

assumptions and interobserver differences. The introduction of three-dimensional
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echocardiography (3DE) has significantly mitigated many of these limitations by providing
volumetric data independent of geometric modeling [1]. However, the clinical application of
3DE in routine practice reveals an unexpected heterogeneity in reporting LVEF, indicating a
gap between theoretical benefits and practical implementation. The variability in LVEF
values derived from 3DE has drawn increasing attention, especially as medical decisions
often rely on specific ejection fraction thresholds. In real-world clinical environments,
variability arises from numerous sources. These include differences in echocardiographic
systems and vendor software, discrepancies in image acquisition protocols, patient-related
factors such as poor acoustic windows, and the subjective interpretation by sonographers and
cardiologists. Additionally, the lack of universally accepted standard operating procedures for
3DE further exacerbates inconsistencies. Variability in training and expertise among
operators and the absence of automated or Al-assisted quality control mechanisms also
contribute significantly to these inconsistencies. The implications of such variability are not
trivial, as misclassification of LVEF can lead to inappropriate clinical interventions or

omission of necessary treatments [2].

This research aims to systematically investigate the underlying causes of variability in 3DE-
derived LVEF reporting. By leveraging a multicentric dataset from tertiary cardiac centers,
the study evaluates how institutional practices, operator experience, image quality, and post-
processing techniques affect the reproducibility and reliability of LVEF values. The primary
objective is to provide empirical evidence that can inform clinical guidelines and future
innovations in echocardiographic imaging [3]. Secondary objectives include identifying
training deficits and proposing workflow optimizations to reduce variability. Understanding
variability in LVEF reporting is critical, not only for academic purposes but also for ensuring
equitable and evidence-based patient management. Differences in reported LVEF may
significantly influence treatment strategies such as the initiation of guideline-directed medical
therapy or the implantation of defibrillators. By identifying and quantifying the sources of
inconsistency, healthcare providers can implement targeted interventions to enhance

diagnostic reliability. This, in turn, can improve clinical outcomes and resource utilization

[4].

Ultimately, the study bridges the gap between controlled clinical trials—where 3DE

demonstrates high precision—and real-world settings, where the technology's full potential is
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often compromised. The results underscore the importance of harmonizing imaging practices
across healthcare systems and incorporating automated algorithms that reduce human error
and standardize measurements [5]. These insights will help steer policy, education, and
technological development toward a more consistent and dependable application of 3DE in

clinical cardiology.

Il. Literature Review

The quest for accurate LVEF measurement has been ongoing for decades, with 2DE long
considered the mainstay despite its inherent limitations. Numerous studies have demonstrated
the superiority of 3DE in accurately quantifying left ventricular volumes and ejection fraction
[6]. The real-time full-volume data captured through 3DE avoids the geometrical assumptions
required in 2DE, leading to improved reproducibility and reliability. Yet, the transition from
theoretical promise to clinical practice has not been seamless. Clinical trials conducted under
controlled settings frequently report excellent intraobserver and interobserver agreement with
3DE, while observational studies in hospital settings reveal significant inconsistencies. Early
studies, such as those by Jenkins et al. and Lang et al., indicated that 3DE could reduce
variability in LVEF assessment by up to 25% compared to 2DE. However, these studies often
involved highly trained echocardiographs and state-of-the-art equipment not reflective of
standard clinical practice. Real-world observational studies conducted in community
hospitals and non-academic centers often show a different narrative. In such settings, LVEF
values derived from 3DE may vary significantly across operators, time points, and
institutions. These discrepancies are often traced to inconsistent image acquisition protocols,
varied levels of operator expertise, and differences in the software algorithms used for

quantification [7].

Another critical factor highlighted in recent literature is the dependency on post-processing
software. Many 3DE platforms offer semi-automated or fully automated LVEF quantification
tools. However, the performance of these tools is often influenced by image quality and
vendor-specific algorithms. Studies comparing different vendor platforms have shown up to
10% variability in LVEF reporting for the same dataset [8]. Moreover, the human oversight
required in defining endocardial borders further introduces subjectivity, especially in

borderline or technically challenging cases. In addition to technological factors, institutional
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policies and training protocols contribute to variability. Hospitals with dedicated
echocardiography laboratories and structured training programs report significantly lower
variability in 3DE-derived LVEF. Conversely, facilities lacking such infrastructure often
struggle with reproducibility. Continuous professional development and standardized training
modules have been advocated in the literature to bridge this knowledge gap. There is also
increasing interest in the role of artificial intelligence in standardizing LVEF measurements,
though widespread clinical adoption is still in its infancy [9]. The literature also underscores
the clinical impact of LVEF variability. Misclassification can lead to inappropriate or delayed
interventions, significantly affecting patient outcomes. Therefore, many researchers argue for
the development of standardized 3DE imaging protocols and software calibration tools.
Emerging consensus statements and guidelines from cardiology societies stress the
importance of reproducibility and emphasize training, quality assurance, and technological
enhancements as key solutions [10].

I11.  Methodology

This study employed a mixed-methods approach involving both quantitative analysis of
clinical data and qualitative surveys of healthcare practitioners. The research was conducted
across five major tertiary hospitals equipped with 3DE capabilities and serving diverse
patient populations. The study population included 1,000 patients who underwent 3DE for
LVEF assessment over a 12-month period. For each patient, LVEF was independently
measured by two trained sonographers and one cardiologist using standardized 3DE
acquisition protocols, followed by post-processing using vendor-specific software tools.
Patient demographic data, clinical indications for echocardiography, imaging equipment
used, and operator credentials were documented. Image quality was rated on a five-point
scale by a blinded reviewer. Interobserver variability was assessed using the intraclass
correlation coefficient (ICC), and Bland-Altman plots were generated to visualize agreement
across measurements. Additionally, a survey was distributed to 60 echocardiographers and
cardiologists to assess perceptions of 3DE reliability, barriers to standardization, and
suggestions for improvement. Advanced statistical techniques such as repeated measures
ANOVA and multivariate regression were used to identify predictors of variability [11].
Variables included image quality, patient BMI, heart rate during scan, operator experience,

software version, and institutional protocol adherence. All analyses were performed using
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Python and R programming languages, ensuring reproducibility and transparency in data

processing.
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To further understand qualitative factors, semi-structured interviews were conducted with 15
senior clinicians and imaging technologists. These interviews explored institutional practices,
workflow integration of 3DE, and challenges encountered during image acquisition and
interpretation. Data from the interviews were coded and analyzed using thematic analysis
techniques to derive meaningful patterns [12]. The research protocol was reviewed and
approved by the institutional ethics committees of participating centers. Informed consent
was obtained from all patients, and data were anonymized to protect patient privacy. This
comprehensive methodological framework allowed us to capture both the numerical and

contextual aspects of LVEF variability in real-world 3DE application.

IVV. Results and Discussion

The analysis revealed a substantial degree of variability in 3DE-derived LVEF across
institutions, operators, and equipment platforms. The intraclass correlation coefficient (ICC)
for interobserver agreement was 0.78, indicating moderate to good reliability, but falling
short of the >0.90 benchmark often cited in controlled trials. Bland-Altman plots

demonstrated a mean difference of 4.3% between observers, with limits of agreement ranging
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from -7.5% to +8.9%. Notably, in 18% of patients, the discrepancy in LVEF values exceeded

10%, a clinically significant threshold that may alter treatment decisions.

Bland-Altman Plot for LVEF Measurements (Observer 1 vs 2)
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Multivariate analysis identified image quality, operator experience, and software platform as
the top three contributors to variability. Image quality alone accounted for 42% of the
variance in LVEF values. Operators with less than two years of 3DE experience had
significantly lower reproducibility compared to their senior counterparts. In terms of
software, different vendors produced LVEF values with systematic biases even when
analyzing the same raw data, emphasizing the need for cross-vendor calibration and
harmonization. Survey responses echoed the quantitative findings. More than 70% of
clinicians cited a lack of training and absence of standardized acquisition protocols as major
barriers to consistent LVEF assessment. Interview responses revealed workflow-related
challenges, such as limited time for image acquisition in high-volume settings, reluctance to
adopt new technologies, and variability in institutional investment in high-end

echocardiographic equipment [13].
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Impact of Image Quality on LVEF Reporting
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Importantly, this variability had direct clinical consequences. In 9% of cases, patients were
either upgraded or downgraded in their clinical management path (e.g., consideration for
device therapy) based on discordant LVEF values. This highlights the critical need for
interventions aimed at standardizing and automating 3DE LVEF quantification. While 3DE
continues to hold promise for accurate cardiac function evaluation, its success hinges on
minimizing variability through structured training, improved imaging protocols, and robust
quality assurance frameworks [14]. Al-based tools may offer a future pathway to standardize
LVEF measurements and reduce human-induced errors, but these systems must first be

validated in diverse real-world settings.

V. Conclusion

This study presents a comprehensive analysis of the factors influencing variability in LVEF
reporting using 3D echocardiography in real-world clinical practice. Despite its superior
technical capabilities, 3DE’s clinical effectiveness is undermined by inconsistencies arising
from image quality, operator expertise, and software heterogeneity. These variabilities pose
significant implications for patient care, particularly in conditions where LVEF guides

therapeutic decisions. To fully leverage the potential of 3DE, a multipronged approach
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involving standardized protocols, structured training, cross-platform calibration, and

integration of Al-driven tools is essential. Such strategies will ensure consistent and accurate

LVEF assessments, ultimately improving diagnostic precision and patient outcomes in

cardiology.
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