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Abstract
Background: Left ventricular volumes (LVVs) and ejection fraction (LVEF) are key elements for the
evaluation and follow-up of patients with heart failure with reduced ejection fraction (HFrEF). Therefore, a
feasible and reproducible imaging method to be used by both experienced and in-training
echocardiographers is mandatory.
Aims: To establish if, in a large echo lab, echocardiographers in-training provide feasible and more
reproducible results for the evaluation of patients with HFrEF, when using three-dimensional (3DE) vs.
two-dimensional echocardiography (2DE).
Methods: 60 patients with HFrEF (46 males, age 58±17) underwent standard transthoracic 2D
acquisitions and 3D multi-beat full-volumes of the LV. One expert-user in echocardiography (Expert), and
3 echocardiographers with different levels of training in 2DE (Beginner, Medium, and Advanced)
measured the 2D LVVs and LVEFs on the same consecutive images of patients with HFrEF. Afterward, the
Expert performed a one-month training in 3DE analysis of the users, and both the Expert and trainees
measured the 3D LVVs and LVEF of the same patients. Measurements provided by the Expert and all
trainees in echo where compared.
Results: 6 patients were excluded from the study due to a poor image quality. Mean end-diastolic LVV of
the remaining 54 patients was 214±75 ml with 2DE, and 233±77 ml with 3DE. Mean LVEF was 35±10%
with 2DE, and 33±10% with 3DE.
When compared with the Expert user, the trainees showed acceptable reproducibility of the 2DE
measurements, according to their level of expertise in 2DE (ICCs ranging from 0.75 to 0.94). However,
after the short training in 3DE, they provided feasible and more reproducible measurements of the 3D
LVVs and LVEF than with 2DE (ICCs ranging from 0.89 to 0.97).
Conclusions: 3DE is a feasible, fast-learning, and more reproducible method for the assessment of LVVs
and LVEF than 2DE, regardless of the basic level of expertise in 2DE of the trainees in echocardiography.
In echo labs with a wide range of experience of the staff, 3DE might be a more accurate method for the
follow-up of patients with HFrEF.

Background
Echocardiography is the most useful and available imaging technique in patients with suspected heart
failure and is pivotal in diagnosis, classification, and establishing the appropriate treatment (1). Reliable
measurements of left ventricular volumes (LVVs) and left ventricular ejection fraction (LVEF) are essential
in patients with heart failure with reduced ejection fraction (HFrEF), in order to decide the proper
pharmaceutical and interventional treatment, especially when the LVEF is below 35%. Moreover,
sequential measurements of the LVVs and LVEF are important for the follow up of patients (1) and for
establishing patients’ prognostic (2–5).
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Even though several imaging methods may be also used into clinical practice with good results (6), the
main imaging technique used for the assessment of the LVVs and LVEF in patients with HFrEF is twodimensional echocardiography (2DE), due to its wide availability, good reproducibility, and costeffectiveness (7). Therefore, the majority of trials that recommend specific pharmacological and device
therapies in patients with HFrEF are based on 2DE studies (8–12). However, 2DE measurements are
based on the estimation of the LVVs and LVEF, by using biplane Simpson’s discs formula (13). Twodimensional echocardiography algorithm relies on geometrical assumptions about the LV shape and has
limitations in asymmetrical or aneurismal LVs (14), often encountered in patients with HFrEF. Twodimensional measurements are also prone to errors related to the foreshortening of apical views, and
take into account only a limited amount of LV myocardium, reducing both the reproducibility and the
accuracy of these calculations (15), with possible biases for clinical practice.
Conversely, three-dimensional echocardiography (3DE) overcomes these limitations and provides a true
measurement of the LVVs, with increased reproducibility and accuracy (16). Therefore, the recent
guideline for cardiac chamber quantification with echocardiography, published by the American Society
of Echocardiography (ASE) and the European Association of Cardiovascular Imaging (EACVI)
recommend, whenever feasible, the 3DE measurement of LVVs and LVEF (13). Despite all this evidence,
the use of 3DE for the assessment of the LV size and function is not widespread in the clinical arena, yet.
The time-curve necessary for learning the method, and its uncertain feasibility, accuracy, and
reproducibility when inexperienced trainees use it, were important reasons related to the limited use of
3DE into clinical practice.
Accordingly, the main objective of our study was to assess the feasibility and the reproducibility of the
3DE measurements of LVVs and LVEF, when used by trainees with different levels of experience in 2DE
and after just one-month training in 3DE measurements, performed by an Expert user in the field of 3DE.
The second objective of the study was to analyze if the LVEF threshold for the initiation of device therapy
is interchangeable when it is measured by both 2DE and 3DE, by trainees with different levels of training
in 2DE, but at a beginning level of training in 3DE.

Methods
Study design and patient selection. We performed a single center, prospective study in 60 consecutive
patients with HFrEF, hospitalized in the Cardiology Department of the Emergency University Hospital of
Bucharest, Romania, between October 2015 and December 2016. The Ethical Committee of the Hospital
approved the study and all patients provided informed consent prior to the study. Inclusion criteria were:
1) hospitalization for decompensated HFrEF (signs and symptoms of HF, increased pro-BNP levels, and
an LVEF < 50%); 2) presence of regular rhythm, to allow 3DE full-volume multi-beat acquisitions of the
LVVs; 3) good apical window. Exclusion criteria were: 1) patients who could not hold breath during the 3D
image acquisition; 2) acute coronary syndrome, severe valvular disease, or infective endocarditis; 3) very
poor apical window that prevented 2DE or 3DE acquisitions for LVVs and LVEF quantification.
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Clinical Findings. Clinical information and cardiovascular risk factors at the time of the
echocardiographic study were obtained from the clinical records of our hospital, including: age and
gender, weight, height, and body surface area (BSA), dyslipidemia, hypertension, diabetes, chronic kidney
disease, anemia, and history of ischemic heart disease (IHD).
Echocardiography. All 2D and 3DE acquisitions were obtained by one Expert user (S.M.B.), with more than
5 years experience in both 2D and 3D echocardiography, during the same echocardiographic study, by
using a commercially available echo machine (Vivid E9, GE Vingmed, Horten, NO), equipped with both
standard 2D (M5S) and 3D (4V) probes. The Expert user that acquired the datasets had more than
10 years experience in 2DE and more than 3 years experience in 3DE, and used predefined
recommendations for all acquisition modalities, according to current guidelines (17, 18). Twodimensional acquisitions were obtained from the apical four- and two-chamber views, with care, to
encompass all endocardial contours in the images and to avoid LV foreshortening (18). Threedimensional datasets of the LV were obtained from the apical four-chamber view, by using multi-beat fullvolume acquisition during breath hold and taking care to encompass the entire LV cavity in the datasets.
The Expert user in echocardiography customized settings to ensure the best image quality for both 2D
and 3DE acquisitions of the LV, and to avoid stitching artifacts for the 3DE datasets. All datasets were
stored in a digital archive and subsequently exported to be analyzed offline using commercially available
software (Echopac BT 12, GE Vingmed, Horten, NO).
Three cardiologists from our Echocardiography Laboratory, with different levels of training in 2DE, were
named Beginner (6 months experience in 2DE, with a number of 300 echo performed), Medium (one-year
experience in 2DE, with 600 echo performed), and Advanced (more than 2 years experience in 2DE, with
more than 1000 echo performed) (7). The Expert user (S.M.B) performed a one-month training in 3DE of
the Beginner, Medium and Advanced users, by focusing on how to measure the LVVs and the LVEF from
the 3DE datasets. Theoretical and practical notions were delivered to the trainees, in order to align their
workflow with the general recommendations and to obtain results as similar as possible with the golden
standard, cardiac magnetic resonance (CMR) (19, 20).
At the end of the training, the Expert user and the Beginner, Medium, and Advanced cardiologists
measured the same LVVs and LVEF acquired with 2DE, in a blinded fashion, by using the Echopac
software (BT12, GE Healthcare, Horton, Norway). For the measurement of the LVVs, the end-diastolic
frame was selected as the frame before the mitral valve closure, whereas the end-systolic frame was
identified at the time of the smallest LV cavity (18). Care was taken to encompass the papillary muscles
inside the volume (18). The software derived the LVEF using the biplane method of disks’ summation
(modified Simpson’s rule).
At the end of the training in 3DE, the Expert, Beginner, Medium, and Advanced users measured the 3DE
LVVs and LVEF, by using dedicated software for LV analysis (4D Auto LVQ, GE Healthcare, Vingmed,
Horten, NO), and in a blinded fashion, as well. Measurement workflow started with semi-automated
detection of the LV endocardial borders, followed by a phase of manual editing, in order to optimize the
Page 5/19

endocardial contours. Same criteria for defining the end-systolic and end-diastolic frames were also used
for the 3DE analysis. Care was taken to encompass the papillary muscles and trabeculae inside the
volume, in order to obtain volumes as close as possible to CMR measurements (19, 20).
Statistics. Continuous data are expressed as mean ± SD, whereas categorical data are expressed as
frequency or percentages (%). Measurements of the LVVs and LVEF performed with different
echocardiographic methods were compared using Student T-test analysis. Pearson correlations were
used to compare the measurements performed by the Expert, Beginner, Medium, and Advanced users,
respectively. The intra-observer reproducibility of the measurements was assessed using intra-class
coefficients (ICCs), while agreements between methods and trainees were expressed using Bland Altman
plots. A p value of less than 0.5 was considered significant. Data analysis was performed using
statistical software analysis (SPSS 20, SPSS Inc., Chicago, Illinois) and MedCalc (MedCalc Software).

Results
60 patients were enrolled in the study. Six of them were excluded, due to the very poor quality of the 2DE
or 3DE images that prevented reliable measurements. The Expert, Beginner, Medium, and Advanced users
performed measurements of the LVVs and LVEF on the same echocardiography images of the remaining
54 patients (46 males, age 58 ± 17). The average resolution of the 2DE and 3DE datasets was of 70 ± 8
frames per second, and of 34 ± 7 volumes per second, respectively.
The Expert user measured both 2DE and 3DE datasets in all of the 54 patients. Mean LV end-diastolic
volume (LV_EDV) was 214 ± 75 ml when calculated with 2DE, and 233 ± 77 ml when measured with 3DE
(p < 0.05). Mean LV end-systolic volume (LV_ESV) was 144 ± 64 ml when calculated with 2DE, and 161 ±
66 ml when measured with 3DE (p < 0.05). Meanwhile, mean LVEF was 35 ± 10% when calculated with
2DE, and 33 ± 10% when measured 3DE, respectively (p > 0.05).
The Beginner, Medium, and Advanced users succeeded in measuring the 2DE datasets in 49, 51, and 53
patients (feasibility of 91%, 94%, and 98%, respectively, for the 2DE measurements). Conversely, the
Beginner, Medium, and Advanced users succeeded in measuring the 3DE datasets in 49, 51, and 53
patients (feasibility of 91%, 94%, and 98% for the 3DE measurements, respectively).
Comparison between the 2DE and 3DE measurements of the LVVs and LVEF provided by trainees in 3D
echocardiography. The Beginner, Medium, and Advanced users provided 2DE measurements of the LVVs
and LVEF that correlated with the measurements provided by the Expert user (Fig. 1). Moreover, the
Beginner, Medium, and Advanced users provided 3DE measurements of the LVVs and LVEF
measurements that highly correlated with the measurements provided by the Expert user (Fig. 2).
When compared with the 2DE measurements performed by the Expert user, the trainees in
echocardiography showed good reproducibility of the LVVs, but lower reproducibility of the LVEF
(Table 1). However, after just one-month training in 3DE, the trainees provided more reproducible results
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of the LVVs and LVEF measured by 3DE, by comparison with the measurements performed by the Expert
user in echocardiography (Table 1).
Agreement analysis using Bland-Altman plots showed no systematic biases for the measurements of the
LV_EDVs performed with 2DE (Table 1, Fig. 3). However, the trainees showed a tendency to underestimate
the LV_ESVs when using 2DE. Therefore, trainees tended to ”overestimate” the LVEF calculated with 2DE
(Table 1, Figs. 4 and 5), by comparison with the LVEFs calculated with 3DE. Conversely, there were no
systematic biases between the measurements of the LVVs and LVEF provided by the Expert user and the
trainees in echocardiography, when using 3DE (Table 1, Fig. 3–5).
Agreement between 2DE and 3DE when selecting patients with an indication for device therapy, based on
the LVEF cut-off of 35%. There was a substantial agreement between the 2DE and 3DE classification of
the LVEF (below and more than 35%) for all the levels of training in 2DE and 3DE (all kappa > 0.60, but
below 0.80, Table 2). However, when using 3DE, the Expert observer did not re-classify any patient into
having an LVEF of more than 35% but re-classified almost 15% of the patients into having an LVEF below
35% and therefore, indication for device implantation (Table 2). The same tendency, to re-classify patients
into having an LVEF less than 35% when using 3DE, was present for the trainees, as well, but in smaller
percentages (Table 2).

Discussion
Measurements of the LVVs and LVEF are important determinants of clinical decisions in patients with
HFrEF and frequently used as an end-point in clinical trials (2, 9, 10, 12). The most used technique for
assessing the LV size and function is 2DE, being a rapid, non-invasive and cost-effective technique (16).
However, measurements of the LVVs and LVEF by 2DE are limited by the geometrical assumptions of the
LV shape and by the foreshortening of the LV (13), which reduce both accuracy and reproducibility of the
method (15). Limitations of the 2DE are more prominent in patients with dilated and aneurismal LVs (21),
often encountered in patients with HFrEF, in which the decisions based on echo measurements are
essential for patient’s therapeutic and interventional management. Conversely, 3DE, which uses newly
matrix array probes, provides qualitative datasets of the LVVs that measure the true volumes of the LV
with minimal post-processing (4). Yet, even if 3DE seems to offer some advantages over 2DE, it is
considered as a method with a long learning curve, reliable only when used by experienced
echocardiographers.
Our study shows that 3DE can be used by cardiologists with different levels of training in 2DE, just after a
short period of training in 3DE, with similar feasibility, but a better reproducibility than 2DE. The main
results of our study showed that, in patients with HFrEF, with a wide range of LVs shapes, LVVs, and
LVEF: 1) 3DE provides feasible and more reproducible measurements of the LVVs and LVEF than 2DE,
when used by novel trainees in 3DE, regardless of their basic level of training in 2DE; 2) 3DE has a
substantial agreement with 2DE for measuring the LVEF, when used by trainees with different basic levels
of training in 2DE, and after just one month training in 3DE; 3) 3DE re-classifies more than 10% of the
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patients into having a LVEF less than 35%, therefore with an indication for device therapy, when used by
an experienced user in both 2D and 3D echocardiography.
Feasibility and reproducibility of 2D and 3DE measurements performed by trainees in echocardiography.
Jenkins et al (22), which performed a comparative study in 110 patients, showed 99% feasibility of the
2DE, and feasibility of 97% of the 3DE offline measurements of the LVVs and LVEF, respectively. As
expected, our trainees presented a feasibility of the 2DE measurements according to their level of
expertise in 2DE (91%, 94%, and 98% for the Beginner, Medium, and Advanced users, respectively).
However, just after one-month training in 3DE post-processing, trainees provided similar feasibility of the
3DE measurements of the LVVs and LVEF from patients with HFrEF, irrespective of their basic level of
training in 2DE.
It was showed that the reproducibility is lower when measuring LVVs and LVEF with 2DE than with 3DE,
and this limitation might be overcome by the use of contrast agents for the 2DE techniques (6). In our
study, when the 2DE measurements provided by trainees were compared to the ones of the Expert user,
they presented reproducibility according to their basic level of training in 2DE. However, when compared
again to the Expert user, the trainees provided increased reproducibility for the 3DE measurements,
regardless of their basic training in 2DE. Our study shows that 3DE might be a more accurate and
reproducible method to follow-up patients with HFrEF, just after a short period of training in 3DE.
Mor-Avi et al (23) showed that 3DE underestimates the LVVs when compared with CMR, in patients with a
wide range of LVVs and LVEF. However, the underestimations of the LVVs decreases when the trabeculae
are included in the 3DE measurements and the MV plane is excluded from the CMR measurements. We
acknowledge the golden standard position of the CMR for the measurement of the LVVs. However, CMR
is an expensive technique, with decreased availability, and the vast majority of clinical trials were based
on echocardiographic measurements. Therefore, the purpose of our study was to show that 3DE might be
a more feasible and reproducible alternative for the 2DE measurements, even after a short period of
training of the users in 3D echocardiography.
In the study published by Mor-Avi et al, the reproducibility of measurements of the LVVs using 3DE
decreased in parallel with the decreased experience of the centers involved in the project, mainly because
of the technique in measuring (the inclusion versus the exclusions of the LV trabeculae inside the LVVs
measured from the 3DE dataset). Our purpose was to show that 3DE is a method that can be easily
learned, and might be a more reproducible technique for the follow-up of patients with HFrEF. Therefore,
we performed a uniform training of our cardiologist in 3DE, which can explain the good results offered by
all of them in terms of accuracy and reproducibility of the measurements.
Thavendiranathan et al (24) showed that 3DE is the best method for sequential measurements of the
LVVs and LVEF, in 56 patients with chemotherapy treatment and stable LV function (global longitudinal
strain, GLS more than 16%). The mentioned study was performed in patients with non-dilated LVs
(3D_LVEDV ranged from 60 to 130 ml; 3D_LVESV ranged from 30 to 50 ml), and a normal LVEF (3D_LVEF
ranged from 56 to 65%), which were assessed by a single experienced observer in echocardiography. Our
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study especially selected patients with HFrEF, having dilated and distorted LVVs (3D_LVED ranged from
85 to 381 ml, and 3D_LVESV ranged from 30 to 293 ml), and a wide range of LVEF (3D_LVEF ranged from
13–53%), which were measured by different observers, after a short period of training in 3DE.
3DE has a substantial agreement with 2DE for measuring the LVEF when used by trainees with different
basic levels of training in 2DE, and beginner level in 3DE. From the best of our knowledge, a single study
mentions the benefits of 3DE when comparing its use by experienced and non-experienced observers
(25). However, the study was performed with transesophageal echocardiography and aimed to compare
how experts and beginners localize the prolapsing segments of the MV, in patients with organic MR. Our
study showed that trainees in echocardiography might provide increased accuracy and reproducibility of
3DE measurements of LVVs and LVEF performed in patients with dilated LVs and a wide range of LVEFs,
by comparison with 2DE measurements. Therefore, our study strengthens the benefit of 3DE for the longterm follow-up of patients with HFrEF, even if used by beginners in the field.
3DE reclassifies the LVEF in patients with heart failure with reduced ejection fraction. A recent metaanalysis published by Rigolli et al (21) showed that 3DE is the method with the highest accuracy to
measure the LVEF, by comparison with CMR. In our study, the LVEF measured with 3DE by each of the
echocardiographers included in the study was lower than the LVEF measured by 2DE. Our results agree
with a recent study published by Zanella et al (26), which showed that 3DE usually provides lower LVEF
than 2DE, and the 3D LVEF was an independent predictor for major arrhythmic events in patients with LV
dysfunction. Moreover, in the mentioned study (26), 3DE re-assigned up to 20% of patients as having a
risk for sudden cardiac death according to the LVEF, and therefore, indication for device implantation. Our
study showed that more than 10% of patients are re-classified by the Expert user into having an LVEF
below the threshold of 35%, and therefore, indication for device therapy. The trainees in 3DE also reclassified the LVEF when using 3DE, but with a lower percentage of the reclassification than the expert in
echocardiography.
Limitations. One limitation of our study is that we did not compare our measurements against the golden
standard method, CMR. However, our study aimed not to test the accuracy of 3DE versus CMR, which was
already tested in previous studies (23), but to assess the reliability of 3DE for the evaluation and followup of patients with HFrEF, after a short period of training in 3DE.

Conclusion
Trainees with different basic level of expertise in 2D echocardiography, and after just one-month training
in 3D echocardiography, provided more reproducible measurements of left ventricular volumes and
ejection fraction than 2DE. The increased reproducibility of the 3D measurements was not related to the
basic level of training in 2D echocardiography, Therefore, 3DE might be a feasible and more reliable
method for the follow-up of patients with heart failure with reduced ejection fraction, having dilated and
distorted left ventricles, with a wide range of ejection fractions.
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Figure 1
Correlations between two-dimensional left ventricular volumes and ejection fraction measured by the
Expert and trainees with different levels of training in two-dimensional echocardiography (Beginner,
Medium, and Advanced). 2D, two-dimensional; LVEDV, left ventricle end-diastolic volume; LVESV, left
ventricle end-systolic volume; LVEF, left ventricle ejection fraction.

Figure 2
Correlations between three-dimensional left ventricular volumes and ejection fraction measured by the
Expert and the trainees with different levels of training in two-dimensional echocardiography (Beginner,
Medium, and Advanced). 3D, three-dimensional; LVEDV, left ventricle end-diastolic volume; LVESV, left
ventricle end-systolic volume; LVEF, left ventricle ejection fraction;
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Figure 3
Bland-Altman plots for the measurements of the left ventricular end-diastolic volume using two- and
three-dimensional echocardiography, by the Expert and Beginner, Medium, and Advanced users,
respectively. 2D, two-dimensional; 3D, three-dimensional; LVEDV, left ventricle end-diastolic volume.
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Figure 4
Bland-Altman plots for the measurements of the end-systolic left ventricular volume using two- and threedimensional echocardiography, by the Expert and Beginner, Medium, and Advanced users, respectively.
2D, two-dimensional; 3D, three-dimensional; LVESV, left ventricle end-systolic volume.
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Figure 5
Bland-Altman plots for the measurements of the left ventricular ejection fractions using two- and threedimensional echocardiography, by the Expert and Beginner, Medium, and Advanced users, respectively.
2D, two-dimensional; 3D, three-dimensional; LVEF, left ventricle ejection fraction.
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