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Abstract: Background: Two-dimensional (2D) and three-dimensional (3D) speckle-tracking echocar-
diography (STE) enables assessment of myocardial function. Here, we examined the agreement
between 2D and 3D STE measurement of a global longitudinal strain (GLS) in patients with normal
left ventricle, reduced ejection fraction, and cardiac pacing. Methods: Our analysis included 90 con-
secutive patients (59% males; average age: 73.2 ± 11.2 years) examined between May 2019–December
2020, with valid 2D and 3D loops for further speckle-tracking strain analysis. Linear regression,
Pearson correlation, and a Bland–Altman plot were used to quantify the association between 2D
and 3D GLS and related segments, using the 17-segment American Heart Association (AHA) model.
Analyses were performed in the entire study group and subgroups. Intra- and inter-observer variabil-
ity of 2D and 3D GLS measurement was also performed in all participants. Results: We observed a
strong correlation between 2D and 3D GLS measurements (R = 0.76, p < 0.001), which was higher
in males (R = 0.78, p < 0.001) than females (R = 0.69, p < 0.001). Associated segment correlation was
poor (R = 0.2–0.5, p < 0.01). The correlation between 2D and 3D GLS was weaker in individuals with
ventricular pacing of >50% (R = 0.62, p < 0.001) than <50% (R = 0.8, p < 0.001), and in patients with
LVEF of <35% (R = 0.69, p = 0.002) than >35% (R = 0.72, p < 0.001). Intra-observer variability for
2D and 3D GLS was 2 and 2.3%, respectively. Inter-observer variability for 2D and 3D GLS was 3.8
and 3.6%, respectively Conclusion: Overall 2D and 3D GLS were closely associated but not when
analyzed per segment. It seems that GLS comparison is more representative of global shortening
than local displacement. Right ventricular pacing and reduced left ventricular ejection fraction were
associated with a reduced correlation between 2D and 3D GLS.

Keywords: global longitudinal strain; 17-segment AHA model; deformation imaging; three-dimensional
echocardiography; speckle-tracking echocardiography

1. Introduction

Speckle-tracking echocardiography (STE) is a promising method for non-invasive
myocardial deformation analysis [1]. Compared to magnetic resonance imaging (MRI),
two-dimensional (2D) STE enables angle-independent and reliable measurement of left
ventricular dimensions and strains [1]. Despite years of research showing advantages over
conventional parameters, 2D STE is not commonly used in clinical practice, except for
cardio-oncology [2]. Reasons include that the analysis is time-consuming, a lack of stan-
dardization, inter-vendor differences, and the need for manual adjustments to the cardiac
regions of interest [3–5]. Moreover, different modalities such as 2D STE, three-dimensional
(3D) STE, and cardiac MRI are available to acquire myocardial strain measurements, raising
questions regarding the agreement between methods [4,5].
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Two-dimensional STE has been validated against MRI tagging, as a gold standard
of deformation analysis [1,6]. However, based on the expert consensus statement, there
is no true gold standard technique for non-invasive quantification of left ventricular (LV)
mechanics [7]. MRI tagged myocardial strain showed an excellent correlation to 2D STE [1],
similar to the agreement previously described between tissue Doppler imaging (TDI)-based
strain and MRI-tagging [8].

Two-dimensional STE enables feasible assessment of global and regional myocardial
function [5]. The model is reconstructed and segmented from three 2D planes, in contrast
to 3D volumetric speckle-tracking analysis. Three-dimensional STE is an emerging ultra-
sonographic modality that may provide us with more physiological, and probably faster,
analysis of myocardial deformation. The results of 3D STE should be cautiously evaluated.
Compared to 2D STE, 3D STE involves a considerably lower average frame rate and a
higher level of automatization of the analysis. Therefore, there remains a need to examine
the agreement between 2D and 3D STE.

Global longitudinal strain (GLS) predominantly reflects the contractile function of the
subendocardium and subepicardium of the left ventricular wall due to myofiber orienta-
tion [9]. Notably, the subendocardium is more susceptible to both ischemia/stunning and
mechanical overload related to either valvular disease or aging [9–11]. Therefore, GLS is
likely to decrease in early stages of various cardiac diseases [9]. GLS is rarely systematically
used, although it is reliable, and it has a reproducible parameter, even when compared to
left ventricular ejection fraction (LVEF) [12].

Based on its reliability, sensitivity, and reproducibility, GLS was the main parameter
investigated in our present study. We aimed to analyze the level of agreement between
GLS measured by 2D vs. 3D STE and its reproducibility. Gender-related influences on left
ventricular mechanics in individuals free of heart failure have been recently described [13].
Therefore, separate analyses for males and females were also performed.

2. Materials and Methods
2.1. Patients

For this study, we retrospectively enrolled echocardiographic examinations from
90 consecutive patients, who were scheduled for routine evaluation. Incomplete loops
and/or inadequate image quality for 2D and 3D STE led to exclusion from the study.
Patients with atrial fibrillation at the time of the image acquisition were also excluded from
the study. The study sample comprised of patients with various cardiovascular diseases to
assess the correlation between 2D and 3D STE across a real-life patient population. This
study was approved by the institutional review board of University Hospital Ostrava and
conducted in accordance with the Helsinki Declaration. The need for informed consent
was waived for this study.

2.2. Echocardiography

Two-dimensional grayscale echocardiography was performed using a Vivid E95 scan-
ner (GE Vingmed Ultrasound, Horten, Norway). The frame rate was >50/s for 2D STE,
and >25/s for 3D STE. Images were analyzed using EchoPAC version 203 revision 73
(GE Vingmed Ultrasound, Horten, Norway). The endocardial border was traced at end-
systole, and the thickness of the region of interest (ROI) was adjusted to include most
of the myocardium, while avoiding stationary speckles near the pericardium. From the
3060 analyzed segments of the 17-segment AHA model, a total of 136 segments (4.4%) were
excluded from the analysis due to an inability to track.

For 2D STE, we used automatic function imaging (AFI) of the EchoPAC (Figure 1).
The AFI feature involves the manual placement of markers on each side of the mitral
annulus and left ventricular (LV) apex in three standard apical views. Next, the program
automatically tracks the endocardial border and calculates the myocardial (ROI). When
necessary, manual adjustments were made to the ROI and/or the endocardial/epicardial
borders, which are important for the strain analysis (Figure 1).
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Figure 1. Four–chamber view of automatic function imaging (AFI), peak systolic strain is visualized
in the left lower part, global strain in the left upper part and corresponding waveforms in the right
upper part, right lower part visualize surface extrapolated color mapped strain.

For 3D STE analysis, we used the automatic left ventricular quantification function
(AutoLVQ) of EchoPAC. Topographic markers were placed in the middle of the mitral
valve and the LV apex. The endocardial border was automatically delineated, and manual
adjustments were made when necessary. For both 2D and 3D STE, end-diastole and end-
systole were determined by automatic identification of the aortic valve opening and closing,
and manual adjustments were made when necessary. All the 2D and 3D global longitudinal
strain values were calculated using the software, and presented as a 17-segment bull’s eye
model (Figure 2).
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bull’s eye reconstruction of 3D global longitudinal strain. Red color and more negative number
means better contractility as opposed to positive numbers and blue colour.
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2.3. Statistics

Continuous variables were expressed as mean ± standard deviation, and compared
by t-test or Mann–Whitney U test, as appropriate. Categorical variables were expressed as
percentages, and compared by the chi-square test, Fisher’s exact test, or logistic regression,
as appropriate. We investigated the association of 2D GLS with 3D GLS using linear
regression analysis, Pearson’s, Spearman correlation, and a Bland-Altman plot. A two-
tailed α value of <0.05 was considered statistically significant—except for the test of equality
of covariance matrices, for which p < 0.005 was considered significant. Normal distribution
of the data was assessed by Shapiro–Wilk’s test. The majority of analyses were performed
on the entire group of patients, some analyses were performed separately for males and
females. All analyses were performed using IBM SPSS for MAC version 23 (IBM, New
York, NY, USA) and MS Excel (Redmond, Washington, DC, USA) for MAC version 16.5.

2.4. Reproducibility Analysis

Intra- and inter-observer variability of 2D and 3D GLS measurement was tested in
all subjects. Intra-observer variability was tested by repeated measurements four or more
weeks apart with blinding to the original dataset. To test inter-observer variability, a second
experienced operator evaluated the loops with no access to the original dataset. Intra- and
interobserver variability is presented as mean percentage error, and it was calculated as an
absolute difference between the two measurements.

3. Results

Our analysis included a total of 90 patients. Table 1 shows the baseline clinical
characteristics, including gender differences. Except for LVEF, heart failure, and CABG,
there were no meaningful differences between males and females. Females were less
represented in the whole patient sample (41%). Mean value of 2D and 3D GLS was
−10.6 ± 4.2 and −10.5 ± 4.1, respectively. A Shapiro–Wilk’s test (p > 0.05) and visual
inspection of the histograms, normal Q-Q plots and box plots showed that the data (2D,
3D GLS) are approximately normally distributed for both males and females. There were
very few outliers in the 2D and 3D GLS dataset. Since they were not due to data entry error,
and they do not affect the assumptions made in the analysis or the results, they were not
removed from the analysis.

We observed an overall strong positive correlation between 2D GLS and 3D GLS
(Pearson’s R = 0.76, p < 0.001, Spearman ρ = 0.74, p < 0.001) (Figure 3). Separate analy-
ses revealed that this correlation coefficient was numerically greater in males (Pearson’s
R = 0.78, p < 0.001, Spearman ρ = 0.75, p < 0.001) and lesser in females (R = 0.69, p < 0.001,
Spearman ρ = 0.66, p < 0.001), though this difference was not significant. A Bland–Altman
analysis demonstrated a small bias (0.1%) and moderate limits of agreement (SD: 2.9%)
between 2D and 3D GLS (Figure 4).

Analysis of every 2D vs. 3D segment of the 17-segment AHA model revealed a poor
associated segment correlation, with R and ρ values ranging from 0.2 to 0.5 (p < 0.01)
(Table 2). Not all the segments even reached the level of significance. The anteroseptal
segments seem to produce a higher correlation between 2D and 3D GLS irrespective
whether they were apical, middle, or basal (Table 2). The correlation between 2D and 3D
GLS was weaker among individuals with >50% ventricular pacing (R = 0.62, p < 0.001)
than in individuals with <50% ventricular pacing or no pacing (R = 0.8, p < 0.001) (Figure 5,
Table 3). Moreover, the correlation and regression coefficients between 2D vs. 3D GLS were
lower with LVEF < 35% (R = 0.69, p = 0.002) than LVEF > 35% (R = 0.72, p < 0.001) (Figure 6,
Table 3). Other clinical or paraclinical parameters did not influence the level of correlation
between 2D and 3D GLS. Intra-observer variability for 2D and 3D GLS was 2 and 2.3%,
respectively. Inter-observer variability for 2D and 3D GLS was 3.8 and 3.6%, respectively.
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Table 1. Baseline characteristics of the study population.

Total
Population Males Females

p Value
N = 90 N = 53 N = 37

Age (years) 73.2 ± 11.2 70.5 ± 12.3 76.7 ± 8.3 0.681
Males (%) 59 - -

Body weight (kg) 85.1 ± 18.4 91.4 ± 16.5 77 ± 17.7 0.882
Body height (cm) 169.1 ± 9.9 175.5 ± 6.4 160.7 ± 7 0.068

Body mass index (kg/m2) 29.6 ± 5.4 29.5 ± 4.6 29.8 ± 6.4 0.92
LV EF 48 ± 12.7 45 ± 12.9 51 ± 11.8 0.039

Coronary artery disease (%) 46.5 49 43.2 0.269
Hyperlipoproteinemia (%) 52.6 55.1 48.6 0.726
Myocardial infarction (%) 27.9 32.7 21.6 0.744

Peripheral arterial disease (%) 4.7 8.2 2.7 0.660
Hypertension (%) 79.1 73 86.5 0.371
Heart failure (%) 8.1 18.0 10.8 0.021

Diabetes mellitus (%) 25.6 24.5 27 0.732
Previous stroke/TIA (%) 9.3 10.2 8.1 0.585

COPD (%) 8.1 8.2 8.1 0.314
DCM 8.1 10.2 5.4 0.27
HCM 1.2 2 0 N/A

CABG (%) 16.3 24.5 5.4 0.027
PM (%) 38 32 48 0.656

Indices are shown as mean ± standard deviation or proportion in percentages and compared for male and
females.; CABG, Coronary artery by-pass graft; COPD, Chronic obstructive pulmonary disease; DCM, dilated
cardiomyopathy; EF, ejection fraction; HCM, hypertrophic cardiomyopathy; LV, left ventricle; N/A, not applicable;
PM, pacemaker; TIA, transient ischemic attack.
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Table 2. Comparison of 2D vs. 3D global longitudinal strain, analyzed on entire group and separately by gender.

LINEAR REGRESSION + PEARSON’S AND SPEARMAN CORRELATION

2D vs.
3D

GLS

ALL MALES FEMALES

SLOPE ±
SEM R p r p ρ p SLOPE ±

SEM R p r p ρ p SLOPE ±
SEM R p ρ p r p

0.77 ± 0.27 0.76 <0.001 0.76 <0.001 0.74 <0.001 0.82 ± 0.35 0.78 <0.001 0.78 <0.001 0.75 <0.001 0.69 ± 0.39 0.69 <0.001 0.66 <0.001 0.69 <0.001

Seg.1 0.38 ± 0.39 0.27 0.019 0.27 0.02 0.32 0.005 0.36 ± 0.36 0.16 0.3 0.18 0.23 0.42 0.006 0.26 ± 0.57 0.15 0.41 0.23 0.218 0.16 0.40
Seg.2 0.66 ± 0.52 0.55 <0.001 0.55 <0.001 0.50 <0.001 0.79 ± 0.51 0.54 <0.001 0.54 <0.001 0.57 <0.001 0.58 ± 1.03 0.58 <0.001 0.47 0.009 0.58 <0.001
Seg.3 0.12 ± 0.59 0.18 0.123 0.20 0.09 0.23 0.053 0.29 ± 0.74 0.3 0.05 0.32 0.04 0.36 0.018 0.09 ± 0.91 0.07 0.715 0.06 0.740 0.08 0.682
Seg.4 0.46 ± 0.60 0.35 0.002 0.35 0.002 0.35 0.002 0.46 ± 0.82 0.35 0.023 0.35 0.02 0.34 0.027 0.44 ± 089 0.33 0.075 0.30 0.104 0.32 0.086
Seg.5 0.42 ± 0.68 0.318 0.006 0.30 0.009 0.35 0.002 0.38 ± 0.79 0.26 0.096 0.24 0.119 0.25 0.116 0.50 ± 1.19 0.40 0.03 0.46 0.011 0.39 0.03
Seg.6 0.05 ± 0.60 0.068 0.569 0.04 0.733 0.12 0.327 −0.01 ± 0.65 0.05 0.750 0.01 0.970 0.13 0.413 0.06 ± 1.11 0.06 0.745 0.06 0.754 0.06 0.753
Seg.7 0.50 ± 0.43 0.44 <0.001 0.44 <0.001 0.48 <0.001 0.43 ± 0.60 0.42 0.006 0.42 0.004 0.51 0.001 0.61 ± 0.57 0.432 0.019 0.49 0.007 0.43 0.016
Seg.8 0.44 ± 0.48 0.47 <0.001 0.47 <0.001 0.56 <0.001 0.59 ± 0.54 0.53 <0.001 0.53 <0.001 0.56 <0.001 0.33 ± 0.88 0.42 0.024 0.51 0.004 0.41 0.02
Seg.9 0.50 ± 0.47 0.41 <0.001 0.41 <0.001 0.33 0.005 0.57 ± 0.59 0.49 0.001 0.49 0.001 0.45 0.003 0.40 ± 0.76 0.32 0.086 0.22 0.251 0.31 0.09
Seg.10 0.32 ± 0.52 0.27 0.02 0.27 0.02 0.35 0.002 0.59 ± 0.65 0.53 <0.001 0.52 <0.001 0.62 <0.001 −0.1 ± 0.85 0.04 0.850 0.631 0.091 0.05 0.794

Seg.11 0.531 ±
0.528 0.45 <0.001 0.45 <0.001 0.50 <0.001 0.63 ± 0.63 0.51 <0.001 0.50 <0.001 0.55 <0.001 0.36 ± 0.91 0.36 0.05 0.31 0.1 0.37 0.04

Seg.12 0.50 ± 0.52 0.45 <0.001 0.45 <0.001 0.39 0.001 0.60 ± 0.59 0.54 <0.001 0.54 <0.001 0.51 0.001 0.39 ± 0.92 0.36 0.05 0.28 0.229 0.37 0.04
Seg.13 0.29 ± 0.65 0.48 <0.001 0.48 <0.001 0.58 <0.001 0.37 ± 0.75 0.51 <0.001 0.51 <0.001 0.62 <0.001 0.16 ± 1.15 0.38 0.05 0.49 0.007 0.37 0.04
Seg.14 0.46 ± 0.66 0.52 <0.001 0.52 <0.001 0.50 <0.001 0.56 ± 0.75 0.56 <0.001 0.57 <0.001 0.56 <0.001 0.39 ± 1.18 0.49 0.007 0.43 0.017 0.49 0.006
Seg.15 0.23 ± 0.61 0.32 0.007 0.26 0.03 0.31 0.007 0.28 ± 0.75 0.42 0.006 0.31 0.05 0.37 0.016 0.17 ± 1.01 0.23 0.220 0.19 0.376 0.2 0.291
Seg.16 0.14 ± 0.56 0.19 0.103 0.18 0.129 0.135 0.257 0.33 ± 0.75 0.45 0.003 0.42 0.006 0.36 0.018 −0.15 ± 0.76 0.17 0.359 0.25 0.190 0.17 0.361
Seg.17 0.27 ± 0.49 0.3 0.01 0.29 0.01 0.26 0.028 0.42 ± 0.66 0.47 0.002 0.44 0.003 0.40 0.773 0.03 ± 0.71 0.04 0.830 0.05 0.773 0.03 0.877

Indices are shown as mean ± standard error of the mean (SEM);2D, Two-dimensional;3D, Three-dimensional; GLS, Global longitudinal strain; values of Pearson’s correlation coefficient
(r) and linear regression coefficient (R) coincide while the data are in the same units, thus “naturally” normalized; ρ stands for Spearman correlation.
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Table 3. 2D and 3D global longitudinal strain, subgroup analysis.

N R p Value

LV EF < 35% 17 0.699 0.002
LV EF > 35% 73 0.727 <0.001

VP > 50% 41 0.62 <0.001
VP < 50% 49 0.8 <0.001

EF, Ejection fraction; LV, Left ventricle; VP, Ventricular pacing, R—person’s correlation coefficient.
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4. Discussion

The main findings of our retrospective analysis can be summarized as follows: (1) we
found a high agreement between the two-dimensional and the three-dimensional global
longitudinal strain, (2) segmental agreement between the 2D and the 3D strain was poor,
(3) the degree of agreement differed between genders, though not significantly, and
(4) cardiac pacing and reduced LVEF were associated with a lower numerical correla-
tion between the two-dimensional and the three-dimensional global longitudinal strain.

4.1. Previous Studies

Two-dimensional speckle-tracking echocardiography has been proven to be efficient
and reliable for the quantification of regional and global LV myocardial motion in different
clinical scenarios, yet it has some limitations [1,3–6,9,12]. Three-dimensional speckle-
tracking echocardiography has attracted interest because it may overcome the “out of plane”
movement limitation of 2D STE. However, the greater complexity of 3D STE acquisition and
image analysis make it vulnerable to low image quality, tracking artifacts, and low frame
rate interactions. Although it has been shown that 3D STE performance is not compromised
by frame rates as low as 18–25 frame/s [14].

Many recent comparative studies have examined 2D STE, 3D STE, and MRI tagging
or feature tracking, showing varying results. Altman et al. conducted a trial comparing
different 2D STE and 3D STE measures, and they found that GLS was similar between 2D
and 3D modes (−14 ± 4 vs. −13 ± 3, non-significant) [15]. Another trial evaluated the
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agreement between 3D and 2D speckle-tracking GLS, and it found a Pearson correlation
of 0.95 [16]. On the other hand, a comparison of 2D vs. 3D GLS detected a correlation
coefficient of only 0.4 in healthy volunteers, compared to 0.9 in patients with mitral steno-
sis [6]. Another study reported a good correlation between GLS determined by cardiac
magnetic resonance feature tracking (CMRFT) compared to 2DSTE (r = 0.83) and 3DSTE
(r = 0.87) [17]. In one investigation, GLS values were consistently lower in the 3D mode
compared to the 2D mode, and the sensitivity for predicting coronary artery disease was
80% for 2D GLS compared to 93% for 3D GLS [18]. Notably, 3D strain data were acquired
faster than 2D data (2.2 ± 1 vs. 3 ± 1 min, respectively) [18].

In addition, Mirea et al. [19] showed significant 2D segmental strain variation of up
to 4.5%, though the parameters from each vendor correlated to the mean of all vendors
ranging from 0.58 to 0.81 [19].

The varying levels of agreement between 2D and 3D strain data may be explained by
the different vendors, intra- and interobserver variability, differences in patient comorbidi-
ties and gender, cine loop image quality, and the magnitude of manual adjustments.

4.2. Current Study

To the best of our knowledge, no prior studies have compared 2D and 3D GLS between
segments of the 17-segment AHA model. Surprisingly, although we found a high overall
agreement between 2D and 3D GLS, the numerical correlation per segment was quite
low. This is probably due to the different manner of acquisition and the segmentation
processes. In the 3D mode, the calculation originates from the volumetric matrix. On
the contrary, in the 2D mode, an extrapolation is created from three 2D apical planes.
Moreover, we may speculate that the strain segment annotation differs between 2D and
3D mode, which could explain why there was a generally strong correlation between the
two modes overall, but not per segment. On the other hand, there is some pattern to the
level of correlation related to broader areas of the myocardium. Particularly anterior and
anteroseptal areas demonstrated higher 2D vs. 3D GLS correlation than the rest of the heart.
We may only speculate that better visualization of anterior and septal areas, which are
usually in the direct beam of the ultrasound transducer, may lead to more reliable speckle
tracking acquisition. On the lateral, posterior, and inferior myocardial wall the tracked
border may more easily depart from the visible boundary [20]. A study by Patrianakos et al.
showed a good agreement of segmental 2D STE in apical segments and a poor correlation
of basal segments obtained using two different echocardiography devices [21].

Low 2D vs. 3D segmental agreement may be also caused by different mechanisms of tracking.
The sensitivity of the 3D tracking is expected to be lower in comparison with 2D

tracking due to a lower resolution, thus bigger speckles to track. Also, 3D tracking corre-
sponds to surface shortening as opposed to 2D, which represents linear shortening [22].
Since LV deformation involves a combination of apex-to-base movement, thickening, and
simultaneous twisting, speckles exhibit genuine 3D motion, which 2D STE cannot account
for as compared to 3D STE [22].

After the publication of the first inter-vendor study demasking a significant difference
of 3.7% strain units [4], software adjustments were made to improve the inter-vendor GLS
agreement [23]. This could be achieved by giving more weight to the global shortening in
detriment to the local displacement.

In our study, we also found that a low LVEF of <35% and a significant amount
(>50%) of right ventricular pacing were associated with a decreased correlation between 2D
and 3D GLS. Both factors have the same denominator of asynchronous and/or impaired
ventricular contraction. It has been also shown that the left ventricle geometry may act as a
confounder. A significant reduction of GLS could be compensated by a small increase in
global circumferential strain, wall thickness, and/or reduced LV diameter [24]. We may
speculate that more complex 3D myocardial motion during pacing and with reduced LVEF
may enhance the difference between 2D and 3D tracking based on “out of plane” motion.
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Of note, the reproducibility of our GLS measurements was comparable to both of the
inter-vendor trials [3,4] but higher than in the trial by Altman et al. [15]. Therefore, it is less
likely that intra- or inter-observer variability meaningfully accounted for 2D and 3D strain
variability in our trial.

Finally, our study is more hypothesis-generating than completely enlightening the
association of GLS and segmental strain data. Comparison of 2D and 3D global and segmen-
tal strain data warrants further systematic prospective studies utilizing reference modality
(CMR), computer simulated data to begin with and/or different vendor agreement studies.

4.3. Implications

Our observations may have implications for clinical practice. The global longitudinal
strain is a reliable and a reproducible measure of myocardial deformation, even when
assessed using different modes of acquisition (2D vs. 3D). On the contrary, caution should
be paid when evaluating segmental strain data, which may significantly differ between 2D
and 3D modes of tracking. It seems that GLS is more representative of global shortening
than local displacement. In patients with a reduced left ventricular ejection fraction and a
significant amount of right ventricular pacing, strain data must be evaluated cautiously.

4.4. Limitations

The study has several limitations. First, it was a retrospective study, and many
aspects of the acquisition were not prespecified. Moreover, the agreement between the 2D
and the 3D strain was determined purely based on echocardiographic methods, without
comparison to the “golden standard” reference of MRI tagging or feature tracking. Notably,
although there is no real golden standard for myocardial deformation, MRI is historically
considered the most accurate and reliable method. In addition, we studied patients with
heterogenous cardiovascular diseases.

5. Conclusions

We found that 2D and 3D GLS measurements exhibited a close overall agreement,
but not when analyzed per segment according to the 17-segment AHA model. It seems
that GLS is more representative of global shortening than local displacement. Moreover,
high levels of right ventricular pacing and a reduced left ventricular ejection fraction were
associated with a numerically lower correlation between 2D and 3D GLS. Therefore, strain
data in patients with reduced ejection fraction and right ventricular pacing have to be
evaluated with caution.

Author Contributions: Conceptualization, J.P.; methodology, J.P. and O.C.; validation, J.V. and T.G.;
formal analysis, J.P.; image acquisition J.P., T.G., T.R., O.C. and D.D.; resources, M.H. and T.R.; data
curation, J.P., T.R. and D.D. writing—original draft preparation, J.P.; writing—review and editing,
J.V. and O.C.; visualization, J.P.; supervision, J.V. and M.H.; project administration, T.R.; funding
acquisition, J.P. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by University of Ostrava, Czech Republic, grant number
SGS01/LF/2020 and the APC was funded by the Ministry of Health, Czech Republic; MH CZ—DRO
(FNOs/2021).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board (or Ethics Committee) of University
Hospital Ostrava on 25 February 2021 with reference number 174/2021.

Informed Consent Statement: Patients’ written informed consent was waived by the Institutional
Review Board due to the retrospective manner of the study. Moreover the written consent with data
analysis and publication is part of image acquisition consent.

Data Availability Statement: The data that support the findings of this study are available from the corre-
sponding author upon reasonable request and with compliance to the General Data Protection Regulation.

Conflicts of Interest: The authors declare no conflict of interest.



J. Clin. Med. 2022, 11, 2402 11 of 12

References
1. Amundsen, B.H.; Helle-Valle, T.; Edvardsen, T.; Torp, H.; Crosby, J.; Lyseggen, E.; Støylen, A.; Ihlen, H.; Lima, J.A.; Smiseth, O.A.;

et al. Noninvasive myocardial strain measurement by speckle tracking echocardiography: Validation against sonomicrometry
and tagged magnetic resonance imaging. J. Am. Coll. Cardiol. 2006, 47, 789–793. [CrossRef] [PubMed]

2. Curigliano, G.; Lenihan, D.; Fradley, M.; Ganatra, S.; Barac, A.; Blaes, A.; Herrmann, J.; Porter, C.; Lyon, A.R.; Lancellotti, P.; et al.
Management of cardiac disease in cancer patients throughout oncological treatment: ESMO consensus recommendations. Ann.
Oncol. 2020, 31, 171–190. [CrossRef] [PubMed]

3. Argyle, R.A.; Ray, S.G. Stress and strain: Double trouble or useful tool? Eur. J. Echocardiogr. 2009, 10, 716–722. [CrossRef]
[PubMed]

4. Farsalinos, K.E.; Daraban, A.M.; Ünlü, S.; Thomas, J.D.; Badano, L.P.; Voigt, J.U. Head-to-head comparison of global longitudinal
strain measurements among nine different vendors:The EACVI/ASE inter-vendor comparison study. J. Am. Soc. Echocardiogr.
2015, 28, 1171–1181. [CrossRef] [PubMed]

5. Mirea, O.; Pagourelias, E.D.; Duchenne, J.; Bogaert, J.; Thomas, J.D.; Badano, L.P.; Voigt, J.U. Intervendor Differences in the
Accuracy of detecting regional functional abnormalities: A report from the EACVI-ASE strain standardization task force. JACC
Cardiovasc. Imaging 2018, 11, 25–34. [CrossRef] [PubMed]

6. Poyraz, E.; Tugba, K.O.; Güvenç, R.C.; Güvenç, T.S. Correlation and agreement between 2D and 3D speckle-tracking echocardiog-
raphy for left ventricular volumetric, strain, and rotational parameters in healthy volunteers and in patients with mild mitral
stenosis. Echocardiography 2019, 36, 897–904. [CrossRef] [PubMed]

7. Mor-Avi, V.; Lang, R.M.; Badano, L.P.; Belohlavek, M.; Cardim, N.M.; Derumeaux, G.; Galderisi, M.; Marwick, T.; Nagueh, S.F.;
Sengupta, P.P.; et al. Current and evolving echocardiographic techniques for the quantitative evaluation of cardiac mechanics:
ASE/EAE consensus statement on methodology and indications endorsed by the Japanese Society of Echocardiography. J. Am.
Soc. Echocardiogr. 2011, 24, 277–313. [CrossRef] [PubMed]

8. Edvardsen, T.; Gerber, B.L.; Garot, J.; Bluemke, D.A.; Lima, J.A.; Smiseth, O.A. Quantitative assessment of intrinsic regional
myocardial deformation by Doppler strain rate echocardiography in humans: Validation against three-dimensional tagged
magnetic resonance imaging. Circulation 2002, 106, 50–56. [CrossRef]

9. Lumens, J.; Prinzen, F.W.; Delhaas, T. Longitudinal strain: “Think globally track locally”. JACC Cardiovasc. Imaging 2015,
8, 1360–1363. [CrossRef]

10. Mazhari, R.; Omens, J.H.; Pavelec, R.S.; Covell, J.W.; McCulloch, A.D. Transmural distribution of threedimensional systolic strains
in stunned myocardium. Circulation 2001, 104, 336–341. [CrossRef]

11. Lumens, J.; Delhaas, T.; Arts, T.; Cowan, B.R.; Young, A.A. Impaired subendocardial contractile myofiber function in asymptomatic
aged humans, as detected using MRI. Am. J. Physiol. Heart Circ. Physiol. 2006, 291, H1573–H1579. [CrossRef]

12. Karlsen, S.; Dahlslett, T.; Grenne, B.; Sjøli, B.; Smiseth, O.; Edvardsen, T.; Brunvand, H. Global longitudinal strain is more
reproducible measure of left ventricular function than ejection fraction regardless of echocardiographic training. Cardiovasc.
Ultrasound 2019, 17, 18. [CrossRef] [PubMed]

13. Hung, C.h.L.; Gonçalves, A.; Shah, A.M.; Cheng, S.; Kitzman, D.; Scott, S.D. Age and gender-related influences on left ventricular
mechanics in elderly individuals free of prevalent heart failure: The atherosclerosis risk in communities study. Circ. Cardiovasc.
Imaging 2017, 10, e004510. [CrossRef]

14. Yodwut, C.; Weinert, L.; Klas, B.; Lang, R.M.; Mor-Avi, V. Effects of frame rate on three-dimensiona speckle tracking-based
measurements of myocardial deformation. J. Am. Soc. Echocardiogr. 2012, 25, 978–985. [CrossRef] [PubMed]

15. Altman, M.; Bergerot, C.; Aussoleil, A.; Davidsen, E.S.; Sibellas, F.; Ovize, M.; Bonnefoy-Cudraz, E.; Thibault, H.; Derumeaux, G.
Assesment of left ventricular systolic function by deformation imaging derived from speckle tracking: A comparison between 2D
and 3D echo modalities. Eur. Heart J. Cardiovasc. Imaging 2014, 15, 316–323. [CrossRef] [PubMed]

16. Trache, T.; Stöbe, S.; Tarr, A.; Pfeiffer, D.; Hagendorff, A. The agreement between 3D, standard 2D and triplane 2D speckle
tracking: Effects of image quality and 3D volume rate. Echo Res. Pract. 2014, 1, 71–83. [CrossRef]

17. Obokata, M.; Nagata, Y.; Wu, V.C.; Kado, Y.; Kurabayashi, M.; Otsuji, Y.; Takeuchi, M. Direct comparison of cardiac magnetic
resonance feature tracking and 2D/3D echoardiography speckle tracking for evaluation of global left ventricular strain. Eur.
Heart J. Cardiovasc. Imaging 2016, 17, 525–532. [CrossRef]

18. Dillikar, M.V.; Venkateshvaran, A.; Barooah, B.; Varyani, R.; Kini, P.; Dash, P.K.; Sola, S. Three dimensional versus two dimensional
strain for assessment of myocardial function: A case series. J. Indian Acad. Echocrdiogr. Cardiovsc. Imaging 2017, 1, 18–23.

19. Mirea, O.; Pagourelias, E.D.; Duchenne, J.; Bogaert, J.; Thomas, J.D.; Badano, L.P.; Voigt, J.U. Variability and reproducibility of
segmental longitudinal strain measurement: A report from the EACVI-ASE strain standardization task force. JACC Cardiovasc.
Imaging 2018, 11, 15–24. [CrossRef]

20. Pedrizzetti, G.; Claus, P.; Kilner, P.J.; Nagel, E. Principles of cardiovascular magnetic resonance feature tracking and echocardio-
graphic speckle tracking for informed clinical use. J. Cardiovasc. Magn. Reson. 2016, 18, 51. [CrossRef]

21. Patrianakos, A.P.; Zacharaki, A.A.; Kalogerakis, A.; Solidakis, G.; Parthenakis, F.I.; Vardas, P.E. Two-dimensional global and
segmental longitudinal strain: Are the results from software in different high-end ultrasound systems comparable? Echo Res.
Pract. 2015, 2, 29–39. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jacc.2005.10.040
http://www.ncbi.nlm.nih.gov/pubmed/16487846
http://doi.org/10.1016/j.annonc.2019.10.023
http://www.ncbi.nlm.nih.gov/pubmed/31959335
http://doi.org/10.1093/ejechocard/jep066
http://www.ncbi.nlm.nih.gov/pubmed/19525297
http://doi.org/10.1016/j.echo.2015.06.011
http://www.ncbi.nlm.nih.gov/pubmed/26209911
http://doi.org/10.1016/j.jcmg.2017.02.014
http://www.ncbi.nlm.nih.gov/pubmed/28528162
http://doi.org/10.1111/echo.14336
http://www.ncbi.nlm.nih.gov/pubmed/31002179
http://doi.org/10.1016/j.echo.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21338865
http://doi.org/10.1161/01.CIR.0000019907.77526.75
http://doi.org/10.1016/j.jcmg.2015.08.014
http://doi.org/10.1161/01.CIR.104.3.336
http://doi.org/10.1152/ajpheart.00074.2006
http://doi.org/10.1186/s12947-019-0168-9
http://www.ncbi.nlm.nih.gov/pubmed/31477137
http://doi.org/10.1161/CIRCIMAGING.116.004510
http://doi.org/10.1016/j.echo.2012.06.001
http://www.ncbi.nlm.nih.gov/pubmed/22766029
http://doi.org/10.1093/ehjci/jet103
http://www.ncbi.nlm.nih.gov/pubmed/24047866
http://doi.org/10.1530/ERP-14-0025
http://doi.org/10.1093/ehjci/jev227
http://doi.org/10.1016/j.jcmg.2017.01.027
http://doi.org/10.1186/s12968-016-0269-7
http://doi.org/10.1530/ERP-14-0070
http://www.ncbi.nlm.nih.gov/pubmed/26693313


J. Clin. Med. 2022, 11, 2402 12 of 12

22. Muraru, D.; Niero, A.; Rodriguez-Zanella Cherata, D.; Badano, L. Three-dimensional speckle-tracking echocardiography- benefits
and limitations of integrating myocardial mechanics with three-dimensional imaging. Cardiovasc. Diagn Ther. 2018, 8, 101–117.
[CrossRef] [PubMed]

23. Castel, A.L.; Menet, A.; Ennezat, P.V.; Delelis, F.; Le Goffic, C.; Binda, C.; Guerbaai, R.A.; Levy, F.; Graux, P.; Tribouilloy, C.; et al.
Global longitudinal strain software upgrade: Implications for intervendor consistency and longitudinal imaging studies. Arch.
Cardiovasc. Dis. 2016, 109, 22–30. [CrossRef]

24. Stokke, T.M.; Hasselberg, N.E.; Smedsrud, M.K.; Sarvari, S.I.; Haugaa, K.H.; Smiseth, O.A.; Edvardsen, T.; Remme, E.W. Geometry
as a confounder when assessing ventricular systolic function: Comparison between ejection fraction and strain. J. Am. Coll.
Cardiol. 2017, 70, 942–954. [CrossRef] [PubMed]

http://doi.org/10.21037/cdt.2017.06.01
http://www.ncbi.nlm.nih.gov/pubmed/29541615
http://doi.org/10.1016/j.acvd.2015.08.006
http://doi.org/10.1016/j.jacc.2017.06.046
http://www.ncbi.nlm.nih.gov/pubmed/28818204

	Introduction 
	Materials and Methods 
	Patients 
	Echocardiography 
	Statistics 
	Reproducibility Analysis 

	Results 
	Discussion 
	Previous Studies 
	Current Study 
	Implications 
	Limitations 

	Conclusions 
	References

