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Abstract

Background: Although the feasibility of three-dimensional (3D) speckle tracking echocardiography (STE) for the
evaluation of myocardial function has been demonstrated, the poor reproducibility of strain measurements obtained
with 3D STE as compared to two-dimensional (2D) STE has been controversially discussed. Aim of this study was to
demonstrate the benefit of longitudinal strain analysis by 3D STE as compared to the established 2D STE techniques.

Methods: 2D and 3D STE was performed in 30 volunteers with normal systolic left ventricular (LV) function using
cardiac ultrasound systems from two different vendors (Vivid E9 and iE33 xXMATRIX). Global and segmental longi-
tudinal strain (GLS, SLS) values were analyzed for 2D STE using respective software packages (Vivid E9: EchoPAC AFI;
iE33 xXMATRIX: QLAB CMQ 9.0). Measurements for 3D STE were performed using specific software for Vivid E9
(EchoPAC 4DAutoLVQ) and unspecific software for iE33 xXMATRIX (TomTec Imaging Systems 4D left ventricular
Analysis). Intra-, interobserver and test-retest variability as well as times for acquisition and analysis were compared
between 2D and 3D STE techniques.

Results: The reliability of SLS measurements using 3D STE was non-inferior to the measurements obtained by 2D STE,
with perpetual constant results in all tests (ICC SLS 3D 0.78 — 0.94 vs. SLS 2D 0.73 — 0.93). Agreements between SLS
values were better when vendor specific 2D and 3D software was applied. GLS measurements showed inhomogeneous
results for both techniques (ICC GLS 3D 0.40 — 0.93 vs. GLS 2D 0.13 - 0.91). Acquisition time was significantly shorter
for 3D datasets than for 2D datasets (3D 51.0 £ 10.66 sec vs. 2D 91.0 + 10.9 sec, p < .01).

Conclusion: 3D STE is a time-saving technology for the evaluation of myocardial deformation in daily clinical practice,
generating results that are comparable to the conventional 2D STE techniques. SLS obtained by 3D STE seems to be a
more robust parameter than GLS for the assessment of myocardial deformation, especially when vendor specific software
packages are used.
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1 Introduction

The assessment of left ventricular (LV) volumes and function so far was restricted to direct volumetric analysis based on
endocardial excursion, whereas assessment of actual myocardial deformation was only possible with techniques such as
Tissue Doppler Imaging (TDI) and two-dimensional (2D) speckle-tracking echocardiography (STE). Although TDI has
been shown feasible for the assessment of myocardial function and deformation, these measurements are limited by its
angle dependency and therefore often are difficult to apply in clinical practice ™. Strain analysis by 2D STE has emerged
as a quantitative technique to solve this problem ™, and has been validated against sonomicrometry and magnetic
resonance imaging .. It could be demonstrated that 2D STE is a sufficient technique to detect even minimal changes
in cardiac function that cannot be detected by traditional techniques *®. Pathognomonic changes in deformation
patterns measured by 2D STE are described ©! and the technique today is irreplaceable for mechanical dyssynchrony
assessment %, Reliability and inter-vendor changeability of 2D STE has been studied recently in large numbers of
subjects showing moderate to good results for global longitudinal strain (GLS) analysis “***]. However, 2D STE is limited
by its two-dimensional nature, such as the loss of speckles moving out the image plane and foreshortening of apical
views and its time-consuming data-acquisition and analysis ™. For that reason the technique is not widely accepted in
clinical routine use. Three-dimensional (3D) STE has been shown to overcome these limitations, enabling the analysis of
myocardial deformation in its longitudinal, circumferential and radial direction within a single 3D volume set 71,
Although 3D STE is increasingly used for the evaluation of myocardial deformation, its implementation into clinical
guidelines so far was hampered by its inhomogeneous results reported in recent studies ™ ' and its lack of
standardization among manufacturers !, The aim of this study was to demonstrate the benefit of longitudinal strain
analysis by 3D STE as compared to 2D STE and its capability in daily clinical practice. To our knowledge we are the first
to study both inter-vendor and inter-method agreement of 2D and 3D STE within one study-protocol.

2 Patients and methods

2.1 Study population

Thirty healthy volunteers with normal LV function as determined by conventional 2D echocardiography were pros-
pectively studied (18 men, 12 women; mean age 27 + 10 years). The protocol was approved by the institutional review
board, and written informed consent was obtained in all subjects.

2.2 Echocardiography

Echocardiography was performed in the left lateral decubitus position using a Vivid E9 (GE-Healthcare, Horten, Norway;
vendor 1, V1). We obtained brightness-mode (B-mode) images in apical four-, two- and three-chamber views and
continuous wave (CW) Doppler profiles of aortic blood-flow. Image contrast, depth and sector size were optimized and
care was taken not to foreshorten views in order to include the complete myocardial wall during the cardiac cycle and to
have an optimal setting of 50-70 frames per second. Subsequently a minimum of two 3D datasets was obtained with a
matrix-array transducer. Probands were asked to follow breathing commands to achieve a multi-beat 3D volume of a
minimum of four heartbeats without artefacts. In the same session we obtained conventional 2D images and 3D datasets by
a second ultrasound system, iE33 xMATRIX (Philips Healthcare, Andover, USA; vendor 2, V2). Images were stored
digitally for further offline-analysis. All data were acquired by the same experienced echocardiographer. Figure 1
demonstrates the study-design with derived abbreviations.

2.3 Image analysis

2D and 3D datasets of V1 were analysed by the vendor specific software (S1) (2D: AFI, EchoPAC v110.1.3,
GE-Healthcare, Horten, Norway and 3D: 4DAutoLVVQ, EchoPAC v110.1.3, GE-Healthcare, Horten, Norway). For 2D
analysis manual time-settings were acquired at end-systole in the CW Doppler profile of aortic blood-flow. The best apical
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3-chamber view image was chosen to start the 2D strain analysis. After placement of three orientation points, endocardial
contours were detected automatically, including the papillary muscle into the LV cavity. For the definition of the regions
of interest, the LV wall was sub-divided into seven segments, including the LV apex. If necessary, endocardial and
epicardial borders were adjusted manually. Following the myocardial motion frame by frame, left ventricular contraction
was tracked automatically during the cardiac cycle. A visual control of the tracking was performed to ensure accurate
motion of the displayed segments according to their belonging myocardial section. If the tracking was satisfactory, 2- and
4-chamber view images were analyzed following the same principle. Finally, measurements were displayed in a 17
segments bulls-eye, and global results were calculated automatically.

2D 30 subjects 3D

2D-V1-51 3D-V1-51
5 i = 4
2D strain analysis: B-mode images Vivid E9, vendor 1 3D datasets 3D strain analysis:
AFl (GE) 4D AutolVQ (GE)
S
N
2D-V2-S2 L\ 3D-V2-53
.
| ‘,;-\B
3 A A
2D strain analysis: B-mode images iE33 xMATRIX, vendor 2 3D datasets 3D strain analysis:
CMQ (Philips) 4D LV-Analysis (TomTec)

Figure 1. Flow-chart of the study design. 2D, 2-dimensional; 3D, 3-dimensional; V1, vendor 1: Vivid E9 GE-Healthcare,
Horten, Norway; V2, vendor 2: iE33 XMATRIX Philips Healthcare, Andover, USA,; S1, software 1: (2D) AFI, Automated
function imaging, (3D) 4DAutoLVQ EchoPAC v110.1.3, GE-Healthcare, Horten, Norway; S2, software 2: (2D) QLAB
CMQ 9.0, Philips Healthcare, Andover, USA; S3, software 3: (3D) 4D LV-Analysis, TomTec Imaging Systems,
UnterschleiBheim, Germany.

1.4
0HI0TI20911°13:07:20%

Figure 2. (a) 3D dataset displayed in
apical 4-chamber view, 2-chamber
view, 3-chamber view and short axis
views for longitudinal strain analysis.
After automatic boarder-detection and
manual adaption, segment positions are
demonstrated (narrow lines). Results of
segmental 3D speckle tracking analysis
are displayed as curve diagrams (b) and
in terms of a 17-segment bulls-eye
model (c). ED, end-diastole; ES,
end-systole; G, Global longitudinal
strain

For 3D analysis, volume datasets were displayed as conventional apical and short axis views in a single screen (see
Figure 2). Two orientation points were designated to the mitral valve level and the LV apex in end-diastole and
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end-systole. Endocardial contours were detected automatically and were adjusted if necessary. The motion of the 3D
myocardium was tracked throughout the cardiac cycle and deformation parameters were calculated for each segment.
Tracking was proofed visually and, if not accurate, repeated after manual adjustment. Completing the analysis, a 17
segments bulls-eye with global results was displayed.

2D images of V2 were also analyzed by the vendor specific software (S2) (QLAB CMQ 9.0, Philips Healthcare, Andover,
USA), following the principles described above. In contrast, end-systolic time-settings were performed by visual control
of aortic valve closure in the apical 3-chamber view. 3D datasets of V2 were analyzed by a vendor unspecific software
(S3) (4D LV-Analysis, TomTec Imaging Systems, UnterschleiBheim, Germany).

2.4 Intra- and inter-observer variability and test-retest reliability

Intra- and interobserver variability were assessed for every vendor and software by repeated analysis of the included
loops of 10 subset volunteers by the same observer and by another experienced observer blinded to previous results.
Intraobserver analysis was performed at least one week apart from the first measurement.

To assess test-retest reliability, the complete echocardiographic and analysis protocol was performed again in the
subgroup of 10 volunteers, after a minimum time-period of one month.

2.5 Statistical analysis

Statistical analysis was performed with standard software (MedCalc Software Version 10.3.0.0, Acacialaan 22, B-8400
Ostend, Belgium). Continuous data are presented as mean + standard deviation. All hypotheses were constructed as two
tailed, and p-values < .05 were considered statistically significant. Reproducibility was evaluated by intra class correlation
coefficients (ICC) for intra- and interobserver as well as test-retest analysis. Bland-Altman analysis was performed to
assess inter-method agreement between 2D and 3D techniques as well as different 2D and 3D methods.

3 Results

Three of the 30 volunteers were excluded due to bad acoustic windows. Among the 27 included subjects, average image
frame rate was 56.1 = 0 frames/sec for 2D-V1-S1 analysis, 50 + 0 frames/sec for 2D-V2-S2 analysis, 41.7 + 10.9
volumes/sec for 3D-V1-S1 analysis and 43.1 £ 8.9 volumes/sec for 3D-VV2-S3 analysis. Mean heart rate was 62.5 + 10.2
beats/min. Mean values of GLS and segmental longitudinal strain (SLS) measurements are shown in Table 1.

Table 1. Mean global- and segmental longitudinal strain values

2D-V1-S1 (%) 3D-V1-S1 (%) 2D-V2-S2 (%) 3D-V2-S3 (%)
Mean GLS + SD -19.56 + 1.70 -19.78 +2.45 -19.81 +2.99 -18.07 +3.17
Mean SLS + SD -19.60 + 4.34 -19.95 +5.43 -20.97 + 6.59 -18.17 £5.00

Note. Mean values of global- and segmental longitudinal strain (GLS, SLS) analysis of 2-dimensional (2D) and 3-dimensional (3D) speckle tracking
echocardiography measured by different vendors and software. SD, standard deviation; 2D-V1-S1, 2D-vendor 1-software 1; 3D-V1-S1, 3D-vendor
1-software 1; 2D-V2-S2, 2D-vendor 2-software 2; 3D-V2-S3, 3D-vendor 2-software 3

3.1 Agreement between 2D and 3D STE techniques

Figure 3 demonstrates the Blant-Altman plots for SLS measurements. Figure 3a illustrates deviating results comparing
2D and 3D SLS measurements from two different vendors. Similar results are shown for the inter-method comparison
between 2D and 3D techniques by different vendors (see Figure 3b). A good agreement for SLS analysis could only be
demonstrated for 2D and 3D measurements by the same vendor (V1) and its related software, with low bias and narrow
limits of agreement (bias 0.3, limits of agreement + 11.2). The comparison of 2D and 3D measurements by V2 also showed
divergent results (see Figure 3c).
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Figure 3. Agreement between
segmental longitudinal strain measure-
ments by 2-dimensional (2D) and
3-dimensional (3D) software of two
different vendors (a, inter-vendor), by
2D software and 3D software of
different vendors (b, inter-method and
inter-vendor) and by 2D software and
3D software of the same vendor (c,
inter-method).

2D-V1-S1, 2D-vendor 1-software 1;
3D-V1-S1, 3D-vendor 1-software 1;
2D-V2-S2, 2D-vendor 2-software 2;
3D-V2-S3, 3D-vendor 2-software 3

Figure 4. Comparison of global
longitudinal strain measured by 2-
dimensional (2D) and 3-dimensional
(3D) software of two different vendors
(a, inter-vendor), by 2D software and
3D software of different vendors (b,
inter-method and inter-vendor) and
by 2D software and 3D software of
the same vendor (c, inter-method).

2D-V1-S1, 2D-vendor 1-software 1;
3D-V1-S1, 3D-vendor 1-software 1;
2D-V2-S2, 2D-vendor 2-software 2;

3D-V2-S3, 3D-vendor 2-software 3
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Regarding the Blant-Altman plots of GLS analysis, we could demonstrate a satisfactory agreement of inter-method and
inter-vendor comparison with low bias and narrow limits of agreement (bias 0.0 - 1.7, limits of agreement + 4.9 to + 6.0,
see Figure 4a-c).

3.2 Reliability of 2D and 3D STE for longitudinal strain analysis

The results of the intra- and interobserver variability and the test-retest reliability are displayed in Table 2. For GLS
analysis we could identify a good correlation for V1 and a weak correlation for V2 (averaged ICC of all tests: 2D-V1-S1
0.73 vs. 2D-V2-S2 0.62). GLS measurements by 3D STE appear to be very inhomogeneous (ICC 3D-V1-S1 0.48 — 0.93,
3D-V2-S30.47 — 0.92). We could demonstrate the best reliability for SLS measurements with constant good results in all
tests using 3D SLS analysis by V1, followed by 2D SLS analysis by V1 (averaged ICC of all tests: 3D-V1-S1 0.84 and
2D-V1-S1 0.82).

Table 2. Intra- and interobserver variability and test-retest reliability
2D-V1-S1 (ICC) 3D-V1-S1 (ICC)  2D-V2-S2 (ICC) 3D-V2-S3 (ICC)

Global longitudinal Strain

Intraobserver 0.91 0.93 0.85 0.92
Interobserver 0.70 0.40 0.88 0.91
Test-retest 0.57 0.48 0.13 0.47
Segmental longitudinal Strain

Intraobserver 0.93 0.94 0.71 0.79
Interobserver 0.81 0.81 0.69 0.71
Test-retest 0.73 0.78 0.50 0.64

Note. Reliability of global and segmental strain measurements by 2-dimensional (2D) and 3-dimensional (3D) speckle tracking echocardiography
presented as intra class correlation coefficient (ICC) of intra- and interobserver variability and test-retest analysis. 2D-V1-S1, 2D-vendor 1-software 1;
3D-V1-S1, 3D-vendor 1-software 1; 2D-V2-S2, 2D-vendor 2-software 2; 3D-V2-S3, 3D-vendor 2-software 3

3.3 Applicability of 3-dimensional speckle tracking echocardiography
Acquisition time of 3D volume datasets was significantly shorter as compared to conventional 2D apical 4-, 3- and
2-chamber views (3D-V1-S1 and 3D-V2-S3 51.0 £ 10.66 sec vs. 2D-V1-S1 and 2D-V2-S2 91.0 = 10.9 sec, p < .01, see
Figure 5). Analysis time did not differ significantly between 2D and 3D strain-analysis (3D-V1-S1 and 3D-V2-S3 3.89 +
1.1 minvs. 2D-V1-S1 and 2D-V2-S2 4.06 + 1.8 min, p = .76, see Figure 6).

[sec] 120 %

1
100
.
80 m2D.V1-51
Figure 5. Acquisition time of 2-dimensional 02D-V2-S2
(2D) and 3-dimensional (3D) datasets. o0 L 530Vist
Statistical significance vs. 2D-V1-S1 and B30.V2.53
2D-V2-S2: * p < .01. Sec, seconds; 40
2D-V1-S1, 2D-vendor 1-software 1,
3D-V1-S1, 3D-vendor l-software 1; 20
2D-V2-S2, 2D-vendor 2-software 2;

3D-V2-S3, 3D-vendor 2-software 3
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Figure 6. Time of 2-dimensional (2D) and 3 03D.V2.53

3-dimensional (3D) strain-analysis. Min,
minutes; 2D-V1-S1, 2D-vendor 1-software
1; 3D-V1-S1, 3D-vendor 1-software 1; 1
2D-V2-S2, 2D-vendor 2-software 2;
3D-V2-S3, 3D-vendor 2-software 3

4 Discussion
The major findings of the present study are:

e The evaluation of myocardial deformation by 3D STE is a feasible technique and generates results that are
comparable to 2D STE, with the prerequisite of using the same vendor and its specific software.

e SLS obtained by 3D STE seems to be a more robust parameter than GLS for the assessment of myocardial
deformation, especially when vendor specific software packages are used.

e 3D STE is a time-saving technology for the evaluation of myocardial deformation in daily clinical practice.

4.1 Agreement between 2D and 3D STE techniques

A substantial problem in deformation imaging is the lack of interchangeability between different vendors !, Our findings
demonstrate comparable values for GLS measurements by different techniques (2D and 3D STE) as well as by different
vendors, as reported in previous studies M %23 |nter-method comparison of SLS measurements is only reported in a
few studies. Gayat et al. published a study in 2011, evaluating the inter-vendor variability for 3D STE. The authors could
demonstrate that the inter-vendor comparison of SLS values showed systematically two- or three-times wider limits of
agreement as compared to GLS measurements, while biases were similar or worse ™. Similar results could be identified
in our study with wide limits of agreement comparing SLS measurements from 3D STE and additionally 2D STE by two
different vendors. Gayat et al. used a software package that enables an analysis of 3D datasets of two different vendors.
They could demonstrate a better inter-technique agreement by using the same software, compared to an analysis of
datasets from the same vendor with a different software. We discovered best agreements of SLS analysis using 2D and 3D
analysis protocols from the same vendor. Worst results could be demonstrated comparing inter-method (2D and 3D) and
inter-vendor (Vivid E9 and iE33 xMATRIX) measurements. Our findings confirm the conclusion of Gayat et al. that
analysis software has a stronger influence on measured values than vender specific datasets. Strain measurement by 2D
STE is limited in its accuracy due to the impossibility to track the third dimension of the complex 3D motion of the
myocardium. Even in a consecutive analysis of all conventional apical B-mode images, results will only represent sections
of the spatial organ **1. Several studies report longitudinal strain measurements to be more robust as compared with radial
and circumferential parameters . In longitudinal strain analysis of B-mode images, the direction of myocardial
contraction follows mainly a straight line from ventricular base to the apex. Therefore longitudinal strain is least
influenced by out of plane motion of speckles 1. A study of Maffessanti et al. reported worse results comparing
longitudinal strain measurements by 2D and 3D STE in a mixed collective of 32 healthy volunteers and patients with
cardiac disease . In contrast Pérez de Isla et al. could demonstrate a high correlation for GLS analysis and modest
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correlation for SLS analysis between 2D and 3D STE of the same vendor in a similar cohort 2. The Blant-Altman
analysis of our study constitutes better agreements of both 3D and 2D strain analysis for GLS and for SLS as compared
with previous studies. Maffessanti et al. used 3D datasets with a temporal resolution of 11 to 23 volumes per second. With
40.1 + 11.5 volumes/sec in our study 3D datasets had a much higher rate resulting in a better tracking and therefore more
accurate results.

4.2 Reliability of 2D and 3D STE for longitudinal strain analysis

Within the last years the reliability of LV stain analysis by 2D STE was a focal point in numerous studies, presenting a
good reproducibility of GLS and SLS measurements 22 262% Using two different vendors in our study, we represent a
good reliability of GLS and SLS measurements by 2D STE for V1. On the other hand, we could demonstrate only a weak
reliability for 2D GLS and SLS measurements by V2. For strain analysis by 2D-V2-S2, we determined the longest
analysis-time with 5.3 = 1.7 min. The reason for the extended time-period was the necessity for multiple manual
corrections, especially in defining the correct region of interest. Whenever manual adaption is required, the benefit of
automatic border detection disappears and therewith strain measurement becomes more influenced by the individual
observer, precluding a good reproducibility of the applied method. The high reliability of 3D STE for LV volume and
ejection fraction measurements has already been demonstrated in a large number of subjects 8 ** !, So far only few
studies have evaluated the reliability of 3D STE for global and segmental LV strain analysis. Badano et al., Kleijn et al.
and Gayat et al. could demonstrate a good intra- and interobserver agreement for GLS measurements by 3D STE [% 1819
using different vendors and software. We could identify a good intra- and interobserver variability for GLS measurements
by V2, while there was only a weak correlation in interobserver and test-retest reliability of V1. For segmental
measurements by 3D STE Kleijn et al. and Gayat et al. reported good intraobserver agreement, while interobserver
agreement was shown to be less accurate. Our study demonstrates 3D STE to be equivalent for regional longitudinal strain
analysis as compared to the reliability of 2D STE, with constant good results in intra- and interobserver variability and
test-retest reliability using V1. Furthermore, GLS is calculated as an average of 17 segmental values. While averaged
values differ for the reason of regional mistracking, for example by deviant manual endocardial border adaption, the
segment-to-segment-correlation shows a better reliability. In this context, we could find a superior correlation of intra- and
interobserver measurements comparing every single segment, emerging the accuracy of SLS analysis by 3D STE
using V1. On the one hand, vendors differ in the storage format of their 3D datasets and the analysis software may be
programmed in different algorithms (e.g. for myocardial border detection) and may also vary in defining the measured
parameters !, This leads to disparate analysis-quality and therefore inhomogeneous findings concerning the reliability of
3D and 2D STE techniques.

4.3 Applicability of 3-dimensional speckle tracking echocardiography

The fast generation of a pyramidal 3D volume set can replace the elaborate acquisition of multiple B-mode images, as
demonstrated in significant shorter acquisition times for 3D datasets by both vendors. Time of analysis for 3D STE did not
differ significantly to 2D strain-analysis within the same vendor. However, following the 3D analysis protocol, important
information such as LV volume, mass and ejection fraction, is additionally calculated in a single analysis cycle. Recent
studies demonstrate the superiority of volume measurements by 3D STE as compared to 2D STE using magnetic
resonance imaging as the reference technique 2. Our study underlines previous findings of 3D STE being a faster and
more complete tool for LV function-analysis 2% 2%,

4.4 Limitations

With a mean age of 27 + 10 years we studied a young and healthy collective resulting in better image quality than in many
clinical routine patients. Another study limitation is the lack of a study population with cardiac disease resulting in global
or regional LV dysfunction. Furthermore, our results were not compared with an independent reference technique, such as
magnetic resonance imaging. It is therefore impossible to prove the accuracy of any of the four applied techniques. We
therefore have to refer to previous studies, in which 2D STE was validated against sonomicrometry or magnetic resonance
imaging.
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5 Conclusion

Our results demonstrate that 3D STE is a time-saving technology for the evaluation of myocardial deformation in daily
clinical practice, generating results that are comparable to the conventional 2D STE techniques using the same vendor and
its specific software. In this context, the accuracy of segmental longitudinal strain values obtained by 3D STE seems to be
higher than for global longitudinal strain measurements, though demonstrating inhomogeneous results for both
techniques. 3D STE is better than its reputation with the prerequisite that hard- and software for 2D and 3D analysis
respectively have to be applied form the same manufacturer. Our paper underlines the need for multi-center studies
investigating the diagnostic accuracy and reproducibility in various cardiac diseases on the one hand and the need for
standardization of techniques, hard- and software for STE on the other hand. The results of our study disclose the future
perspective of a complete LV function analysis by fully-automated software solutions, without the necessity of manual
corrections.
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