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Abstract

Background

The aim of this study is to assess the accuracy and feasibility of left ventricular systolic func-
tion determined by four-dimensional echocardiography (4DE).

Methods

Latex balloons were sewn into the left ventricle (LV) of 20 freshly harvested pig hearts
which were then passively driven by a pulsatile pump apparatus. Global longitudinal strain
(GLS), global circumferential strain (GCS), global area strain (GAS) and left ventricular ejec-
tion fraction (LVEF) derived from 4DEand two-dimensional echocardiography (2DE)-
derived LVEF were quantified at different stroke volumes (SV) 30—70 ml and correlated with
sonomicrometry data.

Results

In all comparisons, GLS, GCS, GAS, 2DE-LVEF, and 4DE-LVEF demonstrated strong corre-
lations with sonomicrometry data (r=0.77,r=0.89,r=0.79, r=0.93, r=0.96, all P <0.001).
Bland-Altman analyses showed slight overestimations of echo-derived GLS, GCS, 2DE-
LVEF and 3DE-LVEF over sonomicrometry values (bias = 2.88, bias = 3.99, bias = 3.37,
bias = 2.78, respectively). Furthermore, there is better agreement between GCS, 4D LVEF
and sonomicrometry values compared with GLS and 2D LVEF.

Conclusion

Four-dimensional echocardiography accurately assesses LV function. GCS derived by
4DE is a potential alternative parameter to quantify LV systolic function.
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Introduction

Left ventricular (LV) systolic function is an important predictor of cardiac mortality and mor-
bidity and often is used to select patients for surgical and pharmacological treatment [1,2]. LV
ejection fraction (LVEF) remains the most commonly used conventional parameter to quantify
global LV function in patients. Despite its widespread clinical use, assessment of LVEF is lim-
ited by problems associated with load dependence, reproducibility, LV geometric assumptions
and dependence on operator expertise 3, 4]. Global LV systolic function is the result of a com-
plex myocardial fiber contraction. Myocardial fibers consist of right-handed helical geometry
in the subendocardial layer of the myocardial wall which gradually changes into left-handed
geometry in the subepicardial layer [5, 6]. Its contraction determines changes of LV size and
shape, which are the result of longitudinal shortening, circumferential rotation, and radial
thickening of the myocardium. In many different cardiac diseases, LVEF is regarded as a global
index of LV function, ignoring the relative role of the different components of myocardial
motion, which may be influenced to a different extent in early stage of diseases with normal
LVEE [7].

Strain is a useful index for determining LV regional and global systolic function in research
and clinical settings. Two-dimensional (2D) speckle-tracking echocardiography (STE), a novel
technique to quantify the complex cardiac motion based on frame-to-frame tracking of acous-
tic speckles in grayscale 2D images, has been shown to be superior to LVEF in the quantifica-
tion of LV segmental wall motion and LV global function. However, 2D STE is limited by its
geometric assumptions, while myocardial mechanics of LV function are complex, involving
multidirectional axes of motion. 2D STE is unable to quantify one of the three components of
the local displacement vectors. The newly developed 3D speckle tracking program is the most
direct and simple way of acquiring 4D cardiac data. 4DE overcomes the 2D limitations because
it allows the acquisition of a full 3D volumetric data set with simultaneous evaluation of multi-
directional wall motion. Yu et al [8] demonstrated that 3D strain (3DS), which is best described
as the “principle tangential strain”, may display the resulting direction’s muscle fiber contrac-
tions, which are aligned either parallel to or tangential to the myocardial surface.

Previous studies demonstrated the improved accuracy and reproducibility of LV functional
quantification using real time three-dimensional echocardiography (RT3DE) or 4DE com-
pared to those generated via 2D acquisition [9-11]. RT3DE utilizes a matrix array of more
than 3000 elements to record several full-volume images of the LV over the course of a cardiac
cycle and relies on 3D echocardiographic datasets, tracking the motion of acoustic speckles
within a scanned volume, irrespective of direction [12, 13]. In addition, LVEF obtained by
speckle tracking imaging that allows evaluation of 3D LV anatomy will overcome the limitation
of geometric assumptions associated with 2D LVEF. However, there is no study to demonstrate
the accuracy of the 4DE on strain determination and LVEF calculation against the reference
sonomicrometry data [14, 15].

The Toshiba Aplio Artida ultrasound system with a matrix array PST-255X 2.5 MHz trans-
ducer is capable of acquiring 4D volumes, and offline analysis software allows analysis of 4DE
datasets to provide quantification of strain and LVEF. The aim of our study was to validate 4D
echocardiography as an alternative quantifier of LV function by comparing the accuracy of
three different components of global strain: global longitudinal strain (GLS), global circumfer-
ential strain (GCS), global area strain (GAS) and LVEF with sonomicrometry values as a gold
standard. Area strain is a relatively new parameter, which integrates both longitudinal and cir-
cumferential deformation, and is suggested as a sensitive and reproducible parameter to detect
early and subtle LV systolic dysfunction, showing greater feasibility than other conventional
strain parameters [16].
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Materials and Methods

A closed-circuit pulsatile harvested pig heart model was designed for this study. Pig hearts
were purchased from Carlton Farms (Carlton, Oregon), which processes pork for commercial
sale and is licensed to provide organs for in vitro research. OHSU does not require IACUC
approval for in vitro projects.

A latex balloon was sewn into the mitral valve annulus of the LV in twenty freshly harvested
pig hearts with atria and major vessels removed. The aortic outlet was sutured closed to prevent
the inflated balloon from exiting the LV. The base of the heart was mounted on a plastic ring to
minimize global movement during the simulated cardiac cycle while remaining outside of the
imaging window to reduce artifacts. A calibrated pulsatile pump (Harvard Apparatus, South
Natick, MA, USA) was connected using two plastic tubes to a Y-shape connector, which was
connected to a latex balloon. The balloon was filled with water until the passive resistance of
the LV cardiac muscle was sufficient to oppose the gravitation force of the water before all of
the air bubbles were removed. This apparatus and a transducer were fixed inside a water tank.
The distance between LV apex and the transducer was adjusted to obtain the best image qual-
ity. The pump defined stroke volume (SV) ranged from 30 to 70 ml.

Four sonomicrometry crystals were sewn into the myocardium through the epicardium.
Crystals 1 and 2 were placed in the base of LV anterior wall and in the apex of LV, respectively.
Crystals 1-2 were longitudinally oriented along the long axis of the LV to determine longitudi-
nal strain (LS) and long axis dimensions. Crystals 3 and 4 were sewed at the middle of LV inter-
ventricular septum and lateral wall. Crystals 3-4 were perpendicular to the line of crystals 1-2
to calculate circumferential strain (CS) and short axis dimensions.

Signals from the sonomicrometry crystals were acquired using SonoSoft software (Sono-
Metrics, London, Ontario, Canada) as a reference standard for EF and echo-derived stain.
The LV volumes were calculated as a modified ellipsoid model with the use of the following
formula Viy = (11/6) ‘Diong' Dshort' Dshorts (Vs volume of LV, Dygpg; long-axis LV dimension,
Dghorts short-axis of LV dimension). Ejection Fraction (EF) was calculated from the difference
between the maximum LV volume (EDV) and the minimum LV volume (ESV), using for-
mula: [(EDV—ESV) / EDV] x 100 = EF (%).

Full 4D volumes were acquired with Toshiba Aplio Artida ultrasound system (Toshiba
Medical Systems, Tochigi, Japan) with a matrix array PST-255X 2.5 MHz transducer. Gain was
determined for the best endocardial border definition. Depth and scanning angle were adjusted
to include the entire LV and maximize temporal resolution. In this study, SV ranged from 30
to 70 mL at an increment of 10 mL with a constant end-systolic volume maintained.

Full 4D images were analyzed by a three-dimensional speckle tracking program in which
the endocardial and epicardial border can be automatically generated and then manually
adjusted to refine the tracing at the following five views: (1) the apical four-chamber view; (2)
the apical two chamber view and the three short-axis views; (3) the apex of the LV; (4) the mid-
level of the LV; and (5) the basal level of the LV. Thus, the software was able to perform all
deformation parameters including global longitudinal strain (GLS), global area strain (GAS),
and global CS (GCS) throughout the entire cardiac cycle. Meanwhile, left ventricular ejection
fractions (LVEF) were observed automatically (Fig 1).

Reproducibility
To test intraobserver reproducibility, a single observer analyzed the data twice on occasions
separated by an interval of 1 month for the measurement of GLS, GCS, GAS and LVEF from

4DE and sonomicrometry in 10 subjects. To test interobserver variability, a second observer
analyzed the data in 10 subjects without knowledge of the first observer’s measurements.
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Fig 1. Strain Values derived by three-dimensional speckle tracking program: 3D datasets were displayed in 2 cross-sectional planes. Panel A
and B showed longitudinal apical four-chamber and two-chamber views displayed on the right side. 3 short-axis views were displayed on the left side,
which were redefined by adjusting the lines in both apical longitudinal views at different short-axis levels (apex, middle, base) to get clear cardiac borders.
The region of interest was defined by points at the right and left mitral annulus as well as the apex at end-diastole in apical four-chamber and two-chamber
views; the program automatically generated endocardial and epicardial border lines which were manually adjusted in all long-axis planes and short-axis
planes. 3D strain parameters could be directly acquired in an exported Excel spreadsheet.

doi:10.1371/journal.pone.0154996.9001

Statistical Analysis

All statistical analyses were performed using SPSS version 16.0software (SPSS, Inc., Chicago,
IL, USA). Linear regression analysis was applied between strain values derived by 3D speckle
tracking program and different SV. Pearson’s correlation analysis was performed between
sonomicrometry data and echo-strain values, and also applied between sonomicrometry data
and LVEEF derived by 2D and 4D echocardiography. The agreements of sonomicrometry data
against strain value and LVEF derived by 2D and 4D echocardiography were assessed by

PLOS ONE | DOI:10.1371/journal.pone.0154996 May 4, 2016 4/12



i@;"L‘)S“ONE

Evaluation of Heart Function by 4D Echo

Bland-Altman analysis. Intra-observer variability and inter-observer reliability was assessed
using the intraclass correlation coefficient (ICC) along with absolute differences, expressed as
the mean percentages error.

Results

Linear regression analysis and Bland-Altman analysis showed excellent correlations and strong
agreements between 2D LVEF, 4D LVEF and EF derived by sonomicrometry data. Further-
more, the correlation coefficient between 4D LVEF and sonomicrometry demonstrated better
linear correlation than that of 2D LVEF and sonomicrometry data (2D LVEF vs sonomicrome-
try data: r = 0.93, P< 0.001; 4D LVEF vs sonomicrometry data: r = 0.96, P< 0.001). Bland-Alt-
man analysis also displayed higher overestimation of 2D LVEF (3.37) than 3D LVEF (2.78)
when compared with sonomicrometry (Fig 2).
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Fig 2. Linear correlation and Bland-Altman analyses of 2D LVEF, 4D LVEF and EF derived by sonomicrometry volume data. A. The correlation
analysis of 2D LVEF and sonomicrometry values; B. The correlation analysis of 4D LVEF and sonomicrometry values; C. Bland-Altman analysis of 2D
LVEF and sonomicrometry values; D. Bland-Altman analysis of 4D LVEF and sonomicrometry values.

doi:10.1371/journal.pone.0154996.9002
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correlation of 3D GLS and sonomicrometry data; B. The correlation of 3D GCS and sonomicrometry data; C. The correlation of 3D GAS and
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doi:10.1371/journal.pone.0154996.9003

Strain values from 4DE and sonomicrometry data also demonstrated good correlations. The
strongest correlate for EF obtained by sonomicrometry was with 3D GCS (r = 0.89, P> 0.001).
The correlation result for 3D GAS was r = 0.79, P< 0.001. The weakest correlation for EF was
with 3D GLS (r = 0.77, P< 0.001)(Fig 3). Strong agreement between 3D strain values and sono-
micrometry strain data was demonstrated using Bland-Altman analysis. It showed slight over-
estimation of GLS and GCS against sonomicrometry data. However, there was better
agreement between GCS and sonomicrometry than between GLS and sonomicrometry (GCS:
bias = 2.88; GLS: bias = 3.99, respectively)(Fig 4).

3D GLS, GCS and GAS derived by 3D speckle tracking program continuously increased with
the increment of SV. Linear regression analysis indicated the highest regression coefficient
appeared between 3D GCS and SV (GCS: r = 0.92, P< 0.001; GLS: r = 0.87, P< 0.001; GAS:
r=0.87,P< 0.001) (Fig 5). GLS was used to analyze the correlation between 2D strain, 4D strain
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Fig 4. Bland-Altman analysis of strain values by 3D speckle tracking program and strain value derived by sonomicrometry data. A. Bland-
Altman analysis of 3D GLS and strain value derived by sonomicrometry data; B. Bland-Altman analysis of 3D GCS and strain value derived by
sonomicrometry data.

doi:10.1371/journal.pone.0154996.9004
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and sonomicrometry data. There were still good correlation between 2D GLS and 4D GLS
(r=0.82,P<.001); and between 2D GLS and sonomicrometry data (r = 0.75, P < .001) (Fig 6).

Interobserver and Intraobserver Reproducibility

Good reproducibility was shown for both intraobserver and interobserver reliability (Table 1),
with ICCs ranging from 0.80 to 0.92. The mean absolute percentage error of all the measure-
ments did not exceed 0.1.

Discussion

Accurate quantification of LV systolic function has important prognostic implications and is
helpful to determine treatment decisions for a variety of therapies. 2D LVEEF is the most com-
monly used echocardiographic parameter to evaluate the LV function in clinical practice. How-
ever, measurement of LVEF is limited by geometric structure, image quality, load dependence
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Fig 6. Correlation analysis of strain values by 2D, 4D speckle tracking program and sonomicrometry data. A. Correlation analysis of 2D GLS and
strain value derived by 4DE; B. Correlation analysis of 2D GLS and sonomicrometry data.

doi:10.1371/journal.pone.0154996.9006
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Table 1. Reproducibility of interobsever and intraobserver for strain value and EF from 4DE and
sonomicrometry.

Interobserver Intraobserver

ICC MAPE ICC MAPE
GLS 0.81 0.06 0.82 0.03
GCS 0.83 0.04 0.80 0.05
CAS 0.82 0.05 0.92 0.04
2D LVEF 0.86 0.06 0.88 0.09
4D LVEF 0.80 0.05 0.84 0.03
Sono EF 0.91 0.07 0.87 0.07
Sono LS 0.83 0.08 0.82 0.06
Sono CS 0.82 0.08 0.81 0.03

GLS = global longitudinal strain; GCS = global circumferential strain; GAS = global area strain

ICC = intraclass correlation coefficient; 2D LVEF = left ventricular ejection fraction derived by two
dimensional echocardiography; 4D LVEF = four dimensional echocardiography; Sono EF = ejection fraction
from sonomicrometry; Sono LS = longitudinal strain from sonomicrometry; Sono CS = circumferential strain
from sonomicrometry; MAPE = mean absolute percentage error.

doi:10.1371/journal.pone.0154996.t001

and poor reproducibility [17]. Therefore, it is necessary to develop a more sensitive and accu-
rate technique to quantify LV systolic function.

2D STE has been validated by cardiac MRI and 3D echocardiography as an effective method
to assess LV function [18]. Many previous studies have shown that 2D STE provides more
accurate prognostic implications than traditional 2D LVEF in assessment of a variety of clinical
heart diseases, such as heart failure [19-21], valvular heart disease [22, 23], ischemic heart dis-
ease [24-26]. However, 2D STE has the potential limitation of out-of-plane motion tracking of
speckles, which can lead to increased noise and reduced accuracy [27, 28].

4D echocardiographic techniques including real-time 3D speckle tracking program and 3D
echocardiography allow volumetric analysis and simultaneous measurement of multidirec-
tional components of strain in a single data set. The acquisition of the entire LV within a single
data set allows global assessment of LV longitudinal, circumferential and radial functions
across all myocardial segments. Zhu et al [10] demonstrated that real-time 3D wall motion
tracking has the ability to accurately determine regional myocardial deformation and detect
myocardial infarction in 20 freshly harvested pig hearts.

In previously published literature, there is strong correlation between LVEF and volumetric
assessment obtained by 3D STE and magnetic resonance imaging (MRI) [29]. Jenkins et al [13]
also showed that real-time 3DE is a feasible approach to improve accuracy of LV volume, EF,
and mass measurements in the assessment of LV. Sonomicrometry is a technique of measuring
the distance between piezoelectric crystals based on the speed of acoustic signals through the
medium they are embedded in. An electrical signal sent to either crystal will be transformed in
to sound, which passes through the medium, eventually reaching the other crystal, which con-
verts the sound into electricity, detected by a receiver. From the time taken for sound to move
between the crystals and the speed of sound in the medium, the distance between them was cal-
culated. Sonomicrometry is a well-established technique to study pressure-volume loops in ani-
mals. They are most commonly implanted within cardiac muscle tissue to track changes in
distance and to estimate left ventricular volume according to a geometric algorithm. Several
studies have documented accuracy of this method of studying LV volumes [10,11,30-33]. So
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sonomicrometry often was used as the gold standard to quantify regional myocardial function
in previous studies [34]. This study is the first one to evaluate the LVEF using 4DE comparison
with sonomicrometry. This study demonstrated stronger correlations and higher agreement
between 3D LVEF and EF obtained by sonomicrometry than that obtained by 2D LVEF and
EF derived by sonomicrometry EF. We believe that 4DE overcomes the geometrical limitations
and insufficient image quality for endocardial tracking of 2DE in evaluation of LVEF. The simi-
lar study was presented in our previous study. Zhu et al [11] showed the feasibility and accu-
racy of nongated four-dimensional echocardiography for determining LV SV and mass in a
fetal heart-size LV model compared with sonomicrometry.

Our results showed GLS, GCS, and GAS from 4DE increased by the increment of SV (30ml
to 70ml). In other words, GLS, GCS, and GAS could increase by the increment of LVEF. And
they were all correlated well with LVEF obtained by the gold standard of sonomicrometry.
Especially, there was a stronger correlation between GCS and LVEF than GLS and GCS. There-
fore, GCS is an alternative parameter to quantify LV systolic function. It is postulated that cir-
cumferential fibers play a more important role in LV myocardial function than that of
longitudinal fibers because circumferential fibers, which are over longitudinal fibers within the
myocardial wall, exist in greater proportion in the basal segments compared with the apex.
This result was similar as a study by Luis et al [17], which demonstrated 3D GCS was a better
marker of LV function than 3D GAS and GLS and existed higher prediction of LV dysfunction
with 92% sensitivity and 90% specificity by comparison 3D strain values with LVEF obtained
by two-dimensional and real-time three-dimensional echocardiography, however, not com-
pared with LVEF from sonomicrometry data. In contrast to previously published literature,
our study is the first to demonstrate a strong correlation between strain values from 4DE and
sonomicrometry. We extrapolated the value of GCS from 4DE could be a prognostic parameter
beyond GLS and GAS in future studies.

The results in this study also showed strong agreement between strain values and sonomi-
crometry strain data and there was better agreement between GCS and sonomicrometry than
between GLS and sonomicrometry. Seo et al [35] assessed regional left ventricular myocardial
function by real time three-dimensional speckle tracking imaging against data obtained by
sonomicrometry at baseline and during pharmacological stress test and acute myocardial
ischemia induced by coronary artery occlusion. The results demonstrated there was strong cor-
relation and agreement between real-time 3D tracking images derived and sonomicrometry
derived CS and LS in all measurements.

In our results, Bland-Altman analyses demonstrated a slight overestimation between 3D
strain values and sonomicrometry strain data, which is similar to our previous studies [10,11].
The reason is that strain at the epicardium is relatively lower than at other myocardium layers
[36, 37]. In our study, sonomicrometry crystals were secured into the myocardium through the
epicardium, which may have resulted in underestimated sonomicrometry strain values. In the
course of the speckle tracking of the entire porcine heart myocardial wall to calculate strain,
GLS and GCS should be greater than the strain at the epicardium; thus, the overestimation of
strain was unavoidable.

Limitations

Although the harvested pig heart model could model the unique imaging properties of cardiac
tissue at a similar size to the human heart, the model itself is not a perfect replica in terms of
chamber shape, contractility, and cardiac mechanics. The limitation of 4DE is related to the rel-
ative low temporal resolution, which is still inferior to that of 2DE. Technological advances
increasing the temporal resolution of 4DE would improve the accuracy of LV quantification.
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A recent study demonstrated the strain parameters follow a shape function correlation to
EF, not necessarily linear [38], which was obtained by the mathematic model analysis based on
the data from thousands of samples. The purpose of our data was to investigate the correlations
between GLS, GCS, GAS and EF and the number of data is not adequate to build a mathematic
model. So a lot of data and a more stringent model need to be discussed in our later study. In
addition, the accuracy of sonomicrometry for evaluation of strain and volume would be influ-
enced by the sewing position and method. The LV volume was calculated from the distance of
sonomicrometry crystals. The orientation of the crystals may affect the volume calculation.
Furthermore, the crystals were sewed into myocardium from the epicardium to avoid balloon
rupture. So strain values from the myocardium are different from endocardial strain.

Conclusions

4DE is a feasible modality that has the ability to accurately assess the LVEF and multidirec-
tional components of strain of the LV.GCS derived by 4DE is a potential alternative marker to
quantify LV systolic function.

Acknowledgments
Special thanks to Judy Schultheis for editing and formatting the manuscript.

Author Contributions

Conceived and designed the experiments: RC MA. Performed the experiments: RC MZ. Ana-
lyzed the data: RC MZ. Contributed reagents/materials/analysis tools: DJS. Wrote the paper:
RC MZ MA.

References

1. Quifones MA, Greenberg BH, Kopelen HA, Koilpillai C, Limacher MC, Shindler DM, et al. Echocardio-
graphic predictors of clinical outcome in patients with left ventricular dysfunction enrolled in the SOLVD
registry and trials: Significance of left ventricular hypertrophy. Studies of left ventricular dysfunction. J
Am CollCardiol2000; 35(5):1237—-1244. PMID: 10758966

2. Thune JJ, Kaber L, Pfeffer MA, Skali H, Anavekar NS, Bourgoun M, et al. Comparison of regional ver-
sus global assessment of left ventricular function in patients with left ventricular dysfunction, heart fail-
ure, or both after myocardial infarction: the valsartan in acute myocardial infarction echocardiographic
study. J Am Soc Echocardiogr 2006; 19(12):1462—1465. PMID: 17138030

3. Kocabay G, Muraru D, Peluso D, Cucchini U, Mihaila S, Padayattil-Jose S, et al. Normal left ventricular
mechanics by two-dimensional speckle-tracking echocardiography. Reference values in healthy adults.
Rev Esp Cardiol (Engl Ed) 2014; 67(8):651-658. PMID: 25037544

4. Quifones MA, Douglas PS, Foster E, Gorcsan J 3rd, Lewis JF, Pearlman AS, et al.; American Society
of Echocardiography; Society of Cardiovascular Anesthesiologists; Society of Pediatric Echocardiogra-
phy. ACC/AHA clinical competence statement on echocardiography: A report of the American College
of Cardiology/American Heart Association/American College of Physicians-American Society of Inter-
nal Medicine Task Force on Clinical Competence. J Am Soc Echocardiogr. 2003; 16(4):379-402.
PMID: 12712024

5. Nakatani S. Left ventricular rotation and twist: Why should we learn? J Cardiovasc Ultrasound 2011;
19(1):1-6. PMID: 21519484, PMCID: PMC3079077 doi: 10.4250/jcu.2011.19.1.1

6. PovedaF, Gil D, Marti E, Andaluz A, Ballester M, Carreras F. Helical structure of the cardiac ventricular
anatomy assessed by diffusion tensor magnetic resonance imaging with multiresolution tractography.
Rev Esp Cardiol (Engl Ed) 2013; 66(10):782—790. PMID: 24773858

7. Hoit BD. Strain and strain rate echocardiography and coronary artery disease. Circ Cardiovasc Imaging
2011; 4(2):179—-190. PMID: 21406664 doi: 10.1161/CIRCIMAGING.110.959817

8. Kangy, Sun MM, CuiJ, Chen HY, Su YG, Pan CZ, et al. Three-dimensional speckle tracking echocar-
diography for the assessment of left ventricular function and mechanical dyssynchrony. Acta Cardiol
2012; 67(4):423-430. PMID: 22997996

PLOS ONE | DOI:10.1371/journal.pone.0154996 May 4, 2016 10/12


http://www.ncbi.nlm.nih.gov/pubmed/10758966
http://www.ncbi.nlm.nih.gov/pubmed/17138030
http://www.ncbi.nlm.nih.gov/pubmed/25037544
http://www.ncbi.nlm.nih.gov/pubmed/12712024
http://www.ncbi.nlm.nih.gov/pubmed/21519484
http://dx.doi.org/10.4250/jcu.2011.19.1.1
http://www.ncbi.nlm.nih.gov/pubmed/24773858
http://www.ncbi.nlm.nih.gov/pubmed/21406664
http://dx.doi.org/10.1161/CIRCIMAGING.110.959817
http://www.ncbi.nlm.nih.gov/pubmed/22997996

@’PLOS ‘ ONE

Evaluation of Heart Function by 4D Echo

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

Chen R, Wu X, Shen LJ, Wang B, Ma MM, Yang Y, et al. Left ventricular myocardial function in hemodi-
alysis and nondialysis uremia patients: A three-dimensional speckle-tracking echocardiography study.
PLoS One 2014; 9(6):e100265. PMID: 24959903, PMCID: PMC4069011 doi: 10.1371/journal.pone.
0100265

Zhu M, Streiff C, Panosian J, Zhang Z, Song X, Sahn DJ, et al. Regional strain determination and myo-
cardial infarction detection by three-dimensional echocardiography with varied temporal resolution.
Echocardiography 2015; 32(2):339-348. PMID: 24815184 doi: 10.1111/echo.12632

Zhu M, Streiff C, Panosian J, Roundhill D, Lapin M, Tutschek B, et al. Evaluation of stroke volume and
ventricular mass in a fetal heart model: A novel four-dimensional echocardiographic analysis. Echocar-
diography 2014; 31(9):1138-1145. PMID: 24460586 doi: 10.1111/echo.12520

Jenkins C, Leano R, Chan J, Marwick TH. Reconstructed versus real-time 3-dimensional echocardiog-
raphy: Comparison with magnetic resonance imaging. J Am Soc Echocardiogr 2007; 20(7):862—868.
PMID: 17617313

Jenkins C, Bricknell K, Hanekom L, Marwick TH. Reproducibility and accuracy of echocardiographic
measurements of left ventricular parameters using real-time three-dimensional echocardiography. J
Am Coll Cardiol 2004; 44(4):878-886. PMID: 15312875

Pirat B, Khoury DS, Hartley CJ, Tiller L, Rao L, Schulz DG, et al. A novel feature-tracking echocardio-
graphic method for the quantification of regional myocardial function: Validation in an animal model of
ischemia-reperfusion. J Am Coll Cardiol 2008; 51(6):651-659. PMID: 18261685; PMCID:
PMC3348770 doi: 10.1016/j.jacc.2007.10.029

Urheim S, Edvardsen T, Torp H, Angelsen B, Smiseth OA. Myocardial strain by Doppler echocardiogra-
phy: Validation of a new method to quantify regional myocardial function. Circulation 2000; 102
(10):1158-1164. PMID: 10973846

Wen H, Liang Z, Zhao Y, Yang K. Feasibility of detecting early left ventricular systolic dysfunction using
global area strain: a novel index derived from three-dimensional speckle-tracking echocardiography.
Eur J Echocardiogr 12(12):910-916.PMID: 21900298 doi: 10.1093/ejechocard/jer162

Luis SA, Yamada A, Khandheria BK, Speranza V, Benjamin A, Ischenko M, et al. Use of three-dimen-
sional speckle-tracking echocardiography for quantitative assessment of global left ventricular function:
A comparative study to three-dimensional echocardiography. J Am Soc Echocardiogr 2014; 27
(3):285-291. PMID: 24325960 doi: 10.1016/j.ech0.2013.11.002

Brown J, Jenkins C, Marwick TH. Use of myocardial strain to assess global left ventricular function: a
comparison with cardiac magnetic resonance and 3-dimensional echocardiography. Am Heart J. 2009;
157(1):102.e1—e5. PMID: 19081404 doi: 10.1016/j.ah}.2008.08.032

Mignot A, Donal E, Zaroui A, Reant P, Salem A, Hamon C, et al. Global longitudinal strain as a major
predictor of cardiac events in patients with depressed left ventricular function: A multicenter study. J Am
Soc Echocardiogr 2010; 23(10):1019—-1024. PMID: 20810243 doi: 10.1016/j.ech0.2010.07.019

Nahum J, Bensaid A, Dussault C, Macron L, Clémence D, Bouhemad B, et al. Impact of longitudinal
myocardial deformation on the prognosis of chronic heart failure patients. Circ Cardiovasc Imaging
2010; 3(3):249-256. PMID: 20233858 doi: 10.1161/CIRCIMAGING.109.910893

Cho GY, Marwick TH, Kim HS, Kim MK, Hong KS, Oh DJ. Global2-dimensional strain as a new prog-
nosticator in patients with heart failure. J Am Coll Cardiol 2009; 54(7):618-624. PMID: 19660692 doi:
10.1016/j.jacc.2009.04.061

Kearney LG, Lu K, Ord M, Patel SK, Profitis K, Matalanis G, et al. Global longitudinal strain is a strong
independent predictor of all-cause mortality in patients with aortic stenosis. Eur Heart J Cardiovasc
Imaging 2012; 13(10):827-833. PMID: 22736713 doi: 10.1093/ehjci/jes115

Dahl JS, Videbaek L, Poulsen MK, Rudbaek TR, Pellikka PA, Mgller JE. Global strain in severe aortic
valve stenosis: Relation to clinical outcome after aortic valve replacement. Circ Cardiovasc Imaging
2012; 5(5):613-620. PMID: 22869821

Woo JS, Kim WS, Yu TK, Ha SJ, Kim SY, Bae JH, et al. Prognostic value of serial global longitudinal
strain measured by two-dimensional speckle tracking echocardiography in patients with ST-segment
elevation myocardial infarction. Am J Cardiol 2011; 108(3):340-347. PMID: 21600544 doi: 10.1016/j.
amjcard.2011.03.052

Vartdal T, Brunvand H, Pettersen E, Smith HJ, Lyseggen E, Helle-Valle T, et al. Early prediction of
infarct size by strain Doppler echocardiography after coronary reperfusion. J Am Coll Cardiol 2007; 49
(16):1715-1721. PMID: 17448374

Bertini M, Ng AC, Antoni ML, Nucifora G, Ewe SH, Auger D, et al. Global longitudinal strain predicts
long-term survival in patients with chronic ischemic cardiomyopathy. Circ Cardiovasc Imaging. 2012; 5
(3):383-391. PMID: 22412068 doi: 10.1161/CIRCIMAGING.111.970434

Chen X, Xie H, Erkamp R, Kim K, Jia C, Rubin JM, et al. 3-D correlation-based speckle tracking. Ultra-
son Imaging 2005; 27(1): 21-36. PMID: 16003924

PLOS ONE | DOI:10.1371/journal.pone.0154996 May 4, 2016 11/12


http://www.ncbi.nlm.nih.gov/pubmed/24959903
http://dx.doi.org/10.1371/journal.pone.0100265
http://dx.doi.org/10.1371/journal.pone.0100265
http://www.ncbi.nlm.nih.gov/pubmed/24815184
http://dx.doi.org/10.1111/echo.12632
http://www.ncbi.nlm.nih.gov/pubmed/24460586
http://dx.doi.org/10.1111/echo.12520
http://www.ncbi.nlm.nih.gov/pubmed/17617313
http://www.ncbi.nlm.nih.gov/pubmed/15312875
http://www.ncbi.nlm.nih.gov/pubmed/18261685
http://dx.doi.org/10.1016/j.jacc.2007.10.029
http://www.ncbi.nlm.nih.gov/pubmed/10973846
http://www.ncbi.nlm.nih.gov/pubmed/21900298
http://dx.doi.org/10.1093/ejechocard/jer162
http://www.ncbi.nlm.nih.gov/pubmed/24325960
http://dx.doi.org/10.1016/j.echo.2013.11.002
http://www.ncbi.nlm.nih.gov/pubmed/19081404
http://dx.doi.org/10.1016/j.ahj.2008.08.032
http://www.ncbi.nlm.nih.gov/pubmed/20810243
http://dx.doi.org/10.1016/j.echo.2010.07.019
http://www.ncbi.nlm.nih.gov/pubmed/20233858
http://dx.doi.org/10.1161/CIRCIMAGING.109.910893
http://www.ncbi.nlm.nih.gov/pubmed/19660692
http://dx.doi.org/10.1016/j.jacc.2009.04.061
http://www.ncbi.nlm.nih.gov/pubmed/22736713
http://dx.doi.org/10.1093/ehjci/jes115
http://www.ncbi.nlm.nih.gov/pubmed/22869821
http://www.ncbi.nlm.nih.gov/pubmed/21600544
http://dx.doi.org/10.1016/j.amjcard.2011.03.052
http://dx.doi.org/10.1016/j.amjcard.2011.03.052
http://www.ncbi.nlm.nih.gov/pubmed/17448374
http://www.ncbi.nlm.nih.gov/pubmed/22412068
http://dx.doi.org/10.1161/CIRCIMAGING.111.970434
http://www.ncbi.nlm.nih.gov/pubmed/16003924

@’PLOS ‘ ONE

Evaluation of Heart Function by 4D Echo

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Mor-Avi V, Lang RM, Badano LP, Belohlavek M, Cardim NM, Derumeaux G, et al. Current and evolving
echocardiographic techniques for the quantitative evaluation of cardiac mechanics: ASE/EAE consen-
sus statement on methodology and indications endorsed by the Japanese Society of Echocardiogra-

phy. J Am Soc Echocardiogr 2011; 24(3):277-313. PMID: 21338865 doi: 10.1016/j.ech0.2011.01.015

Seo 'Y, Ishizu T, Enomoto Y, Sugimori H, Aonuma K. Endocardial surface area tracking for assessment
of regional LV wall deformation with 3D speckle tracking imaging. JACC Cardiovasc Imaging 2011; 4
(4):358-365. PMID: 21492810 doi: 10.1016/j.jcmg.2010.12.007

Gaynor JW, Feneley MP, Gall SA Jr, Maier GW, Kisslo JA, Davis JW, et al. Measurement of left ventric-
ular volume in normal and volume overloaded canine hearts. Am J Physiol. 266 (1 Pt 2): H329-H340.
PMID: 8304515

Lainchbury JG, Meyer DM, Jougasaki M, Burnett JC Jr., Redfield MM. Effects of adrenomedullin on
load and myocardial performance in normal and heart-failure dogs. Am J Physiol Heart Circ Physiol.
2000; 279(3):H1000-1006. PMID: 10993761

Rankin JS, McHale PA, Arentzen CE, Ling D, Greenfield JC Jr, Anderson RW. The three-dimensional
dynamic geometry of the left ventricle in the conscious dog. Circ Res. 1976; 39(3):304—313. PMID:
782742

Sagawa K. Cardiac Contraction and the Pressure-Volume Relationship. 1sted. Oxford: Oxford Uni-
versity Press; 1988.

Kleijn SA, Aly MF, Terwee CB, van Rossum AC, Kamp O. Three-dimensional speckle tracking echocar-
diography for automatic assessment of global and regional left ventricular function based on area strain.
J Am Soc Echocardiogr 2011; 24(3):314-321. PMID: 21338866 doi: 10.1016/j.ech0.2011.01.014

Seo Y, Ishizu T, Enomoto Y, Sugimori H, Yamamoto M, Machino, et al. Validation of 3-dimensional
speckle tracking imaging to quantify regional myocardial deformation. Circ Cardiovasc Imaging 2009; 2
(6):451-459.PMID: 19920043 doi: 10.1161/CIRCIMAGING.109.858480

Bogaert J, Rademakers FE. Regional nonuniformity of normal adult human left ventricle. Am J Physiol
Heart Circ Physiol 2001; 280(2): H610-H620. PMID: 11158958

Adamu U, Schmitz F, Becker M, Kelm M, Hoffmann R. Advanced speckle tracking echocardiography
allowing a three-myocardial layer-specific analysis of deformation parameters. Eur J Echocardiogr
2009; 10(2):303-308. PMID: 18801725 doi: 10.1093/ejechocard/jen238

Pedrizzetti G, Mangual J, Tonti G. On the geometrical relationship between global longitudinal strain
and ejection fraction in the evaluation of cardiac contraction. J Biomech 2014; 47(3):746—-749.PMID:
24411099 doi: 10.1016/j.jbiomech.2013.12.016

PLOS ONE | DOI:10.1371/journal.pone.0154996 May 4, 2016 12/12


http://www.ncbi.nlm.nih.gov/pubmed/21338865
http://dx.doi.org/10.1016/j.echo.2011.01.015
http://www.ncbi.nlm.nih.gov/pubmed/21492810
http://dx.doi.org/10.1016/j.jcmg.2010.12.007
http://www.ncbi.nlm.nih.gov/pubmed/8304515
http://www.ncbi.nlm.nih.gov/pubmed/10993761
http://www.ncbi.nlm.nih.gov/pubmed/782742
http://www.ncbi.nlm.nih.gov/pubmed/21338866
http://dx.doi.org/10.1016/j.echo.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/19920043
http://dx.doi.org/10.1161/CIRCIMAGING.109.858480
http://www.ncbi.nlm.nih.gov/pubmed/11158958
http://www.ncbi.nlm.nih.gov/pubmed/18801725
http://dx.doi.org/10.1093/ejechocard/jen238
http://www.ncbi.nlm.nih.gov/pubmed/24411099
http://dx.doi.org/10.1016/j.jbiomech.2013.12.016

