
Johannes Just Hjertaas

Measurement of left ventricular
deformation using 3D
echocardiography

2023

Thesis for the degree of Philosophiae Doctor (PhD)
University of Bergen, Norway



at the University of Bergen

Avhandling for graden philosophiae doctor (ph.d )

ved Universitetet i Bergen

.

2017

Dato for disputas: 1111

Johannes Just Hjertaas

Measurement of left ventricular
deformation using 3D echocardiography

Thesis for the degree of Philosophiae Doctor (PhD)

Date of defense: 05.06.2023



The material in this publication is covered by the provisions of the Copyright Act.

Print:     Skipnes Kommunikasjon / University of Bergen

© Copyright Johannes Just Hjertaas

Name:        Johannes Just Hjertaas

Title: Measurement of left ventricular deformation using 3D echocardiography

Year:          2023



 

   

 

3 

 Contents 

CONTENTS ......................................................................................................................................... 3 

LIST OF ABBREVIATIONS ............................................................................................................. 6 

SCIENTIFIC ENVIRONMENT ......................................................................................................... 8 

ACKNOWLEDGEMENTS ................................................................................................................. 9 

SAMMENDRAG .............................................................................................................................. 11 

ABSTRACT ...................................................................................................................................... 13 

LIST OF PUBLICATIONS ............................................................................................................. 15 

1. INTRODUCTION .................................................................................................................. 16 

1.1 Background ........................................................................................................................................ 16 

1.2 LV deformation .................................................................................................................................. 16 

1.2.1 3D speckle tracking echocardiography .......................................................................................... 18 

1.2.2 Myocardial strain ........................................................................................................................... 19 

1.2.3 Myocardial rotation ....................................................................................................................... 19 

1.2.4 Myocardial twist ............................................................................................................................. 20 

1.2.5 Myocardial torsion ......................................................................................................................... 21 

1.3 3D echocardiographic challenges ....................................................................................................... 22 

1.4 Aortic valve stenosis .......................................................................................................................... 25 

1.4.1 LV deformation and geometry in patients with AS ........................................................................ 26 

2. HYPOTHESIS AND AIM OF THESIS ................................................................................ 28 

2.1 Hypothesis ......................................................................................................................................... 28 

2.2 Aims ................................................................................................................................................... 28 



 

   

 

4 

3. MATERIALS AND METHODS ............................................................................................ 29 

3.1 Study 1 and 2 ..................................................................................................................................... 29 

3.1.1 Study design ................................................................................................................................... 29 

3.1.2 In vitro pump setup ........................................................................................................................ 29 

3.1.3 Phantom material ........................................................................................................................... 30 

3.1.4 Study 1 in vitro phantom ................................................................................................................ 30 

3.1.5 Study 2 in vitro phantom ................................................................................................................ 31 

3.1.6 Monitoring and logging .................................................................................................................. 35 

3.1.7 Study 1 data acquisition and analysis ............................................................................................. 35 

3.1.8 Study 2 data acquisition and analysis ............................................................................................. 37 

3.1.9 Statistics ......................................................................................................................................... 39 

3.2 Study 3 ............................................................................................................................................... 39 

3.2.1 Echocardiography ........................................................................................................................... 40 

3.2.2 Data analysis ................................................................................................................................... 41 

3.2.3 Statistics ......................................................................................................................................... 43 

4. RESULTS ................................................................................................................................ 45 

4.1 Study 1: Evaluation of 3D strain methods ........................................................................................... 45 

4.2 Study 2: Evaluation of 3D STE based rotation, twist and torsion methods .......................................... 47 

4.3 Study 3: Deformation at LV levels of AS patients ................................................................................ 49 

4.3.1 Comparison of groups by AS severity ............................................................................................. 50 

4.3.2 Comparison of results by different number of stitched volumes .................................................. 53 

4.3.3 Inter and intra observer variability ................................................................................................. 55 

5. DISCUSSION .......................................................................................................................... 56 

5.1 Evaluation of 3D STE in LV phantoms ................................................................................................. 56 

5.1.1 Phantom material ........................................................................................................................... 57 

5.1.2 Phantom design .............................................................................................................................. 58 

5.1.3 Deformation reference ................................................................................................................... 58 

5.1.4 Strain evaluation ............................................................................................................................ 59 

5.1.5 Twist evaluation ............................................................................................................................. 60 



 

   

 

5 

5.2 Use of 3D STE in patients with AS ....................................................................................................... 61 

5.2.1 3D strain ......................................................................................................................................... 61 

5.2.2 The role of deformation at different levels of the LV in AS............................................................ 65 

5.2.3 3D rotation, twist, and torsion ....................................................................................................... 66 

5.3 Optimal settings for 3D STE acquisition .............................................................................................. 68 

5.3.1 Accuracy, precision and reproducibility ......................................................................................... 68 

5.3.2 Number of stitched images ............................................................................................................ 70 

5.3.3 Volume rate and heart rate............................................................................................................ 71 

5.3.4 Other factors influencing accuracy of 3D STE ................................................................................ 71 

5.4 Limitations ......................................................................................................................................... 72 

5.4.1 Confounding effect with cardiac amyloidosis ................................................................................ 75 

5.5 Clinical implications and future perspectives ..................................................................................... 76 

6. CONCLUSIONS ...................................................................................................................... 78 

REFERENCES .................................................................................................................................. 80 

 



 

   

 

6 

List of abbreviations 

2D  Two-dimensional 

3D  Three-dimensional 

ABr  Apical basal longitudinal strain ratio 

ABS  Acrylonitrile butadiene styrene 

AD  Axial Dimension 

AF  Atrial fibrillation 

ALS  Apical longitudinal strain 

ANOVA Analysis of variance 

AS  Aortic stenosis 

ATTR-CM Transthyretin amyloid cardiomyopathy 

AVA  Aortic valve area 

BCS  Basal circumferential strain 

BLS  Basal longitudinal strain 

BMI  Body mass index 

CA  Cardiac amyloidosis 

CAD  Coronary artery disease 

CoV  Coefficient of variation 

CS  Circumferential strain  

CT  Computed tomography 

DCM  Dilated cardiomyopathy 

E/e’ Filling pressure (peak early trans mitral blood flow to average 

mitral annular velocity ratio) 

ECG   Electrocardiogram 

ED  End diastole 

EF  Ejection fraction 

ES  End systole 

FR  Frame rate 

GCS  Global circumferential strain 



 

   

 

7 

GLS  Global longitudinal strain 

HCM  Hypertrophic cardiomyopathy 

HR  Heart rate 

ICC  Intraclass correlation coefficient 

LV  Left ventricle, Left ventricular 

LS  Longitudinal strain 

MCS  Mid circumferential strain 

MLS  Mid longitudinal strain 

MRI  Magnetic resonance imaging 

Pg  Group factor 

PVA  Polyvinyl alcohol 

Pw  Within factor 

ROI  Region of interest 

RWT  Relative wall thickness 

RS  Radial strain 

SAVR  Surgical aortic valve replacement 

SD  Standard deviation 

STE  Speckle tracking echocardiography 

SV  Stroke volume 

TAVI  Transcatheter aortic valve implantation 

TVI  Tissue velocity imaging 

VPS  Volumes per second 

VR  Volume rate 

 

 



 

   

 

8 

Scientific environment 

This PhD project has been carried out within the Bergen Hypertension and Cardiac 

Dynamics group at the Department for Clinical Science, University of Bergen, 

Norway. The group is now coordinated within Centre for Research on Cardiac 

disease in Women, established in 2020, where activities within the group are 

organized. 

The main supervisor for the PhD project has been professor Knut Matre (now 

emeritus) with professor Eva Gerdts as co-supervisor. In addition, the group consist 

of one associate professor, one senior researcher, 1 postdoctoral fellow, 6 PhD 

fellows, 1 medical research student, 2 master students, 1 study nurse and 1 engineer. 

The group has experience in both experimental and clinical research within the areas 

of regional cardiac function, hypertensive heart disease and valvular heart disease, 

ischemic heart disease, and sex differences within cardiology and heart diseases. The 

main research tools have been non-invasive imaging techniques such as 

echocardiography, magnetic resonance imaging (MRI), and cardiac computed 

tomography (CT). The group uses a state-of-the-art echocardiography research 

laboratory for image analysis. 

The experimental research setup was developed in collaboration with the Department 

of Physics and Technology at the University of Bergen. 

Clinical research has been done in cooperation with the department of Heart Disease 

at Haukeland University Hospital, Helse Bergen, Norway. In addition, the group have 

research collaborations with both national and international partners. 

 



 

   

 

9 

Acknowledgements 

The work of the present thesis was carried out in several stages, starting as a medical 

research student. I would like to express my sincere gratitude to professor Knut 

Matre, who I have been privileged to have as my main supervisor. I first met Knut 

during second year in medical school, before being enrolled in the medical student 

research program, and he has since patiently provided guidance and support. His 

background as a physicist has given me great insight into the principles of ultrasound 

and fundamental understanding of echocardiography techniques in experimental 

research. I have also been very fortunate to have professor Eva Gerdts as my co-

supervisor, and I am very grateful for the time and resources she has invested in me 

and this project. Her dedication for scientific research and knowledge in clinical 

echocardiography has been truly helpful and inspiring. 

Great help and input have been provided by Sahrai Saeed, Stig Urheim and Marina 

Kokorina in both practical and theoretical echocardiography. I have also had great 

help in my clinical work from research nurse Liv Himle and research engineer Hilde 

Jacobsen. I am also grateful for the input and discussions with professor Ketil Grong 

on statistical methods. 

Almost from the start, I had the pleasure of working with fellow medical researcher 

Christian Arvei Moen, who included me in his research project, as well as Geir Olav 

Dahle, with whom I have had many very helpful and interesting discussions. This 

resulted in many project ideas and solutions. I have also been fortunate to collaborate 

with Eigir Einarsen on both our projects, with whom I had great discussions on 

statistics and analyzing methods. I have also had many interesting discussions with 

fellow researchers Umael Khan and Tom Omdal. 

It has been a great pleasure of working in a group with experienced researchers 

including associate professor Dana Cramariuc and senior researcher Helga Midtbø, as 

well as all my fellow PhD colleagues and alumni Hilde Halland, Ester Kringeland, 



 

   

 

10 

Arleen Aune, Lisa Marie Grymyr, Anja Linde, Annabel Ohldieck and Rune Eilertsen. 

I have also received great help from master students Henrik Fosså and Grete 

Lunestad at the Department of Physics and Technology. 

I have been very fortunate to know and work with Saied Nadirpour, Jessica Viland, 

and Christer Aase at the hospital in Haugesund for several years. They have given me 

much input and knowledge in cardiology, a field which they have inspired me to 

pursue. 

I am thankful for the financial support granted by the Bergesen Foundation, which 

has been essential in conclusion of this project. 

Lastly, I am grateful for all the support, encouragement and inspiration from my 

family and friends. 



 

   

 

11 

Sammendrag 

Bakgrunn 

3D speckle tracking ekkokardiografi (STE) er en hjerteultralydmetode som gir 

mulighet for måling av deformasjonsparametere, som strain, rotasjon, tvist og torsjon. 

Den største begrensningen for 3D STE er lav tids- og romlig oppløsning. Økes den 

ene oppløsingen vil den andre bli redusert. I tillegg vil andre faktorer som antall 

flettede bilder, sektorstørrelse og dybde påvirke begge oppløsningene. Denne 

avhandlingen har hatt som mål å finne tilstander og opptaksinnstillinger for å 

optimalisere nøyaktigheten til 3D STE-parametere i et kontrollert miljø. Videre har 

det vært som mål å finne regional deformasjon fra 3D STE i en klinisk studie på 

pasienter med aortaklaffestenose (AS) ved bruk av optimaliserte innstillinger. 

Materiale og metode 

Studie 1 og 2 utforsket nøyaktigheten til 3D STE ved bruk av et in vitro-oppsett med 

et fantom av venstre ventrikkel. Studie 1 sammenlignet 3D STE strain mot 

sonomikromertri som gullstandard i longitudinell, sirkumferensiell og radiell retning. 

Ved å bruke et annet fantom i studie 2 ble 3D STE tvist sammenlignet mot 

sonomikrometri tvist for å finne nøyaktigheten til 3D STE tvistmålinger. Studie 3 

inkluderte 85 pasienter med variabel grad av AS i en tverrsnittstudie. 3D 

ekkokardiografi ble utført og 3D STE-parametere ble sammenlignet mellom grupper 

av pasienter med mild, moderat og alvorlig AS. 

Resultater 

Studie 1 fant godt samsvar mellom 3D STE og sonomikrometri med optimalt volum 

rate på 36,6 volumer per sekund (VPS) ved bruk av 6 sammenflettede bilder. I studie 

2 hadde 3D STE godt samsvar ved bruk av både 4 og 6 sammenflettede bilder med 

volum rater på henholdsvis 20,3 og 17,1 VPS. Studie 3 fant lavere global longitudinal 

strain i pasienter med alvorlig AS sammenlignet med mild AS. Basal og midtre 

longitudinal strain var også lavere i alvorlig sammenlignet med mild AS. Apikal-
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basal ratio var høyere for moderat i forhold til mild AS. Maks apikal-basal tvist var 

høyere hos pasienter med alvorlig sammenlignet med mild og moderat AS. 

Konklusjon 

Måling av venstre ventrikkelfunksjon med 3D STE er mest nøyaktig med volum rater 

< 40 VPS. Høy romlig oppløsning virker å være mer viktig enn tidsoppløsning. 

Pasienter med alvorlig AS har lavere global, basal og midtre longitudinal strain enn 

pasienter med mild AS, ved bruk av 3D STE. De har også høyere tvist enn mild og 

moderat AS. Områder som involverer apeks, har høyere spredning av data og har 

antagelig lavere nøyaktighet ved bruk av 3D STE. 
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Abstract 

Background 

3D speckle tracking echocardiography (STE) enables measurement of multiple 

parameters of deformation, such as strain, rotation, twist and torsion. The main 

limitation of 3D STE is low temporal and spatial resolution. Increasing resolution in 

time will decrease resolution in space, and vice versa. In addition, other factors such 

as number of stitched images, sector size and depth, influence the resolution. This 

thesis aimed to find conditions and acquisition settings to optimize accuracy for 3D 

STE parameters in a controlled in vitro environment. Secondly, it aimed to evaluate 

regional deformation by 3D STE in a clinical study on patients with aortic valve 

stenosis (AS) using optimized settings. 

Materials and methods 

Study 1 and 2 explored the accuracy of 3D STE using an in vitro setup with a left 

ventricle (LV) phantom. Study 1 compared 3D STE strain to strain by 

sonomicrometry as the gold standard. Measurements were compared in both 

longitudinal, circumferential and radial direction. Using a different twisting phantom 

in study 2, 3D STE twist was compared to twist by sonomicrometry to evaluate the 

accuracy of 3D STE twist. Study 3 was a cross-sectional analysis of 85 patients with 

variable degree of AS in a cross-sectional study. 3D echocardiography was done, and 

3D STE parameters were compared between groups of patients with mild, moderate 

and severe AS. 

Results 

Study 1 found 3D STE strain to have good agreement with sonomicrometry. Optimal 

acquisition settings were found to be volume rate 36.6 volumes per second (VPS) 

obtained by 6 stitched images. Study 2 found 3D STE twist to have good agreement 

with sonomicrometry when using both 4 and 6 stitched images with volume rates 

20.3 and 17.1 VPS, respectively. Study 3 found global longitudinal strain to be lower 
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in patients with severe AS compared to those with mild AS. Basal and mid 

longitudinal strains were also lower in severe AS than in mild AS. Apical basal ratio 

was higher for moderate than mild AS. Peak apical-basal twist was higher in patients 

with severe AS than in those with mild and moderate AS. 

Conclusion 

Assessment of LV function by 3D STE is most accurate at volume rates < 40 VPS. 

High spatial resolution seems to be more important than temporal resolution. Patients 

with severe AS have lower global, as well as lower regional basal and mid 

longitudinal strain compared to patients with mild AS, assessed with 3D STE. They 

also have higher twist than mild and moderate AS. Segments involving the apex have 

high dispersion and probably lower accuracy in 3D STE.  
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1. Introduction 

1.1 Background 

The development of echocardiography has led to multiple new methods for 

evaluation of left ventricular (LV) function. Modern cardiology is highly dependent 

on these methods, as echocardiography has become the primary diagnostic tool for 

multiple conditions. Since Edler and Hertz first demonstrated the use of 

echocardiography in 19531, its clinical use has evolved to cover all types of heart 

disease, and new areas of clinical usage are continuously introduced. With new 

methods, there is also a need to evaluate and test the accuracy of these methods, as 

well as to investigate their clinical application. In particular, methods for accurate 

assessment of LV deformation are a major area for development, notably new 

methods for detection of early myocardial dysfunction in clinical practice. Such 

measures are requested, among others, in the management of aortic valve stenosis 

(AS) with normal LV ejection fraction (EF) to diagnose subtle LV dysfunction. 

1.2 LV deformation 

In a healthy heart, synchronized depolarization of myocardial cells cause the LV 

myocardium to contract in a coordinated fashion during systole, causing ejection of a 

proportion of its content. During diastolic filling, The LV revert to its pre-systolic 

state, and myocardial fibers are stretched to a relaxed state. While a single myocyte 

contracts in one direction, the compounded architecture of myocardial fiber network 

in the LV makes its cyclic deformation complex. As various parts of the LV contracts 

in different directions, the net effect is a twisting appearance. This helical 

arrangement of LV fibers was first described by Sir William Harvey in the 17th 

century, and has later been studied through anatomic studies2. The outer subepicardial 

layer is oriented in a left-handed helical orientation, becoming more circumferential 

towards the mid myocardium, and then turns towards a right-handed helical shape in 
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the subendocardium3-6. Longitudinal deformation is attributed to the endocardial and 

to a certain degree epicardial layers, while circumferential deformation depends more 

on the mid myocardium. This gives the subepicardial and subendocardial LV 

myocardial layers of the myocardium a more longitudinal shortening during the 

systole, while the mid myocardial level contributes to circumferential shortening. 

The fiber orientation results in a wringing motion of the LV during contraction. This 

helps to produce a higher LV EF of about 60 %, despite the myocytes shortening of 

only 20 %7. The full effect of this mechanism is not completely understood, and 

several explanatory models have been proposed8,9. The fiber orientation results in the 

twisting property of the LV, with the apex turning counterclockwise and the base 

clockwise during systole, when observed from the apex. 

In addition, the helical fiber orientation is a mechanism for storing energy, 

contributing to diastolic suction of blood into the LV during the rapid untwist in early 

diastole. Untwist is therefore essential for normal early diastolic function10. 

 

Figure 1. The LV coordinate system axis, where deformation is commonly 
measured in either longitudinal, circumferential or radial direction. 

Deformation assessment may either be global, such as EF, or regional, such as 

measurements based on tissue velocity imaging (TVI). Deformation orientation is 

usually reported in either longitudinal, circumferential or radial direction (Figure 1). 

Any deformation may be influenced by pathology, usually resulting in reduced 
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deformation either regionally or globally. In AS, the severity of the disease may 

influence LV deformation differentially at individual levels of the LV. 

1.2.1 3D speckle tracking echocardiography 

3D speckle tracking echocardiography (STE) of the LV is a deformation measuring 

tool where pattern recognition is applied to 3D ultrasound myocardial volume 

regions. By tracking selected regions over time using a block-matching algorithm, a 

point-based model of the LV is produced11. This algorithm tracks patterns within a 

region of interest (ROI) in the 3D volume one volume to the next. The ultrasonic STE 

algorithm tracks multiple patterns of small irregularities in the myocardium that are 

consistent throughout the recording12. This speckle-like pattern makes a region of 

myocardium distinguishable and easily identifiable for the block-matching algorithm 

(Figure 2) from one frame to the next13. By tracking multiple regions in the 

myocardium, a point-based model of LV myocardium is produced, which further can 

be used to estimate deformation such as myocardial strain, twist and torsion. 

 

Figure 2. The principle of speckle tracking echocardiography, exemplified in 
2D, using a block-matching algorithm in myocardium (A). Patterns are 
registered in one frame (B). At the next frame, adjacent areas are searched 
for patterns that matches the previous frame best (C) using the method of 
block-matching. The relative difference in position between each frame is 
then used to produce deformation patterns for strain and rotation (D). 
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1.2.2 Myocardial strain 

Strain is defined as the fractional change of an objects dimension from the original 

dimension. Lagrangian strain can be defined as: 

𝜀(𝑡) =
𝐿(𝑡) − 𝐿0

𝐿0
 

Where ε(t) is strain at a specific time t, L0 is the initial dimension, while L(t) is the 

dimension at the specified time. L0 is typically defined at end-diastole (ED), while L 

is typically measured around end-systole (ES). 

By using data from 3D STE, myocardial strain can be estimated. Myocardial strain is 

commonly measured in either longitudinal, circumferential or radial direction (Figure 

1). Peak strain values are usually reported in percentage of systolic change relative to 

its original dimension in ED. If strain is known in two dimensions, strain in the third 

dimension can be estimated when assuming the material (myocardium) is 

incompressible. This assumption is commonly used by 3D STE algorithms, as only 

circumferential strain (CS) and longitudinal strain (LS) is measured, while radial 

strain (RS) is calculated from CS and LS11. 

1.2.3 Myocardial rotation 

To understand the complex left ventricular rotational mechanics, it is essential to 

understand fiber orientation. The heart consists of myocardial fibers organized in a 

complex orientation (Figure 3). This has been verified in anatomic studies2,6, and later 

in vivo studies has shown that magnetic resonance imaging (MRI) can also depict 

fiber orientation using Diffusion Tensor Imaging10,14,15. Later computer simulation 

models have shown to correlate well with these findings8, giving a better 

understanding of the fiber orientation. 
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Figure 3. Fibers of the different layers of myocardium in the LV are oriented 
in different directions. Subepicardial and subendocardial layers have helical 
arrangement in opposite directions, while mid myocardial fibers have a 
more circumferential orientation. 

 

As a consequence of the helical fiber arrangement in the myocardium, different LV 

levels rotate counterclockwise and clockwise throughout the heart cycle. By 

measuring STE data rotation around the longitudinal axis, myocardial rotation in a 

2D plane can be estimated. In this context, the measured rotation is the object’s 

change of angle relative to the observer, namely the ultrasound probe (Figure 4A). 

Although rotation alone is not a type of deformation, it provides the foundation for 

estimation of deformation parameters such as twist and torsion, when measuring 

rotation at different positions within the same object. 

1.2.4 Myocardial twist 

While rotation is the change of angle relative to the observer, twist is the change of 

angle relative to the object itself, measured in two different planes (Figure 4B). Using 

STE, this can be estimated by measuring rotation in two different planes along the 

longitudinal axis. Untwist is the rate of change when the LV twist return back to its 

original diastolic shape from ES. 
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Figure 4. Rotation is measured as the change in angle (𝑎) from a reference 
point (A). In echocardiography, the reference is the ultrasound probe. Twist 
is measured as the difference in angles between two planes (𝑎 − 𝑏) (B). In 
cardiology this is usually the difference between apical rotation and basal 
rotation. 

 

1.2.5 Myocardial torsion 

Torsion is defined as twist, divided by the distance between the two planes (Figure 5). 

While torsion can be measured using 2D echocardiography using geographic 

markers16, use of 2D is unreliable due to in and out of plane motion, and 3D echo 

could give a more accurate measurement17. 
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Figure 5. Torsion measures the difference in angles between two planes 

divided by the distance between them ( 
𝑎−𝑏

𝑑
 ). In cardiology, this is the twist 

between the apex and basal level divided by the length between these two 
planes. 

 

1.3 3D echocardiographic challenges 

While 3D echocardiography has shown to be superior to 2D echocardiography in a 

number of areas18,19, its major drawback is low temporal resolution, or volume rate, 

as well as limited spatial resolution, or number of beams per volume. This originates 

from the fact that 2D echocardiography only uses one lateral dimension in addition to 

the axial dimension (Figure 6A), while 3D echocardiography uses two lateral 

dimensions (Figure 6B). 
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Figure 6. Spatial resolution of a 2D frame (A) versus a 3D volume (B), both 
consisting of 25 beams. While both methods have the same resolution in 
the axial dimension (AD), resolution in lateral dimension (SDx and SDy) is 
lower in 3D volumes. 

 

A 3D volume consisting of 25 ultrasound beams only has 5 beams in each lateral 

dimension, while a 2D sector with the same number of beams has all 25 in its single 

lateral dimension, when acquired at the same frame rate (FR) (Figure 6). Therefore, 

the scanner probe must send out n2 beams to account for the same spatial resolution 

as a 2D probe sending out n beams per frame. In the same setting, a 3D volume 

would have to send out 625 beams to accommodate for the same spatial resolution as 

a 2D sector of 25 beams. Any increase in spatial resolution comes at the cost of 

temporal resolution and vice versa. Both temporal and spatial resolution of 3D 

images thus depend on the number of beams chosen for each image as well as the 

sector width. It is also important to emphasize that spatial resolution is affected only 

in the lateral dimensions, while axial dimension resolution is relatively unaffected. 

Other factors, such as degree of beam focusing will also influence this balance. 
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A method now commonly used to increase both spatial and temporal resolution is 

volume stitched imaging. This technique uses multiple smaller 3D volumes, each 

acquired over a single heart cycle triggered by electrocardiogram (ECG) (Figure 7). 

The smaller volumes are then stitched together to one larger 3D volume20,21. 

However, this technique requires the length of the heart cycles to be near identical 

during acquisition, which may be challenging in a clinical setting. Although 3D strain 

has been compared at different number of stitched beats22, no studies have evaluated 

accuracy and what acquisition settings gives the best accuracy. 

A third parameter affecting temporal and spatial resolution is sector angle. While this 

can be adjusted, it may be more difficult in some clinical situations, such as with 

severely dilated LVs or large heart valves. Other factors, like sampling time, also 

affects both temporal and spatial resolution. 

The balance between temporal and spatial resolution depends on what is to be 

measured. LS depends more on resolution in the axial direction, and may therefore be 

less affected by spatial resolution, while CS depends more on lateral resolution. This 

may result in different optimal resolutions for these two strain directions, even though 

both are measured using 3D STE. Increased lateral resolutions may also be important 

when measuring rotation and twist, which rely on deformation changes in the lateral 

direction. Another important factor is that lateral resolution decreases further away 

from the probe, because of increasing distance between the beams. Compared to 2D 

echocardiography, 3D is more sensitive to changes in either temporal or spatial 

resolution. Any increase in one resolution will reduce the other. With already 

restricted resolutions in both terms because of the third dimension, 3D 

echocardiography imaging needs to be optimized in order not to waste one type of 

resolution at the cost of the other. Few studies have evaluated the use of 3D STE in a 

controlled environment and what acquisition settings give best accuracy. 
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Figure 7. Volume stitched image technique. Multiple smaller 3D volumes 
(V1-V6) are recorded over 6 ECG triggered heart beats and stitched to one 
larger 3D volume. 

 

1.4 Aortic valve stenosis 

Degenerative AS is a progressive disease, characterized by fibrosis and calcification 

of the aortic valve leaflets. AS may be caused by rheumatic heart disease, which is 

the most prevalent type of heart valve disease in the developing world, or by 

congenital defects of the aortic valve, like bicuspid aortic valve disease. The primary 

cause of AS in the developed world, however, is fibro-calcific degeneration of the 

aortic valve leaflets, causing progressively increase in LV afterload. AS is the most 

prevalent form of valve disease requiring valve intervention or replacement, and the 

third most common cause of heart disease after coronary artery disease (CAD) and 

hypertension23. 
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No pharmacological treatment of AS has proven effective so far, and the only 

curative therapy is removal of the stenotic valve, either by surgical aortic valve 

replacement (SAVR), or by transcatheter aortic valve implantation (TAVI). Untreated 

severe AS has a poor prognosis. The guidelines on management of AS recommend 

meticulous AS grading based on the pressure gradient, peak jet velocity and aortic 

valve area (AVA) to identify mild, moderate and severe AS24,25. The current 

guidelines recommend valve replacement in patients with severe, symptomatic AS or 

in asymptomatic severe AS when EF < 50 %. Low risk patients with EF < 55 % can 

also be considered for intervention 25. However, in up to 30 % of patients, discordant 

grading of AS severity is found using these conventional measures. In particular for 

symptomatic patients with discordant grading, multimodality imaging methods for 

assessment of disease severity including aortic valve calcification score by computed 

tomography (CT), assessment of LV stroke volume (SV) and LV systolic function are 

recommended25. 

1.4.1 LV deformation and geometry in patients with AS 

With progression of AS, chronic pressure overload exposes the LV to increased wall 

stress, causing it to adapt by remodeling. Such remodeling includes LV hypertrophy, 

reduced compliance and reactive myocardial fibrosis, which all affect the LV 

deformation. While the LV remodeling initially overcomes the chronic pressure 

overload, it gradually decompensates, leading to impaired LV systolic and diastolic 

function, and eventually symptoms of heart failure. While EF < 50 % is considered a 

mark of heart failure in AS, it usually presents late, and is often preceded by 

symptoms like exertional dyspnea, angina pectoris or syncope, the cardinal symptoms 

of severe AS. Furthermore, AS patients with preserved EF (EF > 50 %) may present 

with impaired contractility due to LV remodeling with increased wall thickness, 

reduced diameter or a compensated increased global circumferential strain (GCS) due 

to loss of global longitudinal strain (GLS)26,27. Patients with AS and preserved EF 

have shown to have reduced GLS28,29, which may be a better marker of prognosis30,31. 

While GLS alone has not shown to be directly associated with severity or 
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symptomatic disease, reduced basal longitudinal strain (BLS) has been associated 

with symptomatic AS32, and has been shown to predict future SAVR, independent of 

other parameters33, suggesting that AS may affect regional LV deformation 

differentially. However, the impact of AS severity and LV remodeling on LV 

deformation at different LV levels has been less explored. 

In moderate and severe AS, LV twist is higher than in mild AS34-36. This increased 

LV twist in severe AS severity may be due to concentric LV hypertrophy37. It has 

also been suggested that reduced flow in the subendocardial compared to the 

subepicardial arteries in more severe AS may contribute to this effect38. Furthermore, 

LV twist has been shown to decline after SAVR39. However, limited data have so far 

been published on the associations between LV twist and AS severity in such 

patients, as well as the accuracy and reproducibility of these 3D LV deformations. 
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2. Hypothesis and aim of thesis 

2.1 Hypothesis 

We hypothesized that 3D STE can accurately measure LV deformation using lower 

temporal resolution than conventional 2D STE. Moreover, 3D STE can be used to 

study level-specific differences of LV deformation in patients with variable degree of 

AS. 

2.2 Aims 

1. To investigate the accuracy of LV 3D STE strain using an in vitro setup, and 

to assess the best acquisition settings for best accuracy. 

 

2. To develop an in vitro setup for rotational measurements, and to test the 

accuracy of LV 3D STE twist as well as the optimal acquisition settings for 

measuring LV 3D twist. 

 

3. To analyze 3D STE deformation parameters at different LV levels in a clinical 

study of patients with variable degree of AS. 
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3. Materials and methods 

3.1 Study 1 and 2 

3.1.1 Study design 

Both study 1 and 2 are in vitro studies with the objective to evaluate 3D STE using 

different spatial and temporal resolutions against a gold standard, and thereby the 

accuracy. In study 1, evaluation included 3D LS, CS and RS, and in  study 2, the 

evaluation of 3D twist. Both studies used acoustic phantoms of the LV, and 

sonomicrometry as the gold standard. 

3.1.2 In vitro pump setup 

The setup consisted of a rig with two parallel pistons in a pump, driven by a stepper 

motor. The phantoms were submerged in a water container and connected to the 

pump via rigid pipes. An air buffer in an elastic hose connected to the pipe system 

acted as a damper of the strokes from the pump. The stepper motor driving the pump 

was controlled by custom written LabVIEW software40 (LabVIEW 8.6, National 

Instruments, Austin, TX, USA), and allowed different settings such as pump rate 

(henceforth called heart rate [HR]), systolic-diastolic time ratio and SV. For study 1, 

the phantom was placed angled in the water container, with the 3D probe placed 4-5 

cm directly perpendicular to the apex of the phantom (Figure 8). For study 2, a larger 

container was used, allowing the phantom to be mounted vertically with the probe 4 

cm directly above the apex. For both studies, the same ultrasound probe (4V; GE 

Vingmed Ultrasound AS, Horten, Norway) was used, as well as the same scanner 

(Vivid E9; GE Vingmed Ultrasound AS). 

 

 



 

   

 

30 

 

Figure 8. Pump rig setup. Stepper motor (A). Dual piston pump (B). Rigid 
pipes (C). Elastic hose for dampening (D). Water container ©. Phantom (F). 
Rigid stand with clamp (G). 3D ultrasound probe (H). 

 

3.1.3 Phantom material 

Polyvinyl Alcohol (PVA [Mw 89K-98K, 99+% hydrolyzed, Sigma-Aldrich, Saint 

Louis, MO, USA]) was used as the material for the phantoms. The PVA solution was 

prepared by adding 10 % by weight PVA to 90 % water, and then heated to 90° C 

while being stirred, dissolving the PVA. To solidify the material, freezing was done 

at -18° C for 24 hours followed by thawing at room temperature (+20° C), and then 

the cycle was repeated one more time before the phantom was ready for use. 

3.1.4 Study 1 in vitro phantom 

The phantom used in study 1 was based on a LV with a truncated prolate spheroid 

shape. Phantoms were casted using a 3D printed mold consisting of two parts, which 

had a wall thickness of 10 mm. After PVA was poured into the mold, it underwent a 

total of two freezing cycles of 24 hours. The internal diameter at rest (henceforth 

called end systole [ES]) was 50 mm. Three pairs of sonomicrometer crystals with a 

diameter of 2 mm (SL5-2, Triton Technologies Inc., San Diego, CA, USA) were 
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implanted mid-wall in longitudinal and circumferential direction with 10 mm distance 

between each crystal, and one pair with the crystals at each side of the wall for radial 

direction. The crystals positions were secured by a drop of cyanoacrylate glue. When 

connected to the rig, the phantom was inflated by the water pump, mimicking 

diastolic filling of the LV. Systolic contraction was mimicked as the water was 

pumped back out of the phantom. As the phantom material expanded when inflated, it 

mimicked myocardial relaxation, enabling simulation of strain imaging by 

echocardiography. Different strain values were achieved by using different SV. 

3.1.5 Study 2 in vitro phantom 

The phantom in study 2 was constructed to exert twist when inflated, so a different 

internal geometry was needed. As the phantom in the previous study, this was also 

made of PVA, but casted in two sessions, enabling different rigidity of the two cast 

layers. This permitted a more rigid internal helical structure in the phantom wall, that 

would force the phantom to twist and untwist when inflated and deflated, and at the 

same time avoid any external deformation attachment. The phantom mold was 

designed using computer-aided design software (Rhino 5, Robert McNeel & 

Associates, Seattle, WA, USA) (Figure 9A). The overall design was similar to the 

phantom in study 1, with slightly thicker wall around equator (12 mm) and thinner 

wall at the apex (8 mm). The internal diameter was 42 mm, and the length was 92 

mm. A 3D printed threaded base of acrylonitrile butadiene styrene (ABS) was casted 

into the phantom for easy attachment to the rig. The spiral structure consisted of 8 

continuous PVA-bands encircling inside the phantom wall in parallel at 45° to the 

longitudinal direction at the base and narrowing to 0° to meet at the apex. The spiral 

band thickness was 8 mm at the base and 4 mm at apex. Casting of the phantom was 

done in two steps. The PVA-solution was identical to the solution in the previous 

study. First, the inner spiral structure along with the inner parts of the phantom was 

casted using a 5-part 3D printed mold of ABS plastic (Figure 9B). The mold then 

underwent 5 freezing cycles at the same temperatures as in study 1, but with shorter 

duration of 12 hours freezing and then 12 hours thawing. The four pieces consisting 
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of the outer mold was then detached, and a wider outer mold was attached, allowing 

additional PVA-solution to be added before undergoing one additional freezing cycle 

with the outer layer (Figure 9C). This gave the spiral part of the phantom a total of 6 

freezing cycles, and the outer part only one, resulting in a difference in rigidity 

between the inner and outer layer. This resulted in a phantom with an outer structure, 

similar to the previous phantom, but with a different inner structure, while still 

appearing as a cardiac LV on the ultrasound scanner (Figure 9D). When the phantom 

was connected to the rig pump, it inflated and deflated as the phantom in study 1. The 

helical structure inside the phantom forced the apex to be rotated clockwise during 

diastolic filling, and counterclockwise during systolic ejection when observed from 

the apex. As the basal level was stationary, this generated twisting deformation of the 

phantom. By increasing the SV, the angle of twist also increased. 
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Figure 9. Design and production of the twisting phantom in study 2. 
Schematic view (A). The casted spiral body of the phantom, halfway 
through the process (B). The finished phantom with its outer layer (C). 3D 
ultrasound image of the phantom (D). 
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As for study 1, sonomicrometer crystals were used to measure distance. In this study 

however, we needed to measure rotation in two different planes of the phantom. To 

achieve this, a total of 6 crystals were placed in two group of triangles, one at the 

base, and the other at the apex, making the shape of a triangular antiprism (Figure 

10). 

 

Figure 10. Sonomicrometer crystal setup for twist measurements. The 
crystals were placed in two triangles opposite to each other, to maximize 
the angle between each crystal. One triangle at the apex, and the other in 
the base (A). This resulted in the shape of a triangular antiprism, where all 
crystals could measure the distance to each other (B). 

 

By setting the sonomicrometry up with this configuration, all crystals could measure 

the distance to each other, and thus make it possible to later calculate the cartesian 

coordinates of the crystals using the method of trilateration. Each crystal was placed 

mid-wall and kept in place with a drop of cyanoacrylate glue. 
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3.1.6 Monitoring and logging 

All data from analog instruments were recorded using a digital data logger 

(PowerLab 8/30, AD Instruments, Sydney, Australia) at about 1000 samples/s. For 

study 1, sonomicrometry distance data was measured using a four-channel 

sonomicrometer (Type 120.2; Triton Technologies Inc. San Diego, CA, USA) by 

analog recording of three of the channels with a pair of crystals connected to each 

channel (Figure 11). For study 2, sonomicrometry data from all distances between the 

6 crystals was measured using a digital Sonomicrometer and logging (DS3-8 and 

LabChart Pro v7, Sonometrics Corporation, Ontario, Canada), by digital recording 

using LabChart Pro at 192 samples/s. All sonomicrometer values were measured 

immediately before ultrasound recording, and then turned off because of ultrasound 

interference resulting in artifacts showing up on the ultrasound scanner. To ensure the 

pressure in the phantoms were identical for each recording a micro-tip pressure 

transducer was used (SPC-350, Millar Instruments, Houston, TX, USA). To enable 

stitched volume recordings on the ultrasound scanner, an ECG-signal for each pump 

cycle was required. This was achieved by sending a pulse from the pump to the 

analog data logger for each pump cycle. The signal was then transformed into a 

synthetic ECG-signal, and then fed to the ultrasound scanners ECG input. 

3.1.7 Study 1 data acquisition and analysis 

To create comparable data sets, two groups of recordings using different SVs to 

create variation of strain was carried out using different temporal and spatial 

resolutions. One dataset at HR 60 beats/min with SV ranging 10-150 ml with 10 ml 

step, and one group at 120 beats/min with SV ranging 10-80 ml with 10 ml step were 

recorded. In addition, 7 series were recorded in each group using different temporal 

and spatial resolutions (Table 1) by single-beat 3D echocardiography as well as 2- 

and 6-beat stitched images. In total 161 images were recorded. The different temporal 

resolutions were selected from available scanner presets when sector angle was set to 

75° and the depth range was 0-12 cm. Other acquisition settings were kept constant 

throughout the recordings. 
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Echocardiographic analysis was performed using a commercial software (EchoPAC 

BT11; GE Vingmed Ultrasound AS). For analysis of strain, the 4D Auto LVQ-tool in 

EchoPAC was used. First the images were aligned to keep the LV axis parallel to the 

probe axis. Then, the inner ROI was selected, first in ED, then in ES. After the 

software had traced the lumen of the phantom in every volume recorded, the outer 

part, corresponding to the epicardial border was selected, at both ED and ES. The 

software then calculated STE in each volume. When completed, strain values were 

presented in a 17-segment bull’s-eye-plot (6 basal segments, 6 mid segments, 4 apical 

segments and one segment for the apex), as well as global values for LS, CS, RS and 

area strain. Timings of ES and ED were calculated by the software, with ES being the 

frame with smallest volume and ED being the frame with largest volume. Segments 

adjacent to the crystals were picked to obtain strain in parts represented by the 

sonomicrometer readings, and strain values were read at ES for comparison. 

The corresponding sonomicrometer values were read using a commercially available 

software (LabChart Pro; AD Instruments), with sonomicrometry strain values being 

calculated from the maximum and minimum values of measured lengths during the 

cycles (Figure 11). 
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Figure 11. Screenshot from LabChart. Sonomicrometry curves in row 1-4. 
LS in row 1-2. CS in row 3. RS in row 4. ECG trigger pulse row 6. Phantom 
lumen pressure in row 7. Pump signal in row 8. 

 

3.1.8 Study 2 data acquisition and analysis 

As in study 1, multiple recordings were done using different SVs, with each series 

ranging from 5-105 ml with 5 ml steps. All recordings were done using 60 beats/min 

for a total of 11 series, each using different temporal resolutions (Table 1) by real-

time 3D echocardiography as well as 2-, 4- and 6-beat stitched images. In total 321 

images were recorded. As in study 1, the different temporal resolutions were selected 

from available scanner presets when sector angle was set to 75°. The depth was set 0-

14 cm, and all other acquisition settings were kept constant for all recordings. 
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Table 1. Data acquisition setup for study 1 and 2 

 

 

 

Study 1  Study 2 

 3D strain  3D twist 

 Resting HR Tachycardia  Resting HR 

     

Simulated HR (min-1) 60 120  60 

Volume range (ml) 10 – 150 10 – 80  5 – 105 

Volume step (ml) 10 10  5 

Number of SV (n) 15 8  21 

Images pr SV (n) 7 7  11 

Total images (n) 105 56  231 

     
Volume rates     

Single-beat (VPS) 21.9  25.5 

2-beat (VPS) 18.7, 41.5  14.4, 21.2, 47.9 

4-beat (VPS)   20.3, 27.0, 42.4 

6-beat (VPS) 30.2, 36.6, 52.3, 124.4  17.1, 30.4, 43.2, 63.6 

HR, heart rate; SV, stroke volume; VPS, volumes per second; Comma-separated 

values indicate different volume rates tested. 

 

Echocardiographic analysis was performed using a newer version of the same 

software (EchoPAC BT202; GE Vingmed Ultrasound AS) using the 4D Auto LVQ-

tool. The procedures for analysis were the same as in study 1, but the improved 

software also provided values for rotation, twist and torsion in the result output. 

To analyze twist by sonomicrometry, a custom-made software was written in 

MATLAB (MATLAB 2014b, MathWorks Inc., Natick, MA, USA). This software 

was fed with distance curves from all the sonomicrometer crystal channels, and then 

used the method of trilateration to create cartesian coordinates for each sample. 
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Knowing these coordinates, the relative angle between the two planes were calculate 

using trigonometric functions, outputting a twist curve at the same sample rate as the 

input values (192 samples/s). The sonomicrometry twist value was then measured as 

the difference between maximum and minimum of the twist curve. 

3.1.9 Statistics 

For both study 1 and 2, linear correlation coefficients were calculated to show the 

association between the two methods. Bland-Altman plots were performed to 

evaluate agreement between the two methods, showing the mean difference and 

limits of agreement (±1.96 standard deviations [SD]) as the absolute difference 

between the methods and was calculated for each series41,42. In addition, inter-

observer variability was assessed in study 1, and reported as the mean difference 

between observer 1 and 2, and the intraclass correlation coefficient (ICC). 

3.2 Study 3 

Study 3 is a cross-sectional study using 3D echocardiography on patients with 

different degrees of AS. The aim of this study was to evaluate how 3D STE 

parameters at individual LV levels are affected at different AS stages. In addition, we 

wanted to assess how changes in temporal and spatial resolution would affect the 3D 

STE parameters at individual LV levels. A total of 120 patients previously diagnosed 

with AS at the out-patient clinic, Department of Heart Disease, Haukeland University 

Hospital, were recruited in the study. Inclusion criteria for the study was known AS 

with aortic valve peak jet velocity > 2.0 m/s24. Exclusion criteria were other 

significant valve disease, known CAD, atrial fibrillation (AF), and patients with 

known poor image quality. The study was approved by the Norwegian regional 

committee for medical health and research ethics (2014/1895/REK Nord) and all 

patients gave a written informed consent. 
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3.2.1 Echocardiography 

Patients were examined using a standardized image 2D ultrasound protocol (Vivid E9 

and M5S probe; GE Vingmed Ultrasound). In addition, 2-, 4-, and 6-beat volume 

stitched 3D images were obtained using a 3D probe (4V; GE Vingmed Ultrasound 

AS) with a target volume rate (VR) of 35 volumes per second (VPS), as this was 

close to the VR with highest correlation to sonomicrometer values in study 1 and 2. 

Patients were instructed to hold their breath during recording of each image to 

minimize respiratory image artifacts. 

During image analysis, 7 patients were excluded because of irregular heart rate and 1 

because of diagnosis of previously unknown myocardial infarction with regional 

scarring in the LV. In addition, if the 3D STE algorithm missed more than 3 of the 17 

segments, during analysis, the images were considered of poor image quality by the 

analyzing software and the patient was excluded from the analysis. This accounted 

for 27 patients with 6-beat, 28 with 4-beat, and 48 with 2-beat images. As a result, the 

total number of patients arranged in 3 datasets were 85, 84, and 66, for 6-, 4-, and 2-

beat images respectively. Of the patients in these 3 datasets, 62 overlapped, enabling 

comparison of images. This number was considered too small for segmentation into 

groups by AS severity, and further analysis therefore focuses on the image set with 

85 patients, using 6-beat images. The image set with 62 patients was used to compare 

differences in STE parameters at different resolutions as a single patient group. 

2D Images were analyzed using ImageArena 4.6 (TomTec Imaging Systems GmbH, 

Unterschleßheim, Germany). AS severity was assessed in accordance with ASA/ACC 

guidelines24 by measuring peak jet velocity, mean aortic gradient and aortic valve 

area. Standard LV dimensions were measured using the current guidelines43. Filling 

pressure was estimated using the ratio of peak early trans-mitral blood flow to 

average mitral annular velocity (E/e’)44. Relative wall thickness (RWT) was 

calculated from (2 x posterior wall thickness) / (LV internal diameter at ED)43. 

Initially, quantitative echocardiographic analysis was performed by a junior 
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investigator (EE), and then later proofread by an experienced reader (EG). To 

evaluate apical-basal relationship, apical basal longitudinal strain ratio (ABr) was 

calculated by dividing the mean LS of the 4 apical segments by the mean 6 basal 

segments. 

3D images were analyzed using EchoPAC v202 (GE Vingmed Ultrasound AS). As 

multiple recordings were made, the images with least stitching artifacts were selected 

based on the multi-slice short axis view. All STE data were analyzed using the 

software 4D Auto LVQ tool. LV mass was estimated using 3D measurements from 

ED. 3D STE data containing strain, rotation, twist and torsion data was analyzed in 

the same manner as in study 1 and 2. The resulting data was stored in hierarchical 

data format (hdf5-files). These files provided strain curves in longitudinal, 

circumferential and radial direction as well as area strain for all 17 segments of the 

LV bull’s-eye plot. In addition, it provided rotation curves for basal, mid, apical and 

apex level as well as torsion curves for basal, mid and apical level. The parameter 

called global twist was identical to the difference between apex rotation and basal 

rotation. In addition, rotation and torsion was available for each of the 17 segments.  

3.2.2 Data analysis 

All 3D STE data was provided in hdf-5 files from EchoPAC, with strain and rotation 

values for each of the 17 segments at each frame. Using Python (Python Software 

Foundation. Python Language Reference, version 3.0) and R (The R Foundation for 

Statistical Computing, Vienna, Austria), values for strain, rotation and torsion were 

obtained by averaging the segments involved (Figure 12). Further, twist for 6 possible 

combinations was calculated by subtracting one rotation level from another (Figure 

13). 

For LS and CS, the negative peak was recorded, while for RS, the positive peak was 

recorded. For rotation, positive peaks were recorded for apex, apical and mid-level, 

while basal peak rotation was recorded as the negative peak. Twist rate was 
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calculated as the derivative of the twist values, and the negative peak was recorded as 

peak untwist. 

 

Figure 12. Segmental model containing 17 segments (A). Level model, 
containing 4 levels (basal, mid, apical and apex) (B). Global model (C). 
Corresponding bulls-eye plots at bottom. 
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Figure 13. Combinations for measuring twist in the LV using 3D STE. Apex-
basal (A), apical-basal (B), mid-basal (C), apex-mid (D), apical-mid (E), and 
apex-apical (F). 

 

3.2.3 Statistics 

For statistical analysis, R (R version 3.5.1; The R Foundation for Statistical 

Computing, Vienna, Austria) and SPSS (SPSS version 25; SPSS Inc., Chicago, IL, 

USA) were used. 

Values were reported as mean ± SD. AS patients were divided into 3 groups of 

severity based on peak jet velocity. Mild AS (< 3.0 m/s), moderate AS (3.0-3.9 m/s) 

and severe AS (≥ 4.0 m/s). Comparison between groups was done using one-way 

analysis of variance (ANOVA) with Bonferroni post hoc test to show differences 
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between the groups. Parameters relative to the levels of the LV were compared using 

a mixed two-way ANOVA with AS severity being the group factor (Pg) and LV level 

being the within-factor (Pw). If Mauchly’s test of sphericity was violated, the main 

effect was evaluated using Greenhouse-Geisser adjustment of freedom.  

For data sets of patients where images in 2-, 4-, and 6-beat were available, the strain 

coefficient of variation (CoV) was calculated for each level, as SD / strain average of 

all patients. Resolutions with high CoV were considered of lesser quality, as a 

relatively uniform strain pattern was expected in this patient group. For rotation and 

torsion, the SD was registered for direct comparison. 

Variable associations were assessed by linear regression, first using univariable linear 

regression. Variables with P < 0.10 were included in the multivariable linear 

regression models. In addition, some variables with P > 0.10 were forced into the 

models, if they were presumed relevant for the tested assumption. Multivariable 

linear regression was performed using the stepwise method with results reported as 

standardized beta coefficients (ß) and p. 

Both inter and intraobserver variability were evaluated for 3D STE and reported as 

ICC and the mean difference between the results. P < 0.05 was considered 

statistically significant in all analyses. 
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4. Results 

4.1 Study 1: Evaluation of 3D strain methods 

The aim of this study was to evaluate the accuracy of 3D strain at different temporal 

and spatial resolutions, and to find optimal acquisition settings for best accuracy. A 

total of 161 images were compared from two groups with different HR, and 7 series 

in each group. 

For the category of images at 60 beats/min, LS gave the best correlation at 36.6 VPS 

using 6-beat (Figure 14), with a correlation coefficient of 0.990 and agreement of 

0.83 % ± 1.54 % (mean difference ± limits of agreement). An example of analysis of 

two different VRs is shown in Figure 15. For CS, the highest correlation was also 

found at 36.6 VPS, with a correlation coefficient of 0.989 and agreement of -0.78 % 

± 1.75 %. For RS, the highest correlation was also found at 36.6 VPS, with a 

correlation coefficient of 0.897 and agreement of 16.10 % ± 22.26 % (see Table 1 in 

study 1 for details).  
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Figure 14. Sonomicrometer LS (filled circles) versus 3D STE LS at 36.6 
VPS using 6-beat at HR 60 min-1 (white squares). 

 

The category of images recorded at 120 beats/min showed LS with highest 

correlation at 36.6 VPS with 6-beat, with a correlation coefficient of 0.956 and 

agreement of 2.57 % ± 2.40 %. CS had highest correlation at 30.2 VPS at 6-beat, with 

a correlation coefficient of 0.967 and agreement of -1.20 % ± 2.26 %. RS had highest 

correlation at 36.6 VPS with correlation coefficient of 0.993 and agreement of 5.08 % 

± 8.10 % (see Table 2 in study 1 for details). 

As for intraobserver variability, the VR with highest correlation coefficient, 36.6 VPS 

with 6-beat, had a mean difference of -0.6 % ± 1.4 % for LS, -0.2 % ± 0.7 for CS and 

1.1 % ± 2.0 % for RS at the same VR. Intraclass correlation was 0.97, 0.99 and 0.99, 

respectively. 
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Figure 15. Scatter plots for 3D STE LS vs sonomicrometer LS (left) with 
corresponding Bland-Altman plots (right) for single beat at 21.9 VPS (A & 
B) and 6-beat at 36.6 VPS (C & D). 

 

4.2 Study 2: Evaluation of 3D STE based rotation, twist 
and torsion methods 

The aim of this study was to evaluate the accuracy of 3D STE derived twist, and to 

find the optimal temporal and spatial resolution. To achieve this, a total of 321 

images were recorded in 11 series using different temporal and spatial resolutions, 

with 21 images in each series. 
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The recorded images of the phantom had an increasing sonomicrometer twist, from 

2.0° to 13.8° with increasing SV. The corresponding 3D STE twist varied from 0.9° 

to 14.3° in 6-beat images with a VR of 17.1 VPS (Figure 16). 

 

Figure 16. Sonomicrometer twist (filled circles) versus 3D STE twist at 17.1 
VPS using 6-beat (white squares). 

 

Correlation and Bland-Altman analysis showed the best correlation between 3D STE 

and sonomicrometry was found in recordings done at 17.1 VPS with 6-beat, with a 

correlation coefficient of 0.977 and agreement of 0.45° ± 1.31°. Best agreement was 

found at 20.3 VPS using 4-beat, with a correlation of 0.973 and an agreement of -

0.17° ± 1.91°. Other series showing good correlation was 2-beat at 14.4 VPS, 4-beat 

at 27.0 VPS and 6-beat at 30.4 VPS with correlation coefficient of 0.960, 0.942, and 
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0.944, respectively. Two examples of twist with different VRs are shown in Figure 

17. 

 

Figure 17. Scatter plots for 3D STE twist vs sonomicrometer twist (left) with 
corresponding Bland-Altman plots (right) for 4-beat at 20.3 VPS (A & B) 
and 4-beat at 27.0 VPS (C & D). 

 

4.3 Study 3: Deformation at LV levels of AS patients 

The aim of this study was to evaluate LV deformation at different levels of the LV in 

AS patients with different disease severity. 
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4.3.1 Comparison of groups by AS severity 

A total of 85 patients were analyzed and divided into 3 groups based on AS severity 

graded by peak jet velocity in accordance with the American guidelines24. This 

resulted in 32 patients with mild, 31 with moderate and 22 with severe AS. 

Symptoms of dyspnea (New York Heart Association functional class II-III) were 

reported by 6 patients with moderate AS and 7 patients with severe AS, while no 

patient reported angina or syncope. Mean age was 72 ± 12 years, and 49 % were 

women. 

Severe AS patients had higher LV filling pressure (E/e’, P = 0.005) and RWT (P = 

0.017) than patients with mild and moderate AS. GLS was found to be lower in 

patients with severe compared to mild and moderate AS (P = 0.002). No significant 

difference was found in GCS between the groups. Severe AS patients also had higher 

apical-basal peak twist than both mild and moderate AS patients (P = 0.003), while 

mid-basal peak twist in severe AS patients was higher than for moderate AS (P = 

0.003). Peak untwist was higher in severe AS patients compared with the other 

groups (P = 0.002). Relative apical LS was higher in patients with moderate than mild 

AS (P = 0.012), which was the only parameter that was found to be different between 

these two groups. 

Concerning level specific 3D STE results, LS was higher in the basal than apical 

level for all groups. Apical LS was lower in severe AS than in moderate AS, while 

both mid and basal LS was lower in severe AS than in mild AS (Figure 18). Also, CS 

was higher in apical than basal levels, while no differences were found between the 

groups. ABr showed significant difference between mild and moderate AS. For 

rotation, apex, apical, and mid-levels showed positive (counterclockwise) peak 

values, with apex being the highest, while the basal level showed negative 

(clockwise) peak values. Apex rotation showed higher dispersion than the other 

layers (Figure 19). Severe AS patients had higher peak values in basal rotation than 

mild AS patients. No difference in torsion was found between the groups. 
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Figure 18. Curves for mean GLS and mean LS at apical, mid and basal 
level in the LV for mild, moderate and severe AS. The grey areas represent 
SD of the curves. n = 32, 31 and 22 for mild, moderate and severe AS 
respectively. 
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Figure 19. Mean peak rotation curves at apex, apical, mid and basal level in 
the LV for mild, moderate and severe AS. The grey areas represent SD of 
the curves. n = 32, 31 and 22 for mild, moderate and severe AS 
respectively. 
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In univariable linear regressions, lower 3D GLS, was associated with higher RWT (ß 

0.33), peak jet velocity (ß 0.41), LV mass (ß 0.47), male sex (ß 0.42), and Body Mass 

Index (BMI) (ß 0.29), and with presence of AS symptoms (ß 0.35) (all P < 0.05). In 

multivariate linear regression, lower GLS was associated with higher peak jet 

velocity, BMI, and with male sex. 

For apical-basal twist, higher RWT (ß 0.24), E/e’ (ß 0.45) and peak jet velocity (ß 

0.36), were associated with higher peak twist, while higher GCS (ß -0.48) and BMI (ß 

-0.36) were associated with lower peak twist. These associations were also significant 

in a multivariate model. No significant association between apical-basal twist and 

presence of AS symptoms was found, neither in uni- nor multivariate models. 

4.3.2 Comparison of results by different number of stitched 
volumes 

Images acquired using 2-, 4- and 6-beats had VRs of 22 ± 2, 29 ± 4, and 36 ± 6, 

respectively, with results shown in Table 2. For GLS, 2-beat had higher values than 

4- and 6-beat images (-17.0 ± 3.5, -15.5 ± 2.8 and -15.3 ± 2.4 %, respectively). BLS 

had no difference between the methods, while both mid longitudinal strain (MLS) 

and apical longitudinal strain (ALS) had higher values for 2-beat than for 4- and 6-

beat. Inter segmental CoV for LS was slightly higher for the 2-beat method than for 

4- and 6-beat, with 6-beat ALS having the lowest inter segmental CoV. 

GCS also had higher values for 2-beat than 4- and 6-beat (-18.8 ± 4.0, -17.3 ± 3.7 and 

-17.3 ± 3.6 %, respectively). Basal circumferential strain (BCS) and mid 

circumferential strain (MCS) had no difference between the methods while apical CS 

was higher for 2-beat than for 4- and 6-beat methods. For CS, BCS had higher inter-

segmental CoV for all methods than MCS, and apical CS had the lowest inter 

segmental CoV. 

Results for different number of stitched volumes for 3D STE rotation, twist and 

torsion using 2-, 4-, and 6-beat images are shown in Table 2. No difference in rotation 
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between the methods was found. Mid-level rotation showed 6-beat being lower than 

2-beat. No difference between methods was found for apical rotation. 

As for rotation, also mid-level torsion was lower for 6-beat than 2-beat, while there 

was no significant difference between the methods in the other levels, nor globally. 

 

Table 2. Differences between 2-, 4-, and 6-beat, measuring different 
deformation parameters. n = 62. 

  Mean ± SD  Inter-segmental CoV 

Deformation form Level 2-beat 4-beat 6-beat ANOVA P 2-beat 4-beat 6-beat 

Longitudinal 

strain (%) 

Basal -17.8 ± 4.8 -16.8 ± 4.5 -17.1 ± 3.6 0.402 34.5 34.9 34.5 

Mid -16.3 ± 4.3 -14.9 ± 3.6 -14.5 ± 3.5 0.019†‡ 31.4 29.9 29.9 

Apical -16.8 ± 4.3 -15.1 ± 3.1 -15.1 ± 3.0 0.008†‡ 30.6 28.5 24.9 

         
Circumferential 

strain (%) 

Basal -12.9 ± 4.4 -14.2 ± 4.2 -13.1 ± 3.2 0.168 106.7 71.7 74.4 

Mid -12.9 ± 3.9 -16.7 ± 3.6 -17.0 ± 3.5 0.406 43.0 36.9 30.3 

Apical -22.1 ± 6.2 -19.0 ± 4.8 -20.3 ± 5.4 0.008†‡ 26.8 29.4 23.4 

      Inter-segmental SD 

      2-beat 4-beat 6-beat 

Rotation (°) Basal -2.3 ± 2.1 -2.2 ± 2.1 -2.4 ± 1.6 0.840 2.9 2.0 2.3 

 Mid 2.1 ± 1.7 1.9 ± 1.6 1.7 ± 1.5 0.245 2.5 2.1 1.8 

 Apical 7.0 ± 2.8 6.4 ± 3.4 6.5 ± 3.0 0.468 3.0 3.3 3.2 

         
Torsion (°·cm-1) Basal 1.2 ± 1.3 1.3 ± 1.2 1.3 ± 1.0 0.874 2.2 1.6 1.6 

 Mid 2.8 ± 1.3 2.6 ± 1.1 2.4 ± 1.1 0.028†‡ 2.1 1.6 1.5 

 Apical 2.1 ± 2.5 2.5 ± 1.8 2.6 ± 1.8 0.102 2.3 2.4 2.4 

SD, standard deviation; CoV, coefficient of variation; † denotes P value for 

difference between 2-beat and 4-beat; ‡ denotes P value for difference between 2-beat 

and 6-beat. 
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4.3.3 Inter and intra observer variability 

Both inter- and intraobserver variability for strain showed good reproducibility with 

ICC 0.914, 0.879, 0.916, and 0.878, for inter-observer GLS, inter-observer GCS, 

intra-observer GLS, and intra-observer GCS, respectively. For rotation, best 

agreement was for apical rotation, with ICC of 0.972 and 0.973 for inter- and intra-

observer, respectively. 
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5. Discussion 

The use of 3D STE for LV deformation measurements depends on a chosen balance 

between spatial and temporal resolution to achieve the most accurate results. This 

balance may vary with different deformation parameters, and with the region of the 

LV under investigation. The current thesis demonstrates the accuracy of 3D STE, 

how its derived measurements can be evaluated, the optimal balance be found, and 

explores how 3D LV deformation parameters vary between groups of patients with 

variable degree of AS  

5.1 Evaluation of 3D STE in LV phantoms 

The purpose of the 3D STE evaluation in this thesis is not only to assess its accuracy, 

but also to determine the optimal balance between temporal and spatial resolution. To 

achieve this, an in vitro setup was needed, to assure maximum reproducibility in each 

situation. Methods evaluated in these setups need to be tested against known values 

of what is being measured; a gold standard. In most cases, gold standards are other 

methods being considered de facto standards, or the best known methods available. 

Other setups include in vivo, such as animal setups, which allow highly invasive 

measurements for comparison45-47. Patient studies are rarely undertaken with high-

risk invasive procedures, unless clinically indicated, although a few publications on 

clinical use of sonomicrometry was undertaken during cardiac surgery in the 

1980’s48,49. More frequent a comparison of two non-invasive methods, such as 

ultrasound, CT or MRI, that have low or no known risk of adverse effects or harm, is 

carried out50. Nonetheless, it is hard to ensure an identical situation when carrying out 

two different measurements in one patient, since multiple factors can influence the 

result of the measurements. Animal studies may to some degree be controlled, 

regarding factors influencing measurements, even though hemodynamic factors and 

unanticipated events may impair results. However, in vitro setups with high 

reproducibility will secure low dispersion of repeated measurements and assure 
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similar conditions for both methods being evaluated, and was therefore chosen for 

studies 1 and 2. 

5.1.1 Phantom material 

The ability to simulate “myocardial” ultrasound measurements in vitro requires a 

material that can produce a realistic ultrasound image resembling the myocardium, as 

well as being deformed without being impaired or weakened. For in vitro LV 

evaluation, both cadaver hearts51,52 and synthetic models have been used53,54. Cadaver 

hearts are difficult to use in an in vitro model where you want to do repeated 

measurements, guaranteed to replicate the same values, as cadaver hearts gradually 

changes compliance with time. 

Different synthetic materials have been suggested, such as gelatin55 or combinations 

of glass-powder and agar56, gelatin and dietary fiber57,58, and silicone rubber59, chosen 

for their near myocardial tissue sound velocity. Many of these phantoms, however, 

have poor mechanical qualities as they lack firmness, durability and the elasticity to 

be ideal for deformation studies. 

A well tested phantom material for ultrasound studies is PVA, which is a synthetic 

polymer. As PVA also is water soluble, a liquid solution can be made, that 

crystallizes and solidifies after being frozen and then thawed. The property of PVA is 

then elastic, which enables it to be stretched or deformed. Additional freezing cycles 

increases the rigidity of the material, making it stiffer, as well as increasing the sound 

wave velocity. PVA was initially used as material in in vitro MRI phantom studies60, 

but has since also been used as acoustic LV phantom material due to its ability to 

increase its firmness with increasing freeze-thaw cycles as a cryogel54,61. Sound 

velocity in PVA has been reported to range from 1520 to 1540 m/s, depending on 

number of freeze-thaw cycles62,63. Further increase of velocity up to 1570 m/s has 

been achieved by adding glycerol to the PVA solution64, which is close to the 

acoustic velocity in healthy myocardium of 1597 ± 6 m/s65. Small differences in 

velocity may have an impact in direct distance measurements. B-mode ultrasound 
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images of PVA show small irregularities that resembles the speckles in conventional 

ultrasound images, making it usable for STE. To increase this scattering, some 

studies have added small amounts of graphite or glass powder to give the impression 

of more speckles66. Similar setups using inflating LV-phantoms of PVA have been 

used in other studies53,63. 

5.1.2 Phantom design 

Both phantoms used in this thesis used the shape of a truncated prolate spheroid, 

which is frequently being used as a good model for left LV mechanics and has been 

used for simulations and similar settings in other studies67-69. Some other studies have 

also included a right ventricle in the phantoms46,63, but we found this to be less 

relevant for strain evaluation, since the main purpose of the study was to evaluate the 

measurement of strain on a general basis, and a truncated prolate spheroid was less 

complex. Furthermore, this symmetric shape will ensure approximately even 

distribution of stress in the phantom wall during inflation. 

Phantoms for evaluation of 2D STE twist have been used by simply twisting the 

phantoms mechanically from both ends70 and acquiring the 2D images from short 

axis views at mid-level of the phantom. For 3D STE twist, the ultrasound probe needs 

to be oriented from the apex, requiring the twist force to come from elsewhere. Other 

studies by the same group performed 3D STE twist studies using mechanical 

appliances connected to the apex of cadaver hearts51,52. The apical attachment of this 

setup may however interfere with the ultrasonic image. Besides, as this was in 

cadaver hearts, it would be harder to attach high force mechanical appliances to the 

weaker PVA material of the phantom. Another solution explored was to have the 

twisting drive force from inside of the phantom, but this would also give ultrasonic 

artifacts as such a device would generate high echogenic signals. 

5.1.3 Deformation reference 

Sonomicrometry has been used as a method for measuring contractility both in 

vivo50,71 and in vitro46,72,73 for decades. The method uses two piezoelectric crystals 
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and measures the distance between them in a medium with known acoustic velocity 

using ultrasound.  

Sonomicrometers are usually calibrated for myocardium or muscular tissue velocities, 

and when using other materials such as water, which has a lower acoustic velocity of 

around 1481 m/s, it may introduce a bias of increased length measurements in water. 

The acoustic velocity in water may be increased by adding salt. The velocity in our 

phantom material was slightly lower than in intact myocardium74, but the difference 

was not considered to have any impact on our studies since both strain and twist 

measurements are relative measures, and any acoustic velocity bias should therefore 

not influence the results. 

For deformation evaluation, strain can easily be calculated by using the Lagrangian 

formula. Evaluation of twist measurements is more challenging. The studies of 

Ashraf and Zhou51,52,70 used the direct value from the driveshaft as a reference for 

rotation. One other method considered was using high framerate video of the 

phantom at the apex, to manually read the rotational value from optical images. The 

method chosen, using sonomicrometers for twist measurements, has been 

demonstrated in vivo in dogs, and compared to 2D rotation71. A similar setup has also 

been used in open-chest pigs, using 3D echocardiography75. 

5.1.4 Strain evaluation 

The results of study 1 showed best accuracy for both LS and CS for images at 36.6 

VPS using 6 beats at HR 60. Higher VR gave poorer spatial resolution and lower VR 

gave poorer temporal resolution. Optimal VR could be different at other HRs, but 

data from study 1 also showed best accuracy for HR 120 at low VRs. This finding 

suggests high temporal resolution is less important for 3D STE than for 2D STE. 

We obtained an excellent correlation and small errors between 3D STE and strain 

from sonomicrometry. This shows that our setup was well suited for in vitro testing 

of strain measurements. Other studies have shown the dependence of FR for 2D STE 
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strain measurements76,77 with lower FR giving lower strain values already at 30 FPS 

and require at least 40-60 FPS to measure strain accurately78. The 3D STE method 

seems not that sensitive to low VR with our best results at a VR of 36.6 VPS. The 

reason for this could be complex, but an important factor is that for 3D analysis we 

are following the movement of a speckle pattern in 3D space and not in 2D frames. 

This is even more important for CS where 2D recording involves the in-and-out of 

plane motion of the heart79. 

An in vivo study in animals by Seo et al using sonomicrometry also found good 

correlation for both LS, CS and RS80, although different temporal and spatial 

resolutions were not evaluated. This was investigated for 3D STE in a clinical study 

by Yodwut et al, using different number of stitched images with VR from 5 to 25 

VPS22, who concluded low temporal resolution did not compromise the results in 

agreement with our study. The effect of number of stitched images is discussed 

further in section 5.3.2. 

5.1.5 Twist evaluation 

As early as 2005, Notomi et al showed a large variation in measured twist from 2D 

short axis recordings in normal individuals81. Thus, the obvious improvement was to 

introduce 3D recordings for twist measurements. However, 3D STE acquisition has 

its challenges with VR and resolution as Study 2 shows. The result of our study 

demonstrates that the accuracy of twist measurements with 3D STE depends both on 

the VR and on the number of beats included in the stitched analysis. Accuracy was 

good for both 4- and 6-beat images for VR as low as 17 VPS, and best accuracy was 

found with VR between 17 and 30 VPS for both 4- and 6-beats. Good accuracy was 

also found for 2-beat at 14.4 VPS. Higher VR had a slight tendency to underestimate 

3D STE twist compared to sonomicrometry. Precision was in the same area for most 

measurements, except images with higher VR. 

These findings suggest 3D STE twist is even less dependent on temporal resolution 

than 3D STE for LS and CS in study 1, where best accuracy was found at around 36.6 
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VPS. As with CS, 3D STE twist is mostly dependent on motion tracking in the lateral 

directions, and rotation accuracy should therefore be higher in the apex, where lateral 

resolution is better. This need for high beam density to include enough speckles for 

lateral tracking can explain why high spatial resolution is favorable for 3D STE twist. 

Clearly, the method in both study 1 and 2 omits several obstacles that are present in 

clinical echocardiography, and ensures identical heart cycles, ideal for repetitive 

measurements in a controlled environment. 

5.2 Use of 3D STE in patients with AS 

Cardiac remodeling in pure AS consists of LV hypertrophy in response to chronic 

pressure overload, typically hypertrophy of concentric type, i.e., increased LV mass 

with increased RWT. However, cardiac remodeling may be influenced by co-

morbidities like hypertension, obesity and CAD, or if a combined AS and 

regurgitation is present82-84. 3D STE is an ideal tool for evaluating the concomitant 

changes in LV deformation, both globally and regionally. 

During AS progression, LV GLS is reduced and LV twist increase36,85. LV strain is 

affected as myocardial fibrosis progresses, and 2D studies have shown subclinical 

dysfunction to be detected by strain before AS patients develop symptoms32. Strain, 

and particular LS, may therefore better reflect the progressive changes in long axis 

function than EF in chronic pressure overload conditions, such as AS. 

5.2.1 3D strain 

Reduced global multidirectional strain, and particularly GLS, has been documented in 

severe AS in multiple studies, both for 2D28,29,86,87 and 3D echocardiography85. These 

studies, however, were mainly focusing on global strain rather than regional 

differences, which may be evident at earlier stages of AS. Study 3 looked at 3D strain 

in patients with AS, both globally and at different LV levels. Although the findings in 
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study 3 indicated lower global strain in all directions in patients with severe AS, only 

3D GLS was significantly reduced compared to mild and moderate AS. 

3D longitudinal strain 

One important reason for investigating LV deformation in patients with AS is finding 

the optimal timing of valve intervention. Describing changes in deformation at 

different stages of disease would be beneficial to identify earlier LV dysfunction in 

AS. 2D GLS reduction has shown to appear before EF reduction, which has led to the 

proposal of introducing 2D GLS in the regular follow-up and before intervention in 

patients with asymptomatic AS88. 

When looking at regional LS by level, our 3D STE study found significant 

differences between mild and severe AS in BLS and MLS, and between severe and 

moderate AS for ALS (Figure 20A). Although apical strain was not significantly 

higher for moderate than mild AS, the apex can still play a compensatory role in lost 

basal and MLS. This is supported by our findings of higher ABr in moderate 

compared to mild AS. In this case, regional strain would be more interesting than 

global strain in identifying early signs of LV dysfunction during AS follow up. 
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Figure 20. Peak LS for mild, moderate, and severe AS in basal, mid and 
apical level (A). Peak rotation for mild, moderate, and severe AS in basal, 
mid, apical and apex level (B). Mean ± SEM is shown. 

 

Other studies have shown significant reduction of 2D STE BLS in patients with 

symptomatic compared to non-symptomatic AS32,33. Study 3 had too few patients for 

any direct comparison between asymptomatic and symptomatic AS patients. 

Study 3 also investigated 3D CS in AS patients. As expected, CS was highest in 

apical and lowest in basal levels. However, no difference in GCS or level related CS 

was found between the AS-groups in this study, although a difference would be 

expected, as other studies have found GCS to increase in patients with AS. Carasso et 

al found GCS to increase, and then be reduced when patients became symptomatic87, 

and they therefore proposed that CS has a compensatory mechanism for the loss of 

LS. This has also been found in a simulation study by Stokke et al27 based on 

echocardiographic data from 100 patients with different types of heart disease other 

than AS, where GCS was shown to contribute more than twice as much as GLS in 

preserving EF and supported the hypothesis that loss in GLS is compensated by GCS. 

Indeed, one study claim to have found higher GCS using 3D STE in patients with AS 

compared to normal values from other studies in literature89, however with other 
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equipment than in study 3. Another study using similar equipment as in study 3 found 

no difference in GCS between controls and severe AS using 3D STE90. A study on 

multidirectional strain in patients with variable degree of AS using 2D STE found 

lower strain in all 3 axes in patients with severe AS91. 

The failure of study 3 to find any difference in GCS may be related to higher 

variation in CS, since the apical short axis resolution of 3D STE is lower than for 2D 

STE parasternal short axis (Figure 21). 3D STE LS, on the other hand, had partially 

good resolution, as both 2D STE and 3D STE have high resolution in the axial 

direction (Figure 6). 

 

Figure 21. The difference in lateral resolution in short axis planes acquired 
by 3D echocardiography shown schematically. This poses a problem in 
STE-analysis of short axis images distant to the probe (D1), where 
resolution is lower (W1), while close images (D2) have high resolution (W2). 
Other factors, such as beam focusing may also influence spatial lateral 
resolution. 
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5.2.2 The role of deformation at different levels of the LV in AS 

It has been shown that myocardial fibrosis in patients with AS initiates in the basal 

levels of the LV myocardium in mild cases and advance towards the apex in AS 

patients with severe myocardial fibrosis92. It therefore seems likely that LV 

deformation should be affected in these basal regions of the LV at an earlier stage 

than apical regions. Furthermore, global deformation measurements may mask any 

compensatory effect of other myocardial regions to account for any loss of function. 

Such effects may be present at early stages in disease, and gradually loss of 

deformation may be preserved by the work of compensatory regions up to a point 

where the work burden of these regions is overloaded, and the global function is 

affected. 

At present, few studies are known to evaluate regional strain differences in patients 

with AS using echocardiography. One study by Dahl Pedersen93 have directly 

compared ALS to BLS in patients with AS using 2D STE. This study retrospectively 

divided a population of 499 patients with AS into groups by ABr and compared them 

regarding survival after TAVI. Their study draws a direct connection of the findings 

to the relatively high prevalence of transthyretin amyloidosis cardiomyopathy 

(ATTR-CM) among patients with AS (16%) found in another study94, although no 

data of ATTR-CM was reported in the study by Dahl Pedersen. Neither study 3 of 

this thesis included information on ATTR-CM (see also section 5.4.1). Dahl Pedersen 

also found that GLS is relatively unaffected by ABr, except when the ratio is extreme 

(ABr > 4), which can support the previous theory of ALS having a compensatory 

effect on the loss of BLS in severe AS. 

Study 3 found higher ABr in mild than moderate AS. Reduced BLS with 

compensatory increase in ALS could explain this difference, and at the same time 

preserve GLS in patients with mild AS. 

Some 3D STE studies have reported deformation at different levels of the LV in non-

AS subjects. Kaku et al found LS to be highest in the apical and lowest in the basal 
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segments95, while Kleijn et al found LS be highest in basal levels and lowest in mid 

levels96, although both these studies were on normal subjects without AS. It is also 

worth mentioning that they used different ultrasound scanners and 3D STE analyzing 

software compared to the present study. 

5.2.3 3D rotation, twist, and torsion 

The fiber orientation of the LV result in the wringing motion of during contraction. 

This was observed in all 3 groups of AS patients, where the apex had positive peak 

systolic angle, while basal levels had negative peak systolic angle, resulting in 

positive systolic twist (Figure 20B). Computer models have shown that less 

sarcomere shortening is needed when twist is included in keeping normal EF7. The 

fully effect of this mechanism is not completely understood, and several explanation 

models have been proposed8,9. 

In line with previous 2D STE studies35,37, study 3 also found increased twist in 

patients with severe AS. A significant change was found in apical-basal twist as well 

as mid-basal twist. A tendency of increased variation in peak rotation was observed 

towards the apex, which indicate a possible explanation of why no significant twist-

change was observed in levels involving the apex, as illustrated in Figure 19. This is 

paradoxical regarding measurement accuracy, since increased variability would be 

expected distant from the probe, where lateral resolution is lower, as illustrated in 

Figure 21. This may be a limitation to current ultrasound equipment or the STE 

algorithms and is discussed in more detail in section 5.3. 

In literature, the terms, rotation, twist and torsion are often used interchangeably for 

any rotational deformation of the LV, and several studies have been published using 

different rotational parameters in patients with AS. As most other studies on twist in 

AS patients used 2D echocardiography35,37,97,98, they are not affected by resolution in 

the axial direction to the same degree as 3D, as lateral resolution distant to the probe 

can be kept higher than for 3D. Many 2D STE studies therefore exclusively look at 

apical rotation instead87, which in many cases can be closely related to twist, since the 
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basal level contributes in a lesser degree to LV twist than the apex. Apex rotation is 

probably closer related to apex-mid twist, where the mid-level is close to stationary 

regarding rotation. Strictly speaking, rotation is not deformation, since the change is 

relative to the observer, not the object itself. For true deformation to be measured, the 

relative angular measurement planes need to be within the same deformation 

material. 

Our study 3 also found that patients with severe AS had significant higher peak 

rotation in the basal level of the LV compared to both mild and moderate AS. This is 

notably, since significantly lower strain compared to mild AS was found in the same 

level. However, this may not need to be related, and it is hypothesized that an 

increase in wall thickness may lead to increased rotation and twist4,38, which has been 

shown in patients with hypertrophic cardiomyopathy (HCM)99,100 and hypertensive 

patients with concentric hypertrohy101. The opposite has been found in patients with 

dilated cardiomyopathy (DCM)102, where LV twist is lower than normal subjects. 

While both subendocardial and subepicardial fibers are helically aligned in each 

direction , and the force of subendocardial fibers are stronger, the increased torque 

produced by the subepicardial fibers with their bigger radius causes them to dominate 

the twist direction103. This is relevant for AS, as the pressure overload leads to 

increased wall thickness, and a linear trend in LV twist has been shown at increasing 

afterloads for both HCM and AS37. Increased twist with increased wall thickness is 

also supported by both uni- and multivariable regression in study 3, where RWT was 

analyzed as a covariate of apical-basal twist. 

The prognostic role of apical rotation in AS is undetermined as previous studies have 

found diverging results. A study by Holmes et al97 on 82 patients using 2D STE 

found increased mortality to be associated with high apical rotation regardless of 

AVR-treatment. The same study hypothesized that apical rotation acts as a 

compensatory mechanism to maintain cardiac output in patients with AS and severe 

LV hypertrophy. A more recent study conducted by Erhart et al98 on 146 patients 
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using 2D STE found survival to be greater in patients with high peak apical rotation, 

contradictory to the study of Holmes et al. The finding of increased twist in severe 

AS should therefore not necessarily be characterized as “good” or beneficial and 

could be a marker of early reduced LV function. 

Study 3 had too low VR to evaluate untwist rate, with untwist taking place over just 

2-3 volumes. 

5.3 Optimal settings for 3D STE acquisition 

For most echocardiographic equipment today, acquisition settings available for the 

operator are limited. Resolution is usually determined by the setting of VR, sector 

width, beam depth and fundamental/octave frequencies. In addition, the choice of 

either single, 2, 4 or 6 ECG-triggered stitched images can increase spatial resolution, 

but at the cost of potential splicing artefacts. To increase either temporal or spatial 

resolution, one can adjust any of these settings, usually resulting in a drop in the other 

resolution factor. 

This resulted in a large gap between tested values of VR. While the spatial resolution 

had no quantifiable value on the scanner, it was just left assumed that the spatial 

resolution was higher when temporal resolution was low. 

5.3.1 Accuracy, precision and reproducibility 

In study 1 and 2, we assess accuracy of 3D STE strain and twist. We try to find out 

how close our measured data is to the true value, where the mean difference of 

repeated measurements could be defined as the accuracy of the method. In reality we 

have no true value, and therefore use sonomicrometry as a substitute method. We 

consider values from this substitute method as the closest available to the true value, 

defined as the gold standard. What we find in studies 1 and 2 is strictly not the 

methods accuracy as a quantifiable variable, but the agreement between 

sonomicrometry and 3D STE41,42. Even though we do not measure true accuracy, we 
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consider the method with values closest to the gold standard the most accurate 

method. 

As we only rely on the mean value of repeated measurements for mean difference, 

our measured values could be imprecise, but still have a mean value very close to the 

gold standard. Other methods could have much less dispersion but have a mean 

difference further away from the gold standard. This is observed for 3D STE twist in 

Figure 17B, where difference between sonomicrometry and 3D STE twist using 4-

beat at 20.3 VPS have a medium dispersion, while the mean difference is close zero. 

Figure 17D, showing 3D STE twist using 4-beat at 27.0 VPS, have less dispersed 

difference between methods, but the mean difference is further away from zero. The 

interpretation of the two methods in Figure 17 would thus be that 3D STE twist at 

27.0 VPS have less accuracy, but better precision than 3D STE twist using 4-beat at 

20.3 VPS. 

If the mean difference between methods, as shown in figure Figure 17D, is 

reproduced by other observers and other equipment, the mean difference could be 

considered a consistent bias compared to the other method. The method could thus be 

calibrated to have better agreement. 

Good accuracy is dependent on high reproducibility. Study 1 assessed inter observer 

variability to evaluate reproducibility with low difference between observers, 

indicating good reproducibility for both LS, CS and RS. Study 3 assessed both inter- 

and intra-observer variability to evaluate reproducibility in clinical use of 3D STE. 

For strain, both LS and CS had low difference for both inter and intra-observers for 

both global and regional measurements. For 3D STE twist, lower difference was 

found for both inter- and intra-observer in basal, mid and apical segments, but with 

more difference in the apex. This indicates good reproducibility for both in vitro and 

clinical 3D STE in basal to apical levels. 
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5.3.2 Number of stitched images 

Study 1 and 2 did not consider the factor of splicing artefacts that can appear 

depending on the operator and patient, as it was not relevant to these studies. The 

results of these two studies must therefore be considered to apply under ideal 

conditions. The results of study 1 showed images at 36.6 VPS using 6 beat to give the 

most accurate LS-values, while in a clinical setting 4 beats may be more appropriate. 

Study 2, which used both 2, 4 and 6 beats, showed good accuracy for both 4 and 6 

beats when measuring twist. 

For the clinical data in study 3, accuracy could not be assessed without a gold 

standard, however the 3D STE data from 2-, 4- and 6-beat can be compared to each 

other directly (Table 2). In addition to ANOVA analysis, CoV was calculated for 

each level in the LV for LS and CS. For LS 2-beat showed higher values in mid and 

apical levels than 4- and 6-beat, while there was no difference between 4- and 6-beat. 

For LS, there was little difference between CoV, indicating that 4- and 6-beat is 

comparable in terms of LS accuracy. 

For CS, apical strain was higher for 2- than 4- and 6-beat, but not in other levels. CoV 

for CS showed lower CoV in apical levels and highest CoV in basal levels. This 

finding is coherent with the fact that CS depends on lateral resolution, and that 

resolution decreases further away from the probe (Figure 21). 

For rotation, there was no significant difference using different number of beats, 

although there is a tendency for 2-beat to have higher peak rotation values than 4- and 

6-beat. Torsion values are also comparable for 4- and 6-beat. We also saw a larger 

number of 2-beat images with 3D STE tracing errors, probably due to the algorithm 

having problems tracking at lower spatial and temporal resolution. 

These findings suggest 4- and 6-beat is comparable in terms of accuracy, which is 

consistent with the findings of Yodwut et al22, although temporal resolution was 

much lower in that study. 
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5.3.3 Volume rate and heart rate 

The patients HR will also affect 3D STE accuracy, with fewer volumes per cycle 

when HR increases. Study 1 included both HR 60 and 120 beats/min, while study 2 

used HR 60. One might consider increasing VR to keep number of volumes per cycle 

at for example 30, when HR increases, but at the same time the spatial resolution 

drops. Both study 1 and 2 implies that spatial resolution might be more important 

than temporal resolution for 3D STE. This is evident in study 1, where best accuracy 

at HR 120 beat/min for LS and CS was found between 36.6 and 30.2 VPS. 

5.3.4 Other factors influencing accuracy of 3D STE 

Studies 1 and 2 have shown that 3D STE measurements have good agreement, even 

with low temporal resolution. While temporal and spatial resolution are the most 

important factors influencing 3D STE accuracy, other factors, such as transducer 

settings and frequency may also influence the results and accuracy104. 

Artifacts generated during acquisition affects image quality, and thus accuracy. 

Usually these can be patient movement or respiration, resulting in stitching artifacts. 

Recording images with the patient holding breath requires good cooperation between 

the patient and the operator. 

Another factor affecting accuracy and reproducibility is the operator analyzing the 

images. Different experience and training may influence the results, and even 

experienced operators may have different habits when analyzing, such as defining 

limits and ROI of the LV. 

One obvious factor affecting accuracy is the difference in software algorithms. Some 

algorithms allow changes in temporal and spatial smoothing, in which exaggerated 

smoothing may flatten the results, although studies on 2D STE have shown these 

changes to be minor105. 3D STE algorithms are different, and some may have more 

difficulties tracking the myocardial ROI than others. The same applies for calculation 

of variables, such as GLS and twist, from the speckle patterns generated by 3D STE, 
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which may be based on different algorithms. Most algorithms may also have different 

methods of defining ED and ES, and small changes in these variables may influence 

3D STE parameters notably. These vendor differences in 3D echocardiography are 

well known106, and must be considered when 3D STE results from different 

examinations with different vendors are being compared. 

5.4 Limitations 

Ultrasound phantom images in study 1 and 2 were used to mimic the movement and 

deformation of the LV. Although similar movement to the LV, there were many 

dissimilarities. The pressure cycle in the phantom was opposite to that of a LV with 

high pressure mimicking diastole and low-pressure mimicking systole. Consequently, 

at large volumes, the phantom had a more spherical shape. The 3D STE algorithm 

had difficulty tracking both phantoms at high SV when using high VR.  

Speckles appearing in the PVA ultrasound images were different from the speckles in 

myocardium. The helical layer alignment in study 2 created visible artifacts in the 

ultrasound image which may influence tracking, and it is uncertain if it could 

influence the results. Regardless of these dissimilarities, the purpose of the phantom 

was not to simulate a beating LV in detail, but to mimic deformation which could be 

recognized and measured by the 3D STE algorithm. 

The selection of VR in study 1 and study 2 was limited to the settings allowed by the 

ultrasound scanner manufacturer, typically 5 different VRs for a certain transmitted 

frequency. VRs and spatial resolution could be changed further by altering the sector 

width and to a lesser degree the depth of the image. 

Study 1 did not include 4 beat images. The reason for selecting 6 beat was the 

assumption that 6 beat would be superior to 4-beat regarding image quality in an 

optimal setting, which may be true in an in vitro environment. Study 2 showed that 4-

beat recordings could compete with 6-beat regarding twist accuracy. In a clinical 
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setting, 4 beat may be more relevant. Most of today’s scanners support both 4- and 6-

beat stitched images107.  

One disadvantage of using twist for rotational LV measurements is that there is no 

requirement for positioning of the two angular planes necessary for measuring twist. 

Usually, the placement can be based on anatomical landmarks, but the geometry may 

vary. 

Although 3D STE torsion theoretically seem to be the appropriate deformation 

parameter for LV rotational measurements, considering the size of the LV, its present 

clinical use seems to be limited. This is likely due to the low spatial resolution in the 

short axis plane, which is depending on high lateral beam density. While torsion is 

calculated between two single short axis planes for 3D STE, twist uses the rotation 

from average STE rotation in the whole level of segments, and thus a larger ROI 

(Figure 22). Another argument for using twist instead of torsion is that by using 

anatomical landmarks, the results may be independent of LV size, which may be 

affected when using torsion. Such effects may be present in large LVs, which may 

have less torsion than a small LV, while both may have the same peak apical-basal 

twist angle. 
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Figure 22. Twist was calculated by subtracting rotation of one level from 
another (a, b and c). Torsion was estimated within one level (base, mid, 
apical and apex), by subtracting rotation in the short axis plane in one end 
from the other end and the divide by the length of that level. 

 

Study 3 evaluated 3D STE deformation in different levels of the LV in patients with 

AS. This was done based on the assumption that the chosen settings, found in study 1 

and 2, were optimal for 3D STE acquisition. As found with apical rotation, shown for 

SD in Figure 19, there could be large variation in measured values, especially in the 

apex. This indicates that accuracy is variable depending on where deformation is 

measured in the 3D STE volume. One method that could address this issue is to 

evaluate deformation at different levels in the LV in a similar matter as in study 1 and 

2. 

CoV is used to estimate difference between the results of strain using different 

number of beats. This method only shows the difference in variation between the 

groups, and cannot compare different algorithms or equipment, where higher 

 

 

 

    

   

      

    



 

   

 

75 

smoothing would give lower variation, and could thus be interpreted as less noise. As 

some variation between segments would be expected96, low CoV would only be 

expected in patients with a homogenous distribution of strain, and segmental 

smoothing could therefore be misinterpreted. In this setting however, the same 

images are compared in the same patients in the same conditions at nearly the same 

time. A good method for comparison would be MRI. 

Although at least one has shown 3D STE to be superior to 2D STE, both for global 

and regional deformation108, not every patient is suitable for acceptable quality 2D 

STE, and even fever for 3D STE. This is likely due to multiple factors resulting in 

poor image quality and artifacts. Experienced operators are even more important for 

3D STE than for 2D STE. 

5.4.1 Confounding effect with cardiac amyloidosis 

As discussed in section 5.2.2, study 3 showed relatively lower LS in basal segments 

compared to apical segment in patients with moderate AS. This closely resembles the 

features seen in patients with advanced cardiac amyloidosis (CA). ATTR-CM is a 

specific type of CA, characterized by depositing protein fibrils, which can affect 

several organs. During recent years, new diagnostic methods have shown ATTR-CM 

to be much more prevalent than previously known94, and specially in AS, where 

prevalence has been found in up to 16 % of patients with AS, and up to 30 % of 

patients with low-flow, low-gradient AS94,109. The findings in study 3 may thus be 

confounded by the effect of ATTR-CM. This relationship between AS and ATTR-

CM is not completely understood110,111. However, in AS, in particular when 

hypertension is present as co-morbidity, it is common to find asymmetric septal 

hypertrophy with a sigmoid septum having particularly high interventricular septal 

thickness in the basal region which may contribute to lower LS in the basal 

segment112. 
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5.5 Clinical implications and future perspectives 

Today 95 % of echocardiography laboratories have access to 3D and STE, however 

only one third use it routinely as a supplement to conventional 2D echocardiography, 

while the majority use it in special cases113. While 3D echocardiography has proven 

superior to 2D for evaluation of multiple structural heart diseases, especially volume 

estimation114, use of 3D STE has been debated due to factors like reduced spatial and 

temporal resolution, compared to 2D STE. 

One objective of this thesis addressing the clinical usefulness, has been to investigate 

which scanner settings would give the most accurate results, both in vitro and in 

clinical setting. 3D STE seem to be more dependent on good spatial than temporal 

resolution, compared to 2D STE. While 6 beat stitched images may be hard to 

achieve in a clinical setting without getting stitching artifacts, both our in vivo and 

clinical data suggest accuracy of the same magnitude for 4- as for 6-beat, while 2-

beat tends to give higher strain values than 4- and 6-beat. 

Study 1 and 2 have demonstrated that 3D STE has good accuracy for both strain and 

twist, when used correctly. Reduced strain in severe AS is known from other studies, 

however knowledge about its clinical implication has been limited. 

Study 3 shows that 3D STE can be used to grade deformation in different levels of 

the LV in patients with AS, a task which is difficult using conventional 2D STE. Our 

findings suggest LS has more reduction in the basal than other levels of the LV in 

patients with AS. Level LS, and especially BLS may be used in the evaluation of AS 

severity. However, further clinical evaluation is spoken for. The presence of reduced 

twist may also have a prognostic value in this group of patients. The search for early 

markers of reduced LV function in patients with AS and timing of intervention may 

in the future move away from EF, and subclinical features may become more 

important. 
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Compared to 2D STE, 3D STE can give a superior view with multiple additional 

parameters, once analyzed. This feature could give a clearer view of potential 

pathology and more features may be available in the future, as well as the potential 

for artificial intelligence to identify and evaluate such findings. 
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6. Conclusions 

We hypothesized that 3D STE can accurately measure LV deformation using lower 

temporal resolution than conventional 2D STE. Moreover, 3D STE can be used to 

study level specific differences of LV deformation in patients with variable degree of 

AS. 

In study 1, the aim was to investigate the accuracy of LV 3D STE strain using an 

in vitro setup, and to assess the best acquisition settings for best accuracy. 

We found that phantoms can be used to evaluate 3D STE using sonomicrometry as a 

gold standard. Optimal settings using 6-beat was a VR of 36.6 VPS for LS and CS in 

a standardized setting with HR 60. While 2D STE is dependent on high temporal 

resolution to track myocardium both in and out of the 2D plane, 3D STE is less 

dependent on temporal, and more dependent on spatial resolution.  

In study 2, the aim was to develop an in vitro setup for rotational measurements, 

and to test the accuracy of LV 3D STE twist as well as the optimal acquisition 

settings for measuring LV 3D twist. 

We found that 3D STE twist can be evaluated using a twisting phantom, and that 3D 

twist correlates well to sonomicrometer twist. Optimal setting for multi beat 

acquisition was found at VR between 17.1 and 30.4 VPS. Good spatial resolution 

seems to be even more important for lateral than for longitudinal 3D STE movement. 

In study 3, the aim was to analyze 3D STE deformation parameters at different 

LV levels in a clinical study of patients with variable degree of AS. 

We found that using optimal settings derived from study 1 and 2, 3D STE 

deformation in LV levels can be used for regional investigation in a clinical setting 

for AS patients. To achieve high spatial resolution, using 4-beat is comparable to 

using 6-beat in terms of accuracy. 

The main conclusion of this thesis is that 3D STE can be used with good accuracy 

and correlates well to sonomicrometry in an experimental setup. 3D STE is a good 



 

   

 

79 

option for evaluating both global and regional deformation in a clinical setting, when 

used correctly. 
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Abstract—With little data published on the accuracy of cardiac 3-D strain measurements, we investigated the
agreement between 3-D echocardiography and sonomicrometry in an in vitro model with a polyvinyl alcohol
phantom. A cardiac scanner with a 3-D probe was used to acquire recordings at 15 different stroke volumes at
a heart rate of 60 beats/min, and eight different stroke volumes at a heart rate of 120 beats/min. Sonomicrometry
was used as a reference, monitoring longitudinal, circumferential and radial lengths. Both single- and multi-beat
acquisitions were recorded. Strain values were compared with sonomicrometer strain using linear correlation
coefficients and Bland–Altman analysis. Multi-beat acquisition showed good agreement, whereas real-time images
showed less agreement. The best correlation was obtained for a heart rate 60 of beats/min at a volume rate 36.6
volumes/s. (E-mail: knut.matre@med.uib.no) � 2013 World Federation for Ultrasound in Medicine & Biology.

Key Words: In vitro, Phantom, Left ventricle, Echocardiography, Three-dimensional ultrasound, Strain, Sonomi-
crometer, Volume rate, Frame rate, Polyvinyl alcohol.

INTRODUCTION

With several ultrasound vendors offering 3-D acquisition
and 3-D analysis of myocardial strain with speckle
tracking echocardiography (STE), an evaluation of the
accuracy of these methods is needed. Several clinical
studies have been published recently on 3-D strain values,
including comparison with 2-D strain values (Ammar
et al. 2012; Jasaityte et al. 2012; Perez de Isla et al.
2009; Saito et al. 2009; Yodwut et al. 2012), as well as
animal studies comparing 3-D strain values against sono-
micrometry (Duan et al. 2009; Papademetris et al. 2001;
Seo et al. 2009). No study has shown in vitro measure-
ments of strain accuracy of commercial methods using
phantoms during controlled situations. One recent study
has used a phantom setup to test the accuracy of a non-
commercial 3-D strain algorithm against sonomicrometry
(Heyde et al. 2012). Some clinical studies have also
shown the importance of sufficient volume rate (VR)
when using 3-D strain methods (Negishi et al. 2012). In
a recent study, strain values using prototype software

for 3-D and 2-D STE were compared in volunteers and
patients with non-ischemic dilated cardiomyopathy
(Yodwut et al. 2012). The authors found that the sufficient
VR for 3-D STE strain was lower than that for 2-D STE
frame rate (FR) to obtain corresponding values of strain.

In phantom studies, the accuracy of strain measure-
ments can be evaluated over a wide range of strain values
covering relevant values for both normal and dysfunc-
tional myocardial segments. This range allows an investi-
gation into the effect of important acquisition settings
such as FR for 2-D methods (Korinek et al. 2007;
Langeland et al. 2004; Lesniak-Plewinska et al. 2010;
M�artensson et al. 2008; Stig€o et al. 2010).

For 3-D acquisitions, sufficient beam density is
essential. Although in vitro studies have shown good
accuracy for 3-D volume measurements (M�artensson
et al. 2011; Nguyen et al. 2003), no in vitro study has
investigated the accuracy of 3-D strain measurements
for different acquisition methods and VR. The effect of
FR on strain accuracy for 2-D acquisition has been
studied, and the optimal FR is found to be in the range
of 50–100 frames/s (Edvardsen and Haugaa 2011; Sitia
et al. 2010). New scanners easily obtain a FR close to
100 frames/s using 2-D probes. There is a trade-off
between FR and spatial resolution. An optimal FR lies
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between a low FR (large deformation between frames,
but high spatial resolution) and high FR (small deforma-
tion between frames, but low spatial resolution). For 3-D
acquisition, the VR for real-time or single beat recordings
are lower than the FR for 2-D recordings; therefore,
multi-beat techniques have been developed to record
several heart beats to produce one 3-D heart cycle.

The present study describes a custom-developed
setup based on a polyvinyl alcohol (PVA) left ventricular
phantom, which is useful for testing deformationmethods
over a large range of stroke volumes and heart rates.
Several other materials have been used for deformation
studies (Hall et al. 1997; M�artensson et al. 2008, 2011;
Matre et al. 2003; Stig€o et al. 2010), but PVA has shown
good qualities for doing in vitro studies mimicking fluid
filled organs, such as the left ventricle (Heyde et al.
2012; Lesniak-Plewinska et al. 2010). The hypothesis
tested in this study was that optimal VR for 3-D strain
measurements is lower than for typical FR for 2-D strain
because of the volume tracking of speckles.

MATERIALS AND METHODS

Pump rig
The setup developed in this study consists of

a custom-made rig, including a dual-cylinder pump and
a phantom mimicking the left ventricle (Fig. 1). The
pump was powered by a stepping motor and controlled
by custom-made software developed in LabVIEW (Lab-
VIEW 8.6, National Instruments, Austin, TX, USA),
which allowed control of pump rate, here called heart
rate (HR), and stroke volume of the phantom as well as
the ratio of systole to diastole. A digital data logger
(PowerLab 8/30, AD Instruments, Sydney, Australia)
was used to record all the signals from the rig. The step-
ping motor control module generated a pulse for each

pump cycle sampled by the digital logger for timing
purposes. This signal was scaled and modified to mimic
the QRS part of an electrocardiograph, in order to use
the QRS detector of the ultrasound scanner.

In vitro phantom
The phantom was made of PVA, which is able to

mimic the contracting myocardium. The stiffness of the
material and the compressional wave (sound) velocity
can be controlled to an extent by the number of freeze–
thaw cycles. The phantom was cast using an ellipsoidal
mold of the left ventricle, which was symmetrical, and
underwent two freeze–thaw cycles of 24 h. It was then
fitted with pairs of sonomicrometer crystals (SL5-2, Triton
Technologies Inc., SanDiego,CA,USA), implanted atmid
wall in the longitudinal and circumferential direction, each
pair implanted with a distance between crystals of approx-
imately 10 mm. One additional pair was glued to each
opposite surface of the phantom wall to measure strain in
the radial direction. The phantom was then submerged
into a water container connected to the rig. When the
pumpwas running, thewaterwas pressed out of the pump’s
cylinders by the stepping motor, and the phantom
expanded to a state defined as diastole.When the cylinders
moved back, the volume of the phantom was reduced, and
the wall thickness increased to a state defined as systole.
This definition resembles the contracting left ventricle,
although there is no active contraction in this passive
phantom. The end systolic volume was 70 mL, and with
a stroke volume setting of 50 mL the end diastolic volume
was 120mL. The digital data logger was used to record the
output from the four-channel sonomicrometer (Type
120.2; Triton Technologies Inc., San Diego, CA, USA),
pressure in the phantom generated by a micro-tip trans-
ducer (SPC-350, Millar Instruments, Houston, TX, USA)
in addition to the timing pulses from the pump.

Ultrasound acquisition
The ultrasound probe (4V; GE Vingmed Ultrasound,

Horten, Norway) was fixed to obtain apical views of the
phantom and connected to an ultrasound scanner (Vivid
E9; GE Vingmed Ultrasound). Figure 2 shows the
phantom setup. The 3-D B-mode acquisition was per-
formed using harmonic imaging. The image was opti-
mized by adjusting the depth and sector angle for
a large stroke volume setting. The resulting depth range
was 0–12 cm and the sector angle was 75�, and these
settings were kept constant throughout this study. Gain
and other acquisition settings were also optimized and
kept constant during the different recordings (Fig. 3).

Protocol
Two series of recordings were made: (1) one series at

an HR of 60 beats/min, consisting of 15 different stroke

Fig. 1. Experimental setup. A 5 software-controlled stepping
motor; B 5 dual-cylinder pump with pistons controlled by the
steppingmotor; C5 rigid tubing from the pump to the phantom;
D5 air buffer to allow damping of each stroke (a surgical clamp
was used to control the size of the buffer); E 5 water container
(the walls and bottom of the container were covered with
absorbing material to avoid artifacts); F 5 the phantom con-
nected to the end of the tubing; G 5 rigid stand with clamp

for holding the probe; H 5 ultrasound probe.
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volumes ranging 10–150 mL, and (2) one series at an HR
of 120 beats/min, with stroke volumes ranging 10–80mL.
Each volumewas tested once in this study. The maximum

stroke volume of 80 mL at 120 beats/min was due to limi-
tations of the flow rig at a high HR. The limitation of this
pump to deliver large stroke volumes at high a HR was
mainly due to a limited acceleration of the stepping
motor, leading to position uncertainties that in turn
shifted the starting position of the pumping action. The
end systolic pressure in the phantom was kept constant
for each stroke volume acquisition by adjusting the
starting position of the pump cylinders before each acqui-
sition. 3-D recordings, including real-time, 2– and
6–multi-beat recordings at different VRs, were then ob-
tained for each of these situations. All the images were re-
corded with the same probe position and the same depth
and sector angle to compare the strain values directly to
each other. The scanner allows five different VRs to be
chosen after the user has selected a specific probe sector
angle and depth. In addition, the workstation does not
accept VRs less than 12 volumes/s (VPS) for strain anal-
ysis; this imposes a limitation in the choice of VR.

The following acquisitions were performed using
a selection of VRs:

1. Real-time (VR 21.9 VPS)
2. Multi-beat using 2-beat acquisition (VRs: 18.7 and

41.5 VPS)
3. Multi-beat using 6-beat acquisition (VRs: 30.2, 36.6,

52.3 and 124.4 VPS)

Sonomicrometer lengths were logged, showing the
changes in segment lengths for each of these settings,
serving as the reference measurement. The received sono-
micrometer echoes were continuously monitored with an
oscilloscope throughout the study to ensure correct trig-
gering. The measurements by the two methods had to be
taken in sequence, because interference made simultaneous
measurements difficult.

Fig. 2. Probe and phantom with implanted sonomicrometer
crystals in the water tank.

Fig. 3. 3-D image of the PVA phantom using 6–multi-beat recording at diastole. (a) Two perpendicular apical 2-D views.
(b) 3-D image of phantom. At the bottom is the electrocardiogram signal generated by the data logger.
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Data analysis
Sonomicrometry strain was calculated from the

maximum and minimum values of sonomicrometry
lengths. Post-processing of the echo-images was
analyzed on a dedicated workstation using commercial
software (EchoPac BT11; GE Vingmed Ultrasound).
For analysis of the 3-D strain, the 4-D Auto LVQ tool
was used. This tool in the software requires the user
to define a region of interest (ROI) by tracing the inner
and outer edges of the 3-D volume image at end systole
and end diastole in a number of 2-D views. First, the
4-D Auto LVQ tool automatically places an initial
ROI. The user then adjusts the endocardial and epicar-
dial borders of the ROI while monitoring three long-
axis and three short-axis planes (Fig. 4). Finally, the
tissue inside the ROI is tracked in three dimensions,
and the position and shape of the ROI are automatically
adjusted to follow the tracking. The ROI is then
segmented by the software into 17 segments with the
17th segment being the apex. The timing of end systole
was chosen automatically by the program, based on the
volume curve created by the software. All strain values
were read at end systole. The algorithm used in this soft-
ware estimated the strain from each ROI, and the results
were presented as strain curves and as a bull’s-eye plot
of the ventricle with 17 strain segments (6 basal

segments, 6 midventricular segments, 4 apical segments
and 1 segment for the apex; Fig. 4; Crosby et al. 2009).
The segment nearest the corresponding sonomicrometer
crystals was chosen to avoid the strong echoes from
crystals and leads, and it was compared with sonomicr-
ometry at the time of end systole. Because the 3-D strain
algorithm was unable to measure radial strain directly,
radial strain was estimated from area strain. With this
software, area strain (SA) is calculated as: SA 5
100 3 (A2A0)/A0, where A is the instantaneous mid-
wall area of the segment and A0 is the initial area at
end diastole (QRS).

Statistics
Linear correlation coefficients were calculated as

a measure of association between the two methods. A
Bland–Altman analysis (Altman and Bland 1983; Bland
and Altman 1986) was performed to analyze the agree-
ment between the methods.

Inter-observer variability was calculated as the mean
difference between the two observers and as the intra-
class correlation coefficient. The inter-observer variation
refers to the off-line analysis only. This calculation was
done because we believe that, for this controlled in vitro
study, the variation was introduced by the investigators’
placement of the endocardial and epicardial border

Fig. 4. Strain analysis using EchoPac BT11. (a) Three 2-D long-axis views of the phantom. (b) Three 2-D short-axis
views at three different levels. (c) Time curve of longitudinal strain in 17 segments; positive strain curve from the apical

segment. (d) Bull’s-eye plot of end systolic longitudinal strain values.
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(i.e., the inner and outer surface echoes) during analysis.
The second observer was blinded from the placement of
the ROI and the strain values obtained by the first observer.
Three data sets were used at different VRs (real-time
recordings at 21.9 VPS and 6–multi-beat recordings at
36.6 and 52.3 VPS).

RESULTS

One hundred sixty-one 3-D recordings were
analyzed. For recordings at 60 beats/min, values of longi-
tudinal strain gave the best result, with a correlation coef-
ficient of 0.990 and agreement 0.83% 6 1.54% (mean
difference6 limits of agreement from the Bland–Altman
analysis) at a VR of 36.6 VPS (Table 1). Best result for
circumferential strain was also found at a VR of 36.6
VPS, with a correlation coefficient of 0.989 and agree-
ment of 20.78% 6 1.75%. Radial strain also showed
the best results at a VR of 36.6 VPS, with a correlation
of 0.897 and agreement of 16.10% 6 22.26%.

For recordings at 120 beats/min, longitudinal strain
again showed the best results at 36.6 VPS, with a correla-
tion of 0.956 and agreement of 2.57%6 2.40% (Table 2).
Circumferential strain showed the best results at 30.2
VPS, with a correlation of 0.967 and agreement
21.20% 6 2.26%. Radial strain showed best result at

36.6 VPS, with a correlation of 0.993 and agreement of
5.08 6 8.10%.

Figure 5 shows scatter plots and a Bland–Altman
analysis of longitudinal strain for real-time (Fig. 5a, b)
and 6–multi-beat recordings (Fig. 5c, d) at 60 beats/
min. Multi-beat recordings show better correlation and
better agreement than single beat recordings.

The mean difference between the two observers at
36.6 VPS using multi-beat recordings was 20.6% 6
1.4% (standard deviation) for longitudinal strain,
20.2% 6 0.7% for circumferential strain and 1.1% 6
2.0% for radial strain. The intra-class correlations were
Ric 5 0.97, 0.99 and 0.99, respectively.

For a VR of 52.3 VPS using 6–multi-beat record-
ings, the mean difference between observers was 0.9%
6 1.4% (standard deviation) for longitudinal strain,
20.6% 6 1.8% for circumferential strain and 20.6%
6 3.4% for radial strain. The intra-class correlations
were Ric 5 0.96, 0.83 and 0.94, respectively.

For a VR of 21.9 VPS using single-beat recordings,
the mean difference between observers was 1.2%6 5.1%
(standard deviation) for longitudinal strain, 20.4% 6
2.5% for circumferential strain and 20.4% 6 7.5% for
radial strain. The intra-class correlations were Ric 5
0.59, 0.57 and 0.65, respectively.

Table 1. Comparison of 3-D STE strain with
sonomicrometer strain*

Direction Mode VPS R

Bland–Altman

Mean
diff (%)

61.96
SD (%)

Longitudinal
strain

Single beat 21.9 0.791 2.16 7.26
2 beat 41.5 0.941 1.41 3.89
2 beat 18.7 0.863 3.03 5.65
6 beat 124.4 0.918 3.97 6.22
6 beat 52.3 0.954 2.92 3.86
6 beat 36.6 0.990 0.83 1.54
6 beat 30.2 0.978 20.02 2.45

Circumferential
strain

Single beat 21.9 0.169 6.04 11.83
2 beat 41.5 0.867 1.81 6.21
2 beat 18.7 0.938 4.90 6.00
6 beat 124.4 0.954 21.04 3.43
6 beat 52.3 0.804 3.99 7.43
6 beat 36.6 0.989 20.78 1.75
6 beat 30.2 0.965 21.95 3.04

Radial strain Single beat 21.9 0.750 4.43 13.86
2 beat 41.5 0.884 10.84 13.15
2 beat 18.7 0.713 4.52 15.87
6 beat 124.4 0.841 11.60 15.24
6 beat 52.3 0.883 5.81 10.29
6 beat 36.6 0.897 16.10 22.26
6 beat 30.2 0.912 19.32 24.44

Mean diff5mean of the differences between 3-D STE strain and sono-
micrometer strain; R5 linear correlation coefficient; VPS5 volumes per
second;61.96 SD5 limits of agreement according to Bland and Altman
analysis.
* HR 5 60 beats/min for volumes of 10–150 mL (n 5 15).

Table 2. Comparison of 3-D STE strain with
sonomicrometer strain*

Direction Mode VPS R

Bland–Altman

Mean
diff (%)

61.96
SD (%)

Longitudinal
strain

Single beat 21.9 0.588 3.23 6.50
2 beat 41.5 0.948 1.13 2.59
2 beat 18.7 20.012 4.97 10.34
6 beat 124.4 0.936 2.94 3.49
6 beat 52.3 0.872 2.67 4.39
6 beat 36.6 0.956 2.57 2.40
6 beat 30.2 0.766 2.11 5.21

Circumferential
strain

Single beat 21.9 0.729 3.08 5.28
2 beat 41.5 0.344 3.49 7.15
2 beat 18.7 0.854 4.20 4.61
6 beat 124.4 0.843 20.37 4.05
6 beat 52.3 0.853 3.08 4.27
6 beat 36.6 0.946 20.39 2.43
6 beat 30.2 0.967 21.20 2.26

Radial strain Single beat 21.9 0.789 20.18 5.85
2 beat 41.5 0.931 1.77 5.33
2 beat 18.7 0.586 23.45 7.89
6 beat 124.4 0.928 4.30 5.54
6 beat 52.3 0.962 0.58 3.47
6 beat 36.6 0.993 5.08 8.10
6 beat 30.2 0.969 6.63 7.53

Mean diff5mean of the differences between 3D STE strain and sono-
micrometer strain; R5 linear correlation coefficient; VPS5 volumes per
second;61.96 SD5 limits of agreement according to Bland and Altman
analysis.

* HR 5 120 beats/min for volumes of 10–80 mL (n 5 8).
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DISCUSSION

Temporal versus spatial resolution
One of the objectives of this study was to determine

the ultimate VR when performing 3-D strain analysis
with STE, based on a comparison with sonomicrometry.
Keeping in mind that by increasing the FR for 2-D or
VR for 3-D at a fixed sector width and depth (better
temporal resolution), the beam density is reduced (poorer
spatial resolution), thus covering the same volume with
fewer beams and resulting in reduced spatial resolution.
The optimal VR might therefore be dependent on the
HR, because a higher HR will require more frames per
second to handle the fast movement of the myocardium.
To achieve this VR, spatial resolution has to be sacrificed.

The ultrasound system used in this experiment keeps
the beam density constant regardless of depth and sector
angle. Adjusting these parameters affects only the VR.
The beam density does, however, change when using
different VR or multi-beat settings. The VR control of
the system is actually a beam density control. Multi-
beat linearly scales the beam density, whereas VR has
an inverse linear relationship with the beam density. For
example, for a fixed VR, the beam density is double in

dual-beat compared with single-beat acquisition. In
a fixed multi-beat setting, the beam density is double at
30 VPS compared with 60 VPS. Changing depth and
sector angle does not change the spatial resolution; only
VR rate and multi-beat settings do this. In this experi-
ment, the 1-beat 21.9 VPS, 2-beat 41.5 VPS and 6-beat
124.4 VPS have similar low beam densities. The 2-beat
18.7 VPS and 6-beat 52 VPS have similar medium–low
beam densities, whereas the-6 beat 36.6 VPS has
medium–high beam density and the 6-beat 30.2 VPS
has high beam density.

The reason for the poor accuracy at the highest VR is
probably the low beam density, which gives poor image
quality for speckle tracking. It is the combination of
a relatively low VR and high multi-beat setting that
enables the highest beam density. The optimal setting
for speckle tracking is a trade-off between high beam
density and high VR.

For a given multi-beat setting, the temporal and
spatial resolutions are inversely proportional. The speckle
tracking method suffers if the temporal resolution is too
low, because the speckle pattern might change too
much or move too far between frames. If the spatial

-25 -20 -15 -10 -5 0

-2
5

-2
0

-1
5

-1
0

-5
0

SM strain (%)

3-
D

 S
TE

 s
tra

in
 (%

)

R#0.791

a

-25 -20 -15 -10 -5 0

-1
0

-5
0

5
10

(3-D STE strain + SM strain) / 2 (%)

3-
D

 S
TE

 s
tra

in
 –

 S
M

 s
tra

in
 (%

)

mean – 2 SD

mean + 2 SD

mean

b

-25 -20 -15 -10 -5 0

-2
5

-2
0

-1
5

-1
0

-5
0

SM strain (%)

3-
D

 S
TE

 s
tra

in
 (%

)

R#0.990

c

-25 -20 -15 -10 -5 0

-1
0

-5
0

5
10

(3-D STE strain + SM strain) / 2 (%)

3-
D

 S
TE

 s
tra

in
 –

 S
M

 s
tra

in
 (%

)

mean
mean + 2 SD

mean – 2 SD

d

Fig. 5. Longitudinal strain at an HR of 60 beats/min. (a, c) Scatter plots showing 3-D STE strain along the y-axis and
sonomicrometry (SM) strain along the x-axis. Line of unity is shown. (b, d) Bland–Altman analysis comparing longitu-
dinal strain values from 3-D echocardiography and SM. (a, b) Recordings using single-beat at 21.9 VPS. (c, d) Recordings

using 6-beat at 36.6 VPS.
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resolution is too low, the speckle pattern becomes too
coarse to get a good match. Therefore, there must be an
optimal trade-off between these settings. This experiment
indicates that for 6–multi-beat, the optimal trade-off is at
a temporal resolution of 36.6 VPS. The relation between
temporal and spatial resolution depends on the multi-beat
setting; therefore, the same VPS might give different
results for different multi-beat settings.

Although Tables 1 and 2 show different results for the
different acquisitions, there is a clear tendency for the
single-beat acquisition to be the least accurate method
and for a too lowor too highVR to be inferior to the optimal
36.6 VPS.

Other studies
Previous animal studies in dogs have shown good

agreement between 3-D STE and sonomicrometry
in vivo (Duan et al. 2009; Papademetris et al. 2001),
although these have been performed using non-
commercial algorithms and equipment, whereas we
used a commercially available scanner and software.
Another study in sheep (Seo et al. 2009), using a VR of
30 VPS, achieved a global correlation of longitudinal
strain of 0.89, circumferential strain of 0.90 and radial
strain of 0.84, which are in the same order of magnitude
for regional measurements as in this study. A recent clin-
ical study by Yodwut et al. (2012) investigated 2-D and 3-
D strain for different multi-beat acquisitions. Their study
showed that 3-D strain can assess myocardial deforma-
tion at a lower VR than the corresponding FR for 2-D
methods. In this experiment, the optimal 6-beat setting
is always better than the optimal 2-beat setting
(Tables 1 and 2, reading values for 6-beat at 36.6 VPS
and 2-beat at 41.5 VPS); therefore, assuming that
Yodwut et al. (2012) used optimal settings, the two exper-
iments show similar findings. The studies are, however,
not completely comparable because Yodwut et al.
(2012) used 2-D strain as the method of comparison. In
this study, implantable sonomicrometer crystals were
used as an independent strain method, and different scan-
ners were used.

It is difficult to do a direct comparison with previous
studies because of different 3-D strain algorithms from
different vendors, as well as different method of compar-
ison and different species. Few studies are directly
comparable to this study. Heyde et al. (2012) used
a PVA phantom to evaluate a new 3-D strain algorithm
and showed correlations of 0.96, 0.92 and 0.84 for longi-
tudinal, circumferential and radial strain, respectively. In
addition to showing the usefulness of PVA as a cardiac
phantom, their results are better than our similar single-
beat results. One reason for this difference could be
different VR, in addition to a different algorithm. In our
study the results showed less accuracy for radial strain

at 60 beats/min, which is similar to their findings. This
finding could be the result of calculating radial strain
from area strain.

Phantom model
Several proposed materials for mimicking muscle

have been proposed and used (Mukherjee et al. 2012;
Zell et al. 2007). Agar gels have been used for the evalu-
ation of cardiac deformation, but are mechanically weak
and less suitable for fluid filled phantoms. Silicon rubber
is stronger, but the sound velocity is low (1000 m/s)
compared with biological soft tissue.

PVA has proved to be a useful material for phantom
applications related to myocardium; however, it gives
a different echo pattern compared with in vivo myocar-
dium, with less visible speckles in the ultrasound image
at frequencies used for cardiac scanning. The sound
velocity and attenuation, however, is close to that of
myocardium; it is also strong enough for fluid-filled
phantoms and has been the material of choice in recent
phantom studies (Heyde et al. 2012; Lesniak-Plewinska
et al. 2010). An increase in speckle intensity can be
achieved by adding glycerin to the PVA-fluid before the
freeze–thaw cycles, thus giving a speckle pattern closer
to myocardium (Heyde et al. 2012). This modification
was not used in this study. The reflections from this
PVA phantoms are not identical to the speckle pattern
obtained from human myocardium. As seen from
Figures 3 and 4, the speckle pattern is not as detailed
and has somewhat larger speckles. However, noting that
the 3-D probe used in this study has a lower transmitted
frequency than most clinical 2-D sector probes, we
believe that the speckle pattern produced by the PVA
phantom used in this study is a good test object for testing
the accuracy of this scanner and image analysis. In
addition, the resulting strain curve resembles a clinically
obtained curve.

Limitations
The PVA phantom was chosen to mimic the move-

ment of the left ventricles during cardiac contraction.
To do so, it is inflated using an increase in water pressure
from the inside. One of the limitations of this phantom
setup is the ability to expand in the longitudinal direction,
resembling the human left ventricle. Especially at large
stroke volumes, the phantom inflation resulted in
a more spherical geometry, which is reflected in the limi-
tation in longitudinal strain at maximal stroke volumes
(Fig. 5). This limitation is difficult to overcome without
an active contracting ventricle.

The use of PVA as a phantom material creates
a slightly different sound velocity than in vivo myocar-
dium. We measured the sound velocity to 1525 m/s after
two freeze–thaw cycles. The sonomicrometer was
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calibrated for the myocardium with a sound velocity of
1570 m/s, which would create a small error in length
measurements when using sonomicrometry in PVA gel.
However, strain measurements are relative and would
not be influenced by the sound velocity.

The implanted sonomicrometer crystals and leads
created strong echoes that were visible on the ultrasound
images. Therefore, we did not measure strain in the same
segment as the sonomicrometer crystals, but chose the
nearest segment. This effect can be seen in Figure 4d,
where the segment with crystals reads a strain of 28%,
which is lower than the other basal segments (211% to
213%). The phantom was cast to be symmetrical, but
small changes in wall thickness and uneven mounting
to the tube could give some variation in wall motion
and thus strain values between the segments; however
we believe this effect is small.

Measuring strain in segments will be less accurate
for small segments, which includes a relatively low
number of speckles. Measuring global or average strain
of a large area will probably give a better accuracy for
strain estimation because of the spatial averaging. We
chose to compare one segment, only to obtain a value
representative for the same region as that measured by
the sonomicrometer, which was approximately 10 mm
between the crystals for a crystal pair.

This study does not mimic the complex architecture
and function of the intact left ventricle, including its
twisting motion; however, there are no commercial
phantom that does. One commercial phantom that
includes a twisting apex has an apical attachment con-
nected to a stepping motor and can mimic ventricular
twist. However, because of this attachment, no apical
ultrasound views can be recorded, and it is therefore not
useful for apical 3-D recordings.

The PVA offers a good compromise between correct
acoustic properties (velocity and attenuation) and being
sufficiently elastic to withstand the volume loading
necessary to obtain strain values similar to that found in
the human left ventricle. The algorithm used in this study
requires an apical geometry in the acquisition to work
properly.

Inter-observer variability
Inter-observer variability showed excellent agree-

ment for the tested multi-beat measurements (6-beat
VR 5 36.6 VPS and 52.3 VPS). A recent study by
Gayat et al. (2011) using several scanners showed similar
results for multi-beat acquisition, but with more differ-
ences between vendors than between observers. In this
study, for single-beat acquisition, the agreement between
the two observers was relatively poor, with larger limits
of agreement and low correlation coefficient for all three
strain directions.

Clinical implications
In the present study we evaluated one commercial 3-

D strain algorithm using a controlled phantom setup. To
obtain good spatial and temporal resolution, multi-beat
recordings were used. The use of multi-beat recordings,
especially 6 beats, requires conditions that might be diffi-
cult to obtain in some patients. Arrhythmias and patient
or probe movement limits this acquisition method.
However, 2-beat multi-beat recordings still gave accept-
able results for most strain directions; this would be easier
to use for such patients. The 3-D strain range in this
experiment with the volume range used is 23% to
221% for peak longitudinal strain. Several studies have
shown strain values in a normal population, Saito et al.
(2009) gave a mean value of longitudinal strain in normal
segments by 3-D STE to be 217.0% 6 5.5%, which is
well within our tested values. Thus, the range of strain
values tested in this study covers the typical strain values
seen for both normal and dysfunctional myocardial
segments.

The results from this study cannot be directly trans-
ferred to a clinical situation, but theyprovideabackground
for choosing a VR for 3-D acquisition. A feasibility study
in patients is needed to test these measurements for clin-
ical relevance.

CONCLUSION

This study demonstrates the relation between VR
and 3-D strain accuracy. The images recorded as real-
time single-beat images gave relatively poor agreement,
whereas the 6–multi-beat recordings gave excellent
agreement. The best longitudinal and circumferential
recordings gave slightly better agreement than for radial
strain, which indicates an optimal VR for 3-D strain
measurement that is lower than for a typical correspond-
ing FR for 2-D strain.
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Abstract: Traditional two-dimensional (2D) ultrasound 
speckle tracking echocardiography (STE) studies have 
shown a wide range of twist values, also for normal hearts, 
which is due to the limitations of short-axis 2D ultrasound. 
The same limitations do not apply to three-dimensional 
(3D) ultrasound, and several studies have shown 3D ultra-
sound to be superior to 2D ultrasound, which is unreliable 
for measuring twist. The aim of this study was to develop 
a left ventricular twisting phantom and to evaluate the 
accuracy of 3D STE twist measurements using different 
acquisition methods and volume rates (VR). This phan-
tom was not intended to simulate a heart, but to function 
as a medium for ultrasound deformation measurement. 
The phantom was made of polyvinyl alcohol (PVA) and 
casted using 3D printed molds. Twist was obtained by 
making the phantom consist of two PVA layers with dif-
ferent elastic properties in a spiral pattern. This gave 
increased apical rotation with increased stroke volume in 
a mock circulation. To test the accuracy of 3D STE twist, 
both single-beat, as well as two, four and six multi-beat 
acquisitions, were recorded and compared against twist 
from implanted sonomicrometry crystals. A custom-made 
software was developed to calculate twist from sonomi-
crometry. The phantom gave sonomicrometer twist values 
from 2.0° to 13.8° depending on the stroke volume. STE 
software tracked the phantom wall well at several com-
binations of temporal and spatial resolution. Agreement 
between the two twist methods was best for multi-beat 
acquisitions in the range of 14.4–30.4 volumes per second 
(VPS), while poorer for single-beat and higher multi-beat 
VRs. Smallest offset was obtained at six-beat multi-beat at 
17.1 VPS and 30.4 VPS. The phantom proved to be a useful 
tool for simulating cardiac twist and gave different twist at 
different stroke volumes. Best agreement with the sonomi-
crometer reference method was obtained at good spatial 
resolution (high beam density) and a relatively low VR.  

3D STE twist values showed better agreement with 
sonomicrometry for most multi-beat recordings compared 
with single-beat recordings.

Keywords: in vitro; myocardial twist; rotation; sonomi-
crometer; speckle tracking; three-dimensional echocardi-
ography; volume rate.

List of abbreviations: 2D, two-dimensional; 3D, three-
dimensional; ABS, acrylonitrile butadiene styrene; 
CAD, computer-aided design; CMR, cardiac magnetic 
resonance; ECG, electrocardiogram; FR, frame rate;  
HR, heart rate; PVA, polyvinyl alcohol; ROI, region of 
interest; STE, speckle tracking echocardiography; VPS, 
volumes per second; VR, volume rate.

Introduction
Left ventricular rotation and twist are important fea-
tures of the normal left ventricular contraction and have 
shown to be modified by ischemia and hypertrophy [1–4]. 
Torsion, which in cardiology is calculated as twist divided 
by the end-diastolic left ventricular length, gives the pos-
sibility to compare the twisting action of hearts of differ-
ent sizes. Peak systolic twist and torsion measurements 
by two-dimensional (2D) speckle tracking echocardiogra-
phy (STE) have been published with a range of different 
values, also for normal hearts. As early as 2007, Weyman 
showed a span from 6.7° to 14.5° for twist in normal 
cohorts [5]. Newer publications also show large variation 
in twist values in normal individuals, where mean values 
of 7.9°–20° have been reported [6, 7]. The different result is 
believed to be caused by, in addition to possible variation 
between cohorts, limitations in the applied method. For 
2D STE twist measurements, this includes variable image 
quality, the selection of the basal and apical planes, in- 
and out-of-plane motion, low frame rate (FR) as well as 
vendor differences in available acquisition methods and 
software algorithms [8]. For 2D STE torsion measurement, 
uncertainty in determining the end-diastolic distance 
between the selected planes can lead to inaccurate esti-
mates. For three-dimensional (3D) STE methods, limita-
tions in beam density and low volume rate (VR) could lead 
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to inaccurate strain measurements [9]. When comparing 
2D with 3D STE measurements of torsion, studies have 
shown that 2D STE is not a reliable method to measure left 
ventricular torsion because of these limitations [10–12]. 
Measurements of twist and torsion are to be used with 
caution according to the current guidelines [13, 14]. Some 
studies have compared rotation and twist from STE to 
cardiac magnetic resonance (CMR) tagging. Generally it 
seems that CMR gives higher values for twist than 2D STE 
[15, 16]. However, CMR has its shortcoming with regard to 
especially temporal resolution.

To be able to assess the accuracy of rotation and twist 
measurements by STE, experimental studies have been 
performed comparing 2D STE with implanted crystals 
in dogs [15]. Other studies have used a rotating actuator 
for ex vivo hearts with a stepping motor for the control of 
basal rotation with a fixed apex [17, 18].

A synthetic twist phantom has been commercially 
available and has been used for in vitro evaluation of echo-
cardiographic measurements [19], but is not suitable for 
apical views due to the apical attachment. Most 3D defor-
mation algorithms are based on apical 3D views of the left 
ventricle, a twisting phantom should therefore not include 
an apical attachment. There is a need for a simplified syn-
thetic phantom setup compared to the published animal and 
ex vivo setups. A twisting synthetic phantom with implant-
able sonomicrometry crystals for apical views is thus ideal 
to investigate and optimize 3D STE measurement of rotation 
and twist and has the advantage of enabling repetitive meas-
urements over time with the same phantom in comparison to 
ex vivo setups. In previous studies, we used a pump rig with 
a phantom made of polyvinyl alcohol (PVA) to evaluate the 
accuracy of 2D and 3D strain measurements [9, 20]; however, 
these phantoms had no twist properties.

The aim of this study was to develop a twisting 
phantom which enabled different levels of twist to be 
simulated and further to quantify the effect of different 
acquisition methods. This includes both single-beat and 
multi-beat, as well as the accuracy of STE twist measure-
ments against a reference method at different VRs.

It is important to emphasize that this phantom’s single 
purpose was to generate twist for ultrasound measure-
ments, not to mimic the physiology of the human heart.

Materials and methods
Left ventricular phantom construction

A phantom was designed to mimic a contracting and twisting left 
ventricle (Figure 1), using a similar technique as has been recently 

published for other cardiac simulation studies [21]. This phantom 
was entirely made from PVA with wall properties to introduce twist, 
thereby avoiding any apical deformation attachment. It has a trun-
cated prolate spheroid shape and consists of two layers with different 
thickness and elastic properties in a spiral layout which forces it to 
twist when the phantom is inflated or deflated. This spiral structure 
is divided into eight continuous bands, with the inner layer differing 
in thickness from 0.1 to 8 mm at the base and from 0.1 to 4 mm at 
the apex. The internal diameter is 42 mm and the total length of the 
phantom is 92 mm (Figure 1A and B). These dimensions were based 
on our previous study [9]. The spiral structure is angled 45° to the 
longitudinal direction of the phantom, but narrows to 0° at the apex, 
which is necessary for the bands to meet. The outer layer gives the 
phantom a smooth surface and results in a total thickness of 12 mm at 
the base and 8 mm at the apex in the relaxed state (end systole). The 
thinner wall at the apex was found necessary to avoid spherical bal-
looning during water inflation (diastole). The phantom was casted 
using 3D printed molds in acrylonitrile butadiene styrene (ABS) plas-
tic, with a one-part internal mold, a four-part external mold for the 
inner layer and a one-part external mold for the outer layer. The basal 
part of the phantom was anchored in a threaded mounting base, 
made of ABS plastic (Figure 1B). The molds were designed using 
computer-aided design (CAD) software (Rhino 5, Robert McNeel & 
Associates, Seattle, WA, USA). Both PVA layers were made of a mate-
rial solution consisting of 10% by weight PVA (Mw 89K–98K, 99+% 
hydrolyzed, Sigma-Aldrich, Saint Louis, MO, USA) and 90% water. 
During casting, the solution was frozen for 12 h in −18°C, and then 
thawed at room temperature for 12 h. The inner layer first underwent 
five freezing cycles before it was taken out of the inner layer mold, 
which was replaced by the outer layer mold. Additional PVA material 
was then added to the mold, and it went through one more freezing 
cycle, which gave the inner layer a total of six cycles and the outer 
layer one. This made the inner layer rigid, which was necessary to 
make the phantom twist, ending up with a phantom with smooth 
inner and outer surfaces (Figure 1C).

Pump rig

The phantom was installed in a custom-made pump-rig similar to a 
previously published in vitro setup [22, 23]. The phantom itself was 
submerged in a water container with the apex pointing toward the 
surface, connected via rigid pipes to a dual-cylinder pump. Absorb-
ing sheets covered the wall of the reservoir to reduce ultrasound 
reflections. The pump inflates and deflates the phantom using water, 
thus simulating the deformation of the left ventricle. The pump was 
driven by a stepper motor controlled by custom-made software, sim-
ulating heart cycles at different stroke volumes and pump rates, here-
inafter referred to as heart rate (HR). More details about the pump 
rig can be found elsewhere [9, 20]. A 3D ultrasound probe (4V, GE 
Vingmed Ultrasound, Horten, Norway) was partially submerged 4 cm 
above the phantom apex, and connected to an ultrasound scanner 
(Vivid E9, GE Vingmed Ultrasound).

Sonomicrometry as the gold standard

Sonomicrometry has proven to be an accurate reference method for 
measuring dimensional changes for both in vitro and animal studies 
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[15, 23–25]. In this study, a total of six crystals were used. Three crys-
tals were placed in an equilateral triangle at the base of the phantom, 
and three other crystals were placed in an opposite triangle at the 
apex, giving the crystal placement the shape of a triangular anti-
prism (Figure 2A). The crystals were placed at mid wall in the same 
planes as the ultrasound software would calculate twist, for direct 

comparison. A small drop of cyanoacrylate glue was used to fix each 
crystal in place during the complete protocol. The sonomicrometer 
method with six crystals defined two planes. A direct measurement 
of the distances between all crystals will correlate directly to strain, 
depending on the direction. The distances between all sonomi-
crometer crystals were logged at 192 samples/s using a commercial 

A B

DC

Figure 1: Design of the twisting ultrasound phantom.
(A) Schematic view of the phantom components. (B) Spiral layer and (C) final phantom including a smooth outer layer. (D) Appearance in 3D 
B-mode imaging.
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sonomicrometer system (DS3-8 and LabChart Pro v7, Sonometrics 
Corporation, Ontario, Canada). Measurement resolution is specified 
by the manufacturer to be within 0.0124 mm given ideal conditions. In 
this study, our interest was to measure twist between the two planes 
of crystals. Measuring the angle rotation requires an external fixed 
reference for observation of the crystal movements and was not car-
ried out. Torsion was not calculated in this one-size phantom study. 
A custom-made software application was written using MATLAB 
(MATLAB 2014b, MathWorks Inc., Natick, MA, USA) to calculate twist 
based on the distances measured by sonomicrometry  (Figure  2B). 
This software used the method of trilateration to calculate the spa-
tial coordinates of the crystals by knowing all the distances between 
them. Knowing the coordinates of the crystals, it then calculated the 
relative angles of the two planes using trigonometric functions. This 
was done for each sample from the sonomicrometer and a twist curve 
was produced where the peak twist value was selected for compari-
son with STE peak twist.

Acquisition protocol

The amount of twist was controlled by the stroke volume of the 
pump, which determined the amount of deformation of the phan-
tom. A series of 21 different stroke volumes (5–105  ml with 5-ml 
intervals) were recorded using 11 recordings with different acquisi-
tion settings for each volume, 231 recordings in all. Recordings were 
obtained for single-beat using 25.5 volumes per second (VPS); for 
two-beat multi-beat using 14.4, 21.2 and 47.9 VPS; for four-beat multi-
beat using 20.3, 27.0 and 42.4 VPS; and for six-beat multi-beat using 
17.1, 30.4, 43.2 and 63.6 VPS. These acquisition settings were chosen 

because of hardware limitations and software requirements as well 
as for optimizing image quality. All recordings were done at HR 60 
beats/min and with a systolic/diastolic time ratio of 30:70. Multi-beat 
recordings require an electrocardiography (ECG) signal to detect each 
heartbeat. This was achieved by sending the start/stop trigger pulse 
from the pump to a digital logger, corresponding to the start and end 
of injection (diastole). The signal was then modified and scaled to 
mimic the QRS of an ECG. This signal was connected to the ECG input 
of the scanner (Figure 3, lower left). To keep the same starting point 
of the deformation cycle (relaxed phantom or systole), a small posi-
tive starting pressure was given, keeping the same symmetric and 
slightly stretched phantom as the starting point for all 231 recordings.

All recordings were carried out with harmonic imaging at 
1.7/3.3 MHz, and the quality of the B-mode recordings was optimized 
for a large stroke volume, resulting in settings for depth 0–14 cm and 
sector angle 75°. All acquisition settings were kept constant through-
out all recordings.

Speckle tracking analysis of twist

Recorded ultrasound 3D images were analyzed using the 4D Auto 
LVQ tool of EchoPAC workstation software (EchoPAC BT201, GE Ving-
med Ultrasound). The lumen of the phantom as well as the region of 
interest (ROI) were defined in end systole (relaxed phantom) and end 
diastole (expanded phantom). The software then calculated the rota-
tional data in four different levels using STE, as shown in Figure 3. 
The rotational values of the basal segments were subtracted from the 
values of the apex segments, thus corresponding to the twist values 
from the same planes as measured by the sonomicrometer method.

10 mm

72 mm

1

2

3

4
5

6

A B

Figure 2: Sonomicrometer reference method.
(A) The two planes with three crystals in each plane. (B) Measured distances between all crystals make it possible to calculate the Cartesian 
coordinates by use of trilateration, which form the basis for twist estimation (see text for details).
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Statistics

Linear correlation coefficient, giving the association between the two 
twist methods, and Bland-Altman analysis [26], giving the mean dif-
ference and limits of agreement [±1.96  standard deviation (SD)] as 
absolute differences between the methods, were calculated for each 
VR setting.

Results
The ultrasound appearance of the constructed phantom 
in B-mode is shown in Figures 1D and 3 and is close to a 
clinical recording but with somewhat more “spotty” echo 
appearance with less distinct speckles than myocardium. 
The current setup gave a range of sonomicrometer twist 
values from 2.0° to 13.8° (Figure 4). The EchoPAC software 
was able to track the movement of the phantom wall at 
low and medium VR (as in Figure 3), but had difficulties 
at the highest recorded VR, probably due to the reduced 
beam density with corresponding low spatial resolution, 

Figure 3: Speckle tracking of the twisting phantom.
From left, three long-axis views, three short-axis views, time-curve (upper, right) and the rotation at three levels, base, mid and apical. The 
values of the fourth level, apex, are not presented with a curve, but are provided with the software. The twist curve, which was used in this 
study, is calculated by subtracting base rotation from apex rotation, which gives 7.7° in this example.
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Figure 4: Peak twist vs. pump stroke volume measured with 
sonomicrometry (filled circles) and 3D STE using six-beat multi-beat 
acquisition at 17.1 VPS (open squares).
n = 21.
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and also the appearance of the phantom wall at high 
VR. More details on this are provided in the Limitations 
section.

A total of 231 3D ultrasound recordings were analyzed 
for 21 different volumes at 11 different acquisition settings. 
A summary of the results from the correlation and Bland-
Altman analysis is shown in Table 1. The best association 
between twist by 3D STE and sonomicrometry measured 
by correlation was achieved for six-beat multi-beat at 17.1 
VPS with a correlation coefficient of 0.977. Best agree-
ment between measurements based on mean difference 
was achieved for four-beat multi-beat at 20.3 VPS with 
a correlation coefficient of 0.973 and an agreement of 
–0.17° ± 1.91° (mean difference ± 1.96 SD), followed by six-
beat multi-beat 17.1 VPS with an agreement of 0.45° ± 1.31°. 
Figures 5 and 6 show examples of scatter plots and corre-
sponding Bland-Altman plots of the best results obtained 

Table 1: Comparison of 3D STE twist with sonomicrometry.

Mode   Volume 
rate (VPS)

  R 
 

Bland-Altman

Mean diff (°)  ±1.96 SD (°)

One beat   25.5  0.630  –4.62  2.46
Two beat   14.4  0.960  –1.19  1.00

  21.2  0.906  –3.94  1.38
  47.9  0.740  –5.52  2.23

Four beat   20.3  0.973  –0.17  1.91
  27.0  0.942  –1.21  1.18
  42.4  0.849  –5.03  1.67

Six beat   17.1  0.977  0.45  1.31
  30.4  0.944  –0.99  1.65
  43.2  0.941  –2.01  1.28
  63.6  0.603  –6.32  3.05

Mean diff, mean of the differences between 3D twist and 
sonomicrometer twist; R, linear correlation coefficient; ±1.96 SD, 
limits of agreement according to Bland-Altman analysis.
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Figure 5: Scatter plots for 3D speckle tracking (STE) twist vs. sonomicrometer (SM) twist (left panels) and Bland-Altman plots (right panels).
(A) and (B) show results for single-beat acquisition at 25.5 VPS, and (C) and (D) show results for two-beat multi-beat at 14.4 VPS. n = 21 for all 
scatter plots.

Authenticated | johannes.hjertaas@gmail.com author's copy
Download Date | 9/19/19 12:48 AM



J.J. Hjertaas and K. Matre: LV phantom for twist measurements      7

for each acquisition method, single-beat, two-, four- and 
six-beat multi-beat.

Discussion

The phantom developed in this study proved to be a useful 
tool for investigating the accuracy of twist measurement 
and gave a B-mode appearance similar to normal myocar-
dium (Figures 1 and 3). Good speckle tracking as well as 
the ability to support large stroke volumes up to 120  ml 
were demonstrated. It had, however, some limitations in 

tracking at high scanner VR and some limitations in the 
achieved range of twist values. The measurement of 2D 
STE twist has been used for some years, but the accuracy 
of 2D derived twist measurements is debated [10, 11]. Using 
3D STE for twist measurements is a relatively new method, 
and few studies have evaluated the accuracy of different 3D 
acquisition methods in animals and ex vivo investigations. 
The phantom developed in this study is an improvement 
compared to previous phantoms and ex vivo preparations 
because of the synthetic nature of the phantom. It has 
the ability to repeat and reproduce tests of acquisition 
methods and software over time, and eliminates the need 
for any external apical attachment [18, 19, 27].
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Figure 6: Scatter plots for 3D speckle tracking (STE) twist vs. sonomicrometer (SM) twist (left panels) and Bland-Altman plots (right panels).
(A) and (B) show results for four-beat multi-beat acquisition at 20.3 VPS and (C) and (D) for six-beat multi-beat at 17.1 FPS. n = 21 for all 
scatter plots.
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Volume rate dependency

This study shows that high spatial resolution is as 
important as high temporal resolution for accurate 3D 
STE twist measurements (Table 1). The reason for this is 
two-fold. First, low spatial resolution for a cardiac sector 
probe, especially the lateral resolution at sector depths, 
gives large presentation of individual speckles, thus 
reducing the tracking accuracy. Second, for 3D acquisi-
tion, the speckles can be followed through an increased 
number of frames compared to 2D short-axis record-
ings, where speckles disappear out of the 2D plane due 
to the in- and out-of-plane motion. This is a limitation 
for any 2D left ventricular short-axis recording and will 
influence the measurement of circumferential strain as 
well as rotation, twist and torsion. This effect is reduced 
for 3D acquisitions [10, 11]. As seen from Table 1, good 
agreement was found for several multi-beat settings at 
relatively low VR compared to the FR of typical 2D record-
ings. Single-beat STE recordings (VR = 25.5 VPS) gave rel-
atively poor agreement with sonomicrometry due to poor 
spatial resolution compared to any multi-beat recording. 
The best agreement between 3D STE and the reference 
method was achieved using four-beat multi-beat at 20.3 
VPS and six-beat multi-beat at 17.1 VPS (Table 1). Suf-
ficient VR for a 3D recording in a clinical setting must 
be seen relatively to the HR of the patient, and a better 
measure of sufficient VR is the VR/HR ratio correspond-
ing to the FR/HR ratio for 2D acquisitions. In this study, 
all recordings were carried out at 60  strokes/min and 
thus the VR/HR ratio for VR = 20.3 VPS equals 0.34 which 
is lower than that recommended for 2D deformation 
measurements [28].

Being able to track speckles through more B-mode 
frames in a 3D dataset compared to a 2D dataset opens 
for less requirement for high temporal resolution, ena-
bling an increased beam density and thus a better 
lateral resolution to be used. This is similar to the find-
ings in our previous 3D phantom study on strain, where 
the best agreement with the same reference method was 
36.6 VPS for longitudinal strain and 30.2 for circumfer-
ential strain [9].

The phantom and pump setup shown in this study is 
a useful utility for evaluating twist measurements. Rota-
tion and torsion measurements are also possible to evalu-
ate depending on the setup. The sonomicrometry system 
showed a reduced increment of peak twist at stroke 
volumes above 60 ml (Figure 4). This is probably caused 
by a reduced twist deformation when the phantom shape 
becomes more spherical.

Tracking limitations

Tracking was difficult especially at high VR and high stroke 
volumes. The results for high VR are thus not necessarily 
only a result of limitations of the STE algorithm but also 
a result of the changing properties of the PVA phantom. 
It was noted that at the highest stroke volumes the echo 
appearance of the phantom changed and included a 
stronger echo from the transition between the spiral layer 
and the smoothing layer of the phantom wall (Figure 3). 
This artificially strong echo was detected and followed 
by the tracking algorithm and could be the cause of the 
underestimation at high VR and large stroke volume.

The phantom appears with less defined speckles in 
the B-mode recording than myocardium in a good quality 
clinical recording. Adding particles to the PVA would 
increase the speckle appearance [23, 29, 30]. Based on 
several previous studies, sufficient backscatter from the 
PVA is present without additives [9, 20, 22], and too strong 
speckle appearance would make the phantom less rel-
evant as a test object for clinical measurements where 
image quality varies between patients.

Other limitations

Clinical 2D twist studies have shown a great variation in 
twist, and a test phantom should produce all published 
twist values. As twist is load-dependent, this will result 
in twist variation in addition to vendor differences and 
the effect of different definition of selected planes [31]. It 
has been shown that ischemia reduces ventricular twist 
[2]; another study showed increased twist in the hyper-
trophic left ventricle with a mean value of twist angle 
for concentric hypertrophy measured to 19.4° [1]. In this 
study, we obtained 13.8° as our maximum twist value 
at 105  ml (Figure 4), covering the range of normal and 
ischemic values, but not for all peak values reported for 
hypertrophy. One possible solution for obtaining higher 
twist values would be to decrease the pressure in the 
phantom at the end of systole (relaxed phantom). We 
found this hard to reproduce because at this point in the 
pump cycle it was necessary to start injection of fluid with 
a symmetric phantom and slightly stretched phantom. A 
clinically measured peak systolic twist value is derived 
from the clockwise rotation of the base (as seen from the 
apex during systole), and the counter-clockwise rotation 
of the apex. This deformation is challenging to mimic in 
a physical phantom and it is easier to cover a larger range 
of twist values with an ex vivo preparation, as published 
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by  Ashraf  and coworkers [27]. Design improvements 
should be considered in the future, including increasing 
the number of spirals and the spiral angle.

Accuracy of the reference system

Sonomicrometry is considered the gold standard for 
experimental and laboratory measurement of dimen-
sional changes. Applications include positioning the crys-
tals at different levels of the left ventricle to measure twist 
and torsion in large animals [15]. Sonomicrometry relies 
on the receiving crystal being in the beam of the transmit-
ted crystal and also on sufficient amplitude of the received 
RF pulse throughout the heart cycle to avoid triggering 
errors. In this study, the received crystal amplitude was 
carefully checked for all crystal combinations through-
out the experiment. Any sonomicrometry triggering error 
was identified and corrected if needed. All crystals were 
implanted at mid-wall, as the EchoPAC software gives a 
mid-wall weighted measure of deformation.

Clinical implications

This study recommends a lower VR for twist measurement 
using 3D echocardiography than recommendations for 2D 
strain and twist measurements. The balance between tem-
poral and spatial resolution is different for 3D STE because 
the speckles can be followed through more frames than 
for short-axis 2D recordings, where in- and out-of-plane 
motion is a major limitation. The setup in this study is 
not directly transferrable to a clinical situation, where 
the apex of the heart is almost stationary, and the atrio-
ventricular plane is moving in the longitudinal chamber 
direction. In this setup, however, the base of the phantom 
is stationary, and the apex is moving and the purpose of 
this study is to evaluate twist measurements, not to simu-
late the heart contraction.

This study was carried out using equipment from 
one vendor only and is not directly transferrable to other 
vendors. However, the main conclusion should be rel-
evant because the temporal and spatial resolution are 
limitations in all 3D echocardiography regardless of the 
vendor. A standardization of measurement of rotation, 
twist and torsion is strongly needed, such as the recent 
standardization of longitudinal strain measurements [13, 
32]. These studies were carried out in collaboration with 
the industry, where newer versions of different software 
gave less variation in strain between vendors. Few, if any, 

similar studies exist on twist and torsion and this study 
shows a useful tool for testing different algorithms and for 
vendor comparison for the improvement of the accuracy 
of twist measurements.

Conclusion
The twisting left ventricular phantom developed in this 
study was a practical tool to study the accuracy of 3D 
echocardiographic measurements of twist. It gave a useful 
range of twist values at different stroke volumes and has 
the advantage of enabling measurements to be carried out 
over time due to synthetic material design. Best agreement 
between STE and sonomicrometer values using correla-
tion coefficients was obtained for multi-beat acquisition 
using a VR between 17.1 and 30.4 VPS, while accuracy was 
reduced for single-beat at 25.5 VPS and multi-beat at a 
higher VR. Smallest offset and limits of agreement using a 
Bland-Altman analysis were obtained at 17.1 VPS using six-
beat multi-beat acquisitions. Twist values showed good 
agreement with sonomicrometry with multi-beat giving 
better accuracy than single-beat.
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