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eGFR Estimated glomerular filtration rate 

GCS Global circumferential peak strain 

GLS Global longitudinal peak strain 

GLSendo Global longitudinal peak strain of endocardium 

GLSepi Global longitudinal peak strain of epicardium 

GLSmyo Global longitudinal peak strain of myocardium 

GRS Global radial peak strain 

HR Heart rate 

HVMB Helical ventricular myocardial band 

ICC Intra-class correlation coefficient 

LAX Long-axis  

LS Left segment / Longitudinal strain 

LV Left ventricle / Left-ventricular 

LVEDV(I) Left-ventricular end-diastolic volume (index) 

LVESV(I) Left-ventricular end-systolic volume (index) 

LVMM Left-ventricular myocardial mass 

LVSV(I) Left-ventricular stroke volume (index) 

M(D) Mean (difference) 

MCS Global circumferential mean strain 

MLS Global longitudinal mean strain 

MRS Global radial mean strain 

r Correlation coefficient 
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RRS Regional radial strain 

RS Right segment / Radial strain 

RV Right ventricle / Right-ventricular 
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1 Introduction 

1.1 Cardiovascular magnetic resonance  

Cardiovascular magnetic resonance (CMR) is a non-invasive medical imaging technique to 

assess the morphological and functional features of the cardiovascular system in a highly 

reproducible manner (American College of Cardiology Foundation Task Force on Expert 

Consensus et al. 2010; Lamacie et al. 2017; Petersen et al. 2017). It works on the basis of 

nuclear magnetic resonance, which is associated with the selective absorption of 

radiofrequency energy of atomic nuclei and its re-emission (Pennell et al. 2004). Even 

though several nuclei with an odd number of protons and neutrons exist in organs and tissues, 

the hydrogen atom (1H) is regarded as the principal option for clinical imaging because of 

its high occurrence in biological tissue (Mitchell et al. 2016). Upon patients entering into a 

scanner with a strong magnetic field strengths (ranging from 0.15 to 7 tesla), hydrogen nuclei 

create a net tissue magnetization aligned with the direction of the axis of the magnetic field 

(Plewes and Kucharczyk 2012; Ridgway 2010). After so-called excitation of the spins, the 

magnetic resonance signal can be measured by external receive coils. 

CMR plays a fundamental role in measuring comprehensive tissue characterization, 

including myocardial perfusion, edema and fibrosis. Due to its high spatial and temporal 

resolution, good soft tissue contrast and high coverage without exposure to ionizing radiation 

and iodinated intravenous contrast medium, it has become the gold standard for diagnosis 

and subsequent monitoring of cardiovascular diseases (Pennell et al. 2004; von 

Knobelsdorff-Brenkenhoff and Schulz-Menger 2016).  
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1.2 Myocardial structure and deformation 

The theory of helical ventricular myocardial band (HVMB, Figure 1) that was proposed by 

a Spanish scientist named Francisco Torrent Guasp (1931–2005) on the basis of dissection 

in 1972 provided a new insight into the global, three-dimensional (3D) and functional 

architecture of the ventricular myocardium (Kocica et al. 2006; Kocica et al. 2007). He 

proposed that the biventricular myocardium is a single muscular band that consists of a 3D 

double-loop helicoid, of which one is the basal loop (from the root of the pulmonary artery 

to the beginning of the central fold) and the other one is the apical loop (from the beginning 

of the central fold to the root of the aorta). Each of the loop is comprised of two segments. 

The left and right segment which coincide with the left- and right-ventricular (LV and RV) 

free wall constitute the basal loop. The apical loop is divided into ascending (AS) and 

descending (DS) segments. After the 180° twist at the central fold of the HVMB, the 

descendant fibers make a 90° turn around the apex and become the ascendant fibers (Kocica 

et al. 2007; Torrent-Guasp et al. 2001). It is likely that the helical anatomic configuration of 

HVMB dictates the ventricular performance. The extension of HVMB from pulmonary 

artery to the aorta and activation from the base to apex help explain the complex mechanical 

phenomenon revealed in CMR studies: (i) a downward movement of the ventricular base 

towards the apex during systolic phases; (ii) a continuous clockwise rotation of the apex and 

a change from initially clockwise to finally counterclockwise rotation at the basal part during 

systolic contraction; and (iii) the opposite movement during diastole (Ballester-Rodes et al. 

2005; Kocica et al. 2007).  
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Figure 1. The anatomic configuration of helical ventricular myocardial band (HVMB). (A) Five main successive 

stages of the bovine HVMB dissection. (B) HVMB consists of a basal (from the root of the pulmonary artery to the 

beginning of the central fold) and apical (from the beginning of the central fold to the root of the aorta) loop. The posterior 

interventricular sulcus divides the basal loop into left (LS) and right segment (RS). The apical loop is divided into ascending 

(AS) and descending (DS) segments. apm, anterior papillary muscle; ppm, posterior papillary muscle; PA, pulmonary 

artery; Ao, aorta (Kocica et al. 2007), reprinted with kind permission from Elsevier. 

The myocardium is a transmural continuum between two helical fiber geometries, one is a 

sub-endocardial right-handed helix and the other one is a sub-epicardial left-handed helix 

(Sengupta et al. 2006). LV myocardial cross-sectional view in the short-axis (SAX) plane 
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discovered the longitudinal myofiber orientation in the sub-endocardium, transverse or 

circumferential fiber orientation in the mid-myocardium, and oblique myofiber orientation 

in the sub-epicardium (Luis et al. 2019). The contraction of inner sub-endocardial fibers 

rotates the apex clockwise and the base counterclockwise, while contraction of outer sub-

epicardial fibers rotate the apex and base in exactly the opposite directions. Because of the 

larger radius of epicardium compared with endocardium, the epicardium dominates LV 

overall rotation (Omar et al. 2015). Streeter et al introduced the helix and transverse angles 

for quantifying fiber orientation (Streeter et al. 1969). The myofiber helix angle is the angle 

between the circumferential axis and the projection of the myofiber onto the circumferential-

longitudinal plane. It typically changes from +60° at the sub-endocardium to −60° at the 

sub-epicardium, continuously. The transverse angle is the angle between the circumferential 

axis and the projection of myofiber orientation onto the radial-circumferential plane and 

ranges between −20° to +20° (Sengupta et al. 2006). This orthogonal fiber orientation results 

in the opposite directions of rotation at LV base and apex as well as a “wringing-like” cardiac 

emptying effect during systole (Luis et al. 2019) .  

The complex anatomic structure of myocardial fiber bundles in the bi-ventricles determines 

the mechanic and deformation of heart. During systole, the contraction of the heart starts 

from RV free wall (RVFW), then contraction of the LV free wall take place. Consequently, 

the entire basal loop becomes a stiff external cylinder. Subsequent contraction of the DS 

pulls the ventricular base to move towards the apex on the purpose of shortening the 

ventricular long axis, reducing the chamber volume and allowing ventricular ejection. The 
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ultimate contraction of the AS causes the increase of longitudinal length of the ventricle and 

an upward movement of the basal part against the apex, then ventricular cavity expands and 

fills with blood (Ballester-Rodes et al. 2005; Torrent-Guasp et al. 2001). This unique 

anatomic and spatial configuration of the myocardial fibers causes ventricular ejection and 

relaxation.  
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1.3 Myocardial strain 

1.3.1 Definition and computation 

Myocardial strain is defined as the percentage change of myocardial fiber length compared 

with the initial state (usually end diastole) in a certain direction. It can be expressed either 

as a decimal fraction such as 0.20 or as a percentage such as 20% (Abraham et al. 2007; 

Pedrizzetti et al. 2016). Strain can be expressed either in a local cardiac coordinate system 

or in a fiber coordinate system. The local cardiac coordinate system is defined by three 

perpendicular axes orienting the geometry of the LV as radial, circumferential and 

longitudinal directions. The establishment of local fiber coordinate system is a bit more 

complex than the local cardiac coordinate system as the following: (a) the radial axis--similar 

to the local cardiac coordinate system; (b) the fiber axis--tangent to the surface and parallel 

to the local fiber orientation; (c) the cross-fiber axis: tangent to the surface and perpendicular 

to the fiber (Sengupta et al. 2006). 

Myocardial strain enables the description of change of the thickness and length (L) of 

myocardial fibers and implies the dynamic thinning or thickening as well as shortening or 

lengthening deformation of myocardial wall with respect to an initial end-diastolic length L0. 

There’re two kinds of strains, Lagrangian strain referring to an initially undeformed state, 

and Eulerian strain that normalizes the difference in lengths with the ultimate length L rather 

than L0. Lagrangian strain is more widely used and generates lower absolute values in 

practice (Abraham et al. 2007; Amzulescu et al. 2019). Based on this, Lagrangian strain is 

defined as: Strain = () − )+) )+⁄ .  
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Strain is a vector with distinctly spatial orientations of myocardial contraction resulted from 

the 3D double-helix arrangement of myocardium. According to the different directions in 

which the myocardium deforms, radial, circumferential and longitudinal strain (RS, CS and 

LS) can be calculated (Figure 2). RS suggests the radially directed myocardial deformation 

towards the center of the ventricular chamber, and indicates the thinning and thickening of 

the wall. CS is measured as the change in length of myocardial fiber along the circular 

boundary on the short-axis cine images. LS shows the longitudinal deformation of 

myocardial fibers from the base to the apex (Scatteia et al. 2017). In practice, SAX cine 

images were tracked to generate RS and CS, while long-axis (LAX) cine images were used 

to generate RS and LS. The radial contraction and thickening of myocardial wall towards 

the center results in positive RS. The clockwise motion of the myocardial fibers at base and 

counterclockwise rotation at apex as seen from apex to base cause the “wringing motion” 

and reduce the ventricular cavity size at systole. This process also known as circumferential 

shortening resulted in a negative CS. The longitudinal movement of ventricular base towards 

apex, resulting in myocardial shortening, is denoted by negative LS (Abraham et al. 2007; 

Pedrizzetti et al. 2016). In case of the confusion caused by the expression of positive or 

negative values, strain can also be expressed as absolute values or placed in square brackets. 
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Figure 2. Left-ventricular (LV) myocardial deformation during contraction. (A) Myocardial wall strains in Radial-

Circumferential-Longitudinal. The radial strain (ERR), circumferential strain (ECC), and longitudinal strain (ELL) were 

defined to describe the LV wall thickening in the radial direction and shortening in the circumferential and longitudinal 

directions, respectively. (B) As seen from apex to base, the LV apical wall twists counterclockwise and the base wall twists 

clockwise during contraction (Jiang and Yu 2014), reprinted with kind permission from AME. 

1.3.2 Potential clinical applications 

Recently, myocardial strain has proven promising in assessing myocardial contraction. 

Traditionally, in routine clinical practice using either CMR or echocardiography, ejection 

fraction (EF) is widely used as a parameter to assess ventricular global function and exerted 

great values in diagnosis and prognosis among patients with cardiovascular diseases. There 

is a correlation between global systolic peak strain and the EF. For example, Taylor et al 

reported that LV global RS (GRS) was modestly correlated with LVEF (correlation 

coefficient [r]=0.63, P<0.001) (Taylor et al. 2015). Kawakubo et al revealed that negative 

correlations existed not only between LV global LS (GLS) and LVEF (r=-0.71, P<0.01) but 

also between RV GLS and RVEF (r=-0.35, P<0.01) (Kawakubo et al. 2016). However, EF 

cannot assess the regional variation of myocardial dysfunction and only provides limited 

information on myocardial mechanical activity (Abraham et al. 2007; Amzulescu et al. 2019). 

It has been shown that the deterioration in global systolic function as detected by EF occurs 
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later than the onset of cardiac pathology. Here, strain may play a more sensitive role in 

detecting subclinical and subtle ventricular dysfunction and predicting prognosis. Hence, 

myocardial strain has raised the physicians and researchers’ attention in clinical routine as 

well as in research (Lamacie et al. 2017; Taylor et al. 2015). 

Myocardial strain plays an essential role in detecting abnormality of myocardial function in 

a variety of diseases, such as bicuspid aortic valve disease, cardiomyopathy, acute 

myocarditis and heart failure with preserved EF (Claus et al. 2015; Luetkens et al. 2018; 

Maceira et al. 2018; Nucifora et al. 2018). Riffel et al found that the transmural LS played a 

better role in discriminating healthy volunteers and patients than EF since the area under the 

curve (AUC) were 0.94 and 0.84, respectively (Riffel et al. 2015). CMR-derived strains may 

reveal subtle impairment in biventricular mechanical activity among heart failure patients, 

even though the EF is normal for some patients (Zou et al. 2018). A systematic review and 

meta-analysis of prospective randomized studies proposed that GLS had a moderately 

accurate value for differentiating myocardial infarction size >12% and <12% (Diao et al. 

2017). The regional strain could also identify the infarcted segments and correlated with the 

extent of transmural infarction (Weidemann et al. 2006). 

Myocardial strain is able to provide strong prognostic information for various kinds of 

patients. Patients with GLS higher than −15.1% demonstrated hazard ratio of 4.5 (95% 

confidence interval [CI] 2.1–9.7) for all-cause mortality (Antoni et al. 2010). Stress GLS 

was significantly related with risk of major adverse cardiac events, and patients with stress 

GLS ≥-19% had significantly lower event-free survival compared with those with stress 
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GLS < -19% (log-rank P< 0.001) (Romano et al. 2019). RVFW-GLS was reported not only 

to be an independent predictor of cardiac events among patients with acute decompensated 

heart failure but also play a more powerful role in predicting prognosis than RV traditional 

parameters (Hamada-Harimura et al. 2018). 

1.3.3 Imaging modalities used for strain assessment  

The surgically implanted radiopaque markers in canine hearts were tracked with X-ray 

imaging for the quantitative measurement of ventricular wall motion. However, the process 

is invasive and can’t be used into humans. Furthermore, the invasive implantation can affect 

the regional even global myocardial deformation during the tracking process and hence 

limits its application in the clinical routine and research environment (Wazen et al. 2013). 

By comparison, the promising and noninvasive imaging techniques are thriving and 

clinically feasible (Wang and Amini 2012).  

1.3.3.1 Tissue Doppler imaging 

The application of tissue Doppler imaging (TDI) has been introduced to measure the motion 

of both mitral and tricuspid annuli, and to assess LV and RV systolic function. The important 

parameter produced by TDI is velocity that can be assessed using color Doppler or pulsed 

Doppler mode and be post-processed for calculating global and segmental displacement, 

strain and strain rate (Opdahl et al. 2015; Pellerin et al. 2003). However, as a Doppler-based 

technique, the angle dependency of the ultrasound beam and its susceptibility to signal noise 

limit the number of myocardial segments that can be interrogated and its wide application in 

clinical routine (Luis et al. 2019). When myocardial segments move beyond the line of 
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ensonifying beam, inaccurate results can be generated. Besides, long analysis time and its 

considerable intra-observer and inter-observer variability in strain and strain rate 

measurement are two relevant weaknesses of TDI and limit its sensitivity and specificity in 

detecting functional and mechanical abnormalities (Abraham et al. 2007; Pislaru and 

Pellikka 2005).  

1.3.3.2 Speckle tracking echocardiography 

The speckle tracking echocardiography (STE) is a development in echocardiographic strain 

imaging. This technique works on the basis of tracking the motion of myocardial speckles 

generated by the interaction of ultrasound waves within the myocardium from frame to 

frame throughout the cardiac cycle. The motion of speckles is then integrated to produce a 

dimensional index of change in a particular direction. Finally, the whole cardiac chamber as 

well as the individual regions within cardiac chamber can be described in terms of radial 

thickening, circumferential rotation and longitudinal shortening (Luis et al. 2019).  

Two-dimensional STE (2D-STE) tracks the movements of the myocardial natural acoustic 

markers or speckles from one frame to another on the basis of high-resolution frame rate 

imaging at 2D level. The semi-automated tracking of serial speckles allows the assessment 

of myocardial deformation within the plane and offers an easier, faster and less angle-

dependent measurement of strain compared with TDI (Opdahl et al. 2015). While the 

accurate measurement of 2D-STE relies on high-resolution image quality and is susceptible 

to tachycardia, which consequently limits the widespread application of this modality in the 

clinical routine (Abraham et al. 2007).  
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3D-STE acquiring the 3D full-volume echocardiographic rendition of the ventricles from 

the apical window is a novel echocardiographic modality. It overcomes the limitation of 

plane dependency present in 2D-STE and be validated against sonomicrometry and CMR . 

It can track motion of speckles within the scan volume, irrespective of its direction (Opdahl 

et al. 2015). The regional strain measured with 3D STE may be revealed as color codes 

overlaid on the wall, and strain-time curves can be presented for all regions. However, 3D-

STE is highly dependent on vendors and imaging quality, it is still not widely available.  

1.3.3.3 CMR tissue tagging  

CMR tissue tagging has become the gold standard for the assessment of myocardial 

deformation in research. This technique was initially introduced by Zerhouni and Axel et al 

(Axel and Dougherty 1989; Zerhouni et al. 1988). It uses a particular pulse sequence to 

spatially modulate the longitudinal magnetization prior to the conventional image 

acquisition, which alternates the light and dark patterns on the image. The measurement of 

myocardial deformation is based on the utilization of spin tagging pre-pulses to generate 

noninvasive markers in the myocardial patterns that persist during the systole. However, the 

tags may fade because of T1 relaxation of the magnetization, and higher field strength (>1.5 

Testa) contributes to maintaining the tagging patterns (Wang and Amini 2012). Spatial 

modulation of magnetization (SPAMM) and complementary SPAMM (CSPAMM), which 

optimize tagging and acquisition of CMR images and have the advantage of longer net tag 

persistence by suppressing untagged blood, are utilized to produce tags (Axel and Dougherty 

1989; Fischer et al. 1993). After the image acquisition and tag productions, the detection of 
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tag features and measurement of myocardial deformation used for quantitative analysis can 

be completed with the assistant of a variety of fast and accurate analysis methods (Wang and 

Amini 2012). These techniques have been endorsed for the measurement of global and 

regional wall motion in practice. However, due to the complexity of myocardial tagging 

acquisition and its indispensable post-processing analysis, CMR tissue tagging is only 

commonly used in the research environment rather than in clinical routine (Taylor et al. 

2015).   

1.3.3.4 CMR based feature tracking and tissue tracking 

CMR based feature tracking (CMR-FT) and tissue tracking (CMR-TT) are two novel 

imaging approaches. They allow the quantitative assessment of wall motion and generate 

global and regional strain and strain rate throughout the whole cardiac cycle with a standard 

steady-state in free-precession (SSFP) sequence, which may facilitate the wide application 

in clinical routine (Hor et al. 2011).  

The CMR-FT technique provided by TomTec software package (Unterschleissheim, 

Germany) tracks endo- and epicardial tissue (usually at basal, middle and apical slice). The 

technique we used in this study is CMR-TT provided by CVI42 software package (Circle, 

Calgary, Canada), which can achieve both of 2D and 3D tracking of pixels/voxels placed on 

the myocardial borders and within the myocardium. So far, only few studies compared the 

values derived from FT and TT and their reproducibility. It was reported that strains 

measured by FT and TT were moderately to strongly correlated with LVEF and RVEF, and 

no significant correlation was found between RVFW-GLS and RVEF with either method. 
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CS generated by TT was lower than that by FT (Lu et al. 2019; Schuster et al. 2015). A better 

reproducibility for CS assessed with FT and lower variability for RS measured with TT were 

also reported (Schuster et al. 2015). 
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1.4 Aim of this dissertation 

Up to date, the assessment of myocardial strain is based on echocardiography and CMR. The 

specific characteristics of these two methods and other software-related factors (such as type 

of strains, algorithms used for computation, and so on) cause high variability of the reported 

strains among the different studies.  

In this study, we aimed to investigate the feasibility and reproducibility of CMR-TT in the 

measurement of LV and RV global, regional and segmental strain, and establish the normal 

reference values for LV and RV wall deformation. For LV assessment, resulting global, 

regional and modified American Heart Association (AHA) 16-segment strains and intra-

observer reproducibility of 2D and 3D modes were assessed, and gender- and age-related 

difference as well as the correlation relationship of biventricular global strains were 

investigated. 
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2 Materials and Methods 

2.1 Materials 

2.1.1 Study subjects 

To investigate the normal reference values of strain, 150 healthy volunteers undergoing 

CMR examination at Ulm University Medical Center were retrospectively recruited by the 

end of August 2016 for this study. The inclusion criteria were: above 18 years old, LVEF ≥ 

55%, RVEF ≥ 40% and without history of cardiovascular diseases (Figure 3). Exclusion 

criteria were: pulmonary dysfunction, diabetes mellitus or impaired glucose tolerance, 

severe renal impairment (estimated glomerular filtration rate, eGFR < 30mL/min), metallic 

transplant or foreign matter, claustrophobia and pregnancy.  

 
Figure 3. The protocol of recruiting study subject and setting subgroups. eGFR, estimated glomerular filtration rate. 

Considering the potential existence of gender- and age-related difference of strain, 

subgroups were set according to gender and age. In practice, 150 healthy volunteers (75 
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males and 75 females) were equally divided into three age subgroups as G20-40 (range 20-40 

years, mean age 29.5±6.5 years), G41-60 (range 41-60 years, mean age 51.0±6.0 years), and 

G61-80 (range 61-80 years, mean age 69.1±5.8 years).  

The study was approved by the local ethics committee. All subjects provided written 

informed consent.  

2.1.2 CVI42 software package 

The post-processing software package used to perform CMR-TT in this study is CVI 42 

(Circle, Calgary, Canada). Its mechanism is based on tracking myocardial features 

throughout the whole cardiac cycle with the assistance of a series of specific algorithms 

(Pedrizzetti et al. 2016). It was initially designed for LV tracking at 2D and 3D levels. Then 

with the development of CMR-TT technique and more attention paid on RV, CVI42 also has 

been utilized to assess RV deformation at 2D level.  

The methods used by LV 2D and 3D CMR-TT differ and have been reported by Circle and 

Liu et al before (Liu et al. 2018c). Briefly, 2D CMR-TT is based on a 2D algorithm and 

determines myocardial deformation by a series of reference points located on the myocardial 

wall in individual SAX or LAX cine images. These reference points can be automatically 

generated when the operator delineates the LV endo- and epi-cardial boundaries in a 

reference frame (usually at end diastole). With the contraction and relaxation of the 

myocardium, the positions of these reference points in each phase can be traced according 

to the tracked feature patterns and the incompressibility constraint of the model in two 

directions. 3D CMR-TT constructs a 3D deformation model by interpolating the tracked 
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borders from the 2D SAX and LAX images. The deformation of the 3D model is measured 

by tracking the positions of the reference points placed on myocardium in a reference phase 

(usually at end diastole) as in the case of 2D model. Finally, the myocardial motion can be 

quantitatively assessed in radial, circumferential and longitudinal directions together over 

the whole cardiac cycle. 

It needs to be noticed that if only a stack of SAX images are used for tracking, the software 

can only enable 2D tracking and assess LV radial and circumferential deformation. Similarly, 

if only LAX images are used for tracking, the software merely performs 2D tracking and 

evaluates LV radial and longitudinal deformation. When both of SAX and LAX images (n≥2) 

are included, the software can perform 3D tracking. The more LAX images included for 

tracking, the more reliable 3D model is. LV 3D tracking costs more time than 2D tracking 

due to a load of semi-automatic delineation of endocardial and epicardial borders and more 

complex computational construction of the 3D model. Finally, the results of radial, 

circumferential and longitudinal mechanical parameters, like displacement, velocity, strain, 

strain rate and rotation are exported. Furthermore, the results can be displayed as time-strain 

curves and bull’s eye patterns.  
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2.2 Methods 

2.2.1 Image acquisition 

All participants underwent CMR examination on a clinical 1.5 Tesla whole body scanner 

(Achieva, Philips Medical Systems, Best, The Netherlands) in supine position. The CMR 

scanner was equipped with a cardiac 32-channel phased-array receive coil. The CMR cine 

images acquired for the following analysis include 2-, 3-, and 4-chamber LAX view and an 

SAX stack covering the whole LV from base to apex. Data were acquired with an 

electrocardiogram-gated SSFP sequence. Typical scan parameters were as: echo time TE = 

1.5ms, spatial resolution ∆r = 1.7mm×1.7mm, repetition time TR = 3.0ms, field of view 

fov = 360mm×325mm, slice thickness sD = 8mm, flip angle ∝ = 55°, slice gap ∆1 = 0mm. 

2.2.2 Clinical data collections 

Demographic, morphological and functional parameters were measured and recorded. 

Demographic parameters include: gender, age, height, weight, body mass index (BMI), body 

surface area (BSA), HR, systolic and diastolic blood pressure (SBP and DBP). Biventricular 

conventional morphological and functional analysis of the CMR cine data was performed 

by two experienced physicians with the standard commercial software provided by the 

vendor (ViewForum®, Philips Medical System, Best, The Netherlands). Analysis was 

performed as recommended by the Society for Cardiovascular Magnetic Resonance in 2013 

(Schulz-Menger et al. 2013). End-diastolic and end-systolic phases were identified 

according to the change of LV dynamic volume throughout SAX cine images. Then, 

endocardium and epicardium were delineated semi-automatically at these two phases. 
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Papillary muscles were excluded from LV myocardial mass (LVMM). LV myocardial 

mass/end-diastolic volume (LVMM/LVEDV), end-diastolic and end-systolic volume 

(LVEDV and LVESV), end-diastolic and end-systolic volume index (LVEDVI and 

LVESVI), stroke volume (LVSV) and its index (LVSVI), cardiac output (CO), cardiac index 

(CI) and LVEF were measured. RV end-diastolic and end-systolic volume (RVEDV and 

RVESV), end-diastolic and end-systolic volume index (RVEDVI and RVESVI), stroke 

volume (RVSV) and its index (RVSVI) and RVEF were also measured. All of the indexed 

parameters were normalized by BSA. Finally, images were exported to an external 

workstation for subsequent CMR-TT offline analysis.  

The categories and calculation formula of demographic, morphological and functional 

parameters are summarized as below: 

(1) Demographic parameters: gender, age, height, weight, BMI, BSA, HR, SBP, DBP. 

BMI (kg/m2) =weight (kg) / height2 (m) 

BSA (m2) =0.007184 ×	height0.725 (cm) ×	weight0.425 (kg) 

(2) Morphological and functional parameters of LV: LVMM, LVMM/EDV, LVEDV, 

LVEDVI, LVESV, LVESVI, LVSV, LVSVI, CO, CI, LVEF. 

LVMM (g) =1.05 (g/mL) 	×	myocardial volume (mL) 

LVEDVI (mL/m2) =LVEDV (mL) / BSA (m2) 

LVESVI (mL/m2) =LVESV (mL) / BSA (m2) 

LVSV (mL) =LVEDV (mL) - LVESV (mL) 

LVSVI (mL/m2) =[LVEDV (mL) - LVESV (mL)] / BSA (m2) 
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CO (L/min) = LVSV (mL) ×	HR (bpm) / 1000 

CI (L/min/m2) =CO (L/min/) / BSA (m2) 

LVEF (%) = LVSV (mL) / LVEDV (mL)	 

(3) Morphological and functional parameters of RV: RVEDV, RVESV, RVEDVI, 

RVESVI, RVSV, RVSVI, RVEF. 

RVEDVI (mL/m2) =LVEDV (mL) / BSA (m2) 

RVESVI (mL/m2) =LVESV (mL) / BSA (m2) 

RVSV (mL) =LVEDV (mL) - LVESV (mL) 

RVSVI (mL/m2) = [LVEDV (mL) - LVESV (mL)] / BSA (m2) 

RVEF (%) = RVSV (mL) / RVEDV (mL)	 

2.2.3 CMR-TT operation: two- or three-dimension (2/3D) 

A SAX stack and 2-, 3-, and 4-chamber view LAX cine images were imported to the post-

processing software CVI42 (version 5.3.8) for the subsequent offline analysis. A well-trained 

operator, blinded to the group, performed the delineation of LV and RVFW endocardium 

and epicardium according to the procedure described in detail by the vendor. First, the LV 

and RV endocardium and epicardium were drawn semi-automatically at end diastole where 

the LV blood volume got maximal at the mid-ventricular level. Secondly, reference points 

of interventricular septum at SAX images and the line connecting the middle of mitral / 

tricuspid valve plane and apex were manually marked at the LAX images to facilitate the 

division of myocardial segments and quantification of the ventricular length. Thirdly, 

automatic tracking of the myocardium was performed through all cardiac phases using a 
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template matching algorithm. Manual corrections needed to be performed on the contours 

in case of failed border detection during the tracking (Figure 4). Finally, LV 2D (separate 

analysis of SAX and LAX slices) and 3D (combined analysis of SAX and LAX slices [n≥2 

for LAX]) assessment of global and segmental radial, circumferential and longitudinal 

systolic peak strain (GRS, GCS and GLS and SRS, SCS and SLS) as well as 2D RVFW-

SLS were derived throughout the whole cardiac cycle. 
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                       (a)                                           (c) 

      
Figure 4 The operation of cardiovascular magnetic resonance based tissue tracking (CMR-TT). (a) Draw the left-

ventricular (LV) endocardial and epicardial contours at end diastole; manually identify the reference points of 

interventricular septum and mitral valve plane, and finally start tracking with CVI42. The blue lines covering the whole 

myocardium were shown. (b-c) The yellow lines illustrate the movement of myocardial pixels at end systole compared to 

end diastole. (d-e) Draw the right-ventricular free wall (RVFW) endocardial and epicardial contours at end diastole, 

manually identify the reference points of tricuspid valve plane and then start tracking from the phase of end diastole. The 

round points represent the dynamic positions of endocardium and epicardium. A to c (Qu et al., 2021) CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/, d to e (Qu et al., 2020) CC BY 4.0, 

http://creativecommons.org/licenses/by/4.0/. 
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In this study, LV 2/3D global and segmental systolic peak strains and RV 2D segmental 

longitudinal systolic peak strains were derived by CVI42 directly. 2/3D regional systolic 

radial, circumferential and longitudinal peak strains (RRS, RCS, RLS) were manually 

calculated by averaging two, four or six segmental strains in the corresponding area, as 

applicable. LV 2/3D global systolic radial, circumferential and longitudinal mean strains 

(MRS, MCS and MLS) were manually calculated by averaging all segmental systolic peak 

strain values. Similarly, RVFW-GLS was calculated by averaging all RVFW-SLS.  

According to AHA 17-segment model (Cerqueira et al. 2002), sixteen segments analyzed 

for LV wall motion in this study are as listed: 1. basal anterior, 2. basal anteroseptal, 3. basal 

inferorseptal, 4. basal inferior, 5. basal inferolateral, 6. basal anterolateral, 7. mid anterior, 

8. mid anteroseptal, 9. mid inferoseptal, 10. mid inferior, 11. mid inferolateral, 12. mid 

anterolateral, 13. apical anterior, 14. apical septal, 15. apical inferior, 16. apical lateral 

(Figure 5).  

Considering that 2D CMR-TT could not perform tracking at all segments, the number and 

percentage of tracked segments featured with available data were recorded in order to 

evaluate the feasibility of both modalities. It should be noted that, in the context of 2D CMR-

TT, SCS was derived from SAX and SLS was derived from LAX cine images, while SRS 

was derived from both SAX and LAX cine images. So the mean value of SRS from both of 

SAX and LAX was calculated for the following analysis. In some cases, SRS could merely 

be obtained from SAX or LAX cine images, then that value would be used for analysis.  
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The variability of strains was performed within 20 randomly selected subjects to reflect the 

intra-observer reproducibility of the measurement. 

 
Figure 5. American Heart Association (AHA) 17-segment model. Diagram of short-axis (SAX) and 2-, 4-chamber view 

long-axis (LAX) image showing the number, name, location and anatomic landmarks for the selection of the basal (tips of 

the mitral valve leaflets), mid-cavity (papillary muscles), and apical (beyond papillary muscles but before cavity ends) 

SAX slices for the recommended 17-segment system (Cerqueira et al. 2002), reprinted with kind permission from Springer.  

2.2.4 Statistical analysis 

Numerical variables were described as mean ± standard deviation (M ± SD). Normal 

distribution of the data was tested using Shapiro-Wilk test. Depending on the distribution, 

differences between two groups were tested either by unpaired Student’s t-test (data in 

normal distribution) or Mann-Whitney U test (data in skewed distribution). The comparisons 
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between 2D and 3D data were performed with paired Student’s t-test or Wilcoxon’s sign 

rank test, as appropriate. Age-related differences among three groups were evaluated with 

analysis of variance (ANOVA) or Kruskal-Wallis test followed by Bonferroni correction, as 

applicable. Correlation of strains was measured by Pearson correlation coefficient or 

Spearman’s rank correlation coefficient (r), as appropriate. The intra-observer 

reproducibility was evaluated with intra-class correlation coefficient (ICC) and coefficient 

of variation (CoV). The reproducibility was considered excellent when ICC>0.74, good 

when ICC between 0.60 to 0.74, and fair when ICC between 0.40 to 0.59, and weak when 

ICC<0.40. CoV was defined as the SD of the differences divided by the mean. Statistical 

analysis was conducted using Excel (version 15.26, Microsoft, Redmond, Washington) and 

IBM SPSS (version 24, IBM, Armonk, New York). In all cases, two-tailed tests were applied 

and significance was determined as P<0.05. 
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3 Results 

3.1 Characteristics of the study participants 

3.1.1 Demography of the subjects 

The demographic features of the investigated healthy volunteers are presented in Table 1. 

The whole study participants were 49.8±17.3 years old (range 20-80 years old). Compared 

with healthy females, males showed larger magnitude of height, weight and BSA (P<0.05). 

Age, BMI, HR, SBP and DBP were comparable between male and female groups (P >0.05).  

Table 1: Demography of the study participants.   

 Total 

(n=150) 

Male 

(n=75) 

Female 

(n=75) 

P value 

 

Age (yrs) 49.8 ± 17.3 49.9 ± 17.3 49.8 ± 17.5 0.984 

Height (cm) 172.8 ± 9.5 179.2 ± 7.7 166.5 ± 6.3 <0.001* 

Weight (kg) 76.9 ± 15.5 82.4 ± 13.5 71.4 ± 15.5 <0.001* 

BSA (m2) 1.9 ± 0.2 2.0 ± 0.2 1.8 ± 0.2 <0.001* 

BMI (kg/m2) 25.7 ± 4.9 25.6 ± 3.8 25.8 ± 5.9 0.340 

HR (bpm) 69.2 ± 14.7 68.0 ± 16.7 70.4 ± 12.4 0.087 

SBP (mmHg) 121.5 ± 20.2 123.7 ± 13.8 120.8 ± 21.6 0.302 

DBP (mmHg) 66.7 ± 11.1 69.0 ± 11.4 65.3 ± 8.5 0.106 

Results are reported as mean ± standard deviation. *P<0.05: males vs. females.  

Abbreviations: BSA, body surface area; BMI, body mass index; HR, heart rate; SBP, systolic blood pressure; DBP, 

diastolic blood pressure. (Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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3.1.2 LV morphology and function 

Table 2 summarizes the LV morphological and functional parameters of the investigated 

healthy volunteers. Compared with healthy females, males presented larger morphological 

magnitude, including LVMMI, LVMM/EDV, LVEDVI, LVESVI and LVSVI (P <0.05). 

There was no significant difference of LVCI and LVEF between male and female groups 

(P>0.05).  

Table 2: LV morphological and functional parameters of the study participants. 

 Total 

(n=150) 

Male 

(n=75) 

Female 

(n=75) 

P value 

 

  LVMMI (g/m2) 48.8±7.6 53.1±6.1 44.5±6.5 <0.001* 

  LVMM/EDV (g/mL) 0.66±0.10 0.69±0.11  0.64±0.09  0.001* 

  LVEDVI (mL/m2) 74.6±12.9 78.7±13.5 70.5±10.8 <0.001* 

  LVESVI (mL/m2) 25.7±7.5 27.5±7.7 23.9±6.9  0.002* 

  LVSVI (mL/m2) 48.9±7.4 51.2±7.9 46.6±6.2 <0.001* 

  LVCI (L/min/m2) 3.4±0.8 3.4±0.9 3.3±0.7 0.278 

  LVEF (%) 66.0±5.8 65.4±5.5 66.6±6.0 0.161 

Results are reported as mean ± standard deviation. *P<0.05: males vs. females. 

Abbreviations: LVMMI, left-ventricular myocardial mass index; LVMM/EDV, left-ventricular myocardial mass/end-

diastolic volume; LVEDVI, left-ventricular end-diastolic volume index; LVESVI, left-ventricular end-systolic volume 

index; LVSVI, left-ventricular stroke volume index; LVCI, left-ventricular cardiac index; LVEF, left-ventricular ejection 

fraction. (Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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3.1.3 RV morphology and function 

Table 3 summarizes the RV morphological and functional parameters of the investigated 

healthy volunteers. Males presented significantly larger RVEDVI, RVESVI and RVSVI, 

and lower RVEF (60.8±6.9% vs. 65.5±6.6%) than females (P<0.05).  

Table 3: RV morphological and functional parameters of the study participants. 

 Total 

(n=150) 

Male 

(n=75) 

Female 

(n=75) 

P value 

 

  RVEDVI (mL/m2) 77.7±15.8 83.6±15.8 71.8±13.6 <0.001* 

  RVESVI (mL/m2) 29.7±9.7 33.7±10.0 25.8±7.6  <0.001* 

  RVSVI (mL/m2) 48.4±8.1 50.2±8.4 46.5±7.4 0.005* 

  RVEF (%) 63.2±7.2 60.8±6.9 65.5±6.6 <0.001* 

Results are reported as mean ± standard deviation. *P<0.05: males vs. females. 

Abbreviations: RVEDVI, right-ventricular end-diastolic volume index; RVESVI, right-ventricular end-systolic volume 

index; RVSVI, right-ventricular stroke volume index; RVEF, right-ventricular ejection fraction. (Qu et al., 2020) CC BY 

4.0, http://creativecommons.org/licenses/by/4.0/ 

 

  



�

 30 

3.2 LV strain measurement 

3.2.1 LV segmental strains 

3.2.1.1 Feasibility of LV segmental strain measurement 

Unsuccessfully tracked and measured segments (indicated with “nein” in the exported data) 

were excluded from analysis. The numbers of segments with strain data for 2D and 3D 

CMR-TT were recorded as N2D and N3D, the detailed information is presented in Figure 6 

and Table 4-5.  

With the utilization of 2D CMR-TT algorithms, only 97.3% (in SAX) and 96.4% (in LAX) 

segments were successfully measured in the radial direction. After combing the SRS 

generated from SAX and LAX together, 99.9% segments were quantitatively computed and 

used for the following analysis. Meanwhile, 97.3% segments from SAX and 96.4% segments 

from LAX cine images were assigned with RS and LS, respectively. By comparison, all 

segments could be tracked by 3D CMR-TT.  

In the setting of 2D CMR-TT, we found that the proportion of successfully tracked SAX 

segments in the radial and circumferential directions was minimal in the basal part, 

especially at the basal inferior (72.7%). The proportion of successfully tracked LAX 

segments in the radial and longitudinal directions ranged from 92.0% to 100%. In the apical 

area, 100% segments were tracked and quantitatively measured with both of 2D and 3D 

CMR-TT.  
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Figure 6. The number of successfully tracked segments using two- or three-dimensional (2/3D) cardiovascular 

magnetic resonance based tissue tracking. Six lines with round points represent the number of tracked segments, and the 

chart below lists the detailed number. SRS, segmental radial peak strain; SCS, segmental circumferential peak strain; SLS, 

segmental longitudinal peak strain. 

  

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
2D-SRS 150 150 150 147 150 150 150 150 150 150 150 150 150 150 150 150
2D-SCS 150 149 145 109 133 150 150 150 150 147 150 150 150 150 150 150
2D-SLS 146 144 143 139 140 146 143 143 144 138 141 146 150 150 150 150
3D-SRS 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
3D-SCS 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
3D-SLS 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150 150
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Table 4: The number of segments included for SRS assessment with 2/3D CMR-TT. 

Segment SRS  

SAX-N2D (%) LAX-N2D (%) Total-N2D (%) N3D (%) 

1. Basal anterior 150 (100.0%) 146 (97.3%) 150 (100.0%) 150 (100.0%) 

2. Basal anteroseptal 149 (99.3%) 144 (96.0%) 150 (100.0%) 150 (100.0%) 

3. Basal inferoseptal 145 (96.7%) 143 (95.3%) 150 (100.0%) 150 (100.0%) 

4. Basal inferior 109 (72.7%) 139 (92.7%) 147 (98.0%) 150 (100.0%) 

5. Basal inferolateral 133 (88.7%) 140 (93.3%) 150 (100.0%) 150 (100.0%) 

6. Basal anterolateral 150 (100.0%) 146 (97.3%) 150 (100.0%) 150 (100.0%) 

7. Mid anterior 150 (100.0%) 143 (95.3%) 150 (100.0%) 150 (100.0%) 

8. Mid anteroseptal 150 (100.0%) 143 (95.3%) 150 (100.0%) 150 (100.0%) 

9. Mid inferoseptal 150 (100.0%) 144 (96.0%) 150 (100.0%) 150 (100.0%) 

10. Mid inferior 150 (100.0%) 138 (92.0%) 150 (100.0%) 150 (100.0%) 

11. Mid inferolateral 150 (100.0%) 141 (94.0%) 150 (100.0%) 150 (100.0%) 

12. Mid anterolateral 150 (100.0%) 146 (97.3%) 150 (100.0%) 150 (100.0%) 

13. Apical anterior 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

14. Apical septal 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

15. Apical inferior 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

16. Apical lateral 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

N (%) means the number (fraction) of segments with available segmental radial peak strain (SRS).  

Abbreviations: 2/3D CMR-TT, two- or three-dimensional cardiovascular magnetic resonance based tissue tracking; SAX, 

short-axis; LAX, long-axis. (Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Table 5: The number of segments included for SCS and SLS assessment with 2/3D CMR-TT. 

Segment SCS   SLS 

SAX-N2D (%) N3D (%) LAX-N2D (%) N3D (%) 

1. Basal anterior 150 (100.0%) 150 (100.0%) 146 (97.3%) 150 (100.0%) 

2. Basal anteroseptal 149 (99.3%) 150 (100.0%) 144 (96.0%) 150 (100.0%) 

3. Basal inferoseptal 145 (96.7%) 150 (100.0%) 143 (95.3%) 150 (100.0%) 

4. Basal inferior 109 (72.7%) 150 (100.0%) 139 (92.7%) 150 (100.0%) 

5. Basal inferolateral 133 (88.7%) 150 (100.0%) 140 (93.3%) 150 (100.0%) 

6. Basal anterolateral 150 (100.0%) 150 (100.0%) 146 (97.3%) 150 (100.0%) 

7. Mid anterior 150 (100.0%) 150 (100.0%) 143 (95.3%) 150 (100.0%) 

8. Mid anteroseptal 150 (100.0%) 150 (100.0%) 143 (95.3%) 150 (100.0%) 

9. Mid inferoseptal 150 (100.0%) 150 (100.0%) 144 (96.0%) 150 (100.0%) 

10. Mid inferior 150 (100.0%) 150 (100.0%) 138 (92.0%) 150 (100.0%) 

11. Mid inferolateral 150 (100.0%) 150 (100.0%) 141 (94.0%) 150 (100.0%) 

12. Mid anterolateral 150 (100.0%) 150 (100.0%) 146 (97.3%) 150 (100.0%) 

13. Apical anterior 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

14. Apical septal 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

15. Apical inferior 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

16. Apical lateral 150 (100.0%) 150 (100.0%) 150 (100.0%) 150 (100.0%) 

N (%) means the number (fraction) of segments with available segmental circumferential peak strain (SCS) and segmental 

longitudinal peak strain (SLS). (Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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3.2.1.2 Reference values of LV segmental strains  

The reference values of LV segmental strains derived from 2D and 3D CMR-TT are 

presented in Table 6-8 and Figure 7. Compared with 2D SRS, 3D SRS was found to be 

significantly larger at basal and apical segments, and smaller at middle segments (P<0.05). 

2D SCS and SLS show larger negative values than 3D SCS and SLS at most segments.  
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Table 6: Reference values of SRS measured with 2D and 3D CMR-TT. 

Segment SRS (%) 

2D CMR-TT 3D CMR-TT P-value 

1. Basal anterior 49.8 ± 17.9 59.3 ± 24.7 0.001* 

2. Basal anteroseptal 25.5 ± 11.4 31.8 ± 15.1 <0.001* 

3. Basal inferoseptal 19.1 ± 11.8 27.7 ± 14.1 <0.001* 

4. Basal inferior 35.6 ± 20.0 51.1 ± 22.8 <0.001* 

5. Basal inferolateral 66.7 ± 25.4 76.4 ± 31.3 <0.001* 

6. Basal anterolateral 75.7 ± 26.0 78.4 ± 31.6 0.249 

7. Mid anterior 50.4 ± 15.2 39.8 ± 13.7 <0.001* 

8. Mid anteroseptal 36.0 ± 10.8 29.9 ± 12.6 <0.001* 

9. Mid inferoseptal 33.6 ± 9.7 26.1 ± 10.3 <0.001* 

10. Mid inferior 40.0 ± 14.7 31.9 ± 14.0 <0.001* 

11. Mid inferolateral 52.6 ± 16.8 37.8 ± 18.4 <0.001* 

12. Mid anterolateral 59.5 ± 19.5 43.6 ± 18.3 <0.001* 

13. Apical anterior 54.9 ± 19.7 68.2 ± 30.3 <0.001* 

14. Apical septal 48.2 ± 15.5 56.5 ± 23.5 <0.001* 

15. Apical inferior 51.2 ± 18.4 58.2 ± 24.3 <0.001* 

16. Apical lateral 50.3 ± 16.9 52.0 ± 22.8 0.264 

Results are reported as mean ± standard deviation. *P<0.05. Abbreviations: SRS, segmental radial peak strain; 2/3D CMR-

TT, two- and three-dimensional cardiovascular magnetic resonance based tissue tracking. (Qu et al., 2021) CC BY-NC-

ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Table 7: Reference values of SCS measured with 2D and 3D CMR-TT. 

Segment SCS (%) 

2D CMR-TT 3D CMR-TT P-value 

1. Basal anterior -26.5 ± 6.3 -19.8 ± 2.9 <0.001* 

2. Basal anteroseptal -17.8 ± 6.5 -13.5 ± 3.5 <0.001* 

3. Basal inferoseptal -12.1 ± 6.9 -14.2 ± 2.9 <0.001* 

4. Basal inferior -18.0 ± 8.6 -14.5 ± 3.1 <0.001* 

5. Basal inferolateral -27.8 ± 7.4 -14.9 ± 3.6 <0.001* 

6. Basal anterolateral -29.5 ± 6.1 -18.5 ± 3.3 <0.001* 

7. Mid anterior -21.0 ± 4.8 -20.5 ± 3.5 0.029* 

8. Mid anteroseptal -19.9 ± 4.5 -15.5 ± 3.4 <0.001* 

9. Mid inferoseptal -17.5 ± 4.5  -18.6 ± 3.9 <0.001* 

10. Mid inferior -18.1 ± 5.7 -20.8 ± 3.5 <0.001* 

11. Mid inferolateral -24.4 ± 6.0 -20.9 ± 4.0 <0.001* 

12. Mid anterolateral -24.2 ± 5.6 -20.4 ± 4.1 <0.001* 

13. Apical anterior -26.6 ± 4.4 -14.8 ± 3.2 <0.001* 

14. Apical septal -24.6 ± 5.2 -13.7 ± 3.4 <0.001* 

15. Apical inferior -25.8 ± 4.6 -19.3 ± 3.9 <0.001* 

16. Apical lateral -26.8 ± 4.8 -18.8 ± 4.0 <0.001* 

Results are reported as mean ± standard deviation. *P<0.05. (Qu et al., 2021) CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Table 8: Reference values of SLS measured with 2D and 3D CMR-TT. 

Segment SLS (%) 

2D CMR-TT 3D CMR-TT P-value 

1. Basal anterior -17.8 ± 6.0 -13.4 ± 4.5 <0.001* 

2. Basal anteroseptal -11.7 ± 5.1 -12.4 ± 3.7 0.241 

3. Basal inferoseptal -12.6 ± 4.5 -10.5 ± 3.3 <0.001* 

4. Basal inferior -18.1 ± 7.0 -9.3 ± 4.3 <0.001* 

5. Basal inferolateral -24.7 ± 6.7 -12.4 ± 3.8 <0.001* 

6. Basal anterolateral -26.3 ± 7.0 -12.6 ± 4.1 <0.001* 

7. Mid anterior -26.2 ± 4.7 -20.7 ± 3.4 <0.001* 

8. Mid anteroseptal -19.7 ± 3.9 -17.4 ± 3.4 <0.001* 

9. Mid inferoseptal -20.6 ± 3.5 -17.1 ± 3.5 <0.001* 

10. Mid inferior -22.9 ± 5.2 -19.3 ± 3.7 <0.001* 

11. Mid inferolateral -23.2 ± 4.7 -21.0 ± 4.0 <0.001* 

12. Mid anterolateral -26.6 ± 5.2 -20.4 ± 3.9 <0.001* 

13. Apical anterior -21.5 ± 7.2 -15.0 ± 3.2 <0.001* 

14. Apical septal -21.5 ± 4.0 -16.7 ± 3.8 <0.001* 

15. Apical inferior -21.0 ± 6.3 -20.6 ± 4.6 0.464 

16. Apical lateral -18.6 ± 6.5 -18.9 ± 3.6 0.488 

Results are reported as mean ± standard deviation. *P<0.05. (Qu et al., 2021) CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Figure 7. Comparison of left-ventricular (LV) segmental peak strains derived from two- and three-dimensional 

cardiovascular magnetic resonance based tissue tracking (2/3D CMR-TT). (a) SRS, segmental radial peak strain. (b) 

SCS, segmental circumferential peak strain. (c) SLS, segmental longitudinal peak strain. This figure provides intuitive 

expression of reference value and tendency of multi-dimensional strains at each segment in the context of 2D and 3D CMR-

TT. Segment: 1.basal anterior, 2.basal anteroseptal, 3.basal inferoseptal, 4.basal inferior, 5.basal inferolateral, 6.basal 

anterolateral, 7.mid anterior, 8.mid anteroseptal, 9.mid inferoseptal, 10.mid inferior, 11.mid inferolateral, 12.mid 

anterolateral, 13.apical anterior, 14.apical septal, 15.apical inferior, 16. apical lateral. *P<0.05. (Qu et al., 2021) CC BY-

NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/       
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3.2.2 LV regional strains  

The reference values of LV segmental strains derived from 2D and 3D CMR-TT are 

presented in Table 9-11.  

The basal and apical RS measured by 3D CMR-TT were significantly larger than those 

measured by 2D CMR-TT as 54.1 ± 16.5% vs. 45.4 ± 10.0% and 58.7 ± 20.0% vs. 51.2 ± 

14.7%. Whereas mid-cavity RS derived from 3D CMR-TT was significantly lower than that 

from 2D CMR-TT as 34.9 ± 10.5% vs. 45.4 ± 9.5% (P<0.001). 3D RCS and RLS were 

significantly lower than 2D RCS and RLS at all basal, mid-cavity and apical parts (P<0.001).  

In the context of 2D CMR-TT, the regional values ranked as base≈middle cavity<apex for 

RRS, middle cavity<base<apex for RCS and base<apex<middle cavity for RLS. While, in 

the context of 3D CMR-TT, it turned into the situation where middle cavity<base<apex for 

RRS, base<apex<middle cavity for RCS and base<apex<middle cavity for RLS (P<0.05). 

Table 9: Reference values of basal, mid-cavity and apical RS measured with 2D and 3D CMR-TT. 

Region RRS (%) 

2D CMR-TT 3D CMR-TT P-value 

Basal  45.4 ± 10.0a 54.1 ± 16.5ac <0.001* 

Mid-cavity 45.4 ± 9.5a 34.9 ± 10.5ab <0.001* 

Apical 51.2 ± 14.7bc 58.7 ± 20.0bc <0.001* 

Results are reported as mean ± standard deviation. *P<0.05: 2D RRS vs. 3D RRS. aP<0.05: vs. apical RRS; bP<0.05: vs. 

basal RRS; cP<0.05: vs. mid-cavity SRS. Abbreviations: RS, radial peak strain; RRS, regional radial peak strain; 2/3D 

CMR-TT, two- or three-dimensional cardiovascular magnetic resonance based tissue tracking. 
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Table 10: Reference values of basal, mid-cavity and apical CS measured with 2D and 3D CMR-TT. 

Region RCS (%) 

2D CMR-TT 3D CMR-TT P-value 

Basal  -21.6 ± 2.7ac -15.9 ± 2.5ac <0.001* 

Mid-cavity -20.8 ± 3.3ab -19.4 ± 3.1ab <0.001* 

Apical -25.9 ± 3.6bc -16.7 ± 2.8bc <0.001* 

Results are reported as mean ± standard deviation. *P<0.05: 2D RCS vs. 3D RCS. aP<0.05: vs. apical RCS; bP<0.05: vs. 

basal RCS; cP<0.05: vs. mid-cavity RCS. Abbreviations: CS, circumferential peak strain; RCS, regional circumferential 

peak strain; 2/3D CMR-TT, two- or three-dimensional cardiovascular magnetic resonance based tissue tracking. 

Table 11: Reference values of basal, mid-cavity and apical LS measured with 2D and 3D CMR-TT. 

Region RLS (%) 

2D CMR-TT 3D CMR-TT P-value 

Basal  -18.4 ± 3.0ac -11.8 ± 2.6ac <0.001* 

Mid-cavity -23.2 ± 2.2ab -19.3 ± 3.0ab <0.001* 

Apical -20.7 ± 4.5bc -17.8 ± 3.1bc <0.001* 

Results are reported as mean ± standard deviation. *P<0.05: 2D RLS vs. 3D RLS. aP<0.05: vs. apical RLS; bP<0.05: vs. 

basal RLS; cP<0.05: vs. mid-cavity RLS. Abbreviations: LS, longitudinal peak strain; RLS, regional longitudinal peak 

strain; 2/3D CMR-TT, two- or three-dimensional cardiovascular magnetic resonance based tissue tracking. 
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3.2.3 LV global strains 

3.2.3.1 Reference values of LV 2/3D global strains  

The values of 2D and 3D global mean strains and global peak strains were presented in Table 

12 and Figure 8.  

The MRS weren’t significantly different as 46.8 ± 9.5% for 2D and 48.0±13.5% for 3D value 

(P=0.644). 2D MCS and MLS were stronger than their 3D counterparts as -22.6±2.9% vs. -

17.4±2.6% and -20.8±2.2% vs. -16.1±2.3%, respectively (P<0.001). 3D GRS was 

comparable with 2D GRS as 44.4±13.0% vs. 41.7±9.5% (P=0.094), and 3D GCS and GLS 

were significantly less negative than 2D GCS and GLS as -17.0±2.7% vs. -22.0±3.3% and -

15.4±2.3% vs. -18.6±2.7%, respectively (P<0.001). The magnitudes of all global peak 

strains were significantly lower than the corresponding global mean values (P<0.001). 
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Table 12: Reference values of LV global strains measured with 2D and 3D CMR-TT. 

 2D CMR-TT 3D CMR-TT P-value 

Global mean strains (%)    

Global radial mean strain (MRS) 46.8 ± 9.5 48.0 ± 13.5 0.644 

Global circumferential mean strain (MCS) -22.6 ± 2.9 -17.4 ± 2.6 <0.001* 

Global longitudinal mean strain (MLS) -20.8 ± 2.2 -16.1 ± 2.3 <0.001* 

Global peak strains (%)    

Global radial peak strain (GRS) 41.7 ± 9.5# 44.4 ± 13.0# 0.094 

Global circumferential peak strain (GCS) -22.0 ± 3.3# -17.0 ± 2.7# <0.001* 

Global longitudinal peak strain (GLS) -18.6 ± 2.7# -15.4 ± 2.3# <0.001* 

Results are reported as mean ± standard deviation. *P<0.05: 2D strains vs. 3D strains. #P<0.05: global peak strains vs. 

global mean strains. Abbreviations: LV, left-ventricular; 2/3D CMR-TT, two- or three-dimensional cardiovascular 

magnetic resonance based tissue tracking. (Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-

nc-nd/4.0/ 
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(Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Figure 8. Comparisons among left-ventricular

(LV) two- or three-dimensional (2/3D) global

mean and peak strains. These scatter plots represent

the data of LV radial, circumferential and

longitudinal strains generated by two calculations in

the context of both 2D and 3D cardiovascular

magnetic resonance based tissue tracking. MRS,

global radial mean strain; MCS, global

circumferential mean strain; MLS, global

longitudinal mean strain; GRS, global radial peak

strain; GCS, global circumferential peak strain; GLS,

global longitudinal peak strain. *P<0.05, ***P<0.001.
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As shown in Figure 9, 2D global mean strains were well correlated with 2D global peak 

strains with r resulted as 0.93-0.95. By comparison, 3D global mean strains were better 

correlated with 3D global peak strains with r resulted as 0.99. Meanwhile, 3D global peak 

strains were also highly correlated with 2D global peak strains with r resulted as 0.88 for 

radial, 0.89 for circumferential and 0.74 for longitudinal data. 

 

Figure 9. Correlations among left-ventricular (LV) two- or three-dimensional (2/3D) global mean or peak strains. 

(a-c) Correlation between LV 2D global radial, circumferential and longitudinal peak and mean strain (GRS, GCS, GLS 

and MRS, MCS, MLS). (d-f) Correlation between LV 3D global mean and peak strains, as well as the correlation between 

2D and 3D global peak strains. Equations of linear regression and value of correlation coefficient (r) are added beside the 

corresponding lines (P<0.05). (Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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3.2.3.2 Gender- and age-related difference of 3D global peak strains 

Table 13 and Figure 10 illustrate the gender- and age-related difference and reference values 

of LV 3D global peak strains. In general, females showed larger absolute values of LV global 

peak strains than males as 47.1 ± 13.4% vs. 41.7 ± 12.0% for GRS, -17.5 ± 2.8% vs. -16.5 

± 2.5% for GCS and -16.0 ± 2.3% vs. -14.8 ± 2.2% for GLS (all P<0.05). The gender-related 

difference got more prominent with aging and turned to be significant in G61-80 subgroup. 

Additionally, the magnitude of 3D global peak strains of G61-80 subgroup were larger than 

G20-40 and G41-60 subgroups, implying the existence of age-related difference (P<0.05). 

Table 13: Gender- and age-related differences of LV 3D global peak strains. 

 G20-40  G41-60  G61-80  Male 

(n=75) 

Female 

(n=75)  Male Female  Male Female  Male Female  

3D GRS (%) 41.2±14.7 41.9±9.5  40.4±11.1 47.0±16.6  43.6±10.1 52.4±11.4a  41.7±12.0 47.1±13.4a 

3D GCS (%) -16.4±2.4 -16.6±2.3  -15.8±2.4 -17.1±3.4  -17.2±2.5 -18.8±2.2a  -16.5±2.5 -17.5±2.8a 

3D GLS (%) -14.9±1.8 -15.7±2.3  -14.3±2.4 -15.2±2.6  -15.1±2.4 -17.0±1.8a  -14.8±2.2 -16.0±2.3a 

3D GRS (%) 41.6±12.2  43.7±14.3  48.0±11.5b  - - 

3D GCS (%) -16.5±2.3  -16.5±3.0  -18.0±2.5bc  - - 

3D GLS (%) -15.3±2.1  -14.7±2.5  -16.1±2.3c  - - 

Results are reported as mean ± standard deviation. aP<0.05: male vs. female. bP<0.05: G20-40 vs. G61-80; cP<0.05: G41-60 vs. 

G61-80. Abbreviations: LV, left-ventricular; 3D, three-dimensional; GRS, global radial peak strain; GCS, global 

circumferential peak strain; GLS, global longitudinal peak strain. (Qu et al., 2021) CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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Figure 10. Gender- and age-related difference of left-ventricular three-dimensional (3D) global peak strains. (a-c). 

Gender-related difference of global radial, circumferential and longitudinal peak strain (GRS, GCS and GLS). (d-f). Age-

related difference of GRS, GCS and GLS. The box-and-whisker plots represent the values between lower and upper quartile, 

and the middle line expresses the median in individual group. The minimum and maximum are shown at the end of whisker. 

*P<0.05, **P<0.01, ***P<0.001. (Qu et al., 2021) CC BY-NC-ND 4.0, https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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3.2.3.3 Correlation analysis of 3D global peak strains 

Correlation analysis in Table 14 was applied to investigate the correlation between 

participants’ characteristics and 3D global multi-dimensional peak strains. 3D global peak 

strains were weakly correlated with age and HR in radial, circumferential and longitudinal 

directions, respectively. BMI was found to be uncorrelated with neither GRS nor GLS (both 

P>0.05). The respective r between LVEDVI, LVESVI, LVEF and 3D global peak values 

were -0.56, -0.77, 0.73 for radial, 0.53, 0.71, -0.69 for circumferential and 0.48, 0.64, -0.61 

for longitudinal strain. That meant the magnitude of 3D global peak strains showed positive 

correlation with LVEF at a good to excellent level, and negative correlation with LVEDVI 

and LVESVI (P<0.05). 
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Table 14: Correlation analysis of strains. 

 GRS (%)  GCS (%)  GLS (%) 

 r P r P r P 

Age (year) 0.25 0.002* -0.26 0.002* -0.16 0.053 

Height (cm) -0.27 0.001* 0.23 0.004* 0.28 0.001* 

Weight (kg) -0.25 0.003* 0.30 <0.001* 0.20 0.013* 

BSA (m2) -0.27 0.001* 0.31 <0.001* 0.25 0.002* 

BMI (kg/m2) -0.10 0.217 0.19 0.022* 0.04 0.632 

HR (bpm) 0.33 <0.001* -0.31 <0.001* -0.25 0.002* 

LVMMI (g/m2) -0.44 <0.001* 0.39 <0.001* 0.37 <0.001* 

LVEDVI (mL/m2) -0.56 <0.001* 0.53 <0.001* 0.48 <0.001* 

LVESVI (mL/m2) -0.77 <0.001* 0.71 <0.001* 0.64 <0.001* 

LVSVI (mL/m2) -0.21 0.011* 0.21 0.011* 0.19 0.022* 

CI (L/min/m2) 0.13 0.107 -0.11 0.172 -0.12 0.132 

LVEF (%) 0.73 <0.001* -0.69 <0.001* -0.61 <0.001* 

Abbreviation: GRS, global radial peak strain; GCS, global circumferential peak strain; GLS, global longitudinal peak strain; 

BSA, body surface area; BMI, body mass index; HR, heart rate; LVMMI, left-ventricular myocardial mass index; LVEDVI, 

left-ventricular end-diastolic volume index; LVESVI, left-ventricular end-systolic volume index; LVSVI, left-ventricular 

stroke volume index; CI, cardiac index; LVEF, left-ventricular ejection fraction; r, Pearson or Spearman correlation 

coefficient. 
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3.2.4 Reproducibility of LV 2/3D CMR-TT 

Reproducibility of 2/3D CMR-TT was tested and the result was given in Table 15 and 16. 

At the segmental level, ICC of SRS, SCS and SLS were 0.83-0.99, 0.80-0.98 and 0.72-0.99 

in the context of 2D CMR-TT, and 0.87-0.97, 0.86-0.98 and 0.84-0.99 in the setting of 3D 

CMR-TT. 3D CMR-TT presented higher CoV for SRS (18.59 ± 5.95% vs. 10.68 ± 3.46%, 

P<0.001), comparable CoV for SCS (9.79 ± 4.59% vs. 9.38 ± 4.53%, P=0.80), and SLS 

(6.88 ± 3.47% vs. 10.26 ± 6.65%, P=0.10) compared with 2D CMR-TT. At the global level, 

2D and 3D global mean and peak strains showed high reproducibility (ICC≥0.97) and low 

variability (CoV≤5.96%) except 3D global radial mean strain (ICC=0.76, CoV=21.25%). 

It’s interesting that the CoV reached the lowest as 0.57% when we measured LV GLS with 

2D CMR-TT modality. 
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Table 15: Intra-observer reproducibility of 2D CMR-TT. 

 2D SRS 2D SCS 2D SLS 

Seg. MD ± SD 

(%) 

ICC (95%CI) CoV 

(%) 

MD ± SD 

(%) 

ICC (95%CI) CoV 

(%) 

MD ± SD 

(%) 

ICC (95%CI) CoV 

(%) 

1 7.91±6.26 0.95(0.87-0.98) 12.66 2.20±1.89 0.94(0.85-0.98) 7.01 3.54±3.36                              0.85(0.60-0.94) 20.07 

2 3.73±4.93 0.92(0.79-0.97) 20.09 2.93±4.07 0.85(0.61-0.94) 24.13 1.04±0.93 0.98(0.96-0.99) 7.87 

3 3.06±2.35 0.99(0.98-1.00) 11.30 2.48±2.20 0.94(0.84-0.98) 19.58 0.70±0.68 0.99(0.98-1.00) 5.11 

4 7.61±5.41 0.95(0.88-0.98) 14.66 4.50±4.31 0.92(0.74-0.98) 23.34 2.64±2.75 0.95(0.87-0.98) 15.55 

5 7.11±8.49 0.96(0.89-0.98) 12.28 2.86±3.47 0.89(0.69-0.96) 12.29 1.92±2.64 0.88(0.66-0.96) 9.93 

6 9.52±6.90 0.96(0.90-0.98) 8.28 1.87±1.75 0.93(0.82-0.97) 5.86 1.42±2.20 0.97(0.92-0.99) 7.64 

7 4.94±5.52 0.83(0.57-0.93) 11.32 1.08±1.24 0.93(0.83-0.97) 5.73 2.69±3.42 0.72(0.28-0.89) 13.37 

8 3.19±3.00 0.98(0.94-0.99) 7.98 1.56±1.01 0.97(0.93-0.99) 4.77 1.23±1.33 0.96(0.89-0.98) 6.82 

9 3.07±2.52 0.98(0.95-0.99) 7.31 2.08±1.49 0.95(0.87-0.98) 8.67 0.78±0.90 0.97(0.91-0.99) 4.35 

10 5.09±3.84 0.94(0.85-0.98) 10.16 2.54±2.48 0.80(0.48-0.92) 13.84 2.22±2.53 0.94(0.85-0.98) 11.47 

11 4.24±4.81 0.95(0.88-0.98) 10.02 1.91±1.97 0.95(0.87-0.98) 8.88 1.95±1.99 0.89(0.68-0.96) 8.37 

12 5.06±4.01 0.97(0.92-0.99) 7.33 1.84±2.22 0.94(0.84-0.98) 10.07 1.09±1.21 0.98(0.94-0.99) 4.65 

13 5.16±4.93 0.92(0.80-0.97) 10.06 1.37±1.42 0.83(0.58-0.93) 5.32 2.43±2.82 0.93(0.82-0.97) 14.72 

14 3.47±3.41 0.97(0.91-0.99) 7.87 1.36±1.24 0.97(0.92-0.99) 5.29 1.21±1.09 0.94(0.86-0.98) 5.36 

15 4.63±5.79 0.97(0.92-0.99) 13.01 1.22±1.11 0.98(0.94-0.99) 4.62 1.54±1.13 0.98(0.96-0.99) 6.05 

16 3.25±2.88 0.96(0.89-0.98) 6.50 1.16±1.23 0.84(0.85-0.98) 4.77 1.80±1.50 0.97(0.92-0.99) 8.78 

Mean 1.65±1.35 0.99(0.96-1.00) 2.98 0.76±0.61 0.97(0.92-0.99) 2.72 0.49±0.55 0.97(0.92-0.99) 2.68 

peak 0.55±0.69 1.00(0.99-1.00) 1.72 0.29±0.51 0.99(0.98-1.00) 2.37 0.12±0.10 1.00(0.997-1.00) 0.57 

Results are reported as mean difference (MD) ± standard deviation (SD). Abbreviations: 2D, two-dimensional; CMR-TT, 

cardiovascular magnetic resonance based tissue tracking; Seg., segment; SRS, segmental radial peak strain; SCS, segmental 

circumferential peak strain; SLS, segmental longitudinal peak strain; ICC, intra-observer correlation coefficient; CI, 

confidence interval; CoV, coefficient of variation. (Qu et al., 2021) CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 

 



�

 51 

Table 16: Intra-observer reproducibility of 3D CMR-TT. 

 3D SRS 3D SCS 3D SLS 

Seg. MD ± SD 

(%) 

ICC (95%CI) CoV 

(%) 

MD ± SD 

(%) 

ICC (95%CI) CoV 

(%) 

MD ± SD 

(%) 

ICC (95%CI) CoV 

(%) 

1 10.80 ±10.50 0.87(0.66-0.95) 19.40 1.12±1.56 0.86(0.64-0.94) 7.93 1.31±0.98 0.98(0.94-0.99) 6.20 

2 7.39±8.02 0.95(0.87-0.98) 22.12 1.01±0.82 0.96(0.90-0.98) 6.80 1.34±1.16 0.96(0.89-0.98) 9.47 

3 6.90±8.25 0.97(0.93-0.99) 26.10 0.89±0.84 0.97(0.91-0.99) 6.27 1.50±1.02 0.93(0.83-0.97) 9.78 

4 8.26±9.41 0.96(0.89-0.98) 19.54 0.92±0.86 0.97(0.94-0.99) 6.37 1.71±1.42 0.96(0.90-0.99) 17.07 

5 16.20±17.19 0.93(0.81-0.97) 23.27 1.77±1.21 0.94(0.86-0.98) 8.86 1.96±1.77 0.92(0.79-0.97) 14.07 

6 10.87±14.01 0.94(0.86-0.98) 18.07 1.42±1.32 0.96(0.89-0.98) 7.68 1.50±1.39 0.93(0.82-0.97) 10.19 

7 3.87±2.13 0.96(0.89-0.98) 6.09 0.60±0.78 0.97(0.92-0.99) 4.01 1.40±1.41 0.89(0.73-0.96) 7.46 

8 4.80±5.02 0.87(0.67-0.95) 19.04 1.04±0.89 0.98(0.94-0.99) 5.66 1.41±1.12 0.94(0.85-0.98) 7.00 

9 3.98±4.90 0.93(0.81-0.97) 19.95 1.07±0.95 0.98(0.95-0.99) 5.12 0.90±0.71 0.99(0.97-1.00) 4.19 

10 4.69±6.60 0.90(0.74-0.96) 24.09 1.49±1.13 0.96(0.90-0.98) 5.76 1.12±1.09 0.97(0.92-0.99) 5.90 

11 4.97±4.28 0.94(0.85-0.98) 14.57 1.23±0.86 0.97(0.91-0.99) 4.32 0.93±1.01 0.98(0.95-0.99) 5.15 

12 6.60±7.61 0.94(0.84-0.98) 21.23 0.67±0.76 0.98(0.96-0.99) 3.84 1.39±1.05 0.95(0.88-0.98) 5.45 

13 5.60±5.58 0.96(0.89-0.98) 10.27 0.68±0.55 0.98(0.96-0.99) 3.89 1.25±1.71 0.84(0.86-0.98) 13.75 

14 4.61±3.63 0.97(0.94-0.99) 7.89 1.19±1.56 0.92(0.81-0.97) 11.86 1.79±1.78 0.93(0.83-0.97) 12.83 

15 8.33±11.54 0.92(0.80-0.97) 24.64 1.67±2.88 0.90(0.75-0.96) 17.14 1.92±3.00 0.92(0.80-0.97) 20.00 

16 6.65±9.39 0.95(0.86-0.98) 21.16 1.16±0.77 0.92(0.80-0.97) 4.52 1.33±1.30 0.90(0.75-0.96) 8.12 

Mean 11.15±9.63 0.76(0.40-0.91) 21.25 0.41±0.35 0.99(0.98-1.00) 2.10 0.50±0.43 0.98(0.95-0.99) 2.88 

Peak 2.68±2.38 0.98(0.94-0.99) 5.96 0.42±0.36 0.99(0.98-1.00) 2.26 0.57±0.45 0.98(0.94-0.99) 3.14 

Results are reported as mean difference (MD) ± standard deviation (SD). (Qu et al., 2021) CC BY-NC-ND 4.0, 

https://creativecommons.org/licenses/by-nc-nd/4.0/ 
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3.3 RVFW strain measurement 

3.3.1 RVFW global, regional and segmental longitudinal peak strains 

RVFW global, regional and segmental peak LS (GLS, RLS and SLS) derived from 2D 

CMR-TT are illustrated in Table 17. The GLSmyo was comparable with GLSendo as -24.9 ± 

5.2% vs. -24.9 ± 5.0% (P>0.05), and resulted significantly different from GLSepi as -24.9 ± 

5.2% vs. -25.1 ± 5.2% (P<0.05). GLSendo and GLSepi were both well correlated with GLSmyo 

(R2=0.97, P<0.05. Figure 11).  

We also found that there was a base-to-apex gradient of RLS. The basal and middle-cavity 

RLS were significantly larger than apical RLS (P<0.05), while basal and middle-cavity RLS 

were comparable with each other. 

Table 17: Reference values of RVFW global, regional and segmental longitudinal peak strains. 

 HV 

(n=150) 

 HV 

(n=150) 

 HV 

(n=150) 

GLS (%)  RLSmyo (%)  SLSmyo (%)  

GLSmyo -24.9±5.2 Basal -27.1±7.2   Segment 1 -26.2±9.0 

GLSendo -24.9±5.0   Mid-cavity -27.2±4.9   Segment 2 -28.1±6.4 

GLSepi -25.1±5.2   Apical -19.8±6.6   Segment 3 -28.3±5.6 

      Segment 4 -25.9±5.6 

      Segment 5 -23.2±5.8 

      Segment 6 -16.5±8.9 

Results are reported as mean ± standard deviation. Abbreviations: HV, healthy volunteer; GLS, global longitudinal peak 

strain; RLS, regional longitudinal strain; SLS, segmental longitudinal peak strain; GLSmyo, global longitudinal peak strain 

of myocardium; GLSendo, global longitudinal peak strain of endocardium; GLSepi, global longitudinal peak strain of 

epicardium. Modified from (Qu et al., 2020) CC BY 4.0, http://creativecommons.org/licenses/by/4.0/ 
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Figure 11. The reference values of three types of right-ventricular free wall global longitudinal peak strain (RVFW-

GLS) and the correlation among them. (a) The normal values of RVFW-GLS of myocardium, endocardium and 

epicardium (RVFW-GLSmyo, RVFW-GLSendo, RVFW-GLSepi). GLSmyo was comparable with GLSendo and significantly 

different from GLSepi. (b) GLSendo and GLSepi were highly correlated with GLSmyo (R2=0.97). **P<0.01, ***P<0.001. (Qu 

et al., 2020) CC BY 4.0, http://creativecommons.org/licenses/by/4.0/ 

3.3.2 Gender- and age-related differences of RVFW-GLS 

The gender- and age-specific reference values are shown in Table 18. Females showed larger 

magnitude of GLSmyo, GLSendo and GLSepi than males in G41-60 and G61-80 subgroups 

(P<0.05). While, there was no age-related difference of GLSmyo in both gender groups 

(P>0.05). The correlation analysis also proved that there was no correlation between age and 

GLSmyo (r=-0.031, P=0.703, Figure 12).  
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Table 18: Gender- and age-related differences of RVFW-GLS. 

 G20-40  G41-60  G61-80  Male 

(n=75) 

Female 

(n=75)  Male Female  Male Female  Male Female  

GLSmyo (%) -24.8±5.2 -24.5±5.4  -23.3±4.7 -26.5±5.2*  -22.8±4.9 -27.2±4.7*  -23.7±4.9 -26.1±5.2* 

GLSendo (%) -25.0±5.2 -24.2±5.2  -23.7±4.5 -26.4±5.0  -22.7±5.0 -27.1±4.4*  -23.8±4.9 -25.9±5.0* 

GLSepi (%) -25.0±5.1 -24.7±5.8  -23.6±4.9 -26.6±5.1*  -23.4±5.0 -27.5±4.6*  -24.0±5.0 -26.2±5.2* 

Results are reported as mean ± standard deviation. *P<0.05: males vs. females. Abbreviations: RVFW-GLS, right-

ventricular free wall global longitudinal peak strain; GLSmyo, global longitudinal peak strain of myocardium; GLSendo, 

global longitudinal peak strain of endocardium; GLSepi, global longitudinal peak strain of epicardium. 

 

Figure 12. The reference values of right-ventricular free wall global longitudinal strain of myocardium (RVFW-

GLSmyo) and its gender- and age-related differences. (a) Females presented with larger magnitude of GLSmyo than males 

in in G41-60 and G61-80 subgroups. No age-associated difference was detected in each gender group. *P<0.05: significant 

difference between males and females in the same age subgroup. (b) The correlation between age and RVFW-GLSmyo. 

There was no correlation between age and RVFW-GLSmyo since Spearman correlation coefficient (r) resulted as -0.031 

(P=0.703). (Qu et al., 2020) CC BY 4.0, http://creativecommons.org/licenses/by/4.0/ 

 

 

 

 

Male Female
-40

-30

-20

-10

M
yo

ca
rd

ia
l R

V
FW

-G
L

S 
(%

)

G20-40
G41-60
G61-80
All

(a)

* *
*

P > 0.05 P > 0.05

20 40 60 80
-40

-30

-20

-10

0

M
yo

ca
rd

ia
l R

V
FW

-G
L

S 
(%

)

(b)

r=-0.031, P=0.703



�

 55 

3.3.3 Gender- and age-related differences of RVFW-RLS and SLS 

The reference values of RLS and SLS are presented in Table 19. Among the whole 

population, the LS within middle-cavity and apical regions and segments presented gender-

related differences in the absence of age-related dissimilarity. Females showed significantly 

larger magnitude of RLS than males in the middle-cavity and apical parts (P<0.05).  

Table 19: Gender- and age-related differences of RVFW regional and segmental longitudinal peak 

strains. 

 G20-40 G41-60 G61-80 Male Female 

 Male Female Male Female Male Female (n=75) (n=75) 

RVFW-RLS (%)      

  Basal -28.1±7.4 -25.9±9.8 -27.9±5.9 -27.4±6.1 -24.6±6.6 -29.1±6.2* -26.8±6.8 -27.5±7.6 

  Mid-cavity -26.2±5.2 -26.0±5.7 -25.8±4.0 -28.9±4.0* -26.5±5.1 -29.5±4.0* -26.2±4.8 -28.1±4.8* 

  Apical -18.1±5.4 -22.8±7.1* -17.8±5.4 -21.8±8.5 -17.3±5.4 -21.2±5.8* -17.8±5.4 -21.9±7.1* 

RVFW-SLS (%)      

  Segment 1 -27.2±8.7 -24.5±12.9 -27.2±7.6 -26.9±7.2 -23.0±7.7 -28.4±8.4* -25.8±8.2 -26.6±9.8 

  Segment 2 -29.0±6.7 -27.3±8.5 -28.5±5.3 -27.8±6.1 -26.2±6.5 -29.7±4.7 -27.9±6.2 -28.3±6.6 

  Segment 3 -27.5±6.0 -27.0±6.4 -28.0±4.5 -29.2±5.6 -27.2±6.2 -30.7±4.5* -27.6±5.5 -29.0±5.7* 

  Segment 4 -24.9±5.6 -25.1±6.8 -23.6±5.2 -28.5±4.2* -25.1±6.0 -28.3±4.2 -24.5±5.5 -27.3±5.4* 

  Segment 5 -22.7±5.1 -24.7±6.0 -21.4±4.5 -25.2±6.7* -20.3±5.7 -24.9±5.3* -21.5±5.1 -24.9±5.9* 

  Segment 6 -13.6±7.3 -20.9±10.1* -14.3±8.6 -18.4±11.3 -14.3±5.9 -17.5±7.7 -14.1±7.2 -18.9±9.8* 

Results are reported as mean ± standard deviation. *P<0.05: males vs. females. Abbreviations: RVFW, right-ventricular 

free wall; RLS, regional longitudinal peak strain; SLS, segmental longitudinal peak strain. Modified from (Qu et al., 2020) 

CC BY 4.0, http://creativecommons.org/licenses/by/4.0/ 



�

 56 

3.3.4 Correlation analysis of RVFW-GLSmyo 

The correlation relationship between baseline, RV demographic, functional parameters and 

RVFW-GLSmyo are presented in Table 20. As seen, weakly positive correlation between 

height, RVEDVI, RVESVI and RVFW-GLSmyo, as well as weakly negative correlation 

between HR, RVEF and RVFW-GLSmyo were demonstrated (P<0.05). 

Table 20: Correlation analysis of RVFW-GLSmyo. 

 RVFW-GLSmyo (%)  RVFW-GLSmyo (%) 

 r P  r P 

Age (year) -0.031 0.703 RVEDVI (mL/m2) 0.285 <0.001 

Height (cm) 0.248 0.002 RVESVI (mL/m2) 0.330 <0.001 

Weight (kg) 0.092 0.262 RVSVI (mL/m2) 0.101 0.221 

BSA (m2) 0.145 0.076 RVEF (%) -0.375 <0.001 

BMI (kg/m2) -0.030 0.716    

HR (bpm) -0.337 <0.001    

Abbreviation: RVFW-GLSmyo, right-ventricular free wall global longitudinal peak strain of myocardium; BSA, body 

surface area; BMI, body mass index; HR, heart rate; RVEDVI, right-ventricular end-diastolic volume index; RVESVI, 

right-ventricular end-systolic volume index; RVSVI, right-ventricular stroke volume index; RVEF, right-ventricular 

ejection fraction; r, Pearson or Spearman correlation coefficient. 
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4 Discussion 

This study comprehensively investigated the feasibility and reproducibility of 2/3D CMR-

TT for quantifying biventricular global, regional and segmental multi-dimensional strains 

with CVI42 software package. We also established gender- and age-related reference values 

and performed the correlation analysis of biventricular global strains among 150 healthy 

volunteers without cardiovascular diseases.  

The major findings of this study are as follows: (i) CMR-TT could generate LV and RV 

global, regional and segmental strain values by tracking myocardial reference points 

throughout the whole cardiac cycle automatically; (ii) LV strain values measured with 2D 

and 3D CMR-TT were significantly different at global, regional and segmental levels; 

females and elderly subjects presented significantly larger magnitude of LV global systolic 

peak strains than males and young subjects; (iii) RVFW-LS of females was more negative 

than that of males, especially in the elderly group; and (iv) a base-to-apex gradient existed 

in biventricular strains, the LV longitudinal deformation in middle cavity was the most 

aggressive, while the RV longitudinal shortening in apex was weaker than that in base.  

4.1 The measurement of LV and RV strains using CMR-TT technique 

CMR has the advantages of high spatial and temporal resolution, good soft tissue contrast 

and high coverage without exposure to ionizing radiation and iodinated intravenous contrast 

medium, it has become the gold standard for evaluating function and deformation of heart. 

CMR-TT technique is emerging as an advanced technique contributing to quantifying 

myocardial mechanical deformation. Its principle is based on identifying and tracking 
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comparable tissue features between frames throughout the cardiac cycle (Pedrizzetti et al. 

2016). The good agreement between CMR-TT and conventional CMR tagging has been 

validated (Cao et al. 2018). Meanwhile, the images used for CMR-TT are acquired with 

widely used SSFP sequence, which avoids additional scanning and then results in a more 

practical and time saving approach compared with tissue tagging (de Siqueira et al. 2016). 

Furthermore, CMR-TT presents to be advantageous for its sensibility and convenience to 

perform offline post-processing analysis (Scatteia et al. 2017). The studies about myocardial 

strain assessment using CMR-TT are still limited. Even though CMR-TT belongs to CMR-

FT technique, reference values of strain weren’t interchangeable between vendors and 

couldn’t be simply used in other conditions (Barreiro-Perez et al. 2018; Schuster et al. 2015).  

Traditionally, EF calculated as the percentage of volumetric changes is regarded as a 

powerful and independent parameter to evaluate heart contractile function. However, it’s not 

able to quantitatively assess myocardial global and regional deformation. By comparison, 

myocardial strain exerts a sensitive role to detect subclinical alterations of myocardial 

function and mechanical abnormalities against EF (Park JH et al. 2014).  

The commercial software for strain analysis was initially developed for LV measurement. 

Nowadays, there is strong evidence showing that RV dysfunction plays a critical role in 

developing cardiovascular diseases (Haddad et al. 2008a; Sanz et al. 2019). The main 

function of RV is pumping the venous return into the pulmonary arteries and lungs. Impaired 

RV function is probably involved in cardiomyopathies, and congenital, ischemic, valvular 

and pulmonary heart diseases (Prasad and Lota 2017; Sabe et al. 2016; Voelkel et al. 2006). 
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Therefore, the evaluation of RV function has gained clinical relevance over recent years. 

The traditional index used in the clinical routine is RVEF and RVSV, it may not change at 

the early stage of diseases (de Siqueira et al. 2016). RV measurement of deformation is 

challenging due to its complex anatomical shape, thin trabeculated myocardium, significant 

load dependence and variability of filling with respiration (de Siqueira et al. 2016; Haddad 

et al. 2008b). CMR enables the collection of high spatial and temporal resolution data 

(Klinke et al. 2013) and overcomes the narrow or even non-existent acoustic windows of 

echocardiography caused by RV retrosternal position and thin myocardium (3-5mm) 

(Mouton et al. 2017; Suever et al. 2017). However, studies providing the reference values of 

RV myocardial strains are still limited.  

The longitudinal shortening is the major motivation of RV contraction, and the normal RV 

function was revealed highly dependent on longitudinal shortening (Carlsson et al. 2007). 

Considering the interventricular septum is a constituent part of the LV and only contributes 

20% to RV systolic performance (Sanz-de la Garza M et al. 2019), RVFW-LS is superior to 

describe RV function and deformation. In this study, we focused on RVFW global, regional 

and segmental LS derived from four-chamber LAX cine images of heart. The GLS here is 

literally “global”, because it neglects the involvement of septum to the contraction and 

function of RV. RVFW-GLS was reported to be the most accurate functional maker 

correlating with the degree of RV myocardial fibrosis in patients with advanced heart failure 

(Sanz-de la Garza M et al. 2019). It also works well as a remarkable prognostic marker in 

acute non-massive pulmonary embolism with AUC as 0.754 (Lee et al. 2019). In addition, 
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intraoperative RV functional decline was found to be primarily related with mutilations in 

RVFW deformation rather than that of the interventricular septum (Rong et al. 2019). It is 

also capable to provide important diagnostic values in patients with depressed RVEF 

(AUC=0.918) (Focardi et al. 2015), RV pressure overload (AUC=0.95) (Hardegree et al. 

2013), proximal right coronary artery lesion-induced ischemic heart disease (AUC=0.79) 

(Chang et al. 2014). 

The CVI42 software package provides both of 2D and 3D modes for measuring LV 

myocardial deformation. Considering there is no consensus on the specific algorithm chosen 

for assessment and no standardized protocol for further clinical application, feasibility and 

reproducibility of CMR-TT at 2D and 3D level need to be investigated. Liu et al selectively 

measured LV 2D strains at SAX mid sections or horizontal LAX plane and then probed the 

reproducibility of 2D and 3D CMR-TT in measuring global peak strains among 100 subjects. 

Analysis of the reference values, feasibility and reproducibility of segmental strains was not 

performed (Liu et al. 2018c). In our study, we fully investigated LV 2D and 3D global, 

regional and segmental strain (including reference values and correlation analysis) in all 

directions among a larger sample-size healthy population (n=150).  

4.2 Feasibility and reproducibility of 2/3D CMR-TT on LV strain measurement 

When we analyzed LV SRS and SCS with SAX cine images, 2D CMR-TT presented 

obvious limitations in the quantitative measurement in the basal part, especially in the basal 

inferior and posterior segments. The fatal weakness put a constraint on the application of 2D 

CMR-TT in assessing segmental deformation, which was coincident with Maceira’s report 
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(Maceira et al. 2018). The complex architecture of the mitral annuls is probably responsible 

for the poor tracking of the basal segments (Scatteia et al. 2017). By comparison, 3D CMR-

TT could complete the measurement of 100% segments with the construction of LV 3D 

model. We also demonstrated that the greatest variability of normal values of SRS in this 

study is in coincidence with previous studies, which may be due to the most significant 

thickening gradient in the radial plane (Yingchoncharoen et al. 2013).  

The magnitudes of strain values provided by 3D CMR-TT were significantly smaller than 

those by 2D CMR-TT in most segments. This may be associated with out-of-plan motion 

and algorithm-determined geometric assumption of 3D CMR-TT technique (Berganza et al. 

2017; Mochizuki et al. 2013). In terms of the tracking reproducibility, 3D CMR-TT 

presented with higher intra-observer variability and worse reproducibility in radial, 

comparable intra-observer variability and reproducibility in circumferential and lower intra-

observer variability and better reproducibility in longitudinal tracking than 2D CMR-TT at 

segmental level.  

We found a base-to-apex gradient of LV regional systolic peak strains, which could be 

associated with the differences in wall thickness, myocardial architecture and local stress 

between and base and apex (Bogaert and Rademakers 2001; Mathur et al. 2019). Pathologies 

of the myocardium such as hypertrophy, fibrosis, inflammation may impair the physical 

base-to-apex gradient of LV contractility. 

It is a consensus that global tracking is more reliable and preferred than local tracking since 

it estimates an average process where errors may partly cancel out (Schuster et al. 2015). 



�

 62 

Four categories of parameter, 2D and 3D global mean and peak strains, could be used to 

describe LV deformation. 2D CMR-TT worked much better than 3D CMR-TT in computing 

MRS (CoV=5.96% vs. 21.25%). Considering that global mean strains needs additional 

averaging of all segmental strains, the time spent on sorting and calculating data may limit 

their application in busy clinical settings. 3D CMR-TT emerges later than 2D CMR-TT, it 

took the out-of-plane motion of myocardium into consideration. Meanwhile, 3D global peak 

strain could be derived by the software automatically after the tracking process, it would be 

a precise and efficient predictor to reflect LV global deformation. However, the reference 

values of global peak strains measured with 3D CMR-TT are still limited. In the healthy 

cohort of our study, LV 3D global peak values resulted as 44.4±13.0% for radial, -17.0±2.7% 

for circumferential and -15.4±2.3% for longitudinal strain.�

4.3 Reference values of RV strains 

CMR-TT can not only track myocardial pixels but also endocardial and epicardial contours.  

In this study, we only analyzed RVFW, namely RV lateral wall, hence the reference values 

generated couldn’t be simply utilized to estimate the mechanical deformation of the whole 

RV myocardium. In fact, the RVFW is thinner and thus more potential to present higher 

longitudinal deformation against pulmonary resistance compared to the interventricular 

septum (Rimbas et al. 2016). The other possible clarification for less negative strain of 

septum is that the septum contracting to sustain both of RV loading conditions and LV 

afterload attenuates its contribution in RV movement (Meris et al. 2010).  
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We investigated the RVFW-GLS at all levels and the reference value of RVFW-GLSmyo 

resulted as -24.9±5.1%, which was close to the value -24.2±3.59% estimated by Liu et al 

among 100 normal healthy subjects (Liu et al. 2018b). We also discovered that RVFW-

GLSmyo was highly correlated with RVFW-GLSendo, and RVFW-GLSepi values weren’t 

substantially different with RVFW-GLSendo. The LV-GLS of endocardium was reported to 

have the ability to uncover the impairment of LV at the early stage due to the structure of 

helical ventricular myocardial band (Sengupta et al. 2006), however, whether there is 

difference among these three types of RVFW-GLS in detecting RV dysfunction remains to 

be investigated in the future. 

The base-to-apex gradient of RVFW-RLS was revealed and resulted as -27.1±7.2%, -

27.2±4.9% and -19.8±6.6% from base to apex (P<0.05). RVFW-RLS in the basal and mid-

cavity regions are comparable, and reached the lowest in the apical territories. Our 

conclusion is exactly comparable with the finding from a meta-analysis of 226 healthy 

children (<21 years of age) from 10 studies (Levy et al. 2014) and others’ researches (Kemal 

et al. 2017; Rimbas et al. 2016). This physiological principle of base-to-apex heterogeneity 

may help differentiate the early alteration of RV myocardial contractility or afterload among 

patients with various pathological changes. Furthermore, even though the reproducibility of 

segmental strain is lower than global parameters (Mirea et al. 2019), the establishment of 

reference values of segmental strains and attention paid on the segmental alterations 

contribute to a better understanding and localization of impaired myocardium. 
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The reproducibility of measuring RVFW-LS with CMR-TT wasn’t evaluated in our study. 

However, other researchers have scrutinized the feasibility and reproducibility of this 

technique and obtained satisfying results. According to the result from Liu et al, the ICC of 

RVFW-GLS was 0.92 (95% CI: 0.61–0.98) for intra-observer and 0.87 (95% CI: 0.57–0.97) 

for inter-observer variability (Liu et al. 2018a), which is comparable with the data from 

Truong (Truong et al. 2017). 

4.4 Gender- and age-related difference of LV and RV global peak strains 

Considering the difference of morphologic features between males and females and the 

young and the old, the establishment of specific reference values for the different groups is 

necessary.  

Actually, gender-related difference of LV strain is still a matter of debate. Andre et al found 

females had more negative GCS and GLS compared with males, whereas males had higher 

GRS (Andre et al. 2015). However, Taylor et al found females had similar GRS and GCS 

along with more negative GLS compared with males (Taylor et al. 2015). In our study, 

healthy females showed significantly higher absolute values of global systolic peak strains 

than males, which were positively correlated with EF and inversely correlated with LVMMI, 

LVEDVI and LVESVI (Taylor et al. 2015). Interestingly, we observed that females merely 

presented significantly higher strains than males in G61-80 rather than G20-40 or G41-60, 

implying the age-related heterogeneity with respect to gender-related difference. The 

augmented gender-related difference of strains in the elderly population may be caused by 

the more substantial deterioration of diastolic dysfunction in females. As reported, females 
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tend to develop diastolic dysfunction with a more normal EF, and myocardium turns to be 

stiff and inflexible with aging (Ferreira et al. 2015; Okura et al. 2009). The age-related 

difference of global peak strains along with LV volume and HR were detected between G20-

40 and G61-80. Therefore, we hypothesize that the higher magnitude of systolic strains of 

elderly population may be a mechanical compensation for slower HR and myocardial 

remodeling due to natural aging (Cheng et al. 2009; Hung et al. 2017).   

Gender-related differences of RVFW-LS have been discussed before. Truong et al analyzed 

the RVFW-GLS among 50 patients (4-81 years old) without known cardiac pathology with 

the same software package. He demonstrated that the GLS was comparable between males 

and females as -22.22 ±3.4% and -22.80 ±3.5% (Truong et al. 2017). Liu et al also derived 

a similar conclusion as RVFW-GLS was -23.9 ±3.59% for males and -24.6 ±3.59% for 

females (P=0.34) (Liu et al. 2018a). However, our study reports a significant higher 

magnitude of RVFW-GLSmyo in females compared with that in males as -26.1±5.2% vs. -

23.7±4.9% (P<0.05) on the basis of a larger sample size. Our finding is consistent with 

previous studies including the largest study performed among 276 healthy volunteer by 

Muraru et al (Muraru et al. 2016). We hypothesized that the gender-related difference of 

GLS was probably in the response of different RV size and systolic function, since males 

presented higher RVEDVI, RVESVI and lower RVEF.  

With the potential age-related increase in pulmonary artery pressure, pulmonary vascular 

resistance, cardiomyocyte loss and subsequent replacement by fibrosis, RVFW mechanical 

function was supposed to decrease with aging (Chia et al. 2014). While, to our surprise, we 
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found neither age-related difference of RVFW-GLSmyo in both gender groups nor correlation 

between age and RVFW-GLSmyo. This finding is in line with the finding of a series of 

researches (Muraru et al. 2016; Salehi Ravesh et al. 2018; Truong et al. 2017). This discovery 

might simplify the establishment of reference values and clinical use of RVFW-GLSmyo. 

However, normative data from multicenter and larger size of population are still necessary 

for the further validation. 

4.5 Limitations of this study 

There were several limitations to this study. Firstly, it’s a single-center study among 150 

healthy volunteers, further investigations in multiple centers with larger sample size are still 

necessary to further clarify the intrinsic principle of biventricular strains. Secondly, the 

quality of semi-automated delineation of myocardial borders and automated tracking of 

tissue patterns may be more influenced by poor image quality and contour conspicuity. 

Therefore, we inspected and corrected the contours manually after the first tracking to check 

the tracking quality and made modifications if needed, this procedure might cause minor 

subjective bias. However, it’s an inevitable problem of this kind of software. Thirdly, CMR-

TT software package was primarily designed for LV assessment, it’s challenging to quantify 

RV myocardial deformation due to the thin-thickness wall and crescent shape of RV. So in 

this study, we merely focused on the deformation in the longitudinal direction with four-

chamber LAX cine images. Fourthly, we didn’t compare CVI42 software package with others 

like tissue tagging and FT. Nevertheless, previous studies have proved CMR-TT of good 

reproducibility compared with CMR tagging and feature tracking (Barreiro-Perez et al. 2018; 
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Schuster et al. 2015). The last but not the least, various factors may affect the quantification 

of strains, including vendors, algorithms used, sequence and parameters of image acquisition, 

and even software versions. The reference values provided by our study are software and 

algorithms specific, they can’t be simply applied under other circumstances. 
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5 Summary 

Cardiovascular magnetic resonance based tissue tracking (CMR-TT) provides 

comprehensive, dynamic and time-saving assessment of left- and right-ventricular (LV and 

RV) global, regional and segmental strains. In this study, we provided detailed insight into 

the feasibility, reproducibility and reference values of biventricular global and segmental 

strains using two- and three-dimensional (2/3D) CMR-TT in a large healthy population.  

The 3D tracking mode of CMR-TT took the out-of-plane motion of myocardium into 

consideration, and constructed a 3D model to increase the tracking ability at all segments, 

especially in LV basal part. The intra-observer reproducibility of 3D global systolic peak 

strains in all directions ranged from 2.26% to 5.96%, which were acceptable. By comparison, 

the intra-observer variability of 3D global systolic mean strain maximizes for radial 

measurement, it resulted as 21.25%. The above findings suggested us that LV 3D global 

systolic peak strains could be an efficient parameter to describe the myocardial deformation. 

RV longitudinal shortening is the most important motivation of RV deformation. 

Considering the RV free wall (RVFW) avoids the passive influence from the interventricular 

septum, only RVFW longitudinal strain (LS) was analyzed in this study.  

Demographic, morphological and functional parameters of participants differ between males 

and females, and between the elderly and young subjects. According to the correlation 

analysis, LV strains were positively correlated with LV ejection fraction and negatively 

correlated with LV end-diastolic and end-systolic volume index. And these parameters are 

different between age and gender subgroups. Therefore, we analyzed the gender- and age-
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related difference of biventricular global strains in subgroups. Finally, we drew the 

conclusions: i) females and the elderly subjects presented larger magnitude of LV global 

peak strains than males and young population; ii) females shown more negative RVFW-LS 

than males, age-related difference wasn’t revealed.  

Considering the different thickness of myocardium and local architecture of ventricles, the 

base-to-apex gradient was discussed for both LV and RV myocardium. We demonstrated 

that: i) the LV basal part presented greater deformation than the apical part in all of radial, 

circumferential and longitudinal directions, which was confirmed by both of 2D and 3D 

CMR-TT; ii) the longitudinal deformation of RV base is stronger than that of apex.  

In conclusion, due to the good feasibility and reproducibility, we believe that CMR-TT is a 

practical and valuable modality in evaluating biventricular global and segmental movement. 

Considering the algorithms used by CMR-TT and the characteristics of humans, it’s 

necessary to propose the establishment and application of specific reference values for 

separate modalities and groups in clinical routine.   
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