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Abbreviations 

LVEF = left ventricular ejection fraction 

GLS = left ventricular global longitudinal systolic strain 

LV = left ventricular or left ventricle 

RV = right ventricular or right ventricle 

LA = left atrial or left atrium 

2D = two-dimensional 

STE = speckle-tracking echocardiography 

TTE = transthoracic echocardiography  

TDI = pulsed tissue Doppler imaging 

LAVI = maximal left atrial volume indexed by body surface area 

TAPSE = tricuspid annular plane systolic excursion  

S-TDI = tricuspid systolic peak velocity using TDI  

FAC = fractional area change of the RV   
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Introduction 

Analysis of the Systolic Function of the Left Ventricle using Left 

Ventricular Ejection Fraction (LVEF) 

The analysis of the systolic function of the left ventricle (LV) is of key 

importance in evaluating the symptomatic status and prognosis of patients 

with cardiovascular diseases.1-4 In effect, so far and since more than 50 years, 

the key functional analysis of the heart is the well-known “left ventricular 

ejection fraction (LVEF)” (namely, the change between diastole and systole 

of the volume of the LV in each cardiac cycle and expressed in percentage 

[i.e., LVEF = (LV end-diastolic volume – LV end-systolic volume / LV end-

diastolic volume) x 100).3 This standard parameter was first introduced by 

Braunwald and Folse in April of 1962,5 who using a radioisotope indicator-

dilution technic suggested for the first time that the fraction of LV end-

diastolic volume ejected per beat (i.e., the “LVEF”) could be used as a 

parameter of LV systolic function.5 Nonetheless, it should be mentioned that 

Holt using a dye dilution technic in 1956 suggested that the LV empties itself 

in a "fractional" manner (ejecting approximately 46% of its LV end-diastolic 

volume with each stroke [i.e., the fractional emptying of the LV or the 

“LVEF”]).6 Moreover, it should be highlighted the first validation studies in 

1966 using biplane angiographic planimetry of the LV to calculate the LVEF 
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(named by Bartle et al.7 as “ejected fraction of the LV” and by Kennedy et 

al.8 as “the systolic ejection fraction of the LV”). In addition, it is also 

interesting to mention the two excellent reports in 19689,10 using for the first 

time the term “LV ejection fraction” to define the previously named “fraction 

of LV end-diastolic volume ejected”,5 “ejected fraction of the LV”,7 or 

“systolic ejection fraction of the LV”8 (i.e., as had been previously named the 

LVEF), a term that even today is used (i.e., left ventricular ejection fraction 

[LVEF]).3,9,10 After these first angiographic studies analyzing the LVEF, 

started studies using transthoracic echocardiography (TTE). In this respect, 

Pombo et al.11 in April of 1971 demonstrated for the first time the usefulness 

of analyzing the LVEF with TTE using an M-mode method, which was later 

validated by Fortuin et al.12 in 1972 using M-mode TTE and for Teichholz et 

al.13 in 1974 using B-can TTE. Nonetheless, it is important to mention that 

the pioneering study of Feigenbaum et al.14 in 1967 demonstrated for the first 

time how to calculate LV volumes or the stroke volume with M-mode TTE, 

which later helped Pombo et al.11 to validate for the first time the usefulness 

of the analysis of LV volumes to calculate the LVEF using TTE. In addition, 

it is also interesting to mention the first studies validating LVEF with TTE 

using the Simpson biplane method (i.e., the biplane method of discs or 

modified Simpson's rule method), such as the studies of Schiller et al.15 and 

of Folland et al.16 in 1979 using the short and long axis views to calculate the 
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LVEF and the important study of Starling et al.17 in May of 1981 validating 

for the first time the current methodology of LVEF (namely, using the apical 

4- and 2-chamber views with the Simpson biplane method). The findings of 

these pioneering first works using TTE served as input to carry out several 

studies to demonstrate the clinical relevance of LVEF.18-30 In effect, in the 

past 20 years several studies demonstrated the usefulness of biplane LVEF 

using TTE with the modified Simpson's rule method in different 

cardiovascular diseases.18-30 However, while so far LVEF still being a pivotal 

functional cardiac parameter,1-4 in the last years several studies have 

highlighted some major limitations of this standard systolic parameter, such 

as its high dependence on systemic and intracardiac changes in volume and 

pressure,31-35 since LVEF is rather a volumetric than a myocardial parameter. 

Thus, taking into consideration these major limitations of LVEF, 

technological and clinical studies began to investigate the potential 

usefulness of new functional systolic parameters among which stands out LV 

global longitudinal systolic strain, a myocardial rather volumetric cardiac 

parameter, using new technologies such as two-dimensional speckle-tracking 

echocardiography.36-65  
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Analysis of the Systolic Function of the Left Ventricle using Left 

Ventricular Global Longitudinal Systolic Strain (GLS) 

Two-dimensional speckle-tracking echocardiography (2DSTE) is an 

echocardiographic method destinated to analyze mainly the myocardial rather 

than the volumetric function of the LV.36-65 Accordingly, using 2DSTE-

derived parameters such as LV global longitudinal systolic strain (GLS) 

allows to decrease the limitations of LVEF regarding its dependence on 

systemic and intracardiac changes in volume and pressure.31-35 In this respect, 

several studies suggested the potential usefulness of this new myocardial 

parameter (namely, GLS) to detect subclinical LV systolic dysfunction, 

despite a normal LVEF.45,46,48-58,60-65 Notwithstanding this, few studies 

demonstrated the rate and clinical relevance of subclinical LV systolic 

dysfunction detected by GLS in common cardiovascular diseases such as 

arterial hypertension. In addition, the lower limit of normality of GLS, which 

would provide the right cutoff to determine a subclinical LV systolic 

dysfunction using GLS, was also poorly studied in large cohorts of healthy 

subjects. Hence, the purpose of the author and his research group was to 

study the clinical relevance of GLS in patients with arterial hypertension and 

to determine the lower limit of normality of this new parameter by analyzing 

a large cohort of healthy subjects.  
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Analysis of the Diastolic Function of the Left Ventricle  

LV diastolic dysfunction also plays a pivotal role in the symptomatology, 

functional capacity, and dyspnea in patients with cardiovascular diseases, 

mainly in those with preserved LVEF without severe valvular or congenital 

heart disease.66-69 In this respect, several studies analyzing the early diastolic 

velocity of the mitral annulus using tissue Doppler imaging (TDI) and the 

early diastolic velocity of the mitral inflow by mean of pulsed Doppler 

demonstrated the usefulness of these measurements to analyze LV diastolic 

function (namely, the usefulness of the septal and lateral early diastolic peak 

velocity [e`] by TDI as well as the ratio of the early diastolic mitral inflow 

peak velocity (E) on the septal or lateral e` [i.e., the mitral E/e` ratio] in 

patients with preserved LVEF).70-85 However, despite these interesting 

previous studies,70-85 these conventional parameters reflect mainly a mitral-

annular functional analysis rather than a global or myocardial LV diastolic 

analysis (i.e., in all LV segments). Hence, the purpose of the author and his 

research group was to determine the clinical relevance of new diastolic 

parameters, which would help analyze the global or myocardial LV diastolic 

function in patients with preserved LVEF. In effect, the authors studied the 

usefulness and clinical relevance of LV early diastolic strain rate (LVSRe) 

and of the ratio of mitral E / LVSRe (both new global LV diastolic 

parameters) in patients with preserved LVEF. In addition, the authors 
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conducted a multicenter study to determine the lower and upper limits of 

normality of these new global LV diastolic parameters by analyzing a large 

cohort of healthy subjects.  

 

Analysis of the Systolic Function of the Right Ventricle  

While LV functional analyses have proven to have clinical and prognostic 

relevance in patients with cardiovascular diseases,2,3,66,67 in the last years the 

functional analysis of the right ventricle (RV) and the left atrium (LA) have 

also become clinically relevant in the assessment of these patients.86-96 In this 

respect, concerning the RV systolic function, echocardiographic parameters 

such as the tricuspid annular plane systolic excursion (TAPSE), the tricuspid 

systolic peak velocity using TDI (S-TDI), and the fractional area change of 

the RV (FAC) have demonstrated to have clinical and prognostic relevance in 

patients with cardiovascular diseases.3,86,97-101 Nonetheless, recent studies 

using new myocardial and global RV parameters such as RV global 

longitudinal systolic strain (RV global strain) and RV free wall longitudinal 

systolic strain (RV free wall strain) have suggested that these new parameters 

could be more accurate to analyze the systolic function of the RV than the 

previous conventional RV parameters (i.e., TAPSE, RV S-TDI, and FAC).102-

111 However, despite these advances, there remained uncertainty about the 
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potential usefulness of RV global and free wall strain to detect early or subtle 

RV systolic dysfunction in patients with heart failure with reduced or 

preserved LVEF. In addition, the lower limit of normality of these new RV 

parameters was not known, which would be of pivotal importance to 

determine a normal or abnormal RV strain and thereby, a normal or abnormal 

RV systolic function. Hence, considering these gaps in evidence on RV 

global and free wall strain, the purpose of the author and his research group 

was to study the potential usefulness of RV global and free wall strain to 

detect subtle RV systolic dysfunction and to determine the lower limit of 

normality of these new RV parameters by analyzing a large cohort of healthy 

subjects.  

 

Analysis of the Function of the Left Atrium 

Left atrial (LA) parameters such as the maximal LA volume indexed by body 

surface area (LAVI) using TTE has demonstrated to have clinical and 

prognostic relevance in patients with cardiovascular diseases.3,66-69 

Nonetheless, recent studies using new myocardial and functional parameters 

such as LA global longitudinal reservoir strain (LA strain) have suggested 

that this new parameter could be more accurate and sensitive than LAVI to 

detect functional LA alterations.112-115 However, despite these advances 
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regarding new functional LA parameters, there remained uncertainty about 

the potential clinical relevance of LA strain in patients with preserved LVEF. 

In addition, the lower limit of normality of this new LA functional parameter 

was not known, which would be of pivotal importance to determine a normal 

or abnormal LA strain and thereby, a normal or abnormal LA function. 

Hence, considering these remaining issues concerning the potential clinical 

usefulness of LA strain, the purpose of the author and his research group was 

to analyze the usefulness and clinical relevance of LA strain in patients with 

preserved LVEF and to determine the lower limit of normality of this new 

LA parameter by analyzing a large cohort of healthy subjects.  
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Rationale for lnvestigating New Echocardiographic Parameters to 

Analyze the Function of the LV, RV, and LA 

As it has been stated above, the standard parameter and method to analyze 

the systolic function of the left ventricle (LV) is a volumetric analysis of the 

LV (namely, left ventricular ejection fraction [LVEF]).1-4 Nonetheless, new 

LV systolic parameters focused on myocardial analyses rather than on 

volumetric analyses could provide early or subclinical detection of functional 

LV myocardial alterations despite a preserved volumetric function of the LV. 

Hence, the goal of the author (Dr. Daniel A. Morris) and his research group 

was to determine first the normal range of new myocardial systolic 

parameters such as LV global longitudinal systolic strain (GLS) and then to 

determine the clinical relevance of this new LV myocardial parameter to 

detect an early or subclinical LV systolic dysfunction despite a preserved 

LVEF.   

Concerning LV diastolic function, standard methods to analyze the diastolic 

function of the LV are annular and flow analyses of the mitral valve (namely, 

the septal and lateral annular early diastolic peak velocity [e`] by TDI and the 

ratio of the early diastolic mitral inflow peak velocity (E) on the septal or 

lateral e` [i.e., the mitral E/e` ratio]).67 Nevertheless, new LV diastolic 

parameters focused on myocardial analyses rather than mitral annular 
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analyses could provide a global and direct (i.e., in all LV segments) diastolic 

analysis of the LV instead of an annular and flow analysis of the mitral valve. 

Hence, the goal of the author (Dr. Daniel A. Morris) and his research group 

was to determine first the normal range of new myocardial and global 

diastolic parameters such as LV early diastolic strain rate (LVSRe) and the 

ratio of mitral E / LVSRe and then to determine the clinical relevance of 

these new LV myocardial diastolic parameters. 

Regarding innovative methods to analyze the systolic function of the RV, 

novel myocardial and global RV parameters such as RV global longitudinal 

systolic strain (RV global strain) and RV free wall longitudinal systolic strain 

(RV free wall strain) have shown to be accurate parameters to analyze the 

systolic function of the RV.102-111 However, despite these advances, there 

remained uncertainty about the normal range and potential usefulness of RV 

global and free wall strain to detect early or subtle RV systolic dysfunction in 

patients with heart failure with reduced or preserved LVEF. Hence, the goal 

of the author (Dr. Daniel A. Morris) and his research group was to determine 

first the normal range of these new myocardial RV systolic parameters such 

as RV global and free wall strain, and then to determine the clinical relevance 

of these new RV systolic parameters to detect an early or subclinical RV 

systolic dysfunction in patients with heart failure.   



14 
 

Regarding the analysis of the LA, the standard parameter to analyze the LA is 

a volumetric measurement named LA volume index (LAVI) (namely, the 

maximal LA volume indexed by BSA).3,67 However, new LA parameters 

focused on functional analyses rather than on size could provide important 

clinical information on functional alterations of the LA. Hence, the goal of the 

author (Dr. Daniel A. Morris) and his research group was to determine first 

the normal range of new myocardial and functional parameters of the LA such 

as LA global reservoir strain (LA strain), and then to determine the clinical 

relevance of this new functional LA parameter to detect an early or 

subclinical LA dysfunction despite a preserved size of the LA (i.e., despite a 

normal LAVI). 
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Selected Studies of the Author   

Selected Study 1 – New Parameter to Analyze the Systolic Function of 

the LV:  

Hypothesis / Goal of the Selected Study:  

The standard parameter to analyze LV systolic function is a volumetric 

analysis of the LV (namely, left ventricular ejection fraction [LVEF]). New 

LV systolic parameters focused on myocardial analyses rather than 

volumetric analyses could provide early or subclinical detection of functional 

LV systolic alterations despite a preserved LVEF. Hence, the goal of the 

selected study of the author was to determine first the normal range of new 

myocardial systolic parameters such as LV global longitudinal systolic strain 

(GLS) and then to determine the clinical relevance of these new LV 

myocardial parameters to detect an early or subclinical LV systolic 

dysfunction despite a preserved LVEF.   

Summary and Results of the Selected Study: 

As previously mentioned, while several studies demonstrated the potential 

usefulness of GLS to detect subclinical LV systolic dysfunction despite a 

normal LVEF, 45,46,48-58,60-65 few studies analyzed the rate and clinical 

relevance of subclinical LV systolic dysfunction as detected by GLS in 

common cardiovascular diseases such as arterial hypertension. In addition, 
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the lower limit of normality of GLS, which would provide the right cutoff to 

determine a subclinical LV systolic dysfunction using GLS, was also poorly 

studied in large cohorts of healthy subjects. Hence, the purpose of the author 

and his research group was to study the clinical relevance of GLS in patients 

with arterial hypertension and to determine the lower limit of normality of 

this new parameter by analyzing a large cohort of healthy subjects. In this 

respect, the author and his research group conducted a multicenter study in 

10 university hospitals from Japan and Germany to investigate the clinical 

relevance and usefulness of GLS in patients with arterial hypertension and to 

determine the lower limit of normality of this new parameter by including a 

large cohort of healthy subjects. Three hundred twenty-three healthy adult 

subjects and 310 patients with arterial hypertension were included in this 

multicenter study. By analyzing the healthy cohort, the lower limit of 

normality of GLS was 17%, and the mean value of GLS was significantly 

reduced in patients with arterial hypertension in comparison with healthy 

subjects (GLS values [mean ± SD; absolute values] = 17.4 ± 3.5% vs. 21.2 ± 

2.0%; p value < 0.01). In line with these findings, despite a normal LVEF 

(i.e., Simpson biplane LVEF ≥ 55%), GLS enabled to detect early or subtle 

LV systolic function in 46.1% (i.e., 143 out of 310) of patients with arterial 

hypertension (i.e., GLS < 17%). In addition, by integrating GLS in the global 

systolic performance of the LV (i.e., by averaging the longitudinal, radial, 



17 
 

and circumferential systolic function/strain [global systolic index]), the 

functional capacity and symptomatic status were significantly correlated with 

the systolic performance of the LV including GLS (i.e., with the global 

systolic index). Thus, this study also demonstrated the potential usefulness 

and clinical relevance of a new systolic parameter including GLS (i.e., the 

systolic myocardial performance of the LV or global systolic index), which 

could also be used together with GLS to analyze the myocardial systolic 

performance of the LV in patients with cardiovascular diseases.  

 

Publication of the Selected Study:  

Daniel A. Morris, Kyoko Otani, Tarek Bekfani, Kiyohiro Takigiku, Chisato 

Izumi, Satoshi Yuda, Konomi Sakata, Nobuyuki Ohte, Kazuaki Tanabe, 

Katharina Friedrich, York Kühnle, Satoshi Nakatani, Yutaka Otsuji, Wilhelm 

Haverkamp, Leif-Hendrik Boldt, Masaaki Takeuchi. Multidirectional Global 

Left Ventricular Systolic Function in Normal Subjects and Patients with 

Hypertension: Multicenter Evaluation. J Am Soc Echocardiogr. 2014 

May;27(5):493-500. https://doi.org/10.1016/j.echo.2014.01.017 
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Selected Study 2 – New Parameter to Analyze the Diastolic Function of the 

LV:  

Hypothesis / Goal of the Selected Study:  

Current standard LV parameters to analyze the diastolic function of the LV are 

based on annular and flow analyses of the mitral valve (namely, the septal and 

lateral annular early diastolic peak velocity [e`] by TDI and the ratio of the 

early diastolic mitral inflow peak velocity (E) on the septal or lateral e` [i.e., 

the mitral E/e` ratio]). New LV diastolic parameters focused on myocardial 

analyses rather than mitral annular analyses could provide a global and direct 

(i.e., in all LV segments) diastolic analysis of the LV. Hence, the goal of the 

selected study of the author was to determine first the normal range of new 

myocardial and global diastolic parameters such as LV early diastolic strain 

rate (LVSRe) and the ratio of mitral E / LVSRe and then to determine the 

clinical relevance of these new LV myocardial diastolic parameters. 

Summary and Results of the Selected Study: 

As it has been stated in the introduction section, while conventional mitral 

annular parameters such as septal and lateral annular mitral e` velocities and 

their corresponding derived indexes (i.e., the septal E/e` and the lateral E/e` 

ratios) demonstrated usefulness to analyze indirectly the diastolic function of 

the LV in patients with preserved LVEF,70-85 these conventional parameters 
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reflect mainly a mitral-annular functional analysis rather than a global or 

myocardial LV diastolic analysis (i.e., in all LV segments). Hence, the purpose 

of the author and his research group was to determine the clinical relevance of 

new diastolic parameters, which would help analyze the global and myocardial 

LV diastolic function in patients with preserved LVEF. In effect, the authors 

studied the usefulness and clinical relevance of LV early diastolic strain rate 

(LVSRe) and of the ratio of mitral E / LVSRe (both new global LV diastolic 

parameters) in a multicenter study including 477 patients with cardiovascular 

risk factors and preserved LVEF. In addition, in this multicenter study, a large 

cohort of healthy subjects was also analyzed (n = 377) to determine the lower 

and upper limits of normality of these new global LV diastolic parameters. In 

this respect, analyzing the large cohort of healthy subjects, the lower limit of 

normality of LVSRe was 1.00s-1. The upper limit of normality of its derived 

parameter, the mitral E / LVSRe ratio, was 71.5. Besides, by analyzing the 

cohort of patients with cardiovascular risk factors such as arterial hypertension, 

diabetes mellitus, or coronary artery disease (CAD) and preserved LVEF, both 

LVSRe and its derived parameter (the mitral E / LVSRe) enabled to detect LV 

diastolic alterations, which was even better than standard diastolic parameters 

such as the mitral E/e` ratio, LAVI, and TR regurgitation peak velocity (i.e., 

rate of detection of LV diastolic abnormalities: using LVSRe 71%, using 

E/LVSRe ratio 57%, using the septal-lateral E/e` ratio 25%, using LAVI 22%, 
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and using TR velocity 9.1%). In line with these findings, adding LVSRe to the 

conventional and recommended approach to detect LV diastolic dysfunction 

led to significantly higher detection of LV diastolic dysfunction (an absolute 

increase of 18.9% [from 14.3% to 33.2%], p-value < 0.01) in comparison with 

using this approach without LVSRe. In agreement with these findings, an 

abnormal LVSRe or elevated mitral E / LVSRe ratio were significantly linked 

to heart failure hospitalization at 2 years (OR 3.5 [95%CI 1.05-12] and OR 3.6 

[95%CI 1.3-9.8]), even after adjustment by age and sex and better than 

conventional annular diastolic parameters such as the septa-lateral mitral e` 

velocities and the septal-lateral mitral E/e` ratio.  

Publication of the Selected Study:  

Daniel A. Morris, Masaaki Takeuchi, Satoshi Nakatani, Yutaka Otsuji, 

Evgeny Belyavskiy, Radhakrishnan Aravind Kumar, Athanasios Frydas, 

Martin Kropf, Robin Kraft, Esteban Marquez, Engin Osmanoglou, Maximilian 

Krisper, Clemens Köhncke, Leif-Hendrik Boldt, Wilhelm Haverkamp, Carsten 

Tschöpe, Frank Edelmann, Burkert Pieske, Elisabeth Pieske-Kraigher. Lower 

Limit of Normality and Clinical Relevance of Left Ventricular Early 

Diastolic Strain Rate for the Detection of Left Ventricular Diastolic 

Dysfunction. Eur Heart J Cardiovasc Imaging. 2018 Aug 1;19(8):905-915.  

https://doi.org/10.1093/ehjci/jex185 
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Selected Study 3 – New Parameter to Analyze the Systolic Function of the 

RV:  

Hypothesis / Goal of the Selected Study:  

New myocardial and global RV parameters such as RV global longitudinal 

systolic strain (RV global strain) and RV free wall longitudinal systolic strain 

(RV free wall strain) are accurate measurements to analyze the systolic function 

of the RV. However, despite these advances, there remained uncertainty about 

the potential usefulness of RV global and free wall strain to detect early or subtle 

RV systolic dysfunction in patients with heart failure with reduced or preserved 

LVEF. Hence, the goal of the selected study of the author was to determine first 

the normal range of these new myocardial RV systolic parameters such as RV 

global and free wall strain, and then to determine the clinical relevance of these 

new RV systolic parameters to detect an early or subclinical RV systolic 

dysfunction in patients with heart failure.   

Summary and Results of the Selected Study: 

As has been previously mentioned, while conventional echocardiographic RV 

systolic parameters such as TAPSE, S-TDI, and FAC have demonstrated to have 

clinical and prognostic relevance in patients with cardiovascular diseases,3,86,97-101 

recent studies using new myocardial and global RV parameters such as RV 

global and free wall strain have suggested that these new parameters could be 

more accurate to analyze the systolic function of the RV than the previous 
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conventional RV parameters (i.e., TAPSE, RV S-TDI, and FAC).102-111 

Nonetheless, despite these advances, there remained uncertainty about the 

potential usefulness of RV global and free wall strain to detect early or subtle 

RV systolic dysfunction in patients with heart failure with reduced or preserved 

LVEF. In addition, the lower limit of normality of these RV parameters was not 

known, which would be of pivotal importance to determine a normal or 

abnormal RV strain and thereby, a normal or abnormal RV systolic function. 

Hence, the purpose of the author and his research group was to investigate the 

potential usefulness of RV global and free wall strain to detect subtle RV systolic 

dysfunction and to determine the lower limit of normality of these new RV 

parameters by analyzing a large cohort of healthy adult subjects. In this respect, 

the authors investigated the potential usefulness and clinical relevance of RV 

global and free wall strain in a multicenter study including 426 patients with 

heart failure (218 with preserved LVEF and 208 with reduced LVEF) and 216 

asymptomatic patients. In addition, in this multicenter study, a large cohort of 

healthy adult subjects was also analyzed (n = 238) to determine the lower limit 

of normality of RV global and free wall strain. In this regard, analyzing the large 

cohort of healthy subjects, the lower limit of normality of RV global strain was 

17% and of RV free wall strain was 19%. Besides, analyzing the cohort of 

patients with heart failure, RV global and free wall strain enabled to detect RV 

systolic dysfunction, which was even better than standard parameters such as 
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TAPSE, S-TDI, and FAC (i.e., rate of detection of RV systolic abnormalities in 

patients with reduced LVEF: using RV global strain 58%, using RV free wall 

strain 46%, using TAPSE 38%, using S-TDI 38%, and using FAC 28%; rate of 

detection of RV systolic abnormalities in patients with preserved LVEF: using 

RV global strain 11%, using RV free wall strain 10%, using TAPSE 6%, using 

S-TDI  5%, and using FAC 5%). In line with these findings, RV global and free 

wall strain enabled to detect subtle RV systolic dysfunction despite normal 

TAPSE, S-TDI, or FAC in heart failure patients (mainly those with reduced 

LVEF). Moreover, the symptomatic status and functional capacity in patients 

with heart failure were significantly associated with RV global and free wall 

strain (OR > 5.0; p-value < 0.01).  

Publication of the Selected Study:  

Daniel A. Morris, Maximilian Krisper, Satoshi Nakatani, Clemens Köhncke, 

Yutaka Otsuji, Evgeny Belyavskiy, Aravind K Radha Krishnan, Martin Kropf, 

Engin Osmanoglou, Leif-Hendrik Boldt, Florian Blaschke, Frank Edelmann, 

Wilhelm Haverkamp, Carsten Tschöpe, Elisabeth Pieske-Kraigher, Burkert 

Pieske, Masaaki Takeuchi. Normal Range and Usefulness of Right 

Ventricular Systolic Strain to Detect Subtle Right Ventricular Systolic 

Abnormalities in Patients with Heart Failure: A Multicentre Study. Eur 

Heart J Cardiovasc Imaging. 2017 Feb;18(2):212-223. 

https://doi.org/10.1093/ehjci/jew011 

https://doi.org/10.1093/ehjci/jew011
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Selected Studies 4 and 5 - New Parameter to Analyze the Function of the 

LA:  

Hypothesis / Goal of the Selected Studies: 

The standard parameter to analyze the LA is a volumetric measurement 

named LA volume index (LAVI) (namely, the maximal LA volume indexed 

by BSA). New LA parameters focused on functional analyses rather than on 

size could provide important clinical information on functional LA 

alterations, even despite a preserved volumetric measurement of the LA (such 

as LAVI). Hence, the goal of the selected study of the author was to 

determine first the normal range of new myocardial and functional parameters 

of the LA such as LA global reservoir strain (LA strain), and then to 

determine the clinical relevance of this new functional LA parameter to detect 

an early or subclinical LA dysfunction despite a preserved volumetric 

measurement of the LA (i.e., despite a normal LAVI). 

Summary and Results of the Selected Studies: 

As has been highlighted in the introduction section, while conventional and 

volumetric LA echocardiographic parameters such as LAVI demonstrated to 

have clinical and prognostic relevance in patients with cardiovascular 

diseases,3,66-69 recent studies using new myocardial and functional myocardial 

parameters such as LA global longitudinal reservoir strain (LA strain) have 
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suggested that this new parameter could be more accurate and sensitive than 

LAVI to detect functional LA alterations and thus, having potential clinical 

usefulness.112-115 However, despite these advances regarding this new 

functional LA parameter, there remained uncertainty about the potential 

clinical relevance of LA strain in patients with preserved LVEF. In addition, 

the lower limit of normality of LA strain was not known, which would be of 

pivotal importance to determine a normal or abnormal LA strain and thereby, 

a normal or abnormal LA function. Hence, considering these remaining 

issues concerning the potential clinical usefulness of LA strain, the purpose 

of the author and his research group was to analyze the potential usefulness 

and clinical relevance of LA strain in patients with preserved LVEF and to 

determine the lower limit of normality of this new LA parameter by 

analyzing a large cohort of healthy subjects. In this respect, the author and his 

research group conducted a multicenter study in 10 university hospitals from 

Japan and Germany to determine the lower limit of normality of LA strain by 

analyzing a large cohort of healthy adult subjects (n = 329). In addition, in a 

second study, the authors aimed to determine the clinical relevance and 

usefulness of LA strain in patients with preserved LVEF by analyzing a 

cohort of 517 patients in sinus rhythm, without severe valvular heart disease, 

and with some cardiovascular risk factor such as arterial hypertension, 

diabetes mellitus, or history of coronary artery disease and preserved LVEF. 
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In effect, by analyzing the large cohort of healthy subjects, the lower limit of 

normality of LA strain was 23%. Besides, studying the potential usefulness 

and clinical relevance of LA strain, this new parameter enabled to detect 

subtle LA functional alterations despite a non-altered measurement of LAVI 

in patients with preserved LVEF and sinus rhythm (i.e., rate of early or subtle 

LA alterations detected by LA strain 29.4%). In addition, the symptomatic 

status, functional capacity, and heart failure hospitalization in these patients 

were significantly associated with LA strain, even in patients with normal 

LAVI and after adjustment by age and sex. Furthermore, LA strain was 

significantly a more sensitive parameter of LV diastolic dysfunction 

compared with LAVI. In fact, adding LA strain to LAVI into the 

conventional and recommended approach to detect LV diastolic dysfunction 

led to significantly higher detection of LV diastolic dysfunction (relative and 

absolute increases 73.3% and 9.9%; rate of detection of LV diastolic 

dysfunction: from 13.5% to 23.4%; p < 0.01) in comparison with using this 

approach but without LA strain.  

 

 

 

 



58 
 

Publication of the Selected Studies:  

Daniel A. Morris, Masaaki Takeuchi, Maximilian Krisper, Clemens 

Köhncke, Tarek Bekfani, Tim Carstensen, Sabine Hassfeld, Marc 

Dorenkamp, Kyoko Otani, Kiyohiro Takigiku, Chisato Izumi, Satoshi Yuda, 

Konomi Sakata, Nobuyuki Ohte, Kazuaki Tanabe, Engin Osmanoglou, York 

Kühnle, Hans-Dirk Düngen, Satoshi Nakatani, Yutaka Otsuji, Wilhelm 

Haverkamp, Leif-Hendrik Boldt. Normal Values and Clinical Relevance of 

Left Atrial Myocardial Function Analysed by Speckle-Tracking 

Echocardiography: Multicentre Study. Eur Heart J Cardiovasc Imaging. 

2015 Apr;16(4):364-72. https://doi.org/10.1093/ehjci/jeu219 

Daniel A. Morris, Evgeny Belyavskiy, Radhakrishnan Aravind-Kumar, 

Martin Kropf, Athanasios Frydas, Kerstin Braunauer, Esteban Marquez, 

Maximilian Krisper, Ruhdja Lindhorst, Engin Osmanoglou, Leif-Hendrik 

Boldt, Florian Blaschke, Wilhelm Haverkamp, Carsten Tschöpe, Frank 

Edelmann, Burkert Pieske, Elisabeth Pieske-Kraigher. Potential Usefulness 

and Clinical Relevance of Adding Left Atrial Strain to Left Atrial 

Volume Index in the Detection of Left Ventricular Diastolic Dysfunction. 

J Am Coll Cardiol Img. 2018 Oct;11(10):1405-1415. 

https://doi.org/10.1016/j.jcmg.2017.07.029 

 

https://doi.org/10.1093/ehjci/jeu219
https://doi.org/10.1016/j.jcmg.2017.07.029


59 
 

 

  



60 
 

  



61 
 

  



62 
 

  



63 
 

  



64 
 

  



65 
 

  



66 
 

  



67 
 

  



68 
 

  



69 
 

  



70 
 

  



71 
 

  



72 
 

  



73 
 

  



74 
 

  



75 
 

  



76 
 

  



77 
 

  



78 
 

  



79 
 

 

Discussion 

The findings of these studies analyzing large cohorts of patients with CV 

diseases and risk factors have highlighted and demonstrated the potential 

usefulness and clinical relevance of new myocardial parameters such as LV 

strain, RV strain, and LA strain. In addition, these studies have provided the 

lower limit of normality of these new myocardial parameters, which could be 

of pivotal importance in determining normal or abnormal cardiac function 

using these new parameters.  

 

Clinical Relevance and Lower Limit of Normality of a New Myocardial 

LV Systolic Parameter: LV Global Longitudinal Systolic Strain (GLS)  

As stated in the introduction section, the analysis of the systolic function of 

the LV is of key importance in evaluating the symptomatic status and 

prognosis of patients with cardiovascular diseases.1-4 In effect, LVEF using 

the biplane Simpson method by echocardiography remains the standard 

parameter to analyze the cardiac function or more specifically the systolic 

function of the LV in patients with different cardiovascular diseases.3,97 

However, in the last years several studies have highlighted some major 

limitations of this standard systolic parameter such as its high dependence on 
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systemic and intracardiac changes in volume and pressure,31-35 since LVEF is 

rather a volumetric than a myocardial parameter. Thus, taking into 

consideration these major limitations of LVEF, technological and clinical 

studies began to investigate the potential usefulness of new functional 

systolic parameters among which has stood out LV global longitudinal 

systolic strain (i.e., GLS), a myocardial rather volumetric parameter, using 

new technologies such as speckle-tracking echocardiography.36-65 In this 

respect, several studies suggested the potential usefulness of this new 

myocardial parameter to detect subclinical LV systolic dysfunction, despite a 

normal LVEF.45,46,48-58,60-65 Notwithstanding this, few studies demonstrated 

the rate and clinical relevance of subtle or early LV systolic dysfunction 

detected by GLS in common cardiovascular diseases such as arterial 

hypertension. In addition, the lower limit of normality of GLS, which would 

provide the right cutoff to determine a subclinical LV systolic dysfunction 

using GLS, was also poorly studied in large cohorts of healthy subjects. 

Hence, the purpose of the author and his research group was to determine the 

clinical relevance of GLS in patients with arterial hypertension and to 

determine the lower limit of normality of this new parameter by analyzing a 

large cohort of healthy subjects. In this respect, as it has been previously 

shown in this document, the author and his research group conducted a 

multicenter study in 10 university hospitals from Japan and Germany to 
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determine the clinical relevance and usefulness of GLS in patients with 

arterial hypertension and to determine the lower limit of normality of this 

new parameter by including a large cohort of healthy subjects.116 Three 

hundred twenty-three healthy adult subjects and 310 patients with arterial 

hypertension were included in this multicenter study.116 By analyzing the 

healthy cohort, the lower limit of normality of GLS was 17%, and GLS could 

detect early or subtle LV systolic function in 46.1% (i.e., 143 out of 310) of 

patients with arterial hypertension, despite preserved LVEF.116 In addition, 

by integrating GLS in the global systolic performance of the LV (i.e., by 

averaging the longitudinal, radial, and circumferential systolic function/strain 

[global systolic index]), the functional capacity and symptomatic status were 

significantly correlated with the systolic performance of the LV including 

GLS (i.e., with the global systolic index).116 Thus, the findings from this 

study have provided the clinical relevance and lower limit of normality of 

GLS and of a new global LV systolic parameter (the global systolic index),116 

which could have significant importance in the assessment of LV systolic 

dysfunction in patients with preserved LVEF.  
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Clinical Relevance and Lower Limit of Normality of a New Myocardial 

LV Diastolic Parameter: LV Global Longitudinal Early Diastolic Strain 

Rate (LVSRe)  

LV diastolic dysfunction plays a pivotal role in the symptomatology, 

functional capacity, and dyspnea in patients with cardiovascular diseases, 

mainly in those with preserved LVEF without severe valvular or congenital 

heart disease.66-69 In this respect, current LV diastolic parameters such as 

septal and lateral annular early diastolic peak velocities (e`) and its derived 

parameters the septal and lateral mitral E /e` ratio remain as the standard 

measurements to detect LV diastolic dysfunction.66-69 However, these annular 

mitral parameters have limitations such as their local or annular functional 

analysis rather than a global or myocardial LV diastolic analysis (i.e., in all 

LV segments). Hence, the purpose of the author and his research group was 

to determine the clinical relevance of new diastolic parameters, which would 

help analyze the global or myocardial diastolic function of the LV. In effect, 

the authors investigated the potential usefulness and clinical relevance of LV 

early diastolic strain rate (LVSRe) and of the ratio of mitral E / LVSRe (both 

new global LV diastolic parameters) in a multicenter study including 477 

patients with cardiovascular risk factors and preserved LVEF.117 In addition, 

in this multicenter study, a large cohort of healthy subjects was also analyzed 

(n = 377) to determine the lower and upper limits of normality of these new 
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global LV diastolic parameters.117 In this respect, analyzing the large cohort 

of healthy subjects, the lower limit of normality of LVSRe was 1.00s-1 and 

the upper limit of normality of its derived parameter, it is the mitral E / 

LVSRe ratio, was 71.5.117 Besides, by analyzing the cohort of patients with 

cardiovascular risk factors such as arterial hypertension, diabetes mellitus, or 

CAD and preserved LVEF, both LVSRe and its derived parameter (the mitral 

E / LVSRe) enabled to detect LV diastolic alterations, which was even better 

than standard diastolic parameters such as the mitral E/e` ratio, LAVI, and 

TR regurgitation peak velocity (i.e., rate of detection of LV diastolic 

abnormalities: using LVSRe 71%, using E/LVSRe ratio 57%, using the 

septal-lateral E/e` ratio 25%, using LAVI 22%, and using TR velocity 

9.1%).117 In line with these findings, adding LVSRe to the conventional and 

recommended approach to detect LV diastolic dysfunction led to 

significantly higher detection of LV diastolic dysfunction (i.e., an absolute 

increase of 18.9% [from 14.3% to 33.2%], p-value < 0.01).117 In agreement 

with these findings, an abnormal LVSRe or elevated mitral E / LVSRe ratio 

were significantly linked to heart failure hospitalization at 2 years (OR 3.5 

[95%CI 1.05-12] and OR 3.6 [95%CI 1.3-9.8]), even after adjustment by age 

and sex and better than conventional annular diastolic parameters such as the 

septa-lateral mitral e` velocities and the septal-lateral mitral E/e` ratio.117 

Thus, the findings from this study have provided the clinical relevance and 
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lower limit of two new global LV diastolic parameters (LVSRe and its 

derived parameter [mitral E / LVSRe ratio]),117 which could have significant 

importance in the assessment of LV diastolic dysfunction in patients with 

preserved LVEF.  

 

 

 

Clinical Relevance and Lower Limit of Normality of New Myocardial 

RV Systolic Parameters: RV Global Longitudinal Systolic Strain and RV 

Free Wall Longitudinal Systolic Strain  

Conventional echocardiographic parameters of the RV such as TAPSE, S-

TDI, and FAC demonstrated clinical and prognostic relevance in patients 

with cardiovascular diseases.3,86,97-101 Nonetheless, recent studies using new 

sensitive and global parameters such as RV global longitudinal systolic strain 

(RV global strain) and RV free wall longitudinal systolic strain (RV free wall 

strain) have suggested that these new parameters could be more accurate to 

analyze the systolic function of the RV than conventional RV parameters 

(i.e., TAPSE, RV S-TDI, and FAC).102-111 However, despite these advances, 

there remained uncertainty about the potential usefulness of RV global and 

free wall strain to detect early or subtle RV systolic dysfunction in patients 
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with heart failure with reduced or preserved LVEF. In addition, the lower 

limit of normality of these new RV parameters was not known, which would 

be of pivotal importance to determine a normal or abnormal RV strain and 

thereby, a normal or abnormal RV systolic function. Hence, considering 

these gaps in evidence on RV global and free wall strain, the purpose of the 

author and his research group was to study the potential usefulness of RV 

global and free wall strain to detect subtle RV systolic dysfunction and to 

determine the lower limit of normality of these new RV parameters by 

analyzing a large cohort of healthy subjects. In this respect, the authors 

investigated the potential usefulness and clinical relevance of RV global and 

free wall strain in a multicenter study including 426 patients with heart 

failure (218 with preserved LVEF and 208 with reduced LVEF) and 216 

asymptomatic patients.118 In addition, in this multicenter study, a large cohort 

of healthy adult subjects was also analyzed (n = 238) to determine the lower 

limit of normality of RV global and free wall strain.118 In this regard, 

analyzing the large cohort of healthy subjects, the lower limit of normality of 

RV global strain was 17% and of RV free wall strain was 19%.118 Besides, by 

analyzing the cohort of patients with heart failure, RV global and free wall 

strain enabled to detect RV systolic dysfunction, which was even better than 

standard parameters such as TAPSE, S-TDI, and FAC (i.e., rate of detection 

of RV systolic abnormalities in patients with reduced LVEF: using RV global 
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strain 58%, using RV free wall strain 46%, using TAPSE 38%, using S-TDI 

38%, and using FAC 28%; rate of detection of RV systolic abnormalities in 

patients with preserved LVEF: using RV global strain 11%, using RV free 

wall strain 10%, using TAPSE 6%, using S-TDI  5%, and using FAC 5%).118 

In line with these findings, RV global and free wall strain detected subtle RV 

systolic dysfunction despite normal TAPSE, S-TDI, or FAC in heart failure 

patients (mainly in those with reduced LVEF).118 Moreover, the symptomatic 

status and functional capacity in patients with heart failure were significantly 

associated with RV global and free wall strain.118 Thus, the findings from this 

study have provided the clinical relevance and lower limit of new myocardial 

RV systolic parameters,118 which could have significant importance in 

analyzing the systolic function of the RV in clinical practice.  
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Clinical Relevance and Lower Limit of Normality of a New Myocardial 

and Functional LA Parameter: LA Global Longitudinal Reservoir Strain 

(LA Strain) 

The maximal LA volume indexed by body surface area (LAVI) is the 

conventional LA parameter to detect LA remodeling or LA alterations in 

patients with cardiovascular diseases.3,66-69 Nonetheless, recent studies using 

myocardial and mainly functional parameters such as LA global longitudinal 

reservoir strain (LA strain) have suggested that this new functional parameter 

could be more accurate and sensitive than LAVI to detect functional LA 

alterations and thus, have potential clinical usefulness.112-115 However, despite 

these advances regarding new functional LA parameters, there remained 

uncertainty about the potential clinical relevance of LA strain in patients with 

preserved LVEF. In addition, the lower limit of normality of this new LA 

functional parameter was not known, which would be of pivotal importance 

to determine a normal or abnormal LA strain and thereby, a normal or 

abnormal LA function. Hence, considering these remaining issues concerning 

the potential clinical usefulness of LA strain, the purpose of the author and 

his research group was to analyze the potential usefulness and clinical 

relevance of LA strain in patients with preserved LVEF and to determine the 

lower limit of normality of this new LA parameter by analyzing a large 

cohort of healthy subjects. In this respect, the author and his research group 
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conducted a multicenter study in 10 university hospitals from Japan and 

Germany to determine the lower limit of normality of LA strain by analyzing 

a large cohort of healthy adult subjects (n = 329).119 In addition, in a second 

study, the authors aimed to determine the clinical relevance and usefulness of 

LA strain in patients with preserved LVEF by analyzing a cohort of 517 

patients in sinus rhythm, without severe valvular heart disease, and with 

some cardiovascular risk factor such as arterial hypertension, diabetes 

mellitus, or history of coronary artery disease and preserved LVEF.120 In 

effect, analyzing the large cohort of healthy subjects, the lower limit of 

normality of LA strain was 23%.119 Besides, analyzing the potential 

usefulness and clinical relevance of LA strain, this new parameter enabled to 

detect subtle LA functional alterations despite a non-altered measurement of 

LAVI in patients with preserved LVEF and sinus rhythm (i.e., rate of early or 

subtle LA alterations detected by LA strain 29.4%).120 In addition, the 

symptomatic status, functional capacity, and heart failure hospitalization in 

these patients were significantly associated with LA strain, even in patients 

with normal LAVI and after adjustment by age and sex.120 Furthermore, 

compared with LAVI, LA strain was significantly more helpful in 

determining LV diastolic dysfunction.120 In fact, adding LA strain into the 

conventional and recommended approach to detect LV diastolic dysfunction 

led to significantly higher detection of LV diastolic dysfunction than using 



89 
 

only LAVI in the current recommended approach.120 Thus, the findings from 

these studies have provided the clinical relevance and lower limit of a new 

myocardial LA functional parameter (LA strain),119,120 which could have 

significant importance in assessing patients with cardiovascular diseases and 

preserved LVEF in clinical practice.  
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Summary 

The findings of these studies analyzing large cohorts of healthy subjects and 

patients with CV diseases and risk factors have highlighted and demonstrated 

the potential usefulness and clinical relevance of new functional and 

myocardial parameters such as LV strain, RV strain, and LA strain. In 

addition, these studies have provided the lower limit of normality of these 

new myocardial parameters, which could be of pivotal importance in 

determining normal or abnormal cardiac function using these new 

parameters. Nonetheless, further studies should validate these findings and 

expert consensus should recommend these new myocardial parameters before 

introducing these new LV, RV, and LA functional analyses into clinical 

practice.   
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