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Cruces, S/N, 48903 Baracaldo, Vizcaya, Spain; 18Echocardiography Unit, AZ Maria Middelares Gent, Buitenring-Sint-Denijs 30, 9000 Gent, Belgium; 19Medical Department
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Aims The present study sought to evaluate the correlation between indices of non-invasive myocardial work (MW) and left ven-

tricle (LV) size, traditional and advanced parameters of LV systolic and diastolic function by 2D echocardiography (2DE).
...................................................................................................................................................................................................

Methods

and results

A total of 226 (85 men, mean age: 45± 13 years) healthy subjects were enrolled at 22 collaborating institutions of the

Normal Reference Ranges for Echocardiography (NORRE) study. Global work index (GWI), global constructive work

(GCW), global work waste (GWW), and global work efficiency (GWE) were estimated from LV pressure-strain loops

using custom software. Peak LV pressure was estimated non-invasively from brachial artery cuff pressure. LV size, parame-

ters of systolic and diastolic function and ventricular-arterial coupling were measured by echocardiography. As advanced

indices of myocardial performance, global longitudinal strain (GLS), global circumferential strain (GCS), and global radial

strain (GRS) were obtained. On multivariable analysis, GWI was significantly correlated with GLS (standardized beta-coef-

ficient= -0.23, P<0.001), ejection fraction (EF) (standardized beta-coefficient= 0.15, P=0.02), systolic blood pressure

(SBP) (standardized beta-coefficient= 0.56, P<0.001) and GRS (standardized beta-coefficient= 0.19, P=0.004), while

GCW was correlated with GLS (standardized beta-coefficient= -0.55, P<0.001), SBP (standardized beta-coef-

ficient= 0.71, P<0.001), GRS (standardized beta-coefficient= 0.11, P=0.02), and GCS (standardized beta-coef-

ficient= -0.10, P=0.01). GWE was directly correlated with EF and inversely correlated with Tei index (standardized beta-

coefficient= 0.18, P=0.009 and standardized beta-coefficient= -0.20, P=0.004, respectively), the opposite occurred for

GWW (standardized beta-coefficient=--0.14, P=0.03 and standardized beta-coefficient= 0.17, P=0.01, respectively).
...................................................................................................................................................................................................

Conclusion The non-invasive MW indices show a good correlation with traditional 2DE parameters of myocardial systolic func-

tion and myocardial strain.
� � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �

Keywords adult echocardiography • speckle tracking echocardiography • myocardial work • myocardial strain

Introduction

Myocardial deformation analysis, by tissue Doppler imaging (TDI)

and/or speckle tracking echocardiography (STE), developed in the

last decade as a reliable tool for assessing left ventricle (LV) systolic

function. In addition to traditional parameters, such as ejection frac-

tion (EF),1,2 myocardial strain (MS) allows the detection of early sub-

clinical LV dysfunction in a variety of cardiac diseases.3–9However, its

relative load-dependency makes it unable for MS to account for

changes in pre- and afterload. Recently, non-invasive myocardial

work (MW) was proposed as a new tool to study LV performance,

which takes into account myocardial deformation and afterload.

Russell et al.,10 indeed, developed a non-invasive method to calculate

MW using LV pressure-strain loops (PSLs) obtained from STE. These

authors demonstrated that regional differences in MW assessed by

PSLs have a strong correlation with myocardial glucose metabolism

as evaluated with fluorodeoxyglucose positron emission tomog-

raphy. The application of these concepts to myocardial ischaemia and

the assessment of cardiac resynchronization therapy (CRT)-respond-

ers have been evaluated, showing good results.11–17

The NORRE (Normal Reference Ranges for Echocardiography)

study is the first European, large, prospective, multicentre study per-

formed in 22 laboratories accredited by the European Association of

Cardiovascular Imaging (EACVI) and in one American laboratory,

which has provided reference values for all 2D echocardiographic

(2DE) measurements of the four cardiac chambers,18 Doppler

parameters,19 aortic dimensions,,20 3D echocardiographic measure-

ments of LV volumes and strain,21 2DE measurement of LV strains

and twist,22 2D and 3D measurement of left atrial function,23 and,

more recently, 2D measurement of MW indices.24 The present study

aimed to evaluate the correlation between indices of non-invasive

MW and LV size, traditional and advanced parameters of LV systolic

and indices of diastolic function by 2DE.

Methods

Patient population
A total of 734 healthy European subjects constituted the final NORRE

study population. The local ethics committees approved the study proto-

col. Since GE echocardiographic system is the only equipped with a soft-

ware package to calculate MW, only patients scanned with this system

(n=378) were included. After the exclusion of patients that had incom-

patible image format and/or poor-image quality and/or whose blood

pressure at the time of echocardiographic examination was not available,

the final study population consisted of 226 (31% of the total NORRE

population, 58% of all patients scanned with GE ultrasound system) nor-

mal subjects. All the 23 laboratories involved in the NORRE studies con-

tributed to the final population.

Echocardiographic examination
A comprehensive echocardiographic examination was performed using a

state-of-the-art echocardiographic ultrasound system (GE Vivid E9;

Vingmed Ultrasound, Horten, Norway) following recommended proto-

cols approved by the EACVI.25,26 All echocardiographic images were

recorded in a digital raw-data format (native DICOM format) and central-

ized for further analysis, after anonymization, at the EACVI Central Core

Laboratory at the University of Liege, Belgium.

LV end-diastolic and end-systolic volumes (EDV and ESV, respectively)

were measured and indexed to body surface area (BSA), and EF was cal-

culated using biplane Simpson’s method.27 LV mass was calculated from

linear measurements obtained from parasternal views and indexed to

BSA. Mitral annular plane systolic excursion was measured by the use of

M-mode echocardiography in an apical view at the septal and lateral mi-

tral annuli.

The left ventricle outflow tract (LVOT) diameter was measured at the

aortic valve annulus, 0.5–1 cm below the aortic cups from a zoomed para-

sternal long-axis acoustic window. LVOT velocity-time integral was

measured in the apical five-chamber view using pulsed-wave Doppler just

proximal to the aortic valve. Stroke volume (SV) by Doppler (LVOTarea

534 R. Manganaro et al.
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� LVOT velocity–time integral), cardiac output (CO) (SV � heart rate),

and cardiac index (CI) (CO/BSA) were calculated. Transmitral flow pat-

tern with E and A wave velocities was obtained with the sample volume

positioned at mitral leaflet tips. Systolic (s’) and early diastolic mitral annu-

lar velocity (e’), at both the septal and lateral side, were obtained using

pulse wave (PW) TDI; moreover, isovolumetric contraction time (IVCT),

isovolumetric relaxation time (IVRT), and ejection time (ET) were meas-

ured by PW TDI in order to calculate the Tei index.28 Biplane left atrial

volume (LAV) was calculated using Simpson’s biplane method and indexed

to BSA. Arterial elastance (Ea) and end-systolic elastance (Ees) were

calculated according to Chen et al.29; subsequently, Ea/Ees ratio was

obtained and used as an index of ventricular-arterial coupling (VAC).

2D LV strain and MWanalysis
Quantification of 2D strain was performed using commercially available

software (Echopac V.202, GE). Analysis was performed in all three apical

views (LV four-, two-, and three-chamber views) as well as three short-

axis views (LV basal, mid, and apical views). The reference point was set

at the onset of the QRS complex. End-systole was identified as the time

in which the LV cavity was the smallest. The endocardial border was

....................................................................................................................................................................................................................

Table 1 Standard and advanced echocardiographic characteristics of study population

Total (n5226),

mean6SD or

medial (IQR)

Male (n585),

mean6SD or

medial (IQR)

Female (n5 141),

mean6SD or

medial (IQR)

P-valuea

LVEDV (mL) 93± 24 107± 25 84± 19 <0.001

LVESV (mL) 34± 10 39± 11 31± 8 <0.001

LVEDV (mL/m2) 52± 11 55± 12 50± 10 0.002

LVESV (mL/m2) 19± 5 20± 5 19± 5 0.02

LVEF (%) 63± 5 63± 5 63± 5 0.6

LV mass indexed (g/m2) 71± 17 76± 16 67± 16 <0.001

SV indexed (mL/m2) 39 (35–44) 40 (36–47) 38 (34–43) 0.03

CO (mL/min) 4.6 (3.9–5.3) 4.9 (4.3–5.9) 4.4 (3.8–5.1) <0.001

CI (mL/min/m2) 2.6 ± 0.5 2.6 ± 0.6 2.7 ± 0.6 0.5

Septal MAPSE (mm) 15 (14–17) 16 (15–17.7) 15 (14–18) <0.001

Lateral MAPSE (mm) 17 (15–18) 17 (15.2–19) 16 (15–19) 0.004

Septal s’ wave (m/s) 8 (7–9) 8 (8–10) 8 (7–8) <0.001

Lateral s’ wave (m/s) 10 (8–12) 11 (9–12) 9 (8–11) 0.002

LAV (mL) 45.1 (38.3–54.7) 50.5 (42.9–59) 42.4 (36.5–50) <0.001

LAV indexed (mL/m2) 25.4 (22–30.1) 25.4 (22.3–30.5) 25.4 (21.8–29.9) 0.7

E wave (cm/s) 0.76 ± 0.16 0.72± 0.16 0.79± 0.16 0.003

A wave (cm/s) 0.58 (0.48–0.68) 0.55 (0.46–0.58) 0.59 (0.50–0.68) 0.09

Deceleration time (ms) 173 (159–202) 180 (160–210) 172 (157–198) 0.2

E/A ratio 1.3 (1–1.6) 1.3 (0.99–1.6) 1.3 (1–1.6) 0.5

Septal e’ wave (m/s) 10 (9–12) 10 (9–12) 10 (9–12) 0.9

Lateral e’ wave (m/s) 14 (11–16) 14 (11–17) 14 (11–16) 0.3

E/e’ ratio 6.2 (5.3–7.6) 5.8 (5–6.9) 6.5 (5.7–7.9) 0.001

PASP (mmHg) 18± 5 17.5 ± 5.2 18.6 ± 4.9 0.2

Tei index 0.45 (0.39–0.51) 0.47 (0.42–0.55) 0.42 (0.38–0.49) <0.001

Ea (mmHg/mL) 1.4 (1.3–1.7) 1.4 (1.2–1.5) 1.5 (1.3–1.8) <0.001

Ees (mmHg/mL) 1.5 (1.3–1.8) 1.5 (1.3–1.6) 1.6 (1.4–1.9) <0.001

Ea/Ees 0.94 (0.93–0.94) 0.94 (0.93–0.94) 0.93 (0.93–0.94) 0.03

GLS (%) -21 ± 3.3 -20.5 ± 1.9 -21.3 ± 3.9 0.08

GCS (%) -32.7 ± 4.5 -33.1 ± 5.1 -32.4 ± 4 0.3

GRS (%) 34.1 ± 8.8 33± 9.7 35± 8.1 0.1

GWI (mmHg%) 1896± 308 1849± 295 1924± 313 0.07

GCW (mmHg%) 2232± 331 2228± 295 2234± 352 0.9

GWW (mmHg%) 78.5 (53–122.2) 94 (61.5–130.5) 74 (49.5–111) 0.013

GWE (mmHg%) 96 (94–97) 95 (94–97) 96 (94–97) 0.026

P-values <0.05 are set in bold.

CI, cardiac index; CO, cardiac output; Ea, arterial elastance; EDV, end-diastolic volume; Ees, end-systolic elastance; EF, ejection fraction; ESV, end-systolic volume; GCS, global

circumferential strain; GCW, global constructive work; GLS, global longitudinal strain; GRS, global radial strain; GWE, global work efficiency; GWI, global work index; GWW,

global work waste; IQR, interquartile range; LAV, left atrial volume; LV, left ventricle; MAPSE, mitral annular plane systolic excursion; PASP, pulmonary arterial systolic pressure;

SD, standard deviation; SV, stroke volume.
aP-value is differences between gender.

Myocardial work indices 535
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traced in end-systole and the region of interest was adjusted to exclude

the pericardium by attentively aligning the epicardial border. The integrity

of tracking was visually confirmed as well as ascertained from the credibil-

ity of the strain curves, in addition to the automated tracking detection in

the software. If necessary, the region of interest was readjusted. Peak sys-

tolic circumferential and peak systolic radial strain were measured at the

basal, midventricular, and apical levels in each wall and averaged into a

global value for each short-axis level and type of strain.

MWwas obtained using a vendor-specific module by PSLs areas, which

were constructed from non-invasive LV pressure (LVP) curves combined

with strain acquired with STE, as previously reported.10,24 Peak systolic

LVP was assumed to be equal to brachial systolic blood pressure (SBP)

measured by cuff manometer. Therefore, a LVP curve was obtained using

an empiric, normalized reference curve that was adjusted according to

the duration of the LV isovolumetric and ejection phases, defined by the

mitral and aortic event times, as set by echocardiography.

Strain and pressure data were synchronized by aligning the valvular

event times. Global work index (GWI) was obtained as total work within

the area of the LV PSLs, calculated from mitral valve closure to mitral

valve opening. Moreover, additional indices of MWwere calculated as fol-

lows: global constructive work (GCW), work performed during shorten-

ing in systole adding negative work during lengthening in isovolumetric

relaxation; global wasted work (GWW), negative work performed dur-

ing lengthening in systole adding work performed during shortening in

isovolumetric relaxation; global work efficiency (GWE), constructive

work divided by the sum of constructive and wasted work.

Statistical analysis
Normality of the distribution of continuous variables was tested by the

Kolmogorov–Smirnov test. Continuous variables were expressed as

means± standard deviation (SD) or median (interquartile range) as ap-

propriate. Differences between groups were analysed for statistical sig-

nificance with the unpaired t-test for normally distributed continuous

variables and the Mann–Whitney U test for non-normally distributed

continuous variables. Correlation between continuous variables was per-

formed using Pearson’s or Spearman’s correlation coefficient as appropri-

ate. Multivariable linear regression analyses were performed to examine

the independent correlates between MW indices and standard and

advanced echocardiographic parameters. For multiple linear regression

models, multicollinearity was also examined by computation of variance

inflation factor. In case of collinear variables, the variable with the highest

correlation coefficient was included. P-value <0.05 was considered as

statistically significant. All statistical analyses were carried out using SPSS

version 21 (SPSS Inc., Chicago, IL, USA).

Results

A total of 85 men (mean age 45± 14 years) and 141 women (mean

age 44± 13 years) were included. Other demographic data of the

population analysed in the present study were previously reported.24

Standard and advanced 2DE parameters of the study population are

displayed in Table 1. LV mass and volumes were greater in men com-

pared with women, even after normalization for BSA; the same was

observed for SV, CO, and CI. No significant differences were found

for EF and all average strain components. Indices of VACwere slightly

higher in women.

Correlations between GWI and 2DE
parameters
As expected, GWI showed a good correlation with SBP and global

longitudinal strain (GLS) (r=0.57, P<0.0001 and r= -0.51, P<0.001,

respectively), a moderate correlation with EF and Ea/Ees (r=0.32,

P<0.001 and r=0.29, P<0.001) and a weak correlation with LV

mass indexed to BSA, SV indexed to BSA, CO, CI, lateral s’ wave, E/e’

ratio and global radial strain (GRS) (Table 2). On multivariable ana-

lysis, GWI was significantly correlated with GLS (standardized beta-

coefficient= -0.23, P<0.001), EF (standardized beta-coef-

ficient = 0.15, P=0.02), SBP (standardized beta-coefficient = 0.56

.......................... ...............................

.................................................................................................

Table 2 Univariable and multivariable analysis for
GWI

Variables Univariable

analysis

Multivariable

analysis

Coefficient P Standardized

b-coefficient

P

SBP (mmHg) 0.57 <0.001 0.56 <0.001

EDV (mL) 0.09 0.1

ESV (mL) -0.07 0.2

EDV indexed (mL/m2) 0.11 0.1

ESV indexed (mL/m2) -0.08 0.2

EF (%) 0.32 <0.001 0.15 0.02

LV mass indexed (g/m2) 0.15 0.02

SV indexed (mL/m2) 0.26 <0.001

CO (mL/min) 0.14 0.03

CI (mL/min/m2) 0.19 0.004

Septal MAPSE (mm) -0.012 0.7

Lateral MAPSE (mm) -0.015 0.8

Septal s’ wave (cm/s) -0.06 0.3

Lateral s’ wave (cm/s) -0.13 0.04

LAV (mL) 0.12 0.08

LAV indexed (mL/m2) 0.19 0.006

E wave (cm/s) 0.12 0.07

A wave (cm/s) 0.17 0.009

Deceleration time (ms) -0.05 0.3

E/A ratio -0.06 0.3

Septal e’ wave (cm/s) -0.13 0.05

Lateral e’ wave (cm/s) -0.03 0.05

E/e’ ratio 0.23 0.001

PASP (mmHg) 0.06 0.4

Tei index -0.07 0.2

Ea (mmHg/mL) 0.08 0.2

Ees (mmHg/mL) 0.09 0.1

Ea/Ees 0.29 <0.001

GLS (%) -0.51 <0.001 -0.23 <0.001

GCS (%) -0.15 0.05

GRS (%) 0.22 0.006 0.19 0.004

P-values <0.05 are set in bold.

CI, cardiac index; CO, cardiac output; Ea, arterial elastance; EDV, end-diastolic

volume; Ees, end-systolic elastance; EF, ejection fraction; ESV, end-systolic vol-

ume; GCS, global circumferential strain; GCW, global constructive work; GLS,

global longitudinal strain; GRS, global radial strain; GWE, global work efficiency;

GWI, global work index; GWW, global work waste; IQR, interquartile range;

LAV, left atrial volume; LV, left ventricle; MAPSE, mitral annular plane systolic ex-

cursion; PASP, pulmonary arterial systolic pressure; SD, standard deviation; SBP,

systolic blood pressure; SV, stroke volume.
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P<0.001) and GRS (standardized beta-coefficient = 0.19, P=0.004)

(Figure 1 and Table 2).

Correlations between GCWand 2DE
parameters
GCW showed a good correlation with SBP and GLS (r=0.64,

P<0.001 and r= -0.51, P<0.001, respectively), a moderate correl-

ation with EF and Ea/Ees (r=0.26, P<0.001 and r=0.29, P<0.001)

and a weak correlation with LV mass indexed to BSA, EDV indexed

to BSA, SV indexed to BSA, CO, CI, lateral s’ wave, LAV, and LAV

indexed to BSA, E/e’ ratio, GRS ,and global circumferential strain

(GCS) (Table 3). On multivariable analysis, GCW was significantly

correlated with GLS (standardized beta-coefficient = -0.55,

P<0.001), SBP (standardized beta-coefficient= 0.71, P<0.001), GRS

(standardized beta-coefficient= 0.11, P=0.01) and GCS (standar-

dized beta-coefficient = -0.10, P=0.02) (Figure 2 and Table 3).

Correlations between GWWand GWE
and 2DE parameters
Onmultivariable analysis, GWWwas significantly correlated with the

Tei index (standardized beta-coefficient= 0.17, P=0.01) and inverse-

ly correlated with EF (standardized beta-coefficient= -0.14, P=0.03).

The opposite occurred for GWE (standardized beta-coef-

ficient= -0.20, P=0.004 and standardized beta-coefficient = 0.18,

P=0.009, respectively, Tables 4 and 5).

Discussion

Reference ranges for MW indices have been recently provided by

the previous NORRE study.24Correlations between MW and demo-

graphical variables have been also investigated, showing the absence

of a strong dependence of MW indices on age, gender, and body

mass index.24Hence, due to the growing interest in MW, the present

NORRE sub-study sought to evaluate the correlations existing be-

tween the new indices of MW and LV dimensions, standard and

advanced 2DE parameters of LV systolic function, and indices of dia-

stolic function.

We did not find a strong correlation between MW indices and LV

size. On univariable analysis, GWW and GWE were indeed weakly

correlated with ESV, whereas GWI and GCW were weakly corre-

lated with LV mass indexed to BSA. The latter finding could be due to

the fact of a major contractile mass being involved in the production

of positive work.30 However, in pathological cardiac hypertrophy, a

reduction of MW indices was recently reported.31 Despite the

physiological interest, we have to acknowledge that all these associa-

tions are not strong, not observed for all MW indices, and not con-

firmed in multivariable analysis; so their real clinical significance is

doubtful. Probably, these data could be explained when considering

that the study population was entirely composed of healthy subjects,

leading to restricted LV size values ranges. In cardiac disease, such as

cardiomyopathies and heart valve disease, instead, changes in both

LV size and function are often observed32–34 Thus, LV remodelling

and dysfunction are usually strictly correlated, the one affected by

Figure 1 Main relations of global work index.

Myocardial work indices 537
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the other and vice versa, especially in advanced cardiovascular dis-

eases. On the contrary, in normal subjects, it is not really surprising

to find only a mild association between LV size and indices of MW,

being both in a normal range.

Regarding LV systolic function, we tested correlations with trad-

itional parameters and with MS, which is an established advanced

index to study LV systolic function. While associations with GLS

were obviously expected, we also found an intriguing significant

correlation between both GWI and GCW with GRS. Furthermore,

GCWwas significantly correlated even with GCS. As known, due to

the complex architecture of myocardial fibres, the LV systolic motion

is the result of three principal components: base to apex longitudinal

shortening, epicardium towards endocardium radial thickening and

circumferential rotation and shortening.1Our findings, thus, highlights

as likely all the components of myocardial deformation contribute to

generate MW, so it, and in particular GCW, could be supposed to

globally reflect LV mechanics and performance. In our analysis, GWI

and GCW were also significantly correlated with parameters that

traditionally reflect LV systolic performance, namely EF, SV, CO, and

CI. These data are perfectly in accordance with the physiological sub-

strate of GWI and GCW. In a normal heart, indeed, all myocardial

segments contract in a synchronized manner resulting in positive

work, the constructive work, which by definition is the work contri-

buting towards LV ejection.12 Accordingly, GCW, as index of con-

tractile and viable myocardium, has been proposed as a potential

parameter to identify CRT responders by Galli et al.12,13 The same

authors showed preliminary results of GCW’ s application even in

non-obstructive hypertrophic cardiomyopathy, as a reliable tool to

estimate LV performance and functional capacity.31

Among diastolic parameters, GWI and GCW correlated with LA

size and E/E’ ratio, though only on univariable analysis. Probably this

finding should be interpreted in the context of normal ranges of both

the diastolic parameters. In our population, in fact, increasing values

of LA size and E/e’ were not an expression of diastolic dysfunction,

being both in the normal range. Besides, this association was not con-

firmed in multivariable analysis; so according to our data correlation

of MW with parameters of diastolic function was really poor.

However, an interesting exception was the Tei index. A significant as-

sociation between Tei index and both GWW and GWE was found.

It is a combined index of global systolic and diastolic function, which

relies on measure of the same part of cardiac cycle analysed by MW:

from mitral valve closure to mitral valve opening, namely mechanical

systole including isovolumetric relaxation time. Higher values of Tei

index are secondary to prolonged IVCT and/or IVRT respect to ET;

it could be translated in a higher wasted work, due mainly to myocyte

s’ shortening in a prolonged IVRT, and consequent lower efficiency.

Finally, as MW has been recently proposed as a potential new

method of estimation of VAC,35we aimed to test its correlation with

the main index of VAC, Ea/Ees ratio, calculated by echocardiog-

raphy.29,36 It is the result of complex formulas including SV, EF, SBP,

and diastolic blood pressure (all parameters correlated with GWI

and GCW) and accounting for time too.29 So, the significant correl-

ation with Ea/Ees ratio and its easier measurement could reinforce its

application also as an alternative index of VAC. However, more stud-

ies are needed to evaluate the performance of MW and its role as an

established tool for studying VAC needs to be further investigated

and validated.

Our data, hence, support the role of MW as a reliable parameter

of myocardial systolic performance, in addition to traditional ones

and MS. MW, indeed, adjusting myocardial deformation for LVP dy-

namics, could offer further information for the evaluation of cardiac

performance in conditions of subclinical LV dysfunction as well as in

heart failure with preserved EF (HFpEF). In this field preliminary data

have been recently obtained, depicting the superiority of GCW re-

spect to GLS as a better determinant of exercise capacity in patients

.......................... ...............................

.................................................................................................

Table 3 Univariable and multivariable analysis for
GCW

Variables Univariable

analysis

Multivariable

analysis

Coefficient P Standardized

b-coefficient

P

SBP (mmHg) 0.64 <0.001 0.71 <0.001

EDV (mL) 0.13 0.06

ESV (mL) -0.01 0.8

EDV indexed (mL/m2) 0.14 0.04

ESV indexed (mL/m2) -0.02 0.6

EF (%) 0.26 <0.001

LV mass indexed (g/m2) 0.17 0.008

SV indexed, mL/m2 0.25 <0.001

CO (mL/min) 0.16 0.01

CI (mL/min/m2) 0.19 0.005

Septal MAPSE (mm) -0.02 0.7

Lateral MAPSE (mm) -0.006 0.9

Septal s’ wave (cm/s) -0.05 0.4

Lateral s’ wave (cm/s) -0.14 0.03

LAV (mL) 0.17 0.01

LAV indexed (mL/m2) 0.23 0.001

E wave (cm/s) 0.05 0.4

A wave (cm/s) 0.11 0.09

Deceleration time (ms) -0.02 0.7

E/A ratio -0.06 0.3

Septal e’ wave (cm/s) -0.15 0.01

Lateral e’ wave (cm/s) -0.07 0.2

E/e’ ratio 0.2 0.003

PASP (mmHg) 0.03 0.6

Tei index -0.03 0.5

Ea (mmHg/mL) 0.08 0.2

Ees (mmHg/mL) 0.08 0.2

Ea/Ees 0.29 <0.001

GLS (%) -0.51 <0.001 -0.55 <0.001

GCS (%) -0.16 0.04 -0.10 0.02

GRS (%) 0.19 0.01 0.11 0.01

P-values <0.05 are set in bold.

CI, cardiac index; CO, cardiac output; Ea, arterial elastance; EDV, end-diastolic

volume; Ees, end-systolic elastance; EF, ejection fraction; ESV, end-systolic vol-

ume; GCS, global circumferential strain; GCW, global constructive work; GLS,

global longitudinal strain; GRS, global radial strain; GWE, global work efficiency;

GWI, global work index; GWW, global work waste; IQR, interquartile range;

LAV, left atrial volume; LV, left ventricle; MAPSE, mitral annular plane systolic ex-

cursion; PASP, pulmonary arterial systolic pressure; SD, standard deviation; SBP,

systolic blood pressure; SV, stroke volume.
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with HFpEF.37 Therefore, besides its promising application in patients

candidates to CRT, MW could be investigated in the subset of

patients at risk of development or at an early stage of cardiovascular

disease, for example patients under cardiotoxic treatment.

Limitations

Only 31% of the patients included in the NORRE study have been

available for MW analysis, due mainly to the possibility of application of

MW only to exams acquired through GE echocardiographic ultra-

sound system, adding the dependency on image quality and blood pres-

sure availability. Moreover, whether the NORRE study results can be

extrapolated to non-Caucasian European individuals is still unknown.

Non-invasive LVP estimation by brachial cuff pressure is imprecise,

representing a limitation of LV PSLs as obtained by Russell et al.

Nevertheless, it was recently demonstrated that, despite discrepan-

cies between cuff pressure and invasive pressure, MW analysis was

accurate, due to temporal integration and less pressure differences

from aortic valve opening to closure.38

Based on our findings the current software is indeed promising,

but further studies in larger populations with various forms of heart

diseases, comparing the results of this software against

invasively obtained PV loops and calculations of cardiac work

parameters, are required before introducing it into daily clinical use.

Conclusion

The NORRE study shows good correlations of GWI with EF and

GRS, and of GCW with GRS and GCS, as well as with GLS. Weak

correlations are observed between MW indices and LV size. MW is a

promising tool to study myocardial systolic performance; however,

further investigations are needed before introducing it in routine clin-

ical practice.
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Table 4 Univariable and multivariable analysis for
GWW

Variables Univariable

analysis

Multivariable

analysis

Coefficient P Standardized

b-coefficient

P

SBP (mmHg) 0.12 0.07

EDV (mL) 0.04 0.5

ESV (mL) 0.14 0.03

EDV indexed (mL/m2) -0.008 0.9

ESV indexed (mL/m2) 0.12 0.06

EF (%) -0.17 0.01 -0.14 0.03

LV mass indexed (g/m2) 0.03 0.6

SV indexed (mL/m2) 0.05 0.4

CO (mL/min) 0.04 0.5

CI (mL/min/m2) -0.02 0.7

Septal MAPSE (mm) 0.01 0.8

Lateral MAPSE (mm) -0.01 0.8

Septal s’ wave (cm/s) -0.08 0.2

Lateral s’ wave (cm/s) -0.01 0.8

LAV (mL) 0.11 0.1

LAV indexed (mL/m2) 0.06 0.3

E wave (cm/s) -0.11 0.1

A wave (cm/s) -0.03 0.5

Deceleration time (ms) 0.07 0.2

E/A ratio -0.05 0.4

Septal e’ wave (cm/s) -0.12 0.05

Lateral e’ wave (cm/s) -0.07 0.9

E/e’ ratio -0.03 0.6

PASP (mmHg) -0.04 0.6

Tei index 0.24 <0.001 0.17 0.01

Ea (mmHg/mL) -0.05 0.4

Ees (mmHg/mL) -0.05 0.4

Ea/Ees -0.04 0.5

GLS (%) 0.09 0.1

GCS (%) 0.03 0.6

GRS (%) -0.4 0.6

P-values <0.05 are set in bold.

CI, cardiac index; CO, cardiac output; Ea, arterial elastance; EDV, end-diastolic

volume; Ees, end-systolic elastance; EF, ejection fraction; ESV, end-systolic vol-

ume; GCS, global circumferential strain; GCW, global constructive work; GLS,

global longitudinal strain; GRS, global radial strain; GWE, global work efficiency;

GWI, global work index; GWW, global work waste; IQR, interquartile range;

LAV, left atrial volume; LV, left ventricle; MAPSE, mitral annular plane systolic ex-

cursion; PASP, pulmonary arterial systolic pressure; SD, standard deviation; SBP,

systolic blood pressure; SV, stroke volume.

............................ .............................

.................................................................................................

Table 5 Univariable and multivariable analysis for
GWE

Variables Univariable

analysis

Multivariable

analysis

Coefficient P Standardized

b-coefficient

P

SBP (mmHg) 0.004 0.9

EDV (mL) -0.02 0.6

ESV (mL) -0.15 0.03

EDV indexed (mL/m2) 0.01 0.8

ESV indexed (mL/m2) -0.14 0.04

EF (%) 0.20 0.004 0.18 0.009

LV mass indexed (g/m2) 0.01 0.8

SV indexed (mL/m2) -0.03 0.6

CO (mL/min) -0.02 0.7

CI (mL/min/m2) 0.03 0.6

Septal MAPSE (mm) 0.009 0.9

Lateral MAPSE (mm) 0.02 0.7

Septal s’ wave (cm/s) 0.08 0.2

Lateral s’ wave (cm/s) -0.008 0.9

LAV (mL) -0.07 0.3

LAV indexed (mL/m2) -0.02 0.7

E wave (cm/s) 0.11 0.9

A wave (cm/s) 0.02 0.7

Deceleration time (ms) -0.09 0.1

E/A ratio 0.05 0.4

Septal e’ wave (cm/s) 0.12 0.07

Lateral e’ wave (cm/s) 0.03 0.6

E/e’ ratio 0.02 0.7

PASP (mmHg) 0.03 0.7

Tei index -0.26 <0.0001 -0.20 0.004

Ea (mmHg/mL) 0.07 0.2

Ees (mmHg/mL) 0.07 0.3

Ea/Ees 0.08 0.2

GLS (%) -0.019 0.003

GCS (%) -0.06 0.4

GRS (%) 0.06 0.4

P-values <0.05 are set in bold.

CI, cardiac index; CO, cardiac output; Ea, arterial elastance; EDV, end-diastolic

volume; Ees, end-systolic elastance; EF, ejection fraction; ESV, end-systolic vol-

ume; GCS, global circumferential strain; GCW, global constructive work; GLS,

global longitudinal strain; GRS, global radial strain; GWE, global work efficiency;

GWI, global work index; GWW, global work waste; IQR, interquartile range;

LAV, left atrial volume; LV, left ventricle; MAPSE, mitral annular plane systolic ex-

cursion; PASP, pulmonary arterial systolic pressure; SD, standard deviation; SBP,

systolic blood pressure; SV, stroke volume.
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