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1 Summary 

Left ventricular (LV) ejection fraction (EF) and global longitudinal strain (GLS) are the most 

commonly used measures of LV function. Yet, they are highly dependent on loading conditions 

since higher afterload yields lower systolic deformation and thereby a lower LVEF and GLS – 

despite presumably unchanged LV myocardial contractile strength. Invasive pressure-volume 

loop measurements represent the reference standard to assess LV function, also considering 

loading conditions. However, this procedure cannot be used in serial investigations or large 

sample populations due to its invasive nature. The novel concept of echocardiography-derived 

assessment of myocardial work (MyW) is based on LV pressure-strain loops, may be a valuable 

alternative to overcome these challenges, and may also be used with relative ease in large 

populations. As MyW also accounts for afterload, it is considered less load-dependent than 

LVEF and GLS. 

The current PhD work addresses the application and clinical characterization of MyW, an 

innovative echocardiographic tool. As the method is new, we focused on four main topics: 

(a) To establish reference values for MyW indices, i.e., Global Work Index (GWI), Global 

Constructive Work (GCW), Global Wasted Work (GWW), and Global Work Efficiency (GWE); 

we addressed a wide age range and evaluated the association of MyW indices with age, sex 

and other clinical and echocardiography parameters in apparently cardiovascular healthy 

individuals. 

(b) To investigate the impact of cardiovascular (CV) risk factors on MyW indices and 

characterize the severity of subclinical LV deterioration in the general population.  

(c) To assess the association of the LV geometry, i.e., LV mass and dimensions, with MyW 

indices.  

(d) To evaluate in-hospital dynamics of MyW indices in patients hospitalized for acute heart 

failure (AHF).  

For the PhD thesis, we could make use of two larger cohorts: 
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The STAAB population-based cohort study prospectively recruited and phenotyped a 

representative sample (5,000 individuals) of the general population of the City of Würzburg, 

aged 30-79 years and free from symptomatic heart failure at the time of inclusion. We focused 

on the first half of the study sample (n=2473 individuals), which fulfilled the anticipated strata 

regarding age and sex.  

The Acute Heart Failure (AHF) Registry is a prospective clinical registry recruiting and 

phenotyping consecutive patients admitted for decompensated AHF to the Department of 

Medicine I, University Hospital Würzburg, and observing the natural course of the disease. The 

AHF Registry focuses on the pathophysiological understanding, particularly in relation to the 

early phase after cardiac decompensation, with the aim to improve diagnosis and better-

tailored treatment of patients with AHF. For the current study, we concentrated on patients 

who provided pairs of echocardiograms acquired early after index hospital admission and 

prior to discharge.  

The main findings of the PhD thesis were: 

From the STAAB cohort study, we determined the feasibility of large-scale MyW derivation 

and the accuracy of the method. We established reference values for MyW indices based on 

779 analyzable, apparently healthy participants (mean age 49 ± 10 years, 59% women), who 

were in sinus rhythm, free from CV risk factors or CV disease, and had no significant LV valve 

disease. Apart from GWI, there were no associations of other MyW indices with sex. Further, 

we found a disparate association with age, where MyW showed stable values until the age of 

45 years, with an upward shift occurring beyond the age of 45. A higher age decade was 

associated with higher GWW and lower GWE, respectively. MyW indices only correlated 

weakly with common echocardiographic parameters, suggesting that MyW may add 

incremental information to clinically established parameters.  

Further analyses from the STAAB cohort study contributed to a better understanding of the 

impact of CV risk factors on MyW indices and the association of LV geometry with LV 

performance. We demonstrated that CV risk factors impacted selectively on GCW and GWW. 

Hypertension appears to profoundly compromise the work of the myocardium, in particular, 

by increasing both GCW and GWW. The LV in hypertension seems to operate at a higher 

energy level yet lower efficiency. Other classical CV risk factors (Diabetes mellitus, Obesity, 
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Dyslipidemia, Smoking) – independent of blood pressure – impacted consistently and 

adversely on GCW but did not affect GWW. Further, all CV risk factors affected GWE adversely.  

We observed that any deviation from a normal LV geometric profile was associated with 

alterations on MyW. Of note, MyW was sensitive to early changes in LV mass and dimensions. 

Individuals with normal LV geometry yet established arterial hypertension exhibited a MyW 

pattern that is typically found in LV hypertrophy. Therefore, such a pattern might serve as an 

early sign of myocardial damage in hypertensive heart disease and might aid in risk 

stratification and primary prevention.  

From the AHF Registry, we selected individuals with serial in-hospital echocardiograms and 

described in-hospital changes in myocardial performance during recompensation. In patients 

presenting with a reduced ejection fraction (HFrEF), decreasing N-terminal pro-natriuretic 

peptide (NT-proBNP) levels as a surrogate of successful recompensation were associated with 

an improvement in GCW and GWI and consecutively in GWE. In contrast, in patients 

presenting with a preserved ejection fraction (HFpEF), there was no significant change in GCW 

and GWI. However, unsuccessful recompensation, i.e., no change or an increase in NT-proBNP 

levels, was associated with an increase in GWW. This suggests a differential myocardial 

response to de- and recompensation depending on the HF phenotype. 

Further, GWW as a surrogate of inappropriate LV energy consumption was elevated in all 

patients with AHF (compared to reference values) and was not associated with conventional 

markers as LVEF or NT-proBNP. In an exploratory analysis, GWW predicted the risk of death 

or rehospitalization within six months after discharge. Hence, GWW might carry incremental 

information beyond conventional markers of HF severity. 
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2 Zusammenfassung 

Die linksventrikuläre (LV) Ejektionsfraktion (EF) und der Global Longitudinal Strain (GLS) sind 

die am häufigsten verwendeten Maße der LV-Funktion. Sie sind jedoch stark von den 

jeweiligen Belastungsbedingungen abhängig, da eine höhere Nachlast zu einer geringeren 

systolischen Deformation und somit zu einer niedrigeren LVEF und GLS führt, trotz einer 

vermutlich unveränderten myokardialen Kontraktionsstärke. Intrakardiale Druck-Volumen-

Schleifenmessungen stellen den Referenzstandard zur Beurteilung der LV-Funktion dar, da 

hiermit auch die umfassende Berücksichtigung der Lastbedingungen (Vorlast, Nachlast) 

möglich ist. Dieses Verfahren lässt sich jedoch aufgrund des invasiven Charakters nur schwer 

in Follow-up Untersuchungen oder großen Studienpopulationen einsetzen. Angelehnt an die 

Prinzipien dieser invasiven Technik, wurde vor kurzem das neuartige Konzept der 

Echokardiographie-abgeleiteten Beurteilung der Myokardarbeit (MyW) entwickelt. Dieser 

Ansatz wertet Druck-Strain-Schleifen aus und berücksichtigt den Einfluss der Nachlast, so dass 

MyW als weniger lastabhängig gilt verglichen mit LVEF und GLS. Die Analyse von MyW könnte 

deshalb eine wertvolle Alternative sein, um den o.g. Herausforderungen zu begegnen. Die 

Methode lässt sich in großen Stichproben, ggf. auch wiederholt, einsetzen. 

Die hier vorgelegte Dissertation befasst sich mit der Anwendung und klinischen 

Charakterisierung von MyW, einer innovativen echokardiographischen Methode. Der Fokus 

lag auf vier Themenbereichen: 

(a) Festlegung von Referenzwerten für MyW-Indizes, d. h. Global Work Index (GWI), Global 

Constructive Work (GCW), Global Wasted Work (GWW) und Global Work Efficiency (GWE); 

wir adressierten einen breiten Altersbereich und quantifizierten die Assoziation der MyW-

Indizes mit Alter, Geschlecht und weiteren klinischen und echokardiographischen Parametern 

bei kardiovaskulär gesunden Normalpersonen. 

(b) Untersuchung des Einflusses kardiovaskulärer Risikofaktoren auf die MyW-Indizes und die 

Charakterisierung einer subklinischen LV-Verschlechterung in der Allgemeinbevölkerung. 

(c) Bewertung der Assoziation der MyW-Indizes mit der LV-Geometrie, insbesondere der LV-

Masse und der LV-Dimensionen. 
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(d) Bewertung der Dynamik der MyW-Indizes im Krankenhaus bei Patienten, die wegen akuter 

Herzinsuffizienz (AHF) ins Krankenhaus aufgenommen wurden. 

Im Rahmen der hier vorgelegten Dissertation wurden die Daten zweier größerer Kohorten 

herangezogen: 

Die bevölkerungsbasierte STAAB-Kohortenstudie rekrutierte und phänotypisierte prospektiv 

eine repräsentative Stichprobe (5.000 Personen) der Allgemeinbevölkerung der Stadt 

Würzburg im Alter von 30-79 Jahren, die zum Zeitpunkt des Einschlusses keine 

vorbeschriebene Herzinsuffizienz hatten. Wir konzentrierten uns auf die erste Hälfte der 

Studienstichprobe (n=2473 Personen), welche die erwarteten Stratifizierung bezüglich Alter 

und Geschlecht erfüllten. 

Das Acute Heart Failure (AHF) Register ist ein klinisches Register zur Rekrutierung und 

Phänotypisierung von konsekutiven Patienten, die wegen akut dekompensierter 

Herzinsuffizienz in die Medizinische Klinik I des Universitätsklinikums Würzburg 

aufgenommen wurden. Ziel dieser Studie ist es, das pathophysiologische Verständnis 

insbesondere in Bezug auf die Frühphase nach einer kardialen Dekompensation zu verbessern 

und damit die gezielte Diagnostik und Therapie von Patienten mit AHF zu verbessern. Wir 

fokussierten hier auf Patienten, bei denen im Krankenhaus zwei Echokardiogramme 

durchgeführt wurden: früh nach Aufnahme ins Krankenhaus und kurz vor der Entlassung. 

Die wichtigsten Erkenntnisse der hier vorgelegten Dissertation sind: 

Aus den Daten der STAAB-Kohortenstudie wurden Referenzwerte für MyW-Indizes etabliert, 

die auf Auswertungen von insgesamt 779 gesunden Normalpersonen (mittleres Alter 49 ± 10 

Jahre, 59% Frauen) mit Sinusrhythmus beruhen. Diese Probanden wiesen gemäß der 

Ergebnisse einer umfangreichen Eingangsuntersuchung keine kardiovaskulären 

Risikofaktoren oder Erkrankungen auf und zeigten echokardiographisch keinen Hinweis auf 

eine LV-Klappenerkrankung. Mit der Ausnahme von GWI fanden sich keine Assoziationen der 

MyW-Indizes mit dem Geschlecht. Darüber hinaus zeigte sich eine Altersabhängigkeit der 

MyW-Indizes. Bis zum Alter von 45 Jahren wies MyW stabile Werte auf, jenseits des 45. 

Lebensjahres jedoch eine Aufwärtsverschiebung: dabei war eine zunehmend höhere 

Altersdekade mit mehr GWW bzw. weniger GWE verbunden. Die MyW-Indizes korrelierten 
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nur schwach mit üblichen echokardiographischen Parametern, was darauf hindeuten könnte, 

dass MyW zusätzliche Informationen jenseits klinisch etablierter Variablen beitragen kann. 

Weitere Analysen aus der STAAB-Kohortenstudie trugen zu einem besseren Verständnis des 

Einflusses kardiovaskulärer Risikofaktoren auf die MyW-Indizes und der Assoziation der LV-

Geometrie mit der LV-Leistung bei. Wir zeigten, dass kardiovaskuläre Risikofaktoren sich 

selektiv auf GCW und GWW auswirken. Hypertonie beeinträchtigte die Arbeit des Myokards 

zutiefst, insbesondere durch die Erhöhung sowohl des GCW als auch des GWW. Der LV 

arbeitet demnach bei Hypertonie auf einem höheren Energieniveau – jedoch mit geringerer 

Effizienz. Andere klassische kardiovaskuläre Risikofaktoren (Diabetes mellitus, Adipositas, 

Dyslipidämie, Rauchen), wirkten sich unabhängig vom Blutdruck durchweg negativ auf GCW 

aus, zeigten jedoch keinen Einfluss auf GWW. Darüber hinaus wirkten sich alle 

kardiovaskulären Risikofaktoren nachteilig auf GWE aus. 

Jede Abweichung von einem normalen LV-Geometrie Profil war mit Änderungen der MyW 

verbunden. Bemerkenswert war, dass MyW empfindlich auf frühe Veränderungen der LV-

Masse und -Dimensionen reagierte. Personen mit arterieller Hypertonie aber noch normaler 

LV-Geometrie zeigten ein myokardiales Arbeitsmuster, das ansonsten typischerweise bei LV-

Hypertrophie zu finden ist. Somit könnte dieses Muster als frühes Zeichen einer 

Myokardschädigung bei hypertensiver Herzerkrankung dienen und bei der 

Risikostratifizierung und Primärprävention helfen. 

Aus dem AHF-Register wählten wir Personen mit seriellen Echokardiogrammen im 

Krankenhaus aus und beschrieben Veränderungen der myokardialen Leistung während der 

Rekompensationsphase beschrieben. Als Surrogat einer Rekompensation zogen wir während 

der Hospitalisierung sinkende Spiegel von N-terminalem pro-natriuretischem Peptid (NT-

proBNP) heran. Bei Patienten mit reduzierter Ejektonfraktion (HFrEF) waren fallende NT-

proBNP Werte  (i. S. einer erfolgreichen Rekompensation) mit einer Verbesserung von GCW 

und GWI und konsekutiv auch von GWE verbunden. Im Gegensatz dazu gab es bei Patienten, 

die eine erhaltene Ejektonfraktionsfraktion aufwiesen (HFpEF), keine signifikante 

Veränderung von GCW und GWI. Eine erfolglose Rekompensation, d. h. keine Veränderung 

oder ein potenzieller Anstieg von NT-proBNP, war jedoch mit einem Anstieg von GWW 

verbunden. Wir interpretierten dies als unterschiedliche myokardiale Reaktion auf De- und 

Rekompensation in Abhängigkeit vom Herzinsuffizienz-Phänotyp. Darüber hinaus war GWW 
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als Surrogat eines unangemessenen LV-Energieverbrauchs bei allen Patienten mit AHF erhöht 

(im Vergleich zu Referenzwerten) und korrelierte mit keinem der konventionellen Marker. In 

einer explorativen Analyse war GWW ein starker Prädiktor für das Risiko, im Verlauf der 

nächsten sechs Monaten nach Krankenhausentlassung zu sterben oder erneut hospitalisiert 

zu werden. Damit könnte die GWW zusätzliche Informationen enthalten, die über die 

konventionellen Marker für den Schweregrad der Herzinsuffizienz hinausgehen. 
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3 Introduction 

3.1 Left ventricular function and cardiovascular risk factors 

Cardiovascular (CV) disease remains the leading cause of mortality worldwide and a major 

contributor to disability (1, 2). The burden of CV disease is linked to well-established 

modifiable risk factors and harmful lifestyle (3). CV risk factors increase the risk of developing 

CV disease, i.e., by altering the metabolic environment and homeostasis, but also directly 

adversely affecting myocardial function (4, 5). In asymptomatic individuals with no clinically 

overt heart disease, the long-term presence of CV risk factors induces pathophysiological 

changes, i.e., accelerates ventricular and vascular aging, thus leading to alterations in left 

ventricular (LV) structure (remodeling) and/or function (6, 7). In contrast, LV structure and 

function remain better preserved in the absence of CV risk factors (3). 

Assessment of LV function has a central role in the evaluation of cardiac disease and 

represents a cornerstone in any imaging examination (8). LV is the main and most researched 

chamber of the heart. The role and importance of LV are mainly related to the pumping of 

oxygenated blood throughout the body's vascular system as the main source of oxygen and 

energy (9). Thus, the assessment of LV structure and function, including wall thickness, wall 

motion, and LV volumes throughout the cardiac cycle is an essential part of the 

echocardiographic examination (10). LV myocardial performance depends on the electrical 

conduction, myocardial contractility, loading conditions (preload and afterload), ventricle 

geometry (shape and size), and function of the aortic and mitral valve (11). Deterioration of a 

single parameter might disrupt the homeostasis of synchronized myocardial contraction and 

relaxation. 

The mechanistic and hemodynamic relationship of LV with other parts of the heart, i.e., left 

atrium and aorta, are complex. Compensatory mechanisms triggered by LV dysfunction lead 

to vascular, neurohumoral, and structural adaptions. They are also mirrored in energetics and 

function of the LV even at an early stage. LV dysfunction is caused through several mechanisms 

and might consecutively be followed by changes in structure and function and ultimately heart 

failure (HF) (12). The complexity of the cardiac pump system makes it almost impossible for a 

single metric to comprehensively characterize LV function, and thus it requires the use of 
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several measurements (13). However, advances in technology in the last decades made it 

possible to develop various non-invasively derived markers that provide robust information 

on global and regional LV function.  

 

3.2 Myocardial function in heart failure patients 

HF represents a complex syndrome, often regarded as a later stage of a large array of 

cardiovascular diseases, in which cardiac function (myocardial, valvular, and/or pericardial) is 

impaired. The impairment of LV myocardial function encompasses both the systolic and 

diastolic phases.  

3.2.1 Heart failure – definition and classification 

The European Society of Cardiology (ESC) defines heart failure as a clinical syndrome consisting 

of cardinal symptoms (e.g., breathlessness, ankle swelling, and fatigue) that may be 

accompanied by signs (e.g., elevated jugular venous pressure, pulmonary crackles, and 

peripheral edema) (14, 15). It is due to a structural and/or functional abnormality of the heart 

that results in elevated intracardiac pressures and/or inadequate cardiac output at rest and/or 

during exercise (14, 15). 

HF is one of the leading causes of cardiovascular morbidity and mortality worldwide, with an 

overall prevalence rate of up to 3–4% (16, 17). In patients older than 65 years, HF is the leading 

cause of hospitalization in industrialized countries (18, 19).  

The etiology of HF includes a wide range of causes, which frequently overlap (15): 

1. Myocardial diseases (including ischemic heart disease, genetic cardiomyopathy, toxic 

/metabolic damages, and infections, i.e., viral myocarditis)  

2. Abnormal loading conditions caused by valvular diseases, structural myocardial 

defects, hypertension, volume overload, and high output states. 

3. Arrhythmias – ectopic beats or conduction disorders 

4. Pericardial disease 
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HF is classified according to structural disease (ACC/AHA) (20) and symptoms – exercise 

intolerance – New York Heart Association (NYHA classification). According to current ESC 

guidelines from 2016 (15), HF is diagnosed in the presence of typical signs and symptoms, 

elevated natriuretic peptides, and based on LVEF. HF is classified into three categories: HF with 

reduced ejection fraction (HFrEF, LVEF <40%), HF with midrange ejection fraction (HFmrEF; 

LVEF 40–49%, later renamed as HF with mildly reduced ejection fraction (14)), and HF with 

preserved ejection fraction (HFpEF, LVEF ≥50%) (15).  

HFrEF is characterized by an impaired global LV pump function, i.e., LVEF <40%, usually 

accompanied by LV remodeling and dilation. HFrEF often presents a consequence of a 

myocardial injury, i.e., ischemic heart disease, exposure to cardiotoxins, or myocarditis, 

leading to reduced ventricular contraction. Studies found that male sex, LV hypertrophy, 

cardiac conduction disorders (bundle branch block), and previous myocardial infarction were 

more strongly associated with HFrEF compared to HFpEF (21). 

In contrast, HFpEF is conventionally referred to as non-systolic or diastolic HF; however, its 

pathophysiology is still not well understood. Establishing the diagnosis of HFpEF is challenging 

since LVEF is normal and congestion due to elevated cardiac filling pressures is difficult to 

evaluate by non-invasive means (22). The diagnosis of HFpEF requires an increased plasma 

concentration of natriuretic peptides and proof of relevant structural heart disease and/or 

diastolic dysfunction (15). HFpEF patients likely account for more than 50% of the patients 

with HF (22, 23). These patients are usually of higher age, more often women, and have more 

often comorbidities such as arterial hypertension, diabetes, and obesity when compared to 

HFrEF (24, 25). Despite primarily suffering from diastolic dysfunction, patients with HFpEF 

frequently exhibit (subtle) concomitant systolic dysfunction (26). Thus, HF is 

pathophysiologically heterogeneous and covers a broad clinical spectrum.  

HFmrEF is a newly introduced entity in 2016 Guidelines including patients in the ‘’gray’’ area 

of HF and with LVEF between 40-49% (15). The detailed profile of the HFmrEF entity is still 

under discussion and a matter of further characterization. This gray area was defined to 

endorse further research on a certain group of HF population. Here we find patients with 

HFpEF who had LVEF worsening over time, as well as patients with HFrEF, in whom LVEF 

improved over time. The latter was already defined in the last universal definition of HF as HF 
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with improved ejection fraction (HFimpEF) (27). A new definition can therefore be expected 

in the forthcoming guidelines. Thus, we focussed on HFrEF vs. HFpEF entities for the current 

PhD thesis.   

Essential diagnostic work-up for HF includes detailed medical history, clinical examination, 

electrocardiography, laboratory examination (i.e., natriuretic peptides), and 

echocardiography. Natriuretic peptides BNP are secreted by the atrial and ventricular 

myocardium in response to wall stress such as volume expansion and pressure overload (28, 

29). The upper limit in the non-acute setting is 35 pg/ml for BNP and 125 pg/ml for NT-proBNP, 

respectively (15). In the acute setting, higher thresholds apply, i.e., 100 pg/ml for BNP and 300 

pg/ml for NT-proBNP. 

Echocardiography provides crucial information regarding systolic and diastolic function, wall 

thickness, chamber volumes, valve function, and potential wall motion abnormalities (10, 15). 

Until now, LVEF has been used as a parameter to classify HF. However, in the case of HFpEF, 

the LVEF does not provide valuable information. Data from population-based studies showed 

that individuals with low-normal LVEF (EF 50-55%) had a greater mortality and morbidity risk 

compared to individuals with LVEF >55% (30, 31). Further, a study including nearly half a 

million echocardiography reports showed that an LVEF between 60–65% was associated with 

the lowest mortality risk in a median follow-up time of 4 years, whereas a deviation from these 

values was associated with a worse prognosis (32).  

LV global longitudinal strain as a measure of global longitudinal systolic LV deformation is 

reduced in patients with HFrEF. In contrast, in most patients with HFpEF, LV longitudinal strain 

is still within the normal range. However, recent studies showed that even patients with HFpEF 

have impaired longitudinal function (26), suggesting a slight LV systolic dysfunction despite 

normal LVEF. The presence of hypertension, obesity, and atrial fibrillation in patients with 

HFpEF, might affect systolic and diastolic function. Since a decrease in longitudinal function is 

the first event in the process of deteriorating LV contraction, longitudinal strain analysis allows 

for an early detection of HF, but can also be useful in later HF for the assessment of LV 

synchrony (33). Additionally, the longitudinal strain was shown to be an early diagnostic and 

prognostic marker in HF (34). In order to get more insights on LV function and performance in 

patients with HFpEF, physiology-based methods such as MyW based on longitudinal strain and 

https://www.sciencedirect.com/topics/medicine-and-dentistry/myocardium
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estimated LV pressure seem promising and might offer new insights into pathophysiology and 

assessment of patients with HF. Further, indices of MyW, more specifically GCW was shown 

to be a better determinant of exercise capacity than GLS in patients with HFpEF (35).  

3.2.2 Acute heart failure  

Acute heart failure (AHF) is characterized by rapid onset or worsening of signs and/or 

symptoms of HF and thus represents a life-threatening condition that requires immediate 

medical attention (14, 15). Further, AHF indicates a vulnerable state associated with repeated 

episodes of decompensation requiring hospitalization and a poor prognosis, i.e., 17% 

mortality risk within 6 months (36-38).  

AHF includes a wide spectrum of clinical conditions with various etiologies and triggers (15). 

The majority of AHF cases arise from deteriorated pre-existing HF, but it also may occur as an 

event for the first time (de novo) (15, 39, 40). The in-hospital mortality in acute 

decompensated HFpEF patients appears to be lower compared to HFrEF patients, but 

rehospitalization rates seem to be similarly high for both groups (41). 

The complex syndrome of AHF involves a wide range of pathophysiological changes in cardiac 

structure and function, leading to a set of clinical signs and symptoms, mostly related to 

congestion and end-organ dysfunction (41). Echocardiography provides critical information 

regarding diagnosis, underlying causes, hemodynamics, treatment monitoring, and prognosis 

in AHF patients (42, 43). Further, echocardiographic data from patients with AHF demonstrate 

a high prevalence of structural and hemodynamic abnormalities (42). Most of the 

hemodynamic echocardiographic indices are load-dependent, and loading conditions vary 

considerably during acute de- and subsequent recompensation of HF. LVEF is a well-

acknowledged risk predictor among AHF patients (44, 45), but as it is heavily dependent on 

loading conditions, it fails to provide information in nearly 50% of the HF population. Studies 

showed that LV longitudinal strain has a better prognostic value insofar as it is an independent 

predictor of HF readmissions after an AHF episode (46, 47). 

Including information on afterload in the assessment of LV performance might give new 

insights into the pathophysiology and LV function in AHF patients. These assumptions will be 

discussed in more detail in the following chapters.
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3.3 Echocardiographic assessment of LV function 

Echocardiography is an indispensable tool in the diagnosis and treatment monitoring of heart 

diseases, including HF. Echocardiography provides real-time information on systolic and 

diastolic function, cardiac structure and volumes, hemodynamics, and valve pathologies 

(regurgitation or stenosis) (33). Current guidelines recommend the use of echocardiography 

even in severe cardiac disease, including de novo AHF or acutely decompensated HF in general 

(15, 20, 48).  

Echocardiography in AHF can help confirm the diagnosis, identify underlying causes and 

associated pathophysiology, and monitor therapy response (42, 49). Echocardiography is the 

most practical and versatile method in terms of providing clinically relevant information (33). 

Besides that, the selection process and evaluation of patients for various assisted device 

therapies also heavily relies on echocardiographic assessment (33).  

Further, echocardiography is widely available, easily repeatable, safe, and has better cost-

effectiveness compared to all other modalities informing on LV morphology and structure. 

Poor acoustic windows, operator variability, and lower sensitivity are listed as the main 

disadvantages (50). Nevertheless, echocardiography is used at any stage of HF, and most 

recent developments in LV strain analysis are especially important to the recognition of 

subclinical deterioration in the early stages of HF. These were shown to have diagnostic, 

therapeutic, and prognostic implications (33). A major goal of echocardiographic assessment 

in HF is to evaluate the performance of the left ventricle, which depends not only on the 

contractile state but also on loading conditions. To address these issues, we can either correct 

standard measures for loading conditions or measure contractility independent of loading 

(33). 

Over the years, several surrogate echocardiographic parameters have been introduced to 

evaluate LV function. In the following, we discuss the utility of the most widely used indexes 

of LV systolic function, such as LVEF and global longitudinal strain, including a recently 

introduced non-invasive method, i.e., measurement of myocardial work (MyW). 
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3.3.1 Left ventricular ejection fraction  

LV volumes and LVEF were first described and used to assess LV function in the 1960s (51, 52). 

Folse and Braunwald used a radioisotope dilution technique to assess LV function (51) and laid 

the foundation of an echocardiographic parameter that has left its mark over the last 60 years 

of cardiovascular medicine. The reference standard for the assessment of LV volumes and 

performance is the invasive pressure-volume measurement. However, because of its invasive 

nature, there is a need for non-invasive surrogates using easy, safe, and accessible methods.  

LVEF is the most widely used surrogate parameter to assess LV global systolic function. LVEF 

is defined as the proportion of the stroke volume (the difference between end-diastolic 

volume (EDV) and end-systolic volume (ESV) estimates) to the end-diastolic volume and is 

expressed in percent (10).  

LVEF= (LVEDV –LVESV) / LVEDV 

Current guidelines recommend the two-dimensional measurement of LVEF using Simpson’s 

biplane method (tracking of the endocardial border in apical 4- and 2- chamber view) (10). 

According to current guidelines, normal LVEF values range from 52-72% in men and 54-74 % 

in women. Lower values are classified into mildly abnormal, moderately abnormal, and 

severely abnormal. Further, LVEF has become a key part of clinical guidelines in cardiology, 

i.e., determining HF classification, risk assessment, and therapy guide of different CV diseases 

(HF, ischemic, and valve disease) as well as the main selection criterion for the majority of HF 

clinical trials (15, 53). LVEF assessment by two-dimensional echocardiography is easy to apply, 

can be eyeball-estimated, and is useful for clinical decisions as it might identify patients to 

likely respond to HF medications and device therapy (54, 55).  

LVEF as a dimensionless parameter reflects both cardiac function and remodeling (55). 

Further, LVEF remains one of the most important prognostic factors, especially in HF patients 

with reduced LVEF (LVEF <40%) (56, 57). Since half of the HF population consists of HF patients 

with preserved LVEF (LVEF ≥50%), LVEF is considered to have a lack of clinical utility in this 

subgroup. Beyond this threshold (LVEF ≥50%), significant systolic dysfunction may still be 

present, but changes in LVEF do not correlate with symptoms, inform on prognosis, or offer 

an effective guide to treatment (58, 59).  
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Thus, LVEF is not an appropriate marker for patients with HFpEF or early stages of HF with 

subclinical LV dysfunction (60).  

The measurement of LVEF also has several intrinsic limitations. For a correct LVEF assessment, 

good image quality with no foreshortening of apical LV views is needed. LVEF is affected by LV 

geometry and is considered both preload- and afterload-dependent. LVEF is also influenced 

by valve disease and heart rate (54, 61). LVEF considers changes in LV volumes during a heart 

cycle but does not consider the myocardial mechanics of systole and diastole. 

LVEF estimation does not take possible intraventricular dyssynchrony of contraction into 

account (55). Another limitation can be differences in delineation within and in between users. 

Studies have reported a wide range of intra- and inter-observer variability (62). However, this 

disadvantage may be expected to considerably decrease in the near future with the 

implementation of artificial intelligence for automated assessment. 

Despite these limitations, LVEF remains the most commonly used cardiac imaging parameter 

in patients with HF and is utilized in clinical routine to guide therapy in patients with HFrEF 

(60). However, increased life expectancy and the thus observed higher incidence of underlying 

diseases such as hypertension, diabetes mellitus, and obesity in the general population seem 

to associate with subtle, subclinical myocardial impairment and LV dysfunction, – which 

evades conventional LVEF assessment (63).  

Thus, a more comprehensive in-depth approach is needed.  

3.3.2 Global and regional longitudinal strain 

Myocardial strain measured by echocardiography was introduced in 1998 using Tissue 

Doppler data (64). Since then, there has been extensive research and immense development 

of the non-invasive angle-independent speckle-tracking strain echocardiography (STE) (65). 

Strain based on STE, using grayscale images, describes the most fundamental property of the 

myocardium, which is shortening and lengthening of the myocardium over the cardiac cycle 

as a measure of regional and global LV function (66).  

Strain is a dimensionless measure of myocardial deformation and expressed in percent, where 

negative values indicate shortening and positive values indicate lengthening of the 
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myocardium. Thus, negative strain values represent a better muscle contraction and are 

considered healthier values.   

In opposition to LVEF, strain allows studying the different spatial components of contractile 

function depending on the orientation of the fibers. As such, strain can be derived in a 

longitudinal, circumferential, or radial direction, yielding respective strain values for LS, CS, 

RS. These values can be inspected segmentally, regionally, or globally (59, 67). Up to now, CS 

and RS have not been introduced to clinical practice, mostly due to high user- and intervendor 

variability.  

Longitudinal strain is measured in the apical long-axis view, using two-dimensional 4-, 3-, and 

2-chamber views and calculating strain of respective LV segments (17 or 18 segments 

depending on the model used). The average of all segmental strain values yields the global 

longitudinal strain (GLS). A meta-analysis of 24 studies including 2597 individuals reported that 

normal values range from –15.9% to –22.1% (68). Women exhibited slightly more negative 

values (up to 1%) compared to men (69, 70). Importantly, this method depends on two-

dimensional image quality and frame rate (should be between 50 to 80 s-1) and differs 

between vendors. A potential foreshortening of LV apical views leads to false strain values. 

Further, strain values are affected by LV geometry and hemodynamic factors, i.e., loading 

conditions, inhomogeneous contractility, tissue characteristics, synchrony of contraction (67).  

GLS provides added value in clinical practice as it is a simple, robust measure of LV long-axis 

function (71) and associates with NT-proBNP independently of other conventional indices of 

systolic and diastolic function (72). Of particular interest is the utility in patients with normal 

LVEF and subclinical LV dysfunction, i.e., preclinical phases of HF (33, 66). Work from several 

studies showed that patients with hypertension and diabetes mellitus frequently present with 

normal LVEF yet impaired LV longitudinal systolic function as, e.g., indicated by reduced GLS 

values (73, 74). Further, GLS was more compromised in patients with HFpEF compared to 

patients with hypertension but no symptoms of HF (59, 72), illustrating its potential to quantify 

the subtle differences between these two entities. Therefore, GLS has been promoted as a 

marker of early LV dysfunction that can identify individuals in the general population at higher 

risk for CV morbidity and mortality (75). In patients with HFpEF, approximately 50% show 

reduced GLS values, which are also predictive of future outcomes, including CV death or HF 
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hospitalization (26, 76, 77). Further, independent of LVEF, GLS was a predictor of outcome in 

patients with both stable or acutely decompensated HF (46, 78, 79).  

In cardiac conditions other than HF, longitudinal strain was shown to be a better diagnostic 

and prognostic factor compared to LVEF in patients with an acute coronary syndrome without 

persistent ST-elevation or valvular heart disease (80-83). Further, longitudinal strain facilitated 

the evaluation of LV dyssynchrony (84), thus improving the selection process for cardiac 

resynchronization therapy (CRT). This is done by qualitatively and quantitatively assessing 

regional strain curves of the septum and lateral wall. Further, in oncological patients receiving 

chemotherapy, GLS permitted earlier detection of LV myocardial deterioration (85, 86). Thus, 

GLS has been increasingly advocated as a complementary metric to LVEF and as a new 

potential reference standard to recognize LV dysfunction (55). Considering all the benefits, 

the Food and Drug Administration of the United States decided in 2019 to incorporate and 

reimburse strain measurements in the newer echo machines based on the promise that 

additional measurement of GLS will improve risk assessment of the population and enable 

better phenotyping of patients with HF and other CV diseases (46).  

3.3.3 Myocardial Work analysis  

In recent years, there has been growing interest in novel non-invasive parameters to assess 

LV function. Assessment of strain by STE improved the diagnosis and risk assessment in 

patients with different CV diseases as detailed in 3.3.2. However, the sensitivity of strain 

measurement is limited, as a proportion of patients with HF symptoms exhibits GLS values 

within the normal range. Further, these markers reflect global and regional myocardial 

function, respectively. However, they do not reflect myocardial oxygen demand or work (87). 

As LVEF, GLS is also dependent on loading conditions and LV geometry: Increased pressure or 

volume overload mediate reduced systolic deformation and result in lower LVEF and GLS despite 

presumably unchanged LV myocardial contractile function (88-91). These characteristics 

compromise the specificity of GLS. 

The concept to assess cardiac work by pressure-volume loops (Figure 1) dates from the 1970s, 

where the area covered by the pressure-volume curve reflects stroke work and the associated 

amount of oxygen consumption of the LV myocardium (92-94).  
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Figure 1. Pressure-volume loop depicting four phases of cardiac cycle: isovolumic contraction, ejection phase, 

isovolumic relaxation and, passive filling. MVC: mitral valve closure, AVO: aortic valve opening, AVC: aortic valve 

closure, MVC: mitral valve closure. Illustration designed by F.S 

Invasive measurements using pressure-volume loops represent the reference standard that 

provides a real-time assessment of LV function, considering contractility and loading 

conditions (95). However, due to the risks and technical/professional preconditions associated 

with the investigation´s invasive nature, its use in clinical routine has been limited.  Recent 

advances in cardiovascular imaging allow approximating the intrinsic and functional cardiac 

performance with satisfactory precision, also accounting for loading conditions (96). In 2012, 

the group of Otto A. Smiseth from Oslo, Norway, introduced a novel echocardiographic 

method, for which he coined the term “Myocardial Work” (MyW). This method allows to non-

invasively quantify LV active myocardial performance, including systole and early diastolic 
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phase of the cardiac cycle (87). Echocardiography-derived MyW is conceptualized to integrate 

information on myocardial deformation (speckle-tracking derived longitudinal strain) and 

afterload (blood pressure) expressed as a pressure-strain loop (PSL). The uniqueness of this 

method is that it allows to differentiate, segment by segment, between constructive work 

(energy contributing to blood ejection) and wasted work (energy not contributing to blood 

ejection) in relation to the phases of the cardiac cycle.  

Further, by including deformation happening in the early phase of diastole, i.e., isovolumetric 

relaxation time (IVRT), MyW accounts for potential left ventricular dyssynchrony that may 

occur at this phase. IVRT represents a phase in which the myocardium is actively spending 

energy. The contraction (shortening) of myocardial segments against a closed valve leads to a waste 

of energy and a decrease in myocardial efficiency (97-99). Thus, MyW might allow more 

profound insights into regional LV performance and mechanics when compared to other non-

invasive markers. Thus, MyW better reflects contractility in hemodynamic overload states, 

making it a more robust marker of systolic function of the LV (100). 

 

Figure 2. Estimation of left ventricular pressure reference curve from experimental and clinical data. Reprinted 

from “Russell K, Eriksen M, Aaberge L, Wilhelmsen N, Skulstad H, Remme EW, et al. A novel clinical method for 

quantification of regional left ventricular pressure-strain loop area: a non-invasive index of myocardial work. Eur 

Heart J. 2012;33:724–33. (87). Permission for reproduction was obtained from the Oxford University Press 

Journal.  
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The MyW method was validated in animal models (dogs) as well as in healthy subjects and 

patients with different cardiac pathologies (NYHA II-IV) (87, 101-103). In the validation study, 

the authors created a single reference pressure curve by pooling LV pressure traces of all 

interventions and normalized them by using the timing of valve events. In the next step, they 

stretched or compressed pressure traces along the time axis between individual valve events 

in order to make the valvular events coincide for all recordings (Figure 2) (87).  

At the same time, evaluating patient data, they scaled (normalized) the pressure vertically to 

have the same peak value (87). Further, the reference pressure curve was used for predicting 

LVP in a specific subject by measuring the actual valvular timing (mitral and aortic valve) and 

adjusting the duration of time intervals (isovolumic contraction (IVC), LV ejection, and 

isovolumic relaxation (IVR) phases) by stretching or compressing the time axis of the averaged 

LV pressure curve to match the measured time intervals (87). Blood pressure measured above 

the brachial artery by a sphygmomanometer is used to adjust the scale of the vertical 

amplitude of each pressure curve (87).  

Estimated pressure-strain loop area by STE and estimated LV pressure through brachial artery 

cuff pressure showed an excellent correlation with invasive measurement of pressure-strain 

loops (r=0.96) and very good visual agreement (87, 101). In another study, performing 

pressure-volume analysis during transient occlusion of the inferior caval vein, preload-

recruitable stroke work as a load-independent ‘gold-standard’ of LV contractility showed a 

strong correlation with echocardiography-derived MyW (r=0.70; P=0.001) (100). 

In a second work, the same authors showed in left bundle branch block patients that non-

invasive MyW assessment was able to quantify the energy loss caused by uncoordinated left 

ventricular contractions (101). Consistently, the derived PSL area showed a strong correlation 

with cardiac glucose uptake measured by fluorodeoxyglucose-positron emission tomography 

(FDG-PET). This underscores that information derived from measurements of MyW might 

reflect regional and global myocardial metabolism and energetics (87).  

In summary, MyW quantifying segmental and global LV performance in normal and HF 

patients holds promise to provide additional information regarding the pathophysiology and 

early phases of CV disease.  
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The assessment of MyW yields the following read-outs:  

a) global constructive work (GCW; unit: mmHg%), i.e., work performed during shortening 

in systole and adding negative work during lengthening in isovolumic relaxation, also 

defined as work contributing to pump function;  

b) global wasted work (GWW; unit: mmHg%), i.e., work performed during lengthening in 

systole or work performed during shortening (against a closed aortic valve) in 

isovolumic relaxation;  

c) global work index (GWI; unit: mmHg%), i.e., the total amount of work within the 

pressure-strain loop area calculated from mitral valve closure to mitral valve opening;  

d) global work efficiency (GWE; unit: %), i.e., GCW/(GCW+GWW). 

GWE represents an index of cardiac work expended from the respective LV segments 

during a cardiac cycle. 

All indices are calculated as the mean of respective segmental values. The mathematical 

derivation of this method was given previously in detail (101, 104). Of note, global work 

efficiency defined by MyW analysis should be differentiated from the mechanical external 

efficiency assessed by PET (105). Thus, when presenting data, it is important to highlight the 

differences between these two methods. Nevertheless, a study in amyloidosis patients 

showed a fair relationship (R2=0.48, p<0.0001) between MyW efficiency and mechanical 

external efficiency measured by 11C‐acetate PET (106). The physiological background of LV 

MyW analysis is depicted in Figure 3.  
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Figure 3. Reprinted from Sahiti F, Morbach C, Cejka V, Albert J, Eichner FA, Gelbrich G, Heuschmann PU, Störk S 

– ``Left ventricular remodeling and myocardial work: Results from the STAAB cohort study’’ Front Cardiovasc 

Med. 2021 Jun 11;8:669335. doi: 10.3389/fcvm.2021.669335. PMID: 34179134 (96). This is an open-access article 

distributed under the terms of the Creative Commons CC BY license, which permits unrestricted use, distribution, 

and reproduction in any medium, provided the original work is properly cited. 

Figure 1. Physiological background of LV myocardial work analysis 

Section A – represents valvular times, mitral valve opening and close measured using pulse-waved Doppler and 

aortic valve opening and closure measured by continuous-wave Doppler  

Section B – global longitudinal strain measured from 4, 3, and 2 chamber views.  

Section C- estimated LV Pressure measured from brachial cuff pressure,  

Section D, schematic presentation of segment-specific values of MyW indices, which later are expressed in global 

values. GCW and GWW are important physiological indices related to the shortening and lengthening of the LV 

segment. Work efficiency (GWE) is derived as the fraction of GCW and the sum of GCW and GWW  

† at this stage, the collected information is used to inform the reference curve composed of LV pressure and 

valve opening/closure times (as constructed in the validation study by Russell 2012 (87) and depicted in Figure 

2), and the pattern of the final loop is formed.  

*indicates a segment-specific pressure-strain loop (in this case, we highlighted the septal basal segment. 

  

https://creativecommons.org/licenses/
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The novelty of MyW lies in the fact that the LV pressure–strain loop area can now be estimated 

with an entirely non-invasive approach (i.e., by echocardiography only), using the estimated 

pressure curve in combination with strain by speckle tracking echocardiography and thus 

becomes widely applicable in larger study sample including screening situations.  

Accounting for afterload (blood pressure), MyW is considered markedly less load-dependent 

than conventional measures, i.e., LVEF and GLS (87, 88, 91) and, therefore, proposed as a more 

suitable diagnostic marker overcoming the disadvantage of overestimating LV dysfunction in 

situations and disease entities with potentially associated fluctuations in loading conditions 

(40) (Figure 3). Considering physiological aspects of LV work and afterload adjustments, 

echocardiography-derived MyW might offer new insights into LV performance. 

To date, the method of MyW has not yet been extensively tested as a general measure of LV 

systolic performance (107). However, there is ongoing research to investigate the advantages 

and potential use of the method in various fields of cardiology, such as  

a) Cardiac resynchronization therapy: patient selection and response prediction (108-110),  

b) Earlier detection of acute coronary syndrome with non-ST elevation (89, 111),  

c) Chronic HF (5, 35, 112)  

d) Hypertension (5, 113, 114),  

e) Hypertrophic cardiomyopathy (115, 116) 

f) Amyloidosis (117).  
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Reprinted from Sahiti, F., Morbach, C., Cejka, V. et al. Impact of cardiovascular risk factors on myocardial work—

insights from the STAAB cohort study. J Hum Hypertens (2021). https://doi.org/10.1038/s41371-021-00509-4, 

Nature Springer (5).   

Figure 4. Surrogate measures of left ventricular function in relation to the cardiac cycle and ATP consumption. 

Myocardial work includes total active myocardial work and allows us to differentiate constructive from wasted 

work components.  

LVEF, left ventricular ejection fraction; GLPS, global longitudinal peak strain; MyW, myocardial work; GCW, global 

constructive work; GWW, global wasted work; MVC, mitral valve closure; AVO, aortic valve opening; AVC, aortic 

valve closure; MVO, mitral valve opening; IVRT, isovolumic relaxation time; IVCT, isovolumic contraction time; 

ATP, adenosine triphosphate.  
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3.4 Invasive pressure-volume loops vs. echo-derived pressure-strain loops  

Invasive measurement of LV function is performed by cardiac catheterization using 

conductance catheters, i.e., special catheters that allow simultaneous measurement of 

pressure and volume over multiple cardiac cycles generating pressure-volume (PV) loops. The 

assessment of LV function using the contemporary invasive PV analysis technique is 

challenging, but it provides a real-time assessment of LV contractility and loading conditions 

as well as surrogates of myocardial oxygen consumption (58, 95). The invasive pressure-

volume analysis provides a reference for the assessment, diagnosis, and intervention 

monitoring of various CV diseases (i.e., myocardial damage, HF pathophysiology, valve heart 

disease) (11, 95). Further, invasive PV analysis provides accurate insights into the 

pathophysiology of the LV performance (11, 95).  

In 1895, Otto Frank was the first to describe cardiac cycle and LV performance using pressure-

volume loops (PVL) (95, 118). Further development in studies in vivo and ex vivo led to 

important insights into the mechanics and energetics of the LV (93, 95, 119-121). Nowadays, 

with contemporary PV analysis, it is possible to assess single-beat end-systolic and end-

diastolic LV pressure-volume changes (ESPVR and EDPVR) (121, 122). The cardiac cycle is 

usually divided into two phases: the contraction phase, i.e., systole, and the relaxation and 

filling phase, i.e., diastole. However, with the help of PV diagrams (Figure 1), the cardiac cycle 

can be depicted into four phases, as follows: isovolumic contraction, ejection phase, 

isovolumic relaxation and, passive filling (11, 123).  

The pressure-volume loop, as the analogously constructed pressure-strain loop, illustrates the 

cardiac cycle as a counter-clockwise loop. The right and left sides of the loop corresponding 

to the isovolumic contraction (mitral valve closure to mitral valve opening) and isovolumic 

relaxation phase (aortic valve closure to mitral valve opening), respectively. The upper 

segment, from aortic valve opening to aortic valve closure, represents the ejection phase, 

whereas the lower segment represents rapid filling and diastasis (time interval between mitral 

valve opening to mitral valve closure) (123, 124). These phases are included in the PV analysis, 

whereas pressure-strain loops do not take the rapid filling phase and diastasis into 

consideration. The area within the PV loop is referred to as the stroke work (SW) and 

represents the amount of energy imparted by the LV into the blood and can be expressed in 
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Joules or mmHg-ml (11). SW is estimated by the product of stroke volume (SV=EDV – ESV) and 

mean arterial pressure (MAP = DP + 1/3(SP – DP)) during ejection (SW= SV x MAP). 

As mentioned previously, studies have shown that the pressure-volume area relates to the 

myocardial oxygen consumption (MVO2) (92, 95, 125); thus, it can be used to assess 

myocardial mechanical energetic efficiency (MEE = SW/MVO2) (92). The loop´s position and 

shape depends on the triad: preload, afterload, and contractile state (intrinsic contractile 

properties of the myocardium) (126). On the other side, the pressure-strain loop area 

represents the total amount of work calculated from mitral valve closure to mitral valve 

opening (expressed in mmHg%). The average global pressure-strain loop depends on the 

estimated LV pressure and deformation of the individual LV segments.  

It is important to mention that echocardiography-derived MyW compared to the invasively 

measured pressure-volume loop, uses blood pressure measured from the brachial artery 

rather than central pressure Figure 3.  

LV segmental dyssynchronies, e.g., observed in the left bundle branch block, often lead to 

deformation of the shape of individual segments. This is usually illustrated by distorted 

pressure-volume loops (a figure of eight and running out-of-phase in a counter-clockwise 

rotation (95)). Segmental dyssynchrony is further quantified by the percentage of time a 

segment moves in a direction opposite to the total volume change (95). This can also be 

illustrated in an accurate way using non-invasive pressure-strain loops, which are able to 

depict and quantify the work conducted by each LV segment. Further, non-invasive pressure-

strain loops might be helpful in patient selection and prediction of response to CRT (108). 

Given the invasive nature and related difficulties, invasive measurement of the pressure-

volume relationship remains challenging and difficult to implement on a routine basis (121). 

Therefore, there is a need to develop and implement non-invasive concepts and methods such 

as MyW to assist in diagnosis, risk stratification, and treatment monitoring. 
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4 Aims  

As MyW represents a recently introduced, innovative echocardiography-based tool, the work 

of the PhD thesis presented here aimed to assess the application and clinical utility of MyW in 

different study populations. The PhD thesis includes four manuscripts that dealt with 

complementary aspects of MyW: 

Manuscript #1. Myocardial Work – Correlation patterns and reference values from the 

population-based STAAB cohort study (127) 

Aims: 

a)  To establish normal reference values for MyW indices from the previously described sub-

collective of healthy individuals (STAAB) and evaluate its associations with age, sex, and 

other echocardiographic measurements. 

b)  To determine MyW as a comprehensive correlate for active systolic and diastolic 

myocardial function using the new longitudinal strain-based echocardiographic method 

and non-invasively assess and quantify global and segmental constructive and wasted 

MyW.  

 

Manuscript #2. Impact of cardiovascular risk factors on myocardial work – Insights from the 

STAAB cohort study (5) 

Aim:  

To assess the impact of cardiovascular risk factors and selected comorbidities on MyW and its 

derivatives in individuals free from heart failure (n=2473 participants). 

 

Manuscript #3. Left ventricular remodeling and myocardial work: Results from the STAAB 

cohort study (96) 

Aim:  

To evaluate the association of different LV geometry patterns with MyW in individuals free 

from heart failure. 
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Manuscript #4. Dynamics of Left Ventricular Myocardial Work in Patients Hospitalized for 

Acute Heart Failure (AHF) (40) 

Aims:  

a) To characterize the in-hospital changes of LV function in AHF patients with either reduced 

or preserved LVEF using echocardiographic MyW analysis. 

b) To determine changes in MyW in relation to changes in NT-proBNP from admission to 

discharge. 

c) To evaluate associations of MyW parameters with established measures of LV myocardial 

function. 

d) To assess the 6-month prognostic utility of MyW indices. 
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5 Methods 

5.1 Study population 

The concept of echocardiography-based MyW was presented and invasively validated by a 

research group in Oslo in 2012 (87, 101). This innovative method is still in its preclinical phase 

because many questions regarding methodology and clinical application have to be answered. 

In order to contribute to research in this area, we made use of clinical studies that were run 

at the Comprehensive Heart Failure Center in order to get insights into the use of the method 

in clinical practice. 

5.1.1 STAAB cohort study  

The Characteristics and Course of Heart Failure STAges A-B and Determinants of Progression 

(STAAB) program is an ongoing, prospective population-based cohort study. STAAB recruited 

and phenotyped a representative sample of the population of Würzburg, aged 30 to 79 years, 

which was free of symptomatic HF at the time of inclusion (128). STAAB is a joint initiative of 

the Comprehensive Heart Failure Center (CHFC) and the Institute of Clinical Epidemiology and 

Biometry (IKE-B) at the University and University Hospital Würzburg. It is funded by the 

German Ministry for Education and Research (BMBF 01EO1004 and 01EO1504) and led by 

Stefan Störk (CHFC) and Peter U Heuschmann. 

The overarching aims of the STAAB program are a) to describe the prevalence and natural 

course of early (i.e., precursor) phases of HF in the general population, and b) to investigate 

the presence and relevance of CV risk factors and comorbidities in the early course of HF. 

A total of n=5,000 residents of the City of Würzburg were recruited and comprehensively 

phenotyped for the STAAB cohort study. At the time of sampling, all participants had to be 

aged between 30 to 79 years. Data on inhabitants were obtained from the City Hall 

Registration Office, and – based on random sampling – 24,000 address data were drawn. 

Subsequently, potential participants stratified for age and sex (men to women ratio 1:1) were 

invited by mail to participate in the study. People with a previous diagnosis of HF, unable to 

give consent, or without sufficient knowledge of the German language were excluded. The 

study design and methodology have been published previously (128, 129). The baseline 
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examination of the whole cohort was conducted between December 2013 and November 

2017. To establish normal reference values for MyW, we used data obtained from “apparently 

healthy” individuals, i.e., without CV risk factors or established CV disease. 

Further criteria of “healthy “individuals were: sinus rhythm, LVEF above 50%, no regional wall 

abnormalities, or significant LV valve disease. N=953 met the definition of “apparently 

healthy”. Of those, n=779 could be analyzed using MyW analysis (first manuscript (127)). In 

the second and third manuscript (5, 96)), we concentrated on data of the first half of the study 

population (i.e., the n=2473 individuals recruited between 12 December 2013 and September 

2016), which had been pre-specified for a planned interim analysis (128). 

 

Ethics and privacy 

The STAAB study complies with the Declaration of Helsinki and was approved by the Ethics 

Committee of the Faculty of Medicine, University of Würzburg (vote 98/13, J-117.605-09/13). 

Further, all participants provided written informed consent prior to any study-related 

examination. The personal data of the participants were pseudonymized, and the 

documentation was done in electronic Case Report Forms. All clinical data obtained were 

digitally stored in the campus-wide Data Warehouse for future data extraction. 

 

Baseline examination 

Patients were invited for a study examination at the Joint Survey Unit of the CHFC and IKE-B 

with dedicated space for the study visit, i.e., rooms for face-to-face interviews and physical 

examination, anthropometric measurements, echocardiography scans, and on-site 

processing, and temporary storage of biomaterials. Before the start of each examination, 

participants were informed about the purpose of the study and the examinations to be 

performed. We obtained information regarding demographic, economic, social factors, known 

CV risk factors, and CV disease during the face-to-face interview. Further, a number of 

questionnaires addressing lifestyle and psychoemotional health were filled in by participants 

themselves. All examinations were conducted by specially trained staff according to the 

Standard Operating Procedures (SOPs) (128). 
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Patients were requested to attend the Joint Survey Unit in a fasting state. During an average 

of 3.5 hours, participants underwent a structured and harmonized series of consecutive 

examinations.  

Blood pressure was measured in a sitting position after 5 minutes of rest using brachial cuff 

measurement (Omron 705®). If the measured values between the first and second 

measurement (systolic and/or diastolic) differed by more than 10 mmHg, a third 

measurement was performed. Body height was measured using a digital stadiometer (SECA 

274®), body weight was obtained from a bioelectrical impedance analysis (SECA mBCA 515®). 

Smoking habits and current medication were evaluated during the interview with the study 

physician (128).  

Venous blood was collected from a cubital vein, and urine samples were taken. All laboratory 

measurements were performed on the same day at the Central Laboratory, University 

Hospital Würzburg, including fasting lipid profile, estimated glomerular filtration rate (eGFR), 

glycosylated hemoglobin (HbA1c), plasma glucose levels (5). Biomaterials for future analysis 

were aliquotted immediately and stored in the interdisciplinary bank for data and biomaterials 

Würzburg (ibdw) at – 80°C.  

 

Echocardiography and quality assurance 

All study participants underwent an extensive transthoracic echocardiographic examination 

performed by trained and internally certified sonographers using Vivid S6® with M4S Sector 

Array Transducer operating at 1.5-4.3 MHz (GE Healthcare, Horten, Norway) and Vivid E95 

scanner with a M5SC-D transducer (1.5–4.6MHz; GE Healthcare, Horten, Norway) (69, 128). 

The pre-specified study protocol was set in the machine. Further, to ensure a good quality of 

the data obtained, the STAAB study runs a regular quality control program (128). The 

characteristics of performed measures of the echocardiography quality assurance program 

have been published previously (130). Three cardiac cycles were recorded for each view. Two-

dimensional (2D) images were recorded with a frame rate between 50 to 80 frames/second 

and stored digitally. We measured LVEF using Simpson’s biplane method, and from this 

measure, we derived LV end-diastolic and end-systolic volumes (10). Diastolic function was 

according to the latest guidelines from the American Society of Echocardiography and the 

European Association of Cardiovascular Imaging (131). Diastolic myocardial relaxation 
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velocities (s’, e´, a’) were assessed using tissue and PW-Doppler close to the septal and/or 

lateral mitral annulus. LA volume was assessed using biplane in apical four and two-chamber 

view, and left atrial volume index (LAVi) was calculated as LA volume indexed to body surface 

area. Valve regurgitation was assessed using color Doppler multiplane vena contracta and 

pressure half-time, and valve stenosis were assessed by evaluating maximal flow velocity by 

continuous-wave Doppler according to current recommendations (132, 133). 

Using M-mode recording or 2D measurement in case of angulation, we derived LV 

measurements from the parasternal long-axis (10), i.e., interventricular end-diastolic septum 

thickness (IVSd), LV posterior wall thickness (LVPWd), and LV end-diastolic diameter (LVEDD). 

LV mass was calculated using the ASE corrected formula (10): LV mass (g) = 0.8 151 (1.04 

[([LVEDD + IVSd +LVPWd] 3 - LVEDD3)]) + 0.6 as well. LV relative wall thickness (RWT) was 

calculated as: 2x posterior wall thickness / LV end-diastolic diameter (10, 134). LV mass index 

(LVMi) and LV end-diastolic volume index (LVEDVi) were calculated indexing LV mass and LV 

end-diastolic volume to body surface area, respectively. According to the latest guidelines), 

we classified the participants into four different subgroups according to their respective LV 

geometry pattern (10, 134) (Figure 5): a) normal LV geometry: LVMi ≤95 g/m2 in women or 

≤115 g/m2 in men and RWT ≤0.42; b) concentric LV remodeling (CR): LVMi ≤95 g/m2 in women 

or ≤115 g/m2 in men and RWT >0.42; c) concentric LV hypertrophy (CH): LVMi >95 g/m2 in 

women or >115 g/m2 in men and RWT >0.42; d) eccentric LV hypertrophy (EH): LVMi >95 g/m2 

in women or >115 g/m2 in men and RWT ≤0.42 (96). 
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Figure 5. Sex-specific LV geometry patterns according to current guidelines (10). Illustration designed by F.S 
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5.1.2 AHF Registry 

The Acute Heart Failure (AHF) Registry is a monocentric prospective follow-up study, an 

initiative of Comprehensive Heart Failure Center, University Hospital Würzburg, that 

comprehensively identifies and phenotypes consecutive adult patients admitted for AHF at 

the emergency department (24/7). The AHF registry aims to improve the pathophysiological 

understanding, diagnosis, and treatment of AHF, particularly in relation to the early phase 

after cardiac decompensation, potential worsening, progressive and advanced HF. Patients 

with high output HF, cardiogenic shock, or listed for high urgency transplant are excluded. The 

AHF registry runs entirely in a routine clinical setting, with no additional study-related 

procedures or any other interferences.  

The diagnosis of AHF was made by physicians in-charge based on signs, symptoms, and the 

results of clinically indicated examinations and treated in a tertiary university clinical center 

according to the current guidelines (best clinical practice) of the time. The first (admission) 

and the last (discharge) echocardiography, laboratory tests, weight measurements were 

conducted in close temporal vicinity to admission and discharge, respectively. Further, 

patients were discharged based on the treating physician´s discretion based on clinical 

parameters and stability. Survival status and re-hospitalization (admissions to the hospital) 

were obtained after 6 months, either on the outpatient visit or by telephone follow-up or 

based on information from general practitioners, relatives, or registration authorities.  

 

The population of the current analysis (40) 

For the current work, we selected all patients admitted for AHF between August 2014 and 

December 2017 to the University Hospital Würzburg, who provided serial echocardiograms 

performed on hospital admission, and prior to discharge. We used prior to discharge 

estimated LVEF to stratify our study population according to guidelines from 2016 (15) into 

three categories: HF with reduced ejection fraction (HFrEF, LVEF <40%); HF with mildly 

reduced ejection fraction (HFmrEF; LVEF 40–49%), and HF with preserved ejection fraction 

(HFpEF, LVEF ≥50%). Laboratory measurements, including N-terminal prohormone B-

natriuretic peptide (NT-proBNP) assay, were carried out at the Central Laboratory of the 

University Hospital. 
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Echocardiography 

Echocardiography was performed on the clinical setting close after admission using Vivid 7, 

Vivid E9, and/or Vivid E95® (GE Healthcare, Horten, Norway). Images were obtained, and 

measurements were performed according to the current recommendations (10, 132, 133). 

Detailed information on how systolic and diastolic function echocardiographic parameters 

were determined is described in the previous echocardiographic section of the STAAB study 

(chapter 5.1.1). In patients not in sinus rhythm, representative cardiac cycles of similar length 

in all three apical views were selected, thus facilitating analysis of LV strain and MyW.  

 

Surrogate of recompensation 

Natriuretic peptides (NP) are well-established markers in AHF patients and are used to assess 

the severity of congestion (135). NT-proBNP, which is secreted by cardiac chambers and atria 

upon increased stretching of walls, is considered a robust and clinically useful marker of 

hemodynamic “stress” (136). Consequently, its measurement has adopted an essential role in 

the diagnosis, management, and prognosis of AHF patients (14, 137, 138). Further, studies 

found that the admission-to-discharge reduction of natriuretic peptides is an informative 

marker on treatment response and correlates with clinical and objective markers of 

decongestion (137, 139). We, therefore, utilized the in-hospital change in NT-proBNP as a 

surrogate of the efficiency of decongestive success. We operationalized the markers as a 

discharge-to-admission ratio, DAR: NT-proBNP at discharge divided by NT-proBNP at 

admission.  

 

Ethics and privacy 

The study protocol complies with the Helsinki Declaration and has received a positive vote 

(July 2014, ref. 55/14) from the Ethics Committee of Medical Faculty, University of Wurzburg, 

and the data protection officer of the University Hospital Würzburg. Recruited patients 

provided written informed consent. The patients had no risk of participating in the study.  
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5.2 Myocardial Work analysis – Step by step  

In the introduction (Chapter 3.3.3), we explained in detail the physiological background of the 

assessment of MyW. Here, we will concentrate on practical steps on how to obtain a measure 

of MyW. MyW analysis was conducted off-line using commercially available software EchoPAC 

(Version 202, GE). Initially, using pulsed-wave Doppler through the mitral valve inflow and 

continuous-wave Doppler through the aortic valve, we determined valve closure and opening 

times for each participant (Figure 6a and 6b). Next, we assessed segmental longitudinal strain 

in apical three-, four-, and two-chamber views and derived the absolute value of global 

longitudinal strain (Figure 6c, 6d, 6e). Blood pressure, measured from the brachial cuff 

method, was then entered into the system (Figure 6f and 6g). The software calculations are 

based on a previously generated empiric normalized reference curve for LV pressure (87); see 

Chapter 3.3.3. This reference curve is then adjusted a) by aligning valvular times as assessed 

by echocardiography and b) by including blood pressure measured by cuff-manometer as a 

surrogate of peak systolic left ventricular pressure. After determining GLS and making the final 

adjustments of the valve times (if necessary) as well as entering blood pressure data (Figure 

6g). MyW outputs are as seen in Figures 6h and 6i. The following indices are derived (Note: 

these indices were shown in Chapter 3.3.3, but for easier reading, we decided to mention 

them again):  

 

a) global constructive work (GCW; unit: mmHg%), i.e., work performed during shortening 

in systole and adding negative work during lengthening in isovolumic relaxation, also 

defined as work contributing to pump function;  

b) global wasted work (GWW, mmHg%), i.e., work performed during lengthening in 

systole or work performed during shortening against a closed aortic valve in isovolumic 

relaxation;  

c) global work index (GWI; unit: mmHg%), i.e., the total amount of work within the 

pressure-strain loop area calculated from mitral valve closure to mitral valve opening;  

d) global work efficiency (GWE; unit: %), i.e., GCW/(GCW+GWW);. 
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All indices are calculated as the mean of respective segmental values. MyW cannot be 

evaluated if more than one LV segment is unsuitable for speckle tracking, i.e., mostly due to 

suboptimal image quality.  

5.2.1 Intra- and interobserver variability of the method  

MyW analysis was performed by one researcher (FS). For the assessment of intra-observer 

variability used in manuscripts #1-3, 20 randomly selected scans, and for observer variability 

used in manuscript #4), 25 randomly selected scans were read by the same observer twice, 

two weeks apart. For the respective assessment of inter-observer variability, the same scans 

were read by a second person (CM) blinded to the previous results.  

The results of the inter-and intraobserver variability regarding MyW parameters for the 

respective manuscripts (1-3) were previously published and were favorably low (5) (see 

manuscript #1, Table 2; manuscript #2, supplemental Table S1; manuscript #4, supplemental 

Table S1 (40).  
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Figure 6a. First, using pulsed-wave Doppler in apical 4-chamber view, mitral valve closure and opening 

times are tracked. 

Figure 6b. Second, aortic valve closure and opening times are measured using continuous-wave Doppler 

in apical 5-chamber.  
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Figure 6c. Third, global longitudinal strain, starting with segmental strain measurements in 3-chamber 

view, is quantified. Adjustments in the automated speckle tracking contour are made if necessary. 

 

Figure 6d. Fourth, segmental strain in the apical 4-chamber view is quantified. Adjustments in the 

automated speckle-tracking contour are made if necessary.  
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Figure 6e. Fifth, segmental strain in the 2-chamber view is measured. Adjustments in the automated 

speckle-tracking contour are made if necessary. 

 

Figure 6f. Sixth, after estimating the respective segmental strain from three different apical views, the bull's 

eye scheme containing 17/18 segments (depending on the modality selected, respectively) is obtained. The 

next step is clicking the button on the right upper corner labeled “Myocardial Work”. 
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Figure 6g. Seventh, after selecting the myocardial work option, one is redirected again into the apical 3-chamber 

view. There, time points of valve events can be checked and adjusted, if necessary. Systolic and diastolic blood 

pressure values are entered in order to allow computation of segmental and global MyW values. This concludes 

the MyW assessment procedure. 

 

Figure 6h. Left: the global pressure-strain loop is presented, indicating the myocardial work index (i.e., the area 

within the loop). Right: the segmental myocardial work index values are shown in the bull's eye plot. MyW indices 

are calculated as a mean of the respective segmental values. 
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Figure 6i. Left: the global pressure strain loop is shown, indicating the MyW index (i.e., the area within the loop). 

Right: segmental work efficiency values are shown. MyW indices are calculated as a mean of the respective 

segmental values.
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5.3 Statistical methods and data analysis 

Statistical analyses were performed using SPSS (Version 22, 25 and 26, SPSS Inc., Chicago, USA) 

and R 3.6. Continuous variables are reported as mean with standard deviation (SD) or median 

with quartiles. Categorical variables are reported as frequencies with percentages. Data were 

tested for normality using the Shapiro-Wilk test. Normally distributed data were assessed 

using the Student´s t-test. Non-normally distributed data were compared using Mann-

Whitney U-test or Kruskal-Wallis test, and categorical variables using the chi-square test. 

Additional statistical procedures used in each respective manuscript are described below. 

Manuscript #1 (127). The Bland-Altman method with 95% limits of agreement was used to 

assess intra- and inter-observer variability (also in Manuscripts #2 and #3). Scatter diagrams 

of MyW indices with age were plotted with trend curves obtained from a locally weighted 

regression, and general linear models were computed(127). Kendall´s τ correlation coefficient 

was used to evaluate the associations of MyW indices with anthropometric and 

echocardiographic parameters in the subgroup of healthy individuals from the STAAB cohort.   

Manuscript #2 (5). The association of CV risk factors with MyW indices was investigated 

through univariable linear regression analysis. In the second step, the multivariable models 

were run with adjustment for age and sex. As MyW is highly impacted by the current 

measurement of blood pressure, we additionally adjusted in separate models for systolic 

blood pressure.  

Manuscript #3 (96). Univariable linear regression analysis was used to assess the association 

of LV geometry (LV mass and LV volumes) with MyW indices. Based on the results from 

univariable regression and physiological information behind these parameters, a model using 

the enter method was created, including age, sex, body mass index (BMI), LVEF, GLS, heart 

rate, LDL cholesterol, HbA1c, hypertension, LVMi, and LVEDVi. Further, to investigate trends 

in MyW indices, the Jonckheere-Terpstra was used.  

Manuscript #4 (40). In patients hospitalized for AHF, the shape of the distribution of MyW 

indices was inspected using histograms and kernel density estimation. Scatter plots, and 

Pearson´s product-moment correlation coefficients (with 95% CI) were used to assess 

correlations between markers of LV systolic and diastolic function (log NT-proBNP, LVEF, mean 

e’) with MyW indices. To quantify the direction and strength of association between the 

degree of NT-proBNP change reached during the in-hospital stay and the corresponding 
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change in MyW, we used a generalized linear model with gamma regression that allows 

modeling of skewed data(140). The ratio between discharge and admission, i.e., the discharge-

to-admission ratio (DAR), was analyzed for all MyW parameters as a dependent variable. The 

DAR can be interpreted as “percent change”. Gamma rates were estimated using a 

multiplicative exponential model with terms for the LVEF category, NT-proBNP (also included 

as DAR), and their interaction term. Expected marginal mean gamma rates with 95% CI and p-

values were estimated. Cox proportional hazard regression was used to explore the utility of 

MyW indices to predict time to death or all-cause re-hospitalization, and fixed adjustment for 

age and sex was employed in prognostic analyses. All tests were performed 2-sided. P-values 

<0.05 were considered statistically significant. 
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6 Results 

6.1 Manuscript #1 

Morbach C, Sahiti F, Tiffe T, Cejka V, Eichner FA, Gelbrich G, Heuschmann PU, Störk S – 

‘’Myocardial Work – correlation patterns and reference values from the population-based 

STAAB cohort study’’ PLoSONE 15(10):e0239684. Published online 2020 Oct 8. 

doi: 10.1371/journal.pone.0239684 PMID: 33031416. Copyright: ©2020 Morbach et al.(127) 

This is an open-access article distributed under the terms of the Creative Commons Attribution 

License, which permits unrestricted use, distribution, and reproduction in any medium, 

provided the original author and source are credited. 

6.1.1 Summary 

A total of n=779 apparently healthy participants (49 ± 10 years, 59% women) in sinus rhythm, 

free from CV risk factors or disease and without significant LV valve disease, were derived 

from the total sample (n=4965) of the population-based STAAB cohort study, and MyW indices 

were assessed. The trend curves obtained from locally weighted regression showed a 

disparate association of MyW indices with age below vs. above the threshold of 45 years.  

GCW residuals showed a normal distribution and an upward shift occurring at the age of 45 

years. The reference for GCW in individuals younger than 45 years was determined at mean 

2366 mmHg% (95% CI 2330; 2482) and in individuals older than 45 years at mean 2457 

mmHg% (95% CI 2428; 2486). 

As the data for GWW was non-normally distributed, we assessed non-parametric percentiles 

of residual distributions. Levels of GWW were also stable until the age of 45 years with 

reference values of median 68 mmHg% (quartiles 50, 90), but exhibited a slope of 6 points per 

age decade beyond the age of 45, with reference values of median 73 mmHg% (quartiles 52, 

103).  

Other than for GCW or GWW, GWI values were different between sexes, with higher values 

in women compared to men. Reference values below age 45 years for women were median 

2206 mmHg% (quartiles 2003, 2409), and 2141 (quartiles 1938, 2344) for men. Reference 

values above age 45 years for women were 2252 mmHg% (quartiles 2049, 2455) and 2187 

https://dx.doi.org/10.1371%2Fjournal.pone.0239684


Results 
Manuscript #1 

 

 
51 

mmHg% (quartiles 1984, 2390) for men. GWE values were also stable up to age 45 years and 

not different between sexes. GWE decreased by 0.5% per increase in the age decade.  

Further, the established reference values for each MyW index (Chapter 6.1.2, Table 3) serve 

to distinguish healthy from different disease entities.  

Using Kendall´s  correlation coefficient, we evaluated the association of MyW indices with 

anthropometric and echocardiographic markers. These markers were all within the normal 

range (as they were derived from healthy participants). Blood pressure was positively related 

to GWI, GCW, GWW and negatively to GWE. Systolic markers of LV function such as LV ejection 

fraction and global longitudinal strain were positively related to GWI, GCW, GWE, and 

negatively to GWW. Indicators of cardiac morphology (e.g., LV mass or LA volume) were 

positively related to GCW and GWW and inversely to GWE. E/e` as a marker of diastolic 

function was positively related to GCW and GWW and inversely to GWE. Body mass index, left 

ventricular end-diastolic volumes, stroke volume, and heart rate showed no significant 

correlation with MyW indices.
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6.1.2 Manuscript (publication)  
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6.2 Manuscript #2 

Sahiti F, Morbach C, Tiffe T, Cejka V, Wagner M, Eichner FA, Gelbrich G, Heuschmann PU, Störk 

S – Impact of cardiovascular risk factors on myocardial work—insights from the STAAB cohort 

study. J Hum Hypertens (2021). https://doi.org/10.1038/s41371-021-00509-4).  

Copyright: ©2021 Sahiti et al. (5) This is an open-access article distributed under the terms of 

the Creative Commons Attribution License, which permits unrestricted use, distribution, and 

reproduction in any medium, provided the original author and source are credited. 

6.2.1 Summary 

From a total of n=2473 individuals included in the first planned interim analysis of the STAAB 

cohort study, n=1929 (mean age 54±12 years, 49.3% women) were eligible for MyW analysis. 

Based on the echocardiography and baseline control at the study visit, we had to exclude 

n=544 individuals. Reasons to exclude were: a) significant non-myocardial heart disease, n=47 

(not in sinus rhythm, more than mild regurgitation, any stenosis of the mitral or aortic valve, 

symptomatic HF); b) missing blood pressure value, n=16; c) technical issues regarding the 

required views, n=143; d) suboptimal image quality, n=338. Excluded individuals were more 

often women, older, and had a slightly worse clinical CV risk profile compared to the 

individuals included in the analysis. 

Four hundred thirty-nine individuals were free from CV risk factors defined as the “apparently 

healthy”`` subgroup. The 1490 individuals who exhibited at least one CV risk factor at the time 

of examination were older, were more often men, and had a higher body mass index 

compared to participants with no CV risk factors. Hypertension was the most prevalent CV risk 

factor in the total study sample, followed by smoking, obesity, and dyslipidemia. 

In the current analysis, compared to individuals without any CV risk factor, individuals with ≥1 

CV risk factor showed higher values of GCW and GWW, i.e., resembled the pattern of MyW in 

healthy individuals of advanced age. This observation was consistent with the concept of 

accelerated myocardial aging induced by the presence of CV risk factors. Differences in GCW 

and GWW between groups were not only significant but also large. In contrast, differences in 

GWI and GWE were subtle though statistically significant.   
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Men and women were of similar age, but women had lower body mass index, lower blood 

pressure, higher LV ejection fraction, and more negative GLS. Further, women had a lower 

prevalence of hypertension, diabetes, and dyslipidemia compared to men, yet there were no 

differences regarding smoking or obesity. Individuals in the group with ≥1 CVRF exhibited 

higher values for GWI, GCW, and GWW and lower values for GWE. Values for GCW were higher 

in women compared to men, whereas no sex difference was apparent regarding GWW.  

In multivariable regression analysis adjusted for age and sex, arterial hypertension emerged 

as the risk factor with the most profound impact on MyW indices. Arterial hypertension was 

associated with higher values of GCW and GWI and was the only factor that was also 

associated with increased GWW. To a lesser degree also diabetes mellitus, obesity, 

dyslipidemia, and smoking affected MyW indices independent of blood pressure. They were 

associated with reduced GCW but not with GWW. All CV risk factors were associated with a 

decrease in GWE.  
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6.2.2 Manuscript and supplement (publication) 
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6.3 Manuscript #3 

Sahiti F, Morbach C, Cejka V, Albert J, Eichner FA, Gelbrich G, Heuschmann PU, Störk S – ``Left 

ventricular remodeling and myocardial work: Results from the STAAB cohort study’’ Front 

Cardiovasc Med. 2021 Jun 11;8:669335. doi: 10.3389/fcvm.2021.669335. PMID: 34179134; 

Copyright: ©2021 Sahiti et al. (96) This is an open-access article distributed under the terms 

of the Creative Commons Attribution License, which permits unrestricted use, distribution, 

and reproduction in any medium, provided the original author and source are credited. 

6.3.1 Summary 

Based on the data from the first pre-planned interim analysis of the STAAB cohort study, 1926 

individuals (49.3% women, mean age 54±12 years) were eligible for MyW analysis. These 

individuals were in sinus rhythm, had an LV ejection fraction ≥ 50%, and had no significant LV 

valve disease. Based on the current recommendations (10, 134), study participants were 

allocated to 4 groups depending on their pattern of LV geometry: n=1789 individuals (93%) 

had normal LV geometry, n=100 (5%) exhibited concentric remodeling, n=31 (1.6%) eccentric 

hypertrophy, and n=6 (less than 1%) concentric hypertrophy.  

Participants with abnormal LV geometry patterns were older, had higher levels of BMI, blood 

pressure, NT-proBNP, LDL cholesterol, and HbA1c compared to participants with normal LV 

geometry. Further, markers of systolic function (LV ejection fraction, stroke volume, and GLS) 

and diastolic function, although still within normal ranges, were more favorable in normal LV 

geometry compared to abnormal LV geometry patterns.  

Alterations in MyW were apparent with an abnormal LV geometry pattern. GCW and GWI 

values were highest in concentric hypertrophy. A deviation from normal LV geometry was 

associated with higher values of GWW and lower GWE, respectively. In multivariable 

regression analysis adjusted for age, sex, BMI, heart rate, LV ejection fraction, LDL cholesterol, 

HbA1c, and hypertension, higher LV volume was associated with higher GWW (+0.5 mmHg% 

per mL/m2, p<0.001) and lower GWE (–0.02% per mL/m2, p<0.01).  

In comparison, higher LV mass was associated with higher GWW (+0.45 mmHg% per g/m2, 

p<0.001) and GCW (+2.05 mmHg% per g/m2, p<0.01), and lower GWE (–0.015% per g/m2, 
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p<0.001). These associations were dominated by the impact of blood pressure level and were 

also observed in hypertensive participants with still normal LV geometry.  
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6.3.2 Manuscript and supplement (publication) 
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6.4 Manuscript #4  

Sahiti F, Morbach C, Henneges C, Stefenelli U, Scholz N, Cejka V, Albert J, Heuschmann PU, Ertl 

G, Frantz S, Angermann CE, Störk S. Dynamics of Left Ventricular Myocardial Work in Patients 

Hospitalized for Acute Heart Failure. (40) J Card Fail. 2021 Dec;27(12):1393-1403. doi: 

10.1016/j.cardfail.2021.07.004. Epub 2021 Jul 29. PMID: 34332057.  

6.4.1 Summary 

Based on the data collected for the Acute Heart Failure (AHF) Registry between August 2014 

and December 2017, n=185 participants hospitalized for AHF had two echocardiograms on 

admission and prior to discharge, respectively. Of those, n=126 (mean age 73±12 years, 37% 

women) could be evaluated using MyW analysis and were included in the study. 

Echocardiographic examinations were conducted within a median time of 43 hours (quartiles 

19, 69) after admission and within 72 hours prior to discharge. 

The majority of these patients (83%) suffered from chronic HF, and only 17% exhibited de novo 

HF. On admission, most patients reported symptoms compatible with NYHA functional class 

III or IV, respectively. Based on the measurements at discharge, 51 patients (40.5%) had a LVEF 

<40% (HFrEF), n=8 patients (6.3%) LVEF 40-49% (HFmrEF), and n=67 (53.2%) LVEF ≥50% 

(HFpEF). Patients with HFrEF were younger, less often women, had lower blood pressure 

values, and had fewer comorbidities such as hypertension, diabetes mellitus, and 

hyperlipidemia when compared to patients with HFpEF. In addition, HFrEF patients presented 

with higher LV volumes and LV mass. From admission to discharge, we found no major shifts 

between HF categories. Strain values and absolute values of MyW indices such as GCW, GWI, 

and GWE, were significantly lower in HFrEF compared to patients HFpEF. GWW was the only 

parameter that did not differ between the two groups of patients. Further, using Pearson`s 

correlation coefficient, we found that all MyW indices except for GWW were associated with 

markers of LV function, i.e., NT-proBNP, LVEF, and e’.  

During a median hospital stay of 12 days (quartiles 8, 12), patients lost a median weight of 3 

kg (quartiles 1, 7), paralleled by a decrease in NT-proBNP of 1815 pg/ml (quartiles 5173, 366). 

Even though absolute levels of NT-proBNP were higher in HFrEF than HFpEF, the relative in-
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hospital change of NT-proBNP was of similar magnitude in both subgroups, with most patients 

experiencing a marked decrease.  

Changes occurring in MyW indices during the in-hospital stay were then related to changes in 

NT-proBNP. In patients with HFrEF, a significant improvement in GCW, GWI, and GWE was 

apparent in HFrEF patients that was associated with decreasing NT-proBNP levels. No such 

association was found for GWW. In patients with HFpEF, a different pattern emerged as no 

relevant in-hospital changes in GCW, GWI and, GWE ratios were found. However, in patients 

in whom NT-proBNP levels failed to drop, GWW increased. 

During six months of follow-up, 90 events of the combined endpoint death or hospitalization 

occurred (18 deaths, 72 patients with at least one rehospitalization). In Cox proportional 

hazards regression adjusted for age and sex, GWW (HR 1.035 per 10 mmHg% increment, 

95%CI 1.005-1.065; p=0.020) and GWE (HR 0.967, 95%CI 0.939-0.996; p=0.024) measured at 

discharge predicted the 6-month risk for the combined endpoint re-hospitalization or death.  
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6.4.2 Manuscript and supplement (publication) 
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Graphical abstract. Reprinted from Sahiti F, Morbach C, Henneges C, Stefenelli U, Scholz N, Cejka V, Albert J, 

Heuschmann PU, Ertl G, Frantz S, Angermann CE, Störk S. Dynamics of Left Ventricular Myocardial Work in 

Patients Hospitalized for Acute Heart Failure. J Card Fail. 2021 Dec;27(12):1393-1403. doi: 

10.1016/j.cardfail.2021.07.004. Epub 2021 Jul 29. PMID: 34332057. (40) 
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7 General Discussion 

In the current doctoral thesis, I characterized and systematically investigated the application 

of a novel echocardiography-based approach, i.e., the non-invasive assessment of MyW. 

We established age-adjusted normal reference values for MyW indices from healthy 

individuals of the general population and showed that derivation of MyW is a robust tool with 

favorable intra-and interobserver variability. We obtained in-depth, innovative insights into 

the relationship of MyW with CV risk factors and components of LV geometry, i.e., LV mass 

and LV volumes. Finally, we shed light onto the in-hospital dynamics of MyW indices in 

patients with AHF across the whole spectrum of LVEF. 

Echocardiography-derived MyW is an invasively validated approach that allows to determine 

constructive and wasted left ventricular work from pressure-strain loops and to obtain serial 

measurements from larger groups of patients (96). Compared to other echocardiographic 

measures, MyW has two major advantages: 1) it is considered less dependent from loading 

conditions than LV ejection fraction (LVEF) and longitudinal strain, and 2) it covers the majority 

of energy-depleting LV function components, i.e., systolic contraction and early diastolic 

active relaxation. These properties render MyW a promising method for future applications in 

research and clinical practice. 

In the following sections, the findings of the current PhD work are highlighted in the context 

of the published literature regarding 1) reference values of MyW indices 2) the relationship of 

myocardial function with CV risk factors, especially of hypertension, and potential 

pathophysiological insights in various CV diseases as well as the characterization of LV 

subclinical changes using MyW, and 3) the serial application of MyW in patients hospitalized 

for AHF. 

 

7.1 Reference values 

By integrating LV work during systole and active relaxation in early diastole, non-invasive MyW 

indices capture the majority of components comprising “active LV work”, i.e., requiring 

energy. For any given marker, reference values derived from healthy individuals serve as a 

mean to differentiate between normal (physiological) conditions and pathological ones. Thus, 
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studies regarding reference values are essential. At the time point when the research proposal 

was written and approved by the thesis committee, there was no study yet reporting on 

reference values of MyW. In the meantime, results from two smaller studies from adult 

populations were published (141, 142). Extending these reports from convenient samples, the 

main strength of a population-based sample like ours is that the distribution of (apparently) 

healthy individuals, those with certain risk profiles, and subjects with established disease, 

occurs in group sizes that ideally approximate “real-world” (i.e., given the sampling strategy 

was correct) and avoids sampling bias. Valid results and conclusions may be derived if the 

sample size is large enough and statistical analyses are applied correctly. STAAB was designed 

by a multidisciplinary team of experts, and the design was extensively reviewed by an 

international expert panel prior to funding (the methods have been published) (128).  

The NORRE study (Normal Reference Ranges for Echocardiography) was a multi-centric study, 

comprising 22 collaborating centers, and was the first to publish reference values for MyW 

(141, 143). Regarding MyW analysis, NORRE evaluated 226 self-reported healthy volunteers 

of different ethnicities, 62% women, mean age 45 (13) years. Further, at the University 

Hospital Rennes, France, a convenient sample of 115 individuals, 32 women, mean age 36 (13) 

years, was studied with respect to MyW reference values (142). In contrast, in our population-

based sample balanced for age and sex, 779 healthy individuals, 59% women, mean age 49 

(10) years, were investigated (127). This comprises four to seven times more healthy 

individuals compared to other published studies (127). In contrast to the former studies, 

STAAB used a rigid methodological approach to yield representativeness, as studied subjects 

were derived from the general population, strictly stratified for age decade and sex (127). The 

larger sample size results in more precise point estimates and increases statistical power in 

analyses.  

GWI and GCW values in our cohort were higher compared to the two other studies but were 

closer to ideal reference values calculated mathematically. This might be partially explained 

by a better characterization of the status “healthy”, where GLS values were mean -21.4 (-2.3) 

%, and systolic blood pressure values were mean 119 (19) mmHg. Further, in a normal healthy 

heart, LV segments are supposed to contract in a synchronous manner against a given blood 

pressure, and ideally, the work efficiency should be close to 100%. Thus, one would expect a 

healthy heart to work at optimal efficiency without losing work, as “work lost” is considered a 

burden for the LV. In our study sample, the median GWW was lower compared to the other 
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cohorts but not zero, suggesting that even in healthy individuals, a certain amount of cardiac 

work is “wasted”. However, this can be potentially explained by the presence of post-systolic 

shortening, which was present even in healthy participants (99, 144). In contrast, in patients 

with left bundle branch block (LBBB) and cardiomyopathies, there are segments that lengthen 

during systole or contract against a closed aortic valve, thereby grossly increasing the amount 

of wasted work. These observations highlight the importance of MyW as a sensitive marker 

detecting work being lost even in normally contracting ventricles (145). Of note, MyW 

reference values at young adolescents did not differ much from adults (146). 

One advantage of this new method is that it is non-invasive. However, not every 

echocardiographic image is evaluable as a certain level of image quality is needed to trace the 

entire LV in all three apical views. In the STAAB cohort study, we found MyW analysis with 

high but not excellent feasibility (feasibility 78 to 80%). It takes an experienced reader 

approximately 2-3 minutes to fully read one MyW analysis off-line.  

Our results extend the previously published data (127, 141, 142). MyW indices apart for GWI 

were shown to be independent of sex and body mass index, respectively. Similar to LVEF and 

GLS, MyW index was slightly higher in women compared to men. Owing to the geometry of 

the women's heart, women exhibit more favorable contractility. Prior to menopause, blood 

pressure is considerably lower (10) compared to the postmenopausal period when humoral 

changes pose women at similar risks of hypertension and myocardial infarction as men (147). 

Thus, MyW considering afterload might be a more reliable tool to assess LV performance in 

response to changes in hemodynamic/cardiometabolic conditions across the lifespan.  

Our results showed a disparate association of MyW with advancing age. Levels of MyW indices 

were stable until the age of 45 years. Further, we identified a slight increment at the age of 45 

for GCW and GWI with an upward shift to again stable values beyond this age. In contrast with 

advancing age, we observed a linear increase in GWW and a linear decrease in GWE, 

respectively. The increase in MyW indices and decrease in work efficiency with advancing age 

might be explained by ventricular-vascular aging and the increased prevalence of 

hypertension and other CV risk factors. These changes might potentially reflect progressive 

fibrosis and remodeling of cardiomyocytes as a physiological process of aging (69, 127).  

Further, MyW indices were associated with parameters of systolic and diastolic function. 

However, these associations were weak (127). More specifically, MyW indices were associated 
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with LVEFand GLS but showed weak correlation with LVEF (Kendall’s  –0.12 to 0.18) and weak 

to moderate correlation for GLS (Kendall’s  –0.09 for GWW; +0.22 for GWE; +0.44 for GCW; 

+0.46 for GWI), suggesting that indices of MyW are likely to offer additional information 

beyond LVEF and GLS and to contribute to a more comprehensive assessment of LV 

performance.  

 

Clinical implications 

Based on the results of the current PhD thesis, we can recommend the use of decade-specific 

MyW values in order to differentiate healthy aging from accelerated aging fueled by risk 

factors. The novel echocardiographic MyW indices (apart from GWI) were independent from 

sex and provided incremental information on LV performance beyond LVEF and GLS.  

 

7.2 Hypertension and Myocardial Work  

The presence of the modifiable risk factors and comorbidities and the lack of proper and timely 

control lead to local and systemic changes in the body organs. In the beginning, these changes 

are considered an adaptive response. Further, non-modifiable risk factors such as age, sex, 

and genetic profile also play an important role in influencing the CV system (148). 

Hemodynamic and non-hemodynamic factors mainly affect the morphology and function of 

the cardiac chambers, especially the LV.  

LV cardiac remodeling is defined as a spectrum of molecular, cellular, and interstitial 

alterations affecting all components of the heart, i.e., myocytes, vasculature, and extracellular 

matrix (149, 150). The clinical manifestation of these alterations are changes in cardiac 

morphology and function of the heart – usually after a cardiac trauma, e.g., in the context of 

myocardial infarction (149-151). On the other hand, progressive remodeling occurs mainly 

due to increased hemodynamic load, either induced by pressure as in hypertension or by other 

conditions, e.g., valvular disease (96, 134, 152). If left untreated, these conditions lead to 

systolic and diastolic dysfunction (153, 154). Thus, LV remodeling (i.e., hypertrophy and 

dilation) are the fundamental precursors of clinically overt HF (155, 156). These changes are 

associated with adverse cardiovascular events, although the exact mechanisms are still 

incompletely understood (156, 157). In this project (Manuscripts #2 and #3), we used different 
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approaches to characterize MyW and elucidate LV performance. Firstly, we evaluated the 

impact of individual CV risk factors on LV performance. Secondly, we approached from the 

structural side and analyzed the association of LV geometry (LV mass and dimensions) and its 

changes, i.e., remodeling, with LV performance. We were well aware that cardiac work is a 

result of the co-existence and interaction of both cardiac structure and function. However, all 

the parameters available to date, except for invasive measurements, have failed to provide a 

clear picture on the performance of the heart during states at risk.  

Data from the sample included in the MyW analysis (i.e., n=1929 individuals from the first pre-

planned interim analysis of population-based STAAB study) showed a high prevalence of 

modifiable CV risk factors. 77% of the individuals exhibited at least one CV risk factor, with a 

marked predominance of arterial hypertension, followed by smoking and obesity. Further, the 

majority of our study participants showed a normal LV geometry. This is in line with results 

from other population-based studies investigating the clinical relevance of LV geometry, 

including mainly hypertensive populations (150, 158). Individuals with a history of HF were 

not eligible for the STAAB cohort study. Further, individuals with significant valve disease or 

individuals not in sinus rhythm were excluded from the MyW analysis. These factors might 

also have contributed to the high prevalence of individuals with normal LV geometry.  

We found that the presence of individual CV risk factors was associated with altered MyW 

indices. Hypertension showed the strongest association with impaired MyW and was the only 

CV risk factor associated with increased wasted work. Hypertension was associated with 

higher amounts of expended work overall (GWI), which was consistently stronger in women 

compared to men. The same applied for the physiology-based indices, i.e., constructive and 

wasted work, which were higher in hypertensive compared to healthy individuals (5). Our 

results are in line with reports from other recently published studies (115, 159). However, 

these studies showed a preserved GWE in the population with hypertension. 

In contrast, we observed an adverse impact of CV risk factors and especially hypertension on 

MyW efficiency. This also applied to changes in LV geometry components, which, even though 

not as strong, were significantly associated with MyW alterations and lower cardiac work 

efficiency. These initially subtle alterations very well might turn long-term into a major 

pathophysiologic driver of hypertension-induced changes and ultimately symptomatic HF (5). 

Other CV risk factors than blood pressure were associated with a different but consistent MyW 

pattern, i.e., lower constructive and unchanged wasted work. This implies that CV risk factors 
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might weaken the heart and reduce the cardiomyocyte's contractility without increasing 

dyssynchrony and wasted work. The reasons for this are not obvious so far but might be based 

on subtle disturbances in the interplay of electrical excitation, pumping processes, and the 

function of the heart valves, as well as by promoting adverse remodeling and cardiovascular 

disease. (5, 96). The planned STAAB follow-up will shed light on long-term changes associated 

with CV risk factors. 

In the following, we concentrated on the discussion on the most commonly observed CV risk 

factor, arterial hypertension, exhibiting a prevalence of 44%. Hypertension is a predominant 

CV risk factor and causes LV hypertrophy. American Guidelines on HF consider hypertension 

and LV hypertrophy as parameters defining HF precursor stages A and B, respectively, thereby 

emphasizing the progressive nature of the HF syndrome and the importance of HF prevention 

(20). There is growing evidence that the changes in LV geometry occur already at the early 

stages of hypertension and are also associated with slight impairments in LV function (154). 

Prevention of these structural changes or regression of LV hypertrophy was seen with blood 

pressure control either by employing lifestyle changes or antihypertensive treatment, leading 

to lower outcomes rates (160-163). With the rapid technological advancements and new 

echocardiographic methods, echocardiography remains the first-line imaging tool for the 

assessment of cardiac function in the hypertensive population (134, 164-166). The assessment 

of LV strain has been recommended as a routine parameter to assess LV remodeling and 

function in the hypertensive population (134, 166). However, both LVEF and GLS are 

considered load-dependent, thus not as well suited for tracking changes in LV function related 

to changes in loading conditions (114) and subsequently to understand the pathophysiology 

of LV remodeling related to hypertension.  

Our findings revealed that all MyW indices apart from global work efficiency were significantly 

higher in individuals with hypertension compared to apparently healthy individuals. Further, 

hypertension also had the strongest impact on MyW, “draining the heart energetically” and 

wasting its work, i.e., the only risk factor with a major influence on GWW. In contrast, other 

CV risk factors had no impact on GWW but only decreased GCW and GWE. Importantly, this 

effect was independent of systolic blood pressure.  

Thus, we suggest that different CV risk factors might follow different pathways of myocardial 

alteration. As mentioned earlier, other studies failed to demonstrate differences in GWW and 

GWE in patients with hypertension compared to controls (115, 159, 167). Further, Mansour 
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et al. found that peak GLS and SBP above 180 mmHg appeared to be independent predictors 

of abnormal GWW (168). However, these studies were limited in the selection process of 

defining healthy control groups and included small sample sizes, causing limited statistical 

power.   

Previous studies, most of them using invasively derived indices of myocardial contractility as 

stroke work or end-systolic elastance (EES) or arterial elastance (EA), showed similar results, 

with higher values in hypertensive patients compared to patients with optimal blood pressure 

(169). This was also confirmed in our study using echo-derived measures, where we showed 

that patients with hypertension conducted significantly higher amounts of work (increased 

GWI and GCW) compared to healthy controls (5, 96). In normal subjects, when LV faces higher 

afterload to eject the blood, there is a compensatory response of the LV maintaining stroke 

volume and LVEF (170). LV function increases to higher energy levels that are necessary to 

maintain homeostasis and match the arterial afterload (115, 145, 167). A potential increase in 

afterload has been proven to decrease GLS, which often may lead to misinterpretation of the 

true contractile function (90, 91, 115). Higher GWI, which refers to the amount of work 

performed from the LV, was inversely associated with peak oxygen consumption and 

positively with functional capacity independently of LV structure and function in all 

hypertensive participants (115). On the other side, prolonged exposure to hypertension which 

is followed by adverse remodeling and increased LV stiffness was associated with reduced 

blood flow that may decrease of coronary flow reserve (171-174) and an altered cardiac 

reserve, which is unable to increase myocardial performance in situations of stress (174). This 

may partially explain why the hypertrophied segments with pronounced tissue fibrosis in 

cardiomyopathies are unable to increase cardiac work during acute changing loading 

conditions and typically result in lower values of MyW indices (114, 115, 145).  

Hypertension was more present in altered patterns of LV geometry. We observed that even 

in patients with normal LV geometry, 41% of individuals presented with hypertension, which 

represents a significant amount of comorbidity, considering normal LV geometry. Compared 

to the individuals within normal LV geometry and without hypertension. The observation that 

hypertension closely interacts and correlates with muscle mass is well established, and several 

studies have found that patients with hypertension undergo cardiac changes (175, 176). We 

observed that a higher blood pressure throughout different categories was associated with 

higher LV mass and dimensions and, subsequently, alterations in the systolic performance of 
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the LV. This was observed even for subtle changes in LV mass and dimensions within normal 

current cut-off values of blood pressure and before end-organ damage, i.e., LV hypertrophy. 

Previous studies reported similar findings suggesting that LV geometry change might occur 

before the onset of overt hypertension and/or progresses concurrently (156, 177-179), 

confirming the relationship between LV remodeling and blood pressure (176, 180-182). 

However, differences in conventional contractility indices between patients with optimal 

blood pressure and in the prehypertension stage were not significant (179). These subtle LV 

structural-functional changes may be detected with the help of new methods in 

echocardiography (87, 89, 96, 183). Compared to other studies, which found a significant 

increase in wasted work only in patients with SBP above 180 mmHg, we found a significant 

linear increase in wasted work and a trend towards a decrease in work efficiency even in pre-

hypertension (SBP between 120-139 mmHg). The group of high normal blood pressure (130-

139 mmHg) showed higher values of wasted work compared to healthy controls (96, 127). The 

American Guidelines (184) have set a lower limit of SBP ≥130 mmHg to define hypertension 

and advocate for stricter blood pressure control. In contrast, the European Guidelines refer to 

a systolic blood pressure value ≥140 mmHg (164, 166). Our results tend to support the 

American recommendations and emphasize the importance of early examination of LV 

mass/dimensions and blood pressure since early changes within formally normal LV geometry 

were already associated with alterations in LV performance. A more optimal and stricter 

control of blood pressure can potentially help to control and prevent changes in LV structure 

and performance.  

Regarding alteration in cardiac structure, we defined three groups of individuals exhibiting 

abnormal LV geometry, which might be considered small. Yet, our main intention was not to 

statistically compare potential differences between these groups. Rather, the three 

pathological groups (see Figure 5) served as examples of the (well-acknowledged) disease 

paradigm (134), characterizing the gradual alteration of LV morphology over time given 

certain risk constellations (i.e., hypertension) (96). As expected, we found representative 

frequencies of these constellations in the cross-sectional STAAB sample. We then contrasted 

the myocardial function of these three pathological groups with the non-pathological group. 

When we characterized MyW, an innovative surrogate of LV performance, fairly large 

differences emerged between these four groups (see Manuscript #3, Figure 1). We observed 
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that across the entire spectrum of hypertrophy, MyW is gradually and specifically altered, 

providing additional information on LV performance.  

Another major finding, however, related to the “normal group”. Still, within the range of 

normal LV mass and dimensions, individuals with hypertension already exhibited the same 

MyW pattern, even though less pronounced, that can be found in individuals with LV 

hypertrophy. We concluded that this pattern might constitute an early sign of myocardial 

alteration by hypertension, thus potentially aiding in risk stratification and primary prevention 

strategies. MyW might be considered a sensitive parameter of early myocardial alteration, 

and further studies are needed to assess the diagnostic and prognostic utility of this novel 

imaging tool as well as its potential role in the assessment of treatment response. 

 

Clinical implications  

Our studies showed that echo-derived MyW is a tool with high feasibility which provides 

incremental information regarding LV performance beyond LVEF and GLS in both the 

population at large and in selected samples of individuals with hypertension. Our results 

suggest an alteration in myocardial performance associated with hypertension which can be 

found already in hypertensive individuals with preserved LV geometry. Thus, MyW might 

become a valuable, sensitive imaging tool for preventive and therapeutic strategies. 
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7.3 Heart failure and Myocardial Work  

HF is a progressive disorder frequently originating acutely from an index event damaging the 

heart muscle or long-term gradually from exposure to adverse factors, i.e., “risk factors” (41). 

Conceptually, HF is characterized by two disparate hemodynamic patterns occurring with a 

similar frequency associated with either volume overload (e.g., following myocardial 

infarction or advanced valvular insufficiency) or pressure overload (e.g., in undertreated 

chronic hypertension or advanced valvular stenosis). In either condition, the assessment of 

the LV function in patients with HF is paramount. The bi-modal distribution of LVEF among 

patients with HF and their related patient characteristics suggest distinct pathophysiology in 

the two types of HF (40, 185, 186).  

In patients with a reduced LVEF (i.e., HFrEF), the LV contractile force during systole is 

compromised, usually aggravated by overexpression of biologically active molecules exerting 

deleterious effects on the heart and circulation (41, 187). In patients with HFpEF, relaxation in 

the diastolic phase is predominantly compromised, usually reflected by pathologically 

increased LV mass and myocardial and/or vascular stiffness (150, 188-190). Whereas systolic 

compromise is fairly easy to diagnose, quantification of diastolic impairment in patients with 

HFpEF remains a major challenge for both research and clinical routine. It adds to the 

complexity of the HFpEF syndrome that an additional alteration of LV longitudinal systolic 

function appears to play a complementary albeit significant role (26, 72). Currently, two 

algorithms are clinically used to establish a diagnosis of HFpEF (191, 192). If the respective 

score suggests an intermediate likelihood of HFpEF (“gray area”), stress echocardiography or 

stress right heart catheterization is required to make the final diagnosis (191, 192).  

Technological developments in imaging tools, especially in strain imaging, have made it 

possible to better understand the intricate diverse aspects of systolic function. E.g., measures 

considering changes in afterload such as pressure-strain derived MyW offer more 

physiological information regarding LV function. The application of MyW has been refrained 

to research up to now, and its clinical utility is largely unexplored. MyW has been shown to be 

more sensitive than LVEF and GLS to detect significant coronary artery disease in patients with 

Non-ST-Elevation Myocardial Infarction (NSTEMI) (89) – even in patients with no regional wall 

motion abnormalities and a normal LVEF (111). This indicates that MyW might better reflect 

the mechanistic properties of the heart, thus advancing our understanding of the 
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pathophysiological processes accompanying cardiac disease (5). However, up to now, there 

are few studies investigating the utility of MyW in patients with chronic HF. These studies 

mainly focused on patients undergoing cardiac resynchronization therapy (CRT), trying to 

better identify patients responding to CRT treatment (108, 109, 193, 194). Importantly, 

studying and applying MyW revealed new features of myocardial function in HF (195). Aalen 

et al. showed how mechanical factors impact abnormal septal motion, i.e., the “septal flash”, 

frequently observed in patients with HFrEF and left bundle branch block (91). Further, Chan 

et al. suggested that the estimation of MyW might allow a better understanding of the 

relationship between LV remodeling and wall stress considering loading conditions (115).  

Knowledge on determinants and patterns of potential in-hospital changes of myocardial 

function in patients with AHF are scarce in general and absent with respect to MyW. In acute 

conditions like AHF, echocardiography represents the imaging method that is most easily and 

readily available and offers essential information to triage the patient. In the acute setting, 

both HF phenotypes (HFrEF and HFpEF) have similar clinical presentation (i.e., signs and 

symptoms) and trigger similar treatment strategies. A better understanding of the processes 

underlying both decompensation and recompensation is needed to advance a personalized 

treatment approach.  

Recent studies reported that clinical and hemodynamic markers of congestion improve 

uniformly during hospitalization in both HFrEF and HFpEF (196, 197). Previous 

echocardiographic studies in AHF found no differences in echocardiography-derived indices 

of peripheral and cardiac congestion (inferior vena cava diameter, sPAP, left and right atrial 

area, E/e′ ratio) between HFrEF and HFpEF (198). LVEF is the most commonly used parameter, 

which depends but does not adjust for loading conditions and is therefore not ideal to study 

pathophysiological processes. In a clinical condition like AHF, where loading conditions play a 

dominant role, MyW should offer advantages to better capture LV performance.  

The presented work here is first to apply and analyze the novel MyW in patients hospitalized 

for AHF. We investigated the effects of recompensation on MyW by analysis of serial 

echocardiograms of AHF patients and estimated the changes in myocardial performance 

occurring during decongestion. Patients with acute decompensated HFrEF featured a 

decreased GLS and MyW index and strongly impaired work efficiency at admission. Further, 

during the in-hospital stay, we observed an increase in LVEF and GLS, as well as in GWI and 

GCW, as a measure of work contributing to ejection (127, 143). However, wasted work in these 
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patients was significantly increased and showed no significant change during the hospital stay. 

By contrast, patients with HFpEF (i.e., normal LVEF values) had slightly decreased GLS values, 

which improved during the in-hospital stay. Further, they showed slightly decreased GWI, 

GCW, and GWE at admission. However, similarly as in HFrEF, higher amounts of wasted work 

were observed and remained unchanged during hospitalization.  

Our study sample covered a wide spectrum of patients with different forms of HF and sets of 

comorbidities. In AHF patients, the duration of hospitalization depends not only on the 

severity of HF but also on the responsiveness to diuretic therapy and the management of 

comorbidities or complications. Hence, the duration of hospitalization is only a limited 

surrogate of disease severity and recompensation stage. We assumed that the time-point of 

discharge from the hospital might serve as the “best possible recompensation” that can be 

achieved for an individual patient. For the “level of success” of recompensation, however, we 

chose NT-proBNP and its changes as a parameter of fluid management. Thus, we described 

the dynamics of in-hospital changes in MyW indices in AHF patients in relation to changes in 

NT-proBNP as a surrogate marker of decongestive efforts. NT-proBNP is one the most well-

established markers of hemodynamic stress, congestion, and decongestion (29, 40, 136, 137, 

139). We observed an immense alteration at admission and a remarkable change between 

admission in a decompensated status and discharge after a median of 12 days of 

hospitalization. On average, patients lost 3 kg of body weight, with no difference between HF 

phenotypes. Similarly, no differences were found regarding the change in NT-proBNP between 

the HF groups. However, 16 patients showed no in-hospital decrease in NT-proBNP (40). 

With recompensation (as indicated by lowered NT-proBNP), we found an improvement in 

GCW, GWI, and GWE in HFrEF patients, while GWW remained unchanged. In contrast, in 

HFpEF patients, there was no significant change in global constructive work or work efficiency. 

However, unsuccessful recompensation (i.e., absence of a decrease in NT-proBNP from 

admission to discharge) was associated with an increase in GWW. These findings suggest a 

differential myocardial response to recompensation depending on the HF phenotype (40).  

A similar pattern of improvement in MyW was found in patients with chronic HFrEF treated 

with sacubitril/valsartan (199, 200). These patients showed reverse remodeling and 

improvement in global constructive work and MyW efficiency during 1 year of follow-up. 

There, wasted work also showed no significant change even in patients with chronic HFrEF 

(199, 200). These studies included only patients with HFrEF and did not relate changes in MyW 
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to changes in NT-proBNP or any other measure of recompensation. However, we suggest that 

the pattern of recompensation in patients with acute HFrEF is similar to the one with chronic 

HFrEF by improving GCW, work contributing to LV ejection, as the main parameter responsive 

to therapy in patients with acute and chronic HFrEF.  

On the other side, changes associated with recompensation in HFpEF might be revealed during 

longer-term follow-up and with a better classification of HFpEF according to the underlying 

etiology. Another reason might be that chronic deterioration and/or acute decompensation 

in HFpEF is not solely related to impairment in cardiac function and should trigger further 

research regarding extra-cardiac causes and comorbidities.  

In patients with HFrEF, Hedwig et al. showed a strong correlation between GWI and NT-

proBNP, peak oxygen consumption during cardiopulmonary exercise, and LVEF (201). GWI 

<500 mmHg% was a predictor of severely impaired LV function, inadequate cardiopulmonary 

exercise, and increased NT-proBNP levels, all of which are markers of poor prognosis (201). 

Further, Wang et al. investigated the utility of MyW in 508 chronic HFrEF patients (112). They 

showed that GWI was a better prognostic factor compared to LVEF and GLS regarding all-cause 

death and HF-related rehospitalization (112). In our study sample, GCW, GWI, and GWE 

correlated with parameters of HF severity, LVEF, and NT-proBNP, whereas GWW did not show 

such an association. Interestingly, as mentioned above, GWW showed no in-hospital change 

in patients with HFrEF but indicated non-response to recompensation efforts in HFpEF. Hence, 

GWW, quantifying the amount of work performed by the myocardium but not contributing to 

LV ejection, might carry additional information beyond LVEF and GLS in AHF patients. 

Exploring the prognostic utility of MyW indices, we found that higher GWW prior to discharge 

and consecutively lower GWE prior to discharge predicted the 6-month risk of 

rehospitalization or death in models adjusted for age and sex. GWW retained its prognostic 

utility even after extended adjustment for markers like LVEF and NT-proBNP, compatible with 

an incremental prognostic utility of GWW beyond conventional markers of LV function and 

congestion. However, due to the limited sample size, our data should be considered 

hypothesis-generating. Nevertheless, they should encourage further research regarding the 

role of MyW in AHF to get better insights overall into the pathophysiology of the disease and 

to determine the prognostic utility of MyW.
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Clinical implications 

In patients hospitalized for AHF, components of MyW were unfavorably altered and showed 

a disparate response to recompensation depending on the type of HF (HFrEF vs. HFpEF). 

Further, GWW was unrelated to other measures of LV function but predicted the risk of death 

or rehospitalization within six months after discharge. Determination of MyW in larger AHF 

cohorts might further enhance the pathophysiological understanding of congestion and 

decongestion in patients with HFrEF and HFpEF. Further, GWW might evolve as a valuable 

parameter to estimate the patients´ prognosis. 

 

7.4 Strengths and limitations 

MyW integrates LV systolic and early diastolic longitudinal strain and blood pressure, thus 

comprehensively accounting for potential impairment in LV longitudinal contraction and 

cardiac conduction (96). As already acknowledged by the inventors of the method, echo-

derived MyW represents regional and global cardiac work estimates and not a direct measure 

of cardiac work. However, this method has been invasively validated in animals and patients 

with different cardiac pathologies (87, 101, 102), yielding good agreement with invasive 

measurements. We applied the MyW method as already established and validated, using a 

commercially available program (GE EchoPAC, Version 202). Limitations of the method are 

that the LV radial curvature and wall thickness are not part of the derivation algorithm from 

pressure-strain loops (101). Further, it is important to note that the information obtained from 

non-invasive MyW should not be considered as the exact equivalent to investigations on 

pressure-volume loop recordings (87, 96, 202, 203). However, the comparison of wasted work 

between different hearts is considered a valid measure since it is a relative measure that 

compensates for limited information about local geometry and consecutive potential 

differences in wall stress (96, 101).  

This indicates that another prospective validation of the method in different cardiac disease 

entities would be useful and enrich the current literature. When assessing individual patients, 

MyW indices should be carefully assessed at the same time together with other conventional 

bioassays of LV function and performance, preferably also including measures of energy-

consumption as, e.g., nuclear-medicine approaches.  
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A major strength of our work is the well-defined study sample derived from the population-

based STAAB cohort study, primarily investigating early phases of HF in the general 

population, as well as the well-characterized sample of AHF patients derived from the 

prospective AHF Registry Würzburg, which comprehensively phenotypes consecutive patients 

admitted for AHF in the Emergency Department of the University Hospital Würzburg. The 

STAAB cohort included a representative sample of the population of Würzburg 

(predominantly Caucasian), stratified for age decade and sex. Standardized operating 

procedures were used fostering a comprehensive characterization of the study sample, 

including a healthy sub-cohort of substantial size (127), allowing to identify the impact of CV 

risk factors and other determinants onto the development of symptomatic HF in the general 

population (129, 130, 204). On the other side, the AHF Registry offers a unique possibility to 

study the mechanisms contributing to de- and recompensation and potentially affecting the 

outcome. We made use of the only suitable imaging method, i.e., echocardiography, which is 

suitable in the critical situation of acute decompensation. Nevertheless, good image quality is 

necessary for correct pressure-strain analysis. Despite rigidly defined quality control 

processes, not all patients undergoing echocardiographic examination were suitable for MyW 

analysis (130). However, our findings showed that this method is feasible, can thus be used in 

large population cohorts (5), and might potentially serve as a screening tool. Further, a 

sensitivity analysis including healthy and diseased individuals showed encouraging results on 

the reproducibility of the measures employed (5, 40, 127). 

In agreement with international recommendations (164), we used brachial cuff pressure 

measurements. Ideally, for this analysis, blood pressure should have been measured during 

the echocardiographic examination(96). The precision of MyW measurements may be 

improved by using central blood pressure, which was more closely related with LV mass 

compared to brachial systolic blood pressure (205). As the most prevalent and 

hemodynamically relevant risk factor, hypertension had a key impact on this analysis. At this 

point, a further limitation is the cross-sectional design of the STAAB study, which does not 

allow to inform on longitudinal alterations and causal relationships. However, the planned 

follow-up is expected to reveal causality and deeper insights into the dynamics of LV 

performance using MyW in the general population.  

To the best of our knowledge, our study is the first to evaluate MyW indices in AHF patients 

across the full spectrum of LVEF, both in the acute setting and after recompensation. The data 
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present real-world data of a severe clinical condition, which often presents a clinical and 

logistical burden for clinicians and scientists. A limitation of the current study sample from the 

AHF registry is its modest sample size, especially when categorizing patients in different 

subgroups according to their HF phenotype. This was mostly affected by the (non)-presence 

of the second, pre-discharge echocardiography scan. Another limitation is the time to first 

echocardiography examination, which occurred after a median of 47 hours. Knowing that AHF 

is a dynamically fast-changing condition, ideally, the first echocardiogram should have been 

obtained within 24 hours of hospital admission. The majority of the patients (98%) received 

intensive diuretic therapy, i.e., furosemide and torasemide subsequently, followed by beta-

blockers and angiotensin-converting enzyme inhibitors. Due to the heterogeneity in 

pharmacotherapy and the limited sample size, we omitted further analyses regarding 

individual drug classes or substances. Thus, we are aware that our current study is not 

powered to judge on this granularity as this was beyond the scope of the current work. 

Regarding prognosis, our findings should be considered hypothesis-generating and await 

confirmation in future studies
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8 Conclusion 

The projects of the current PhD thesis evidenced that the novel concept to quantify MyW non-

invasively by echocardiographic measurements is a feasible tool that can easily be applied in 

large study populations and in diseased patients. In view with its favorable characteristics of 

low load-dependency and observer variability, MyW appears to be a robust non-invasive 

diagnostic tool. We established normal reference values for MyW indices from healthy 

individuals of the population-based STAAB cohort study, i.e., largest study sample published 

to date. MyW indices, apart from GWI, in a healthy population were independent of sex and 

body mass index. Further, MyW showed a disparate association with advancing age, 

emphasizing the use of decade-specific MyW values to differentiate healthy from CV risk 

factors induced accelerated aging. 

The current work contributes to a better understanding of the impact of CV risk factors and 

the LV geometry on LV performance measured by MyW. CV risk factors selectively affected 

constructive and wasted active myocardial function as measured by MyW domains. 

Hypertension appeared to profoundly compromise MyW, in particular by increasing both 

constructive and wasted work. The left ventricle in hypertension seems to operate at a higher 

energy level, yet lower efficiency, i.e., draining its energy and wasting its work (5). Other CV 

risk factors, independent of blood pressure, showed a different but consistent pattern of 

lower constructive work and work efficiency without affecting wasted work (5).  

Across the spectrum of LV geometry, we could show that any deviation from a normal LV 

geometric profile was associated with gradual alterations of MyW. More specifically, changes 

in LV mass and dimensions were associated with selective changes in individual MyW indices. 

Further, MyW appeared to be sensitive to early changes in LV mass and dimension, i.e., LV 

remodeling. The major new finding is that even individuals with normal LV geometry and 

present hypertension exhibited a MyW pattern that can also be found in LV hypertrophy. Thus, 

this pattern might serve as an early sign of myocardial damage in hypertensive heart disease 

and might aid in risk stratification and primary prevention.  

Further, we were the first to apply MyW to patients admitted for AHF. Regardless of the HF 

phenotype (HFrEF vs. HFpEF), decompensation in AHF was associated with reduced GWE. In 
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addition to assessing the acute and recompensated phase, we described in detail the in-

hospital changes in myocardial performance in patients with AHF during recompensation.  

Another important finding was the different myocardial responses to de- and recompensation 

depending on HF phenotype. More specifically, in patients with HFrEF, decreasing NT-proBNP 

as a surrogate of successful recompensation was associated with an improvement in GCW and 

GWI and consecutively in GWE. In contrast, in HFpEF patients, there was no such change in 

GCW and GWI; however, unsuccessful recompensation signified by no change or even a 

potential increase in NT-proBNP was associated with an increase in GWW. Further, wasted 

work as a surrogate of inappropriate LV energy consumption was elevated in all patients with 

AHF. Although GWW did not correlate with any conventional marker, it predicted the risk of 

death or rehospitalization within six months after discharge.  

The differentiation of GCW and GWW offers new insights and more sensitive measures to LV 

remodeling and the presence of CV risk factors, and it holds promise to improve our 

understanding of the pathophysiological process in different CV diseases. Our results 

encourage the further use of MyW in HF research and better understand the differential 

mechanistic concepts determining treatment response and ultimately prognosis, especially in 

the HFpEF population. Future studies on antihypertensive medications and sodium-glucose 

transport inhibitors (SGLT2), and MyW might offer new insights and knowledge into LV 

performance. Further research and controlled clinical studies are required to investigate 

whether MyW will prove a more sensitive tool than LVEF and GLS. We believe that our data 

are a valid and a good basis to inform future studies in healthy and diseased subjects.
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10 Appendix 

10.1 Abbreviations 

AHF - acute heart failure 

CV - cardiovascular 

CR - concentric remodeling 

CH - concentric hypertrophy  

EH - eccentric hypertrophy 

GCW - global constructive work 

GLS - global longitudinal strain 

GWW - global wasted work 

GWE - global work efficiency 

GWI - global work index 

HFpEF - heart failure with preserved ejection fraction 

HFrEF - heart failure with reduced ejection fraction 

LV - left ventricle/ventricular  

LVEF - left ventricular ejection fraction 

LVMi - left ventricular mass index 

LVEDVi - left ventricular end-diastolic volume index 

MyW - myocardial work 

PSL - pressure-strain loop 

STAAB - The Characteristics and Course of Heart Failure STAges A/B and Determinants of 

Progression Cohort Study 
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