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Abstract  

 

The objective of this thesis is to evaluate the use of Doppler echocardiography markers of 

global dyssynchrony [total isovolumic time (t-IVT)] in the following 6 studies: 

 

1) Its prognostic role in predicting cardiac events in patients undergoing CABG surgery, 

compared with conventional global systolic and diastolic measurements. 

2) Its additional value in predicting six minute walk test (6-MWT) in patients with left 

ventricular (LV) ejection fraction (EF) <45%. 

3) Its prognostic value in comparison with other clinical, biochemical and echocardiographic 

variables in patients with chronic systolic heart failure (HF). 

4) The relationship between 6-MWT and cardiac function measurements in a consecutive 

group of patients, irrespective of EF and to identify predictors of exercise capacity. 

5) To investigate the effect of age on LV t-IVT and Tei index compared with conventional 

systolic and diastolic parameters. 

6) To assess potential additional value of markers of global LV dyssynchrony in predicting 

cardiac resynchronization therapy (CRT) response in HF patients.  

 

Study I 

Methods: This study included 74 patients before routine CABG who were followed up for 

18±12 months.  

Results: At follow-up, 29 patients were hospitalized for a cardiac event or died. LV-ESD was 

greater (P=0.003), fractional shortening (FS) lower (p<0.001), E:A ratio and Tei index higher 

(all P<0.001), and t-IVT longer (P<0.001) in patients with events. Low FS [0.66 (0.50–0.87), 

P<0.001], high E:A ratio [l4.13 (1.17–14.60), P=0.028], large LV-ESD [0.19 (0.05–0.84), 

P=0.029], and long t-IVT [1.37 (1.02–1.84), P=0.035] predicted events and deaths. 

Conclusion: Despite satisfactory surgical revascularization, long t-IVT and systolic 

dysfunction suggest persistent ventricular dyssynchrony that contributes to post-CABG 

cardiac events.  

 

Study II 

Methods: We studied 77 patients (60±12 year, and 33.3% females) with stable HF using 6-

MWT.  
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Results: E’ wave (r=0.61, p<0.001), E/e’ ratio (r=-0.49, p<0.001), t-IVT (r=-0.44, p<0.001), 

Tei index (r=-0.43, p<0.001) and NYHA class (r=-0.53, p<0.001) had the highest correlation 

with the 6-MWT distance. In multivariate analysis, only E/e’ ratio [0.800 (0.665-0.961), 

p=0.017], and t-IVT [0.769 (0.619-0.955), p=0.018] independently predicted poor 6-MWT 

performance (<300m).  

Conclusions: In HF, the higher the filling pressures and the more dyssynchronous the LV, the 

poorer is the patient’s exercise capacity.  

 

Study III 

Methods: We studied 107 systolic HF patients; age 68±12 year, 25% females and measured 

plasma NT-pro-BNP. 

Results: Over a follow-up period of 3718 months, t-IVT ≥12.3 sec/min, mean E/Em ratio 

≥10, log NT-pro-BNP levels ≥2.47 pg/ml and LV EF ≤32.5% predicted clinical events. The 

addition of t-IVT and NT-pro-BNP to conventional clinical and echocardiographic variables 

significantly improved the χ2 for the prediction of outcome from 33.1 to 38.0, (p<0.001). 

Conclusions: Prolonged t-IVT adds to the prognostic stratification of patients with systolic 

HF.  

 

Study IV 

Methods: We studied 147 HF patients (61±11 year, 50.3% male) with 6-MWT. 

Results: The 6-MWT correlated with t-IVT (r=-0.49, p<0.001) and Tei index (r=-0.43, 

p<0.001) but not with any of the other clinical or echocardiographic parameters. Group I 

patients (<300m) had lower Hb (p=0.02), lower EF (p=0.003), larger left atrium (p=0.02), 

thicker septum (p=0.02), lower A wave (p=0.01) and lateral wall a’ (p=0.047), longer 

isovolumic relaxation time (r=0.003) and longer t-IVT (p= 0.03), compared with Group II 

(>300m). Only t-IVT ratio [1.257 (1.071-1.476), p=0.005], LV EF [0.947 (0.903-0.993), 

p=0.02], and E/A ratio [0.553 (0.315-0.972), p=0.04] independently predicted poor 6-MWT 

performance.  

Conclusion: In HF, the limited 6-MWT is related mostly to severity of global LV 

dyssynchrony, more than EF or raised filling pressures.  
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Study V 

Methods: We studied 47 healthy individuals (age 62±12 year, 24 female), arbitrarily 

classified into: M (middle age), S (seniors), and E (elderly).  

Results: Age strongly correlated with t-IVT (r=0.8, p<0.001) and with Tei index (r=0.7, 

p<0.001), E/A ratio (r=-0.6, p<0.001), but not with global or segmental systolic function 

measurements or QRS duration. The normal upper limit of the t-IVT (95% CI) for the three 

groups was 8.3 s/min, 10.5 s/min and 14.5 s/min, respectively, being shorter in the S 

compared with the E group (p=0.001). T-IVT correlated with A wave (r=0.66, p<0.001), E/A 

ratio (r=-0.56, p<0.001), septal e’ (r=-0.49, p=0.001) and septal a’ (r=0.4, p=0.006), but not 

with QRS. 

Conclusions: In normals, age is associated with exaggerated LV global dyssynchrony and 

diastolic function disturbances, but systolic function remains unaffected.  

 

Study VI 

Methods: We studied 103 HF patients (67±12 year, 82.5% male) recruited for CRT 

treatment.  

Results: Prolonged t-IVT [0.878 (0.802-0.962), p=0.005], long QRS duration [0.978 (0.960-

0.996), p=0.02] and high tricuspid regurgitation pressure drop (TRPD) [1.047 (1.001-1.096), 

p=0.046] independently predicted response to CRT. A t-IVT ≥11.6 s/min was 67% sensitive 

and 62% specific (AUC 0.69, p=0.001) in predicting CRT response. Respective values for a 

QRS ≥ 151ms were 66% and 62% (AUC 0.65, p=0.01). Combining the two variables had a 

sensitivity of 67% but higher specificity of 88% in predicting CRT response. In atrial 

fibrillation (AF) patients, only prolonged t-IVT ≥11 s/min [0.690 (0.509-0.937), p=0.03] 

independently predicted CRT response with a sensitivity of 69% and specificity of 79% (AUC 

0.78, p=0.015).  

Conclusion: Combining prolonged t-IVT and broad QRS had higher specificity in predicting 

response to CRT, with the former the sole predictor of response in AF patients. 

 

Key words: Heart failure, cardiac resynchronization therapy, predictors, echocardiography, 

total isovolumic time, six-minute walk test, left ventricular dyssynchrony 
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Abbreviations  
 

ACE  Angiotensin converting-   

AF  Atrial fibrillation  

Ao  Aortic 

AUC  Area under the curve 

AV  Atrioventricular 

ARB  Angiotensin receptor blocker 

BMI  Body mass index 

BNP  Brain natriuretic peptide  

CABG  Coronary artery by-pass graft 

CAD  Coronary artery disease 

CRT  Cardiac resynchronization therapy  

ECG  Electrocardiography  

ED  End diastole 

EDD  End-diastolic diameter  

EDT  E wave deceleration time   

EF  Ejection fraction 

ESD  End-systolic diameter   

ET  Ejection time 

CMR  Cardiovascular magnetic resonance 

FT  Filling time 

FS  Fractional shortening 

HF  Heart failure 

HFrEF  Heart failure with reduced ejection fraction  

HFpEF  Heart failure with preserved ejection fraction  

HR  Heart rate 

IVCT  Isovolumic contraction time 

IVRT  Isovolumic relaxation time 

LBBB  Left bundle branch block 

LV   Left ventricle 

MAPSE Mitral annular plane systolic excursion  

MWT  Minute walk test 

NYHA  New York Heart Association 

PA   Pulmonary artery  

ROC  Receiver operating characteristic  

RV  Right ventricle 

SPECT Single-photon emission computerized tomography   

TAPSE Tricuspid annular plane systolic excursion  

TDI  Tissue Doppler imaging 

T-IVT  Total isovolumic time 

TRPD   Tricuspid regurgitation pressure drop 

Ts-SD  Time to peak systolic velocity – standard deviation 
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Introduction  
 

The cardiovascular system function is to deliver oxygen, nutrients, and other essential 

molecules to the tissues and carry waste products (e.g. carbon dioxide metabolic and 

products) to the organs responsible for their elimination (i.e. lungs, liver, kidney).  To 

accomplish these functions, a system with two separate circulations, pulmonary and systemic 

circulations, has evolved. The function of the heart, as the central organ of this system, is to 

pump blood by its two ventricles to these two respective circulations. This mechanical activity 

is initiated by an electrical signal, which is delivered to the myocardium by specialized 

conduction system tissue. This electrical activity controls the heart rate (HR) and provides a 

normal sequence of activation of the heart chambers that in turn maximizes efficient 

contraction and filling. The mechanical activity of the heart is designed on repeated cycles 

throughout life. The single cycle of cardiac activity is divided broadly into two phases; 

diastole and systole (1).  

The heart mechanical cycle, conventionally begins at ventricular end diastole (ED), the instant 

just before systole, when the ventricles begin to actively generate tension and a rapid rise in 

intraventricular pressure, which soon exceeds atrial pressure, at which time the mitral and 

tricuspid valves [atrioventricular (AV) valves] close. Ventricular pressures then continue to 

rise rapidly until aortic (Ao) and pulmonary artery (PA) pressures are exceeded, resulting in 

opening of the Ao and PA valves. At this moment ejection starts, during which time blood is 

ejected into the systemic and pulmonary circulations. The phase of the cycle between 

mitral/tricuspid valve closure and Ao/PA valves opening is called the isovolumic contraction 

time (IVCT). During this phase the ventricular volume remains constant. During the ejection 

time, Ao/PA pressure rise and then fall towards its second part, closing the respective valves. 

The ejection phase ends when ventricular pressure falls below Ao and PA pressure. The 

ventricular pressures then fall rapidly, until they drop below atrial pressures, when the 

mitral/tricuspid valves open. Since mitral/tricuspid valves are closed during this period, 

ventricular volumes are constant, and this phase is described as isovolumic relaxation time 

(IVRT). The time when ventricular pressures fall below atrial pressures marks the onset of the 

ventricular filling and is broadly termed ventricular filling time (FT). The filling time is 

divided into three phases. Immediately after the AV valves open, there is a rapid inflow of 

blood into the ventricles, and this phase is named rapid filling phase. After this initial phase, 

the atrioventricular pressure drop falls markedly and consequently filling slows and may 

come to a complete halt. This phase is termed diastasis, during which no active motion takes 
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place. Diastasis is succeeded by the atrial contraction phase, which results in a second 

increase in the AV valve gradient and injection of the additional volume of blood into the 

ventricles (1,2).  

 

Isovolumic contraction time 

Isovolumic contraction time (IVCT) is the phase of the cycle between mitral/tricuspid valve 

closure and Ao/PA valves opening. During this phase the ventricular volumes are constant. 

Normally IVCT is prolonged with increasing age and is shortened with increasing heart rate 

(3). It is also prolonged in patients with left ventricular (LV) myocardial disease, whereas it is 

shortened in children with volume and pressure overload (3).  Left ventricular IVCT has been 

shown to be prolonged in adult patients with long standing hypertension and chronic HF (4,5) 

compared to normals.  

  

Ejection time 

Ejection time (ET) is the phase of cardiac cycle, during which blood is ejected into the 

systemic and pulmonary circulations. It is marked by the opening Ao and PA valves until 

their closure. LV ET may be shortened in patients with heart failure and LBBB (6). Also with 

increase in heart rate, LV ET shortens, particularly relative to the other phases of the cardiac 

cycle (7). LV ET is shortened in HF patients as compared with normal healthy subjects, and 

this fall is proportionate with the lowered LV ejection fraction (EF) (8). In patients with 

coronary artery disease (CAD), the shortened LV ET before surgery (9) becomes prolonged 

after coronary artery bypass surgery (10). The duration of ET has been shown to predict 

mortality in chronic HF patients (8), as well as in patients with acute HF treated in intensive 

care unit (11).  

 

Isovolumic relaxation time 

Isovolumic relaxation time (IVRT) is the phase between Ao/PA valve closer and 

mitral/tricuspid vale opening. During this period ventricular volumes remain constant. Several 

studies showed that LV IVRT is prolonged in patients with dilated, restrictive (12) and 

hypertrophic cardiomyopathy (13). However, LV IVRT was significantly shortened in 

patients with dilated cardiomyopathy and restrictive filling pattern and it was one of the 

strongest predictors of clinical outcome (14). Left ventricular IVRT is also prolonged in 

patients with CAD and it returns towards normal after successful angioplasty (15). But, its 
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role in the detection of CAD by dobutamine stress-echocardiography remains questionable 

despite few existing reports (16, 17).  

 

Filling time  

Ventricular FT is the period in the cardiac cycle between the opening of mitral/tricuspidal 

valves and their closure, during which time blood moves from the atria to the respective 

ventricle. Left ventricular FT is shortened by LV cavity dilatation and by significant 

functional mitral regurgitation (18).  

 

Total isovolumic time 

Total isovolumic time (t-IVT, expressed in seconds per minute, Figure 1) is the absolute sum 

of the IVCT and IVRT representing the overall wasted time in the cardiac cycle when the LV 

cavity is neither filling nor ejecting (7). It has been shown that t-IVT is prolonged in patients 

with dilated LV cavity (19).  

 

 

Figure 1. Schematic measurement of total isovolumic time (t-IVT): total ET and total FT are 

derived as the product of the corresponding time interval and heart rate, expressed in s/min. t-

IVT is calculated as (60 - [total ET + total FT]). 
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Heart failure  

Heart failure (HF) is a major public health problem, with a prevalence of more than 23 million 

worldwide. It has been singled out as an epidemic and represents a staggering clinical and 

public cause of mortality, morbidity, as well as healthcare expenditures (20).  

Left ventricular dysfunction has been shown to be the main cause for HF, for which a number 

of pharmacological agents have developed with great success in alleviating symptoms and 

improving patient’s survival. The basic mechanism of action of most of these agents is 

through reducing the LV preload and afterload (21, 22), rather than directly affecting the LV 

myocardial function. All published guidelines for treatment of HF join together in enforcing 

the need for establishing multi-medical regimen at targeted doses as the best medical strategy 

for managing such patients. 

 

Heart failure and dyssynchrony  

A significant percentage of HF patients remain symptomatic, in NYHA class III-IV, despite 

full medical therapy. Studies have shown that these patients might benefit from cardiac 

resynchronization therapy (CRT) (23-26), particularly those presenting with QRS duration> 

135 ms. The rationale behind this proposal is that such patients are expected to have some 

degree of LV mechanical dyssynchrony coinciding with their delayed depolarization, which if 

optimally targeted by multisite pacing (biventricular pacing) should result in better 

synchronous LV function, reflected in higher stroke volume and cardiac output with its effect 

on improved morbidity and mortality. Indeed, trials (24-26) have shown that CRT results in 

improved morbidity and survival in NYHA class III-IV heart failure patients. Despite those 

reports and guidelines’ recommendations, almost 30% of patients receiving CRT do not 

demonstrate any symptomatic or survival benefit, hence are classified as non-responders (27, 

28). Efforts are exhausted in using non-invasive methods of assessing LV dyssynchrony in 

predicting non-responders to CRT, including Doppler echocardiographic parameters, 

magnetic resonance imaging and even SPECT analysis, but only with modest success. 

 

Causes of dyssynchrony 

Many potential etiological factors of LV dyssynchrony have been studied, and the results are 

different. The most common cause of LV dyssynchrony is heart failure, particularly with 

reduced ejection fraction - HFrEF (23, 29, 30). However, in recent years, the presence of LV 

dyssynchrony was noticed also in patients with HF and preserved EF - HFpEF (31-33). 
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Arterial hypertension may also cause LV dyssynchrony (34), even in asymptomatic patients 

(35). Coronary artery disease too is a common cause of LV dyssynchrony (36, 37), and to a 

lesser extent aortic stenosis (38) and hyperthrophic cardiomyopathy (39).  

 

Methods of assessment of LV dyssynchrony 

There are several markers that have been introduced in the last decades for the LV 

dyssynchrony assessment. These are divided into markers of segmental LV dyssynchrony and 

markers of global LV dyssynchrony.  

 

LV markers of segmental dyssynchrony  

LV segmental dyssynchrony is assessed from its radial and longitudinal function 

dyssynchrony.  

 

Radial function dyssynchrony. Early work in identifying segmental LV dysshnchrony focused 

on basal cavity (minor axis) function and time difference between peak shortening of septal 

and posterior walls, shown by M-mode and later by tissue Doppler techniques (40-42). 

Although this method sounds easy and achievable in most patients, it has a number of 

limitations, namely 1) optimum alignment of the M-mode cursor perpendicular to the 

posterior wall and the septum without interference from the basal septal segment; 2) 

identification of peak septal-posterior wall systolic time in patients with prior infarction (43); 

3) identification of the exact peak of septal systole in patients with prolonged inward motion; 

4) likewise tissue Doppler imaging (TDI) measurements of these two walls delineate 

velocities which do not necessarily reflect the extent of dyssynchrony.  A time delay between 

the septum and posterior wall of ≥ 130 ms has been proposed as a cut-off for predicting good 

response to CRT (44). However this finding remained controversial between studies (44, 45), 

making the accuracy of the septal-posterior wall systolic delay only modest in its routine 

application (46-48). 

 

Longitudinal function dyssynchrony. Early work used longitudinal LV function M-mode 

measurements to study patients with various presentations of coronary artery disease, 

including stable and unstable angina as well as myocardial infarction (15, 49-51). Most of 

these studies used longitudinal function ‘long axis’ abnormalities in the form of reduced 

amplitude of motion and low velocities in addition to delayed onset of shortening and 
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lengthening, as signs of dyssynchrony, which proved to have high diagnostic value. More 

recently, TDI velocity timings were used to demonstrate similar disturbances (52-55). 

Application of such principle in HF patients showed clear patterns of abnormalities, which 

explained symptoms and various filling disturbances. An exaggerated long axis dyssynchrony 

(49) has been reported to result in significantly prolonged early diastolic cavity tension, 

enough to suppress respective LV filling. Such extreme example has been used later on to 

explain the compromised stroke volume and hence symptoms of patients presenting with 

exertional breathlessness (50). Furthermore, studies have shown a close relationship between 

long axis dyssynchrony and severity of QRS abnormal broadening in dilated cardiomyopathy 

patients, with or without additional coronary artery disease and/or LBBB (50). The basis of 

this concept is the shared function of the subendocardial layer of the myocardium, being the 

controller of the longitudinal mechanical function, as well as the innermost layer of the 

myocardium, the site where the conduction system runs. These findings established the basis 

of electromechanical function of the LV, at rest, and its response to stress (50, 51). Again, as 

with the case with radial function, some of longitudinal function findings have been restudied 

and reconfirmed using other echocardiographic techniques e.g. speckle tracking myocardial 

deformation (56, 57). Despite such wealth of knowledge obtained from longitudinal LV 

function analysis in predicting response to CRT, the accuracy of TDI measurements and a 

value of 32 ms for Ts-SD proved to be only modestly predictive of response and was the 

reason behind devaluing echocardiography as a non-invasive detector of dyssynchrony in  

patient’s selected for CRT (58).  

 

The role of three dimension measurements of the LV in assessing its segmental function as a 

potential tool for identifying responders to CRT has been invoked and the standard deviation 

time delay between segments was proposed as a reproducible marker (59-61) but even that 

had its significant limitations being dependent on the feasibility of having 3D facilities, clear 

delineation of the 16 segments, poor frame rate which underestimates the degree of 

dyssynchrony as well as potential bias in patients with significant volume overload e.g mitral 

regurgitation, a common problem in those with enlarged LV cavity. Similar results have been 

produced using CMR despite having the extra advantage of being able to qualitatively assess 

the presence, distribution and extent of myocardial fibrosis (62-64). This approach too had its 

own limitations (63, 65), particularly the limited availability and its limited use in patients 

with devices e.g. pacemakers. Finally, SPECT with its recent software technology has 
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attempted to predict potential responders (66-68), but again it has similar limitations with 

availability, expertise and the need for radiation.  

 

Global LV function assessment 

In view of the above series of limitations of different available imaging techniques, most 

people continued to consider significant dyssynchrony based on broad QRS duration >135 in 

patients with reduced ejection fraction, <35% who remain symptomatic despite full medical 

treatment. The rationale behind this is that the two measurements reflect global LV electrical 

and mechanical function, respectively. This approach has made clear that segmental function 

assessment of LV dyssynchrony is not an optimum way for determining the extent of 

dyssynchrony that contributes to patients’ symptoms, according to which they are recruited 

for CRT and their response is judged. For this reason, recognition of the important value of 

using LV filling and ejection velocities has been proposed as a potential tool for assessing the 

impact of the sum of the segmental dyssynchrony on cavity filling and ejection. This is based 

on the use of the two isovolumic times analysis. Early systolic dyssynchrony results in 

delayed onset of LV ejection when measured with respect to the onset of depolarisation (Q 

wave). This marker has been shown to correlate with the extent of QRS broadening (69), 

which itself has been shown as a better predictor of response to CRT. Furthermore, such delay 

in early systolic mechanical events results in significant discrepancy between the onset of 

ejection of the right and left ventricles, a marker that has already been used with a cut-off 

value of 50 ms to predict good response to CRT (70). On the other hand, early diastolic 

dyssynchrony which, in fact, starts already during the isovolumic relaxation period, results in 

late onset of LV filling, again this has been shown to correlate with QRS duration (71). While 

most patients with prolonged isovolumic contraction would have prolonged isovolumic 

relaxation time, some might have isolated diastolic disturbances. It has already been shown 

that the sum of these two time intervals in relation to ejection time (Tei index) predicts 

satisfactory clinical response to CRT (72, 73) using a cut off value of 1.02. The end product 

of such abnormal time relations is compromised LV filling time and ejection time. Since the 

mitral valve area and aortic valve area do not change significantly in most HF patients the 

abbreviated filling and ejection times is translated into reduced stroke volume entering and 

been ejected by the LV cavity, as a simple explanation of patient’s breathlessness. Finally, a 

simplified representation of stroke volume by LV outflow tract VTI has been shown as a 

potential marker of improved global cavity function as a response to CRT (74). It must be 
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mentioned that a major limitation of segmental markers of dyssynchrony in predicting 

response to CRT is the presence of myocardial scarring (75-77). This issue has not been fully 

addressed yet using global dyssynchrony markers. Some magnetic resonance based studies 

have demonstrated that avoiding pacing a scarred segment results in better response to CRT. 

As expected, the variability in coronary venous circulation in individuals, which is the 

fundamental basis of LV pacing, limits generalisation of this finding (78, 79).  

 

Total isovolumic time – a marker of global LV dyssynchrony 

During t-IVT all heart valves are closed and the blood volume is constant therefore any 

inward movement from a segment leads to outward movement of another segment. When this 

occurs it manifests a good example of dyssynchronous LV behavior. It has already been 

shown that in HF patients, the IVCT and IVRT are prolonged, whereas the filling and ejection 

times are shortened. This means that in these patients t-IVT is prolonged (19, 80, 81).  

 

The effect of stress on total isovolumic time  

In patients with dilated cardiomyopathy, t-IVT has been found to have a strong inverse 

relationship with cardiac output during dobutamine stress and is the major determinant of 

cardiac output in these patients (82). 

Also, in contrast to normals in whom QRS duration shorten with dobutamine stress, it 

prolongs in patients with CAD (83). In the same way, QTc lengthens in CAD patients. 

Furthermore, it has been shown that the development of abnormal QRS broadening has a 

close correlation with systolic LV dysfunction, whereas a QTc prolongation correlates with 

diastolic dysfunction, during the myocardial ischaemia provoked by stress (83).     

In addition, in normal subjects, shortening of the QRS complex with stress results in an earlier 

onset and a more coordinate time course of long axis shortening, complementing the direct 

inotropic effects of dobutamine on the myocardium in enhancing ventricular performance. In 

contrast, in patients with CAD, stress causes the QRS complex to broaden, with major loss of 

coordination of long axis function, despite the persistence of direct positive inotropic effect of 

dobutamine. This altered ventricular activation with consequent mechanical changes is 

therefore considered as an integral part of the response of the left ventricular function to 

ischaemia (51).  

 

 



 

9 

 

Aims of the Thesis  

 

The general aim of this thesis was to assess the clinical value of t-IVT, in patients with 

ventricular dysfunction.   

 

Study I 

To assess the prognostic role of t-IVT in predicting cardiac events in patients undergoing 

CABG surgery, and to compare its predictive ability with conventional Doppler 

echocardiographic systolic (global LV function) and diastolic (restrictive LV filling) 

measurements. 

 

Study II 

To identify resting cardiac function measurements, in particular those of global LV 

dyssynchrony that correlate with exercise tolerance assessed by 6 MWT. The other objective 

of the study was to determine potential predictors of limited exercise performance that may 

guide towards best optimum management. 

 

Study III 

To assess the prognostic value of t-IVT compared with other clinical, biochemical and 

echocardiographic measurements in patients with chronic HF due to LV systolic dysfunction. 

 

Study IV 

To prospectively examine predictors of functional capacity, assessed by 6-MWT in a 

consecutive group of patients irrespective of EF.  

 

Study V 

To investigate the effect of age on LV t-IVT and Tei index compared with conventional 

systolic and diastolic parameters in normal individuals. 

 

Study VI 

To assess potential additional value of markers of global left ventricular (LV) dyssynchrony 

in predicting CRT response in HF patients.  
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Methods  

 

Study populations  

 

Study I 

This study included 74 unselected patients, mean age 65+16 years (59 males) who underwent 

routine CABG surgery, between 2000 and 2003 by a single cardiac surgeon at the Royal 

Brompton Hospital. Inclusion criteria were: (i) significant CAD (>70% stenosis at coronary 

angiography); (ii) full pre-operative Doppler echocardiographic examination and (iii) 

available post-operative clinical data for the follow-up period, from hospital and general 

practitioners. No patient had atrial fibrillation, serious ventricular arrhythmias, valvular heart 

disease, more than moderate functional mitral regurgitation, or inadequate echocardiographic 

examination. Patients were divided into two groups according to the occurrence of 

postoperative cardiac events during the follow-up period (18±12 months). Cardiac events 

were defined as death or post-operative hospitalization for angina, breathlessness, or 

arrhythmia and were obtained from clinical notes and general practitioner questionnaires. 

 

Study II 

The study group included 77 consecutive patients with stable heart failure [New York Heart 

Association (NYHA) functional class I–III] secondary to ischemic heart disease or idiopathic 

dilated cardiomyopathy. Patients were referred to the Cardiology Department of University 

Clinical Centre of Kosovo, between December 2005 and August 2008. All patients were on 

optimum cardiac medications at the time of the study which included ACE-inhibitors, β 

blockers, digoxin and diuretics. Medications were optimized for individual patients at least 2 

weeks prior to enrollment, based on symptoms and renal function. All patients were in sinus 

rhythm and had clear evidence for LV dysfunction (EF<45%) assessed by a baseline 

echocardiogram. Patients with clinical evidence for cardiac decompensation, limited physical 

activity due to factors other than cardiac symptoms (e.g. arthritis), with severe mitral 

regurgitation, more than mild renal failure, with chronic obstructive pulmonary disease as 

well as those with recent acute coronary syndrome, stroke or anemia were excluded. Patients 

gave a written informed consent to participate in the study which was approved by the local 

Ethics Committee. Detailed history and clinical assessment were obtained in all patients. 

Routine biochemical tests were performed which included hemoglobin, lipid profile, blood 
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glucose level, and kidney function tests. Estimation of body mass index (BMI) was made 

from weight and height measurements. 

 

Study III 

Consecutive outpatients referred to the Echo Laboratory of the Cardiovascular Unit 2 Tito 

Giulio Sicca of the Santa Chiara Hospital, Pisa, Italy, between April 2003 and December 

2006 were prospectively included in the study. Inclusion criteria were chronic systolic HF, 

defined as presence of prior or current signs/symptoms of HF, LV ejection fraction (EF) 

<45%, and sinus rhythm. Patients were excluded if they had primary valvular disease, 

mechanical valve prosthesis, unstable angina, recent myocardial infarction (within 3 months), 

or coexisting terminal diseases. Written informed consent was obtained from all patients 

participating in the study. 

 

Study IV 

We studied 147 patients (mean age 61±11 years, 50.3% male) with clinical diagnosis of 

congestive heart failure, and New York Heart Association (NYHA) functional class I-III, 

secondary to ischemic heart disease or non-ischemic etiology. Patients were referred to the 

Service of Cardiology, Internal Medicine Clinic, University Clinical Centre of Kosovo, 

between December 2005 and April 2011. At the time of the study, all patients were on 

optimum cardiac medications, optimized at least 2 weeks prior to enrollment, based on 

patient’s symptoms and renal function: 81% were receiving ACE inhibitors or ARB, 70% 

beta-blockers, 11% digoxin, 46% spironolactone, 64% diuretics. Patients with reduced LV EF 

had ischemic etiology in 42%, hypertensive in 25%, and unknown etiology in 33%. Patients 

with preserved LV EF had ischemic aetiology in 44% and hypertensive in 56%. All patients 

were in sinus rhythm. Patients with clinical evidence for cardiac decompensation, limited 

physical activity due to factors other than cardiac symptoms (e.g. arthritis), more than mild 

mitral regurgitation, more than mild renal failure, chronic obstructive pulmonary disease or 

those with recent acute coronary syndrome, stroke or anemia were excluded. Patients gave a 

written informed consent to participate in the study, which was approved by the local Ethics 

Committee. 
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Study V 

We studied 47 healthy individuals (mean age 62±12, range 40-84 years, 24 female), who were 

arbitrarily classified into three groups: M (middle age), S (seniors), and E (elderly). Group M 

(≤50 years) consisted of 10, Group S (51-65 years) 17 and Group E (>65 years) 20 subjects. 

All participants had: (i) no cardiovascular history and were not on any medication, (ii) normal 

findings on physical examination and 12-lead electrocardiogram (ECG), and (iii) sinus 

rhythm with a clear ECG superimposed on echo images. The study was approved by the 

Central Ethics Committee of Umeå.  

 

Study VI 

We included 103 HF patients who were all symptomatic in NYHA class III-IV, despite full 

medical therapy. Patients fulfilled the guidelines criteria for CRT treatment (35); QRS 

duration >120 ms and LV EF <35%. Patients underwent CRT between august 2008 and 

august 2012, after receiving full clinical assessment, NT-proBNP and Doppler 

echocardiographic examination. The study was approved by the Regional Ethics Committee 

of Umeå. 

 

Methods 

 

Study I 

Echocardiographic examination was performed using a Phillips Sonos 5500 echocardiograph 

with a multi-frequency transducer, and harmonic imaging as appropriate. Cross-sectional, 

two-dimensionally guided M-mode recordings of LV minor axis were performed using the 

left parasternal long axis view with the cursor at the tips of the mitral valve leaflets. LV minor 

axis dimensions were measured at end diastole (the onset of the QRS complex) and at end 

systole (the first high frequency vibration of the aortic component of the second heart sound 

on the superimposed phonocardiogram, A2) using leading edge methodology. A2 was 

identified as the sound synchronous with the onset of the closure artefact on the aortic 

Doppler recording. Fractional shortening (FS) was calculated as the percentage fall in LV 

cavity dimension during systole with respect to that at end-diastole. EF was estimated using 

Simpson’s biplane method. Left atrial dimension was measured from M-mode recordings 

with the cursor crossing the aortic root at the level of the aortic valve leaflets. LV long axis 

M-mode recordings were obtained with the cursor positioned at the lateral and septal angles 
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of the mitral ring and right ventricular (RV) long axis recording with the cursor positioned at 

the lateral angle of the tricuspid ring. All M-mode recordings were zoomed to obtain best 

images for accurate measurements. Trans-aortic Doppler velocity was obtained from the 

apical five chamber view with the pulsed wave sample volume placed just beneath the aortic 

valve leaflets. LV ejection time was measured as the interval between the onset of forward 

aortic flow and the onset of the aortic valve closure artefact. LV filling velocities were 

obtained from the apical four-chamber view with the sample volume placed by the tips of the 

mitral valve leaflets. Peak early (E-wave) and late (A-wave) diastolic LV filling velocities, 

and E-wave deceleration time (EDT) were measured. LV filling pattern was considered 

‘restrictive’ when E:A ratio was >2 and EDT <140 ms. Total filling time was measured from 

the onset of the E-wave to the end of the A-wave. All recordings were acquired with an ECG 

(lead II) and a phonocardiogram superimposed. Total IVT was calculated as 60 (total ejection 

time + total filling time) and was expressed in s/min. Tei index was calculated as the ratio 

between t-IVT and ejection time (6, 84).  

Mitral regurgitation severity was assessed by colour and continuous wave Doppler and was 

graded as mild, moderate, or severe according to the jet distance from the valve orifice and 

flow velocity profile, respectively, in line with the recommendations of the American Society 

of Echocardiography (85). Likewise, tricuspid regurgitation was assessed by colour flow and 

continuous wave Doppler from the apical four-chamber view. Retrograde transtricuspid 

pressure drop >35 mmHg was taken as a sign of pulmonary hypertension when the right 

atrium was not dilated. 

 

Study II 

A single operator performed all echocardiographic examinations using a Philips Intelligent E-

33 system with a multi-frequency transducer, and harmonic imaging as appropriate. Images 

were obtained with the patient in the left lateral decubitus position and during quiet 

expiration. LV dimensions at end-systole and end-diastole were made from the left parasternal 

cross-sectional recording of the minor axis with the M-mode cursor positioned by the tips of 

the mitral valve leaflets. LV volumes and ejection fraction were calculated from the apical 2 

and 4 chamber views using the modified Simpson's method. Ventricular long axis motion was 

studied by placing the M-mode cursor at the lateral and septal angles of the mitral ring and the 

lateral angle of the tricuspid ring. Total amplitude of long axis motion was measured as 

previously described (86). LV and right ventricular (RV) long axis myocardial velocities were 
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also studied using Doppler tissue imaging technique. From the apical 4-chamber view, 

longitudinal velocities were recorded with the sample volume placed at the basal segment of 

LV lateral and septal segments as well as RV free wall. Systolic (S′), as well as early and late 

(E′ and A′) diastolic myocardial velocities were measured with the gain optimally adjusted. 

Mean value of the lateral and septal LV velocities were calculated. Left atrial diameter was 

measured from aortic root recordings with the M-mode cursor positioned at the level of the 

aortic valve leaflets. Diastolic function of the LV and RV was assessed from their filling 

velocities using spectral pulsed wave Doppler with the sample volume positioned at the tips 

of the mitral and tricuspid valve leaflets, respectively. Peak LV and RV early (E wave), and 

late (A wave) diastolic velocities were measured and E/A and E/E′ ratios were calculated. LV 

filling pattern was considered ‘restrictive’ when E/A ratio was >2.0, E wave deceleration time 

<140ms and the left atrium dilated, >40 mm in transverse diameter (87). 

Measurements of LV dyssynchrony. Indirect assessment of LV dyssynchronous function was 

obtained by measuring total isovolumic time (t-IVT), Tei Index and LV–RV pre-ejection time 

delay. Total LV filling time was measured from the onset of the E wave to the end of the A 

wave and ejection time from the onset to the end of the aortic Doppler flow velocity. Total 

isovolumic time (t-IVT) was calculated as 60 - (total ejection time + total filling time) and 

was expressed in s/min (6). Tei index was calculated as the ratio between t-IVT and ejection 

time (84). Mitral regurgitation severity was assessed by colour and continuous wave Doppler 

and was graded as mild, moderate, or severe according to the relative jet area to that of the left 

atrium as well as the flow velocity profile, in line with the recommendations of the American 

Society of Echocardiography (85). Likewise, tricuspid regurgitation was assessed by colour 

Doppler and continuous-wave Doppler. Retrograde trans-tricuspid pressure drop >35 mmHg 

was taken as an evidence for pulmonary hypertension (88). All M-mode and Doppler 

recordings were made at a fast speed of 100 mm/s with a superimposed ECG (lead II). 

Six minute walk test. Within 24 h of the echocardiographic examination a 6-MWT was 

performed on a level hallway surface; the test was administered by a specialized nurse blinded 

to the results of the echocardiogram, as well as clinical characteristics of the patients. 

According to the method of Gyatt et al. (89) patients were informed of the purpose and 

protocol of the 6-min walk test which was conducted in a standardized fashion while patients 

were on their regular medications (89-91). A 15 meter flat, obstacle-free corridor was used 

and patients were instructed to walk as far as they can, turning 180° after they have reached 

the end of the corridor, during the allocated time of 6 min. Patients walked unaccompanied so 
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as not to influence walking speed. At the end of the 6 min, the supervising nurse measured the 

total distance walked by the patient. 

 

Study III 

Echocardiography. Echocardiographic examination was performed using an Acuson Sequoia 

C256 echocardiograph (Siemens, Mountain View, California) with 2nd-harmonic imaging 

and a 3.5-MHz transducer. Recordings were made with the patient in the left lateral decubitus 

position during quiet expiration. Left atrial diameter was measured from aortic root recordings 

with the M-mode cursor positioned at the level of the aortic valve leaflets. Cross-sectional, 

two-dimensionally guided M-mode recordings of LV minor axis were performed using the 

left parasternal long axis view with the cursor at the tips of the mitral valve leaflets. LV 

volumes and EF were calculated from the apical 2- and 4 chamber views using the modified 

Simpson's method and mass indices were calculated. Indexed left atrial volume was also 

measured (92). Right ventricular long axis amplitude of motion was measured as the distance 

between the innermost point and outermost point of the M-mode recording of the tricuspid 

annulus motion. Trans-aortic Doppler velocity was obtained from the apical five-chamber 

view with the pulsed wave sample volume placed just beneath the aortic valve leaflets. LV 

ejection time was measured as the interval between the onset of forward aortic flow and the 

onset of the aortic valve closure artifact. LV filling velocities were obtained from the apical 

four-chamber view with the sample volume placed by the tips of the mitral valve leaflets. 

Peak early (E wave), and late (A wave) diastolic LV filling velocities and E wave deceleration 

time (EDT) were measured. LV filling pattern was considered restrictive when the E wave 

deceleration time <150 ms (87). Total filling time was measured from the onset of the E wave 

to the end of the A wave. All recordings were acquired with an ECG (lead II) and a 

phonocardiogram superimposed. T-IVT was calculated as 60 - (total ejection time + total 

filling time) and was expressed in s/min (1). Tei index was calculated as the ratio between T-

IVT and ejection time (2). From the 4-chamber view, tissue Doppler longitudinal velocities 

were recorded with the sample volume placed at the junction between the LV wall (septal and 

lateral) and mitral annulus. Peak LV early diastolic (Em) septal and lateral myocardial 

velocities were measured. Mean E/Em averaged between septal and lateral annulus was used 

as a surrogate marker of LV filling pressure. Mitral regurgitation severity was assessed by 

colour and continuous wave Doppler and was graded as mild, moderate, or severe according 
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to the relative jet area to that of the left atrium as well as the flow velocity profile, in line with 

the recommendations of the American Society of Echocardiography (85). 

Measurement of amino-terminal pro BNP. Fasting venous blood was collected between 8 

AM and 9 AM from study participants after they had rested in a supine position for 20 min. 

Samples were placed in disposable EDTA containers (1 g/L of plasma), and N-terminal pro-

BNP was measured by an Elecsys 2010 analyzer (measuring range 5–35000 pg/mL) using a 

chemiluminescent immunoassay kit (Roche Diagnostics, Grenach-Wyhlen, Germany). 

Follow-up data. Patients were followed up after the baseline Doppler echocardiogram. End 

points were strong cardiac events including cardiac mortality or HF-related hospital 

admissions (i.e. hospitalization for worsening HF, biventricular pacemaker implantation, or 

deterioration of functional mitral regurgitation). The latter was defined as an increase in 

severity of mitral regurgitation by one degree - mild to moderate or moderate to severe, using 

the criteria stated by the American Society of Echocardiograph (85). Only one event was 

considered in each patient (death was considered cardiac if it followed a recent admission for 

a cardiac complication). Follow-up data were obtained by regular visits (from 1- to 6-month 

intervals as clinically indicated) by telephone calls, from local authority registry, or from 

hospital records. 

 

Study IV 

Data collection. Detailed history and clinical assessment were obtained in all patients, in 

whom routine biochemical tests were also performed including hemoglobin, lipid profile, 

blood glucose level, and kidney function tests. Estimated body mass index (BMI) was 

calculated from weight and height measurements. Waist, hip measurements were also made 

and waist/hip ratio calculated.  

Echocardiographic examination. A single operator performed all echocardiographic 

examinations using a Philips Intelligent E-33 system with a multi-frequency transducer, and 

harmonic imaging as appropriate. Images were obtained with the patient in the left lateral 

decubitus position and during quiet expiration. End-systole and end-diastole LV dimensions 

were made from the left parasternal long axis view with the M-mode cursor positioned by the 

tips of the mitral valve leaflets. LV volumes and EF were calculated from the apical 2 and 4 

chamber views using the modified Simpson’s method. 55 patients had LV EF <45 % 

(HFpEF), whereas 92 patients had LV EF ≥45%. Ventricular long axis motion was studied by 

placing the M-mode cursor at the lateral and septal angles of the mitral ring and the lateral 
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angle of the tricuspid ring. Total amplitude of long axis motion was measured as previously 

described (86) from peak inward to peak outward points.  LV and right ventricular (RV) long 

axis myocardial velocities were also studied using Doppler myocardial imaging technique. 

From the apical 4-chamber view, longitudinal velocities were recorded with the sample 

volume placed at the basal part of LV lateral and septal segments as well as RV free wall. 

Systolic (s’), as well as early and late (e’ and a’) diastolic myocardial velocities were 

measured with the gain optimally adjusted. Mean value of the lateral and septal LV velocities 

were calculated. Left atrial diameter was measured from aortic root recordings with the M-

mode cursor positioned at the level of the aortic valve leaflets.  

Diastolic function of the LV and RV was assessed from filling velocities using spectral pulsed 

wave Doppler with the sample volume positioned at the tips of the mitral and tricuspid valve 

leaflets, respectively, during a brief apnea. Peak LV and RV early (E wave), and late (A 

wave) diastolic velocities were measured and E/A ratios were calculated. The E/e’ ratio was 

calculated from the transmitral E wave and the mean lateral and septal segments E’ waves. 

The isovolumic relaxation time was also measured from aortic valve closure to mitral valve 

opening, on the pulsed wave Doppler recording. LV filling pattern was considered 

‘restrictive’ when E/A ratio was >2.0, E wave deceleration time < 140 ms and the left atrium 

dilated of more than 40 mm in transverse diameter (87). 

Measurements of LV dyssynchrony. Indirect assessment of LV dyssynchrony was obtained 

by measuring total isovolumic time (t-IVT), Tei Index and LV-RV pre-ejection time delay. 

Total LV filling time was measured from the onset of the E wave to the end of the A wave 

and ejection time from the onset to the end of the aortic Doppler flow velocity. Total 

isovolumic time (t-IVT) was calculated as 60 - (total ejection time + total filling time) and 

was expressed in s/min (6). Tei index was calculated as the ratio between t-IVT and ejection 

time (84). Mitral regurgitation severity was assessed by color and continuous wave Doppler 

and was graded as mild, moderate, or severe according to the relative jet area to that of the left 

atrium as well as the flow velocity profile, in line with the recommendations of the American 

Society of Echocardiography (85). Likewise, tricuspid regurgitation was assessed by color 

Doppler and continuous-wave Doppler. Retrograde trans-tricuspid pressure drop > 35 mmHg 

was taken as an evidence for pulmonary hypertension (88). All M-mode and Doppler 

recordings were made at a fast speed of 100 mm/s with a superimposed ECG (lead II). 

Six minute walk test. Within 24 hours of the echocardiographic examination a 6-MWT was 

performed on a level hallway surface for all patients and was administered by a specialized 
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nurse blinded to the results of the echocardiogram. According to the method of Gyatt et al 

(89) patients were informed of the purpose and protocol of the 6 MWT which was conducted 

in a standardized fashion while patients on their regular medications (27, 90). A 15 meter flat, 

obstacle-free corridor was used and patients were instructed to walk as far as they can, turning 

180º after they have reached the end of the corridor, during the allocated time of 6 minutes. 

Patients walked unaccompanied so as not to influence walking speed. At the end of the 6 

minutes the supervising nurse measured the total distance walked by the patient. Pulse and 

blood pressure were measured before and at the end of the walking test. 

 

Study V 

Echocardiography. Immediately after physical examination and recording of 12-lead ECG at 

rest, all subjects underwent a complete M-mode, two-dimensional, and Doppler examination 

while lying in the left lateral decubitus position. Commercially available ultrasound system 

Vivid 7 (GE Medical Systems, Horten, Norway) equipped with an adult 1.5-4.3 MHz phased 

array transducer was used. Images were obtained during quiet expiration. LV dimensions and 

volumes at end-systole and end-diastole, myocardial wall thickness, LV shortening fraction 

and ejection fraction, were made from the left parasternal cross-sectional recording of the 

minor axis with the M-mode cursor positioned by the tips of the mitral valve leaflets. 

Ventricular long axis motion was studied by placing the M-mode cursor at the lateral and 

septal angles of the mitral ring (MAPSE) and the lateral angle of the tricuspid ring (TAPSE). 

Total amplitude of long axis motion was measured as previously described (93). Ventricular 

long axis myocardial velocities were also studied using Doppler tissue imaging technique 

with the sample volume placed at the basal segment of LV lateral and septal segments as well 

as RV free wall. Systolic (s’), as well as early and late (e’ and a’) diastolic myocardial 

velocities were measured. A mean value of the lateral and septal e’ velocity was calculated. 

Left atrial diameter was measured from aortic root recordings with the M-mode cursor 

positioned at the level of the aortic valve leaflets.  

Spectral Doppler flow velocities were obtained using pulsed and continuous wave techniques 

as proposed by the European Association of Echocardiography (94). Peak LV and RV early 

(E wave), and late (A wave) diastolic velocities were measured and E/A ratio was calculated. 

Mitral and tricuspid regurgitation severity was assessed by colour and continuous wave 

Doppler and was graded as mild, moderate, or severe according to the relative jet area to that 

of the left and right atrium as well as the flow velocity profile, in line with the 
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recommendations of the European Association of Echocardiography (94). Retrograde 

transtricuspid pressure drop >35 mmHg was taken as an evidence for pulmonary 

hypertension, which was an exclusion criterion. All M-mode and Doppler recordings were 

made at a fast speed of 100 mm/s with a superimposed ECG.  

 Measurements of ventricular dyssynchrony. The interventricular mechanical dyssynchrony 

was calculated as the difference between left and right ventricular pre-ejection intervals (LPEI 

and RPEI). LPEI and the RPEI were measured from the pulsed wave Doppler recording of the 

LV and RV outflow tract velocities, as the time from onset of the QRS on the ECG to that of 

the aortic and pulmonary velocities, respectively. The LV intraventricular global 

dyssynchrony was assessed by measuring total isovolumic time (t-IVT) and Tei Index. Total 

LV filling time was measured from the onset of the E wave to the end of the A wave and 

ejection time from the onset to the end of the aortic Doppler flow velocity. Total isovolumic 

time (t-IVT) was calculated as 60 - (total ejection time + total filling time) and was expressed 

in s/min (6). Tei index was calculated as the ratio between t-IVT and ejection time (84).  

 

Study VI 

Echocardiographic examination. Patients were examined with Vivid 7 echocardiograph (GE 

Medical Systems, Horten, Norway) equipped with an adult 1.5-4.3 MHz phased array 

transducer. Images were obtained with the patient in the left lateral decubitus position, during 

quiet expiration. LV end-systolic and end-diastolic dimensions and volumes, myocardial wall 

thickness, fractional shortening and EF, were obtained from the left parasternal cross-

sectional recordings of the minor axis with the M-mode cursor positioned by the tips of the 

mitral valve leaflets. Ventricular long axis motion was studied by placing the M-mode cursor 

at the lateral and septal angles of the mitral ring (MAPSE) and the lateral angle of the 

tricuspid ring (TAPSE). Total amplitude of long axis motion was measured as previously 

described (93). Ventricular long axis myocardial velocities were also studied using Doppler 

tissue imaging (DTI) technique with the sample volume placed at the basal segment of LV 

lateral and septal wall as well as RV free wall. Left atrial diameter was measured from the 

aortic root recordings with the M-mode cursor positioned at the level of the aortic valve 

leaflets.  

Spectral transvalular flow velocities were obtained using pulsed and continuous wave Doppler 

techniques as proposed by the American Society of Echocardiography (95). Peak LV and RV 

early (E wave), and late (A wave) diastolic velocities were measured and E/A ratio was 
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calculated. LV filling pattern was considered ‘restrictive’ when E/A ratio was >2.0, E wave 

deceleration time < 150 ms and the left atrium dilated, > 40 mm in transverse diameter (96). 

Mitral and tricuspid regurgitation severity was assessed by colour and continuous wave 

Doppler and was graded as mild, moderate, or severe according to the relative jet area to that 

of the left and right atrium, respectively, as well as the flow velocity profile, in line with the 

recommendations of the American Society of Echocardiography (85). Retrograde tricuspid 

regurgitation pressure drop (TRPD) > 35 mmHg was taken as evidence for pulmonary 

hypertension, in the absence of more than mild tricuspid regurgitation. All M-mode and 

Doppler recordings were made at a fast speed of 100 mm/s with a superimposed ECG (lead 

II). 

LV dyssynchrony measurements. Indirect assessment of LV dyssynchronous function was 

obtained by measuring total isovolumic time (t-IVT), Tei Index and LV-RV pre-ejection time 

delay. Total LV filling time was measured from the onset of the E wave to the end of the A 

wave and ejection time from the onset to the end of the aortic Doppler flow velocity. Total 

IVT was calculated as 60 - (total ejection time + total filling time) and was expressed in s/min 

(6). Tei index was calculated as the ratio between t-IVT and ejection time (84). In AF 

patients, the filling and ejections times were measured from the longest cycle with a minimum 

RR interval >700 ms.  

NT-pro BNP measurements. Venous blood samples were withdrawn from an antecubital vein 

into chilled ethylene-diamine-tetra-acetic acid Vacutainer test tubes after 20 minutes of rest in 

the supine position. Samples were placed immediately on ice-cold water and the tubes were 

then centrifuged at 4000 rpm at 4°C for 15 min. Supernatant plasma was then immediately 

aliquoted into labelled cryo-vials. NT-proBNP was determined by a commercially available 

lectrochemiluminescence immunoassay based on a polyclonal antibody-based sandwich 

chemiluminescence assay (Roche Diagnostics, Germany) using an autoanalyser (Elecsys 

2010). 

CRT implantation. All CRT implantations were performed by the intervention team at the 

Heart Centre of Umeå University Hospital. CRT device implantation was performed in the 

standard fashion with three trans-venous leads inserted. The right atrial and ventricular 

(apical) leads were conventionally positioned and the LV lead was inserted through the 

coronary sinus into the lateral or posterolateral cardiac vein. All inserted devices were Insync 

III (Medtronic Inc., Minneapolis, MN, USA).  
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Follow-up. Clinical characteristics at baseline and within 6-month follow-up were obtained 

from the medical reports. A good response to CRT was taken as a symptomatic improvement 

of ≥ 1 NYHA class at follow-up.  

 

 

Statistical analysis 

 

All statistical analyses were performed using a standard statistical software package (SPSS 

Inc). 

Distributed data was presented as mean ± standard deviation (SD) to describe a central 

tendency of variation. Categorical variables were expressed as percentage (%). Continuous 

data was compared with two-tailed unpaired Student t test and discrete data with Chi-square 

test. Correlations were tested with Pearson coefficients. A p< 0.05 was considered as 

statistical significance.  

 

Study I 

Discrete variables were compared using χ
2
 test or Fisher’s exact probability test as 

appropriate. Multiple logistic regression analysis was used to identify the independent 

echocardiographic correlates with cardiac events. Clinical variables, e.g. age, sex, and prior 

myocardial infarction were adjusted. 

 

Study II 

Predictors of 6-MW distance were identified with univariate analysis and multivariate logistic 

regression was performed by the Step-wise method, a significant difference was defined as < 

0.05 (2-tailed). We included in the multivariate regression model the variables that were 

significant in univariate analysis, except those that interfere because of the small number of 

patients. Patients were divided according to their ability to walk >300m into Good and 

Limited exercise performance groups (97), and were compared using unpaired Student t-test. 

 

Study III 

Multiple logistic regression analysis was used to identify the independent predictors of 

cardiac events. In an attempt to investigate the incremental prognostic contribution of 

echocardiographic, Doppler and biochemical variables, an interactive stepwise procedure was 
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performed and variables were included in the model, in the same order they are considered in 

clinical practice. Therefore, demographic and clinical variables were firstly analyzed, and the 

global chi-square was calculated. Further steps were created after the addition of 

echocardiographic and Doppler and NT-pro-BNP data to the independent predictors at first 

step. The incremental prognostic value of the added variables was assessed by comparison of 

the global chi-square at each step. 

 

Study IV 

Predictors of 6 MWT distance were identified with univariate analysis and multivariate 

logistic regression was performed using the step-wise method, a significant difference was 

defined as P < 0.05 (2-tailed).  

 

Study V 

Comparison between the three groups was carried out by one-way analysis of variance 

(ANOVA) and correlation between variables by simple linear regression analysis. 

 

Study VI 

Univariate analysis and multivariate logistic regression analysis were used to identify 

predictors of CRT response. Patients were divided according to their CRT response into 

responders and non-responders. 

 

Reproducibility 

 

Study I 

Two investigators analyzed echocardiographic measurements, both unaware of the original 

diagnosis and of the other’s findings. Intraobserver and interobserver variability were each 

assessed in 20 patients. Duplicate measurements of filling and ejection times were made. 

Intraobserver coefficient of variability ranged from 3.5 to 5.2% and interobserver variability 

from 4.2 to 6.4%. 

 

Study V 

Intra-observer and inter-observer variability were tested in all 47 subjects. Timing 

measurements, from which the t-IVT was derived, were repeated by one investigator and 
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independently by a second at different times in order to determine both intra- and inter-

observer variability, respectively. Results were analyzed using the method of agreement as 

described by Bland and Altman (98) and presented as the coefficient of variation. 

 

Study VI 

The inter-observer and intra-observer variability were assessed using Cronbach's Alpha 

reliability coefficients. These coefficients, for filling time, were 0.96 and 0.98 for inter- and 

itra-observer variability, respectively. 
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Results  

 

Study I  

Of the 74 patients studied, 29 had cardiac events (death or hospitalization) after CABG. 

Previous myocardial infarction was present in 17/29 patients with cardiac events compared 

with 21/45 patients with no cardiac events (χ
2
 = 1.00, p=ns). In total, 57 patients had 

functional mitral regurgitation (mild in 49 and moderate in 9); mitral regurgitation of any 

grade was present in 24/29 patients with cardiac events and 33/47 with no cardiac events (χ
2
 = 

0.88, p=ns). Thirteen patients had echocardiographic evidence for pulmonary hypertension 

based on tricuspid regurgitation retrograde pressure drop.  

 

Patients with cardiac events vs. no events  

LV-ESD was significantly greater (4.50.9 vs. 3.90.9cm, p=0.003), fractional shortening 

was reduced (214 vs. 328%, p<0.001), and septal long axis amplitude was lower (0.90.3 

vs. 1.10.4 cm, p=0.04) in patients who had cardiac events compared to those without (Table 

1), though there was no significant difference in ejection fraction. E wave velocity and E:A 

ratio were both higher (1.00.3 vs. 0.70.2 cm/s, and 2.10.8 vs. 1.00.6, respectively 

p<0.001), A wave velocity was lower (0.50.2 vs. 0.80.2 cm/s, p<0.001), and E wave 

deceleration time was shorter (14745 vs. 18963 ms, p=0.002) in patients with events 

compared to those without but there was no difference in LA size or pulmonary artery 

pressure between the two groups. Total IVT was longer (165 vs. 104 sec/min) and Tei 

index was higher (0.90.3 vs. 0.60.3, both p<0.001) in the events group. No right ventricular 

measurement was significantly different between the two groups.    

Predictors of Cardiac Events  

In the univariate analysis model, a number of measurements predicted cardiac events in the 

studied group: fractional shortening, t-IVT, Tei index, E and A wave velocities, E wave 

deceleration time, LV end-systolic dimension, and LV septal long axis amplitude (Table 2). 

However, the only independent variables that predicted post-operative cardiac events were 

low fractional shortening (odds ratio 0.66, p<0.001), high E:A ratio (l4.13, p=0.028), 

increased LV-end-systolic dimension (odds ratio: 0.19, p=0.029), and long t-IVT (odds ratio 
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1.37, p=0.035). Of the patients who had post-op cardiac events, 31% had a t-IVT greater than 

15 sec/min (upper 95% normal confidence interval) compared with only 6% in those without 

events (χ
2
 9.98, p<0.01). 

 

Table 1. Doppler echocardiographic data  

Variable Patients with events 

(n = 29) 

Patients without  events 

(n =45) 

P value 

Systolic LV function    

LV EDD (cm)  5.7  0.9 5.6  0.9 0.418 

LV ESD (cm)  4.5  0.9 3.9  0.9 0.003 

Fractional shortening (%)  21  4 32  8 <0.001 

Ejection fraction (%)  51  15 55  14 0.273 

Lateral long axis amplitude (cm) 1.2  0.4 1.3  0.5 0.153 

Septal long axis amplitude (cm) 0.9  0.3 1.1  0.4 0.038 

Left atrium (cm)  4.3  0.9 4.3  0.6 0.754 

Diastolic LV function    

E (cm/s)  1.0  0.3 0.7  0.2 <0.001 

A (cm/s)  0.5  0.2 0.8  0.2 <0.001 

E/A ratio 2.1  0.8 1.0  0.6 <0.001 

EDT (ms)  147  45 189  63 0.002 

Global LV function    

T-IVT (s/min) 16  5 10  4 <0.001 

Tei index 0.9  0.3 0.6  0.3 <0.001 

RV function    

RV EDD (cm) 2.8  0.5 2.7  0.4 0.243 

RV long axis amplitude (cm) 1.9  0.6 2.0  0.6 0.298 

Er (cm/s)  0.5  0.2 0.5  0.1 0.621 

Ar (cm/s)  0.4  0.1 0.5  0.1 0.346 

Er/Ar  1.4  0.6 1.2  0.3 0.083 

EDTr (ms)  158  30 165  51 0.436 

Data presented as mean  standard deviation 

A: atrial diastolic velocity; Ar: right ventricular A wave; E: early diastolic filling velocity; EDD: end-

diastolic dimension; EDT: E wave deceleration time; EDTr: deceleration time of right ventricular E 

wave; ESD: end-systolic dimension; Er: right ventricular E wave; LV: left ventricle; PAAT: 

pulmonary artery acceleration time; T-IVT, total isovolumic time  
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Table 2. Predictors of Post-CABG Cardiac events 

Variable Odds ratio (95% CI) P value 

Univariate predictors 

FS (%) 

 

0.71 (0.61-0.84) 

 

<0.001 

T-IVT (s/min) 1.41 (1.17-1.69) <0.001 

Tei index 21.1(3.11-143) 0.002 

E wave (cm/s) 1.05 (1.03-1.08) <0.001 

A wave (cm/s) 0.94 (0.91-0.96) <0.001 

E:A ratio  11.0 (3.4-35.6) <0.001 

EDT (ms) 0.98 (0.97-0.99) 0.005 

LV ESD (cm) 2.16 (1.24-3.77) 0.007 

Septal long axis amplitude (cm) 0.24 (0.63-0.96) 0.043 

Lateral long axis amplitude (cm) 0.43 (0.13-1.28) 0.156 

RV EDD (cm) 2.02 (0.63-6.46) 0.234 

EF (%) 0.98 (0.95-1.01) 0.270 

RV long axis amplitude (cm) 0.67 (0.32-1.41) 0.294 

Age 1.01 (0.97-1.1) 0.358 

LV EDD (cm) 1.23 (0.75-2.01) 0.414 

LA (cm) 1.11 (0.58-2.10) 0.750 

Multivariate predictors   

Fractional shortening (%) 0.66 (0.50-0.87) 0.003 

E:A ratio 4.13 (1.17-14.6) 0.028 

LV-ESD (cm) 0.19 (0.05-0.84) 0.029 

T-IVT (s/min) 1.37 (1.02-1.84) 0.035 

A: atrial diastolic velocity; E: early diastolic filling velocity; EDD: end-diastolic dimension; EDT: E 

wave deceleration time; EF: ejection fraction; ESD: end-systolic dimension; FS: fractional 

shortening; LA: left atrium; LV: left ventricle; RV: right ventricle; T-IVT, total isovolumic time  

 

Study II 

 

Patients mean age was 60±12 years, and 33.3% were females. The etiology of heart failure 

was ischemic cardiomyopathy in 50 patients and idiopathic dilated cardiomyopathy in 27 

patients.  

 

Clinical and echocardiographic correlates of 6 minute walk distance (Table 3)  

Out of the whole list of Doppler echocardiographic measurements, the E’ wave (r=0.61, 

p<0.001), E/E’ ratio (r=-0.49, p<0.001), t-IVT (r=-0.44, p<0.001) and Tei index (r=-0.43, 

p<0.001) as well as NYHA class (r=-0.53, p<0.001) had the highest correlation with the 6-

MW distance (Table 3, Figure 2 and 3). Age, LV function and dimensions, and kidney 

function correlated poorly with 6-MWT.  
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Table 3. Correlations of clinical and echocardiographic variables with 6 minute walk distance 

 

Variable  r P 

Clinical correlates   

NYHA class -0.531 <0.001 

Age -0.355 0.002 

Urea -0.343 0.004 

Creatinine -0.295 0.012 

QRS duration -0.204 0.074 

Body-mass index -0.108 0.348 

Glicemia -0.113 0.350 

Waist/hips ratio   0.107 0.410 

Heart rate   0.088 0.444 

Echocardiographic correlates   

E’(cm/s)  0.607 <0.001 

T-IVT (s/min) -0.539 <0.001 

E/E’ ratio mean -0.490 <0.001 

Tei index -0.428 <0.001 

LV shortening fraction (%)   0.383 0.001 

LV ejection fraction (%)  0.363 0.001 

LV ESD (cm) -0.261 0.022 

Isovolumic relaxation time (ms) -0.228 0.056 

EDT (ms)   0.182 0.114 

LV EDD (cm) -0.056 0.625 

S’ (cm/s)  0.056 0.632 

 

LV: left ventricle; E: early diastolic filling velocity; EDD: end-diastolic dimension; ESD: end-systolic 

dimension; T-IVT, total isovolumic time; S’: systolic myocardial velocity, E’: early diastolic 

myocardial velocity.  
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Figure 2. Correlation between E/E’ratio and 6 minute walk distance in patients with heart 

failure due to systolic dysfunction 



 

28 

 

Correlation between total isovolumic time and 6 minute 

walk distance
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Figure 3. Correlation between total isovolumic and 6 minute walk distance in patients with 

heart failure due to systolic dysfunction 

 

Patients with Limited vs. Good 6 minute walk test  

Clinical and biochemical differences (Table 4) 

A number of clinical differences featured patients who had limited 6 MWT. They were older 

(p<0.001), with higher prevalence of smoking (p=0.03), had worse kidney function (higher 

urea, p=0.019; and creatinine, p=0.027), had worse degree of heart failure as shown by 

NYHA class (p<0.001) and higher prevalence of broad QRS>120ms (p=0.038) compared 

with those with good 6 MWT. None of the other clinical parameters was significantly 

different between the two groups.  

 

Echocardiographic differences (Table 5) 

Patients with limited 6-MWT had lower shortening fraction (p=0.021) and ejection fraction 

(p=0.017), longer t-IVT (p= 0.001, Figure 4) and higher Tei index (p=0.002), compared with 

those with good 6-MWT. They had also lower myocardial E’ (p<0.001), higher E/E’ ratio 

(p<0.001, Figure 5) and higher prevalence of LV restrictive filling pattern (p=0.02). None of 

the LV structural or other functional measurements differentiated the two groups.  
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Table 4. Clinical and biochemical data of patients with limited vs. good exercise performance  

Variable       Limited performance       Good performance        P value 

                                                      (n = 38)           (n =39) 

Sex (female, in %) 36 31 0.810 

Age (years)  649 5513 0.001 

Smoking (%)  51.3 23.1 0.033 

Diabetes (%) 49 26 0.101 

Ischemic origin (%) 69 66 0.436 

Arterial hypertension (%)  56 46 0.607 

Body-mass index  284.4 274.3 0.378 

Waist/hips ratio 0.990.1 1.000.1 0.422 

NYHA class  2.70.5 2.20.6 <0.001 

Heart rate (beats/min)  7712 8214 0.103 

QRS>120ms (%) 22 12 0.038 

QRS duration (ms) 111±24 99±27 0.050 

Fasting glucose (mmol/L) 7.13.9 6.11.7 0.195 

Total cholesterol (mmol/L) 4.11.2 4.30.9 0.651 

Triglycerides (mmol/L) 1.50.5 1.951.5 0.207 

Urea (mmol/L) 10.64.6 8.442.6 0.019 

Creatinine (mol/L) 12747 10491 0.027 

Serum sodium (mmol/L) 1403.9 1384.6 0.127 

Serum potassium (mEq/L) 4.1 ± 0.8 4.3 ± 0.9 0.230 

Hemoglobin (g/L) 13220 12723 0.476 

 

Data are mean  standard deviation. NYHA = New York Heart Association 

The difference of t-IVT in patients w ith limited 

vs. good 6-MWT performance 
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Figure 4. The difference of total isovolumic time between patients with limited and food 6-minute 

walk test performance 
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Table 5. Echocardiographic data of patients with limited vs. good exercise performance  

 

     Limited performance  Good performance           P value 

    (n = 38)         (n =39) 

Systolic LV function    

 EDD (cm) 6.70.7 6.60.7 0.585 

ESD (cm) 5.70.7 5.30.9 0.067 

Shortening fraction (%)  15.6  5.3 18.2  4.3 0.021 

Ejection fraction (%)  31.4  10 36.5  8.2 0.017 

Lateral long axis amplitude (cm) 1.0  0.3 0.9  0.3 0.461 

Septal long axis amplitude (cm) 0.7  0.2 0.7  0.3 0.857 

Left atrium (cm)  4.7  0.6 4.8 0.6 0.678 

S’ wave (cm/s) 5.2 1.4 5.8  1.8 0.110 

Diastolic LV function    

E wave velocity (cm/s)  67  23 74  29 0.236 

A wave velocity (cm/s)  54 21 58  28 0.471 

E/A ratio 1.5  0.9 1.6 1.1 0.544 

E wave deceleration time (ms) 135  44 145  67 0.428 

E’ (cm/s) 4.6  1.2 6.7  1.9                         <0.001 

A’ (cm/s) 7.13.2 6.92.7 0.738 

Global LV function    

Isovolumic relaxation time (ms) 12235 9825 0.002 

T-IVT (s/min) 15.74.0 12.74.0 0.001 

Tei index 0.90.4 0.640.2 0.002 

E/E’ ratio  15 5.6 113.1                       <0.001 

Left ventricular restrictive filling (%) 29.9 16.9 0.023 

RV function    

EDD (cm) 3.0  0.6 2.8  0.5 0.147 

Long axis amplitude (cm) 1.90.5 2.20.7 0.223 

E wave (cm/s) 5533 4913 0.421 

A wave (cm/s) 7014 5218 0.412 

E/A ratio 1.40.3 1.30.5 0.342 

E wave deceleration time (ms) 14562 14872 0.882 

 

LV: left ventricle; RV: right ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; 

EDD: end-diastolic dimension; ESD: end-systolic dimension; T-IVT, total isovolumic time; S’: systolic 

myocardial velocity, E’: early diastolic myocardial velocity;  A’: late diastolic myocardial velocity.  
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The difference of E/E' ratio in patients w ith 

limited vs. good 6-MWT performance
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Figure 5. The difference of E/E’ ratio between patients with limited and food 6-minute walk test 

performance 

 

Predictors of limited 6 minute walk performance 

Univariate predictors of limited 6 minute walk performance (Table 6) 

From biochemical and clinical features, NYHA class (p<0.001), age (p=0.003), kidney 

function (urea: p=0.029, and creatinine: p=0.039) and smoking (p=0.040) predicted limited 6-

MWT. LV E’ wave (p<0.001), E/E’ (p=0.001), t-IVT (p=0.003), Tei index (p=0.003), as well as 

fractional shortening (p=0.002) and ejection fraction (p=0.025) were the only 

echocardiographic variables that predicted limited 6 MWT performance.  

 

Multivariate predictors of limited 6 minute walk performance (Table 6) 

In multivariate analysis [odds ratio 95% confidence interval] only E/E’ ratio [0.800 (0.665-

0.961), p=0.017], and t-IVT [0.769 (0.619-0.955), p=0.018] independently predicted the 

limited 6-MWT performance. ROC curve analysis showed an area under the curve of 73% 

(p<0.001) and a cut off value for E/E’ of 12.8 to give a sensitivity of 82% and specificity of 

60.5% for predicting 6 MWT performance. The respective values for t-IVT were 80% and 

14.5 s/min, with a sensitivity of 82% and specificity of 76%.  
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Table 6. Predictors of limited 6 minute walk test  

 

Variable Odds ratio (95% CI) P value 

Clinical univariate predictors   

NYHA class 0.158 (0.059-0.419) <0.001 

Age 0.922 (0.874-0.974) 0.003 

Urea 0.840 (0.717-0.982) 0.029 

Creatinine  0.984 (0.969-0.999) 0.039 

Smoking 0.373 (0.146-0.954) 0.040 

QRS duration 0.982 (0.964-1.000) 0.056 

QRS>120ms (%) 2.698 (1.011-7202) 0.047 

Heart rate 1.030 (0.994-1.067) 0.106 

Diebetes mellitus 0.263 (0.021-3.269) 0.263 

Body-mass index 0.953 (0.858-1.059) 0.374 

Echocardiographic univariate predictors   

E’ 2.560 (1.675-3.910) <0.001 

E/E’ mean ratio 0.788 (0.680-0.912) 0.001 

T-IVT 0.823 (0.724-0.936) 0.003 

Tei index 0.33(0.004-0.283) 0.003 

Isovolumic relaxation time 0.973 (0.956-0.991) 0.004 

Ejection Fraction 1.063 (1.010-1.118) 0.002 

Fractional Shortening  1.117 (1.014-1.230) 0.025 

LV ESD 0.575 (0.312-1.060) 0.076 

E wave deceleration time 1.003 (0.995-1.012) 0.421 

E/A ratio 1.148 (0.739-1.782) 0.539 

Multivariate predictors   

E/E’ mean ratio 0.800 (0.665-0.961) 0.017 

T-IVT 0.769 (0.619-0.955) 0.018 

NYHA class 0.318 (0.092-1.100) 0.070 

Age 0.946 (0.890-1.006) 0.077 

Ejection fraction 0.972 (0.899-1.051) 0.474 

Urea 0.946 (0.764-1.172) 0.613 

 

LV: left ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; EDD: end-diastolic 

dimension; ESD: end-systolic dimension; T-IVT, total isovolumic time; S’: systolic myocardial 

velocity, E’: early diastolic myocardial velocity; A’: late diastolic myocardial velocity.  

 

 

Study III 

 

The study included 107 patients with a mean age of 68 ± 12 years (range 36 - 92, median 68, 

25% of whom were women). The cause of chronic systolic HF was coronary artery disease in 

56%, idiopathic dilated cardiomyopathy in 36%, and hypertension in 8%. At the time of the 

baseline echocardiogram, all patients were on medical treatment, including loop diuretics 
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(87%), angiotensin-converting enzyme inhibitors (74%), beta blockers (69%), aldosterone 

antagonists (51%), digoxin (14%), and angiotensin receptor blockers (5%). During the follow-

up period (3718 months, median 31 months), 55 patients (51.4%) developed cardiac events, 

28 of whom (26.2%) died. 

 

Comparison between patients with and without events  

NYHA class and NT-pro-BNP were significantly higher in patients who had cardiac events 

compared to those without (Table 7), though there was no significant difference in age, sex, 

prevalence of coronary artery disease, and diabetes mellitus. Almost all Doppler 

echocardiographic measurements were significantly different between groups (Table 7) 

consistent with worse cardiac function in patients with events compared to those without. LV 

end-systolic and end-diastolic volumes and left atrial size were larger in patients with events. 

Moreover, patients with cardiac events showed shorter E wave deceleration time, longer T-

IVT, higher Tei index, lower mean Sm and Em velocities and higher mean E/Em ratio. 

 

Predictors of cardiac events  

ROC curve analysis showed an area under the curve of 75% (p<0.001) and a cut off value for 

T-IVT of 12.3 s/m with a sensitivity of 80% and specificity of 66% in predicting events 

(Figure 6). The respective values for mean E/Em were 76% (p<0.001) and 10.5 for a 

sensitivity of 75% and specificity of 63%, respectively and for log NT-pro-BNP were 74% 

(p<0.001) and 2.97 with a sensitivity of 78% and specificity of 61%, for predicting cardiac 

events. An area under the curve of 76% (p<0.001) and a cut off value for LV EF of 32.5%, 

gave a sensitivity of 75% and specificity of 61% in predicting cardiac events.  

In univariate analysis, a number of measurements predicted cardiac events in the study 

population: LV EF, NT-pro-BNP, LV end-systolic volume, E wave deceleration time, mean 

E/Em ratio, restrictive LV filling pattern, E/A ratio, T-IVT, LV end-diastolic volume, mitral 

regurgitation severity, Tei index, left atrial diameter, and left atrial volume (Table 8). 

However, the only independent variables that predicted cardiac events were T-IVT 

(OR=1.254, 95% CI 1.075-1.463, P=0.004), mean E/Em ratio (OR=1.231, 95% CI 1.062-

1.426, P=0.006), NT-pro-BNP (OR=4.162, 95% CI 1.289-13.44, P=0.017) and LV EF 

(OR=0.907, 95% CI 0.828-0.994, P=0.036) (Table 8). 
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Table 7. Demographic, clinical and Doppler echocardiographic variables in study patients  

 

Variable Total 

(n=107) 

Patients with events 

(n = 55) 

Patients without 

events (n =52) 

P value 

Age (years) 68±12 67±13 69±10 0.44 

Women (%)  25 20 31 0.27 

Coronary artery disease (%) 56 55 58 0.85 

Diabetes mellitus (%) 28 31 25 0.53 

NYHA class 2.4±0.7 2.64±0.65 2.15±0.57 <0.001 

NT-pro-BNP(pg/ml) median±IQR 1257 (553-3212) 2079 (409-4724) 780 (382-1706) <0.001 

LV EDV (ml) 233±71 254±73 212±64 0.002 

LV ESV (ml)  163±60 185  60 140 52 <0.001 

LV EF (%)  31±8 28  7 35  7 <0.001 

Left atrial size (mm) 48±6 50  6 47 5 0.01 

Left atrial volume (ml) 77±27 8±25 70±27 0.017 

Mitral regurgitant area (cm
2
) 3.5±4.2 4.6±4.7 2.3±3.4 0.005 

E (cm/s)  84±30 93  28 74  29 0.001 

A (cm/s)  75±32 66 32 84  30 0.006 

E/A ratio 1.6±1.4 2.0  1.7 1.1 0.8 <0.001 

EDT (msec)  155±52 13338 17955 <0.001 

Restrictive mitral inflow (%) 61 86 35 <0.001 

T-IVT (s/min) 13.9±4.3 154.4 12.6 3.9 0.002 

Tei index 0.75±0.3 0.820.3 0.680.3 0.008 

Sm mean (cm/s) 7.5±2.5 6.72.3 8.52.4 <0.001 

Em septal (cm/s) 7.9±3.2 6.92.5 8.93.6 0.001 

Em lateral (cm/s) 9.6±4.2 9.44.6 9.83.7 0.67 

Mean E/Em ratio 10.7±5.3 127.2 8.44.0 0.001 

Right long axis amplitude (mm) 18.9±4.7 18.4±5.11 19.4±4.2 0.27 

Data presented as mean  standard deviation. Legend: IRQ: interquartile range, LV: left ventricle; 

EDV: end-diastolic volume; ESV: end-systolic volume; EF: ejection fraction; A: atrial diastolic 

velocity; E: early diastolic filling velocity; EDT: E wave deceleration time; T-IVT, total isovolumic 

time Sm: systolic myocardial velocity; Em: early diastolic left ventricular myocardial velocity. 

 

In the interactive stepwise procedure applied to the prediction of cardiac events, the addition 

of LV EF and mean E/Em ratio significantly improved the chi-square value up to 33.1. The 

addition of T-IVT moved the chi-square up to 35.9, which reached 38.0 with the introduction 

of NT-proBNP (both p<0.0001). On Kaplan-Meier survival analysis, patients with elevated 

mean E/Em exhibited a significantly worse event free-survival than those with normal ratio 

(31% vs. 59%, log-rank: 6.5, p=0.01). A worse survival was also observed in patients with a 

prolonged T-IVT (38% vs. 64%, log-rank: 5.8, p=0.016) (Figure 7), those with high NT-pro-
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BNP (33% vs. 68%, log-rank: 13.3, p<0.001), in addition to patients with low LV EF (31% 

vs.70%, log-rank: 17.6, p<0.001).  

 

Table 8. Predictors of cardiac events in patients with systolic heart failure 

 

Variable Odds ratio (95% CI) P value 

Univariate predictors   

LV EF ≤32.5% 0.863 (0.807-0.923) <0.001 

Log NTproBNP ≥2.47 pg/ml 5.427 (2.262-13.019) <0.001 

LV ESV >127 ml  1.015 (1.007-1.024) <0.001 

EDT <150 msec 0.977 (0.966-0.988) <0.001 

Mean E/Em ratio ≥10 1.244 (1.118-1.383) <0.001 

E/A ratio >1.3 2.190 (1.369-3.503) 0.001 

T-IVT ≥12.3% sec/min 1.158 (1.049-1.279) 0.004 

LV EDV >196 ml 1.010 (1.003-1.016) 0.004 

Tei index >0.78 1.013 (1.004-1.022) 0.006 

Mitral regurgitation area >5.26 cm
2
 1.167 (1.040-1.308) 0.008 

Left atrial size >49 mm 1.096 (1.019-1.178) 0.01 

Left atrial volume >64 ml 1.018 (1.003-1.034) 0.02 

Male sex 1.778 (0.734-4.308) 0.20 

Right long axis amplitude <15 mm 0.953 (0.875-1.038) 0.27 

Age >70 yrs 0.987 (0.955-1.020) 0.44 

Diabetes mellitus 1.342 (0.574-3.137) 0.49 

Multivariate predictors   

T-IVT ≥12.3% sec/min 1.254 (1.075-1.463) 0.004 

Mean E/Em ratio ≥10 1.231 (1.062-1.426) 0.006 

Log NT-pro-BNP ≥2.47 pg/ml 4.162 (1.289-13.44) 0.017 

LV EF ≤32.5% 0.907 (0.828-0.994) 0.036 

Age >70 yrs 0.962 (0.907-1.019) 0.19 

Male sex 1.839 (0.532-6.354) 0.34 

 LV: left ventricle; EDV: end-diastolic volume; ESV: end-systolic volume; EF: ejection fraction; A: 

atrial diastolic velocity; E: early diastolic filling velocity; EDT: E wave deceleration time; T-IVT, 

total isovolumic time; Em: early diastolic left ventricular myocardial velocity. 
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Figure 6. ROC curves of predictors of cardiac events: total isovolumic time (A), and E/Em 

ratio. 

 

 

Figure 7. Survival free of cardiovascular events predicted by total isovolumic time (A), and 

E/Em ratio (B). 
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Study IV 

 

Patients mean age was 61±11 years, and 50.3% were females (Table 9). The etiology of heart 

failure was ischemic in 68 patients (46%), idiopathic in 44 (30%) and hypertensive in 35 

(24%) patients. The studied patients as a whole exercised for a mean of 265±111 meter and 

had to stop because of breathlessness and/or tiredness. Patients with HF and reduced EF 

exercised for 241±107 meters compared to 275±112 meters in those with HFpEF, (p=0.09).   

 

Table 9. Baseline patient’s data in study patients 

Sex (female, in %) 49.7  

Age (years)  6111  

Smoking (%)  31  

Diabetes (%) 33  

LBBB (%) 25  

Body-mass index  285  

Waist/hips ratio 0.950.1  

NYHA class  2.30.6  

Fasting glucose (mmol/L) 73.3  

Total cholesterol (mmol/L) 4.31.3  

Triglycerides (mmol/L) 1.71  

Urea (mmol/L) 9.94.5  

Creatinine (mol/L) 10941  

Hemoglobine  128±23  

Heart rate (beats/minute)  78  13  

 

Data are mean  standard deviation. NYHA = New York Heart Association 

Clinical and echocardiographic correlates of 6 MWT distance  

 

Out of the list of Doppler echocardiographic measurements, only markers of global 

dyssynchrony, t-IVT (r=-0.49, p<0.001) and Tei index (r=-0.43, p<0.001) correlated with the 

6-MWT distance using Pearson’s correlation model (Figure 8 & 9).  
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Figure 8. Correlation between t-IVT and 6 MW distance in patients with heart failure 

 

 

Figure 9. Correlation between Tei index and 6 minute walk distance in patients with heart 

failure 

 

Patients with Limited vs. Good 6 MWT performance (Table 10 & 11) 

 

Hemoglobin (p=0.03) and smoking (p=0.04) were the only clinical finding that was different 

between the two groups of patients with good and limited exercise performance (Table 10). 

Patients with limited 6-MWT performance had lower EF (p=0.003), larger left atrium 
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(p=0.02), lower A wave (p=0.009) and lateral myocardial velocity a’ (p=0.047), but longer 

isovolumic relaxation time (p=0.003) and longer t-IVT (p= 0.03, Table 11).   

 

 

Table 10. Comparison of clinical and biochemical data between patient’s groups  

Variable       Limited performance       Good performance         P value 

                                               (n = 90)           (n =57) 

Sex (female, in %) 53 43 0.26 

Age (years)  6112 6110 0.81 

Smoking (%)  25 44 0.04 

Diabetes (%) 34 30 0.67 

LBBB (%) 24 26 0.75 

Preserved EF (%)  30 40 0.24 

Body-mass index  285 284 0.91 

Waist/hips ratio 0.950.1 0.970.1 0.28 

NYHA class  2.30.6 2.50.7 0.09 

Fasting glucose (mmol/L) 6.93.3 7.12.7 0.84 

Total cholesterol (mmol/L) 4.21.2 4.31.3 0.16 

Triglycerides (mmol/L) 1.81.2 1.60.4 0.25 

Urea (mmol/L) 9.94.3 9.55.2 0.66 

Creatinine (mol/L) 11136 10855 0.74 

Haemoglobine  123±28 133±16 0.03 

Heart rate (beats/minute)  79  13 77  14 0.51 

 

Data are mean  standard deviation. NYHA = New York Heart Association 
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Table 11. Comparison of echocardiographic data between patient’s groups  

 

Variable          Limited performance        Good performance               P 

                                                     (n = 90)            (n =57) 

Systolic LV function 

Ejection fraction (%) 3412 4115 0.003 

Interventricular septum (cm) 1.06  0.1 1.11  0.2 0.07 

Left atrium (cm) 4.80.7 4.50.7 0.02 

LV EDD (cm) 6.4  1.3 6.1 1.1 0.15 

LV ESD (cm) 5.3  1.0 4.9  1.1 0.08 

Septal long axis amplitude (cm) 0.80.3 0.90.3 0.21 

Septal s’ wave (cm/s) 6.3±1.4 7±2.6 0.24 

Lateral long axis amplitude (cm) 1.05  0.3 1.1  0.3 0.24 

Lateral s’ wave (cm/s) 6.1±2.4 6.5±2.5 0.51 

LV posterior wall (cm) 1.0  0.1 1.0  0.4 0.86 

Aortic root (cm) 3.40.3 3.40.4 0.94 

Diastolic LV function 

A wave velocity (cm/s) 58 21 72  29 0.009 

Lateral a’ wave (cm/s) 7±2.5 8.3±3.5 0.047 

E wave deceleration time (ms) 146  57 168  65 0.08 

Lateral e’ wave (cm/s) 62.3 6.42 0.28 

E/A ratio 1.2 0.8 1.6  1.1 0.045 

Septal a’ wave (cm/s) 8.2±2.5 8.7±5 0.64 

Septal e’ wave (cm/s) 6±2.2 6±2.8 0.71 

E wave velocity (cm/s) 69 24 70  32 0.75 

LA area 27±8.2 28±8.6 0.88 

Global LV function 

T-IVT 14.13.8 11.84.4 0.03 

Tei index 0.74 0.5 0.6  0.3 0.07 

IVRT 121  35 99 24 0.003 

E/e’ ratio 12.6±6.6 11.6±5.6 0.41 

RV function 

A wave velocity (cm/s) 51  15 54  22 0.44 

E wave deceleration time (ms) 154±68 157±71 0.84 

Right long axis amplitude (cm) 20.61 20.6 0.93 

PSAP (mmHg) 44.323 44.417 0.99 

Right e’ wave (cm/s) 9.7±4.3 9±3.8 0.57 

Right a’ wave (cm/s) 15±5.6 13±4.7 0.24 

Right s’ wave (cm/s) 10.6±2.9 11.2±3.2 0.52 

EDD (cm) 3.2  0.9 2.8  0.6 0.06 

 

LV: left ventricle; RV: right ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; 

EDD: end-diastolic dimension; ESD: end-systolic dimension; T-IVT: total isovolumic time; IVRT: 

isovolumic relaxation time; s’: systolic myocardial velocity, e’: early diastolic myocardial velocity; 

a’: late diastolic myocardial velocity.  
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Predictors of limited 6 MWT distance 

Univariate predictors of limited 6 MWT distance (Table 12) 

From the biochemical and clinical findings, only low haemoglobin level (p=0.047) predicted 

limited 6-MWT distance. Prolonged t-IVT (p<0.001), high Tei index (p<0.001), prolonged 

isovolumic relaxation time (p=0.005), low LV EF (p=0.007) and high E/A ratio (p=0.03), 

were the echocardiographic predictors of limited distance.  

Multivariate predictors of limited 6 MWT distance (Table 12) 

In multivariate analysis [odds ratio, 95% confidence interval], prolonged t-IVT [1.257 

(1.071-1.476), p=0.005], low LV EF [0.947 (0.903-0.993), p=0.02], and high E/A ratio 

[0.553 (0.315-0.972), p=0.04], independently predicted the limited 6-MWT distance. A t-IVT 

of 12.5 s/min had a sensitivity of 70% and specificity of 65% (AUC on ROC analysis of 

73%) for predicting limited performance (Figure 10).  

 

Figure 10. ROC-curve of t-IVT in predicting poor exercise performance on 6-minute walk 

test in patients with heart failure 

Patients with EF<45% vs patients with EF >45% 

We further divided the studied cohort into patients with reduced EF and those with 

maintained EF (>45% - HFpEF) and compared their clinical and echocardiographic 

parameters, as well as exercise capacity and its predictors. Heart rate was the only clinical 

variable slightly lower in patients with HFpEF compared to those with low EF (p=0.04). LV 

EDD, LV ESD and left atrium were all smaller in HFpEF patients (p<0.001, for all). 

Interventricular septum was thicker (p=0.01) and septal long axis amplitude of motion 
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(p=0.049) were both higher in HFpEF patients. LV filling A wave was higher (p=0.002), E 

wave deceleration time longer p=0.03, and E/A ratio lower (p=0.008) in HFpEF patients 

(Table 13). None of clinical or echocardiographic parameters independently predicted the 

limited exercise in patients with HFpEF.   

Table 12. Predictors of limited 6 minute walk test  

Variable Odds ratio (95% CI) P value (<) 

Clinical univariate predictors   

Hemoglobin  1.020 (1.000-1.041) 0.047 

Heart rate 1.027 (0.999-1.056) 0.06 

NYHA class 1.535 (0.878-2.685) 0.13 

Gender 1.502 (0.734-3.073) 0.27 

Creatinine  1.003 (0.995-1.012) 0.47 

Urea 1.030 (0.950-1.117) 0.47 

Body-mass index 1.028 (0.947-1.117) 0.51 

Diabetes mellitus 0.847 (0.394-1.820) 0.67 

Age 1.004 (0.973-1.036) 0.81 

Echocardiographic univariate predictors 

T-IVT 0.743 (0.646-0.855) <0.001 

Tei index 0.038 (0.007-0.219) <0.001 

IVRT 0.974 (0.957-0.992) 0.005 

LV EF 1.049 (1.013-1.087) 0.007 

E/A ratio 1.526 (1.035-2.251) 0.03 

LV EDD 0.714 (0.483-1.055) 0.09 

Right long axis amplitude 1.832 (0.885-3.791) 0.11 

LV ESD 0.781 (0.562-1.086) 0.14 

Left atrium 1.272 (0.763-2.120) 0.36 

E wave deceleration time 0.997 (0.991-1.003) 0.39 

E/e’ ratio 1.036 (0.943-1.140) 0.46 

Lateral long axis amplitude 0.708 (0.197-2.554) 0.59 

Septal long axis amplitude 0.794 (0.857-3.404) 0.76 

Multivariate predictors  

T-IVT 1.257 (1.071-1.476) 0.005 

LV Ejection Fraction 0.947 (0.903-0.993) 0.02 

E/A ratio 0.553 (0.315-0.972) 0.04 

Haemoglobin 0.974 (0.947-1.001) 0.06 

Gender 0.535 (0.188-1.523) 0.24 

Age 1.022 (0.975-1.072) 0.37 

 

LV: left ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; EDD: end-diastolic 

dimension; ESD: end-systolic dimension; T-IVT: total isovolumic time; IVRT: isovolumic relaxation 

time; s’: systolic myocardial velocity, e’: early diastolic myocardial velocity; a’: late diastolic 

myocardial velocity.  
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Table 13. Comparison of echocardiographic data between HFrEF and HFpEF patients  

 

Variable                      Reduced EF                  Preserved EF              P 

                                                     (n=92)          (n=55) 

Systolic LV function 

Interventricular septum (cm) 1.07  0.1 1.17  0.2 0.01 

LV posterior wall (cm) 1.0  0.2 1.0  0.1 0.26 

Aortic root (cm) 3.40.4 3.50.4 0.96 

Left atrium (cm) 4.10.7 4.80.7                              <0.001 

LV EDD (cm) 6.8  0.7 5.6 0.8                             <0.001 

LV ESD (cm) 5.7  0.7 4.1  1                               <0.001 

Ejection fraction (%) 346 526                                   <0.001 

Septal long axis amplitude (cm) 0.80.3 10.2 0.004 

Lateral long axis amplitude (cm) 1  0.3 1.1  0.4 0.69 

Septal s’ wave (cm/s) 6.3±1.4 6.6±2.6 0.29 

Lateral S’ wave (cm/s) 6.1±2.5 6.5±2.1 0.36 

Diastolic LV function 

E wave velocity (cm/s) 68 28 66  26 0.67 

A wave velocity (cm/s) 7225 57  24 0.002 

E/A ratio 1.1 0.7 1.48  1 0.008 

E wave deceleration time (ms) 175  59 147  61 0.03 

Lateral e’ wave (cm/s) 6.22.5 5.11.6 0.39 

Lateral a’ wave (cm/s) 7.7±3 6.7± 2.4 0.11 

Septal e’ wave (cm/s) 6.1±2.9 5.9±1.7 0.81 

Septal a’ wave (cm/s) 8.8±4.7 8.1±2.5 0.55 

LA area 27±10 26±6 0.85 

Global LV function 

T-IVT 14.64.1 12.33.7 0.004 

Tei index 0.75 0.3 0.64 0.3 0.03 

IVRT 11837 108  30 0.35 

E/e’ ratio 13±6 12±6 0.63 

RV function 

E wave velocity (cm/s) 51  15 52  12 0.91 

A wave velocity (cm/s) 53  18 52  19 0.88 

E wave deceleration time (ms) 159±70 145±67 0.31 

Right long axis amplitude (cm) 20.6 20.6 0.98 

PSAP (mmHg) 5319 4123 0.06 

Right e’ wave (cm/s) 8.8±4 9.9±4 0.45 

Right a’ wave (cm/s) 13±5 15.5±5 0.25 

Right s’ wave (cm/s) 10.8±3 11.4±4 0.64 

EDD (cm) 3.11 3.31 0.95 

 

LV: left ventricle; RV: right ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; 

EDD: end-diastolic dimension; ESD: end-systolic dimension; T-IVT: total isovolumic time; IVRT: 

isovolumic relaxation time; s’: systolic myocardial velocity, e’: early diastolic myocardial velocity; 

a’: late diastolic myocardial velocity.  
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Study V 

General data (gender, age, anthropometric data, blood pressure, heart rate, QRS duration) are 

presented in Table 14. There were no significant age differences between groups.  

 

Table 14. General characteristics of the study subjects  

 

 

 

LV structure and function (Table 15) 

LV structural measurements: systolic and diastolic dimensions, wall thickness, cavity mass as 

well as segmental and global minor axis and long axis systolic parameters did not differ 

between the three age groups, irrespective of the technique used. However, diastolic 

measurements differed significantly between groups, with lateral and septal e’ wave 

velocities decreasing with age (p=0.007 and p=0.02, respectively) and septal a’ velocity, 

increasing with age (p=0.001), resulting in increased spectral peak A wave velocity and 

reduced E/A ratio (p<0.001 and p<0.04, respectively). T-IVT correlated with A wave 

(r=0.66, p<0.001), E/A ratio (r=-0.56, p<0.001), septal e’ (r=-0.49, p=0.001) and septal a’ 

(r=0.4, p=0.006).  

 

RV structure and function (Table 15) 

None of the RV structural, systolic or diastolic function measurements was different between 

the three groups. Pulmonary artery acceleration time was the only measurement significantly 

shortened with age (p=0.004).  

 

 

Variable All 

(n=47) 

Group M 

(n=10) 

Group S 

(n=17) 

Group E 

(n=20) 

P 

Age (years) 62±12 45±4 59±4 73±6 <0.001 

Female (%) 51 60 47 50 0.68 

Height (cm) 171±8 172±6 170±8 172±9 0.77 

Weight (kg) 73±9 76±11 68±8 72±8 0.07 

Body-mass index (kg/m
2
) 24±2.5 25±3 23±2 25±3 0.11 

Body-surface area  1.8±0.15 1.9±0.16 1.8±0.14 1.9±0.14 0.21 

Systolic blood pressure (mmHg) 135±17 129±22 133±17 140±13 0.34 

Diastolic blood pressure (mmHg) 76±10 77±12 77±8 76±11 0.84 

Heart rate (beats/min) 63±9 59±6 62±8 65±10 0.19 

QRS duration (ms) 84±13 79±13 85±14 87±12 0.31 
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Table 15. Echocardiographic data in age study groups 

 

Variable All (n=47) Group M 

(n=10) 

Group S 

(n=17) 

Group E 

(n=20) 

P 

LV dimension and mass      

      Left atrial diameter (mm) 35±8 34±11 33±9 38±5 0.12 

      LV mass (g) 162±39 162±39 161±44 164±36 0.98 

      LV mass index (g/m
2.7

) 21±5.5 19±4.6 21±5.4 21±6.1 0.67 

      LV EDD (mm) 50±4 50±4 50±3 49±5 0.69 

      LVESD  (mm) 31±4 31±4 31±4 31±4 0.87 

      Stroke volume  81±16 85±12 82±15 78±18 0.53 

LV systolic function       

      LV ejection fracion (%) 68±6 70±6 67±6 68±6 0.53 

      LV shortening fraction (%) 38±5 38±5 38±5 38±5 0.65 

      Lateral s’ (cm/s) 5.5±1.3 5.2±1.5 6±1.4 5.1±1.0 0.12 

      Septal s’ (cm/s) 5.2±1 5.5±1.3 5.4±0.9 4.8±0.8 0.09 

      MAPSE lateral (cm) 1.42±0.3 1.47±0.3 1.45±0.3 1.36±0.2 0.44 

      MAPSE septal (cm) 1.2±0.2 1.3±0.3 1.2±0.2 1.1±0.1 0.06 

      E/e’ 10±2.7 10.5±2.8 8.9±3.2 10.8±1.9 0.09 

LV diastolic function      

      E wave (cm/s) 63±13 71±11 62±14 60±12 0.98 

      A wave (cm/s) 67±17 53±14 64±15 76±15 0.001 

      E/A  1±0.4 1.4±0.4 1±0.4 0.8±0.2 <0.001 

      E wave deceleration time (ms) 211±51 187±45 202±48 230±52 0.06 

      Lateral e’ (cm/s) 7.3±2.5 6.8±3.2 8.7±2.5 6.3±1.3 0.007 

      Lateral a’ (cm/s) 8.5±2.7 7.8±2.7 8.4±2.7 8.9±2.7 0.61 

      Septal e’ (cm/s) 6±1.9 6.9±1.7 6.4±2.2 5.1±1.3 0.02 

      Septal a’ (cm/s) 8.1±1.5 7.3±1.7 7.9±1.3 8.7±1.4 0.04 

RV function      

      RV diameter (mm) 24±5 22±7 23±4 26±5 0.14 

      E wave (cm/s) 54±14 61±8 51±15 53±14 0.17 

      A wave (cm/s) 46±11 47±10 49±13 44±8 0.46 

      E/A  1.9±0.3 1.3±0.3 1.1±0.4 1.2±0.3 0.13 

      E wave deceleration time (ms) 218±60 214±57 211±47 227±73 0.71 

      Right e’ (cm/s) 10±2.8 12±3 9.8±1.9 9.8±3 0.17 

      Right a’ (cm/s) 12.9±2.8 11.8±3.9 13.7±2.2 12.9±2.5 0.25 

      Right s’ (cm/s) 10.2±1.7 9.7±1.3 10.4±1.5 10.2±2 0.59 

      TAPSE (cm) 2.4±0.4 2.3±0.4 2.5±0.3 2.4±0.4 0.36 

      PA acceleration time (ms) 119±26 131±15 127±29 105±20 0.004 

Ventricular dyssynchrony      

      FT (ms) 538±136 612±104 545±146 493±129 0.07 

      t-IVT (s/min) 7.7±2.6 5.5±1.4 6.9±1.8 9.5±2.5 <0.001 

      Tei index 0.41±0.14 0.32±0.13 0.34±0.13 0.51±0.15 <0.001 

      LPEI – RPEI 8.1±8 4.7±3 5.8±5 11.8±10 0.018 

 

LV: left ventricle; RV: right ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; 

EDD: end-diastolic dimension; ESD: end-systolic dimension; T-IVT: total isovolumic time; s’:systolic 

myocardial velocity, e’: early diastolic myocardial velocity; a’: late diastolic myocardial velocity; 

MAPSE: mitral annular plane systolic excursion; TAPSE: tricuspid annular plane systolic excursion; 

PA: pulmonary artery; IVRT: isovolumic relaxation time; FT: filling time; LPEI: left pre-ejection 

interval; RPEI: right pre-ejection interval. 
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Effect of age on ventricular dyssynchrony (Table 15) 

The difference between LV and RV pre-ejection time significantly increased with age 

(p=0.018).  Also, t-IVT and Tei index increased significantly with age (p<0.001, for both; 

Figure 11).  

 

 

Figure 11. Correlation between T-IVT and age in study subjects 

 

Correlation between age and ventricular structure and function (Table 16) 

In the study group as a whole, age did not bear any relationship with LV structure or markers 

of global or segmental systolic function. However, it strongly correlated with t-IVT (r=0.8, 

p<0.001) as well as with Tei index (r=0.7, p<0.001). Age correlated, to a lesser extent, with 

LA diameter (r=0.3, p=0.04), septal e’ (r=-0.45, p=0.002), and septal a’ (r=0.41, p=0.005). It 

also correlated with markers of diastolic LV function, particularly A wave (r=0.66, p<0.001), 

E/A ratio (r=-0.58, p<0.001), filling time (r=-0.47, p=0.001) and ejection time (r=-0.49, 

p<0.001). The rest of LV and RV structural and functional measurements did not correlate 

with age. Total IVT itself correlated with systolic blood pressure (r=-0.56, p<0.001) and 

stroke volume (r=0.34, p=0.02). QRS duration had no significant relationship with age, t-IVT 

or Tei index.  
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Table 16. Correlation of t-IVT with clinical and echo data 

 

Variable  R P 

Age 0.80 <0.001 

Systolic blood pressure 0.52 0.004 

Diastolic blood pressure 0.07 0.71 

LV mass index 0.16 0.31 

Left atrial diameter 0.27 0.07 

LV ESD 0.23 0.12 

LV ejection fraction -0.22 0.13 

Stroke volume -0.34 0.02 

E/A ratio -0.56 <0.001 

 

LV: left ventricle; atrial diastolic velocity; E: early diastolic filling velocity; ESD: end-systolic 

dimension 

 

Upper 95% normal limit for total isovolumic time in age groups  

Mean t-IVT values were 5.5 (95% CI, 4.6-6.3 s/min) for M, 6.9 (95% CI, 6.0-7.8 s/min) for S 

and 9.5 (95% CI, 8.4-10.6 s/min) for E groups. The corresponding upper limit of the t-IVT 

95% normal CI (calculated as mean ±2SD) for the three groups was 8.3 s/min, 10.5 s/min and 

14.5 s/min, respectively. The upper limit of normal t-IVT 95% CI was significantly shorter in 

the S compared with the E (p=0.001) group (Figure 12).  

 

Figure 12. The pattern of change in Total Isovolumic Time with increasing age (p<0.001) 
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Study VI 

 

The mean age of the study patients was 67 ± 12 years, and 82.5% of them were males. Sixty 

one (59%) of the 103 patients had a good response to CRT treatment.  

 

Responders vs. Non-responders to CRT 

Table 17 shows the clinical, biochemical and echo differences between the two groups. 

Responders to CRT had longer QRS duration (p=0.01), longer t-IVT (p=0.001), higher Tei 

index (p=0.01) and TRPD (p=0.03) on the baseline echocardiographic examination, 

compared with Non-responders. All other clinical, biochemical and echocardiographic 

measurements were not different between the two groups.   

 

 

Table 17. Clinical and echocardiography data in study patients and in study groups 

 

Variable  All 

(n= 103) 

Responders 

(n=61) 

Non-responders 

(n=42) 

 

P  

Age (yrs) 67±12 67±12 68±12 0.54 

% of female 18 20 14 0.61 

Heart rate (beats/min) 74±16 76±14 71±15 0.07 

QRS duration (ms) 152±12 158±12 145±11 0.01 

NT-pro-BNP (pg/ml) 4491±4602 4414±4082 4602±5336 0.88 

Atrial fibrillation (%) 26 21 33 0.18 

Left atrium (mm) 51±8 50±8 52±9 0.24 

LV EDD (mm) 70±9 70±9 70±10 0.91 

LV ESD (mm) 61±9 61±8 61±10 0.92 

LV EF (%) 26±6.5 25±7 26±7 0.28 

E wave (cm/s) 89±30 90±29 89±31 0.84 

A wave (cm/s) 57±27 61±29 52±22 0.13 

E/A ratio 1.9±1.2 1.85±1.2 2.1±1.3 0.48 

E wave deceleration time (ms) 171±59 167±60 176±58 0.47 

Restrictive filling pattern (%) 34 31 38 0.53 

t-IVT (s/min) 13±5 14.5±6 11±5 0.001 

Tei index  0.7±0.3 0.78±0.4 0.63±0.2 0.01 

MAPSE septal (cm) 0.7±0.2 0.71±0.2 0.74±0.2 0.51 

MAPSE lateral (cm) 1±0.3 1±0.2 1±0.3 0.75 

TAPSE (cm) 1.8±0.5 1.8±0.5 1.7±0.4 0.28 

Stroke volume (ml) 65±23 64±23 67±23 0.53 

Tricuspid regurgitation pressure drop (mmHg) 37±10 35±11 39±9 0.03 

 

LV: left ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; EDD: end-diastolic dimension; 

ESD: end-systolic dimension; T-IVT: total isovolumic time; IVRT: isovolumic relaxation time; S’: systolic 

myocardial velocity, E’: early diastolic myocardial velocity; A’: late diastolic myocardial velocity.  
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Predictors of CRT response 

In univariate analysis [odds ratio, 95% confidence interval] (Table 18), t-IVT [0.874 (0.802-

0.953), p=0.001], Tei index [0.186 (0.041-0.845), p=0.03], QRS duration [0.981 (0.965-

0.997), p=0.02] and TRPD [1.044 (1.003-1.087), p=0.03] predicted CRT response.  

In multivariate analysis [odds ratio 95% confidence interval] (Table 18), t-IVT [0.878 (0.802-

0.962), p=0.005], QRS duration [0.978 (0.960-0.996), p=0.019 and TRPD [1.047 (1.001-

1.096), p=0.046] remained as independent predictors of response to CRT. A t-IVT ≥11.6 

s/min was 67% sensitive and 62% specific (AUC 0.69, p=0.001, Figure 13) in predicting 

CRT response. Respective values for a QRS ≥ 151 ms were 66% and 62% (AUC 0.65, 

p=0.01, Figure 14), and for TRPD >37.6 mmHg were 65% and 61% (AUC 0.63, p=0.03). 

Combined prolonged t-IVT and QRS had a sensitivity of 67% but higher specificity of 88% 

in predicting CRT response. Combined prolonged t-IVT and high TRPD had a sensitivity of 

67% and a specificity of 77% and combining prolonged QRS and high TRPD had a 

sensitivity of 66% and specificity of 76%. 

 

 

Figure 13. ROC-curve of t-IVT in predicting CRT response 
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Table 18. Predictors of CRT response in all patients 

 

Variable Odds ratio (95% CI) P value 

Clinical univariate predictors   

Atrial fibrillation   0.884 (0.374-9.092) 0.78 

Heart rate 0.949 (0.719-1.281) 0.06 

NYHA class 0.958 (0.374-2.456) 0.93 

Gender 0.681 (0.233-1.985) 0.48 

QRS duration  0.981 (0.965-0.997) 0.02 

NT-pro-BNP 1.000 (1.000-1.000) 0.86 

Age 1.011 (0.977-1.045) 0.54 

Echocardiographic univariate predictors 

T-IVT 0.874 (0.802-0.953) 0.002 

Tei index 0.186 (0.041-0.845) 0.03 

LVOT VTI (cm) 1.035 (0.958-1.118) 0.38 

LV EF 1.034 (0.974-1.099) 0.27 

E/A ratio 1.153 (0.788-1.686) 0.46 

LV EDD 1.003 (0.960-1.048) 0.91 

Right long axis amplitude 0.634 (0.275-1.462) 0.28 

LV ESD 0.998 (0.094-1.043) 0.92 

Left atrium diameter 1.028 (0.982-1.076) 0.24 

E wave deceleration time 1.003 (0.996-1.009) 0.46 

Lateral long axis amplitude 0.777 (0.175-3.448) 0.74 

Septal long axis amplitude 1.748 (0.345-8.858) 0.50 

Right long axis amplitude 0.634 (0.275-1.462) 0.28 

Stroke volume 1.006 (0.988-1.023) 0.53 

Tricuspid regurgitation pressure drop 1.044 (1.003-1.087) 0.033 

Restrictive filling pattern  1.360 (0.596-3.106) 0.47 

Multivariate predictors  

T-IVT 0.878 (0.802-0.962) 0.005 

QRS duration  0.978 (0.960-0.996) 0.019 

Tricuspid regurgitation pressure drop 1.047 (1.001-1.096) 0.046 

Age 1.021 (0.981-1.063) 0.298 

Gender 0.564 (0.163-1.946) 0.365 

    

LV: left ventricle; A: atrial diastolic velocity; E: early diastolic filling velocity; EDD: end-diastolic dimension; 

ESD: end-systolic dimension; T-IVT: total isovolumic time; IVRT: isovolumic relaxation time; S’: systolic 

myocardial velocity, E’: early diastolic myocardial velocity; A’: late diastolic myocardial velocity.  
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Figure 14. ROC curve of QRS in predicting CRT response 

 

CRT for atrial fibrillation patients  

Of the 103 studied patients, 27 had AF (mean age 74 ± 7 years, 78% male), 13 of whom 

(48%) were responders, according to the above criteria. Responders had longer t-IVT 

(p<0.001) and higher Tei index (p=0.03), before CRT implantation compared with non-

responders. In multivariate analysis [odds ratio 95% confidence interval], prolonged t-IVT 

[0.745 (0.547-0.968), p=0.03] was the only independent predictor of good CRT response 

(Table 19). A t-IVT ≥11 s/min was 69% sensitive and 79% specific (AUC 0.78, p=0.015) in 

predicting CRT response in AF (Figure 15). There was no difference in the prevalence of AF 

between responders and non-responders, 13/61 responders (21%) vs. 14/42 non-responders 

(33%) (p=0.18). 

 

Table 19. Predictors of CRT response in atrial fibrillation patients.  

 

Variable Odds ratio (95% CI) P value 

Multivariate predictors  

T-IVT 0.745 (0.547-0.968) 0.03 

QRS duration  0.983 (0.946-1.022) 0.39 

Tricuspid regurgitation pressure drop 0.976 (0.870-1.095) 0.68 

Age 1.065 (0.910-1.247) 0.43 

Gender 0.073 (0.004-1.377) 0.08 

 

T-IVT: total isovolumic time; 
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Figure 15. ROC-curve of t-IVT in predicting CRT response in patients with atrial fibrillation 

 

 

The effect of CRT on cardiac structure and function 

Thirty six of the 103 studied patients had complete follow up echocardiographic examination, 

19 of whom were responders. In those, the t-IVT, LV EDD and ESD decreased (p=0.03, 

p=0.008 and p=0.002, respectively), whereas lateral MAPSE and LV EF increased (p=0.003 

for both) after CRT. Similar changes were found in the remaining 17 non-responders; 

LVESD decreased (p=0.01) and EF increased (p=0.01) after CRT. All other echo 

measurements including mitral regurgitation did not change significantly in the two groups. 

LV filling time increased only in responders (p<0.001), but not in non-responders (p=0.82). 

In the patient’s cohort as a whole, LV filling time correlated with t-IVT (r=-0.63, p<0.001). 

Also the delta changes in t-IVT and in LV filling time with CRT correlated modestly (r= -

0.38, p=0.02) but the changes in QRS duration did not correlate with either that of t-IVT or 

filling time. 
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Discussion  

 
Total isovolumic time – a marker of global LV dyssynchrony 

In this thesis, we focused on the clinical value of total isovolumic time (t-IVT), as an indirect 

marker of global LV dyssynchrony, in heart failure patients. T-IVT is the time when all heart 

valves are closed and the blood volume is constant therefore any inward movement from a 

segment leads to outward movement of another segment, this is the simplest manifestation of 

LV dyssynchrony. In HF patients, the IVCT and IVRT are prolonged, making the sum of the 

two periods ‘the t-IVT’ prolonged. The consequence of this disturbance is profound 

shortening of LV filling and ejection times. Since mitral valve area is likely to remain 

unchanged in normals, the shortened filling time of the ventricle results in compromised 

stroke volume entering the ventricle and consequently the stroke volume ejected from the 

ventricle. This can only be compensated for by an increase in heart rate in order to maintain 

physiological cardiac output. It has already been shown by many trials and meta-analyses 

(99-103) that HF patients respond symptomatically and prognostically to medical therapy, in 

particular renin-angiotensin system blockers, beta blockers and aldosterone blockers, and 

those whose symptoms remain resistant improve with CRT. Again, CRT has been shown to 

improve symptoms and prognosis, but a significant number of those patients, almost 30% do 

not show any symptomatic improvement. The reason behind such lack of response remains 

uncertain, with the controversial markers of dyssynchrony remaining the main player. While 

electric dyssynchrony in the form of broad QRS duration is a well established finding in most 

patients resistant to medical therapy, proposed markers of mechanical dyssynchrony remain 

inconsistent, mostly depending on segmental dysfunction using different echocardiographic 

modalities and measurements. The main plan of this thesis therefore was to assess the value 

of t-IVT as a manifestation of global LV dyssynchrony in patients with LV dysfunction and 

heart failure. 

We carried out six studies to provide more detailed assessment of t-IVT and its clinical value. 

We assessed the prognostic role of t-IVT in predicting cardiac events in patients undergoing 

CABG surgery (Study I), its correlation with exercise tolerance assessed by 6 MWT (Study 

II), its prognostic value in patients with chronic HF due to LV systolic dysfunction (Study 

III), its predictive role of functional capacity, in HF patients irrespective of EF (Study IV), 

the effect of age on LV t-IVT (Study V), and its potential additional value in predicting 

response to CRT in HF patients (Study VI). These studies provided a clearer understanding of 

the clinical value of t-IVT in these groups of patients.  
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Study I: Total isovolumic time as a predictor of post operative events in patients 

undergoing CABG 

The main finding of this study was that prolonged t-IVT is an independent predictor of post- 

operative events in patients undergoing CABG.  

Coronary artery disease is the commonest cause of exaggerated LV dyssynchrony (104). Late 

onset of myocardial shortening delays the onset of ejection and shortens its duration. 

Likewise, the late onset of segmental lengthening delays the onset of ventricular filling and 

shortens its duration, hence the prolonged t-IVT. Thus, in the absence of raised atrial pressure 

total isovolumic time may indirectly reflect the overall burden of ventricular dyssynchrony on 

ventricular functional efficiency.  

Successful myocardial revascularisation tends to normalise segmental dyssynchrony, 

irrespective of the procedure used, surgical or interventional (15, 72). However, organised 

dyssynchrony may represent an irreversible remodelling process that may have its effects on 

global left ventricular function, shown by prolonged t-IVT. We have previously shown that t-

IVT correlates closely with changes in cardiac output as well as prediction of exercise 

capacity in heart failure patients with stress (6, 82). We have also shown that the longer the t-

IVT the better the left ventricular response to CRT (70, 105). In this study we have identified 

a number of echocardiographic measurements that predicted clinical events after surgical 

coronary revascularisation. An increased end-systolic diameter reflects impaired systolic 

function, and LV restrictive filling pattern reflects raised left atrial pressure. However, the 

independent predictive value of t-IVT suggests the important additional role of LV 

dyssynchrony in determining patients’ clinical outcome. Even in the absence of significant 

epicardial coronary artery disease, ventricular dyssynchrony itself may cause subclinical 

subendocardial ischemia, particularly at fast heart rate, which may predispose to clinical 

instability (15, 106).  

 

Study II: Total isovolumic time as a predictor of exercise capacity in HFrEF patients 

We found in this study that the global ventricular function, assessed by E/e’ and the degree of 

LV dyssynchrony, assessed by t-IVT, were independent predictors of exercise capacity, 

assessed by 6 MWT distance. A high E/e’ and prolonged t-IVT further predicted limited 
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exercise performance, whereas conventional measurements of ventricular systolic and 

diastolic function did not escalate high in competing to predict the 6 MW distance.  

Ejection fraction commonly used in daily clinical practice and in heart failure clinics failed to 

rank high on the scale of functional predictors of exercise tolerance in our group of patients 

with stable heart failure. In contrast, the two other predictors of limited exercise capacity that 

consistently featured were E/e’ and t-IVT. In our group of patients with limited exercise 

tolerance E/e’ was significantly higher, suggesting stiffer left ventricle and raised left atrial 

pressure at rest, with respect to those with good 6 MW distance. Even with limited exercise, 

left atrial pressure is expected to rise further beyond physiological levels and hence 

pulmonary venous congestion and breathlessness. Although our measurements were taken at 

rest they are compatible with previously published data that showed worse exercise tolerance 

in patients with stable heart failure and raised left atrial pressure (19). The second mechanism 

of limited exercise capacity was the advanced dyssynchrony in those with limited 6MW 

distance. We found in our patients with limited exercise capacity that t-IVT was longer and 

Tei index higher than in patients with good exercise capacity. Although an indirect measure 

of dyssynchrony, t-IVT has been shown to predict maximum oxygen consumption in patients 

with dilated cardiomyopathy (19) and to determine prognosis in those with heart failure 

(107). Prolonged t-IVT reflects dyssynchronous ventricular function in systole and diastole, 

in particular the latter which occurs at a crucial phase in the cardiac cycle, at the time of 

coronary flow. Early diastolic high cavity tension, not only suppresses early LV filling but 

also compromises coronary flow which results in subendocardial ischemia and further rise of 

left atrial pressure, particularly at fast heart rate. These findings are consistent with worse 

myocardial intrinsic function and cavity compliance in patients with limited compared to 

those with good 6 MW performance. 

 

Study III: Total isovolumic time as a predictor of outcome in HFrEF patients 

In this study we found that prolonged t-IVT, raised mean E/e’ ratio and plasma NT-pro-BNP 

were the strong independent predictors of cardiac events. They also showed incremental 

prognostic power over LV EF and clinical evaluation.  

The most studied predictors of HF patients outcome were the reduced LV systolic function, 

assessed by its EF (108, 109), and raised left atrial pressure, as shown by restrictive LV 

filling pattern and raised E/e’ (107, 110-112).  Recently, it has been shown that LV 

dyssynchrony may itself contribute to the poor clinical outcome in HFrEF patients, and CRT 
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improved symptoms and survival in these patients (113, 114). Our data demonstrated that 

prolonged t-IVT was the strongest predictor of outcome in the studied patients. While early 

systolic dyssynchrony shortens ejection, that during early diastole not only shortens filling 

time, but also causes high cavity tension that results in compromised coronary flow to the 

subendocardium and hence ischemic response, even in the absence of epicardial coronary 

artery disease (115). This progressive long standing subendocardial ischemia may result in 

irreversible dysfunction as well as serious arrhythmia. In addition, the shortened filling and 

ejection times compromise the overall stroke volume, which has a drastic effect on patient’s 

symptoms, in particular breathlessness, through reducing left atrial emptying and increasing 

pulmonary venous pressure. The differences in left atrial diameter and volume between our 

two groups of patients with and without events support this mechanism. Furthermore, the 

raised left atrial pressure as shown by the high E/e’ is an additional mechanism for perpetual 

pulmonary venous hypertension, symptoms and worse outcome, which was confirmed in our 

study. Finally, since neurohormonal activation plays a major role in the progression of HF, 

been shown as one of the most important predictors of all-cause mortality in these patients 

(116), we found that the combined assessment of NT-pro-BNP and t-IVT may be important 

to identify patients at higher risk of new cardiovascular events. 

 

Study IV: Total isovolumic time as a predictor of exercise capacity in HF patients, 

irrespective of ejection fraction  

In this study we found that markers of global LV dyssynchrony, measured by t-IVT and Tei 

index, were the main correlates with the 6 MWT distance in a group of patients with 

clinically stable HF. A prolonged t-IVT, a low LV EF and high trans-mitral E/A ratio 

predicted limited exercise performance in multivariate analysis. However, in a small 

subgroup of patients with HFpEF none of the clinical parameters or functional 

echocardiographic measurements predicted limited 6MWT distance. 

In the absence of musculoskeletal disorders, increased body weight or chronic obstructive 

pulmonary disease, limited exercise performance is commonly related to cardiac dysfunction, 

in the form of reduced systolic function (EF) or raised filling pressures (117, 118). These two 

findings cause exertional breathlessness, through raised pulmonary pressure. In our studied 

patients, the pathophysiology of breathlessness is mixed; reduced systolic function and LV 

dyssynchrony, assessed by t-IVT. Global LV dyssynchrony, showed by prolonged t-IVT, 

compromise stroke volume and consequently cardiac output and exercise performance as 
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previously shown (118). In addition, limited left atrial emptying is bound to increase 

pulmonary venous pressure and hence breathlessness (119) and limited exercise capacity. In 

individual patients, a t-IVT cut off value of 12.5 s/m clearly discriminated good from limited 

exercise capacity. Theoretically therefore, correcting LV synchronous function in heart 

failure patients by cardiac resynchronisation therapy (CRT), in the absence of evidence for a 

need for revascularization, is bound to reverse such disturbed physiology and cardiac 

symptoms (120).  

On the other hand when segregating the cohort into patients with reduced EF and those with 

HFpEF such predictive power of cardiac measurements of 6 MWT distance was lost, 

suggesting the presence of other mechanisms for breathlessness, even in a minority of 

patients, which diluted the relationship we found above. It also confirms the lack of 

uniformity of such patients, currently combined under one diagnosis ‘HFpEF’ as has recently 

been shown not to respond to one and the same medical protocol (121). This finding confirms 

our hypothesis stated in the introduction above. 

 

Study V: Total isovolumic time is prolonged with age  

We found that t-IVT prolongation strongly correlated with age and itself correlated with 

diastolic LV function changes but not with QRS duration. Our results also suggest an upper 

limit of normal t-IVT of 14.5 ms, specific for individuals above 65 year of age, which is 

significantly longer than that of middle aged.   

Previously it has been confirmed that LV EF and fractional shortening are not affected by age 

(89, 90). In contrast, LV diastolic function seems to be sensitive to aging (27). In particular, 

the early diastolic myocardial velocities reduce, with age, making its respective ventricular 

filling velocities also fall. Such drop in early diastolic velocities reflects the impaired 

myocardial elastic recoil, known to associate aging (122), a function change that is combated 

by regular physical exercise (118). The heart design also dictates atrial systolic function to 

accentuate, as a potential compensatory mechanism, in order to optimize ventricular filling 

volume, and consequently pumped stroke volume, in the succeeding cycle (123). 

Furthermore, this atrioventricular interaction is also helped by the potential energy stored in 

the atrial myocardium which is released in due course (124). These changes were clearly 

explained by the relationships we found between age and patterns of LV ventricular filling. In 

addition, age was associated with progressive prolongation of inter- and intra-ventricular 
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dyssynchrony. What is more exciting was that the strong relationship we found between age 

and t-IVT, and to a lesser extent with Tei index, which itself is an indirect reflection of t-IVT. 

The prolongation of t-IVT was not an isolated finding since its two reciprocal measurements 

were also affected by age i.e filling and ejection times. It is unlikely that the primary change 

with age was the latter which resulted in prolongation of t-IVT but more likely to suggest 

cavity shape changes during the two isovolumic times which caused shortening of filling and 

ejection. Although changes in isovolumic relaxation time can be explained on the basis of 

impaired elastic recoil and its effect on the slow intra-ventricular pressure drop, the effect of 

age on isovolumic contraction time is not very well understood, particularly in the absence of 

any relationship between its changes and QRS duration, which itself was not affected by age. 

These findings suggest that even in normal individuals age related changes in global LV 

synchronous function are not necessarily electrical in origin, hence explaining the absence of 

cardiac symptoms in normal individuals, but likely to be related to the same structural 

changes that influence diastolic function. This finding contrasts what we have previously 

shown in patients with dilated cardiomyopathy, in whom QRS duration correlates with the 

prolongation of t-IVT and Tei index (84). As far as we know, the current study is the first that 

differentiates between normal electrical and mechanical changes with age and their 

interrelations. The progressive shortening of pulmonary acceleration time with age may 

reflect age related changes in the pulmonary vascular resistance as recently suggested (120). 

 

Study VI: Total isovolumic time as a predictor of CRT response in HF patients 

In this study we found that independent predictors of response to CRT are prolonged QRS 

duration, t-IVT, and raised tricuspid regurgitation retrograde pressure drop with combined 

prolonged QRS (>151 ms) and t-IVT (>11.6 s/m) having the highest predictive value and a 

specificity of 88%, among all other combinations. In addition, t-IVT remained the only 

independent predictor of clinical response to CRT in the subgroup of patients with atrial 

fibrillation. We also found that conventional measurements of LV dimensions and function 

did not differentiate between responders and non-responders to CRT. 

Tricuspid regurgitation pressure drop reflects the severity of systolic pulmonary artery 

pressure rise, which in this scenario is secondary to raised left atrial pressure, again another 

marker of either a stiff LV cavity or short LA emptying time due to LV dyssynchrony. In the 

multivariate analysis, the highest specific combination for CRT response was that of the QRS 

and t-IVT confirming the serious association between the two measures, although one is 
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purely electrical and the other is a reflection of LV synchronous mechanical function. 

Moreover, we have shown that t-IVT was the main discriminator, having shortened 

significantly only in the responders compared with the non-responders to CRT, in contrast to 

the other cavity dimensions and EF which improved, almost equally, in the two groups. 

These results provide a clear evidence for a successful treatment that did not only improve 

patients’ symptoms but also corrected the main underlying dysfunction, behind patients 

symptoms, which is the short filling time, which reflects the volume of blood filling the left 

ventricle. This was clearly shown by the good inverse relationship between t-IVT and LV 

filing time we found in our patients. 

The second finding was the accurate t-IVT prediction of response in AF patients. No study 

has, so far, identified a functional marker that could predict AF responders. It seems therefore 

that t-IVT remains of significant value in predicting response of AF patients, who constitute 

about 1/4 all eligible patients for CRT (31). Thirdly, our results showed that neither EF nor 

MR could differentiate between responders and non-responders to CRT. These commonly 

used two parameters of LV function in heart failure patients have been shown to improve 

with CRT in many studies (9-12), we concur with those, having demonstrated a significant 

increase in EF in the group of patients as a whole and a fall in mitral regurgitation with CRT, 

despite the failure of the two measures to discriminate between groups. Again, this finding 

was not unexpected since the two measures reflect overall systolic LV function and degree of 

mitral valve dysfunction rather than the nature and severity of LV dyssynchrony which is the 

main objective target of CRT electrical treatment. 

 

 

Clinical implications 

 

Total isovolumic time is an easy and highly reproducible measurement that reflects the 

degree of ventricular asynchrony. Patients with values of 15 sec/min and above are 

commonly seen in those who develop post-operative cardiac events and who may benefit 

from cardiac resynchronisation therapy. A thorough assessment of these patients soon after 

surgery and during follow up may suggest a need for electrical correction of ventricular 

asynchrony as an attempt to improve clinical outcome.    

In patients with heart failure, particularly those in NYHA class III and IV with significantly 

limited exercise tolerance, EF despite been the most popular measure of ventricular function, 
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and is considered the corner stone for recruiting patients for various treatment modalities 

failed to delineate the difference in patient’s exercise tolerance. In contrast, markers of raised 

left atrial pressure and left ventricular dyssynchrony should be considered as part of the 

conventional protocol of following up these patients. They may also guide towards optimum 

management strategy. Patients with prolonged t-IVT should benefit from CRT, particularly 

when there is evidence for irreversible dyssynchrony.   

Global ventricular functional markers are strong predictors of clinical outcome in HF 

patients. Prolonged t-IVT is a simple, reproducible and HR independent measure of global 

LV dyssynchrony and should easily be obtained in all patients with heart failure. A 

progressive prolongation of t-IVT suggests worsening dyssynchrony that needs CRT, 

particularly in patients who do not have coronary artery disease.  

Patients with HFpEF need individualistic approach in assessing their exercise capacity and 

management. Total-IVT as a marker of LV synchronous function prolongs with age, and this 

fact should have significant clinical implications when considering patients for electrical 

resynchronization therapy. 

The combination of prolonged QRS duration >151 ms and t-IVT > 11.6 s/min seems to be the 

most sensitive setting for predicting response to CRT. In addition, failure of prolongation of 

LV filling time may explain the lack of response to CRT. The two measures are easily 

obtainable and highly reproducible without a need for sophisticated softwares of limited 

sampling rate, as is the case with some imaging techniques. In view of the demonstrated 

limited sensitivity of EF and mitral regurgitation in predicting response to CRT, their use as 

predictors of treatment response in patients with late stage HF seems not to be fully justified. 

 

 

Limitations  

 

In study I, tissue Doppler recordings were not complete for all patients. We elected not to 

include detailed segmental analysis that might rather add confusion to the easy conventional 

and practical measurements that could be obtained in most echocardiography departments.              

In study II, we did not obtain Doppler echocardiographic measurements at peak exercise, 

when patients became symptomatic, since the objective of the study was to simply determine 

predictors of ordinary walking exercise limitation rather than an exercise echocardiogram that 

should have required a different protocol. We did not have invasive measurements of left 
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atrial pressures but relied on Doppler measurements, which are known to be highly 

reproducible and to closely correlate with invasive pressure measurements. We avoided using 

segmental measurements of dyssynchrony, based on the recent doubt of their accuracy (29), 

but relied on global ventricular markers (17). Finally, although some clinical variables were 

significantly different between groups, they did not figure out as independent predictors on 

the multivariate analysis. 

In study III, we did not analyse markers of segmental LV asynchrony in view of the weak  

evidence recently published (21) and preferred to focus on global ventricular function. 

Although a number of previous studies showed that coronary artery disease is an important 

factor in predicting outcome in HF patients, this was not proved in our study. We did not 

assess myocardial inotropic reserve in our patients since it was not part of the conventional 

HF management protocol. Finally, we could not explain the weak predictive value of right 

ventricular function in our study which was not different between the two patient groups.  

In study IV, we did not obtain Doppler echocardiographic measurements at peak exercise, 

when patients became symptomatic, since the objective of the study was to simply determine 

predictors of ordinary walking exercise limitation rather than an exercise echocardiogram that 

should have required a different protocol. We did not have invasive measurements of left 

atrial pressures but relied on Doppler measurements, which are known to be highly 

reproducible and to closely correlate with invasive pressure measurements (38). We avoided 

using segmental measurements of dyssynchrony, based on the recent doubt of their accuracy 

(31). We did not have BNP ant NT-pro-BNP data in our patients. However, as the aim of our 

study was the assessment of echocardiographic predictors of exercise capacity in heart failure 

patients, we believe that the lack of these data will not weaken the end-point results. 

In study V, the main limitation was the small number of studied individuals, despite that the 

strength of the relationship between age and markers of global LV dyssynchrony support the 

relevance of the findings, which can only be strengthened in a larger population. We did not 

study myocardial intrinsic properties in the form of strain and strain rate deformation and 

their timing, since we believe that they must be preserved in order to maintain overall systolic 

LV function.               

In study VI, the main limitation was the relatively small number of patients, in particular in 

the AF subgroup, which reduced the statistical power for multivariate analysis. The same 

limitation applies to our inability to run a comprehensive statistics in the subgroups of 

patients according to the underlying etiology of heart failure, ischemic vs. non-ischemic. We 
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are unable to compare our findings with segmental measurements of dyssynchrony, 

previously reported and which failed to prove to have any predictive value, since not all our 

cohort had them studied before CRT. 

 

 

 

Conclusions   

 

1. Despite complete revascularisation by CABG, the combination of long t-IVT and 

systolic dysfunction suggest persistent post-operative ventricular dyssynchrony that 

contributes to follow up cardiac events. Early detailed assessment of such patients for 

potential benefit from electrical resynchronisation may optimise their cardiac 

performance and hence clinical outcome.  

2. Patients with heart failure who appear to be clinically stable may be significantly 

limited in their exercise ability. In them, the subjectively assessed NYHA class seems 

to be in line with objective cardiac function measurements, obtained by Doppler 

echocardiography. Such measurements involve markers of raised left atrial pressure 

and those of ventricular dyssynchrony. Although the two mechanisms of exercise 

intolerance are different, their clinical consequences are similar, worsened 

breathlessness which limits patient’s exercise ability. Although obtained at rest, they 

not only explain exertional symptoms but guide towards optimum patient 

management that should improve exercise tolerance and overall cardiac performance. 

3. Although EF is the commonly used marker of ventricular function in clinical practice 

and together with cardiac natriuretic peptides provides valuable clinical tools, other 

functional measurements are of equal, if not more, importance for the follow up of 

these patients. Total-IVT and markers of raised left atrial pressure should be regularly 

used in order to dictate management choice priorities that could result in better 

clinical outcome. 

4. Patients with HF who appear to be clinically stable may have significantly limited 

exercise ability. In these patients, markers of global ventricular dyssynchrony are as 

important, if not more, than markers of systolic LV dysfunction, in predicting limited 
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exercise performance. Results of the small subgroup of patients with HFpEF cannot 

be generalised without being tested in a larger cohort. 

5. Age does not affect ventricular structure or systolic function. It significantly affects 

diastolic function as well as prolongs inter- and intra-ventricular dyssynchrony. The 

strong relationship between age and total isovolumic time supports its potential use as 

a marker of global LV dyssynchrony. Finally, upper limit of normal values variation 

with age, particularly in the elderly may have significant clinical implications in 

patients recommended for CRT treatment. 

6. Combining prolonged total isovolumic time, a marker of global LV dyssynchrony, 

and the conventionally used broad QRS duration has a significantly higher specificity 

in identifying patients likely to respond to CRT, irrespective of the presence of atrial 

fibrillation. 
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