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CHAPTER I. 

GENERAL INTRODUCTION 

INTRODUCTION 

CONGESTIVE HEART FAILURE 

Congestive heart failure (CHF) is a major concern to healthcare, involving ap

proximately 5 million people in the United States, with 55o.ooo new diagnoses each year.'-3 

Prognosis of CHF is poor, with up to 6o percent of symptomatic patients dying within 

5 years after diagnosis. Patients with symptomatic New York Heart Association (NYHA) 

class III-IV heart failure die mainly from progressive pump failure, while among those 

who appear clinically stable, the proportion of patients who die suddenly is substantial 

( 6o-7o%).4 The quality oflife of patients with CHF may be severely impaired due to disabling 

symptoms as dyspnea, fatigue and edema. This often necessitates frequent hospital admis

sions, resulting in around 5% of all medical admissions. Because the prevalence of CHF 

increases dramatically with age, it is currently the most common hospital discharge diag

nosis in elderly patients. 1
d In the Netherlands the incidence ofCHF in men and women is 

respectively 2.5 and 1.8 per 1ooo patient between the age of 55-64 years, which increases to 

respectively 43 and 44 per woo patient years in patients over 85 years of age.5 

CHF is defined as the inability of the heart to maintain organ perfusion at nor

mal filling pressures. Classically, CHF has been considered to be associated with impaired 

cardiac contractility and cardiac dilatation, i.e. systolic heart failure. This can result from 

structural and/or functional cardiac abnormalities that impair the ability of ejection of 

blood from the ventricle. 1 The importance of diastolic heart failure has been more recently 

recognised, where patients present with symptoms and signs of heart failure as the result 

of impairment of filling of the ventricle, while the ejection fraction is preserved.3 

The most common causes of systolic heart failure in the western world are coro

nary artery disease, hypertension, valvular heart disease and primary idiopathic cardio

myopathies.!,) Heart failure is commonly categorized as either ischemic, in patients with 

coronary artery disease and myocardial infarction or as non-ischemic for all other causes. 

To maintain cardiac output in the setting of failing systolic contractility, mul

tiple compensatory mechanisms are invoked. Left ventricular volume is increased to aug

ment contractility via the Frank-Starling mechanism. Due to the resulting progressive 

dilatation ventricular remodeling occurs, with the shape of the left ventricle changing 
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from bullet-shaped to more spherical. Mitral regurgitation may then result from unfa

vourable changes in the valve closing mechanism resulting from these shape changes. The 

volume load imposed by the regurgitation may then further exacerbate heart failure. In 

order to limit wall stress in the setting of LV dilatation, following Laplace's law, the left 

ventricle hypertrophies. 

Apart from the primary cardiac adaptation, the neurohumoral system is acti

vated to compensate for decreased cardiac contractility. Cohn et al. initially described that 

augmented levels of norepinephrine related to symptom severity and prognosis.6-8 Further, 

the renin-angiotensin-aldosterone system (RAAS) is activated to maintain arterial pressure 

and perfusion of vital organs.'·' Also as result of increased left ventricular filling pressure 

the neurohormone brain natriuretic peptide (BNP) is released from the ventricles.9· 10 

Although in the short term the neurohumoral adaptations aim to normalize 

left ventricular output, in the long term they are deleterious by increasing left ventricular 

afterload and oxygen consumption. Blocking the involved receptors improves prognosis.6· 11 

In addition to traditional treatment of CHF by reducing LV loading conditions by either 

vasodilator therapy or diuretics, adrenergic modulators, including angiotensin-convert

ing enzyme inhibitors, angiotensin receptor blockers, aldosterone blockers, and beta

blockers, improve long-term outcomes in patients with HF."-15 Reductions of heart failure 

morbidity and mortality by these drugs have been demonstrated in large-scale clinical 

trials. However, notwithstanding the substantial advances in the medical treatment of 

heart failure, the outcome in this patient population remains poor.'· 3· 16 In the SOLVD 

trial, despite a relative reduction by 16%, total mortality was still 35,2% in the patients 

treated with angiotensin converting enzyme inhibitor." In the Copernicus and Merit-HF 

Beta-blocking agent trials, total mortality was 12% although the relative reduction was re

spectively 35 and 39%. 13' '4 Current optimal medical treatment of heart failure according to 

the guidelines consists of an ACE-inhibitor or angiotensin receptor blocker, a beta-block

ing drug and aldosterone-inhibiting agents in a dosage with a proven effect on outcome.17 

Multiple clinical and hemodynamic parameters have been associated with 

prognosis in patients with CHF. Left ventricular function has the most profound effect on 

survival as demonstrated by Rector and Cohn/· 8 Further, heart failure symptoms expressed 

by New Tork Heart association (NYHA) classification, exercise tolerance as reflected in peak 

oxygen consumption, activation of the sympathetic nervous system expressed by plasma 

norepinephrine concentration, and more recently, BNP and NT-proBNP each provide in

dependent information.9 Elevated levels of BNP and NT-proBNP should be interpreted 
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cautiously since they are also influenced by age, sex and renal function and can occur in 

other settings such as pulmonary embolism and chronic obstructive pulmonary disease.17 

Most of the parameters associated with increased mortality can also be used to 

assess efficacy of therapy. First of all, NYHA classification, which is easily accessible but 

limited by subjectivity. Sub maximal exercise tests like the six-minute walk test are more 

objective although still suffering from less than perfect reproducibility due to changing 

levels of motivation and encouragement between tests. In this regard, formal cardio-pul

monary exercise testing with measurement of maximal oxygen uptake (V02max) is more 

accurate although not widely available. Elevated levels of serum BNP or NT -proBNP parallel 

clinical severity and tend to decrease during aggressive therapy. However, they cannot be 

effectively used as targets for acute adjustment of therapy in the individual patient.'7 

Echocardiographic LV reverse remodeling is used as a surrogate endpoint for 

CHF therapy. Recently, an echocardiographic reduction of LV systolic volume by more 

than 10% was demonstrated to predict survival after CRT.'8• 
19 

CARDIAC RESYNCHRONIZATION THERAPY 

Asynchronous contraction of the left ventricle can result from slowed conduc

tion in the cardiac conduction system and following myocardial fibrosis. In approximately 

30% of CHF patients this is expressed as left bundle branch block (LBBB), which is an inde

pendently associated with functional capacity and cardiac mortality. 20
_, 

In LBBB, ventricular activation is initiated through the right bundle followed 

by slow transmyocardial conduction through the septum and further towards the inferior 

and postero-lateral wall. This abnormal activation sequence leads to delayed contraction 

of the last activated ventricular segments and loss of coordination of contraction andre

laxation.'3-'6 As a result, the rise of LV pressure is slower, effective ejection time shortened 

and stroke volume decreased. Impaired relaxation results in an abbreviated diastolic filling 

time. Consequently, a higher percentage of the cardiac cycle is comprised by isovolumic 

contraction and relaxation, indicating decreased myocardial efficiency. '4-'
6 Further, mitral 

regurgitation can be exacerbated by dyssynchrony due to incoordinate papillary muscle 

contraction. '7 Also diastolic mitral regurgitation may occur with prolongation of the PR 

interval commonly observed in LBBB. When atrial contraction is not followed by a properly 

timed ventricular systole, a ventriculo-atrial pressure gradient may develop and result in 

diastolic mitral regurgitation. 28
• 

29 
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The aim of CRT is to restore synchronous left ventricular contraction by pre

exciting the areas of delayed activation. To pre-excite the left ventricle, a pacing electrode 

is introduced either in a tributary of the coronary sinus or positioned directly epicardially 
in the area of late activation of the left ventricle. (Figure A) 

lead 

Figure A 

Initial experience with CRT showed acute hemodynamic benefits with increased 

pulse pressure, maximum left ventricular pressure derivate (LV dP /dt max) and decreased 

pulmonary capillary wedge pressure.30
-
36 The hemodynamic effects of CRT were considered 

to be related to the ability to increase LV filling time, decrease mitral regurgitation and 

restore synchronous LV contraction.3
o,JI,J

6 Several small studies demonstrated reverse re

modeling with increased LV ejection fraction. 3N o 

Multicentre trials, as the MUSTIC, MIRACLE and COMPANION trial showed 

improved quality of life, symptoms, functional status and exercise capacity in mixed 

populations of ischemic and non-ischemic cardiomyopathy.4' -44 The MUSTIC trial is a ran

domised double blinded cross-over study trial involving 58 patients with NYHA class III 

heart failure, sinus rhythm and a QRS duration of at least 150 milliseconds.43 All patients 

were implanted with a CRT device and thereafter randomised to either active CRT or no 

pacing. After 12 weeks, treatment allocation was crossed over for an additional12 weeks. 

After completing this second period the device was programmed to the patients preferred 

mode of therapy. During active CRT the mean distance walked in a 6 minutes walk test 

increased with 23% compared to the inactive phase (p• o.o1). Furthermore, a significant 
improvement in NYHA class was observed. 
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In the MIRACLE trial patients with moderate to severe heart failure symptoms, 

LV ejection fraction • 35% and QRS duration • 130 milliseconds were studied. Participants 

were randomised after device implantation in a double blind study design to CRT (n=228) 

or no pacing (n=225) for 6 monthsY Significant improvements in symptoms, exercise toler

ance by 6-minute walk test and LV ejection fraction were seen with CRT compared to no 

pacing. ( + 4.6% vs. -0.2%; p• o.o1) In addition, a so% reduction in the number of hospitalisa

tions was present in CRT patients. 

Two prospective multicenter trials have shown beneficial effect on mortality. 

The COMPANION study involved 1520 patients with heart failure NYHA class III-IV, and a 

QRS interval of at least 120 msec. Patients were randomly assigned in a 1:2:2 ratio to receive 

optimal pharmacology therapy alone, resynchronization therapy with a pacemaker (CRT) 

or CRT with a defibrillator (CRT -ICD). The primary composite end point was the time to 

death or to hospitalization for any cause. The risk of this combined end point was reduced 

by 34% in the CRT group (p•o.oo2) and by 40% in the CRT-ICD group. (p•o.oo1 compared to 

the pharmacology-therapy group). CRT reduced the secondary end point, death from any 

cause, by 24% (p=0.059), and by CRT-ICD by 36% (p=o.oo3). Since mortality reduction by CRT 

alone was statistically of borderline significance, COMPANION showed the importance of 

the defibrillator in reducing mortality in CRT. 4' 

The second trial showing mortality advantage with CRT was the Cardiac Resyn

chronization-Heart Failure (CARE-HF) trial.45 This trial studied patients with NYHA heart 

failure class III- IV and ventricular dyssynchrony. The latter was defined as either a QRS of 

• 150 milliseconds or a QRS between 120 - 150 milliseconds together with echocardiographic 

evidence of dyssynchrony as judged by either pre-aortic ejection delay • 14oms, evidence of 

interventricular delay • 40 ms or delayed contraction of the posterolateral wall.45 The pri

mary endpoint, composed of all-cause mortality and unplanned hospitalisation for major 

cardiac events, was significantly reduced from 55 to 39% in the CRT group, a relative reduc

tion of 37%. In the CRT group, 82 of 409 patients (2o%) died during follow-up, compared 

with 120 of 404 patients (3o%) in the medical group, a 33% reduction in all-cause mortality 

with CRT (p•o.oo2). 

CRT in CHF patients with atrial fibrillation is still an area of controversy al

though both often coexist. The prevalence of atrial fibrillation is related to the functional 

heart failure NYHA class, increasing to as high as so% for NYHA class IV.46
•47 
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Although patients with atrial fibrillation were excluded from the major trials, smaller 

studies have demonstrated improvements with CRT in these patients as well.48.49 In patients 

with permanent atrial fibrillation reliable biventricular capture may not be achieved due 

to rapid atrio-ventricular (A V) conduction. Therefore trials looking at atrial fibrillation 

have included patients who underwent AV junction ablation to ensure appropriate rate 

control and delivery of CRT therapy. The HOBIPACE study revealed that patients with AV 

block and left ventricular dysfunction had improved quality of life, left ventricular ejec

tion fraction and exercise duration with CRT compared with standard dual-chamber pac

ing5o Also the PAVE study, prospectively evaluated AV junction ablation and biventricu

lar pacing versus right ventricular pacing in patients with CHF, showed improvement in 

functional status, exercise time and quality of life in the overall population. Most benefit 

was seen in patients with pre-existing left ventricular dysfunction.5' Since CRT improves 

ventricular performance, reduces the degree of mitral regurgitation which contributes to 

a decrease in left atrial overload, and decreases plasma norepinephrine levels it might pre

vent or delay the onset of atrial fibrillation in heart failure patients. Also conversion to si

nus rhythm has been reported in individual patients after instalment of CRT, though this 

effect was not consistently found in larger trials.52' 53 In a post-hoc analysis of CARE-HF, no 

effect of CRT on atrial fibrillation was seen.54 Atrial fibrillation assessed by adverse event 

reporting or presence on electrocardiograms during follow-up or hospitalisation had been 

documented in 66 of 409 patients (16,1%) in the CRT group, as compared to 58 of 404 pa

tients ( 14,4%) of the medical treatment group (p= 0-79 ). There was also no difference in the 

time until the first onset of atrial fibrillation, suggesting CRT may not significantly affect 

the incidence of atrial fibrillation in patients with heart failure over a period of 2.5 years. 

Based on the major trials, CRT has become accepted in addition to optimal 

medical treatment, and current guidelines suggest implantation of a CRT device in pa

tients in sinus rhythm with heart failure symptoms NYHA class III-IV despite optimal 

medication, LV ejection fraction below 35% and QRS duration • 120 milliseconds.55 Many of 

these patients also meet criteria for the implantation of a cardioverter-defibrillator (ICD) 

and may receive a device with both capabilities.4'· 42' 56 Cost-effectiveness of CRT has been 

demonstrated for all age groupsF However, cost-effectivity of added ICD capability in ad

dition to CRT was substantially greater in younger subjects, due to the potentially longer 
period for the patient to be at risk for sudden death. 57 
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DEVICE IMPLANTATION 

Implementation of a biventricular pacemaker system requires stimulation of 

the left ventricle, preferably along the posterior or posterolateral area of the free lateral 

wall. Initially left ventricular leads were positioned directly epicardially, necessitating 

thoracotomy. At present, the standard implant technique is to position an endovascular 

lead in a tributary of the coronary sinus, stimulating the left ventricle from the epicardial 

surface of the heart. However, an unfavourable coronary venous anatomy can limit the 

choice of tributaries to implant a left ventricular lead. Tributaries can be either absent, 

too tortuous or too small to accommodate the lead, or in contrast too large to obtain a 

stable lead position. Technical improvements have been the introduction of over the wire 

techniques to negotiate a difficult anatomy or preshaped curves to obtain a more stable 

position. Lately, leads with an active fixation mechanism have been introduced. In the 

CARE-HF trial implantation was successful in 97% of patients although in 10% more than 

one attempt was necessary.4'· 4' In a systematic review of CRT trials comprising 3245 pa

tients, a CRT -device was successfully implanted in 90% of attempts. 

Apart from anatomical limitations, endovascular lead insertion may be com

plicated by non-capture of the left ventricle from the coronary sinus tributary or phrenic 

nerve stimulation with uncomfortable diaphragmatic stimulation during pacing. After 

implantation dislodgement of the left ventricular pacing lead has been reported in up to 

10% of patients.58 

The standard alternative in case of a failed endovascular procedure is a surgical 

approach via a lateral thoracotomy with direct positioning of the lead on the latera-poste

rior surface of the left ventricle. A thorascopic approach can be helpful in minimizing the 

impact of surgery and positioning of the lead. Lately, in selected patients left ventricular 

leads have been positioned at the endocardium of the left ventricle through a transseptal 

approachY 

Left ventricular lead insertion has been linked with peri-procedural mortality 

in o-4%, coronary sinus dissection in 0.3-0.4% or perforation in o.8-2.o% of patientsY Other 

complications related to device implantation are pneumothorax, complete heart block, 

asystole, tamponade, and infection. 4'·42 

After implantation, the pacing system is optimised for maximal hemodynamic 

benefit. In addition to optimization of the atrioventricular timing, as in dual chamber 

pacemakers, left ventricular synchrony is optimised by manipulation of the interventricu

lar pacing delay (W-delay). 
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An inappropriately long AV delay in the presence of adequate intrinsic conduc

tion could result in loss of effective left ventricular capture. A too short-programmed AV 

delay will reduce the atrial contribution to ventricular filling as atrial contraction occurs 

partly during ventricular systole. At the optimal AV delay, the late diastolic ventriculo

atrial gradient and diastolic mitral regurgitation should be abolished while ventricular 

filling time is maximally increased. In dual chamber pacing, Ritter's formula has been 

applied to calculate the optimal AV-delay.60 However, this has not been validated in CRT. 

The optimal AV delay can also been derived using the invasively obtained maximal first 

derivate of the left ventricular pressure (LV dP / dtmax) by introducing a sensor-tipped high 

fidelity pressure guide wire into the left ventricle. 

A number of non-invasive Doppler-transmittal flow indices have been pro

posed to determine the optimal AV delay in conventional dual chamber pacing. However 

these methods have not been validated in CRT. 

PATIENT SELECTION FOR CRT 

Heart failure symptoms may not improve (or even worsen) in up to 30% of CRT 

patients in larger studiesY This may be explained by inadequate delivery of therapy (i.e. 

location of the left ventricular lead in relation to the area of late activation, inadequate 

programming of AV or W delay), but also by improper selection of patients due to lack of 

mechanical dyssynchrony, despite confirmation with standard selection criteria based on 

QRS duration. However increasing evidence suggests that mechanical dyssynchrony is a 

better marker ofL V dyssynchrony than electrical dyssynchronyY· J9. 6' · 6' 

It is not possible from the surface ECG to precisely characterize the location 

and extent of areas of delayed mechanical ventricular activation. Also variable patterns of 

septal activation in patients with CHF and LBBB are described, with slower conduction 

velocity in peri-scar regions.63 Auricchio et al. used non-contact mapping in 24 patients 

with CHF and LBBB morphology to demonstrate a specific "U-shaped" activation sequence 

around a variably located functional line of block that is oriented from the base toward the 

apex of the left ventricle. The line of block was located anterior (5o%), lateral (33%) and in

ferior ( 13%), reflecting the heterogeneity of ventricular activation during LBBB that results 

in variable regions of delayed activation. 

Mechanical dyssynchrony can be considered in terms of interventricular and 

intra-ventricular components. Interventricular dyssynchrony refers to delayed activation 

of one ventricle (usually the left ventricle) compared to the other. Intraventricular dys-

16 

synchrony refers to delayed activation ofLV segments relative to one another. CRT aims to 

correct both components of mechanical dyssynchrony. 

INTERVENTRICULAR DYSSYNCHRONY 

Conventional and new echo-Doppler modalities like tissue Doppler (TD) can 

be used to obtain interventricular dyssynchrony by estimating differences between right 

and left ventricular pre-ejection periods 37• 
38

•
6
'·

64
-
66 Although a correlation between QRS du

ration and interventricular dyssynchrony has been shown, most studies did not show a 

correlation with the response to CRT.37•
6
'·

64
•
65 Since then, the attention has been primarily 

focused on intra-ventricular dyssychrony. 

INTRAVENTRICULAR DYSSYNCHRONY 

Imaging modalities like magnetic resonance imaging tagging or echocardio

graphy (M-mode or tissue Doppler) are used to quantify intraventricular LV dyssynchrony. 

Classical features of LBBB in M-mode echocardiography include the rapid onset of septal 

systolic motion and a paradoxic, i.e. multiphasic septal motion.67 

M-mode echocardiography can be used to compare systolic wall motion of the 

interventricular septum and the posterior LV wall simultaneously. Pitzalis et al. initially 

demonstrated in 20 patients that M-mode assessment of septal to posterior wall motion 

delay (SPWMD) of 2': 130 ms was related to LV reverse remodeling (defined as reduction 

in LV systolic volume 2': 15%) with a 63% specificity and a 85% sensitivity.39 Subsequently, 

reduced risk of heart failure progression was demonstrated in 6o patients with primarily 

dilated cardiomyopathy with a mean follow-up of 14 months (hazard ratio: 0.91; 95% CI:o. 

83-0.99;p• o.o5). 68 Recently, the clinical applicability and predictive value ofSPWMD were 

disputed in the CONTAK-CD trial involving 79 patients with predominantly ischemic car

diomyopathy. Sensitivity ofSPWMD for LV reverse remodeling in that study was only 24% 

and specificity 66%.69 Also applicability of SPWMD was very poor with only 45% of patients 

having a discernable onset of septal or posterior wall motion. Further, theM-mode pro

vides limited spatial information as only the septum and posterior walls are interrogated. 

Therefore, M-mode techniques are considered sub- optimal for patient selection in CRT. 

TISSUE DOPPLER IMAGING 

Tissue Doppler (TD) imaging is a modification of conventional Doppler tech

nology in which directional velocity signals arising from the myocardial tissue and their 

relation to the surface electrocardiogram can be analysed.70 The TD regional myocardial 

velocities may be displayed either in colour encoded two-dimensional mode, M mode or 

as spectral velocity display. The echo-system is optimised to filter out the high velocity 
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signals of blood flow within the cardiac chambers and to display only the low velocity 

and high amplitude signals of myocardial wall motion. Reduction of the image sector to 

obtain the highest possible frame rate will give optimal results in colour-TD. Quantifi

cation of myocardial velocities by both colour- and pulsed wave TD is influenced by the 

angle between the ultrasound beam and direction of the myocardial motion. Hence they 

are less well suited for interrogation of myocardial segments moving perpendicular to the 

ultrasound beam. Longitudinal velocities on the other hand may be accurately assessed/0 

Color TD superimposes color encoded myocardial velocity maps on 2 dimen

sional images. They represent mean myocardial velocities and can be used to demonstrate 

differences in endocardial and epicardial velocities. Temporal resolution is limited by the 

lower frame rates necessary to allow for the increased image processing times with au

tocorrelation methods. Color TD loops of the 4, 2 and longitudinal long axis view can be 

digitally acquired for subsequent off-line data analysis. Assessment of timing intervals of 

the LV segments contained in one heartbeat for the obtained view is possible, as opposed 

to pulsed wave TD, where the different segments are interrogated during different heart

beats. 

Pulsed wave TD, as opposed to color TD, offers improved temporal resolution 

and the ability to quantitate peak rather than the mean myocardial velocities. It provides 

instantaneous display of the Doppler spectral information but quantification of myocar

dial velocities can be done only at one selected site at a time, and sampling cannot be loca

lized to the endocardial or epicardiallayers/ 0 (Figure B) 
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Normal 

Heart failure 
SI: Isovolumic contraction rime 
Sz: Systolic ejection motion 
Em: Early diastolic motion 
Am: late diastolic motion 

Strain and strain-rate analysis can be performed by off-line analysis of the 

color-coded TD images. Strain represents the percentage of shortening or lengthening of 

a segment in relation to its original length; i.e. the deformation of a segment. Strain rate 

is defined as the instantaneous rate of change in between two velocities divided by the 

distance between those two velocity points. Thus, information in addition to simple tissue 

motion is obtained. 

Most studies to predict the response to CRT have used color TD. Theoretically, 

increasing the number of myocardial segments investigated, other than septal to lateral 

wall, augments the chance of detecting dyssynchrony. Disadvantages are a considerably 

increased data acquisition time and longer data analysis. 

Bax et al. proposed a simple color-coded TD index. They assessed regional ac

tivation times by measuring the time from QRS-onset to the peak systolic velocity in the 

septal and lateral LV walls. They evaluated 25 patients eligible for CRT according to stan

dard ECG criteria. A delay of :::0: 6o msec was the only predictor of response defined as a LV 

ejection fraction increase by :::0: 5%/' In a later report on 85 patients the same investigators 

measured the maximal delay of peak systolic velocities in four basal segments (anterior, 

inferior, septal and lateral). A maximal difference of:::O: 65 ms yielded a sensitivity and speci

ficity, of both 8o% in relation to clinical improvement and of both 92% to predict LV end 

systolic volume (LVESV) reduction of :::0: 15% after CRTY 

In a 12 LV-segment model (6 basal and 6 mid ventricular) and with color coded 

TD in 30 patients, Yu et al. demonstrated improved synchronicity and LV reverse remodel

ing (LVESV decrease • 15%) following CRT.40
•
6

' Time to systolic peak velocity was obtained 

in all segments and the standard deviation calculated. A pre-implant cut-off of 32.6 ms 

accurately separated responders from non-responders.40 

In another study in 54 patients, the influence of the number of investigated 

ventricular segments on the prediction ofLV dyssynchrony was investigated.6
' Asynchrony 

was quantified by either the maximal difference of activation times or their standard de

viation. The maximal delay between 6 basal or 12 mid- and basal LV segments both yielded 

accurate results in the prediction of LV reverse remodeling (r;-o.6o, p<o.oo1). Further reduc

tion of the number of investigated LV segments decreased accuracy. However, the standard 

deviation of activation times of 12 LV segments was the strongest and only independent 

predictor in these 54 patients with a correlation coefficient of -0-74· In contrast, in the same 

study strain rate parameters were also investigated but failed to predict response. 
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Although theoretically strain rate will be affected by asynchronous contraction 

but not by translation of the left ventricle, such benefit may be counterbalanced by the 

large interobserver and intraobserver variability of strain rate assessment observed in the 

same study6
' 

Strain imaging has not become part of routine practice, as apart from reproduc

ibility issues, it is time-consuming procedure as well. In addition, there are only a lim

ited number of studies performed using strain or strain rate to predict response to CRT. 

Recently, a study by Mele eta!. described that a standard deviation of 2: 6o msec of time 

to peak strain of 12 LV segments had a correlation coefficient of r=-0.74 in predicting LV 

reverse remodeling after CRT/' Reproducibility was acceptable in this study due to signifi

cantly less noise in the strain curves compared to strain rate curves. 

To eliminate cumbersome analysis of tissue velocity curves, a color-coded dis

play of local time to peak velocity has been developed and dubbed tissue synchronization 

imaging (TSI). By transforming the timing of regional peak velocity into color codes im

mediate visual identification of regional delay in systole is possible by comparing the color 

mapping of orthogonal walls. Yu eta!., observed a high correlation between manual mea

surements of color-Doppler TD velocity data and TSI images in 56 patients.73 Visual iden

tification of severe lateral wall delay was observed in 47% of responders and in only 12% of 

non-responders leading to a positive and negative predictive value of respectively 82% and 

59%. The 12-segment model using the time to peak systolic velocity was again the most ac

curate measurement to predict LV reverse remodeling. Interestingly, the combination of 

the standard deviation of 12 LV segments and qualitative assessment of lateral wall delay 

was helpful. Addition of the Ts-SD-12 measurement on top of visual LV wall delay yielded 

a sensitivity of 82% and specificity of 87% to predict LV reverse remodeling. 

Echocardiographic systems capable of color TD at the required high frame rates 

are not as widely available as systems with conventional pulsed TD possibilities. Surpris

ingly, only a limited number of studies have been performed using pulsed wave TD to 

predict the response to CRT.38
•
64 Of note, the results of the color TD studies cannot be au

tomatically translated to pulsed wave TD settings as different measurement techniques 

were used to assess LV dyssynchrony. For example, color TD uses the time to peak systolic 

velocity to measure time to regional LV contraction. However with pulsed wave TD record

ings, one can either use the onset or the peak of systolic velocity. Theoretically the earlier a 

systolic parameter is measured the less it is affected by either segment interaction or load

ing conditions. Only 2 studies using pulsed wave Doppler technique to assess response to 

CRT were available until recently. 38•
64 
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Bordacher eta!. studied the acute effects of CRT in 42 patients. 64 LV dyssynchro

ny was measured by pulsed wave TD using the maximal delay in 12 LV segments of either 

the onset or peak of systolic velocity (Intra-LV delay onset, and Intra-LV delay peak) and by 

using the standard deviation of the peak of systolic velocity for all12 LV segments (Index 

of LV dyssynchrony). Significant reduction of all three LV dyssynchrony parameters was 

observed after CRT. Intra-LV delay onset decreased from 68 ± 25 ms to 31 ± 19 ms, Intra

LV delay peak from 76 ± 31 ms to 30 ± 17 ms and Index ofLV dyssynchrony from 44 ± 19 

ms to 26 ± 14 ms. The decrease in Intra-LV delay onset, Intra-LV delay peak and Index of LV 

dyssynchrony was also correlated to increase in cardiac output (r=- o.64, r=-0.67 and r=-

0.67 respectively; p• o.oo1) and decrease in mitral regurgitation (r=o.63, r=o.68 and r=o.68, 

respectively; p• o.oo1).64 Long-term echocardiographic response to CRT was investigated 

by Penicka et al.. 38 Pulsed wave TD was used to assess intra- and interventricular dyssyn

chrony. Intraventricular dyssynchrony was defined as the maximal difference in onset of 

activation between septal and either lateral or posterior wall. The maximal delay between 

RV and most delayed LV segment determined interventricular delay. Receiver operating 

curves revealed that interventricular dyssynchrony • 56 ms (Area under the curve (AUC): 

o.69) and intraventricular dyssynchrony • 6o ms (AUC: 0.77) could adequately predict the 

response to CRT. However, the combination of both, inter- and intra ventricular dyssyn

chrony • 102 ms (AUC o.88) had the highest accuracy. A sensitivity of 96% and specificity of 

77% to predict a relative increase in LV ejection fraction 2: 25% after 6 months CRT versus 

baseline was observed.38 

THREE DIMENSIONAL ECHOCARDIOGRAPHY 

Real-time 3-dimensional echocardiography is a novel technique currently be

ing investigated in the evaluation of patients with CRT. A pyramidal volume of the LV 

over a cardiac cycle is acquired and the full-volume data set is analyzed offline using a 

semi automated endocardial contour analysis. In a recent study by Kapetanakis et a!., in 

25 patients a systolic dyssynchrony index was derived from these regional volumetric 

curves by calculating the dispersion of the time to minimum regional volume for all16left 

ventricular segments/ 4 Higher values denote increasing intraventricular dyssynchrony. 

Symptomatic responders were identified as those with higher dyssynchrony index values 

before implantation comparing with nonresponders ( 16.6 ± 1.1% versus 7.1 ± 2%; p=o.ooos). 

The dyssynchrony index significantly decreased after CRT in responders ( -9.5 ± 5.5%) along 

with clinical and echocardiography evidence of reverse remodeling. This was not the case 

in nonresponders (increase in dyssynchrony of 4·3 ± 4.8% ;(p=o.oo8)). 
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Interpreting the results of all studies is hampered by use of different endpoints 

to define the response to CRT. These endpoints include echocardiographic parameters, 

such as changes in LV ejection fraction and reverse remodeling, and clinical endpoints 

as NYHA class, 6 minute walking test and quality of life scores. Also acute hemodynamic 

benefits have been studied via increase in stroke volume, cardiac output or the maximum 

value of the first derivate ofLV pressure rise (LV dP/dt max). 

OVERVIEW OF THIS THESIS 

The main focus of this thesis was to investigate echocardiographic para

meters as a clinical tool in improving patient selection for CRT. Furthermore, we explored 

echocardiographic indices to maximize hemodynamic benefit of CRT by optimal device 

programming. Finally, we explored the pathophysiology of LBBB and the mode of action 

of CRT by correlating various echocardiographic findings to both symptomatic improve

ment and left ventricular reverse remodeling. 

To this end we prospectively studied 100 patients who were referred for CRT 

based on conventional clinical criteria between 2002 and 2005. In all patients protocolized 

pulsed wave TD recordings were obtained together with comprehensive 2D and conven

tional Doppler registrations. (Philips medical systems, Sonos 7500) To determine symp

tomatic response to CRT, patients were followed clinically and 6-minure walk test (MWf) 

were obtained to compare to base-line values. In addition, cardiac magnetic resonance im

aging was performed in a subset of patients. In our patients, results of echo-TD were not 

used as a selection criterion for CRT. 

In Chapter z, a novel method to determine LV ejection fraction is described. 

Accurate assessment ofLV ejection fraction is imperative as one of the selection criteria for 

CRT but also is a major determinant of prognosis in cardiac disease/ ·56•75 Together with the 

Signal Processing Group of the Faculty of Electro Technical Engineering at the TU/e, we 

developed and validated a novel quantitative method for measuring cardiac performance 

(cardiac output, ejection farction and pulmonary blood volume) in-vitro using ultrasound, 

ultrasound contrast and novel Indicator-Dilution (IDCs) principles. By simple peripheral 

venous injection of ultrasound contrast, IDC's with excellent accuracy and reproducibility 

were obtained. Results of the clinical validation of this method, using the echo-contrast 

enhanced biplane-method as a reference is described in Chapter J. 

As described earlier, one of the most important reasons for failed CRT may be 

lack of mechanical dyssynchrony before implantation. Questions remain concerning ac

quisition and number of investigated LV segments necessary to quantify LV dyssynchro-
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ny by using pulsed wave TD. In Chapter 4, we describe a study investigating the minimal 

number ofLV segments assessed by pulsed wave TD necessary to predict LV reverse remod

eling after CRT. Moreover, accuracy of using the onset versus the peak systolic velocity to 

determine dyssynchrony was compared. 

Although TD has proved to be a valid tool in patient selection, it adds time 

to the echo-examination. Multiphasic septal motion is an echocardiographic feature of 

LBBB, which may be assessed by simple qualitative visual inspection of the two-dimen

sional echocardiogram. In addition, a typical septal to lateral apical motion of the LV 

('hoolahoop') is sometimes observed in patients with LV conduction delay. Rapid qualitative 

visual interpretation of 2D images was compared to quantitative TD-findings in Chapter 5· 

Benefits of CRT have both been described in patients with 'dilated' and 'isch

emic' cardiomyopathy but influence of etiology on the effect of CRT is equivocal. Presum

ably, pacing at the site of LV scar could hamper effectivity of CRT as compared to pacing 

viable tissue. Also, functional improvement of left ventricles with large amounts infarcted 

myocardium seems less likely. Chapter 6 explored whether the presence, size and location 

of scar tissue relative to the LV-lead position influences the acute hemodynamic effect and 

left ventricular (LV) reverse remodeling after CRT. In this study, gadolinium-enhanced 

magnetic resonance imaging was used to detect myocardial scar tissue. 

To gain optimal benefit from CRT it is essential to program optimal atrio

ventricular delay individually. In Chapter 7, four different echocardiographic methods for 

obtaining the optimal atrio-ventricular delay are investigated in comparison to invasive 

LV dP/dt max measurements. 

LV reverse remodeling after CRT is not consistently related with improvement 

in exercise capacity. An important determinant of exercise tolerance in patients with con

gestive heart failure is the isovolumic time (IVT) of the cardiac cycle. We demonstrate in 

chapter 8 that increased exercise capacity following CRT is related to a more efficient cardiac 

cycle due to decreasing IVT. Moreover, symptoms in heart failure are more related to dia

stolic function and filling pressure than to LV ejection fraction. Therefore, also the effect of 

CRT on diastolic function and LV filling pressure was explored (Chapter 9 ). 

The thesis ends with a general discussion (Chapter 10), in which the results of 

the above mentioned studies are discussed and pur into perspective. New frontiers of re

search in this field will be presented. 
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ABSTRACT 

Left ventricular ejection fraction is an important cardiac-efficiency measure. Standard esti

mations are based on geometric analysis and modeling; they require time and experienced 

cardiologists. Alternative methods make use of indicator dilutions, but they are invasive 

due to the need for catheterization. 

This study presents a new minimally invasive indicator dilution technique for 

ejection fraction quantification. It is based on a peripheral injection of an ultrasound con

trast agent bolus. Left atrium and left ventricle acoustic intensities are recorded versus 

time by transthoracic echocardiography. The measured curves are corrected for attenua

tion distortion and processed by an adaptive Wiener deconvolution algorithm for the es

timation of the left ventricle impulse response, which is interpolated by a monocompart

ment exponential model for the ejection fraction assessment. This technique measures 

forward ejection fraction, which excludes regurgitant volumes. 

The feasibility of the method was tested on a group of zo patients with left ven

tricular ejection fractions going from 10% to 70%. The results are promising and show a 0.93 

correlation coefficient with echographic bi-plane ejection fraction measurements. A more 

extensive validation as well as an investigation on the method applicability for valve insuf

ficiency and right ventricular ejection fraction quantification will be an object of future 

study. 
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I. INTRODUCTION 

The measurement of left ventricle (LV) ejection fraction (EF) is a common clini

cal practice. Usually the techniques for EF measurements are based on magnetic resonance 

imaging (MRI), ultrasound imaging, or nuclear imaging (positron emission tomography 

and single photon emission computed tomography) [1]-[8]. The acquired images are ana

lyzed by manual or automatic segmentation. 

Once the end-diastolic (Vect) and the end-systolic (Ves) volumes are estimated, the percent 

ejection fraction is defined as given in (1). 

(1) 

EF% ~ Ved- Yes X 100. 

Ved 

A fast method for EF measurements, which is referred to as Teichholz tech

nique [9], makes use ofMmode echocardiography and quantifies the EF based on the move

ment of the ventricular endocardium along one line [10]. More accurate estimates usually 

are derived from a LV bi-dimensional long-axis view, which provides information on a 

complete ventricular section [8], [11]. 

The use of a geometrical model is necessary to transform a bi-dimensional 

contour into a three-dimensional one (volume). A simple model assumes the ventricle to 

be represented by a stack of circles along the main axis (long axis) [5], [8]. If the informa

tion on a second ventricular section also is considered, the volume estimate can be derived 

from two perpendicular long axis planes (bi-plane method) [4], [5], [8]. This technique de

fines the ventricle as a stack of ellipses and adds one degree of freedom to the geometrical 

volume model. The result is an accurate interpolation of the ventricular endocardium [5]. 

However, none of these techniques, which are based on geometrical models, can detect 

abnormal shapes due to pathologic conditions (e.g., an aneurysm). 

With MRI and advanced tri-dimensional ultrasound imaging, it is possible to 

measure the real contour for a series of short axes planes (normal to the long axis) [3], [6]. 

As tri-dimensional echocardiography is relatively new, MRI is well established and consid

ered as the gold standard technique for EF and ventricular volume estimates [4], [11]. 

Unfortunately, geometric EF measurements are time consuming. The reliabil

ity of automatic border detection algorithms for echo images is sometimes very limited, 

and cardiologists prefer a manual delineation of the cardiac contours. As a consequence, 

the EF assessment procedure not only slows down the clinical practice dramatically but 

also requires the use of experienced cardiologists. Also MRI, despite the better image qual-
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ity, requires a long procedure both for patient scanning and for data analysis, so that it 

does not suit emergency routines. Moreover, patients who are claustrophobic or have an 

implanted pacemaker cannot be scanned. 

Geometric EF estimates do not consider blood volume transfers. Some patients 

present a significant insufficiency of the mitral valve. In this case, the geometric EF is 

the sum of two undistinguished terms: the forward EF (FEF), which is due to the blood 

volume that is ejected into the aorta, and the backward EF (BEF), which is due to the blood 

volume that is ejected back into the left atrium (LA) due to mitral valve insufficiency. Only 

the FEF is a real indicator of the cardiac efficiency and is related to stroke volume and car

diac output. 

The FEF assessment can be performed by use of indicator dilution techniques 

(12], [13]. A cold saline (thermodilution) or a dye (dye dilution) bolus is injected for the 

measurement [12], (13]. The injected indicator bolus is detected either in the LV or in the 

aorta out-track. The measurement is based on the detected indicator concentration and, 

therefore, is related to blood volume transfers. A mathematical interpretation of the mea

sured indicator dilution curve (IDC, indicator concentration-versus-time curve) allows as

sessing the FEF [12]. 

A correct FEF estimation requires the bolus to be injected into the LV during di

astole (Holt method (14]). In fact, the measurement must be performed in the LV (or aorta 

out-track) during contrast wash-out with no incoming contrast. Therefore, catheteriza

tion is needed, and the clinical application of the method is very limited due to the high 

invasiveness. 

An invasiveness reduction is accomplished by use of radio-opaque contrast or 

radionuclides for X-rays or nuclear angiography. Videodensitometry of cine-loops can lead 

to FEF assessments (15], [16]. However, despite a noninvasive contrast detection, the con

trast injection still needs cardiac catheterization (invasiveness issue), and the use ofX-rays 

or radionuclides is not recommended in several situations. 

The use of ultrasound contrast agents (UCA) opens new possibilities for mini

mally invasive indicator dilution measurements(q]-[27]. The UCA are microbubbles (di

ameter approximately from 1 to 10 {Jm (28], (29]) of gas stabilized by a shell of biocompat

ible material and are easily detectable by ultrasound investigation (3o]-[33]. 

An UCA bolus is injected and detected by an ultrasound transducer in a specific 

site. In fact, due to its echogenecity, the diluted contrast produces an increase of backseat

cered acoustic intensity. The acoustic backscatter is related to the contrast concentration 

and can be used to generate IDCs. The UCA IDCs usually are interpreted by means of in

dicator dilution models, such as gamma variate, lognormal, compartmental, or random 

walk models, which are directly fitted to the curves [18], (19], [21], [34], [35]. 
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In this study, UCA IDCs are not fitted and interpreted directly by a model. Instead, they are 

processed to characterize the dilution system between different IDC detection sites. In fact, 

the contrast dilution system between two contrast detection sites may be considered as a 

linear system and, therefore, characterized by its impulse response. 

Unfortunately, even though the contrast dilution system is linear, the same 

is not true for the acoustic detection system. The measured acoustic intensity curve is 

distorted by nonlinearities that are introduced by both the ultrasound scanner and the 

contrast attenuation [26], [32], [36]. However, in the low contrast concentration range, the 

nonlinearities due to the ultrasound scanner signal processing are neglectable, and the 

attenuation effect can be modeled and compensated to generate a complete linear system 

[22], [33]. Once the complete system (UCA dilution and detection) is linear, the linear-sys

tem theory can be applied to obtain further information on the dilution process. 

Outcome of the linear-system identification approach is a new method for the 

analysis ofUCA dilution curves. A small dose of contrast is peripherally injected (typically 

in an arm vein) as a bolus and detected by a transthoracic ultrasound transducer. Acoustic 

intensity curves are measured by analysis of the B-mode output of the ultrasound scan

ner [37]. The scanner is set in power modulation mode in order to enhance the signal due 

to contrast acoustic backscatter [38]. The measured intensity curves are compensated for 

attenuation and transformed into real IDCs, which are linearly related to the contrast con

centration. 

Several IDCs are measured in different sites in the central circulation. A Wiener 

deconvolution technique is implemented to estimate the impulse response between the 

selected sites [39]-[42]. The choice for a least square error deconvolution algorithm is due 

to the small signal to noise ratio (SNR) of UCA acoustic intensity dilution curves. Specific 

models are then adopted to analyze the estimated impulse response. 

In general, many clinical parameters can be assessed by estimation of impulse 

responses between different sites; however, in this study we focus on the FEF measure

ment. Two IDCs are measured in the lA and the LV. A Wiener deconvolution filter is ap

plied to obtain the impulse response of the dilution system between LA and LV, i.e., the 

LV impulse response. The estimated impulse response corresponds to the LV IDC after a 

theoretical rapid injection of the contrast right into the LV. Therefore, the dilution system 

identification approach allows a minimally invasive FEF measurement without catheter

ization. Only a peripheral contrast bolus injection is needed. 

The Wiener filter behavior is tested by specific simulation for different SNR and 

FEF. The FEF measurements then are validated in vivo. Twenty patients with EF going 

from 10% to 70% and no significant mitral insufficiency (EFzFEF) were selected for the 

measurement. The EF was assessed by echographic bi-plane method applied to two- and 
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four-chamber views with contrast opacification. The EF and FEF estimates were compared. 

The results show a 0.93 correlation coefficient between the two measurements. 

II. METHODOLOGY 

A. Ejection Fraction Measurement The ejection fraction can be assessed by 

the measurement of the concentration of a diluted indicator [12], [24]. 

A ventricle can be modeled as a monocompartment system, whose volume changes as a 

periodic function of time. This can be represented by a cylinder-piston system as shown in 

Fig. 1. The system is filled with a fluid. Two valves are used for the fluid input and output 

INPUT 

V(t) t 
~J 

OUTPUT 

Fi8. 1. Monocompartmem, cylinder-piston model for LV simulation. 

An input and an output valve are included and represem the mitral and aortic valve, respectively. 

and are driven by pressure changes. During diastole, the volume increases, the output 

valve is closed, and the input valve is open for the ventricle filling. During systole, the 

volume decreases, the input valve is closed, and the output valve is open for the ejection 

of the ventricular fluid. If a contrast bolus is rapidly injected within a diastolic phase and 

the mixing is perfect, the contrast concentration at the end-diastolic phase is given by Ci 

and equals the injected indicator massM divided by Ved- During the following systole, part 

of the contrast mass (L1M) in ejected out of the cylinder. The concentration Cit I at the 

subsequent end diastole is given in (2). 

(2) 

C M -LIM C (l- v,d - ves) i+l=-v-= i· 
ed ----v,;j 
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Combining (1) and (2), the percent EF can be expressed 

in terms of Ci and Ci+t as given in (3). 

(3) 

EF% = (1-~~~ ). 100 

The EF estimate in (3) only considers the fluid that is ejected through the out

put valve (aortic valve in the LV). If the input valve is insufficient (i.e., it leaks), part of the 

contrast is ejected back through the input valve (mitral valve in the LV). However, this 

fraction of contrast comes again into the ventricle during the subsequent diastole and, 

therefore, does not contribute to t.M. As a consequence, the EF definition in (3) is better 

referred to as FEF. 

Usually the SNR of measured IDCs is very low (SNR; 20 log(Amax/N)"'l5 dB, 

where Amax and N are the IDC maximum amplitude and the noise amplitude respectively 

[18], [19]) and the definition of the right samples to estimate Ci and Ci+t is critical. A bet

ter approach is the use of an IDC model interpolation. The LV is well approximated by a 

simple monocompartment model, whose impulse response equals an exponential func

tion (see Appendix). 

If Co is the concentration after a sudden indicator injection in the compartment at timet; 

o, the IDC C(t) is represented as given in (4), where Tis the time constant. 

C(t) =Co. e'f' 

The exponential function in (4) can be used to fit the IDC as measured from 

the model that is shown in Fig. 1. The ripple due to the pulsatile flow does not represent a 

problem because it is averaged over a large number of cycles. Once the exponential model 

is fitted to the IDC down-slope, the FEF is measured by (3) as given in (5), where 6t is the 

cardiac period. 

Eq. (5) is commonly used for IDC FEF measurements. However, it is valid only when the 

contrast bolus is rapidly injected into the ventricle within a diastolic phase, which 

is the reason why indicator dilution techniques for FEF measurements require catheter

ization and ventricular injection [12]. 

Eq. (4) represents the LV contrast concentration curve after the ventricle is sud

denly filled with concentration C0 • Therefore, (4) also can be interpreted as the impulse 

response of the LV. In fact, assuming a perfect mixing in the LV, the rapid contrast injec

tion can be represented by a concentration impulse (expressed as a time-space Dirac func

tion) passing through the mitral valve. As a result, the consequent LV concentration that 

is given in (4) expresses the LV impulse response function. 

When the input function is not an impulse, a derivation of the impulse response 

of the ventricle still is possible. In fact, if the input and output concentration curves of the 

LV system are known, a deconvolution technique can be applied to identify the system and 

estimate its impulse response (see Section II-C). With the assumption ofLA perfect mixing, 

the LA IDC represents the LV input function. As a result, the measurement of the LA and LV 

IDCs is sufficient for the LV system identification. The estimated impulse response satis

fies the assumptions of (3), and (5) can be applied without further restrictions. 

The advantage of using a system identification approach for FEF measurements 

consists of a substantial reduction of the invasiveness level. Ventricular injection and cath

eterization can be avoided, and the LV impulse response, represented by (4), can be derived 

from the LA and LV IDCs after a peripheral contrast bolus injection. 

B. ULTRASOUND CONTRAST AGENT DILUTION CURVES 

The combined use of ultrasound and UCAs is a solution that allows the simul

taneous measurement of several IDCs from different sites in the central circulation. In fact, 

several regions of interest (ROI) can be placed on any position in the B-mode output of an 

ultrasound scanner for acoustic intensity quantification. 

After a peripheral intravenous injection of a small bolus of contrast, a trans

thoracic ultrasound transducer is positioned and fixed to show a four-chamber view (see 

Fig. 2). Therefore, the contrast can be detected for acoustic intensity curve measurements 

in both atria and ventricles. The acoustic intensity is determined as the average intensity 

in the defined ROI. After the LA and LV acoustic intensity curves are measured (see Fig. 2 

and Fig. 3), a deconvolution technique could estimate the impulse response of the system 

between the two sites (LV dilution system identification). However, a strict requirement 

is the linearity of the system. Although the contrast dilution system is linear, the relation 

between measured acoustic intensity and real contrast concentration is distorted by sev

eral nonlinearities. 
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In order to ensure a linear relation between contrast concentration and acoustic backscat

ter, the injected dose of contrast is very small (0.5 mg of SonoVue©, Bracco, Milan, Italy) 

[ 19]. In fact, the integrated acoustic backscatter is linearly related to contrast concentration 

in the lowconcentration range [22], [32], [33], [36]. However, also according to experimental 

measurements, an attenuation effect is recognizable between LV and LA intensity curves 

[22], [32], [33], [36] . While the LV ROI is near the transducer, the LA ROI is beyond the LV 

and is detected by ultrasonic waves that pass twice through the contrast-filled LV (see Fig. 

2). Consequently, as shown in Fig. 3, the LA acoustic backscatter is attenuated, and the LA 

intensity curve is lower than the LV curve. 

Fin. 2. Transrhoracic, four-chamber view. Two RO!s are placed on rhe LV and LA for rhe !DC measuremenr. A 

simplified represenrarion of rhe ulnasound wave parhs ro rhe LV and LA ROI are shown as well as rhe differem 

disrance r from rhe nansducer. 

The attenuation effect on the LV acoustic intensity curve is approximately con

stant (invariant with time}, as it is mainly due to the tissue between the transthoracic 

transducer and the LV apex. Such an effect does not influence the linearity of the rela

tion between contrast concentration and acoustic intensity. Nonlinearities are introduced 

by the attenuation between LV and LA ROI. As a consequence, the attenuation of the LV 

acoustic intensity is neglected, and the attenuation effect on the LA intensity curve can be 

compensated by exploiting the information derived from the LV acoustic intensity curve. 

The acoustic intensity decay between LV and LA due to attenuation is described by an ex

ponential relation as given in (6) [43], where fu and fu represent the LA acoustic intensity 

with and without attenuation, at is the total attenuation coefficient, and r is the distance 

between the LA and LV ROI: 

(6) 

FiiJ. 3· LA and LV acousric inrensiry curves. The LA curve shows a lower imensiry due ro rhe LV arrenuarion effecr. 

The attenuation coefficient at is the sum of two terms (ar =a,+ a2 ) : the station

ary attenuation coefficient a, due to physiological structures (tissue and blood) and the 

nonstationary attenuation coefficient a2 due to diluted contrast. The standard value for 

a1, which is used to estimate derated pressure values in tissue, is equal to 0.3 dB/cmMHz 

[44]. For small contrast concentrations, the attenuation coefficient is linearly related to the 

contrast concentration [26], [32], [36]. Therefore, the attenuation coefficient a2 is linearly 

related to the contrast concentration in the LV CLv (a2 = k1CLv ). Due to the constant attenu

ation of the LV acoustic intensity lLv , the relation between CLv and lLv is linear (CLv= k2 ltv }, 

and az can be represented as a linear function of ltv. With k = 2k1k2r, (6) is given as in (7). 
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(7) 

Because a1 and rare known, (7) contains only three unknowns, which are the 

constant coefficient k and the nonattenuated intensities Iu and hv . In order to estimate 

hA, two conditions have to be added. The first condition concerns the ratio b between the 

peak concentration in the LV and LA. This condition also can be expressed as hvmax= biumax, 

where lLAmax and hvmax represent the maxima of the LA and LV intensity curves without 

attenuation. The second condition is derived from the assumption of neglectable attenua

tion of the LV acoustic intensity and is expressed as ltv= ILv. Combining these two condi

tions with (7), Iu is derived from the measured (attenuated) intensities Iu and ltv as given 

in (8): 

(8) 

The distance r usually is fixed to 5 em, and the ultrasound frequency is 1.9 MHz. 

As a result, a1r = 0.328. The ratio between peak concentrations in the LV and LA is difficult 

to determine. However, the final FEF measurements show reliable results when an equal 

peak concentration is considered. Therefore, the peak concentration ratio b is fixed to 1. 

Further research will include a specific experimentation for an accurate assessment of the 

concentration ratio band its dependency on physiological parameters. 

Eq. (8) expresses the LA acoustic intensity curve without attenuation Iu as a func

tion of attenuated measurements; therefore, it allows compensating for the attenuation ef

fect on the measured LA intensity curve fu. Aftercompensation, both the LA and LV intensity 

curves are linearly related to the contrast concentration; therefore, they are referred to as 

IDCs. The resulting IDCs are ready to be processed for the LV impulse response estimation. 

C. LV IMPULSE RESPONSE ESTIMATION 

The fluid-dynamic dilution system between contrast injection and detection is 

a linear system. In fact, if two boluses ofmass equal to aM and ~Mare injected (a, ~ E R), 

the detected IDC, as from all the IDC models [181, [19],[21], [34], [35], equals aC(t) + ~C(t) . 

Therefore, once the LA and LV ultrasound intensity curves are transformed into IDCs by 

compensating for all the nonlinear effects, they can be used as inputs of a deconvolution 

algorithm for the estimation of the LV dilution-system impulse response [39]. 

In general, if j[ t) and B( t) are the input and output functions of a linear system 

(e.g., the LA and LV IDCs for the LV system), B(t) is the result of a convolution operation 

between the inputj[t) and the system impulse response h(t) (B(t) = h(t) ':'j[t)). The impulse 

response h(t) characterizes the linear system. In fact, ifj[t) is an impulse (Dirac function), 

h( t) = B( t). However, whenj[ t) is not an impulse, h( t) still can be recovered fromj[ t) and B( t) 

by a deconvolution operation. 

The UCA IDC measurements are influenced by several noise sources, such as 

bad mixing of the contrast, acoustic reverberation, backscatter oscillations due to pressure 

variations, bubble disruption due to ultrasound pressure, patient movement and blood

acceleration artifacts, and contrast recirculation, resulting in very noisy IDCs. Due to the 

small SNR, direct deconvolution techniques based on either matrix inversion in time do

main or spectrum inversion in frequency domain fail [391· In fact, although these direct de

convolution techniques are rather simple, difficulties arise as soon as the SNR decreases. 

The signal to be deconvoluted, i.e., the LV IDC, is given as G(w) = F(w)H(w)+N(w), where 

F(w) is the LA IDC, H(w) is the LV impulse response, and N(w) is the noise frequency spec

trum. The result of a direct deconvolution in frequency domain, i.e., the input response 

estimate H( w ), is given as in (9 ). 

(9) 

J1(w) = G(w) = H(w) + N(w) 
F(w) F(w) 

The division of the noise spectrum N(w) by F(w) generates a high-frequency 

noise amplification because the noise band usually is larger than the signal F(w) band. 

Especially for IDC applications, F(w) contains only lowfrequency components and N(w) is 

a broad-band noise. As a consequence, the high-pass filter F"'( w) works as a noise amplifier, 

and the deconvolution operation becomes very unstable. 

A possible solution is the use of a least square technique, such as a Wiener de

convolution filtering [39]-[421, [451· It is a least square estimation of the optimum deconvo

lution filter w(t). This method aims to minimize the L' distance d(B(t) * w(t), h(t)), which is 

defined as d(w) = /(B(t) * w(t)- h(t]l"dt. 

The minimum distance is given by the zero crossing of the derivative of d with 

respect tow. It is solution of the equation d' (w) = o, which can be expressed as given in (10), 

where Rh8 and R88 represent the correlation between h( t) and B( t) and the autocorrelation 

of B( t), respectively. 
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(ro) 

Eq. (ro) is referred to as normal Wiener-Hop£ equation. For uncorrelated noise, 

Rh!Jlt) = Rhn(t)+Rhh(t)*J(-t) =Rhh(t) * J(-t) and R88(t) = 2Rhn(t) * J(-t) + R_ff (t) *Rhh(t)+Rnn(t) = R_ff(t) 

*Rhh(t)+Rnn(t). Therefore, infrequency domain, W( w) is given as in (n), where Sff( w ), Shh( w ), 

and Snn(w) are the LA IDC input function, the LV impulse response, and the noise power 

spectrum respectively. 

(n) 

W(w)- F*(w) 
- S (w) + Snn(W) 

ff shh(wJ 

Eq. (n) corresponds to a direct deconvolution filter in frequency domain except 

for the term Snn( W )/Shh( W ), which corresponds to the SNR spectrum. It represents the typi

cal design of a Wiener deconvolution filter, whose bidimensional version was already ap

plied to B-mode echography in order to compensate for the point spread function and in

crease the scanner resolution [46J-[48]. However, such an application required the estimate 

of both the impulse response function h(t) and the input functionj(t), which represented 

the ultrasound pulse, resulting in a blind deconvolution. The increased complexity of 

the problem was solved by using a homomorphic deconvolution approach, i.e., mapping 

the space domain into the complex logarithmic Fourier domain (referred to as cepstrum) 

[49],[5o]. 

Fi8. 4· Scheme of the implemented adaptive Wiener deconvolution algorithm. 

42 

In the presented application the input functionj(t) is measured, and the standard Wiener 

deconvolution filter is adopted. 

The LV impulse response power spectrum Shh(w) can be derived from the expo

nential model in (3) and expressed as C~ TZ/( I+ T2W2). Due to the broad-band characteristic, 

the noise power spectrum Snn(w) can be approximated by a constantNz (white noise) [18]. 

As a result, (11) can beexpressed as given in (12): 

(12) 

W(w)= F*(w) 

Sff ( W) + (N2/C6 T2)(I + T2W2). 

An adaptive version of the filter is realized as shown in Fig. 4 [51]. An itera

tive process minimizes the Lz distance d(B(t),J(t) * h(t)) by changing the parameters T2 and 

Nzc~ of the Wiener filter in (12). Because the designed Wiener filter is implemented in 

Matlab©(The Math Works, Natick, MA), the adopted minimization algorithm is the Nelder

Mead Simplex Method that is available in the Matlab ©optimization toolbox [52]. 

Especially for low SNR, the algorithm shows long convergence time. Therefore, 

a suboptimal design of the Wiener filter is considered. The SNR is assumed to be constant 

[41], [47], so that iterations only involve the optimization of one parameter. In addition, a 

finite impulse response (FIR) low-pass prefilter made of 5 taps (about 1/4 of the cardiac 

cycle for sampling frequency equal to 20Hz) is applied to both B(t) andj(t) in order to 

reduce the highfrequency noise components before deconvolution. Several prefilters have 

been tested; however, larger prefilters do not lead to further improvements. 

time(s) 

FiB. 5· LV impulse response (dashed line) derived by Wiener deconvolution of a real signal. The exponential model 

(solid line) fits the curve along the down-slope between So% and 10% of the peak amplitude. 
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The adaptive Wiener filter is applied to the measured LV IDC to estimate the LV 

impulse response, which is fitted by the exponential monocompartment model as shown in 

Fig. 5 and interpreted by (5) for the FEF estimate. In fact, the LV impulse response that is esti 

mated after theattenuation compensation in (7) and the deconvolution filter in Fig. 4 ful

fills the requirements for the application of (5). The exponential model is fitted to the im

pulse response down-slope by a multivariate linear regression in the logarithmic domain. 

It is fitted between So% and 10% of the impulse response peak amplitude (see Fig. 5). 

The final design of the deconvolution filter was tested by specific simulations. Classic L' 

SNR definitions would depend on signal length, since the SNR is non-stationarity. 

Therefore, the SNR was defined as 20 log(Amax/N), where Amax is the peak amplitude of 

the signal (IDC) and N is the noise amplitude. The input IDCJ[t) was generated according 

to the local density random walk (LDRW) model, which was introduced by Sheppard and 

Savage in 1951 (53]. The model is solution of the diffusion equation (35] and shows the best 

least square estimation of the IDC (1S], (54]- (5S]. White noise was added for SNR equal to 10 

dB, 15 dB, 20 dB, and 00 • No measured IDC shows anSNRsmaller than 15 dB (see Fig. 6). The 

j[t) was then convoluted with a monocompartment impulse response (exponential decay 

h( t)) to obtain the output IDC g( t). White noise was also added tog( t), and the same SNRs 

as forj[t) were generated. 

The monocompartment impulse response was varied in order to generate FEFs 

going from 10% to So%, which cover the real application range. Figs. 7 and S show the simu

lation results in terms of average values and standard deviations over 1000 different noise 

sequences for each SNR and FEF. 

The algorithm shows robustness even in the case of very low SNR. The correlation coef

ficients are 0.9964, 0.9993, 0.9999, and 1 for SNR going from 10 dB to oo. However, when the 

FEF increases, an average underestimation is recognizable for low SNR. 

lrme (s) 

Fi&. 6. Example of simulated !DCs for SNR = 15 dB. 
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D. VALIDATION SETUP 

The use of the Wiener deconvolution approach to estimate impulse-response 

functions of UCA dilution systems was preliminary tested in vitro. The setup described 

in 

(19] was adopted. Two IDCs were measured at the inflow and outflow of a predetermined 

volume, and the dilution impulse response was estimated. The estimated impulse response 

then was fitted by the LDRW model for the volume assessment. The results showed a de

termination coefficient of the volume measurements equal to 0.99 and a standard devia

tion smaller than 3.1% for flow ranging from 1 to 5 L/ minute (59]. These results proved the 
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accuracy and feasibility of the impulse-response Wiener estimation, and the system then 

was tested for the FEF assessment in patients, which is the main objective of this paper. A 

10 ml bolus of SonoVue© contrast agent diluted 1:100 into saline (o.9% NaCl) was injected 

intravenously and detected in B-mode by an ultrasound scanner Sonos 5500 (Philips Medi

cal Systems, Andover, MA). A transthoracic S3 probe was positioned to show a four-cham

ber view. Software Q-Lab ©(Philips Medical Systems) for acoustic quantification was used 

to measure the acoustic intensity curves. Two ROI were placed on the LA and LV for the 

acoustic intensity curve measurements. 

The scanner was set in power modulation mode in order to enhance the signal 

backscattered by the contrast. Series of three adjacent ultrasound pulses of four cycles at 

1.9 MHz were transmitted. The amplitude of the central pulse is twice that of the side puls

es. The receiver sums the reflections of the side pulses and subtracts the reflection of the 

central pulse. This technique, which is a specific implementation of the power modula

tion mode, allows detecting the nonlinear response of bubbles while cancelling the linear 

response of tissue. The result is an increased sensitivity of the scanner to the contrast bub

bles diluted in both the LA and the LV. A low mechanical index (i.e., the ratio between peak 

rarefactional pressure expressed in megapascal and square root of the central frequency 

of the ultrasound pulse expressed in megahertz) equal to 0 . 1 allowed minimizing bubble 

destruction. For low contrast concentrations, this harmonic imaging setting shows a very 

high correlation coefficient between contrast concentration and backscattered acoustic 

power [19]. 
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FiB. 9· FEF measurements without use of deconvolution. The FEF is directly measured from the LV !DC exponen

tial fit. The results show an evident underestimation with respect to EF echocardiographic biplane estimates. 

The contrast agent So no Vue© is composed of micro bubbles enclosed in a monolayer phos

pholipid shell. The inner gas is SF6 (sulphur hexafluoride). It is a large molecule that does 

not diffuse easily through the shell, resulting in a high stability of the bubbles. The bubble 

diameter is distributed from 0 .7 flm to 10 flm with a mean value equal to 2.5 flm [28] , [6o]. 

The measured acoustic intensity curves were transformed into IDCs by at

tenuation compensation and analyzed off-line for the FEF assessment. The analysis was 

implemented on a computer using both Lab View (National Instruments, Austin, TX) and 

Matlab© (The Math Works, Natick, MA) software. 

A group of 20 patients with EF going from 10% to 70% and no significant mitral 

insufficiency (EF "'FEF) was selected (this study was approved by the Ethics Committee of 

the Catharina Hospital, Eindhoven, The Netherlands). The FEF estimates were compared 

to EF measurements obtained by echographic bi-plane method on two and four-chamber 

views with contrast opacification. The average over three EF measurements was consid

ered as the reference value to validate the FEF estimates. 

30 

20 
() 

~ 

" <> 
0 

10 £ •SD 

1! o<> 0 

_g. 
MEAN 

~ 0 v <> <> 
UJ 8 0 

0 0 

<fl. ·SD 

~ -10 

0 
0 

-20 

·30 

10 20 30 40 50 60 70 80 90 

(EF% bp-method + FEF%) /2 

FiB. 10. Bland-Alrman plot of the EF and FEF estimates by dilution and bi-plane echo graphic methods. 

III. RESULTS 

The results of a preliminary study on 20 patients are presented. The FEF esti

mates are compared to the echographic bi-plane method with contrast opacification. Fig. 

9 shows the FEF estimates using the exponential fit of the measured LV IDC without de

convolution. As expected, there is a large FEF underestimation. In fact, the contrast bolus 

is injected in an arm vein, and the hypothesis of fast injection in the LV for the application 

of (5) is not fulfilled. 

Instead, the use of the proposed deconvolution approach results in a correla

tion coefficient equal to 0.93 between the ejection fraction estimates made by the proposed 
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method and the echographic bi-plane method. Fig. 10 shows the Bland-Altman plot for 

the two compared techniques [61]. 

The bias equals 1.6% and the standard deviation (SD) equals 8%. Taking into account that 

comparisons of different EF measurement techniques always show significant standard 

deviations (usually larger than 15% [4], [u]), these preliminary results are promising and 

prove the feasibility of the method. The FEF estimates are shown in Fig. 11 together with 

the bi-plane EF estimates. 
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IV. CONCLUSIONS 

The LV EF is an important parameter for the assessment of the cardiac con

dition and efficiency. Accurate EF measurements require experienced cardiologists and 

timeconsuming geometric imaging techniques. In clinical practice, bi-dimensional imag

ing methods are widely used. Because they make use of geometrical models, anatomical 

abnormalities (for instance an aneurysm) are not detected and taken into account for the 

EF estimation. Moreover, such geometric methods can assess only the total EF, without 

distinction between forward and backward EF, which is caused by mitral insufficiency. 

The indicator dilution method is an alternative solution, which can be used for FEF mea

surements. However, both contrast injection and detection must be performed in the 

LV, resulting in very invasive techniques. 

A new minimally invasive technique based on UCA dilution is presented. A 

small bolus of UCA is injected in a peripheral vein and detected in the LA and LV by a 

transthoracic ultrasound transducer. The detected acoustic intensity is processed in or

der to obtain the LA and LV IDCs. A deconvolution algorithm is implemented in order to 

estimate the impulse response of the LV. The resulting curve is analyzed for the LV FEF 

assessment. 

The method was tested and optimized by specific simulations for different noise levels. 

Eventually, the feasibility of the measurement was tested in vivo. The EF was measured 

on a group of 20 patients both by the proposed dilution method and the echographic bi

plane method. This preliminary validation proves the feasibility of the dilution method 

and encourages further evaluations and optimization for in-vivo applications. The peak

concentration ratio between LV and LA will be determined by specific experimentation. 

Future research plans also include the comparison of the dilution method with MRI EF 

measurements, which may be considered as the gold standard. 

Apart from the LV FEF measurement, this technique also opens new possibili

ties for the assessment of regurgitant EF, which is caused by mitral insufficiency. In fact, 

the difference between EF and FEF is due to blood regurgitation and could be quantified 

by comparing dilution and geometric estimates. 

Other immediate applications could involve right ventricle FEF measurements. 

The right ventricle EF cannot be measured by geometric imaging techniques as the shape 

is difficult to model. The proposed method could allow measuring the right ventricle FEF 

and provide cardiologists with a new valuable diagnostic parameter. Further applications, 

involving for instance the measurement of intrathoracic blood volumes, also are being 

investigated. 

APPENDIX A 

Eq. (4) is the impulse response of a monocompartment model. A chamber of 

volume V with only one input and one output represents the compartment. A fluid flows 

through the chamber. If the chamber is not elastic and the fluid incompressible, the input 

and output flow Qare equal. If an indicator mass M is diluted in the chamber with concen

tration C, for the mass conservation principle it follows that dM = dCV = V dC t CdV = o, i.e., 

the change of indicator mass in the chamber V dC( t) equals the indicator mass C( t)dV that 

leaves the chamber. Therefore, because C(r)dV = C(t)Qflt, the system can be described by a 

differential equation as given in (13): 

v dC(t) = -C(t)Oitt. 

Eq. (4} is the solution of ( 13) for initial concentration 

C( o) = Co and time constant T = V /Q 

49 



[1] 

[2] 

[3] 

[6] 

bl 

[8] 

[9] 

[to] 

[n] 

[12] 

[13] 

REFERENCES 

P. Brigger, P. Bacharach, A. Aldroubi, and M. Unser, "Segmentation of gated speer images for automatic computa

tion of myocardial volume and ejection fraction," in IEEE Proc. Int. Conf !mase Processins, Oct. 1997, pp. LL3 - LL6. 

A. Khorsand, S. Graf, C. Pirich, G.Wagner, D. Moert!, H. Frank, K. Kletter, H. Sochor, G. Maurer, E. Schuster, and G. 

Porenta, "Image analysis of gated cardiac pet to assess left ventricular volumes and contractile function," in IEEE 

Proc. Comput. Cardiol., Sep. 2000, pp. 311-314. 

R. ]. van der Geest, E. jansen, V. G. M. Buller, and). H. C. Reiber, "Automated detection of left ventricular epi- and 

endocardial contours in short-axis mr images," in IEEE Proc. Comput. Cardiol., Sep. 1994, pp. 33-36. 

S. Schalla, E. Nagel, H. Lehmkuhl, A. B. C. Klein, B. Schnackenburg, U. Schneider, and E. Fleck, "Comparison of 

magnetic resonance real-time imaging of left ventricular function with conventional magnetic resonance imag

ing and echocardiography," A mer.]. Cardia!., vol. 87, pp. 95- 99,2001. 

W. C. Brogan, B. Glamann, and L. D. Hillis, "Comparison of single and biplane ventriculography for determina

tion oflefr ventricular volume and ejection fraction," A mer.]. Cardia!., vo!. 69, no. 12, pp. 1079-1082, 1992. 

T. Shiora, P.M. McCarthy, R. D. White,). X. Qj.Lin, N. L. Greenberg,S. D. Flamm,). Wong, and). D. Thomas, "Initial 

clinical experience of real-time three-dimensional echocardiography in patients wirh ischemic and idiopathic 

dialared cardiomyopathy," A mer.]. Cardia!., vol. 84, pp. 1068- 1073, 1999. 

W. A. Helbing, H. G. Bosch, C. Maliepaard, S. A. Rebergen, R. ]. van der Geesr, B. Hansen,). Orrenkamp, ). H. C. 

Reiber, and A. de Roos, "Comparison of echocardiographic methods with magnetic resonance imaging for assess

ment of right ventricular function in children," A mer.]. Cardia!., vol. 76, pp. 589-594, 1995. 

H. Feigenbaum, Echocardiography. Philadelphia, PA: Lippincott Williams & Wilkins, 1994· 

L. E. Teichholz, T. Kreulen, M. V. Herman, and R. Gorlin, "Problems in echocardiographic volume determinations: 

Echocardiographic-angiographic correlations in rhe presence or absence of asynergy," Yale]. Biol. Med., vol. 66, pp. 

397-413, 1994· 

G. de Simone, R. B. Devereux, A. Ganau, R. T. Hahn, P. S. Saba, G. F. Mureddu, M. ]. Roman, and B. V. Howard, "Es

timation of left ventricular chamber and stroke volume by limited Mmode echocardiography and validation by 

two-dimensional and doppler echocardiography," A mer.]. Cardia!., vo!. 78, pp. 801-807, 1996. 

N. G. Bellenger, M. l. Burgess, S. G. Ray, A. Lahiri, A. ]. Coats, ]. G. Cleland, and D. ]. Pennell, "Comparison of 

left ventricular ejection fraction and volumes in heart failure by echocardiography, radionuclides, ventriculogra

phy and cardiovascular magnetic resonance. Are they interchangeable?," Eur. Heart, vo!. 21, no. 16, pp. 1387- 1396, 

2000. 

]. D. Bronzino, Ed. The Biomedical Engineering Handbook. znd ed. Boca Raton, FL: CRC Press, 2000. 

N. Gefen, 0. Barnea, A. Abramovich, and W. P. Sanramore, "Experimental assessment of error sources in thermo

dilution measurements of cardiac output and ejection fraction," in IEEE Proc. First Joint Biomed. Ens. Soc.fEns. Med. 

Bioi. Soc. Conf Servins Humanity, Advancins Technolow, 1999, p. 796. 

]. P. Holt, "Estimation of residual volume of the ventricle of the dog by two indicator dilution techniques," Circ. 

Res., vol. 4, no. 2, pp. 187- 195, Mar. 1956. 

50 

[17] 

[18] 

[19] 

[zo] 

[21] 

[22] 

[23] 

[26] 

[27] 

[28] 

[31] 

S. jang, R. ]. jaszczak, ). Li, ]. F. Debatin, S. N. Nadel, A.]. Evans, K. L. Greer, and R. E. Coleman, "Cardiac ejection 

fraction and volume measurements using dynamic cardiac phantomsz and radionuclide imaging," IEEE Trans. 

Nuclear Sci., vol. 41, no. 6, pp. 2845- 2849, 1994· 

T. Machnig, B. Eicker, K. Barth, H. Lehmkuhl, and K. Bachmann, "Measurement of left ventricular ejection frac

tion (ef) by densitometry from digital subtraction angiography," in IEEE Proc. Com put. Cardiol., Sep. 1990, pp. 589-

592. 

H. Becher and P. N. Burns, HandbookofContrastEchosraphy. New York: Springer-Verlag, 2000. 

M. Mischi, A. A. C. M. Kalker, and H. H. M. Karsten, "Videodensitometric methods for cardiac output measure

ments," Eurasip ]. Appl. Sisnal Process ins, vol. 2003, no. 5, pp. 479-489, 2003. 

M. Mischi, A. A. C. M. Kalker, and H. H. M. Korsren, "Contrast echocardiography for pulmonary blood volume 

quantification," IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 51, no. 9, pp. ll37- ll47, Sep. 2004. 

M. Mischi, A. A. C. M. Kalker, and H. H. M. Korsren, "Blood volume measurements by videodensitomerric analysis 

of ultrasound-contrast-agent dilution curves," in Proc. Int. Conf IEEE Ens. Med. Bioi. Soc., Sep. 2003, pp. 791- 794. 

X. Chen, K. Q Schwarz, D. Phillips, S.D. Steinmetz, and R. Schlie£, "A mathematical model for the assessment of 

hermodynamic parameters using quantitative contrast echocardiography," IEEE Trans. Biomed. Ens., vol. 45, no. 6, 

pp. 754-765, 1998. mischi era!.: assessment of a minimally invasive technique for cardiac studies 419 

C. S. Sengel and P. H. Arger, "Mathematical modeling of dilution curves for u!t rasonographic contrast,"]. Ultra

sound Med., vol. 16, pp. 471-479, 1997· 

P. A. Heidenreich,]. G. Wiencek,]. G. Zaroff, S. Aroson, L. ). Segil, P. V. Haper, and S. B. Feinstein, "In vitro calcula

tion of flow by use of contrast ultrasonography,"]. A mer. Soc. Echocardiosr., vol. 6, no. 1, pp. 51-61, 1993 . 

D. Rovani, S. E. Nissen, E. jonathan, M. Smith, A. L'Abbare,O. L. Kuan, and A. N. DeMaria, "Contrast echo washout 

curves from left ventricle: Application of basic principles of indicatordilution theory and calculation of ejection 

fraction,"]. A mer. Col!. Cardiol., vol. ro, pp. 125-134, 1987. 

K. Mizushige, A. N. DeMaria, Y. Toyama, H. Morita, S. Senda, and H. Matsuo, "Contrast echocardiography for 

evaluation of left ventricular flow dynamics using densitometric analysis," Circulation, vol. 88, pp. 588-595, 1993. 

H. Bleeker, K. Shung, and ). Barnhart, "On rhe application of ultrasonic contrast agents for blood flowmetry and 

assessment of cardiac perfusion," Ultrasound Med. Biol., vol. 9, pp. 461-471, 1990. 

L. Gerfault, E. Helms, V. Bailleau, N. Rognin, G. Finer, M. janier, and C. Cachard, "Assessing blood flow in isolated 

pig heart with usca," in Proc. IEEE Ulrrason. Symp., Oct. 1999, pp. 1725-1728. 

]. M. Gorce, M. Arditi, and M. Schneider, "Bubble oscillations of large amplitude," Invest. Radio!., vol. 35, no. 11, pp. 

66!-67!, 2000. 

M. Postema, A. Bouakaz, and C. T. Chin, "Simulations and measurements of optical images of insonified ultra

sound contrast microbubbles," IEEE Trans. Ulrrason., Ferroelect., Freq. Contr., vol. 50, pp. 523-536, 2003. 

L. Hoff, Acoustic Characterization ofComrasc AsenrsforMedical Ultrasound lmasins. Dordrechr, The Netherlands: Klu

wer Academica, 2001. 

P. ]. A. Frinking and N. de jong, "Acoustic modeling of shell encapsulated gas bubbles," Ultrasound Med. Bioi., vol. 

24, no. 4, pp. 523-533, 1998. 

51 



[32] 

[33] 

[34] 

[35] 

[36] 

[37] 

[38] 

[39] 

A. Bouakaz, N. de jong, and C. Cachard, "Standard properries of ultrasound contrast agents," Ultrasound Med. Bioi., 

vol. 24, no. 3, pp. 469- 472, 1996. 

V. Ohlendorf, "Physics of ultrasound contrast imaging: Scattering in the linear range," IEEE Trans. Ultrason., Fer

roelect., Freq. Contr., vol. 41, no. 1, pp. 70-79, 1994. 

C. W. Sheppard, Basic Principles of Tracer Methods: Introdttction to Mathematical Tracer Kinetics. New York: Wiley, 

1962. 

K. H. Norwich, Molecular Dynamics in Biosystems. New York: Pergamon, 1977. 

B. Herman, S. Einav, and Z. Vered, "Feasibility of mitral flow assessment by echo-contrast ultrasound. Parr 1: 

Determination of the properties of echo-contrast agents," Ultrasound Med. Bioi., vol. 26, no. 5, pp. 785-795, 2000. 

W. R. Hedrick, D. L. Hykes, and D. E. Srarchman, Ultrasound Physics and Instrumentation. 3rd ed. Naples, Italy: Mosby, 

1995· 

N. de jong, A. Bouakaz, and F.]. T. Care, "Contrast harmonic imaging," Ultrasonics, vol. 40, no. 1, pp. 567- 573, 2002. 

P. A. Jansson, Deconvolution oflma8eS and Spectra. New York: Academic, 1997· 

A. Papoulis, Probability, Random Variables, and Stochastic Processes. 3rd ed. New York: McGraw-Hill, 1991. 

A. M. Guarnieri, F. Rocca, P. Guccione, and C. Cafforio, "Optimal interferometric scansar focusing," in Proc. IEEE 

Geosci. Remote Sensin8 Symp., june 1999, pp. 1718-t720. 

Y. Jeong, H. Ryou, and C. Lee, "A high resolution delay estimation technique in frequency domain for positioning 

systems," in Proc. IEEE Vehicular Techno!. Conf., Sep. 2002, pp. 2318- 2321. 

P. N . T. Wells, Biomedical Ultrasonics. New York: Academic, 1977. 

"Information for manufacturers seeking marketing and clearance of diagnostic ultrasound systems and trans

ducers," U.S. Department of Health and Human Services, Food and Drug Administration, Center for Devices and 

Radiological Health, Tech. Rep. Sep. 30, 1997. 

[45] A. P. Dhawan, Medical lma8e Analysis. Hoboken, Nj: Wiley, 2003. 

[46] T. Taxt and j. Strand, "Two-dimensional noise-robust blind deconvolution of ultrasound images," IEEE Trall5. 

Ultrason., Ferroelect. , Freq. Corm., vol. 48, no. 4, pp. 861-866,2001. 

[47] T. Taxt and G. V. Frolova, "Noise robust one-dimensional blind deconvolution of medical ultrasound images," 

IEEE Trans. Ultrason., Ferroelect., Freq. Contr., vol. 46, no. 2, pp. 291- 299, 1999· 

[48] T. Taxt, "Restoration of medical ultrasound images using twodimensional homomorphic deconvolution," IEEE 

Trans. Ultrason., Ferroelect., Freq. Corur., vol. 42, no. 4, pp. 543- 554, 1995· 

[49] 0. G. jensen and P. P. Papazis, "Homomorphic deconvolution of potential field data in one or two dimensions," 

Can.]. Earth. Sci. , vol. 20, pp. 1260-1281, 1983. 

[5o] j. A. jensen, "Deconvolution of ultrasound images," Ulrrason. lma8., vol. 14, no. 1, pp. 1-15, 1992. 

[51] l. Y. Soon andS. N. Koh, "Speech enhancement using 2-d Fourier transform," IEEE Trans. Speech Audio Processin8, vol. 

11, no. 6, pp. 717-724, zoo3. 

[52] j. C. Lagarias, j. A. Reeds, M. H. Wright, and P. E. Wright, "Convergence properries of rhe Nelder-Mead simplex 

method in low dimensions," SlAM). Optim., vol. 9, no. 1, pp. 112-147, 1998. 

[53] C. W. Sheppard and L. J. Savage, "The random walk problem in relation ro rhe physiology of circulatory mixing," 

52 

[54] 

[55] 

57] 

[59] 

[6o] 

Phys. Rev., vol. 83, pp. 489-490, 1951. 

j. M. Bogaard, j. R. C. jansen, E. A. von Rerh, A. Versprille, and M. E. Wise, "Random walk type models for indica

tordilurion studies: Comparison of a local density random walk and a first passage rimes distribution," Cardiovasc. 

Res. , vol. 20, no. 11, pp. 789-796, 1986. 

E. A. von Rerh and j. M. Bogaard, "Comparison of a rwocompartment model and distributed models for indicator 

dilution studies," Med. Bioi. En8. Comput. , vol. 21, pp. 453-459, 1983. 

j. M. Bogaard, S. ). Smith, A. Versprille, M. E. Wise, and F. Hagemeijer, "Physiological interpretation of skewness 

of indicator-dilution curves: Theoretical considerations and practical application," Basic Res. Cardiol., vol. 79, pp. 

479-493, 1984. 

M. E. Wise, "Tracer dilution curves in cardiology and random walk and lognormal distributions," Acta Physiol. 

Pharmacal. Neerl., vol. 14, pp. 175-204, 1966. 

R. K. Millard, "Indicator-dilution dispersion models and cardiac output computing methods," A mer. Physiol. Soc., 

vol. 272, no. 4, pp. H2004-H2ot2, 1997. 

M.Mischi, A. A. C. M. Kalker, and H. H. M. Korsren, "Identification of ultrasound-contrast-agent dilution systems 

for cardiac quantification," in Pro c. IEEE Int. Joined Symp., Aug. 2004. 

M. Shneider, "Influence of bubble size distriburion on echogenecity of ultrasound contrast agents: A study ofson

ovue," Echocardiowaphy, vol. 16, no. 7, pp. 743-746, 1999. [61] j. M. Bland and D. G. Altman, "Srarisrical methods for 

assessing agreement between rwo methods of clinical measurement," Lancet, vol. 1, pp. J07-JIO, 1986. 

53 



54 

CHAPTER III. 

NOVEL ULTRASOUND-CONTRAST AGENT DILUTION 

METHOD FOR ASSESSMENT OF VENTRICULAR EJECTION 

FRACTION 

Annemieke Jansen MD', Massimo Mischi', Frank Bracke MD, PhD', Jan Melle van Dantzig 

MD, PhD', Kathinka Peels MD, PhD', Evert Lamfers MD, PhD!, Norbert van Heme! MD, PhD4
, 

Hendrikus Korsten MD, PhD',' 

'Catharina Hospital Eindhoven, the Netherlands 

z Eindhoven University ofTechnoloBY, theN etherlands 
3 Canisius-Wilhelmina Hospital, theN ether lands 

4 University ofUtrecht, the Netherlands 

EUROP EAN JOURNAL OF ECHOCARDIOGRAP HY 2007, IN PRE SS 

ABSTRACT 

Aim: Left ventricular (LV) ejection fraction is an important determinant of prognosis in 

heart failure. We evaluated the accuracy of a novel algorithm for LV ejection fraction quan

tification based on indicator dilution curve (IDC) principles using ultrasound contrast as 

indicator, and compared the results with contrast-enhanced biplane LV ejection fraction 

assessment. 

Method: A diluted ultrasound-contrast bolus (SonoVue ®)was injected intrave

nously in 31 patients (19 male, age 65 ± n) with known or suspected heart disease. A total 

of 68 recordings were made. The developed algorithm used the left atrium and LV IDC for 

LV ejection fraction measurement. 

Biplane enhanced LV ejection fraction measurements with pure ultrasound

contrast (SonoVue®) was determined in multiple four- and two-chamber recordings as 

reference. 

Results: The mean LV ejection fraction measured by biplane and IDC method 

was 33 ± 17% and 35 ± 18%, respectively. A correlation coefficient r=0.93 was observed be

tween the two methods. Bland-Airman analysis demonstrated a slight LV ejection fraction 

overestimation with IDC (mean +1.9 ± 6.3%). 

Conclusion: A new fast method for LV ejection fraction assessment based on IDC prin

ciples is described and comparison with contrast enhanced biplane LV ejection fraction 

quantification shows accurate results. 
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INTRODUCTION 

Left ventricular (LV) ejection fraction is a key determinant of prognosis in car

diac disease and important for optimal timing of therapy and surgery. 1
-
6 Therefore, accu

racy and reproducibility of these measurements are imperative for patient monitoring and 

decision making in daily cardiology. 

Two-dimensional (2D) biplane echocardiography is most frequently used to 

obtain LV ejection fraction. However, the accuracy is highly dependent on the ability to 

obtain two high quality tomographic views of the heart/· 8 To ameliorate this problem, LV 

opacification with ultrasound contrast agents (UCA) is used to improve endocardial delin

eation. 7•9·" 

Ejection fraction can also be assessed by the interpretation of Indicator Dilution Curves 

(IDCs ). '3 Until now, this required the intraventricular injection of the indicator and sub

sequent analysis of the washout curve. In dogs, Rovai eta!. found an excellent correlation 

with angiographic ejection fraction with this method. 14 

In this paper we present a novel minimally invasive method for assessment of 

LV ejection fraction based on UCA indicator dilution curves using a peripheral intravenous 

injection of a small UCA-bolus. An advanced dilution identification algorithm is used for 

the interpretation of the acoustic intensity backscattered by the UCA-passages through 

the left atrium (LA) and LV. (see Appendix) 

METHODS 

Patients Thirty-one patients (19 male, age 65 ± 11) referred for known or sus

pected heart disease were evaluated by echocardiography and UCA. Patients were random

ly selected, including patients with 'normal' LV ejection fraction. A history of myocardial 

infarction was present in 16 patients and severe mitral regurgitation in 9 patients. 

Patients with contraindications for the UCA (SonoVue®, Bracco s.p.a., Milan Italy) used in 

this study (known allergy, renal failure, unstable angina, recent myocardial infarction) 

and with moderate or severe aortic regurgitation were excluded from this study. Patients 

with NYHA class III or IV heart failure were also excluded from the time that the contrain

dications for So no Vue® were extended to this category of patients. The local ethics commit

tee approved the study protocol and all patients gave informed consent. 

Table 1: Patient Characteristics 

Male/ Female 

Age (years) 

LVEF% (biplane) 

LVEF% (IDC) 

LVEDV (mL; biplane) 

MR severity 

MR/LA area 

Abbreviations: 

All patients 

19/12 

65 ± 11 

33 ± 17 

35 ± 18 

215 ± 94 

1.8 ± 1.3 

0.23 ± 0.2 

LVEF: Left Ventricular Ejection Fraction; LVEDV: Left Ventricular End-Diastolic Volume; MR: mitral regurgita

tion; LA: Left Atrium 

Echocardiography Echocardiography was performed with a Sonos 5500 and 

a S3 transducer (Philips Medical Systems, Andover, MA). Standard transthoracic echocar

diography was performed in all patients to assess LV and valve function. Nomenclature of 

LV segments and measurements of LV dimensions were according recommendations of 

the American Society of Echocardiography.8 The degree of mitral regurgitation (grade I to 

IV) was assessed both by color jet area and by assessment of mid-systolic percentage jet area 

relative to LA size in the apical4-chamber view. 

Automatic IDC LV ejection fraction 

Measurement procedure An ultrasound-contrast bolus of 1 mL of SonoVue® was di

luted 1:1oo in saline solution and 10 mL of the diluted contrast was injected intravenously. 

The injection was performed manually and it was immediately followed by a quick saline 

flush. Based on previous calibration measurements in-vitro, the scanner was set in power 

modulation mode at 1.9 MHz and low mechanical index (o.1).'5
•

16 The use of a contrast en

hancement mode, such as power modulation, allows reducing the dose ofUCA in order to 

obtain a linear relation between contrast concentration and measured acoustic intensity. 16
' 

17 The use of a low mechanical index limits the collapse ofUCA bubbles. 18
' 
19 For 100 seconds 

after the intravenous antecubital injection, multiple digital loops of the apical four-cham

ber view were recorded for the measurement of the LA and LV UCA IDCs (Figure 1). These 

IDCs are detected by the ultrasound scanner and interpreted as the input and output of 

the LV dilution system, from which the proposed algorithm automatically determines the 

LV ejection fraction. Software Q-Lab (Philips Medical Systems, Andover, MA) for acoustic 
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quantification was used for the IDC measurement. Further description of the automatic 

IDC method is presented in the Appendix. 
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Left image: Trans-thoracic four chamber view with dilured conrrast. Two regions of inrerest are placed in the LA 

and LV for !DC measurement. Right image: The LA and LV IDCs are shown. 

Biplane contrast enhanced LV ejection fraction After the IDC measurement, a bolus 

of 0.5 mL pure SonoVue® was administrated intravenously to obtain contrast enhanced 

cine loops of the apical four and two chamber view. The loops were acquired at a frame rate 

of 25Hz in the power modulation mode. Special care was taken to avoid foreshortening of 

the LV long axis. Three loops were digitally recorded for biplane ejection fraction estimates. 

In 12 patients the measurements were repeated 3 and/or 6 months after cardiac resynchro
nization therapy. 

Statistics Correlation analysis was performed to compare the relation between 

the automatic IDC method and the contrast-enhanced biplane LV ejection fraction mea

surement. Further comparison between the two methods was performed with Bland-Air

man analysis. All tests were performed using the statistical analysis program Medcalc" 

(Medcalc software, Mariakerke, Belgium). 

LV ejection fraction by biplane-conrrast versus !DC method 
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Scatter diagram of the LV ejection fraction assessed by biplane conrrast enhanced versus the !DC method. Correla

tion between the two methods of r=0.93· 

RESULTS 

Seventy-three ejection fraction measurements were performed using UCA. In 5 

patients IDC curves could not be obtained (14%): in two patients the UCA LV opacification 

failed and in three opacification was not sufficient for the automatic IDC ejection fraction 

assessment. Therefore, 68 measurements in 31 patients were included in this study. The 

clinical and echocardiographic patient characteristics are summarized in table 1. The LV 

ejection fraction with the biplane method ranged from 10 to 75% and the LV end-diastolic 

volume from 8o to 510 mL. A mean LV ejection fraction of 33 ± 17% was found for the 

biplane enhanced contrast method in comparison to a mean LV ejection fraction of 35 ± 
18% for the automatic IDC method with a correlation coefficient r=0.93 (Figure 2). Bland

Airman analysis (± 2-SD) demonstrated limits of agreement between the two methods 

from 14.5 to -10.8% with a mean LV ejection fraction difference for the two methods of 1.9 

± 6.3% with slightly higher estimates for the IDC method (Figure 3). 

As expected (see Appendix), the correlation coefficient between the biplane enhanced method 

and the IDC method estimates was equal to 0.93 also in the two subgroups of patients with 

none or mild mitral regurgitation (49 measurements) and with severe regurgitation (19 

measurements; 9 patients). 

The mean absolute difference between repeated measurements of the ejection 

fraction with the automatic IDC was 6 ± 6%. Inter- and intra-observer variability of the 

biplane contrast method, tested in 10 patients, was 6± 8% and 5 ± 6%, respectively. 
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DISCUSSION 

In the present study, a novel automatic IDC-based method for the assessment of 

LV ejection fraction by means of contrast echocardiography is presented and validated. We 

investigated the accuracy and reproducibility in comparison to biplane contrast-enhanced 

LV ejection fraction measurement. An excellent correlation (r=0.93) was observed between 

the ejection fraction estimates by the proposed method and the contrast-enhanced biplane 
method. 

The IDC method uses an intravenous injection of a small UCA bolus to produce 

two IDCs in the LA and LV. The amount of contrast that is needed for the IDC method is a 

factor five smaller than needed to obtain high quality opacification of the LV for contrast 

enhanced biplane ejection fraction determination/·"·, These IDCs are detected by an ul

trasound scanner and interpreted as the input and output of the LV dilution system, from 

which the proposed algorithm automatically determines the LV ejection fraction. 

IL 
UJ 

u 
0 

~ c-----------------------------------, 

15 ------- _c_ _ --Q~-- _Q_ ----- ~1~6~0 

0 '0 

o a ll 

a 14 ,5 

0 
0 

a 

Mean 

1.9 

Oo oc%o 
I; -5 o o a oa a 
~ 0 0 

~~0 ---------------~---~~~ 
UJ -10.8 

-15 
a 

AVERAGE of EF (%)by IDC and EF (%)by Biplane 

FiBure 3: 

Bland-Airman plor of rhe comparison berween rhe biplane conrrasr enhanced merhod and rhe 

IDCmerhod. 

Currently, quantitative assessment of LV ejection fraction is most commonly 

obtained using 2D transthoracic echocardiography, which depends on operator technique 

and experience and is limited by the "acoustic window" to obtain proper tomographic 

views of the heart8
• '

0 Injection of UCA improves the detection of the endocardial lining 

by filling the intertrabecular spaces, reducing the operator dependency and underesti-

6o 

marion of the LV volume and ejection fraction.u" This improvement is evident in good 

and bad quality images. 10
' " However, addition of a contrast agent does not eliminate the 

limitations of 2-D transthoracic echocardiography, such as errors related to image plane 

positioning, determination of the proper frames, foreshortening of the LV apex, geometric 

assumptions of the biplane method, and cardiac translation. The proposed automatic IDC 

method does not require LV contour tracing and it is not limited by related problems. It is 

based on the concentration of a contrast agent in a sample volume of the LA and LV. After 

the injection of diluted contrast and acquisition of two IDCs, the automatic IDC analysis 

for the ejection fraction assessment takes about 1 second on a standard personal computer. 

Therefore, the application of the IDC method is significantly less time-consuming than 

the biplane method. Moreover, the automatic implementation of the IDC analysis reduces 

the operator-dependency. 

The Bland-Altrnan analysis revealed slightly higher estimates of the LV ejection 

fraction by the proposed IDC method. However, given the LV ejection fraction underesti

mation of the echographic biplane method when compared to MRI as a gold standard, the 

automatic IDC method could effectively be closer to that gold standard-10
_, The agreement 

between the IDC and the contrast enhanced biplane method (from 14.5% to - 10.8%) is corn

parable with the agreements that are usually reported for LV ejection fraction estimates by 

different imaging rnodalities /· 9
· "· 

19 

In theory, by measuring the IDCs in the right atrium and right ventricle the 

proposed method can also be applied for assessment of the right ventricular ejection frac

tion. This should be clarified in future studies. 

Study Limitations: This single institutional study in a limited amount of 

patients warrants further confirmation. 

Signal intensity within the ultrasound field is not homogeneous, although sta

tionary since they are relatively constant in time. Therefore different location of region of 

interest within the left ventricular cavity may produce slightly different results. Future 

research is needed to study the influence of the selection of the sample volume on the mea

sured IDCs and hence estimated ejection fractions. There was no comparison with MRI 

LV ejection fraction according to the Simpson method. However, previous studies have 

revealed the accuracy of the biplane contrast enhanced LV ejection fraction rnethod.M·" 

CONCLUSION 

The IDC determination of the ejection fraction is feasible and accurate, and not 

dependent on LV contour detection, which renders it suitable to widespread application. 
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Scheme of the LV dilution system (LV) in the presence of mitral regurgitation (p1) and aortic regurgitation (p2). 
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APPENDIX 

DATA ANALYSIS AND EJECTION FRACTION ESTIMATION 

The measured IDCs are interpreted as the input and output of the LV dilution 

system, which is well represented by a linear modeL Therefore, a linear system identifica

tion method, such as a deconvolution, can be applied to identify the LV dilution system 

based on the measured IDCs. 

A least mean squares (LMS) approach is employed for the identification of the 

LV dilution system and the assessment of the ejection fraction based on the LA and LV 

IDCs. The use of a system identification method based on the measurement of two IDCs 

from the LA and LV allows an estimation of the LV washout curve (LV dilution-system 

impulse response) that is independent of the UCA injection function and the bolus diffu

sion between the injection site and the LV. In this context, the term washout curve refers 

to the LV IDC curve that would be measured after a fast intra-ventricular injection of the 

contrast bolus. The choice for aLMS approach is due to the low signal-to-noise ratios of the 

measured IDCs. 

A mono-compartment model is adopted to represent the LV dilution system. 16 

The proposed system identification method uses a Nelder-Mead Simplex method to mini

mize the mean squared error between the measured and the estimated LV IDC. 21 This sim

plex algorithm is a direct search method that performs an unconstrained minimization of 

a multidimensional scalar function without any derivative information. For the identifi

cation of the LV dilution system the optimal parameters of the mono-compartment model 

that lead to the LMS solution are estimated. Therefore, the system identification is reduced 

to the estimation of the time constant of the mono-compartment model representing the 

impulse response of the LV dilution system. As a result, the influence of noise on the esti

mated clinical parameters is minimaL 

Noise in the measured IDCs is mainly introduced by the measurement system 

and it is due to flow and pressure variations in the ventricles." Therefore, it can be sup

pressed by specific filters. 17 Despite the linear relationship between the measured acoustic 

intensity and the UCA concentration for low mechanical index and UCA concentration, in 

the adopted four-chamber view the LA IDC is distorted (modulated) by the non-stationary 

attenuation produced by the contrast diluted in the LV. However, exploiting the linear re

lationship between LV contrast concentration and measured LV ultrasound intensity and 

the linear relationship between contrast concentration and attenuation coefficient, the LA 

IDC can be compensated for the LV attenuation effect. 16 

The LV dilution system identification results in the estimation of the LV im

pulse response, i.e., the LV IDC wash-out curve after a theoretical rapid injection of a con-



trast bolus in the LV. Therefore, the estimated impulse response fulfils the requirements 

for a correct ejection fraction assessment based on the Holt method which uses direct in

jection of contrast into the LV.'3 In particular, the estimated time constant T of the mono

compartment model representing the LV impulse response can be used for the estimation 

of the ejection fraction (EF) as 

EF=r-e~ 

where ~tis the cardiac period. Repeated measurements (within minutes) were used to as

sess the variability of the method. 

The effect of valve regurgitation on the washout curve estimation is also con

sidered and a distinction can be made between mitral and aortic regurgitation. In fact, 

since mitral insufficiency affects both the LA and LV IDCs, it does not influence the system 

identification (a mathematical derivation is presented further on). A similar reasoning ap

plies to UCA recirculation through the entire cardiovascular system. Re-circulation does 

not affect the measurement as it appears in both the LA and the LV. In fact, it can be simply 

interpreted as a component of the input (LA) IDC that is transferred to the output IDC (LV) 

by the LV dilution system. 

INFLUENCE OF VALVE REGURGITATION 

A scheme of the analyzed dilution system is presented in Figure 4· The input 

Cin(t) and the output Cout(t) are the LA and LV IDC, respectively. The block LV represents 

the LV dilution system. The measurement sites for the system identification correspond to 

the input and output of the system LV. Valve regurgitation can be interpreted as a feedback 

from the output Cout(t) to the input Cin(t). 

The multiplicative factors p1 and p2 CE [o, 1) in Figure 4 represent the severity of the mitral 

and aortic insufficiency, respectively. In presence of mitral insufficiency, p1 ITo and p2 = o. 

In this case, the effect of the feedback is a variation of the input IDC Cin( t), which does not 

influence the result of the system identification method. 

When aortic insufficiency is present, part of the flow goes from the aorta to the LV. In this 

case, p1 = o and p2 ITo. Therefore, only the output IDC Cout(t) is influenced by the regurgi

tation. In order to show the effect of aortic regurgitation on the system identification, we 

consider the mono-compartment differential equation 
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acout V + (C t (t)- C (t) )<I>= 0 at ou rn 

where V and <I> are the compartment volume and flow, respectively. 

The system impulse response is therefore given as 
1 

- 1 e-~ , with the time constant 1 = '!...._ 
<I> 

Including the feedback due to aortic regurgitation, equation becomes 

As a result, the impulse response is 1: -1 e -~ , with time constant 1:" = -•- ~ 1: . 
R 1- P, 

According to equation , a larger value for the time constant T leads to a lower ejection 

fraction. Therefore, in the case of aortic insufficiency, the geometric estimation of the ejec

tion fraction, e.g., based on the biplane method, gives an overestimation with respect to 

the proposed dilution estimation, which is based on hemodynamics rather than volume 

variations. 
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ABSTRACT 

Objective: The optimal use of pulsed wave tissue Doppler (TD) in predicting left ventricular 

(LV) reverse remodeling after cardiac resynchronization therapy (CRT) was investigated. 

Method: TD was performed in 69 patients before and 3 months after CRT. Echocardio

graphic reverse remodeling was observed in 38 patients. LV dyssynchrony was measured 

with the time to onset or peak systolic velocity in 2- and 6- basal segment models. 

Results: The time to onset and either the standard deviation of 6 segments of • 

20 ms or a delay of ::::0: 6o ms between any 2 of 6 segments had a similar predictive accuracy 

(sensitivity, specificity respectively 97%,95% and 74%, 73%). The time to peak systolic veloc

ity or evaluating two segments was less accurate. 

Conclusion: Evaluation of 6 segments is necessary to predict LV reverse remodel

ing after CRT. The time to onset of systolic velocity is superior to the time to peak velocity. 

INTRODUCTION 

When QRS width is used as a selection criterion for cardiac resynchronization 

therapy (CRT), clinical status, exercise tolerance and quality of life improve in approxi

mately 70% of patients ,.3• However, if left ventricular (LV) reverse remodeling is chosen as 

reference, only 50% of patients respond 4-7. Inadequate selection criteria may be responsible 

in part for the inclusion of non-responders. There is evidence that mechanical LV dyssyn

chrony is a better predictor of response to CRT than QRS width 4·
6
•

8
•9• For this purpose, 

the standard deviation (SD) of the interval between the onset of the QRS complex and the 

peak systolic velocities in a 12 segment model using color tissue Doppler (TD), has been 



proposed to calculate dyssynchrony.6 However, echocardiographic systems capable of color 

TD at the required high frame rates may not be as widely available as systems with conven

tional TD capabilities. Moreover, these colorTD results cannot automatically be translated 

to the pulsed wave TD technique. 

Although pulsed wave TD is widely used, data on the essential number of LV 

segments needed to predict LV reverse remodeling using this technique is limited. 10
-

12 Re

duction of the essential number of segments to be investigated would increase clinical 

applicability; especially since the acquisition of pulsed wave TD has the disadvantage of 

a being slightly more time-consuming than color TD. Furthermore, in pulsed wave TD, 

using the peak of systolic velocity is not always unequivocal. 1
o-l2. 

Consequently, we investigated if pulsed wave TD in a limited number of LV 

segments accurately predicts LV reverse remodeling in CRT and secondly, if the onset of 

systolic velocity may be a more applicable parameter than the peak of systolic velocity. 

Fi3ure r: Pulsed wave TD tracing of the inferoseptal wall. A: TsO; B:TsP 

METHODS 

Patients: Measurements were obtained in a consecutive series of 69 patients 

with heart failure New York Heart Association class (NYHA) III or IV despite optimal medi

cation, LV ejection fraction (LVEF) below 35%, sinus rhythm and left bundle branch block 

received cardiac resynchronisation therapy. Patients with mitral valve replacement or se

vere valvular disease other than secondary mitral regurgitation were excluded. The aetiol

ogy of heart failure was ischemic in 38 and idiopathic in 31 patients. Baseline QRS duration 

was 172 ± 30 ms with aPR interval of 183 ± 31 ms. Diuretics were prescribed in 94% of 

patients, Angiotensin-converting enzyme-inhibitors in 79%, ~-blocker in 64%, spironolac

tone in 52% and digoxin in 21%. Informed consent was obtained from all patients. 
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Figure 2: Pulsed wave TD tracing is shown without a clearly defined peak systolic velocity: systolic velocity plateau 

pattern 

Biventricular pacemaker implant: The coronary sinus lead (Med

tronic 4193) was positioned in a posterior or posterolateral branch of the coronary sinus, 

the right ventricular lead in the apical or mid septal region and the right atrial lead in 

the atrial appendage. All leads were connected to a Medtronic InSync 8042 pulse generator. 

All implants were successful; two patients needed repositioning due to dislocation of the 

leads (one atrial and one coronary sinus lead). 

The atrio-ventricular delay and interventricular pacing interval were opti

mized within one day after implant using invasive LV dP/dt measurements with a sensor

tipped pressure guide wire (PW-4, RADI Medical Systems, Uppsala, Sweden) and Doppler 

echocardiography as previously described. 13 
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FiBure J: TsO of the 6 basal LV-segments of the responders before and 3 month after CRT. IS: inferoseptal; INF: 
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Table 1: Baseline characteristics: 

All Patients Responders Non-responders P value 

No. of parienrs 69 38 31 

Age (Years) 69 ± 8 68 ±9 71 ± 7 ns 

Male/Female 50/ 19 25/ 13 25/ 6 ns 

DCM/ ICM 31/38 22/ 16 9/ 22 P=0.03 

QRS (ms) 172 ± 30 175 ± 30 169 ± 30 ns 

NYHA class 3.1 ± 0.3 3.0 ± 0.2 3.1 ± 0.3 ns 

LVEF (%) 21 ± 7 22 ± 8 20 ± 7 ns 

LVEDV(ml) 245 ± 89 241 ± 90 250 ± 89 ns 

LVESV (ml) 197 ± 81 192 ± 82 203 ± 81 ns 

MRgrading 2.2 ± 1 2.2 ± 1 2.2 ± 1 ns 

MR/ LA 0.33 ± 0.2 0.31 ± 0.2 0.34 ± 0.2 ns 

MPI 0.98 ± 0.2 1.02 ± 0.2 0.94 ± 0.2 ns 

lVT% 28.7 ± 6 29.6± 6 27-7 ± 5 ns 

FT% 41.7±7 41.0 ± 7 42-4 ± 7 ns 

LVdP/dt max. 424 ± 146 403 ± 167 445 ± 120 ns 

(mmHg/s) (n=51) (n=26] (n=25) 

DCM: Dilated cardiomyopathy; ICM: Ischemic card iomyopathy; LVEF: left venrricle ejection fraction; LVEDV: left 

ventricle end-diastolic volume; MR/LA: mid systolic percentage jet area of mitral regurgitation relative to atrial 

size; MPI: myocardial performance index: isovolumic -contraction plus relaxation time relative to ejection time; 

IVT: isovolumic time (isovolumic contraction plus relaxation time) given in percentage ofRR interval. FT: filling 

time of left ventricle, given in percentage ofRR interval. 
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Fi8ure 4: TsO of the 6 basal LV-segments of the non- responders before and after 3 month after biventricular 

pacing. Abbreviations as in figure 3· 

Echocardiography: Echocardiography was performed with a Sonos 7500, S3 

transducer (Philips Medical Systems, Andover, MA) less than one week before and three 

months after pacemaker implant. The nomenclature of LV segments and measurements 

of LV dimensions were according the recommendations of the American Society of Echo

cardiography. 14 LV- volumes and ejection fraction were obtained in the apical four and 

two-chamber views (biplane method). The degree of mitral regurgitation (grade I-IV) was 

assessed both by color jet area and as the mid-systolic percentage jet area relative to the 

left atrial size in the apical4-chamber view. Measurements were averaged for at least three 

consecutive beats. Cardiac index was assessed by pulsed wave Doppler of the LV-outflow 

tract. The myocardial performance index was calculated as the sum of the isovolumic con

traction and relaxation time divided by the ejection time. 3• 
15 

To determine intraventricular dyssynchrony, spectral displays of six basal LV 

segments with pulsed wave TD were obtained in the four, three and two- chamber apical 

views and stored digitally. 16 In brief, pulsed wave TD was obtained by placing the sample 

volume (o.38 em) in the middle of the 6 basal LV-segments. Gain and filter settings were 

adjusted as needed to eliminate background noise and to allow for a clear spectral display. 

The measurements were performed with a sweep of roo mm/s. Offline analysis was per

formed of four end-expiratory beats and the results averaged. Both the interval from the 

onset of the QRS complex till the onset of systolic velocity (TsO) and the peak of systolic 

velocity (TsP) were measured (figure 1). 

The parameters evaluated for intraventricular dyssynchrony were: (1) the stan

dard deviation ofT sO or TsP of the 6 basal LV segments; (2) the absolute difference between 

TsO or TsP of the basal inferoseptum and lateral wall (4-chamber view) and (3) the abso

lute difference between TsO or TsP of the basal anteroseptal and posterior wall (3-chamber 

view) (4) the longest delay between any two LV segments (table 3). 
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Fisure 6: ROC curves of the different pulsed wave TD methods in predicting LV reverse remodeling after CRT. 

TsO SD-6: Standard deviation of six LV segments using the time to the onset of systolic velocity; AUC: Area under 

the Curve; TsP SD-6: Standard deviation of six LV segments using the time to the peak of systolic velocity; TsO Lon

gest Delay: Longest difference between any two LV-segments using the time to onset of systolic velocity; TsO AS-Post: 

Absolute difference between the anteroseptal and posterior wall using the time to onset of systolic velocity; 
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Table z: Dtfferences between pre and 3 month after CRT between responders and non-responders. 

Responders Non-responders P value 

LVESV !J. (%) -29.1 ± 12 -1.2± 8 p• o.ooo1 

LVEF!J. (%) 9·8 ± 5 1.4 ± 4 P• o.ooo1 

NYHA!J. -1.0 ± 0.2 -0.5± 0.5 p• o.ooo1 

MRgrading/J. -0.4 ± 0.8 -0.1 ± 0-4 p= O.OJ 

MR/ LA!J. -0.11±0.1 -0.05 ± 0.07 p= 0.04 

MPI!J. -0.29 ± 0.2 -0.09 ± 0.2 p=0.0002 

IVT (%) /J. -7·4 ± 5 -2.8± 4 p= 0.0002 

FT (%) /J. 6.0 ± 5 J.2 ± 5 p=O.OJ 

CI!J.(lfmz) O.J ± O.J 0.02 ± 0.3 P=0.003 

LVdP/dt max !J. (mmHg/s) 389 ± 212 163 ± 171 p=0.001 

(n=16) (n=21) 

Abbreviations see table 1 

Follow up: Clinical status (NYHA class) and echo-Doppler were obtained be

fore and after 3 months biventricular pacing. LV reverse remodeling after CRT was defined 

as a • 15% reduction ofLV end-systolic volume (1'. LVESV) 4• 5•7•
8 

TsO SO 6 LV segments versus LVESV change 

20 
10 ••• & ... c 0 +-~JL~~~~~~ ----~·~--.-----r-----.-----

~ .. 1.. . ~ 
~-10 }---~~0----~~~~~--·~~4~~~--~~~--· __ 60 __ •• __ 70 
~ -20 • • .. 
-£ ·30 ·~. .. • •• 
~ -40 • • • • : 
~ -50 
-' -60 

• • 
• 

•• 
-70 

TsO SD 6 LV segments (ms) R=.0.59 

Fisure7= Scatter diagram of the standard deviation (SD) of 6 LV-segments usingTsO versus LVESV change. A cut-off 

value for the TsO SD-6 of • 20-4 ms was found. 
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Table 3= Comparison of pulsed wave TD methods in predictin9 LV reverse remodelin9 after CRT. 

Method No. of Time inter- Sensitivity Specificity Area under the 

Pts. val (ms) (%) (%) curve (AUC) 

Ts0-SD6LV 69 ~ 20.4 97 74 0.85 

TsO [!S-LAT] 69 • 25 79 58 0.71 

TsO [AS-Post] 69 • JO 84 84 0.86 

TsO longest 69 ~ 6o 95 73 0.85 

delay 

TsP-SD 6LV 65 • 31.3 78 72 0]9 

TsP [!S-LAT] 65 • 33 76 57 0.67 

TsP [AS-Post] 65 • 45 81 71 0.73 

TsP longest de- 65 ~ 70 95 61 0.81 

la 

Statistics: The paired sample t test was used for the comparison of parametric 

variables before and after CRT. The unpaired t test was used for the comparison between 

responders and non-responders. For the relation between TD parameters and the change 

in LV end-systolic volume multi-variate analyses was performed. Time intervals of TsO 

and TsP with optimal sensitivity and specificity were determined from receiver operating 

characteristic (ROC) curves. All tests were performed using Medcalc. statistical analysis 

program (Medcalc software, Mariakerke, Belgium). 
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Fisure 8: Scatter diagram of the standard deviation (SD) of 6 LV-segments usingTsP versus LVESV change. A cut-off 

value for the TsP SD-6 of •31.3 ms was found. 

RESULTS 

Results were obtained for 69 patients whose baseline characteristics are pro-

vided in table 1. For the entire study population, the mean LV ejection fraction, improved 

from 21 ± 7% to 27 ± 10% (p• o.ooo1) and the LV-end diastolic volume (LVEDV) decreased 

from 245 ± 89 ml to 219 ± 85 ml (p• o.ooo1) after 3 months of CRT. LV reverse remodeling 

was observed in 38 patients (55%). 

There was no difference between responders and non-responders in baseline 

characteristics except for the aetiology of heart failure: there were significantly more re-

sponders in the idiopathic (71%) versus the ischaemic cardiomyopathy group (42%) (p;o.o3; 

table 1). 

The mean decrease in LVESV was 29.1 ± 12% for the responders and 1.2 ± 8% for 

the non-responders. The responders had an improvement in LVEF of 9.8 ± 5% compared 

to 1.4 ± 4% in the non-responders (p < o.ooo1, table 2). The changes of the other param-

eters ofLV function after 3 month of CRT are summarized in table 2. Moreover, the LV dP/ 

dt max and cardiac index increased and the severity of mitral regurgitation decreased 

significantly in the responders compared to the non-responders while the heart rate re-

mained unchanged. The improvement of them yocardial performance index in responders 

was due both to prolongation of diastolic filling time and decrease in isovolumic time. 

LV-dyssynchrony. TsO could be measured in all patients with pulsed wave 

TD. In contrast, the time to peak velocity (TsP) could not be obtained in all segments in 4 

patients because of a systolic velocity plateau without a clearly defined peak velocity (fig

ure 2). We excluded these patients from analysis ofTsP measurements. 

The standard deviation of the TsO of 6 segments (TsO SD-6) indicated signif

icantly more LV-dyssynchrony in the responders (37 ± 12 ms) compared to the non-re

sponders (2o ± 14 ms) (p• o.ooo1; figure 3 and 4). After 3-month biventricular pacing, this 

parameter decreased significantly in the responders (37 ± 12 ms to 17± 13 ms (p• o.ooo1)) 

but did not change in the non-responders (20 ± 13 to 16 ± 8 ms (p;0.15). However, the 

mean TsO of all the LV-segments increased with biventricular pacing in all patients from 

211 ± 43 ms to 220 ± 41 ms after 3 month (figure 3, 4). LV dyssynchrony, measured by TsO 

SD-6 pre-implant was significantly influenced by the aetiology: 25 ± 15 ms for the isch

emic versus 35 ± 15 ms in dilated cardiomyopathy group (p;o.oo59). However, both groups 

showed a considerable decrease in TsO SD-6 after 3 month pacing; ischemic from 25 ± 15 

ms to 15 ±9 ms (p;o.oo15), dilated from 35 ± 15 ms to 18 ± 13 ms (p• o.ooo1). 

The latest activation of the left ventricle occurred simultaneously in two LV

segments (23 patients) and in one patient in three segments. The basal inferior wall was 

the last activated segment in 35% of patients (24 out of 69 patients of which 7 had simulta-
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neous delay of another segment), the posterior wall in 35%, the lateral wall in 22%, the infero

septum in 2o%, anteroseptal in 19% and the anterior wall in 3% of the patients (figure 5). 

Optimal intervals of TsO and TsP to discriminate responders from non

responders for all measurements of dyssynchrony were determined from ROC curves 

(table 3, figure 6). A correlation was found between the degree ofLV dyssynchrony pre-im

plant and the amount of LV reverse remodeling after CRT: TsO SD-6 method (r=- 0.59 (p• 

o.ooo1), theTsP SD-6method (r=- 0.47 (p=o.ooo1) and for the longest delay between any two 

LV-segments (r=-0.59 (p• o.ooo1) (figure 7,8)). 

The interobserver and intra-observer variability (time interval one month) was 

obtained for 6o LV-segments. The interobserver variability for the TsO was 4·5 ± 2.7% ver

sus for the TsP 7.1 ± 6.6% while the intra-observer variability for the TsO was 3.0 ± 2% 

versus for the TsP 5·3 ± 3.4%. Since measurements with pulsed TD are non-simultaneous, 

care was taken that RR-intervals for the recorded spectra were comparable. There was no 

significant difference in heart rate of the different spectral displays between the six LV seg

ments. (4Ch:p=0.39; 2Ch: p=o.n; 3Ch:p=0.55). 

Clinically, improvement of the NYHA classification by at least one class was 

observed in 68% of the patients and the mean NYHA class decreased from 3.1± 0.3 to 2.3 ± 

o.6 after 3 month of CRT (p• o.ooo1). In patients deemed responders according to decrease 

in LVESV, NYHA class was reduced from 3.0 ± 0.2 to 2.1 ± 0.4 versus 3.1 ± 0.3 to 2.6 ± 0.5 in 

non-responders (p• o.ooo1). 

DISCUSSION 

This study investigated the accuracy of pulsed wave TD in a limited number 

of segments to predict response to cardiac resynchronisation therapy as defined by LV-re

verse remodeling. It also compared the use of the TsO and TsP as a reference in TD. 

It was found that TsO of 6 basal LV segments is an accurate method to predict the echocar

diographic response to CRT. A cut-off value for the SD of more than 20 ms had a sensitivity 

of 97% and a specificity of 74%. 

Similar results with the same endpoint have been reported by Yu et al. in a 

12-segment model using color tissue Doppler (sensitivity and specificity respectively 96% 

and 78%) 6
• However, these results are not applicable for the pulsed Doppler technique. Us

ing pulsed wave TD, Bordacher et al. studied a 12 LV-segment model, but correlated this to 

acute changes in cardiac output and mitral regurgitation and not to longer-term outcome. '7 

It did not appear to be possible to predict LV reverse remodeling by interrogat

ing only 2 segments. When the TsO difference in either 4 or 3-chamber view was considered, 

sensitivity was 79 and 84% with a specificity of 58 and 84% respectively. Thus, parameters 

based on 2 fixed LV segments appeared unsuitable for general patient selection. However, 

if 6 segments were investigated, calculation of the standard deviation of TsO performed 

comparably to considering the largest difference :2: 6o ms between any 2 of the 6 segments. 

The latter technique had a sensitivity of 95%, specificity of 73%, AUC of o.85, positive predic

tive value (PPV) of So% and negative predictive value (NPV) of 92%. 

Color TD has the advantage of faster acquisition: two segments can be interro

gated simultaneously (which also reduces the influence of heart rate) and analysed off-line. 

In this study, the accuracy of pulsed wave TD limited to six segments was comparable to 

the results obtained in previous studies using color TD. Further, no significant difference 

in heart rate were found between the different spectral displays of the six LV-segments. 

Finally, echocardiographic systems capable of color TD at the required high frame rates 

may not be as widely available as systems with conventional TD capabilities. 

Left ventricular activation time can be quantified by pulsed TD as the time from 

the onset of the QRS complex till either the onset or the peak of the systolic velocity of a LV 

segment. Using color TD the time to peak systolic velocity is mostly used but with pulsed 

TD both methods have been described.'o-!2, '7 However, in 4 out of 69 patients ( 6%) we could 

not determine the peak of systolic velocity due to a systolic velocity plateau. Furthermore, 

the time to onset of systolic velocity was significantly more accurate to predict LV reverse 

remodeling than the time to peak systolic velocity in the 6 segment model. This finding is 

consistent with the hypothesis that the earlier a systolic parameter is measured, the less 

it is affected by either segment interaction or loading conditions. Finally, the inter- and 

intra-observer variability was lower if the onset was considered further indicating that 

this is a more practically useful measurement. 

Although a surrogate endpoint, LV end-systolic volume reduction has proven 

to be a valuable parameter in determining prognosis. '8 Consistent with the results in the 

literature a symptomatic improvement was observed in 68% of the population but echo

cardiographic LV reverse remodeling (defined by a 15% decrease in LV end-systolic volume) 

was seen in 55% of our patients .4•
6
•7 In the responders, the decrease in LV end-systolic vol

ume was accompanied by an increase in ejection fraction, LV dP/dt max, cardiac index, myo

cardial performance index and a reduction of the severity of the mitral regurgitation. 

There is a significant difference between the number of responders in the id

iopathic versus the ischemic cardiomyopathy group in this study (respectively 71% and 

39%). This was also noted in the MIRACLE study where a two-fold increase in changes in LV 

end-diastolic volume and ejection fraction in patients with idiopathic versus ischemic LV 

dysfunction was seen .3 However, other studies observed no difference in response between 

the two groups. 4•5·" A possible explanation is the significantly less degree of dyssynchrony 

pre-implantation in the ischemic versus the dilated cardiomyopathy group noted with 

the standard deviation of the TsO in the 6-segment model (respectively 24,6 ± 15 ms and 
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34·7 ± 15 ms, p=o.oo59). Although both improved to the same level of dyssynchrony, there 

was a relatively larger degree of improvement in the dilated cardiomyopathy group. There

fore, the ischemic cardiomyopathy group may be less susceptible for improvement of dys

synchrony with pacing therapy. 

Interestingly, we found the difference between the anteroseptal and posterior 

wall (3 Ch) to be more accurate in predicting the response than the difference between 

inferoseptum and lateral wall (4 Ch). This may be explained according to the anatomic 

distribution of the left bundle branches, the last activated area by the inferior branch is 

the inferior wall, and the superior branch last activates the lateral wall. Taking this into 

account, the posterior wall can be regarded as a "border" zone. This was also the most de

layed segment in our study. In contrast, the earliest activation occurred in the anterior and 

anteroseptal wall (figure 3 and 4). This explains why the difference in activation between 

anteroseptal and posterior wall is more pronounced than between inferoseptum and lat

eral wall. 

STUDY LIMITATIONS: 

We used LV end-systolic volume reduction as a surrogate end-point. However, 

this is closely related to prognosis.'8 A second limitation is the relatively short-term follow

up. 

CONCLUSION 

Our results suggest that when the standard deviation of the onset of LV activa

tion time in a 6 segment model is more than 20 ms, the patient is an appropriate candidate 

for CRT, while biventricular pacing would not appear useful if less LV dyssynchrony is 

present. For screening purposes, this approach may be simplified to a longest delay ;::: 6o 

ms between any 2 LV-segments. 
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QUALITATIVE OBSERVATION OF LEFT VENTRICULAR 

MULTIPHASIC SEPTAL MOTION AND SEPTAL TO LATERAL APICAL 

SHUFFLE PREDICTS LEFT VENTRICULAR REVERSE REMODELING 

AFTER CARDIAC RESYNCHRONIZATION THERAPY 

Annemieke H.M. Jansen' MD, Jan Melle van Dantzig' MD, PhD, Frank Bracke' MD, PhD, 

Albert Meijer' MD, PhD, Kathinka H. Peels' MD, Renee B.A. van den Brink' MD, PhD, Emile C. 

Cheriex3 MD, PhD, BenJ.M. Delemarre 4 MD, PhD, Pol A. van derWouw 5 MD, Hendrikus H.M. 

Karsten' MD, PhD, Norbert M. van Hemel6 MD, PhD 

'Catharina Ziekenhuis, Eindhoven, ' Academisch Medisch Centrum, Amsterdam, 
3Academisch Ziekenhuis Maastricht, 4 Ziekenhuis Leyenbur8 Den Haa8, 5 Onze Lieve Vrouwe Gast

huis Amsterdam, 6 Utrecht University Utrecht. The Netherlands. 

AMERICAN JOURNAL OF CARDIOLOGY 2007;99 966-969 

ABSTRACT 

Left ventricular (LV) multiphasic septal motion and septal to lateral apical 'shuffle' can be 

observed echocardiographically with left bundle branch block. The relation of both, inde

pendently observed by five cardiologists, with LV-dyssynchrony and LV reverse remodel

ing after cardiac resynchronization therapy (CRT) was investigated. 

Methods and Results: 53 patients (37 men, age 68± 8 yrs) received CRT according 

to standard criteria. LV-dyssynchrony was assessed by tissue Doppler. LV reverse remodel

ing, defined as LV end-systolic volume decrease of :e: 10%, occurred in 37 pts (7o%) after 3 

months of CRT. 

Visualisation of either multiphasic septal motion or 'shuffle' for all five observ

ers had a sensitivity and specificity for LV dyssynchrony respectively of 90-97% and 67-83%, 

while for LV reverse remodeling it was respectively 87-92% and 69-81%. 

Conclusion: Multiphasic septal motion or typical 'shuffle' predicts LV dyssynchrony and 

LV reverse remodeling after CRT comparable to quantitative determination with tissue 

Doppler. 



INTRODUCTION 

Cardiac resynchronization therapy (CRT) is an adjunctive therapy in patients 

with congestive heart failure and intra-ventricular conduction delay.'·4 Using standard se

lection criteria, approximately 70% of patients respond clinically while left ventricular (LV) 

reverse remodeling is achieved in a smaller subset of patients. Increasing evidence shows 

that mechanical LV dyssynchrony is more reliable in predicting a positive response to CRT 

than QRS width. For this purpose tissue Doppler by measuring LV activation time in a 6 to 

12 LV segment model has been proposed.5·7 

Multiphasic septal motion (figure 1) is observed in some patients with left bundle branch 

block (LBBB).8 In addition, a typical abnormal septal to lateral apical motion (figure 1), 

also known as the 'shuffle' (or 'hula-hoop') can be observed in some patients with LBBB. 

Whether the multiphasic septal pattern or the 'shuffle' of the apex are an expression ofLV 

dyssynchrony is not known. Since simple visual inspection of 2D echo is far less cumber

some then tissue Doppler, the correlation between these two echocardiographic phenom

ena to LV-dyssynchrony assessed by tissue Doppler and the therapeutic response to CRT, as 

assessed by LV reverse remodeling was investigated. 

METHODS 

Patients: Fifty-three consecutive patients (37 males, mean age 68 ± 8 years) 

with heart failure New York Heart Association class III or IV despite optimal medication, 

LV ejection fraction less than 35%, sinus rhythm and LBBB received CRT. Specifically, echo

cardiographic tissue Doppler results were not used to guide selection for CRT. Patients 

with mitral valve replacement or severe valvular disease other than mitral regurgitation 

were excluded. When divided according to etiology based on cardiovascular history (CABG, 

PCI or myocardial infarction) and coronary angiography, 27 patients were categorized as 

dilated and 26 as ischemic cardiomyopathy. Baseline QRS duration was171 ± 30 ms with a 

PR interval of 189 ± 30 ms. Diuretics were prescribed in 94% of patients, angiotensin-con

verting enzyme-inhibitors in 79%, ~-blocker in 72%, spironolactone in 51% and digoxin in 

21%. Informed consent was obtained from all patients. Changes in medication were avoid

ed unless clinical mandatory. 

Biventricular pacemaker implant: The coronary sinus lead (Medtronic 

4193) was positioned in a posterior or posterolateral branch of the coronary sinus, the right 

ventricular lead in the apical or mid septal region and the right atrial lead in the atrial ap

pendage. All leads were connected to a Medtronic InSync 8042 pulse generator. 

The atrio-ventricular delay and interventricular pacing interval were opti

mized within one day after implant using invasive LV dP/dt max measurements with a 
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sensor-tipped pressure guide wire (PW-4, RADI Medical Systems, Uppsala, Sweden) and 

Doppler echocardiography using the maximal transmitral flow as previously described. 9 

Fi.gure 1: Example of mulriphasic septal motion (open arrow) and sepral to lateral apical 'shuffle' of rhe lefr ventricle 

(apical arrow) A: End of diastole (mitral valve open). Septum in ourward position. B: Starr of systole. Open arrow: 

inward moving of septum. Apical arrow: Apical motion (Shuffle) from septal to lateral. C: Lare systole: Open arrow: 

!are ourward movement of seprum. Apical arrow: Apical motion (Shuffle) from sepral to lateral D: End of systole. 

Apical arrow: Apical motion lateral to septal; rerum to initial position. 

Echocardiography: Echocardiography was performed with a Sonos 7500, S3 

transducer (Philips Medical Systems, Andover, MA) less than one week before and three 

months after pacemaker implant. The nomenclature of LV segments and measurements 

of LV dimensions were according the recommendations of the American Society of Echo

cardiography.'' The LV volumes and ejection fraction were obtained in the apical four and 

two-chamber views (biplane method). The degree of mitral regurgitation (grade I-IV) was 

measured as the mid-systolic percentage jet area relative to the left atrial area in the api

cal4-chamber view. Measurements were averaged for at least three consecutive beats. The 

cardiac index was assessed by pulsed wave Doppler of the LV -outflow tract. The m yo car dial 

performance index was calculated as the sum of the isovolumic contraction and relaxation 

time divided by the ejection time. 11
· ' ' LV reverse remodeling was considered present with a 

LV end-systolic volume reduction by 10% or more after 3 months of CRT. '3 

LV dyssynchrony. LV dyssynchrony was calculated using tissue Doppler as 

previously described. 14• ' 5 Briefly, spectral displays of six basal LV segments with pulsed 

wave tissue Doppler were obtained in the four, three and two-chamber apical views and 

stored digitally for off-line analysis. The interval from the onset of the QRS to the onset 



of the systolic velocity (TsO) was measured in four end-expiratory beats and averaged. We 

previously demonstrated that LV reverse remodeling can be well predicted by the standard 

deviation ofT sO of six LV segments (SD-Ts0-6): a SD-TsO 6 of more than 20 ms had a sensi

tivity of 96%, a specificity of 92%, a positive and negative predictive value of respectively 96 

and 92% to predict left ventricular remodeling after CRT. '6 

The multiphasic septal motion pattern is characterized by an early systolic in

ward motion followed by a late systolic outward movement. The 'shuffle' is the observa

tion of an abnormal systolic septal to lateral apical motion of the LV. The presence of both 

echocardiographic phenomena were evaluated in the 4, 2 and 3 chamber view and consid

ered present if seen in at least one view. The evaluation was done independently by five 

experienced echocardiologists from different institutions, blinded for the results of tissue 

Doppler and LV reverse remodeling. The observed multiphasic septal motion and shuffle 

were related to LV dyssynchrony measured by SD-Ts0-6 and LV reverse remodeling after 3 

months of CRT. 

Statistics. Paired sample t test was used for the comparison of parametric vari

ables before and after CRT. The unpaired t test was used for the comparison between pa

tients with and without LV reverse remodeling. All tests were performed using Medcalc. 

Statistical analysis program (Medcalc software, Mariakerke, Belgium). 

RESULTS 

After 3 months of CRT, 37 patients (70%) had LV reverse remodeling whereas LV 

volumes and ejection fraction remained unchanged in the remaining 16. Baseline char

acteristics were similar in the LV reverse remodeling versus the patients without reverse 

remodeling except for a significantly higher presence of mechanical LV- dyssynchrony as 

assessed by the SD-Ts0-6 in the LV reverse remodeling group (table 1). Baseline LV dyssyn

chrony was also significantly higher in the dilated versus the ischemic cardiomyopathy 

group (35 ± 18 ms vs. 25 ± 15 ms; p=o.o3) explaining the fewer volume responders in pa

tients with ischemic etiology (p=o.o2; table 1). 
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'fable 1: Baseline characteristics. 

LV reverse No-LV reverse 

remodeling remodeling 

(n~37) (n~ 16) p 

New York Hearr Association class (0/ 1/ Il/ III/ IV) 0/0/0/ 36/ 1 0/0/0/ 15/ 1 ns 

6 minute walking test (mt) 403±128 378 ± 98 ns 

QRS (ms) 170 ± 30 164 ±24 ns 

Ischemic/ Dilated Cardiomyopathy 14 / 23 12 / 4 0.02 

LV ejection fraction (%) 22 ± 7 21 ± 7 ns 

LV end-diastolic volume (ml) 269 ± 94 221 ± 68 ns 

Mitral regurgitation/ Left atrium (area) 0.35 ± 0,2 0.28 ± 0,2 ns 

SD-Ts0-6 (ms) 36.7 ±15 13.0 ± 5 < 0.0001 

Abbreviations: SD-Ts0-6: standard deviation of the time to onset of systolic velocity of six basal LV-se8ments. 

ns :not si8nificant difference between baseline values of patients with and without LV reverse remodelin8 

'fable 2: Differences between baseline and after 3 months CRT in patients divided by LV 

reverse remodelin,g 

LV reverse No-LV reverse p 

remodeling remodeling 

New York Hearr Association class/::;. 0/0/+35/ -34/ -1 0/0/+8/ -7/ -1 0.04 

6 minute walking test/::;. (%) n~41 25 ± 36 22 ± 30 ns 

LV ejection fraction/::;.(%) 8.2 ± 5 1.5 ± 2 < 0.0001 

LV end systolic volume/::;. (%) 26 ± 14 0.3 ± 6 < 0.0001 

Mitral regurgitation/ Left Atrium (area) -0.15 ± 0.2 -0.02 ± 0.1 0.006 

Cardiac Index/::;. (l/min/ m2) 0.21 ± 0.3 -0.06 ± 0.3 0.02 

Changes after 3 months CRT are shown in table 2. Clinically, the volume re

sponders showed more improvement in NYHA classification than the patients without 

LV reverse remodeling. As defined, LV end-systolic volume and subsequently LV ejection 

fraction were only improved in the LV reverse remodeling patients. Further, reverse re

modeling was accompanied by a decrease in mitral regurgitation severity and an increased 

cardiac index, whereas such beneficial changes were absent in patients in whom CRT did 

not regress LV volume. 



SHUFFLE: 

In 27 patients all5 cardiologists observed a 'shuffle', whereas in 14 patients no 

one observed a 'shuffle' (fig.1). Therefore in 41 patients (77%) observations were unanimous. 

A 'shuffle' was found by four, three, two or one cardiologists in respectively o, 6, 3, and 3 

patients. The relation between the 'shuffle' and LV dyssynchrony as assessed by SD-Ts0-6 

is shown in table 3· 

Visual inspection of the 'shuffle' by the 5 observers had a sensitivity of 77-89% 

for LV-dyssynchrony measured by tissue Doppler, whereas specificity ranged from 72-89%. 

In the 27 patients with a 'shuffle' observed by all5 observers, 96% had a SD-Ts0-6 of • 20 ms 

while in the 14 with no 'shuffle' this was 35% (p• o.ooo1). Visual inspection of the 'shuffle' 

by the 5 observers had a sensitivity of 73-87% for LV reverse remodeling, whereas specificity 

ranged from 75-88%. (table 4) 

Table 3: Accuracy of the 'shuffle' and 'shuffie' or multiphasic septal motion to predict LV- dys-91nchrony 

Shuffle Sens iri viry Specificity Positive Negative 

(%) (%) Predictive Predictive 

Value(%) Value(%) 

Observer 1 77 89 93 67 

Observer 2 83 72 85 69 

Observer 3 89 78 89 78 

Observer4 83 89 94 73 

Observer 5 86 89 94 76 

Shuffle+ Multiphasic 

septal motion 

Observer 1 90 83 91 82 

Observer 2 94 67 85 86 

Observer 3 94 72 87 87 

Observer4 91 67 84 80 

Observer 5 97 83 92 94 

SHUFFLE AND MULTIPHASIC PATTERN: 

Five cardiologists unanimously observed a 'shuffle' or multiphasic septal mo

tion in 32 patients whereas in 9 patients both phenomena were not seen (figure 1). There

fore in 41 patients (77%) observations were unanimous. Observation of a 'shuffle' or multi

phasic pattern by four, three, two or one cardiologists was respectively in 1, 6, 1 and 4 of the 

patients. 

90 

Mean intra-observer variability of both 2D echo-phenomena, assessed in 36 

views (12 patients) by 5 cardiologists with a time delay of three months was 6 ± 2%. The 

interobserver variability of both 2D echo-phenomena, assessed in all 53 patients between 

all5 observers was 11 ± 4%. 

The relation between both 2D echo -phenomena and LV-dyssynchrony is shown 

in table 3· If a 'shuffle' or multiphasic septal motion was present according to all 5 cardi

ologists, 97% had a SD-Ts0-6 of • 20 ms while the patients with no 'shuffle' or multiphasic 

pattern this was 24% (p• o.ooo1). 

Visual inspection of the 2D echo-phenomena by the 5 observers had a sensitiv

ity of 90-97% for LV-dyssynchrony, whereas specificity ranged from 67-83%. (table 3) For LV 

reverse remodeling sensitivity and specificity was found ranging respectively 87-92% and 

specificity from 69-81%. (table 4) 

Table 4: Accuracy of the 'shuffie' and 'shuffie' or multiphasic septal motion to predict LV reverse 

remodelinB after 3 months CRT. 

Shuffle Sensitivity Specificity Positive Negative 

(%) (%) Predictive Predictive 

Value (%) Value (%) 

Observer 1 73 88 93 58 

Observer 2 81 75 88 63 

Observer 3 86 81 91 72 

Observer 4 78 88 94 64 

Observer 5 81 88 94 67 

Shuffle+ Multiphasic 

septal motion 

Observer 1 87 81 91 72 

Observer 2 92 69 87 79 

Observer 3 92 75 89 80 

Observer4 92 75 89 80 

Observer 5 92 81 92 81 

DISCUSSION 

This study investigated the accuracy of two echocardiographic LV motion char

acteristics, first a typical LV 'shuffle' motion and second a multiphasic septal motion pat

tern, in predicting LV dyssynchrony and LV reverse remodeling after CRT. 
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'Shuffle' is an abnormal septal to lateral apical LV systolic motion, while mul

tiphasic septal motion pattern is characterized by early systolic inward and late systolic 

outward movement of the septum and is a known echocardiographic feature of LBBB (fig

ure 1). As a reference, tissue Doppler was used to derive the standard deviation of the time 

from the onset of the QRS complex to the onset of systolic velocity of six basal LV-segments. 

Based on previous work, a standard deviation of more than 20 ms was considered indica

tive of left ventricular dyssynchrony. 17 LV reverse remodeling defined by a LV end-systolic 

volume reduction of 10% or more after 3 months of CRT was observed in 70% of the study 

population. 

Observation of the 'shuffle' by 5 independent cardiologists predicted LV dys

synchrony as detected by tissue Doppler with a sensitivity ranging from 77-89% and speci

ficity from 72-89%. (table 3). The results improved if the presence of either the 'shuffle' or 

multiphasic septal motion pattern was taken into account: LV dyssynchrony could then be 

predicted with sensitivity from 90 -97% and specificity from 67- 83% (table 3). 

More important than the capability to predict dyssynchrony as seen by tissue 

Doppler is the prediction ofLV reverse remodeling itself. We used LV reverse remodeling 

as a surrogate endpoint of CRT as it has been shown to be related to improved survival. 18 

In the present study, simple visual observation of either a 'shuffle' or multiphasic septal 

motion performed as well to predict LV reverse remodeling as the standard deviation of 

the activation time of six basal LV-segments acquired with pulsed tissue Doppler (table 4). 

LV reverse remodeling could be predicted with a sensitivity and specificity ranging respec

tively from 87-92% and 69-81%. 

Pulsed wave tissue Doppler to establish LV mechanical dyssynchrony is a time 

consuming method as at least 6 basal LV segments need to be investigated and calculated. 

Reducing the number of investigated segments to two provides inferior results in detect

ing LV-dyssynchrony and predicting reverse remodeling.'9 Color tissue Doppler and vol

ume analysis by 3 D echocardiography may provide an accurate prediction of dyssynchro

ny but are also labour intensive methods and not widely available. 20
-

2 3 All these methods 

are therefore less suitable for screening purposes. Therefore visual interpretation of LV 

dyssynchrony with 2D echocardiography as in the present study would increase clinical 

applicability and feasibility to select patients for CRT in daily practice. 

Previous reports on visual estimation of LV dyssynchrony are limited and con

cluded that intra- ventricular activation delays of less than 70 ms cannot be detected with 

the human eye. 24
" 

25 However, the principle of the 'shuffle 'is not the detection of the delay 

between two opposite LV segments but the observation of an abnormal septal to lateral 

systolic apical motion or multiphasic septal motion pattern of the LV. 
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This study is limited by the small number of patients, although the applicability of both 

signs is supported by the fact that in the present study five different observers from five 

different institutions were independently able to accurately predict either LV dyssynchro

ny or LV reverse remodeling. Therefore visualization of both signs is well within the realm 

of most experienced echo cardiographers and applicable on routine echocardiograms. 
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ABSTRACT 

Aim: Influence of location and extent of transmural scar and its relation with dyssynchro

ny in Cardiac Resynchronization Therapy (CRT) was investigated as posterolateral scar tis

sue has been invoked as a cause of non-response to CRT. 

Methods, results: Fifty-seven patients eligible for CRT were assessed for trans

mural scar with gadolinium-enhanced MRI and for left ventricular (LV) dyssynchrony with 

tissue Doppler. After implant, both atrio-ventricular and interventricular pacing intervals 

were optimized. LV reverse remodeling was defined as ;::: 10% decrease in LV end-systolic 

volume after 3 months. Sixteen patients had transmural scar in the postero-lateral (PL) 

area (LV lead location), 14 at a remote site (non-PL) and 27 patients had no scar. LV reverse 

remodeling was observed in respectively 25%, 64% and 89% (p = o.ooo1). Univariate analyses 

showed a relation with LV dyssynchrony (p=o.oo4) and with absence ofPL scar (p=o.o4) but 

not with QRS duration and the extent ofLV scar tissue. In multivariate analysis, only LV 

dyssynchrony (OR: 19-62; 95%CI 2.5-151.9;p=o.oo4) independently predicted LV reverse re

modeling. 

Conclusion: in this study LV dyssynchrony remains the most important deter

minant of response to CRT, even in the presence of posterolateral scar provided optimiza

tion of atrio-ventricular and interventricular pacing interval 
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INTRODUCTION . _ 
Cardiac resynchronization therapy (CRT) improves symptom~, funcnon~l ca 

. l ft ventricular (LV) function and survival in patients with congesnve heart fatlure 
panty, e f · · t 
and left bundle branch block.'-J Although there is a tendency for greate~ bene lt m pane~ s 

with dilated than ischemic cardiomyopathy, the relation between_etwlo~y an~ ~ffecnv_e
ness of CRT is equivocal. In previous reports, classification between tschemtc vs: tdtopathtc 

dilated etiology was inferred by clinical history and an abnormal coronary angwgram bu~ 
location and size of actual myocardial scar were not considered.'-7 Recently, Bleeker et a . 

described the negative influence of posterolateral scar independently from ~he presence 
CRT s However the influence of scar nssue remote 

of LV dyssynchrony on the response to . ' . . . 9. •o 
from the LV lead and the influence of the extent of LV scar tissue ts snll ~ot elun~ated. 

. d ' l may t'nfluence the effects of CRT regardless its locanon or enology of 
Smce myocar ta scar d 
the cardiomyopathy, we assessed extent and location of scar tissue with contrast-enh~nce 
cardiac magnetic resonance imaging (MRI) in patients scheduled for CRT. T~e relano~:~ 

. both the acute hemodynamic effect and LV reverse remodelmg after 
scar nssue on 

were investigated. 

Fi.9ure 1 . Rl 
Number of LV-segments with grade 3 or 4 hyperenhancement divided over the left ventricle (usmg theM 

l ) Abbrevl
.att'ons· BAS· basal· MID: mid ventricular; A pic: apical. ANT: Anterior; AS: Anteroseptal; 

nomenc ature · · ' 

IS: lnferoseptal; Inf: Inferior; IL: lnferolateral; AL: Anterolateral. 
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Fi!Jure 2 

Percentage ofhyperenhanced LV-segments for the grade 

of hyperenhancement divided by scar group 

Grade of hyperenhancement 

• Plscar 

D Non PLscar 

D No·scar 

Percentage ofhyperenhanced LV-segments (%) versus grade of the hyperenhancement. Groups are divided by the 

presence of posrerolateral scar [PL scar), scar remote from LV lead [Non-PL scar) and the no scar group (no scar). 

Grade 1:1-25% hyperenhancement of the segment. Grade 2:26-5o%; Grade 3: 51-75%; Grade 476-100%. 

METHODS 

Patients: MRI was available in 57 out of 69 consecutive patients eligible for 

CRT according to standard criteria. Patients with mitral valve replacement or severe val

vular disease other than mitral regurgitation were excluded. All patients had heart failure 

New York Heart Association class (NYHA) III or IV despite optimal medication, a LV ejec

tion fraction below 35%, sinus rhythm and left bundle branch block with QRS • 120 ms. 

Although LV dyssynchrony was assessed by tissue Doppler this was not used as a selection 

criterion. Diuretics were used by 92% of patients, angiotensin-converting enzyme-inhibi

tors by So%, ~-blocker by 67%, spironolactone by 53%, and digoxin by 20%. Changes in medi

cation during the study were avoided unless clinically indicated. 

Based on cardiovascular history (CABG, PCI or myocardial infarction) and coro

nary angiography (available in all patients), 30 patients were categorized as ischemic car

diomyopathy. The remaining 27 patients were classified as dilated cardiomyopathy. None 

of the patients with ischemic cardiomyopathy were considered candidates for coronary 

revascularization. 

Functional status (NYHA class) and a 6-minute walk test (MWT) were obtained 

before and 3 months after start of CRT. Ten patients were unable to perform the MWT due 

to intermittent claudication or gout. 

The local ethics committee approved the study protocol and informed consent was ob

tained in all patients. 
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Fi.gure 3 

Viability MRI scan of the basal left ventricle divided imo 6 LV segments. 

Grade 4lnferolateral (IL} scar tissue is seen. 

Abbreviations as in figure 1. 

'Table 1: Baseline Characteristics 

NYHA class ( o/ l/II/ lll/ IV} 

6 minure walk test (mt} 

Baseline LV dP/dt max. (mmHg/s) 

LV ejection fraction (%) 

LV end diastolic volume (ml} 

LV end-systolic volume (ml) 

MRgrade 

MR/Left atrial area 

Cardiac Index (lj min(m2) 

All (n-57) 

o/ofo/54/3 

378 ± 122 

810 ± 193 

22 ± 7 

247 ± 94 

2.2 ± 1 

O.JO ± 0 .2 

Abb 
· · NYHA· New York Heart Association; LV: left ventricle; MR: mitral regurgitation 

revtanons; · 
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Cardiac Magnetic Resonance Imaging: Gadolinium-enhanced MRI was 

performed within two weeks prior to biventricular pacemaker implantation. Images were 

acquired on a 15
- T Philips Intera CV system using a phased-array coil during repeated 

breath-holds of circa 8 seconds (Philips Medical Systems, Best, the Netherlands). Steady

state free precession cine images were acquired in multiple short-axes (every 1 em through

out the entire LV) and two to three long-axis planes. Gadolinium (gadoteridol, 0.1 to 0.15 

mmol / kg) was administered intravenously, and contrast-enhanced images were acquired 

after 10 minutes with a three-dimensional segmented inversion-recovery technique in the 

identical planes. " 

The MRI scans were evaluated by 2 observers unaware of the patient's clini

cal condition or results of other imaging modalities in a q-segment model according to 

the American Heart Association." Hyperenhanced tissue on the gadolinium-enhanced 

images was assumed to represent scarred myocardium.13
•
16 Transmural extent of hyperen

hancement within each segment was graded on a 4 point scale: (o) indicated no hyperen

hancement, (1) less then 25% of wall thickness, (2) 26 to so%; (3) 51 to 75% and (4) more than 

76%. 11
.

16 As both grade 3 and 4 hyperenhancement showed lack of improved contractility 

after revascularization in the study by Kim et al., we hypothesized that no significant con

tribution to contraction of these segments could be expected after CRT. Therefore, for the 

purpose of this study both grade 3 or 4 hyperenhancement were considered transmural 

scar tissue. 15 

The infarct size was quantified as the sum of the score of all segments divid

ed by 68 (this represents all17 segments multiplied by the maximal hyperenhancement 

score of 4). 13
.
15 The result indicates the scarred fraction of the total left ventricular mass. 

To accommodate for different LV segment nomenclature in MRI and echocardiography, 

inferolateral and anterolateral segments on MRI were considered to correspond to echo

cardiographic posterolateral (PL) segments (figure 3). Since the left ventricular leads were 

positioned in the basal and mid PL segments in all patients, presence of PL scar was com

pared to non-PL (remote) scar, while a third group was comprised of patients without scar. 

Subgroup analysis of scar patients was performed to analyze the influence of location and 

extent of scar tissue on the response to cardiac resynchronization therapy. 

Biventricular pacemaker implant: The coronary sinus lead (Medtronic 4193 ) 

was positioned in a posterior or posterolateral branch of the coronary sinus in all patients. 

The position of the coronary sinus lead was assessed fluoroscopically using different or

thogonal views, using the basal and mid-segments of the 17 LV-segment MRI model. The 

right ventricular lead was placed in the apical or mid septal region and the right atrial lead in 

the atrial appendage. All leads were connected to a Medtronic InSync 8042 pulse generator. 



The atrio-ventricular (A-V) delay and interventricular (V-V) pacing interval 

were optimized within one day after implant using invasive LV dP/dtmax measurements 

with a sensor-tipped pressure guide wire (PW-4, RADI Medical Systems, Uppsala, Sweden) 

as previously described.' 7 In the remaining five patients, optimization was not performed 

invasively due to logistical and technical reasons but by echo Doppler using the velocity 

time integral of the trans-mitral flow and of the left ventricular outflow tract.'8 Acute he

modynamic benefit was defined as the difference in LV dP/ dtmax between atrial pacing and 

biventricular pacing with optimized A-V and V-V delay at identical heart rates. 

Echocardiography: Echo-Doppler was performed with a Philips Sonos 7500 

and S3 transducer (Philips Medical Systems, Andover, MA) less than one week before and 

three months after pacemaker implant. Recordings were stored in digital format for off

line analysis. Nomenclature of LV segments and measurements of LV dimensions were 

according the recommendations of the American Society of Echocardiography.'9 LV vol

umes and ejection fraction were obtained in apical four and two-chamber views. Severity 

of mitral regurgitation (grade I-IV) was assessed both by absolute color jet area as well as 

by mid-systolic jet area relative to left atrial size in the apical 4-chamber view. Cardiac 

index was assessed by pulsed wave Doppler of the LV-outflow tract. Measurements were 

averaged for at least three consecutive beats. 

LV reverse remodeling was defined as a decrease of LV end-systolic volume of 

10% or more after 3 months of CRT. 

To determine intraventricular dyssynchrony, pulsed wave tissue Doppler was 

obtained by placing the sample volume (length 0.38 em) in the middle of the six basal 

LV-segments in the four, three and two- chamber apical views respectively. Gain and fil

ter settings were adjusted to eliminate background noises and allow for a clear spectral 

display. Recordings were made at a sweep speed of 100 mmf s. and digitally stored for of

fline analysis. The interval from the onset of QRS to onset of systolic velocity (TsO) was 

measured in four end-expiratory beats and averaged. Previously, we demonstrated that LV 

reverse remodeling can be well predicted by the standard deviation ofTsO of six basal LV 

segments (SD-Ts0-6): a SD-TsO 6 of more than 20 ms had a sensitivity of 96%, a specific

ity of 92%, a positive and negative predictive value of respectively 96 and 92% to predict LV 

reverse remodeling. 
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Table z Baseline and foltow up characteristics of patients with posterolateral (PL), scar remote from 
LV lead (non-PL) and no scar. 

PL scar Non PL scar No Scar A nova 
(n-16) (n 14) (n 27) p 

NYHA class ( o/ l/11/ lll/ IV) 

Baseline o/o/ o/ 14/ 2 o/o/o/ 14/o 
Follow up 

oj oj oj 26j 1 ns 
ofo/5/ 1ojJ* o/ o/ t1/3/o •t o/ 2/ 21/4/o* t 

6 minute walk test (mt) 
0.007 

Baseline 433 ± 47 (n=12) 325 ± 125(n=14) 
Follow up 

380 ± 142(n=21) ns 
489 ±58* 382 ± u6* 445 ± 100* ... 0.001 

LV dP/dt max. (mmHg/s) 

Baseline 852 ± 140 796± 157 
Optimized CRT 

743 ± 185 ns 
977 ± 134. 1011 ± 214' t 941 ± 205*1 

0.0025 
LV ejection fraction (%) 

Baseline 22± 7 21 ± 9 22 ± 7 ns 
Follow up 23 ± 6"' 25 ± 10* 31 ± n•t f 10.0001 

LV end-systolic volume (ml) 

Baseline 156 ± 32 203 ± 70 212 ± 108 
Follow up 

ns 
155±32 "' 178 ± 6o* t 164 ± 104 •t * 

MRgrade 
... 0.001 

Baseline 1.7 ± 1.0 2.5 ± 1.2 2.4 ± 1.3 ns 
Follow up 1.6 ± 1.1 ns 2.2.± 1.1'* z.o ± r.z• 

MR/ Left atrial area 
0.004 

Baseline 0.22 ± 0.2 0.34 ± 0.2 0.33 ± 0.3 ns 
Follow up 0.19 ± 0.2 ns 0.24 ± 0.2• 0.21 ± o.z* 0.004 

Cardiac Index (!(min(m2) 

Baseline 1.9 ± 0-4 I]± 0.6 1.9 ± 0.5 ns 
Follow up 1.9 ± 0-4 '" 2.o ± o.5•t 2.1 + o.5•t 0.02 

Abbreviations: see table 1. 

•: P• 0.05 and ns: not signifant changes between baseline and follow up. 

t P• o.o5; Non-PL or No scar patients versus PL scar patients.f p• o.os; No scar patients versus Non-PL scar patients. 



Statistical Analysis Numerical values are expressed as mean± SD. Differenc

es between groups at baseline and follow up were examined using multivariate analysis. 

ANOVA repeated measures were performed to examine changes over time. Differences be

tween two groups were analyzed using a Student t-test or Chi-square test when appropri

ate. Univariate and multivariate logistic regression analysis (backward Wald method) was 

used to examine which parameters predict LV reverse remodeling. 

RESULTS 

The study population (43 male, age 69 ± 8 year) had a baseline QRS and PR in

terval of respectively 169 ± z8 ms and 189 ± 27 ms. Further baseline patient characteristics 

of the study population are summarized in table 1. 

Hyperenhancement was observed in 219 of 969 segments (zz.6%), of which 90 (41%) were 

considered grade 1-2 and 129 segments (59%) grade 3-4. The distribution of transmural scar 

(grade 3-4) over the left ventricle is provided in figure 1. Scar tissue was present in six pa

tients without coronary artery disease defined as having dilated cardiomyopathy. Four of 

these patients had grade 3 or 4 scar tissue of one or more LV-segments (mean total infarct 

size 12 ± 7%): two were added to the PL group and two to the non-PL group. The remaining 

two patients had non-transmural grade 2 hyperenhancement in small LV areas (infarct 

size 3 ± o%) and were not reclassified. On the other hand, five patients with a clinical 

and angiographic diagnosis of ischemic cardiomyopathy had only grade 1 or 2 scar tissue 

(infarct size 8 ± 4%) and were included in the no scar group. Thus finally 16 patients were 

assigned to the PL group, 14 to the non PL group, and 27 to the no scar group. The relative 

distribution ofhyperenhancement for all three groups is depicted in figure 2. 

Baseline QRS duration did not significantly differ between PL, non-PL and 

no scar groups (respectively, 164 ±27,167 ±29, 174 ±z8 ms; p=ns). Baseline clinical and 

echocardiographic characteristics were also not significantly different between the three 

groups. (table z). Only LV dyssynchrony, measured by SD-Ts0-6 was significantly differ

ent between groups, respectively 16 ± 12 ms, z8 ± 16 ms and 37 ± 17 ms (p• o.oo1). LV dys

synchrony (TsO-SD-6 • zo ms) was present in 25% of patients in the PL scar group, 71% in 

the non-PL scar group and 81% in the no scar group (p • o.ooo1). Mean infarct size was not 

significantly different between PL and non-PL group (33 ± 18% versus 26 ± 15%, P= ns). 

The changes following CRT are summarized in table 2. Immediately after start of CRT, LV 

dP /dtmax showed a significant smaller increase in the PL scar group than in the non- PL 

and the no scar group (respectively +15 ± 10%, +28 ± 16% and +28 ± 18%; p=o.oo25). The opti

malAV delays for the PL, non-PL and no scar group were respectively; 117 ± 23 ms, 115 ± 26 

ms and 119 ±zo ms (p= ns) and the optimal W interval respectively 49 ± 28 ms, 52± 22 ms 

and 36 ± 30 ms (p= ns ). Clinical benefit, as assessed by NYHA class and MWT, improved in 

all groups after 3 months (table z). In contrast, improvement in echocardiographic indices 
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only occurred in the non-PL and no scar groups, whereas no significant change was found 
in the PL group. 

Echocardiographic LV reverse remodeling was observed in 37 patients (6
5

%): in 

only four patients (25%) of the PL group compared to 9 patients (64%) in the non PL group 

and 24 patients (89%) in the no scar group (p=o.ooo1). The absolute changes in LV end systol

ic volume afteq months of CRT for the three groups were-r.z ± 9%, -1z ± 8%, and -
25 

±
17

%, 

respectively. LV ejection fraction and mitral regurgitation improvement was significantly 

more in the non-PL scar and no-scar group than in the PL scar group. Univariate analyses 

related only LV dyssynchrony (OR 127.2; 95% CI 4.6- 3550.1;p=o.oo4) and absence ofPL scar 

(OR 5.4; 95% CI 1.1 -z6.o;p=o.o36) to LV reverse remodeling while QRS duration and extent 

ofLV scar tissue showed no relation (table 3). However, multivariate analysis revealed that 

only LV dyssynchrony (OR: 19.62; 95% CI 2.5- 151.9; p=o.oo4) independently predicted LV 
reverse remodeling (table 3 ). 

DISCUSSION 

This study investigated the influence of the location and extent of transmural 

myocardial scar as assessed by gadolinium enhanced MRI on both the acute hemodynamic 

effect and LV reverse remodeling after CRT. In search for an explanation for non-respond

ers to CRT, attention has been given to the etiology of heart failure. Although in the MIR

ACLE study the ejection fraction increased more in patients with idiopathic dilated than 

ischemic left ventricular dysfunction ', other studies observed no difference in response 

between the two groups. ~· 6' zo The cause of heart failure in all these studies was determined 

by documented history or coronary angiography and did not consider the presence and the 

influence of myocardial scar tissue. Kim et al. have demonstrated the importance of scar 

tissue for ventricular performance. 15 They found that 90% of regions with more than 
50

% 

hyperenhancement (considered transmural scar) did not regain contractility after revascu

larization. Therefore, also in CRT the presence of transmural scar tissue would presumably 

influence the effect of CRT especially if scar tissue is present in the posterolateral wall, 

which is often the last activated and hence a desired site for LV stimulation. Our study 

population was therefore divided according to the presence of transmural scar in the pos

terolateral wall, in a remote area or no scar on the basis of gadolinium enhanced MRI. As 

a result, 15% of patients classified initially as idiopathic cardiomyopathy had transmural 

scar by MRI, whereas in 19% of patients presumed to have an ischemic etiology no trans
mural scar tissue could be documented. 
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'Table 3 

Univariate analyses to predict LV reverse remode!in.g 

Variable OR 95%CI p 

LV dyssynchrony 127.2 4-6-3550.1 

No PL scar 5·4 1.1-26.0 0.036 

QRS duration 0.98 0.9- 1.0 0.212 

Extent of scar 0.98 0.9- 1.0 0-379 

Multivariate analyses to predict LV reverse remodelin.g 

LV dyssynchrony 0.004 

No PL scar 2.074 0.27J-15-745 

We found that LV dyssynchrony was only present in 25% of the PL scar group. 

These patients showed a smaller increase in acute LV dP/dtmax and only 25% showed LV 

reverse remodeling. If scar tissue occurred in a remote area there were no significant dif

ferences with patients without scar. Although this suggests a pivotal role for scar in the 

latest activated region and in this study the location of the LV lead, in the response to CRT, 

multivariate analysis revealed that only the presence of LV dyssynchrony was indepen

dently related to LV reverse remodeling. As a result, if dyssynchrony is proven, no further 

investigation into the presence of scar tissue would be necessary to proceed with CRT. 

These findings are in contrast to a recent study in so patients by Bleeker et al. 

who showed that in their patients the influence of posterolateral scar tissue to be more 

important than LV dyssynchrony to predict clinical and echocardiographic response to 

CRT.8 Nevertheless, both studies concur in showing the importance of dyssynchrony on 

the response to CRT, which is in line with published reports. 5·7• 2l," However, there are 

some important notes regarding the difference between the two studies. The criteria used 

for the measurement ofLV dyssynchrony may influence prediction of responders. We pre

viously demonstrated that a 20 ms standard deviation of the time from the beginning of 

the QRS complex to the onset of systolic movement of six basal LV segments obtained by 

tissue Doppler optimally predicted LV reverse remodeling and is superior compared to the 
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use of septal to lateral delay.5 In the postero-lateral scar group, the mean SD-Ts0-6 of 16 ± 

12 ms was well below this value and LV reverse remodeling would thus be less probable. 

Moreover, it has been recognized that optimizing the interventricular stimula

tion interval contributes significantly to the hemodynamic effect of CRTY In a previous 

study of 53 patients we demonstrated that although simultaneous biventricular pacing 

increased LV dP /dt max with 17% and 18% respectively in ischemic and idiopathic cardiomy

opathy, further adjustment of the V-V interval resulted in a further increase ofL V dP 1 dt max 

to 25% in both groups.'7 The mean optimal interventricular pacing interval (left ventricle 

first) was 28 ms in the dilated cardiomyopathy group and 52 ms in the ischemic cardiomy

opathy group. In the current study, the mean optimal interventricular pacing interval in 

patients with posterolateral scar, remote scar and no scar was 49 ± 28 ms, 52 ± 22 ms and 36 

± 30 ms respectively. (p=ns). Although this is not as major a difference as previously report

ed, this may nevertheless correct for the slower myocardial conduction velocity in patients 

with ischaemic versus dilated cardiomyopathy as has been demonstrated by Rodriguez et 

al. '3 Furthermore, pacing in a scar area will take a longer time to reach myocardium that 

can contribute to ventricular performance and correct for dyssynchrony." 

In the present study we found no relation between the extent of LV scar and 

LV reverse remodeling after CRT. Recently, Ypenburg et al. described the impact of scar 

extent, obtained by gated SPECT, to be negatively related to LV reverse remodeling in 51 

patients. However, most scar areas were located posterolaterally and showed significantly 

less LV dyssynchrony.'o In a recent study by White et al. in 23 patients, a correlation was 

suggested between total scar and clinical response to CRT. However, scar tissue (n=Io) was 

almost exclusively observed in the septal and anterior region and compared to patients 

without scar.9 Therefore, the diversity of location of scar tissue and the relatively small 

study populations might explain some of the differences with our study. In this study, no 

differentiation for infarct size in the posterolateral area was made given the small number 
of patients. 

Ideally, the location of the coronary sinus lead should be determined by the 

same technique as the infarct location. Although the best estimate comparing orthogonal 

fluoroscopic images with the standard 17 segments CMR model was used, a sub-optimal 

match cannot be ruled out. Further all patients with postero-lateral scar had the LV pacing 

lead positioned within this area. It remains to be investigated if a pacing position outside 

this area would improve the results of CRT in these patients. Also the relatively low num
ber of patients limits the study. 

In conclusion, this study observed that the presence of scar tissue in the postero

lateral area does not preclude a positive effect on LV remodeling provided the presence of 

significant LV dyssynchrony and optimization of the interventricular pacing interval. 
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CHAPTER VII 

CORRELATION OF ECHO-DOPPLER OPTIMIZATION OF 

ATRIO-VENTRICULAR DELAY IN CARDIAC RESYNCHRONIZATION 

THERAPY WITH INVASIVE HEMODYNAMICS IN PATIENTS WITH 

HEART FAILURE SECONDARY TO ISCHEMIC OR IDIOPATHIC 

DILATED CARDIOMYOPATHY 

Annemieke H.M. Jansen MD; Frank A. Bracke MD, PhD; Jan Melle van Dantzig MD, PhD; 

Albert Meijer MD, PhD; Pepijn H. vanderVoort MD; Wilbert Aarnoudse MD; Berry M. van 

Gelder PhD; Kathinka H. Peels MD. 

Department ofCardiolo&, Catharina Hospital, Eindhoven, the Netherlands 
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ABSTRACT 

This study investigated the optimal echocardiographic indices to determine the most 

hemodynamically appropriate atrio-ventricular (AV) delay in cardiac resynchronization 

therapy (CRT) for heart failure. Doppler- echocardiographic optimization of AV delay in 

CRT has not been correlated with invasive hemodynamic indices. In 30 patients who under

went CRT, both invasive left ventricular (LV) pressure measurements with a sensor-tipped 

pressure guide wire and Doppler- echocardiographic examination were performed within 

24 hours after implant of the pacemaker. Invasively, the optimal sensed AV delay was deter

mined by LV dP/dt max- The Doppler- echocardiographic methods evaluated were the veloc

ity time integral (VII) of the trans-mitral flow (EA-VII), diastolic filling time (EA-dura

tion), the VII of the LV- outflow tract or aorta (LV-VII) and Ritter's formula. Biventricular 

pacing with optimized interventricular and AV delay increased LV dP/dt max from 777 ± 
149 to 1010 ± 163 dynes/s (p• o.oo01). The optimal AV delay with the EA-VII method was 

concordant with LV dP/dt max in 29 of 30 patients (r = 0.96), with EA-duration in 20 of 30 

patients (r = o.83), with LV-VII in 13 patients (r = 0.54) and with Ritter's formula in none 

of the patients (r = 0.35). In conclusion, to obtain optimal acute hemodynamic benefit of 

CRT, Doppler- echocardiography is a reliable tool to optimize the AV-delay compared to 

invasive LV dP/dt max- The measurement of the maximal VII of mitral inflow is the most 

accurate method. 
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INTRODUCTION 

Cardiac resynchronization therapy (CRT) improves left ventricular (LV) func

tion in selected patients with congestive heart failure and left bundle branch block. l-
5 

Although the aim is to improve ventricular synchrony, optimizing the AV delay is also im

portant for achieving an optimal result. 6
-
8 A number ofDoppler-transmitral flow indices 

have been investigated to determine the optimal AV delay in conventional dual chamber 

pacing. However, these methods have not been validated in CRT. 9• 
10 The objective of this 

study was to assess the ability of different Doppler- echocardiographic methods to predict 

the optimal AV delay in CRT using invasive LV-pressure measurements (LV dP/dt max) as 

a reference. 

METHODS 

Patients. Thirty patients (18 male, age 69 ± 9 years) with heart failure New 

York Heart Association class III or IV despite optimal medical therapy, LV ejection frac

tion below 35%, sinus rhythm and left bundle branch block had a biventricular pacemaker 

implanted. The cause of heart failure was ischemic cardiomyopathy in 17 patients, and 

idiopathic dilated cardiomyopathy in 13 patients. 

Patients with ischemic cardiomyopathy were not considered eligible for coro

nary revascularization. Mitral regurgitation assessed by color jet area was moderate to se

vere in 16 and mild or absent in 14 patients. None of the patients had previous mitral valve 

surgery or other hemodynamically significant valvular disease. Pre-implant, the mean 

QRS duration was 169 ± 37 ms with aPR interval of 187 ± 33 ms. Baseline LV ejection frac

tion was 19 ± 7% with an LV end-diastolic volume of 247 ± 103 ml. The local ethics commit

tee approved the study protocol and informed consent was obtained from all patients. 

Pacemaker implantation. The coronary sinus lead (Medtronic 4193) was po

sitioned in a posterior or postero-lateral branch of the coronary sinus, the right ventricular 

lead in the apical or mid septal region and the right atrial lead in the atrial appendage. All 

leads were connected to a Medtronic InSync 8042-pulse generator. It was programmed to a 

non-pacing mode until completion of the study protocol, which was performed within 24 

hours after implant. All implants were successful and without complications. 

Invasive measurement protocol. Invasive LV dP /dt max was measured with a 

0.014" sensor-tipped pressure guide wire (PW-4, RADI Medical Systems, Uppsala, Sweden) 

introduced into the left ventricle. LV pressure was recorded for at least one respiratory 

cycle and LV dP/dt max was averaged over the period of measurement. After each change 

of the pacemaker settings, a waiting time of at least 20 seconds was respected to achieve 

hemodynamic stabilization." 
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Initially, .the AV.delay ~as optimized with simultaneous biventricular pacing (VV interval 
4 ms) dunng atnal pacmg at a constant rate, 5 to 10 beats above the int . . h h . 
the resultant d AV d 1 . . nnsrc r yt m. Wrth 

pace e ay, the optrmal Interventricular (VV) del h d . 
Finally, usin this vv d 1 . ay wast en etermmed. 

. g. . e ay, and now dunng atrial sensed ventricular pacing, the AV dela 
was agam opnmrzed, starting from the longest A V delay ll . . . y 

d d . a owmg capture dunng pacmg 
an ecreased m steps of 20 ms until a clear decline in LV dP/dt b . 
In the last 2 . max was o served (ftgure I). 

3 patients, also the LV-systolic pressure and the end-d. l' 
recorded during the A V delay optimization. rasto rc pressure were 

:i8ure I: The upper curve represents the LV pressure. The systolic, diastolic and end-diastolic pressures as de . d 
y the software and indicated b th d Th I nve 

y e ots. e ower curve is the calculated LV dP/dt Th . I . . 
LV dP /d · · · e maxima and m1mmal 

tare Indicated by the dots. The first part of the tracing is during intrinsic rhythm starti.ng from th 
bi · 1 · ' e arrows 

ventncu ar Simultaneous stimulation is initiated. 

FiBure 2: Velocity time integral of the transmitral flow (EA-VTI) t 2 . 
a consecunve sensedAV delays. The values are 

the average of four heartbeats. Note the clear difference in EA-VTI value WI.th h . h 
c angmg t e AV delay. 



Echocardiography. Echocardiography was performed with a Sonos 5500 and 

53 transducer (Philips Medical Systems, Best, the Netherlands). Pre-im~lant, .LV volume~ 
and ejection fraction were obtained using the apical4 and 2-chamber .vtew (btplane met -

od). After implant and at the same sensedAVintervals as during invasLVe LV dP/dtmax mea-

D ler transmittal and LV outflow tract or aortic flow were performed. 
surement, opp 

Finure 3: EA duration of 4 different sensed AV-delays (SA V). Shortening of the sensed AV delay increases the EA :u-

. . E d A waves. At 80 ms the A-wave is abbreviated, therefore the opnmal AV e-
rarion by progresstvely separarmg an . . 
lay by the EA duration is 100 ms. This example illustrates how difficult judging the A-wave abbrevtanon can be. 

c . . . AV delay 'The lift and rinht panels represent, respectively, long and short 
Finure 4: Ritter's formula ,or opnmtzmg · . . 

d
. r>A time (time from the onset of electrical acrivanon nll end of the A-

sensed AV delays (SAV). The correspon mg '-" h ]) 
((Av 1 nA long)_ (AV short+ QA s ort · 

. d d the optimal AV delay calculated as AV short+ ong + '-" wave) ts measure an 

ln this example, the derived optimal AV delay is 140 ms. 

n6 

Measurements were made for at least 4 end-expiratory beats and their average calculated. 

The transmittal flow was obtained in the 4-chamber view with the sample positioned at 

the tip of the mitral leaflets. From the transmittal flow, three measurements were derived 

to predict the optimal AV delay: first, the maximal velocity time integral of transmittal 

flow (EA-VTI, figure 2); second, the longest diastolic filling time till abbreviation of the A 

wave by mitral valve closure (EA duration, figure 3) and third, Ritter's formula (figure 4). The 

latter was defined as: AV optimal= AV short+ ((AV long+ QA long)- (AV short+ QA short)) 

in which AV short and AV long are a respectively a short and long AV interval and QA the 

onset of electrical activation till end of the A wave. '0 Effort was made to maintain the same 

position of the pulsed Doppler sample throughout the investigation. Pulsed Doppler LV 

outflow tract flow was used in the first 14 patients to obtain the maximal velocity time 

integral of the LV (figure 5). However, good quality signal and a steady sample position in 

the LV outflow tract could not always be easily obtained. Therefore the continuous wave 

signal of the aorta was used for the maximal velocity time integral of the aorta in the last 

16 patients. 

Finure 5: Example of the velocity time integral of the left ventricular outflow Tract (LVOT-VTI) at Z adjacent sensed 

AV delays (SA V). The LVOT-VTI is averaged from 4 bears. Nore rhe small difference in outcome. 

In 8 patients, all echo-Doppler examinations were performed twice to evaluate 

reproducibility of the measurements: simultaneously with the invasive measurements 

and a second time within 24 hours. All echo-Doppler results were measured blinded for 

the results of the invasive LV dP /dt max· measurement. 

Statistical analysis was performed using the paired-sample t-test for the com

parison of the invasive pressure measurements before and after CRT. Correlation analysis 

was used to compare the relation between the different echo-Doppler methods and the 

optimalAV delay obtained by LV dP/dt max· All data are expressed as mean± the standard 

deviation. 
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RESULTS 

In the whole study group, biventricular pacing with optimized interventricu

lar and AV delay increased LV dP/dt max from 777 ± 149 to 1010 ± 163 dynes/s (+ 32 ± 21%) 

compared to baseline (p• o.ooo1). In the last 23 patients, LV systolic and end-diastolic pres

sures were recorded as well: the systolic LV pressure increased from 111 ± 16 mmHg to 117 

± 19 mmHg (p=o.oo9) and the LV end-diastolic pressure decreased from 13.9 ± 8.5 mmHg 

to 12.0 ± 6.5 mmHg (p=o.oo5). In all patients but one, the optimal W timing was obtained 

with left ventricular pacing first (mean W interval42± 26 ms), in one patient with right 

ventricular pacing first (W interval4o ms). Within a range of 40 to 180 ms, the mean opti

mal sensed AV delay determined by LV dP/dt max was 120 ± 26 ms. The optimal sensed AV 

delay measured by EA-VII-method was concordant with the optimalAV delay obtained by 

invasive LV dP /dt max in 29 of 30 patients, in the remaining patient the difference was 40 ms (r= 

0 .96, figure 6). The mean EA-VII was 13 ± 3 em with a difference between the optimal and 

worst EA-VII of 2.8 ± 0.9 em. The EA-duration predicted the optimal AV delay correctly in 

20 of 30 patients, with a difference of 20 ms in 6 patients (r= o.83, figure 6). The mean EA

duration of all intervals was 357 ± 69 ms with a difference between optimal and worst of 

38±15ms. 

Prediction of the optimalAV delay by LV- VII was concordant with the invasive 

measurements in 13 patients; in 9 patients the difference was 20 ms (r= 0.54, figure 6). The 

mean LV-VII of all intervals was 18 ± 7 em with a difference between the optimal and 

worst of 1.7 ± o. 9 em. 

Compared with the invasive results, the Ritter formula was concordant in none 

and predicted a difference in optimal AV delay of more than 20 ms in 17 patients (r = 0.35, fig

ure 6). 

In the 8 patients in whom two echo measurements were performed within 24 

hours, the prediction of the optimal AV delay by EA-VII and EA-duration was concordant 

in all patients. In contrast, LVOT-VII or AO-VII measurements disagreed in 3 of the 8 pa

tients and the Ritter formula did not show reproducibility in any of the patients. 

DISCUSSION 

This study compared different echo-Doppler indices with invasive LV dP /dt max 

as a reference to optimize the AV delay in CRT. The best performing echo-Doppler method 

in this study was the velocity time integral of the transmittal flow: it was concordant with 

the invasive measurements in all but one patient (r = o. 96). Further, EA-VII measurements 

provided the clearest discrimination to determine the optimum AV delay. Assuming a sta

ble mitral valve area, the EA-VII represents the left ventricular filling volume during each 

heartbeat, and the maximal value corresponds with optimal left ventricular filling. 

u8 

Optimization of LV filling by measuring diastolic filling time (EA-duration) is based on 

the assumption that the optimal AV delay allows completion of diastolic filling prior to 

ventricular contraction, the A wave not being attenuated by the mitral valve closure. How

ever, in the presence of heart failure and elevated LV end diastolic pressure, the mitral valve 

closure point will immediately follow the A wave. This makes it difficult to judge whether 

the A wave is abbreviated or not and hence decreases the applicability of this method. In 

the current study we found an optimal AV delay by EA-duration concordant with the LV 

dP /dt max in only 67% of patients (figure 6). Both trans mitral flow measurements showed 
an excellent reproducibility in all8 patients tested. 

Optima lAY delay; LV dP/dt max versus EA-VTJ 

R=0.96 

AV delay byEi\.Vfl (ms) 

Optimal AV delay; LV dP(dt max versus LVOT-VTI 

50 

·-:&' 
~;l ;~ 
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AV delaybyLVOT.VTl (ms) 

R=0.54 

g 200 

Optima! AV delay; LV dP/dt m.u: versus EA Duration 

~
' • . . . 

R=0,83 
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AV delay by EA Duration (ms) 

OptinlJ!AV delay; LV dP/dt max versus Riner 

R=0,35 
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AV delay by Ritter (ms) 

Fi&ure 6: Correlation of different modes of Doppler echocardiographic optimization of AV delay with the invasive 

LVdP/dt max. The number of parients is indicated for each data point if more than L 

Compared with the transmittal flow measurements, the systolic LV-VII per

formed less well, only correctly predicting the AV delay in 47% of patients. Systolic flow 

measurements are not as clearly defined and easily obtained as the transmittal flow mak

ing it a less accurate. This also explains the poor reproducibility when measurements were 
repeated within 24 hours. 

Finally, the Ritter formula showed the worst correlation compared to the LV 

dP /dt max in predicting the optimal AV delay. It was developed for patients needing a dual 

chamber pacemaker for high degree AV block and caution has already been expressed to 

use this method in heart failure patients with high left atrial and LV end-diastolic pres-



sure since, as mentioned above, the mitral valve closure point will only shift minimally 

during programming of the AV delay. 10 

Reports on echocardiographic optimization of AV delay in CRT are limited. Re

cently, optimization of AV delay with CRT using the myocardial performance index was 

described, but not compared to invasive hemodynamicS. 11 

LV dP / dt max has been used as an index of LV performance in cardiac resynchro

nisation therapy before.6
•

1
' It is an index of contractility and influenced by heart rate, pre

load, left ventricular synchronization and decreasing mitral regurgitation. 13 

No interventions to change contractility were performed and heart rate did 

not vary significantly in the short time frame of the investigations. Thus, manipulation 

of LV preload by changing AV delay influences LV dP/dtmax through the Frank Starling 

mechanism. 13 This explains why optimal preload (as measured in our study by EA-VTI) 

corresponds to optimal LV dP/dtmax· Because all but 1 patient had an optimal VV interval 

with left-sided pacing first, changing the AV delay would directly relate to the left-sided 

AV delay in most patients. However, with longer AV delays, the occurrence of intrinsic con

duction over the right bundle might affect the preset interventricular timing and hence 

change resynchronization in a more complex way. However, any offset from adjusting the 

AV interval on left ventricular synchronization, or increase of mitral regurgitation, would 

decrease the LV dP/dt max· 

Simultaneous invasive and echo-Doppler examinations were limited to 8 pa

tients. It is however unlikely if performing all examinations simultaneously would have 

rendered different results for the correlation between invasive and echo-Doppler mea

surements, as both the EA-VTI and EA-duration showed good reproducibility within 24 

hours. The study is limited to the acute hemodynamic effect of optimizing the AV delay 

in CRT and long-term clinical benefits of optimization of the AV delay with the methods 

described are yet to be established. 
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ABSTRACT 

Isovolumic times (IVT) are a known determinant of exercise capacity in cardiomyopathy. 

We postulated that the increase in exercise capacity after cardiac resynchronization therapy 

(CRT) may be related to a more efficient cardiac cycle due to decreasing IVT and increased 

filling times (FT). According to standard selection criteria a CRT device was implanted in 52 

patients (37 male, 69 ± 8 years) with a QRS duration 174 ± 30 ms. The etiology was ischemic 

in 22 and idiopathic in 30 patients. A six-minute walking test (MWT) and echo-Doppler 

were performed before,3 and 6 months after CRT. Timing cycles were obtained with echo

Doppler. An improvement in MWT by • 15% (responders) after 6 month CRT was observed 

in 46% of patients. The MWT was moderately correlated to baseline time intervals (IVT; 

r= -0-44; FT: r=0.52), but not to baseline left ventricular (LV) ejection fraction (r=-o.o6). 

However, change in MWT after 3 and 6 months was best related to changes in IVT, respec

tively r=-o.66 and r= -o.68. Receiver Operating Characteristics curve analysis of baseline IVT 

revealed that an IVT of • 29% predicted exercise response with a positive predictive value 

of 89% and a negative predictive value of 77%. In conclusion, improvement in exercise tol

erance following CRT is associated with the reduction of an prolonged IVT. Baseline IVT 

might be used as an adjunctive parameter for selecting symptomatic responders to CRT. 
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INTRODUCTION 
Exercise limitation in heart failure varies between patients and bears little rela-

tion to the extent ofleft ventricular (LV) dysfunction." The isovolumic times (lVI) of the 

cardiac cycle increases in the presence ofleft bundle branch block and is an important de

terminant of exercise tolerance in congestive heart failure .l-8 Although echocardiographic 

indices of intra-ventricular dyssynchrony have been investigated to predict LV reverse re

modeling after cardiac resynchronization therapy (CRT), reverse remodeling is not consis

tently related with improvement in exercise capacity.9-"Therefore we investigated whether 

the increase in exercise capacity following CRT is related to a more efficient distribution of 

the cardiac timing cycle due to decreasing lVI. 

Table 1 Functional and echocardio.9raphic chan.9es after cardiac resynchronization therapy 

Responders ( n=24) 

Baseline 6Month 

NYHA class 3.0±0.1 2.0± 0.2 * 

6-minute walking rest (meter) 308 ± 125 466 ±126 ' 

Ejection fraction(%) 22 ± 7 J2±12* 

End-diastolic volume (ml) 235 ± 84 209 ± 73. 

End-systolic volume (ml) 187 ± 72 150±68* 

Cardiac Index (l(min/ kg) 1.8 ± 0.5 2.1 ± 0.5. 

Mitral regurgitation Grade 2.3 ± 1.3 1.8 ± 1.2. 

Mitral regurgitation/left atrium O.J2 ± 0.2 0.20 ± 0.2• 

(area) 

#:p=o.oooJ baseline between responders and non-responders 

•: p• 0.05 ; ns: not significant in comparison to baseline values. 

Non-responders (n 28) 

Baseline 6Month 

3.0 ± 0.3 2,3 ± o,6* 

435 ± 117# 429 ± 122 ns 

20 ± 7 29 ± 10' 

255 ± 78 219 ± 86' 

206 ±78 169 ± 85. 

1.8 ± 0.5 2.0 ± o.6 ns 

2.2 ± 1.1 1.6 ± 1.1• 

0.31 ± 0.2 0.19 ± o.2• 

METHODS 

Consecutive patients with heart failure New York Heart Association class III or 

IV despite optimal medication, LV ejection fraction • 35%, sinus rhythm and left bundle 

branch block with QRS duration • 120 ms were selected for CRT. Patients with mitral valve 

replacement or severe valvular disease other than mitral regurgitation were excluded. Fif

teen of 69 collected patients were unable to perform MWT due to intermittent claudica

tion or gout and 2 patients died before 6-month leaving 52 patients. According to coronary 

angiography etiology was ischaemic in 22 and idiopathic dilated in 30 patients. Baseline 

QRS duration was 174 ± 30 ms with aPR interval of 180 ± 29 ms. Angiotensin-converting 

enzyme-inhibitors were used in 79%, ~-blocker in 64%, spironolactone in 52% and digoxin 

in 21%. 

The study protocol was approved by the local ethics committee and informed 

consent was obtained from all patients. 

Table z: 'Time intervals and exercise improvement 

lsovolumic Times (%) 

Filling Time(%) 

Ejection Time (%) 

Myocardial 

performance 

index 

Responders 

(n=24) 

Baseline 

31 ± 5 

1.09 ± 0.2 

3Month 6Month 

23 ±4. 

0.75 ± 0.1 ... o.69 ± o.2' 

Non-responders Responders vs. 

[n=28) Non-Responders 

Baseline 3Month 6Month (Baseline) 

26± 3 24 ± 4' 24 ± 3' 0 .0001 

47 ± 5' 47 ± 4' 0.01 

29 ± 3 ns 29 ± 2 ns ns 

0.87 ± 0.2 o.82 ± 0.1 ns o.81 ± o.r ns o.ooo2 

RR interval (ms) 886± 211 897 ± 149 ns 897 ± 148 ns 894 ± 231 952 ± 139' 922±127ns ns 

!Vf: isovolemic time 

• = p• o.o5; ns= not significant 

The coronary sinus lead (Medtronic 4193 or 4194) was positioned in a posterior 

or posterolateral branch of the coronary sinus, the right ventricular lead in the apical or 

mid septal region and the right atrial lead in the atrial appendage. All leads were connec 
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ted to a Medtronic InSync 8042 pulse generator.'3The atrioventricular and interventricular 

delay was optimized within 24 hours after implant with invasive maximum LV dP/dt max 

in 38 of 52 patients as previously described. '3 The remaining 14 patients were optimized by 

echo-Doppler using maximal mitral stroke volume as previously described.'4 

Increase in 6 MWT vs. decrease in !Vf after 6 Mth CRT 

10 

250 

-25 

6 MWT change (%) R=-0.68 

Increase in 6 MWT vs.lncrease in FT after 6 Mth CRT 
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1-< .so ~ • 50 100 150 

""' 
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-15 

6 MWT change (%) R=0.42 

Fi8ure 1: Scatter plot of the increase in MWT (%) versus the change in !Vf (%) after 6 month CRT. A correlation of 

r=-o.68, p• o.ooor was found. 

Scatter plot of the increase in MWT (%)versus the change in FT (%) after 6 month CRT. 

A correlation of r=o-42, p=o.ooz was found. 

Echocardiography was performed with a Sonos 7500, S3 transducer (Philips 

Medical Systems, Andover, MA) before, 3 and 6 months after pacemaker implant. LV di

mensions measurements were according the published recommendations.15 LV volumes 

and ejection fraction were obtained using the apical four and two-chamber view (biplane 

method). Mitral regurgitation (grade I-IV) was assessed both by color jet area and as mid

systolic percentage jet area relative to left atrial size in the apical4-chamber view. Results 

were averaged for at least three consecutive beats. The LV ejection time and cardiac index 

were obtained by pulsed wave Doppler of the LV-outflow tract. Left ventricular FT (onset of 
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E to end of A wave) was measured from the trans-mitral flow recorded from the apical four

chambe~ view with the sample volume at the tip of the mitral leaflets. IVT was obtained by 

subtractmg LV ejection time and FT from the RR interval. Diastolic and systolic time inter

vals were obtained at a sweep speed of 100 mm/s with an electrocardiogram superimposed. 

Three cardiac cycles were stored digitally and results averaged. Since these intervals could 

not be obtained simultaneously, care was taken to perform measurements in beats with 

comparable RR-intervals (± 10%). The duration of each phase of the cardiac cycle was then 

expressed as a percentage of the RR interval. The myocardial performance index was calcu

lated as the IVT divided by the ejection time.6 Intraventricular dyssynchrony was obtained 

by pulsed wave tissue Doppler. Previously, we demonstrated that the standard deviation 

of ti~e. to onset of six basal LV segments of more than 20 ms had a sensitivity of 
9

6%, a 
spectfrctty of 92% to predict LV reverse remodeling. 

0 

Fi9ure z: 

Abbreviations as in table r. 

IVf_pre_% 

40 80 
roo-Specificity 

Sensitivity:67% 
Specificity:93% 
Criteria> 29 ,6 
AUC :0.82 

ROC curve of baseline isovolumic time (!Vf) in predicting exercise response to CRT. 

The MWT was performed according to a standardized protocol. Responders 

were defined by an increase of more than15% ofMWT after CRT. This cutoff value was chosen 

as it exceeds the mean increase in the CRT group of the Mus tic and Miracle triaP '7 

Statistical analysis was performed using Medcalc statistical program. Numeri

cal values are expressed as mean± SD. An unpaired t- test was used to compare for numeri

cal observations. Correlation was performed by linear regression analysis. Optimal sensi

tivity and specificity were determined from Receiver Operating Characteristics curves. 
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RESULTS 

Twenty-four patients (46%) improved their MWT by more than 15% after 6 

months of CRT while clinical status improved with at least one New York Heart Associa

tion class in 42 patients (81%). At follow up, medication was unchanged in all but 2 patients 

from both groups (diuretics and beta blocking agents were increased). Baseline clinical 

characteristics of responders and non-responders were similar with the exception of a sig

nificantly shorter MWT in the responder group (table 1). Intra-ventricular dyssynchro

ny, assessed by the standard deviation of six LV segments was similar for responders and 

non-responders, respectively 32.8 ± 15 ms versus 28.0 ± 18 ms. Timing intervals showed 

a significant longer IVT, shorter filling time and higher myocardial performance index in 

responders (table 2). 

After six months of CRT, the effect on left ventricular volume, ejection frac

tion, resting cardiac index as well as severity of mitral regurgitation was similar in both 

responders and non-responders (table 1). Responders had a significant increase in filling 

time, ejection times and myocardial performance index with a concurrent decrease in IVT. 

In contrast, these values remained unchanged in the non-responders. In 19 responders 

and as many non-responders the acute effect of CRT was measured invasively directly af

ter implant. LV dP/dt max increased in the responders by 32 ±18% versus 20 ± 13% in the 

non-responders (p=o.o4). 

The baseline MWT had a moderate correlation with timing intervals (IVT: r=

o.44; p=o.oo1, FT:o. 52; p=o.ooo1) whereas no correlation was found with LV ejection fraction 

(r=-o.o6; p=o.67). The increase in MWT after 6 months of CRT was better correlated to the 

decrease in IVT (r =- o.68 p• o.ooo1, Figure 1) and increase in FT (r=0.42; p=o.ooz, Figure 1) 

then to the change in LV ejection fraction (r = 0.17, p=0.24) and LV end-systolic volume (r=-

0.21, p = o.15). After 3 month CRT a similar correlation between the increase inMWT to the 

decrease in IVT (r=-o.66, P• o.ooo1) and to the increase in FT(r=0-47,p=o.ooo5) was observed, 

showing consistency of results. Receiver operating characteristics analysis revealed that an 

IVT of more than 29% (area under the curve o.82) predicted response with a sensitivity of 

67%, a specificity of 93%, a positive predictive value of 89% and negative predictive value of 

77%. 

To determine interobserver and intraobserver variability, the same tracings of 

15 patients with a time delay of one month, were assessed by 2 cardiologists blinded to the 

results of MWT. The interobserver and intraobserver variability of the IVT was 3% and 3% 

and of the filling time 4% and 3% respectively. 
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DISCUSSION 

Previous reports have shown that 20-30% of patients do not respond clinically 

to CRT.'o '
6

'

8

-w Echocardiographic indices of intra-ventricular dyssynchrony have been pro

posed to improve patient selection as it predicts LV reverse remodeling, bur they do not 

correlate well with symptomatic or exercise response.'6 ' 8·zoTherefore, the MWT was chosen 

to evaluate symptomatic response. In patients with heart failure and left bundle branch 

block exercise capacity has been linked to the relative distribution of the cardiac timing 

cycle.
4 5 

Duncan et al. reported a relation between decreased peak oxygen uptake and in

creased resting IVT in patients with dilated cardiomyopathy and left bundle branch block. 

The relation of IVT with decreased exercise capacity was less pronounced in our study (r = 

-0.44 vs -0.74), probably due to the less sensitive MWT. 

In the present study, 46% of patients improved their MWT after 6 months CRT 

by more than 15% and were considered responders. LV dyssynchrony could not identify 

exercise responders. The responders had a more prolonged IVT at baseline and at the same 

time a worse exercise capacity. The IVT was significantly more reduced after CRT in there

sponders and this reduction was strongly related to the improvement of exercise tolerance 

(table 2). This suggests that a longer IVT at baseline is related to a poorer exercise capacity, 

bur it harbors the greatest potential for improvement of exercise tolerance. 

The isovolumic contraction and relaxation time were not separately measured 

in this study but the former is assumed to correlate with LV dP/dt max- This was measured 

invasively in a subset of patients (74%) in this study and the rise in LV dP /dt max was signifi
cantly greater in the responders than the non-responders. 

In concordance with other studies, we found no relation between exercise tol

erance and baseline values and change in LV volumes or ejection fraction ''. Also mitral 

regurgitation decreased to a similar extent in both responders and non-responders. 

This study encompasses only a limited number of patients and this may influ

ence statistical analysis. However, the consistency of the results between 
3 

and 6 months 

follow up contributes to the validity of the results. Further prospective study has to reveal 

if the baseline IVT might be used as an adjunctive parameter for selecting symptomatic 
responders to CRT. 
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ABSTRACT 

Background: Variable results of cardiac resynchronization therapy (CRT) on diastolic func

tion have been described. We investigated 3 and 12 months effect of CRT on diastolic func

tion and left ventricular (LV) filling pressures and their relation to LV reverse remodeling. 

Methods: 52 patients (36 male, 69 ± 8 years, QRS duration 170 ± 29 ms) echo

Doppler was performed before, 3 and 12 months after CRT.Tissue Doppler early diastolic 

annular (Em) and color M-mode derived flow propagation (Vp) velocities were used toes

timate LV filling pressures byE/Em and E/Vp ratios. 

Results: After 12 months, LV reverse remodeling (end-systolic volume decrease 

• 15%) was observed in 58%. Despite a significantly more compromised baseline diastolic 

function of patients without LV reverse remodeling, multivariate analysis revealed that 

only LV dyssynchrony could predict LV reverse remodeling. Grade 2 and 3 diastolic func

tion improved only in LV reverse remodeling patients (from 34 to 13 tow%), whereas a non

significant increase from 59 to 67 to 72% was observed in patients without reverse remodel

ing. Irrespective of LV volume response, short-term symptomatic benefit was related to 

decreased filling pressure. However, after 12 months, E/Em and E/Vp only significantly 

decreased in patients with LV reverse remodeling (respectively from 16.0 ± 6 to 10.4 ± 4 and 

2.2 ± o.6 to 1.5 ± 0.4). 

Conclusion: LV reverse remodeling induced by CRT is accompanied by improve

ment in diastolic function and estimated LV filling pressure. Short-term symptomatic 

benefit was related to decreased filling pressure. However, for longer-term symptomatic 

improvement and decreased filling pressures, LV reverse remodeling appeared mandatory. 
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INTRODUCTION 

Cardiac resynchronization therapy (CRT) improves functional capacity, left 

ventricular (LV) function and survival in patients with congestive heart failure and left 

bundle branch block. '-4 Approximately 70% of patients respond symptomatically while 

LV reverse remodeling occurs in an even smaller subset of patients. Previous reports on 

diastolic function after CRT are equivocal and often only assessed by pre-load dependent 

Doppler transmitral flow. '-4 Less load dependent techniques such as tissue Doppler early 

diastolic annular (Em) and color M-mode derived flow propagation (Vp) velocities may be 

used to assess diastolic function more accurately. Moreover these newer techniques allow 

assessment ofLV relaxation and derived LV filling pressure. 5_9 

Therefore we investigated diastolic function with these latter techniques and its 

relation to symptoms and improved systolic LV- function after up to 12 months of CRT. 

METHODS 

Patients Sixty-nine patients with heart failure New York Heart Association 

class III or IV despite optimal medication, LV ejection fraction below 35%, sinus rhythm 

and left bundle branch block received CRT. Patients with mitral valve replacement or se

vere valvular disease other than secondary mitral regurgitation were excluded. In sev

enteen patients diastolic function could not be assessed due to technically sub optimal 

Doppler recordings or fusion of the mitral E and A waves, therefore 52 patients entered the 

study. According to coronary angiography etiology of heart failure was ischemic in 25 and 

idiopathic dilated in 27 patients. Baseline QRS duration was 170 ± 29 ms with aPR interval 

ofi86 ± 31 ms. 

Diuretics were prescribed in 94% of patients, angiotensin-converting enzyme

inhibitors in 79%, ~-blocker in 64%, spironolactone in 52% and digoxin in 21%. Changes in 

medication were avoided unless clinical mandatory. The local ethics committee approved 

the study protocol and informed consent was obtained from all patients. 

Biventricular pacemaker implant The coronary sinus lead (Medtronic 4193) 

was positioned in a posterior or posterolateral branch of the coronary sinus, the right ven

tricular lead in the apical or mid septal region and the right atrial lead in the atrial append

age. All leads were connected to a Medtronic InSync 8042 pulse generator. The atrio-ventricu

lar delay and interventricular pacing interval were optimized within one day after implant 

using invasive LV dP/dt measurements with a sensor-tipped pressure guide wire 10 (PW-4, 

RADI Medical Systems, Uppsala, Sweden) , in 4 patients in whom invasive measurements 

could not be performed intervals were optimized by echo-Doppler using the maximal mi

tral stroke volume as previously described." 
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Echocardiography Echocardiography was performed with a Sonos 7
5

oo and 

S3 transducer (Philips Medical Systems, Andover, MA) less than one week before, 
3 

and 12 
months after biventricular pacemaker implant. Nomenclature of LV segments and mea

surements ofLV dimensions were according recommendations of the American Society of 

Echocardiography". LV- volumes and ejection fraction were obtained in the apical four 

and two-chamber views (biplane method). The degree of mitral regurgitation (grade I-IV) 

was assessed both by color jet area and as mid-systolic percentage jet area relative to left 

atrial size in the apical4-chamber view. LV ejection time and cardiac index were obtained 

by pulsed wave Doppler of the LV-outflow tract. Left ventricular filling time (FT) was 

measured from trans-mitral flow recorded from the apical four-chamber view at end-ex

piration at the mitral leaflets tips; from the onset of theE wave to the end of the A wave. 

Isovolumic time (IVT) was obtained by subtracting LV ejection time and FT from the RR 

interval. The duration of each phase of the cardiac cycle was then expressed as a percentage 
of the RR interval. 

Doppler recordings were made at a sweep speed of 100 mmj s with an electrocar

diogram superimposed. Measurements were made in 3 digitally stored cardiac cycles and 
the results averaged. 

To determine intraventricular dyssynchrony, pulsed wave tissue Doppler was 

used to calculate the standard deviation of the time to onset of systolic velocity of six basal 

LV segments (SD-Ts0-6). We previously reported a SD-TsO- 6 of more than 2o ms had a 

sensitivity of 97%and a specificity of 74% in relation to LV reverse remodeling.'J 

ASSESSMENT OF DIASTOLIC FUNCTION: 

Standard diastolic parameters: Peak rapid filling velocity (E wave), peak 

atrial filling velocity (A wave), E wave deceleration time (DT), diastolic filling time (FT) was 

measured and theE/A ratio calculated. Pulmonary venous flow velocities were recorded 

with the sample volume approximately 1 em in the right upper pulmonary vein. Pulmo

nary venous systolic (Pvs ), diastolic (Pvd) and atrial reversal (Pvar) velocities were measured. 
9, 14 

135 



Table r: Baseline clinical characteristics 

Baseline Variable LV reverse remodeling 

All 

Yes (n;3o) No (n;22) 

Age (years) 69 ± 8 68 ±9 71 ± 7 ns 

Male/Female 36 I 16 19 In 17 I 5 ns 

lCM/DCM 25 I 27 9 I 21 16 I 6 ns 

QRS(ms) 170 ± 29 172 ± 29 168 ± 30 ns 

LV dyssynchrony 28.8 ± 15 36·4 ± 13 18.4 ± 12 * 
SD-Ts0-6lms) 

Abbreviations: 

JCM: ischemic cardiomyopathy; DCM: dilated cardiomyopathy. SD-Ts0-6: standard deviation of time to onset of 

systolic velocity of 6 LV-segments. 

' : p• o.ooo1 

ns: not significant 

Load independent diastolic parameters: Color M-mode and pulsed tissue 

Doppler were recorded in the apical four-chamber view. To obtain flow propagation ve

locity (Vp), the color M-mode cursor was aligned with the direction of mitral inflow. The 

baseline of the color Doppler spectrum was shifted to obtain aliasing. The slope (cm/s) of 

the onset of early diastolic flow from the mitral leaflets to a distance of 4 em into the LV 

was measured. 

Tissue Doppler was performed by placing a 3 mm sample volume at the septal 

and lateral mitral annulus to obtain early diastolic annular velocity (Em). The average of 

the septal and lateral Em was calculated and used for the ratio E/ Em. The average Em of 

the septal and lateral wall was used while this has been found to be more reliable in pa

tients with adjacent wall motion abnormalities and half of our population had ischemic 

cardiomyopathy. 7 The normal values for septal Em is • 6 and • 7 cm/s for lateral Em.8
' 9 

LV filling pressure was estimated byE/Em and E/Vp. An E/ Em • 15 and E/Vp • 2.0 were 

considered to represent elevated filling pressure. 5-9• 
14 

An overall assessment of diastolic function was obtained by consideration of 

all measured parameters. Diastolic function was categorized as normal (grade o ), impaired 

relaxation (grade I), pseudo-normal filling (grade 2) or restrictive filling (grade 3)-8
-

14 The 

E/A ratio was used for initial categorization. Grade 1: E/A ratio • 1 with a DT of • 240 ms. 

Grade 3: E/A ratio. 2 with a DT• 160 ms. IfE/A was between 1- 2 and DT 160-240 ms diastolic 

function was either "normal" (grade o) or "pseudo-normal" (grade 2) when two or more 

Doppler indexes suggested elevated filling pressures (Pvs • Pvd; Pvar-duration •+ 
30 

ms 
than mitral A duration; E/Vp • 2 orE/ Em • 15). 

To assess the effect of CRT on systolic LV function, patients were divided accord

ing to presence or absence ofLVreverse remodeling, which was defined as a reduction of LV 

systolic volume by more than 15% after 12 months of CRT as compared to baseline. 

Six-minute walking test: Six-minute walking test (MWT) was performed 

under standardized circumstances observed by the same person before, 
3 

and 
12 

month 
after CRT. 15 

Statistics The paired t test was used to compare parametric variables before 

and after CRT. For examining differences between patients with and without reverse re

modeling with regard to clinical and demographic factors, independent sample t tests 

(continuous variables) and Chi-square tests (nominal variables) were used. Multivariate 

logistic regression analysis (enter method) was used to examine prediction of LV reverse 

remodeling. Only parameters that previously showed to be related to reverse remodeling 
were included in the regression analysis. 

RESULTS 

All patients survived during follow up. Clinical and echocardiography variables 

are summarized in table 1 and 2. After 12 months of CRT, 30 patients (58%) had LV reverse 

remodeling whereas LV volumes and ejection fraction remained unchanged in the remain

ing 22. Both groups had similar baseline characteristics except for significantly more LV 

dyssynchrony measured by SD-Ts0-6 and a higher heart rate in patients with LV reverse 
remodeling (table 1,2). 

After 3 months of CRT functional status both by New York Heart Association 

class and MWT significantly improved in both groups. From 3 to 12 months follow up 

the initial functional improvement in patients without reverse remodeling disappeared, 

whereas a sustained and statistically significant improvement of functional status was 

evident in patients with LV reverse remodeling (table 2). Reverse remodeling was accompa

nied by a decrease in mitral regurgitation severity and an increased cardiac index, whereas 

such beneficial changes were absent in patients in whom CRT did not regress LV volume. 

Irrespective ofLV volume reduction an increase in FT and decrease in IVT was observed in 
both groups after 3 and 12 month CRT. 
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Table z: Baseline and follow up characteristics 

LV reverse remodeling 

All Yes (n=JO) No (n=22) 

(n~p.) 
uMo. 

3Mo. uMo. Pre 3Mo. 
Variable Pre Pre 

o/o/o/ 29/ 1 o/1/26/J/o' o/5/ 24/ 1/o' o/o/o/ zo/ 2 o/o/9/ 13/o' o/o/3/ 14/5 
NYHA class o/o/o/49/3 

(o/I/2/3/4) 

475 ± us• 485 ±122' 361 ±93 415 ±112* 378 ± ll9 
MWf (mr) 378 ± 136 390 ± 151 

0=26 0=26 11=14 0=14 0=14 
0=40 11=26 

32 ± to* 38 ± n • 20 ± 8 22 ±8 21 ± 9 
LVEF (%) 21 ± 7 22 ± 7 

LVEDV (ml) 235 ± 83 229 ± 83 189 ± 72' 159 ± 63' 243 ± 84 243 ± 87 257 ± 91 

1.7 ± 1.0* 1.3 ± 0.9· 2.2 ± 1. 1 2.1 ± 1. 2 2.1 ± L3 

MR 2.2 ± L2 2 . 1 ± 1.2 

o.18 ± o.i* 0.1 ± 0.1* 0.33 ± 0.2 0.28 ± 0.2 O. J l ±0.2 

MR/ LA (area) O.J l ±0.2 0.29 ±0.2 

2.1 ± o.s* 2.3 ±o-4* 1.7 ± 0.5 1.8 ±0.4 1.6 ± 0-4 

CI (l/ min/ m2) !.8 ± 0.5 !.8 ± 0.5 

22.0 ±3 * 20.7 ±4 * 26.6 ± 5 23 .6±4 * 22.6 ±4 . 

lsovolumic 28.8 ± 202 29-3 ± 4 

Time (%) 
47·5±6 ' 47·6 ±5 . 

Filling Time 43·0 ± 6 41. ±6 47·7 ± 4. 48-7±6 ' 44·8 ± 6 

(%) 
960 ± 113 

906 ± ll1 890 ± 138 974 ± 225# 952 ±193 
RR(ms) 905 ± 218 855 ± 202 

Mwr · · !king rest· LVEF·LV ejection 
Abbreviations: NYHA: New York Heart Association class. : s1x-mmure wa ' · 

fracrion;LVEDV: LV end-diastolic volume; MR: mitral regurgitation; LA: left atrium; CI: cardiac index; RR: dura-

tion of cardiac cycle 

# Baseline significant difference of p• 0.05 between patients with and without LV reverse remodeling. 

•: Significant difference of p• 0_05 versus baseline values. ns: not significant versus baseline values. 
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Baseline diastolic function was significantly more compromised in the patients without 

subsequent LV reverse remodeling. (p• o.oo9, figure1). Baseline grade 2 or 3 diastolic func

tion was present in 59% of patients without reverse remodeling compared to 34% of patients 

with LV reverse remodeling (p=o.o1). After 3 months of CRT diastolic function improved 

significantly only in patients with reverse remodeling (p• o.ooo1) (figure 1). Prevalence of 

grade 2 or 3 diastolic dysfunction decreased from 34 to 13%. (p=o.ooo3) in reverse remodel

ing patients, whereas a non-significant increase from 59 to 67% was observed in the pa

tients without reverse remodeling. 

Diastolic Function in LV reverse remodeling patients 
Diastolic Function in patients without LV 

reverse remodeling 
100 % 

80% 

60 % 

40 % 

20 % 

P< 0 0001 
P=ns P=ns 

1 oo,-. 

80% 

60% 

40% 

20% 

0% 

' " 3 Mo 12 Mo pee 3 Mo 12 Mo 

Fi8ure 1 

Diastolic function at baseline, 3 months and 12 months CRT in patients with and without LV reverse remodeling. 

Significance of change in grade of diastolic function between baseline and follow-up. 

Standard load dependent diastolic parameters (provided in table 3) also showed 

E and E/A to be considerably lower at baseline in patients with reverse remodeling corn

pared to patients without. (E: 62 ± 23 vs. 79 ± 35 crn/ s; p=o.o4 and E/A: 1,12 ± 0,9 vs. 1,74 ± 

1,1;p=o.o3). After 3 months of CRT a significant decrease in E and E/A and increase in DT 

was seen only in patients with LV reverse remodeling (table 3). 

Baseline load independent parameters ofLV-relaxation Ern and Vp were low in 

both groups (table 3), indicating disturbed LV relaxation. During CRT, both Ern and Vp 

improved significantly only in the LV reverse remodeling group. 

Estimated filling pressure significantly decreased in patients with reverse re

modeling: E/Ern frorn16.o ± 6 to 10.8 ± 4 (p=o.ooo1) and E/Vp 2.2 ± o.6 to 1.6 ±0.5 (p=o.ooo6) 

in contrast to patients with no volume reduction in whom filling pressure remained 

stable. Thus, a strong relation between LV reverse remodeling and normalization of dia

stolic function and filling pressures was observed. A correlation of r=-o. 57 and r=-0.48 was 

observed between the change in LV end systolic volume after 12 months CRT and the es

timated filling pressures measured respectively by the change in E/Ern and E/Vp (figure 

2). Interestingly, nine patients who symptomatically improved despite no-volume reduc

tion showed a decrease in estimated filling pressure in contrast to patients with no syrnp-
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. b f't ·n whom estimated filling pressures remained elevated (table 4, figure 3)-tomanc ene L L · T 
Patients without LV reverse remodeling but symptomatic improvement also had stgm L-

cantly more mcrease m a . . MWT fter 3 months CRT (+35-0 ± 33% versus 6.o ± u%; p=0.03) 

compared to patients without symptomatic benefit. 

Table 3= DiastolicftllinB parameters in patients with and without LV reverse remodelinB before, 3 and 

12 months after CRT. 

LV reverse remodeling 

Variable Yes (n=JO) No (n=22) 

Pre 3Mo. 12Mo. Pre 3Mo. 12Mo. 

E (cm/s) 6z ± 23 52± zo * 50 ±Zl * 79 ±35# 75 ±JZnS 72 ±31 ns 

E/A l.lZ ± 0.9 0.88 ± 0.6 * 0.90 ± 0-7* 1.74 ± 1.1# 1.93 ± 1.3 ns 2.3 ± z.o ns 

DT (ms) 205 ± 67 249 ± 70 * 28z ± 93 * 191 ± 1oz ns 193 ± 69 ns 204 ±102 ns 

Em(cm(s) 4,1 ± 1.3 5,2 ± !.9* 5,0 ±1,8* 4,8 ±1.4 ns 4,7 ±1.8ns 4.4 ± 1,9 ns 

Vp (cm(s) 30 ± 8 37 ± 9 * 36 ± 10* 33 ± 10 ns 35 ± 11 ns 30 ±9 ns 

n~z6 n~ 18s 

E/Em !6.0 ± 6 10.8 ± 4* 10-4 ± 4* 18.5 ± 10 ns 19.1 ± 11 ns 18.5 ± 9 ns 

E/Vp 2.2 ± 0.6 !.6 ± 0.5* 1.5 ± 0.4':' 2.5 ± 0.9 ns 2.1 ±o.6 ns z.3 ± o.8 ns 

Abbrevtanons: E: ar y transmt r , . . E l ·r al flow· E(A: ratio of early to atrial transmittal flow; DT; Deceleration time; 

E(Em: ratio of trans mitral early flow ro mean velocity of early mitral annular ascent of the septal and lateral 

corners. E/Vp: ratio ofE ro the color M mode derived flow propagation (Vp). 

*:Significant difference of p< o.o5 versus baseline values 

ns: nor significant versus baseline values . . 

#:Baseline significant difference of p< o.o5 between patients with and without LV reverse remodelmg 
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FiBure 2 

Correlation ofLVreverse remodeling and 

LV-filling pressure measured by E/ Vp 

%change of E/EVp after 12 Mo. 

Correlation between percent of changes in LV end systolic volume after 12 months cardiac resynchronizarion 

therapy and estimated LV filling pressures measured byE/ Em and E/Vp. 

Extended follow up at 12 months revealed loss of functional improvement and elevated 

filling pressures in all patients without LV reverse remodeling (table 3,4). Changes in dia

stolic function were similar to those at 3 months, with improvement of diastolic function 

only in patients with reverse remodeling. Estimated filling pressures decreased signifi

cantly only in the LV reverse remodeling group: E/Em changed from 16.o ± 6 to 10.4 ± 4 

(p=o.ooo1) and E/Vp from 2.2± o.6 to 1.5 ±0.5 (p•o.ooo1; table 3). 

Baseline LV dyssynchrony, diastolic function and load dependent parameters 

like E and E/A were significantly different between patients with or without LV reverse 

remodeling. However, multivariate analysis revealed that only LV dyssynchrony measured 

by SD-TsO- could predict LV reverse remodeling after 12 months of CRT. (OR=I.I87; 95%CI: 
I.o36-1.36o; P=0.013). 

DISCUSSION 

In the present study, the effect of CRT on diastolic function was assessed includ

ing the use of newer, less load dependent echo-Doppler parameters of LV filling. Among 

the determinants of LV filling are elastic recoil, active myocardial relaxation and passive 

compliance. Furthermore, left atrial compliance, contractility and pressure are important. 

Diastolic filling is the result of the transmittal pressure gradient, produced by these fac
tors. s, 9. " · 16 

In this study, patients were divided according to the presence of LV reverse re

modeling defined by a LV end systolic reduction of more than 15% after 12 months CRT, 

which occurred in 58% of patients. LV reverse remodeling was used as a surrogate endpoint 
of CRT as it has been shown to be related to improved survival. 17 



Tablq: 

Estimated jiUin3 pressure by E/Em and E/Vp in patients without LV reverse remodeUn3 who are 

divided by their symptomatic benefit at 3 months cardiac resynchronization therapy. 

Symptomatic Benefit at 3 months CRT 

Patients without LV Yes (n=9) No (n=lJ) 

reverse remodeling 

Pre 3Mo. 12Mo. Pre 3Mo. 12Mo. 

E/ Em 19.6 ± 17 12. 1 ±3 ns 17-4 ± 4 ns 17.6± 7 22.1 ±u ns 20 . 1 ± 1 1 ns 

E/Vp 2.5± I fi"7 1.7 ± o.7 ns 2.6 ± 0-7 ns 2-4 ± o.8 n"11 2.2 ± 0.5 ns 2.2 ± 0.9 ns 

LVESV (ml) 2 11 ± 107 206 ± 96ns 222 ± 92 ns 193 ± 72 188 ± 82 ns 199 ± 89 ns 

MR severity 2.2 ± 1 2 . 2 ± 1 ns 2.2 ± 1 ns 2 .0 ± 1 1.8 ± 1 ns 2.0 ± 1 0 5 

P= significance versus baseline value 

ns: not significant versus baseline values. 

Diastolic function was graded on a scale from o to 3 based on theE/ A ratio and deceleration 

time together with Doppler indices ofLV fill ing. Only patients with LV reverse remodeling 

after 12 months showed a significant sustained improvement in diastolic filling pattern 

(fig. 1). A good correlation was also observed between reverse remodeling and estimated LV 

filling pressure (figure 2). 

Patients without subsequent LV reverse remodeling had significantly more 

compromised baseline diastolic function while baseline LV dyssynchrony was significant

ly less. 

The poorer start of the subsequent systolic non-responders, earlier also de

scribed by Penicka et al. may suggest more advanced and severe heart failure with less 

potential for improvement. J However, multivariate analysis revealed that only LV dys

synchrony could significantly predict LV reverse remodeling after 12 months of CRT. Ap

parently, baseline LV dyssynchrony plays an important role in CRT. If CRT can correct LV 

dyssynchrony, LV reverse remodeling can be induced and as a consequence diastolic prop

erties may improve, which may also results in improved LV filling pressure. 

LV dyssynchrony has an effect on early diastolic filling through asynchronous relaxation 

and is often the cause of prolonged isovolumic relaxation time. 9, 16 Part of the hemody

namic benefit induced by CRT may be obtained by optimization of cardiac time intervals. 

It is has been shown that diastolic filling time increases after CRT. z-4, 1s However in this 

study, an increase in filling time irrespective of volume reduction and was observed. Thus 

cardiac time interval optimization alone by CRT appears insufficient to improve diastolic 
function (table 3). 

We observed a significant decrease of mitral regurgitation severity after CRT 

in reverse remodeling patients, whereas regurgitation remained unchanged in patients 

without volume reduction. The decrease in mitral regurgitation could have a direct effect 

on theE and E/A ratio by reducing the preload. But, reduced mitral regurgitation in pa

tients with reverse remodeling was accompanied by improved early LV relaxation as deter

mined by preload independent parameters as both tissue Doppler Em and color ~-mode 
Vp. As these parameters are considered independent of LV loading, they are unrelated to 

MR severity. 
8

'
9 

Therefore, although reduction ofMR severity is one of the beneficial effects 

of CRT, improvement of inherent LV diastolic function appears as an equally important 
explanation of its effect. 
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Time course changes and relation of New York Heart Association class, LV ejection fraction, E/Em and E(Vp after 

3 months cardiac resynchronization therapy in patients without LV reverse remodeling with (n=
9

) and without 

Cn=13) symptomatic benefit. 

Recently, Waggoner et al. '
8 
also showed that mitral E wave velocity, E/ A ratio and 

estimated filling pressure improved after 4 months CRT only in patients with increased 

systolic LV performance. But, in contrast to the present study, they found no change of Em 

or Vp after short-term CRT and concluded that benefits in diastolic function were related 

to LV-volume reduction and not to changes in LV relaxation. However the baseline values 

of Em and Vp in the study of Waggoner et al. (mean 8 cmj s resp. 38 cmj s) were considerably 
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higher than in the present study (mean4,4 cm(s resp. 31 cm(s) suggesting their population 

had less diastolic abnormalities at baseline. 

Estimated LV filling pressure has been shown to be related to symptoms in 

patients with congestive heart failure.19
' zo In our study, patients with reverse remodeling 

and symptomatically improved patients without reverse remodeling showed decreased 

filling pressures after CRT as estimated by E(Em and E(Vp ratios. In contrast, patients 

without reverse remodeling and also no clinical response, LV-filling pressures remained 

elevated (figure 2,table 4). After 12 months of follow up, clinical benefit of CRT together 

with lowered estimated left ventricular filling pressures was only sustained in the LV re

verse remodeling group. Apparently, short-term symptomatic benefit related to decreased 

filling pressure may occur irrespective of LV reverse remodeling. However, for longer-term 

symptomatic improvement and decreased filling pressures, reverse remodeling appears 

mandatory. 

LIMITATIONS 

LV diastolic function and filling pressure are determined most directly andre

liably by invasive pressure and volume measurements, which were not performed in this 

study. However, echo-Doppler is well established as a non-invasive tool to investigate dia

stolic function and filling pressure.8• 
14 Also the relatively small number of patients limits 

the study. 
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CHAPTER X 

SUMMARY AND FUTURE PERSPECTIVES 

In the last decade, cardiac resynchronization therapy (CRT) has become an established 

therapy in selected advanced drug refractory heart failure patients, providing both acute 

and long-term hemodynamic and functional improvements. Selection criteria include, 

NYHA class III-IV heart failure symptoms, reduced left ventricular (LV) ejection fraction 

less than 35% and intra-ventricular conduction delay with a QRS width of more than 120 

ms. ,_3 Large multicentre trials confirmed subjective benefits obtained by CRT and prolon

gation survival was documented.'· 4 Despite these promising results, around one third of 

implanted patients do not appear to improve clinically and even more patients do not ex

hibit favorable echocardiographic LV reverse remodeling. In search for an explanation for 

these 'non-responders' to CRT, attention has been focused on patient selection criteria, in

adequate LV pacing or optimization of device programming. In this thesis we investigated 

echocardiographic parameters as a clinical tool for improving patient selection for CRT. 

Further, we explored echocardiographic indices to maximize hemodynamic benefit of CRT 

by optimal device programming. Finally, we explored the pathophysiology of the left bun

dle branch block (LBBB) and the mode of action of CRT by correlating echocardiographic 

findings to both symptomatic improvement and left ventricular reverse remodeling. 

First of all, we investigated a novel method for semi-automatic ejection fraction assess

ment using contrast-enhanced echocardiography. 

CHAPTER 1 

First, pathophysiologic and therapeutic aspects of congestive heart failure 

are illustrated. In the second part, a comprehensive review of cardiac resynchronization 

therapy is described. Further, different conventional and new echo-Doppler modalities for 

assessing LV dyssynchrony are evaluated. 

CHAPTERS l AND 3 

A novel method for the assessment of ejection fraction and pulmonary blood 

volume by means of contrast echocardiography is presented. For this purpose, a small bo

lus of contrast is injected in a peripheral vein and its passage through the right ventricle, 

left atrium and left ventricle detected by second harmonic 2-dimensional ultrasound im

aging. Indicator dilution curves (IDCs) are derived at the 3 intracardiac sites and automati

cally processed for the estimation of the cardiovascular parameters of interest. Excellent 

in-vitro accuracy and reproducibility of cardiac output and pulmonary blood volume were 

obtained. 
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For the clinical validation of the novel IDC method (Chapter 3) it was compared 

to contrast-enhanced biplane LV ejection fraction assessment. An excellent correlation 

(r=o.93) was observed between both methods in 68 measurements. A major advantage of 

the automatic IDC method is that it does not require LV contour tracings but can rely on 

sample volumes of the LA and LV therefore limitations of 2D transthoracic echocardiog

raphy such as errors related to image plane positioning or foreshortening of the LV apex 

do not apply. Moreover, the automatic IDC is significantly less time-consuming than the 

biplane method. Therefore, the results of both studies confirm the proof of concept and 

further investigation of the application of this novel method is warranted. 

CHAPTER 4 

The optimal use of pulsed wave TD to predict LV reverse remodeling after CRT 

was investigated in 69 patients eligible for CRT according to standard criteria. In 38 pa

tients (55%), LV reverse remodeling was observed after 3 months of CRT. LV dyssynchrony 

was measured with the time to either onset or peak systolic velocity in 2-and 6- basal LV 

segment models. Standard deviation of time to onset in 6 LV segments of more than 20 ms 

or a maximal delay of more or equal to 6o ms of time to onset between any 2 LV segments 

were almost equally accurate in predicting LV reverse remodeling after CRT (respectively a 

sensitivity of 97% and 95% and specificity of 74% and 73%). The time to peak systolic velocity 

was less accurate than the time to onset velocity. Interrogation of 6 LV segments either by 

the standard deviation or the maximal difference between any two LV segments could ac

curately predict LV reverse remodeling after CRT while evaluating two fixed LV segments 

was not precise. 

CHAPTER 5 

Multiphasic septal motion is a known echocardiographic feature of LBBB. In 

addition, a septal to lateral apical motion of the LV ('hoolahoop' or 'shuffle') is observed 

in patients with LBBB. Five experienced echocardiographers reviewed the 2D echocardio

grams obtained in our study. The relation of abnormal septal motion and shuffle with 

LV-dyssynchrony assessed by TD and LV reverse remodeling after CRT was investigated in 

53 patients. 

LV reverse remodeling, defined as LV end-systolic volume decrease of more or equal than 

10%, occurred in 70% of patients after 3 months of CRT. 

In the patients with dyssynchrony, the individual observers observed multi

phasic septal motion or the shuffle in 90-97% of patients. In the patients without dyssyn

chrony the observers in 67- 83% did not see both echocardiographic phenomena. 

Therefore, initial screening patients for selection of CRT may be simplified by observation 

of both visual echocardiographic phenomena. 

l 

CHAPTER 6 

Presumably, pacing the left ventricle in scar tissue could lead to decreased effec

tiveness of CRT. In this respect, we explored whether the transmural extent and location 

of scar tissue relative to the LV lead position influences the acute hemodynamic effect and 

left ventricular (LV) reverse remodeling with CRT. For this purpose, gadolinium-enhanced 

magnetic resonance imaging was used in 57 patients to locate and quantify myocardial 

scar tissue prior to CRT. After implant, both atrio-ventricular and interventricular pacing 

intervals were optimized using LV dP I dt max· LV reverse remodeling was defined as more or 

equal than 10% decrease in LV end-systolic volume after 3 months. 

Sixteen patients had transmural scar in the postero-lateral (PL) area of the LV 

lead location, 14 at a remote site (non-PL) and 27 patients had no scar. LV dyssynchrony (SD

Ts0-6 ~ 20 ms) was present in 25% of patients in the PL scar group, 71% in the non-PL scar 

group and 81% in the no scar group (p • o.ooo1). Patients with scar at the LV lead demon

strated significantly less acute hemodynamic benefit and LV reverse remodeling after CRT 

compared to patients with scar located remote from the LV lead or without scar. LV reverse 

remodeling was observed in respectively 25%, 64% and 89% of patients (p = o.ooo1). Univari

ate analyses showed a relation of LV reverse remodeling with LV dyssynchrony (p=o.oo4) 

and with absence ofPL scar (p=o.o4). No correlation to QRS duration or extent ofLV scar tis

sue was found. However, in multivariate analysis, only LV dyssynchrony (OR: 19.62; 95%CI 

2.5-151.9;p=o.oo4) independently predicted LV reverse remodeling. 

In conclusion, in this study LV dyssynchrony remains the most important de

terminant of response to CRT, even in the presence of posterolateral scar provided optimi

zation of atrio-ventricular and interventricular pacing interval. It is therefore prudent not 

to withhold CRT only based on the presence of scar. 

CHAPTER 7 

The optimal echocardiographic indexes to determine the most hemodynami

cally appropriate atrioventricular (A V) delay in CRT were investigated. In 30 patients, both 

invasive left ventricular pressure measurements (LV dPi dt max) with a sensor-tipped pres

sure guidewire and Doppler echocardiographic examination was performed within 24 
hours after CRT implantation before onset of therapy. Invasively, the optimal sensed AV 

delay was determined by LV dPidtmax The Doppler echocardiographic methods evaluated 

were the velocity-time integral (VTI) of the trans mitral flow (EA VTI), diastolic filling time 

(EA duration), the VTI of the LV outflow tract or aorta (LV VTI), and Ritter's formula. Opti

mization of interventricular and A V delay increased LV dP I dt max from 777 ± 149 at baseline 

to 1010 ±163 mmHgl sec. (p •o.ooo1). The optimal AV delay with the EA- VTI method was 

concordant with LV dPidtmax in 29 of 30 patients (r =0.96), with EA duration in 20 of 30 pa-



tients ( r = o.83), with LV VTI in 13 patients ( r =0.54), and with Ritter's formula in none of the 

patients (r =0.35). 
We observed that to obtain optimal acute hemodynamic benefit of CRT, Dop-

pler echocardiography is a reliable tool to optimize the AV delay compared with the in

vasive LV dP/dt max· The measurement of the maximal VTI of mitral inflow was the most 

accurate method. 

CHAPTER 8 

Isovolumic times (IVT) are a known determinant of exercise capacity in CHF. We 

postulated that the increase in exercise capacity after cardiac resynchronization therapy 

(CRT) may be related to a more efficient cardiac cycle due to decreasing IVT and increased 

filling times (FT). A six-minute walking test (MWT) and echo-Doppler were performed 

in 52 patients before, 3 and 6 months after CRT. An improvement in MWT by • 15% after 

6 month CRT was observed in 46% of patients. The MWT was moderately but statistically 

significantly correlated to baseline time intervals but not to baseline left ventricular (LV) 

ejection fraction. However, changes in MWT after 3 and 6 months were more closely cor

related to the decrease in IVT, r=-o.66 and r= -o.68, p• o.ooo1 respectively. Receiver operating 

characteristics curve analysis of baseline IVT revealed that an IVT of • 29% of total RR-in

terval predicted exercise response with a positive predictive value of 89% and a negative 

predictive value of 77%. 
In conclusion, improvement in exercise tolerance following CRT is associated 

with the reduction of a prolonged IVT. Baseline IVT might be used as an adjunctive para

meter for selecting symptomatic responders to CRT. 

CHAPTER 9 

Previous reports on diastolic function after CRT are equivocal and often only 

assessed by pre-load dependent Doppler transmittal flow. The 3 and 12 months effect of 

CRT in 52 patients on diastolic function and left ventricular (LV) filling pressures and their 

relation to LV reverse remodeling was investigated. Tissue Doppler early diastolic annular 

(Em) and color M-mode derived flow propagation (Vp) velocities were used to estimate LV 

filling pressures by E/Em and E/Vp ratios. 
After 12 months, LV reverse remodeling (end-systolic volume decrease • 15%) 

was observed in 58%. Diastolic function was significantly more compromised in patients 

without subsequent LV reverse remodeling. We observed that LV reverse remodeling in

duced by CRT is accompanied by improvement in diastolic function and estimated LV fill

ing pressure. Short-term symptomatic benefit by NYHA class was related to a decrease of 

filling pressure during follow-up. However, for longer-term symptomatic improvement 

and decreased filling pressures, LV reverse remodeling appeared mandatory. 

FUTURE DIRECTIONS 

CRT has evolved has an additional therapeutic option in patients with conges

tive heart failure and intraventricular conduction delay. To optimize the response to CRT, 

echocardiography has emerged as an adequate tool to determine LV dyssynchrony. 

Mechanical LV dyssynchrony can identify patients likely to respond symptom

atically but is also able to identify those patients most likely to derive a prognostic benefit 

with CRT. 

Currently, several parameters are used to identify responders to CRT. However, 

variation in definition of LV dyssynchrony and response make comparison of results be

tween studies difficult. There is still no agreement on the parameters that should be in

cluded in baseline evaluation and standardization of criteria is needed. Several new and 

sophisticated echocardiography techniques are under investigation to improve selection 

techniques. However, it seems more important to find simple, accurate and widely appli

cable echocardiography measurements in the evaluation of CRT candidates. 

A consequence of measuring actual mechanical dyssynchrony in heart failure 

patients to select for CRT would be to include patients with mechanical dyssynchrony but 

a narrow QRS complex who are currently excluded from CRT. Further investigation of 

this group who could presumably benefit by CRT is warranted. 

Some studies proposed that CRT provides the greatest hemodynamic benefit 

when applied to the most delayed LV site. Echocardiographic evaluation of dyssynchro

ny could contribute to the optimization of CRT efficacy; by identifying the most dyssyn

chronous LV segment. In this respect investigation of multiple LV segments by TD or 3D 

echocardiography should be performed in the process of selection of the optimal pacing 

site. 

Clinical response to CRT is more frequently observed than echocardiographic 

volumetric response to CRT. Thus, failing to achieve selected 'volumetric' response criteria 

is not necessarily equivalent to 'nonresponse'. Without CRT, further advanced remodel

ing, deteriorated exercise capacity or even death may have occurred. Therefore more ran

domized trials are necessary to investigate this disparity between clinical and volumetric 

responders. Another unanswered question is whether CRT would improve prognosis in 

patients with depressed systolic function but asymptomatic (NYHA class I) or minimally 

symptomatic heart failure (NYHA class II). The safety and efficacy of CRT in NYHA class 

I-II patients are being evaluated further in the REVERSE and MADIT-CRT trials. 
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CHAPTER XI 

SAMENVATTING 

De pompfunctie van het hart wordt aangestuurd door een electrische prikkel die zich via 

gespecialiseerde geleidingsbanen snel over de kamers van het hart verspreid waardoor het 

ganse hart bijna tegelijkertijd geactiveerd wordt en samentrekt. Er is een linker bundel die 

vooral de linker hankamer activeert en een rechter bundel die de rechter kamer aanstuurd. 

Men spreekt van een intraventriculaire geleidingsstoornis als een of beide snelle gelei

dingsbanen vertraagt of geblokkeerd is. 

Bij ongeveer 30% van de patienten met kortademigheidsklachten ten gevolge 

van een gestoorde pompfunctie (symptomatisch hartfalen) blijkt de linker bundel niet 

normaal te functioneren (Linker bundeltak blok ofLBTB). De linker hartkamer wordt dan 

via een omweg gestimuleerd: de prikkel gaat eerst via de rechre bundel naar de rechter 

hankamer om vervolgens via trage eel op eel geleiding uiteindelijk de linker hartkamer te 

activeren. Deze trage activatie van de linker hartkamer leidt tot het niet gelijktijdig (dys

synchroon) samentrekken van de linker hankamer waarbij vooral de achter- en zijkant 

later samentrekt. 

Sinds enkele jaren kan via artificiele stimulatie van deze laat geactiveerde 

gebieden de linker hartkamer opnieuw gesynchroniseerd worden. Deze cardiale resyn

chronisatie therapie (CRT) of biventriculaire pacemaker therapie is tot een geaccepteerde 

aanvullende behandeling bij geselecteerde patienten met symptomatisch hartfalen en 

passende intraventriculaire geleidingsstoornis uitgegroeid. Bij een meerderheid van deze 

patienten verbeteren niet aileen de symptomen van hartfalen, maar ook de pompfunc

tie van het hart neemt toe en het uitgezette of gedilateerde hart wordt opnieuw kleiner 

(LV reverse remodeling). Belangijk is dat ook de overleving in deze geselecteerde patienten 

groep verbeterd. Selectiecriteria voor deze therapie zijn: ernstig symptomatisch hartfalen ( 

New York Heart Association klasse III-IV), een sterk verminderde pompfunctie (LV ejectie 

fractie • 35%) en een geleidingsstoornis compatibel met asynchrone activatie van de linker 

hartkamer(QRS duur • 120 ms). 

Om deze laat geactiveerde gebieden opnieuw gelijktijdig met de rest te laten 

samentrekken wordt een extra stimulatiedraad via deader die het bloed van het hart zelf 

afvoert (de sinus coronarius) naar de zijkant van de linker hankamer gebracht. Als deze 

samen met de normale pacemaker of defibrillator electrode in de rechter hankamer ge

activeerd wordt (biventriculaire stimulatie) kan het hart weer synchroon samentrekken 

(figuur A). 
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Aanvankelijk werden patienten met harrfalen geselecteerd op basis van een 

geleidingsstoornis in de linker bundel. Echter her blijkt dar met deze selectie criteria bij 

slechts 70% van de patienten de klachten van hartfalen verbeteren en dar slechts in 50 tot 

6o% echocardiografisch een betere pompfunctie van de linker hankamer wordt vastgesteld. 

Een aantal factoren kunnen waarschijnlijk bijdragen aan het falen van deze therapie. In 

eerste instantie blijkt de geleidingsstoornis zoals zichtbaar op een elektrocardiogram niet 

altijd samen te gaan met dysssynchronie of het niet gelijktijdig samentrekken van her 

hart. Andere factoren zoals een suboptimale positie van de linker ventrikel draad en het 

niet optimaal afstellen van de pacemaker kunnen ook van invloed zijn. 

In dit proefschrift hebben we de voorspellende waarde van echocardiografische 

parameters onderzocht om de effectiviteit van CRT te verbeteren. Daarnaast zijn echocar

diografische methoden onderzocht om het maximale hemodynamische effect van CRT te 

verkrijgen door optimaal programmeren van de pacemaker. Tenslotte hebben we de ef

fecten van CRT onderzocht op pompfunctie, zowel tijdens vullings als uitdrijvings fase 

van de linker hankamer, en de invloeden van dyssynchronie op de hartcyclus door het cor

releren van verschillende echocardiografische parameters met sympromatische en echo

cardiografische eindpunten verbetering. 
In eerste instantie hebben we een nieuwe automatische methode voor het 

bepalen van de pompfunctie (ejectiefractie) onderzocht met behulp van contrast-echocar-

diografie. 

HOOFDSTUK 1 

In het eerste gedeelte worden pathofysiologische en therapeutische aspecten 

van hartfalen behandeld. Her tweede gedeelte geeft een overzicht van cardiale resynchro

nisatie therapie. Tenslotte worden verschillende conventionele en nieuwe echo-Doppler 

modaliteiten voor her bepalen van LV dyssynchronie besproken. 

HOOFDSTUK 2 EN 3 

In deze hoofdstukken wordt een nieuwe methode voor het bepalen van onder 

andere de ejectiefractie en pulmonaal bloed volume door gebruik van contrast echocar

diografie beschreven. Hiervoor wordt een kleine bolus contrast via een perifere ader in

gespoten en vervolgens de passage hiervan gedetecteerd in de rechter hankamer, linker 

boezem en linker hankamer door middel van echocardiografie. Indicator dilutie curves 

(IDC) van deze drie sample plaatsen worden via een computer programma omgerekend tot 

de cardiovasculaire parameters. De klinische validatie van deze nieuwe IDC methode werd 

vergeleken met klassieke contrast echocardiografische ejectiefractie metingen. In totaal 

68 metingen werd een uitstekende correlatie (r=0.93) gezien tussen beide methoden. De 

automatische IDC methode is gebaseerd op de concentratie van her contrast in de linker 

boezem en linker hankamer en wordt niet zoals met zD echocardiografie door middel van 

linker hankamer contour tracings. Dit voorkomt de beperkingen van zD transthoracale 

echocardiografie gerelateerd aan suboptimale beeldkwaliteit voor adequate tracings en 

beperkingen in de geometrische aannames. De automatische IDC methode is naast ge

bruiksvriendelijker ook significant sneller dan de contrast echocardiografische metingen. 

De resultaten van deze beide studies bevestigen de validiteit van de IDC methode. 

HOOFDSTUK 4 

Pulsed wave tissue Doppler (TD) is een nieuwe echocardiografische methode 

waarbij zowel timing als amplitude van de beweging van de hartspier kan worden weerge

geven. Her tijdsverschil tussen her begin van de electrische activatie en her begin of de piek 

van de beweging van de verschillende segmenten van de harrspier geeft een indruk over 

her gelijktijdig of synchroon samentrekken van het hart. 

In 69 patienten met symptomatisch hartfalen en kandidaat voor CRT werd het 

aantal segmenten dat nodig is om een positief effect ( echocardiografisch LV reverse remod

eling) van CRT te voorspellen onderzocht met behulp van TD. Na 3 maanden behandel

ing werd in 38 patienten (55%) LV reverse remodeling gezien. Een standaard deviatie van 

de tijd tot begin van de systolische beweging van de zes basale LV segmenten van meer 

dan zo ms of een verschil van activatie van meer of gelijk aan 6o ms tussen twee van de 

zes LV segmenten had identieke voorspellende waarde: een sensitiviteit van respectievelijk 
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97% en 95% en een specificiteit van 74% en 73%. Het begin van aktivatie was nauwkeuriger 

dan de tijd tot de piek snelheid van een segment als referentiepunt. Het beperken van de 

evaluatie tot slechts twee gefixeerde LV segmenten was minder betrouwbaar. Dus de beste 

marrier om LV reverse remodeling met TD te voorspellen is door de zes basale segmenten 

te onderzoeken metals referentie de tijd tot het begin van de beweging van de hartspier. 

HOOFDSTUK 5 

Bij een geleidingsstoornis ten gevolge van een linker bundeltakblok kan echo

cardiografisch een specifieke multifasische beweging van het tussenschot (septum) van 

beide hartkamers gezien worden. Daarnaast kan een typische 'kanteling' of 'shuffle' be

weging van de linker hankamer worden vastgesteld. 

Of deze beide fenomenen gerelateerd zijn aan LV dyssynchronie of het effect 

van CRT kunnen voorspellen is niet bekend. In 53 patienten werd enerzijds de relatie van 

de multifasische beweging van het septum en de 'shuffle' van de linker hankamer onder

zocht met LV dyssynchronie aangetoond door middel van TD en anderzijds met het ef

fect van CRT aan de hand van echocardiografische LV reverse remodeling gedefinieerd als 

meer dan 10% systolische LV volume vermindering na 3 maanden CRT. Vijf verschillende 

cardiologen observeerden een multifasische beweging van het septum of de 'shuffle' van 

de linker hankamer in 90-97% van de patienten met dyssynchronie bij TD, terwijl in 67-

83% beide fenomenen door hen niet werden gezien bij de patienten zonder dyssynchronie. 

Zeventig procent van de patienten had LV reverse remodeling na drie maanden behande

ling. Het vaststellen van een van beide echocardiografische fenomenen door de vijf cardi

ologen kon in 87-92% LV reverse remodeling voorspellen terwijl als beide fenomenen niet 

gezien werden in 69-81% van de gevallen geen LV reverse remodeling na CRT werd gezien. 

Concluderend, het observeren van een van beide echocardiografische fenom

enen kan het screenen van patienten voor CRT vergemakkelijken zonder gebruik te maken 

van meer tijdrovende technieken. 

HOOFDSTUK 6 

Het niet optimaal kunnen functioneren van CRT lijkt voor een deel verklaard te 

kunnen worden door het plaatsen van de LV draad in een infarct gebied. 

Om deze vraag te kunnen beantwoorden werden in 57 patienten de invloed van 

de grootte van een infarct en de locatie in relatie tot de positie van de LV draad onderzocht 

op het acute hemodynamische effect (LVdP/dt max) en de LV reverse remodeling na CRT. 

De locatie en grootte van het infarct werd bepaald met magnetische resonantie imaging 

met gadolinium. Na implantatie werden de atrioventriculaire en de interventriculaire 

tijdsintervallen geoptimaliseerd middels invasieve drukmeting (LVdP/dtmax). LV reverse 
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remodeling werd gedefinieerd als meer dan 10% systolische LV volume vermindering na 
3 

maanden CRT. Bij 16 patienten werd een posterolateraal (PL) infarct gezien ter hoogte van 

de LV draad, bij 14 patienten op een andere plaats (non PL), en bij 27 patienten werd geen 

infarct gezien. LV dyssynchronie werd gezien in 25% van de PL groep, 71% van de non-PL 

groep en in 81% van de patienten zonder infarct.(p • o.ooo1) Bij patienten met een infarct ter 

hoogte van de LV draad werd LV reverse remodeling na CRT significant minder frequent 

geconstateerd in vergelijking met de non-PL groep en de patienten zonder infarct (respec

tievelijk in 25%, 64% en 89% van de patienten; p ~ o.ooo1). Ook het acuut hemodynamisch 

effect was significant minder bij de PL groep. Univariate analyse liet een relatie van LV 

reverse remodeling met LV dyssynchrony zien (p ~o.oo4) en met de afwezigheid van een 

PL infarct (p~o.o4) maar niet met de QRS duur of met de grootte van het infarct. Echter, 

multivariaat analyse toonde dat alleen LV dyssynchronie onafhankelijk LV reverse remod

eling voorspelt. Aldus, zelfs in de aanwezigheid van infarctweefsel in het gebied van LV 

stimulatie blijft de aanwezigheid van LV dyssynchrony geobjectiveerd door middel van 

TD betrouwbaar om het effect van CRT te beoordelen mits atrio-ventriculaire en interven
triculaire intervallen geoptimaliseerd zijn. 

HOOFDSTUK 7 

Om het maximale effect van CRT te verkrijgen is de individuele optimalisatie 

van de AV-tijd belangrijk. Wij onderzochten in 30 patienten vier verschillende echocar

diografische methoden voor optimalisatie van de AV tijd in vergelijking met LVdP/dt max 

verkregen invasieve drukmeting. De echo Doppler methoden waren: 1/ de integratie van 

de bloedstroom over de mitraalklep (EA-VTI) 2/ de diastolische vullingstijd (EA-duur) 
3
; 

de integratie van de bloedstroom van de LVuitstroombaan (LVOT-VTI) 4/ de formule door 

Ritter geintroduceerd voor optimalisatie van tweekamer pacemakers. 

Met geoptimaliseerde interventriculaire en AV tijd was er een stijging van de 

LVdP/dt max van 777 ± 149 naar 1010 ± 163 mmHg/s (p• o.ooo1). 

In 29 van de 30 patienten kwam de optimale AV tijd gemeten met de EA-VTI 

methode overeen met de invasieve drukmeting (r~o.96), bij de EA-duur in 2o patienten 

(r~o.83), bij de LVOT-VTI in 13 patienten (r~ 0.54) en bij de formule van Ritter in geen en

kele patient (r~o.35). Aldus, om het optimale acuut hemodynamische effect van CRT te 

verkrijgen is echocardiografie in vergelijking met de invasieve drukmeting een betrou

wbare methode mits gebruik making van meting van de maximale bloedstroom over de 
mitraalklep. 
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HOOFDSTUK 8 

Bij patienten met hartfalen wordt de cardiale cyclus ineffectiever ingedeeld: de 

tijd beschikbaar voor vulling of uitdrijving van bloed in de linker hankamer wordt korter 

terwijl de tijd nodig voor drukopbouw en ontspanning zonder volumeverandering ( iso

volumetrische tijd, IVT) langer wordt. De duur van de IVT is omgekeerd gerelateerd aan de 

inspanningscapaciteit bij patienten met hartfalen. In deze studie werd onderzocht of de 

toename van inspanningscapaciteit na CRT gerelateerd is aan een meer efficiente indeling 

van de cardiale cyclus: verkorten van de IVT en een toename van de vullingstijd (FT). In 52 

patienten werd voor, 3 en 6 maanden na CRT een 6 minuren looptest (MWT) en echocar

diografie verricht. Een inspanningsverbetering, gedefinieerd als een MWT toename van 

meer dan 15%, werd in 46% van de patienten na 6 maanden CRT gezien. De MWT was matig 

gecorreleerd met de baseline tijdsintervallen maar niet met de baseline ejectiefractie. De 

toename in MWT na 3 en 6 maanden had een goede correlatie met de vermindering van 

de IVT. ROC curve analyse van de baseline IVT liet zien dat een IVT grater dan 29% van de 

cardiale cyclus een inspanningsverbetering kon voorspellen met een positief en negatief 

voorspellende waarde van respectievelijk 89 en 77%. 

Concluderend is de inspanningsverbetering na CRT gerelateerd aan 

een verkorting van de verlengde IVT bij hartfalen. De uitgangswaarde van de IVT kan als 

aanvullende parameter gebruikt worden om de symptomatische response na CRT te voor

spellen. 

HOOFDSTUK 9 

Het effect van CRT op de diastolische functie en de vullingsdrukken van het 

hart en de relatie met LV reverse remodeling na CRT werd onderzocht in 52 patienten. LV 

vullingsdrukken werden benaderd door meting van TD early diastolic annular (Em) en 

color M-mode flow propagation (Vp) velocities en bepaling van deE/Em en E/Vp ratio's. 

Na 12 maanden CRT werd in 58% van de patienten LV reverse remodeling gezien 

(systolisch volume vermindering meer dan 15%). De diastolische functie was voor aanvang 

van CRT significant meer gestoord in patienten zonder LV reverse remodeling na CRT. Na 

CRT ging LV reverse remodeling samen met een verbetering van de diastolische functie 

en vermindering van de diastolische vullingsdrukken. Ondanks dat daling van de vul

lingsdrukken alleen op korte termijn met symptomatische verbetering gepaard ging, was 

bij langere follow-up LV reverse remodeling nodig voor handhaven van symptomatische 

verbetering en vermindering van de vullingsdrukken. 
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FUTURE DIRECTIONS 

CRT is een nu een geaccepteerde aanvullende therapie bij patienten met symp

tomatisch hartfalen gepaard gaande met intraventriculaire geleidingsstoornis. Echocardio

grafie speelt een steeds belangrijkere rol in de selectie van patienten en het optimaliseren 

van CRT. Verschillende parameters zijn onderzocht om responders te selecteren. Echter 

verschillende definities van LV dyssynchronie en response na CRT maken het vergelijken 

van resultaten lastig. Nieuwe en geraffineerde echocardiografische technieken worden 

onderzocht om de selectiecriteria te verbeteren. Echter, het lijkt bovenal belangrijk om 

eenvoudige, accurate en alom toepasbare echocardiografie metingen te vinden voor het 
selecteren van CRT patienten. 

Het nauwkeuriger bepalen van mechanische dyssynchronie en voorspellen 

van respons op CRT door middel van echocardiografie betekent ook dat patienten met 

hartfalen met mechanische dyssynchronie maar zonder aperte electrocardiografische in

traventriculaire geleidingsstoornis eventueel voor deze therapie in aanmerking kunnen 
komen. 

Enkele studies lieten zien dat het beste hemodynamische effect van CRT ver

kregen werd als de LV draad op het laatst geactiveerde LV segment geplaatst wordt. Echo

cardiografische bepaling van de optimale localisatie van de LV stimulatie electrode onder 

andere met 3 dimensionele echocardiografie zou hier een bijdrage kunnen leveren. 

Symptomatische verbetering na CRT wordt vaker gezien dan een echocardio

grafisch gemeten volume respons. Er is gebrek aan onderzoek om andere parameters te 
bepalen die het verschil tussen beide kunnen verklaren. 

CRT behandeling is momenteel gereserveerd voor ernstig symptomatische pa

tienten. De invloed van CRT op de prognose van patienten zonder of met minimale symp

tomen is nu nog onbekend maar wordt momenteel geevalueerd in verschillende studies. 



CHAPTER XII 

NAWOORD 

Geachte lezer, 

Her is een algemeen gegeven dar her nawoord her meest gelezen en mogelijk zelfs her 

eerste en enig gelezen stukje werk is van een proefschrift. 

Een samenspel van factoren en mensen is nodig om zoiets groats als een proef

schrift voor elkaar te brengen. Dit zou naruurlijk kunnen leiden tot sensa tie, spanningen 

en zelfs drama, wat de aantrekkingskracht van dit gedeelte wellicht zou kunnen verklaren. 

Men zou zich natuurlijk kunnen afvragen hoe een cardiologisch proefschrift 

bij een professor in de signaalverwerking met als nevenarbeid de anesthesie terechtkomt. 

Echter als je de man zou kennen, dan weer je dat je jezelf gelukkig mag prijzen als deze 

heer iiberhauptje professor wil worden (hij heeft namelijk ook nog een huis in Italii~). 

Professor Korsten 

Beste Erik, mijn professor! Je niet aflatende enthousiasme en positieve houding maakten 

dar her een vreugd was om met je samen te werken. Je inzicht en ideeen zijn her begin 

geweest van dit proefschrift. Ik hoop dat onze samenwerking nog lang vruchten zal afwer

pen. Dank voor je talent om allerlei zaken te 'regelen'. 

Professor van Hemel 

U bent de 'wapening' van deze constructie. Dank voor uw onontbeerlijke steun en begelei

ding bij dit proefschrift. 

Mijn copromotoren Frank Brackeen Jan melle van Dantzig 

Met prettige mensen is het goed samenwerken! 

Frank Bracke 

Beste Frank. Je talent om te vereenvoudigen en de dingen kort en krachtig met een dosis 

humor te zeggen is ongekend. Dank voor je enorme bijdrage en geestdrift om dit proef

schrift tot een succesvol einde te krijgen. Het was een genoegen om her implanteren van 

de biventriculaire pacemaker van jete leren. Dank voor je geduld! 

Jan melle van Dantzig 

Beste JM. Je bent niet alleen begiftigd met 'gouden handjes' in de echocardiografie, maar 

ook kun je de dingen fraai onder woorden brengen, met prachtige volzinnen. Dank voor 

je expertise en perfectionisme bij her 'vormen' van deze beeldvormer. Met plezier denk ik 

aan de heerlijke maaltijden en gezellige avonden bij je thuis. 



Kathinka Peels 

Beste Kathinka. De onofficiele copromotor, een ondankbare taak die je vol verve vervulde. 

Dank voor je echocardiografische expertise en ideeen voor dit proefschrift. Dank voor je 

hulp in moeilijke tijden. 

Massimo Mischi 

Caro Massimo, 

L'inventore questa investigazione! Mille grazie per la collaborazione!! 

De !eden van de beoordelingscommisie, prof.dr. Jordaens, dr. Kampen prof.dr. Pijls: 

dank voor uw bereidheid het manuscript kritisch door te lezen en bij de verdediging aan

wezig te zijn. 

Jacques Koolen 

Beste Jacques. Dank voor je vertrouwen! Waarschijnlijk heb je een nog grotere rol gespeeld 

dan ik weet, maar in elk geval bedankt voor je 'interventies', waar je zoals we weten een 

meester in bent. 

Hans Post en Harry van den Bosch 

Dank voor jullie MRI-deskundigheid en andere hulp bij het schrijven van dit proefschrift. 

Albert Meijer en Pepijn van de Voort 

Dank voor jullie hulp bij het proefschrift en het mij leren implanteren van de biventricu

laire pacemaker. 

De maatschap cardiologic van het Catharina Ziekenhuis wil ik bedanken voor de 

ruimte ( ook financieel) en gelegenheid die ik gekregen heb om dit proefschrift af te ronden, 

ook in moeilijke tijden. 

De 'echogiganten': Emile Cheriex, Ben Delemarre, Renee van de Brink en Pol 

van de Wouw wil ik graag hartelijk danken voor hun inzet en expertise in de cardiolo

gie. Het was mij een waar genoegen om bij jullie allen langs te komen en de 'shuffle' te 

ontleden. Wat mij betreft voor herhaling vatbaar! 

De dames van de hartfunctie wil ik graag hartelijk bedanken voor al hun moeite, hulp 

en tijd bij de totstandkoming van dit proefschrift. Mirjam: hartelijk dank voor je gewel

dige inzet. Mirjam, Jola, Anita, Ingrid, Dorothee, Helene, Jose, Sandra, Inge, Maya, Renate, 
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Zissy en Annemiek: jullie humor, gezelligheid en steun hebben mij zeer geholpen. 

De dames en heren van de electrofysiologie, Berry van Gelder: dank voor het gebruik 

van de invasieve drukmeting. Jan Elders, Roy, Gert, Lex, Bonny, Hans (zx), Hanneke, Rudi, 

Claudia: bedankt voor jullie hulp bij de invasieve drukmeting en de echocardiografische 
vergelijking en alle 'bijstand' bij het leren implanteren. 

De afdeling R&D en het polisecretariaat: Antoinette, Ingrid, Hannie, Linda, Kathinka, 

Harold, Annie, Anne, Lisette en Monique: dank voor jullie secretariele en organisatorische 

ondersteuning. Babs en be ide Ingrids: hartelijk dank voor al jullie werk. 

De 'Vrienden van het Hart', de firma Medtronic en stichting wetenschappelijk 

fonds van het Catharina Ziekenhuis: veel dank voor het vertrouwen en de financide 
ondersteuning. 

De maatschap cardiologic van het Canisius Wilhelmina Ziekenhuis te Nijmegen 

wil ik graag bedanken voor de extra tijd die ik no dig had om dit proefschrift af te ronden. 

Evert Lamfers 

Beste Evert, 

Goede samenwerking heeft niet altijd veel tijd nodig. Zo kort als we elkaar kennen, en dan 
zo'n bijdrage! 

Mijn paranimfen Hedy Matulessy en Nelleke Telgt. Dank voorjullie vriendschap en 
trouw ondanks de drukte en mijn frequente afwezigheid. 

Maar bovenal gaat mijn grootste dank uit naar mijn uitzonderlijke familie, zonder wier 

ondersteuning ik dit niet volbracht zou hebben. Humor is een raar ding maar gelukkig 

deels genetisch bepaald. Mijn grote zus voor haar buitengewone talent ook van dit geheel 

iets moois te maken. Mijn zwager, mijn rots in de taalbranding. Lynn, omdat ze er is. Mijn 
broer en schoonzus voor Jippie. 

En natuurlijk Josje, mijn sprookje (in de wetenschap dat jouw boek meer zal opbrengen 
dan het mijne)! 

Wie ik onverhoopt vergeten ben hier te vermelden: bedankt! 
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CHAPTER XIII 
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ECHOCARDIOGRAPHY IN CARDIAC RESYNCHRONIZATION THERAPY; 

PATIENT SELECTION AND DEVICE OPTIMIZATION. 

Het meten van de standaarddeviatie van de activeringstijd van zes linkerven
trikelsegmenten of de maximale tijd tussen twee linkerventrikelsegmenten met 
behulp van tissue Doppler is een accurate methode om linkerventrikeldyssynchro
nie te beoordelen. 

z Getuige de teksten in overlijdensadvertenties wordt humor terecht hoog 
gewaardeerd. Het geeft aan het !even nieuwe mogelijkheden. 

3 Van hard werken gaje niet dood, van tegenwerking we!. 

4 De ander chao tisch noemen benadrukt eerder je eigen beperktheid. 

5 De patient centraal is een loze kreet geworden. 

6 Het visueel waarnemen van een multifasische septale beweging of een apicale 
beweging van septaal naar lateraal van de linker hankamer ("shuffle") is gerelateerd 
aan linker ventrikel dyssynchronie en kan linker ventrikel reverse remodeling na 
cardiale resynchronisatietherapie nauwkeurig voorspellen. 

7 Absoluutheden bestaan niet. Alles staat in relatie tot ... Niets is absoluut waar. 

8 Het individueel optimaliseren en instellen van het atrio-ventriculaire tijdsinterval 
bij cardiale resynchronisatietherapie is essentieel voor het verkrijgen van het maxi
male hemodynamische effect. Echocardiografisch kan men dit het meest nauwkeu
rig beoordelen aan de hand van de maximale bloedstroom over de mitraalklep. 

9 Heer, heer, sla nooit uw kinderen dood, want je weet niet water uit wassen kan. 

10 Kortdurend symptomatisch effect van cardiale resynchronisatie therapie is ge
relateerd aan verminderde vullingsdrukken. Echter, om op de lange termijn een 
verbetering te zien van de diastolische functie en vullingsdrukken is een verbetering 
van de systolische functie noodzakelijk. 
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