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INTRODUCTIO N N 

Physicianss are facing an increasing number of patients with right ventricular (RV) overload due 
too congenital heart disease. Adult patients with congenital heart disease are emerging as a new 
andd continuously growing population. Improvements in medical care, surgical techniques, and 
closerr follow-up have dramatically improved life expectancy in this group of patients. However, 
inn a substantial part of these patients, the RV is or has been subjected to chronic pressure and/or 
volumee overload (Figure 1). The long-term prognosis of these patients is unknown and mainly 
dependentt on factors such as RV (dys)function, the occurrence of RV failure1, and rhythm 
disorders'' . There is much controversy regarding the long-term outcome of RV function under 
thesee circumstances . Some patients are asymptomatic v'8, while others are in need of frequent 
medicall  care . Accordingly, their life expectancy is highly variable and expressed over a wide 
rangee 'u' ' '. Because assessment of RV function is a difficult task, current evaluation of these 
patientss is mainly based on qualitative parameters14. The lack of quantitative determinants for RV 
functionn hampers physicians to estimate the appropriate time for surgical or medical intervention 
inn order to prevent irreversible RV failure. 
Managementt of these patients would be improved by establishing accurate noninvasive 
quantitativee RV function determinants and to relate them to the already existing qualitative RV 
functionn determinants. The combined information could thus be implemented in daily clinical 
practice. . 
Thiss paper will review the imaging modalities for RV function determination in congenital heart 
disease. . 

RVV  PHYSIOLOG Y UNDER PRESSURE AND VOLUM E OVERLOA D 

Thee muscle mass of RV is approximately one-sixth of left ventricle (LV). Because of its thin 
muscular,, the wall RV is more compliant than the LV and able to accommodate acute large 
incrementss of volume rather than acute pressure overload. However, exposure to chronic 
pressuree overload and increased wall stress will stimulate RV hypertrophy in order to decrease 
walll  stress and to enhance functional performance15. Increased volume load will result in RV 
dilatationn and, according the Frank-Starling mechanism, increased RV contractility. The 
pressure-volumee relation differs considerably between RV and LV. The normal RV ventricular 
pressure-volumee loop is triangular while the normal LV ventricular pressure-volume loop has a 
squaree or rectangular form16. However in patients with morphologic RV in systemic position, the 
pressure-volumee diagrams obtained from the RV are almost indistinguishable from a normal 
LV 17.. RV stroke work can be increased manifolds with well-maintained systolic performance 
usingg the huge contractile reserve of the RV17. Heart failure becomes imminent when the 
compensatingg mechanisms are exceeded and RV is no longer able to cope with the pressure or 
volumee load. 

Deteriorationn of RV function under chronic pressure/volume overload with time has been a 
commonn finding in few studies18'7, but not in all. In a population of 18 patients with ccTGA after 
aa mean of 10 years of follow-up, Dimas et al.4 found that RV ejection fraction (EF) was 
essentiallyy unchanged (Figure 2). These conflicting reports are highlighting the need for 
establishedd reproducible quantitative parameters for determination of RV (dys) function and their 
integrationn in clinical practice. 
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RVV SYSTOLIC FUNCTIO N 

EFF is the most commonly used parameter for RV systolic function in clinical practice. Normal 
RVEFF appears to vary depending on the technique used. Angiographic measurements tend to be 
somewhatt higher than those obtained by radionuclide angiography or echocardiography. RVEF 
valuess between 51% and 68% have been reported19'20. However, assessment of systolic function 
off  RV in systemic position may be more complex, particularly when normal values have not 
beenn established'. No matter which method is chosen, the interpretation of these results is 
difficult .. Helbing et al.21 suggested that RVEF should be interpreted as a measure of global 
ventricularr performance considering that RVEF is an outcome of the different variables 
(preload,, afterload, contractility and heart rate) present in a given disease state. Experimental 
evidencee suggests that RVEF is at least twice as sensitive as LVEF to changes in ventricular 
afterload22. . 

Severall  centers have reported normal resting and exercise RV function in some18,23,24 or even in 
alll  asymptomatic patients with surgically corrected TGA25. Graham et al.18 and Conelly et al.3 

presentedd evidence suggesting that systemic RV function may gradually deteriorate with age, in 
contrastt to the findings reported by Hochreiters et al.25 and Dimas et al.4 showing no 
deteriorationn of RV function in longitudinal studies. However, reduced RVEF in chronic 
elevationn of afterload (Mustard, Senning, Fallot) is certainly sustainable for many years, but 
importantt questions as to its implications or its adaptive responses still remain unanswered. 
Thesee controversies concerning the clinical interpretation of RV systolic function are in 
accordancee with Redington's26 statement: "We are a long way from being able to assess RV 
contractilityy with the currently measurable noninvasive indices." 

RVV DIASTOLI C FUNCTIO N 

Noninvasivee evaluation of LV diastolic function has gained widespread attention and is usually 
performedd on a routine basis27'28. However, limited data have been reported concerning RV 
infloww characteristics and diastolic function29 31. RV diastolic fillin g abnormalities may be a matter 
off  concern especially in patients with chronic pressure and volume overload and postoperative 
congenitall  heart disease32,33. Since diastolic fillin g abnormalities may precede systolic 
dysfunction34,, assessment of diastolic performance may provide early information on the 
developmentt of RV dysfunction. Among the methods presendy available, Doppler-
echocardiographyy has gained the widest acceptance in the study of RV diastolic dysfunction 
Diastolicc function of RV is best assessed by a combination of Doppler examination of the flow 
throughh tricuspid valve, hepatic veins, inferior and superior cava! veins, and pulmonary arteries26 

Howeverr it is often difficult to obtain satisfactory measurements of tricuspid flow by means of 
Doppler-echocardiography.. Magnetic resonance imaging (MRT) has the possibility to assess RV 
diastolicc function and it enables calculation of the volume patterns over the tricuspid valve ' . 
Rebergenn et al performed MRI measurements of tricuspid flow and found them feasible and 
accuratee in healthy children and in patients after a Mustard or Senning operation35 Abnormal 
tricuspidd flow patterns after a Mustard or Senning repair, demonstrated with Doppler 
echocardiography,, have been attributed to reduced compliance, impaired relaxation of the 
hypertrophiedd RV33 or rigid baffles37'38. 
Usingg MRI velocity mapping in a group of corrected Fallot patients with important pulmonary 
regurgitation,, Helbing et al. have established impaired RV relaxation and restriction to RV fillin g 
inn these patients29. The assessment of RV diastolic function is a real challenge. Comparison 
betweenn groups can only be made when measurements are taken in reproducible fashion. Even 
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thann the variable effects of loading conditions, respiration, geometry, and natural history must all 
bee taken into account. 

DIAGNOSTI CC METHOD S 

Estimationn of RV volume and function are more difficult to obtain than similar measurements of 
LVV mainly because the configuration of the RV is far more complex and not well approximated 
byy simple geometric formulas39. Consequently, in clinical practice, the increasing interest in the 
evaluationn of RV function has not been matched by an increase in the spectrum of diagnostic 
noninvasivee modalities. New techniques for studying ventricular function are therefore 
increasinglyy being applied to RV. 

Figur ee 1. Magnetic Resonance Image (Gradient Figure 2. Magnetic Resonance Image (Gradient 
F.choo Image) of heart (Long axis) after surgically Echo Image) of heart (Long axis) of congenitally 
correctedd TGA according Mustard. corrected TGA with situs inversus. 

IMAGIN G G 

Withh ongoing technical advances and an increased interest in the role of the RV, accurate 
estimationn of anatomy and function is not only possible but should be essential. Evaluation of 
RVV function is confounded by the complex geometry, which makes mathematical assumption of 
RVV volumes fairly inaccurate. The most effective method for quantification of the volume of an 
unknownn shape such as the RV is the application of a multislice technique using Simpson's 
rule'3.. Multislice technique divides the ventricle into multiple thin slices where after the volume 
off  each slice is calculated and summed to provide the total RV volume. Conventional imaging 
methodss such as angiography, echocardiography and radionuclide ventriculography have given 
somee insight into the importance of the various determinants of RV pump function. These 
imagingg modalities have their advantages and disadvantages. The RV is difficult to assess 
quantitativelyy with echocardiography. Projection techniques such as radionuclide 
ventriculographyy and cine angiography have a limited role because of overlapping of structures 
andd assumptions concerning RV geometry*1". Relatively new techniques for studying RV function 
andd anatomy like MRI are increasingly being applied in clinical practice. 
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ECHOCARDIOGRAPH Y Y 

Echocardiographyy is the most used imaging technique for the RV, supplementing and often 
replacingg the traditional approach using selective RV contrast angiography41. Doppler 
echocardiographyy can provide morphologic and hemodynamic information through segmental 
analysiss of most congenital heart defects42. Also, echocardiography provides indirect 
documentationn of pulmonary artery hypertension and estimation of severity by the presence of 
RVV dilatation and/or hypertrophy, the presence of tricuspid or pulmonary valvular regurgitation, 
andd by Doppler estimation of RV systolic pressure41. 
Techniquess used for estimating RVEF rely on models that assume a specific geometric share to 
calculatee ventricular volumes. The complex geometry of the RV, especially in congenital heart 
disease,, makes application of geometric models for determination of RV function by means of 
two-dimensionall  echocardiography virtually impossible43. Frequent coexistence of tricuspid 
regurgitationn also confounds accurate RVEF determination44. 
Limitationss of two-dimensional echocardiography in quantifying RV function can be overcome 
byy three-dimensional echocardiography. The technique of three-dimensional echocardiographic 
assessmentt of the RV is an accurate method, because the images acquired with this technique 
cann be analyzed according to Simpson's rule43. The limitation of the system is that only a limited 
sectorr is imaged with the probe. In dilated right ventricles, the margins of the cardiac chamber 
oftenn fall outside these angles and therefore an incomplete data set is rendered. More recently, an 
echocardiographicc machine has become available that uses a digital beamformer system, which 
hass improved by the imaging characteristics of the probe43. Manual tracing of the RV cavity is 
requiredd at the present time and this is continually verified by comparison with the two-
dimensionall  images to ensure that errors are avoided and this process is time consuming. 
Reliablee estimates of ventricular function, independent of ventricular geometry can be obtained 
byy the estimation of the first derivative of pressure rise, or dP/dt45. The peak dP/dt is considered 
ass a reliable parameter of ventricular function, but it is believed to be preload dependent . This 
parameterr was usually obtained via micromanometer catheters, but in the presence of 
atrioventricularr valve regurgitation it can be estimated using Doppler echocardiography showing 
goodd correlation with catheter-derived values46. 

Moree recently the myocardial performance index has been proposed as a geometry-independent 
indexx for global RV function47. Myocardial performance index is derived from the time intervals 
obtainedd via Doppler echocardiography of the inflow and outflow of either ventricle. It reflects 
thee isovolumetric activity of the ventricle in relation to the ejection time, and shows a good 
correlationn with catheter-derived parameters of ventricular function such as peak dP/dt and 
Tau48.. This index does not distinguish between systolic and diastolic function, but rather reflects 
globall  performance15. Because of variations during respiration, tricuspid inflow is less useful in 
determiningg diastolic function than mitral inflow. In combination with tissue-Doppler it may be 
ann excellent indicator for RV diastolic function49"51. 
Inn the clinical practice cardiologists and echocardiographic technicians are faced with wide 
varietyy of RV lesions, caused by congenital heart disease. It is likely that they might recognize 
somethingg abnormal but they might not recognize all the characteristics of the congenital heart 
lesion41.. For that reason and considering that the echocardiography is still the first diagnostic 
choicee in patients with congenital heart disease it is necessary that both the interpreting 
cardiologistt and the echocardiographic technician have special competencies in congenital heart 
disease. . 
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A N G I O G R A P H Y Y 

RVV function can be quantitatively assessed bv RV 
angiography,, whereby RV pressures are directly 
measuredd and accurate volumetric analysis can be 
performed525'.. Graham et al. first reported on the 
angiographicc application of both the biplane area 
lengthh method and Simpson's rule for volumetric 
assessmentt of the RV in normal children and thev 
foundd good correlation between both methods51. 
Angiographicc volumes are normally calculated using 
geometricc assumptions16 but thev tend to be 
inaccurate.. Such techniques do not allow the real 
timee measurement of changes in volume during 
periodss of changing function, and emphasis has 
thereforee shifted towards the use of other imaging 
techniques,, such as echocardiography, scintigraphic 
methodss and MRI. Angiographic studies of RV 
functionn are less useful because of the invasive nature 
off  the study and certain structures overlapping in 
thesee images. The fact that noninvasive studies like 
MRII  and echocardiography can yield all the necessary 
morphologicall  and hemodynamic information makes 
thee role of cardiac catheterization less prominent. 

Figuree 4. Pulmonary valve stenosis and wide 
pulmonaryy artery. 

TabicTabic l. Imaging modalities lor assessing RV function: relative characteristic 

Bdioo Dopplcr Angiography 

Invasivee 4-
Operatorr dependent + + 4- -r 
Radioueiivee exposure + 
Timee consuming + 
Postt processing 
Widelyy used + —/-*-
Costss Low Moderate 

Legends:: I -) - no; ) — yes: (+ ) - very much: I -t-) moderate. 

Figuree 3. 3D reconstruction of the Left and Right 
Ventricle. . 

M RR IMAGIN G 

MRII  provides the diagnostic noninvasive technique 
off  choice for the evaluation of RV function by its 
potentiall  to obtain both anatomic detail and flow 
quantification21-3'4-13.. Good accuracy and superior 
reproducibilityy of MRI are setting a new gold 
standardd for the quantification of RVEF, cardiac 
outputt (systolic function), myocardial mass and wall 
thickness411-54-5''' (Figure 3). 
Technicall  advantages of MRI in comparison with 
otherr techniques are the excellent spatial resolution, 
thee characterization of myocardial tissue, any imaging 
planee is possible in any direction and the potential for 
three-dimensionall  imaging5-. No ionizing radiation or 
harmfull  contrast agents are generally being used 
duringg MRI examination. MRI is also a useful tool in 
thee follow-up of patients with (postoperative) 
congenitall  heart disease that may be associated with 
variouss anatomical and functional abnormalities of 
thee RV58 (Figure 4). 

MRII  Rriiliortudi.ie imaging 

** f 

Moderatee Moderate 
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Thiss is because of its noninvasive nature, the unlimited access to the chest, and the ability to 
providee detailed anatomic images and functional information from the heart obtained with a 
singlee examination. MRJ can easily provide multiple tomographic sections of the entire RV in 
patientss with cardiac deformities, without making geometric assumptions concerning ventricular 
shape.. MRI can also be used to detect intracardiac and homograft conduit obstruction following 
cardiacc surgery in complex congenital heart disease. Further specialized MRI pulse sequences 
suchh as SPAMM (spatial modulation of magnetization) can be used to noninvasivelv determine 
regionall  strain and motion39,6". 

Figuree 5. MASS® postprocessing software image. 

Theree are still some difficulties to overcome in the assessment of the systolic RV function with 
MRI.. Images around the tricuspid valve are not easily interpreted whether they belong to the 
ventriclee or to the atrium. Valve motion during the cardiac cycles makes the assessment of the 
RVV end systolic and end diastolic volumes more complicated due to a certain overlap between 
thee right atrium and RV. However, new techniques with valve tracing possibility are emerging to 
overcomee this problem. 
Presencee of valvular dysfunction or septal defects influences the RV function and its assessment. 
Additionall  flow measurements in the outflow tract of the RV, LV, aorta, or in the pulmonary 
arteryy are needed for accurate RV function determination. There have been several potential 
clinicall  applications of MR velocity mapping (velocity encoded cine MRI) that can provide 
measurementss of flow through the atrioventricular valves (AV), aorta and pulmonary artery. This 
allowss assessment of valvular stenosis, regurgitation and diastolic function34. 
Althoughh real-time image acquisition with sufficient spatial and temporal resolution has recently 
becomee feasible, cardiac gating using the ECG is still being used for most cardiovascular 
applications.. With cardiac gating, the images are acquired in small parts during each heart cycle at 
aa fixed time frame relative to the QRS complex of the ECG until the entire image is acquired. 
Hence,, a cardiovascular MR image reflects the average cardiac condition at a certain time and 
thuss requires a regular heart rate, which is not always present in patients with RV overload. 
Irregularr heart rate has negative effect on the quality of MR imaging causing blurred images. 
Analysiss of RV function is time-consuming. In particular, RV function in patients with 
congenitall  heart defects using MRI requires highly trained personnel, both to obtain and to 
analyzee the images. To date there is no automatic contour detection software commerciallv 
available,, and the analysis requires hand drawing of the RV contours, which is time-consuming 
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(Figuree 5). This problem should be soon resolved with the development of new automatic 
contourr detection software. 
Problemss in differentiating epicardial fat, papillary muscles and interventricular septum are 
commonn to both in-vitro and in-vivo determinations of RV myocardial mass. The results of 
thesee determinations should therefore be interpreted as the minimum volume errors that can be 
achievedd using MRI methods with the specified image resolution and slice thickness for 
ventricularr volume estimates' . 
Mismatchh between resting functional parameters and svmptomatology have emphasized the need 
forr exercise studies to monitor RV function in patients with TGA , and more generally, in 
patientss with RV functioning under pressure and/or volume overload. Exercise studies, apart 
fromm their fundamental relevance to understanding various physiological adaptation mechanisms 
inn health and in disease, have provided objective clinical hallmarks 

Figuree 6. End systolic frame of midventricular slice during baseline and stress in patient with TGA. 

duringg evolution of clinical/surgical management programs for congenital heart lesions . Several 
studies,, using a wide range of approaches towards exercise testing, have been performed but 
thesee studies yielded conflicting results regarding cardiac reserve . Patients with surgically 
correctedd TGA generally show reduced exercise tolerance, which has been attributed to factors 
suchh as abnormally low heart rate response, fillin g abnormalities of the RV8'"" n and systolic 
dysfunction55.. Derrick et al. found reduced diastolic fillin g and decreased stoke volumes during 
dobutaminee stress testing in patients after Mustard repair. The authors are assuming that the 
capacitancee and conduit function of the abnormal, often calcified, intra-atrial pathways may be 
responsiblee for the failure of stroke volume augmentation during exercise . 
Dobutamine,, a relatively selective beta-1-adrenoreceptor agonist, can be used as a 
pharmacologicall  stress agent during MRI investigation6"'6 (Figure 6). Although the positive 
inotropicc action of dobutamine on RV function seems clinically evident'' , few data are available 
regardingg contractile reserve of the RV following beta-adrenergic stimulation"4'66" . Data from 
ourr institution have shown the usefulness of MRI in determining RV and LV contractility in 
patientss with surgically corrected TGA24. This imaging method can also be applied to other 
patientt groups with RV overload for quantitative determination of their cardiac reserve. 
Cardiacc MRI allows an accurate noninvasive functional assessment of the RV. Further 
developmentt of this diagnostic method needs to be done in a multidisciplinary fashion between 
cardiologists,, radiologists, physicists, software scientists and MRI producers. 
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TableTable 2. Indications for  imaging techniques in patients with known or  suspected congenita! bean disease. 

Echoo Doppler  Angiography MR] Radionuclide imaging 

General l 
Anatomy y 
Preoperativee (catheterization) 
Follow-up p 

Specific c 
Viscero-atriall  situs 
ASD D 
Anomalouss pulmonary/venous return 
Atrioventricula rr  valves 
VSD D 
RVyLVV function 
Thee semilunar  valves 
Malpositionn of the GA 
Puhnonaryy atresia 
Centrall  pulmonary stenosis 
Pulmonaryy artery pressure 

111 1 

HI I 

11 1 
11 1 
II I 
11 1 
1! ! 
Il l l 
II I I 
II I 
II I 
I I I 
I I I 

[I I 

11 1 

1 1 

V V 

IV V 
IV V 
II I 

HI I 
IV V 
IV V 
II I I 
II I I 
II I 
111 1 
II I I 
II I I 
111 1 
IV V 

Classs I - provides clinically relevant information and is usually appropriate; may be used as a first  line imaging technique. 
Classs 11 - provides clinically relevant information and is frequently useful, but similar  information may be provided by other  imaging 
techniques. . 
Classs II I  - may provide clinically relevant information but is infrequently used because information from other  imaging techniques is 
usuallyy adequate. 
Classs IV - does not provide clinically useful information . 
Sourcess - Cheillin M D et al. ACCAH A guidelines for  the clinical application of echocardiography. A report of the American College 
off  Cardiology/American Heart Association task force on practice guidelines (Committee in Clinical Application of Echocardio-
graphy).. Circulation 1997; 95: 1686-1744; The clinical role of magnetic resonance in cardiovascular  disease. Task Force of the 
Europeann Society of Cardiology, in collaboration with the Association of European Paediatric Cardiologists. Eur  Heart J 1998; 19:19-
39. . 

DISCUSSION N 

Manyy authors have used different techniques to evaluate RV function in patients with congenital 
heartt disease, but the practical value of these data is questionable. As already stated, there is a 
structurall  difference between the techniques used, the series of patients included are often too 
smalll  and heterogeneous, and therefore these studies are not always representative. Considering 
thatt current clinical practice is falling short of reliable quantitative parameters to assess RV 
functionn under chronic overload, the central question is: to which extent are normal RV or LV 
functionn parameters applicable for RV in systemic position? Is this a valid comparison? In the 
normall  heart, RV end-diastolic volume is higher, RVEF is lower, and pressure-volume 
characteristicss are substantially different from those of the LV15. Indeed these differences have 
beenn highlighted as reasons to why it may be invalid to use indices of LV function to assess RV 
function38.. The situation in patients with TGA is somewhat different. Under these 
circumstances,, the systemic RV is expected to perform the same function as the LV. Indeed, 
somee studies24,38'69 have shown that RV function in some patients with transposition of the great 
arteriess may be comparable to that of normal LV, but often this is not the case3'70'71. Uncertainty 
aboutt deteriorating RV function should best be confirmed by noninvasive quantitative studies 
thatt will allow optimal timing in the decision-making process tailored to the individual patient. 
Theree is no doubt that timely detection and identification of high risk patients who might derive 
survivall  benefit from more aggressive medical and or surgical therapy becomes the cornerstone 
forr improving life expectancy of patients with a RV under chronic pressure/volume overload. 
Consideringg the complexity of RV heart failure as a syndrome, it is unwise to look after a single 
parameterr to reveal either the severity of heart failure or its prognosis. We strongly believe in a 
comprehensivee approach and combination of the imaging, quantitative and noninvasive 
diagnosticc methods to establish practical and useful relation between the quantitative 
determinantss and patients. 
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Outlinee of the Thesis 

Thee topic of the right ventricle (RV) is increasingly prominent in the discussions of the optimal 

treatmentt of patients with chronic and acute RV overload. The rapid and widespread 

devolvementt of possible treatments of these patients has resurrected considerations of an old 

problemm — when is the right ventricle unable to sustain increased pressure or volume overload? 

Too answer this question, reliable, reproducible and quantitative parameters for RV function are 

required.. The focus of this thesis is to relate already known and new quantitative parameters for 

RVV function to patient's clinical status and explore their possible clinical implementation. 

Thee first part and the chapter  1, introduction of the thesis describe quantitative methods for 

assessmentt of RV function under chronic pressure and volume overload in adult congenital heart 

disease.. The long-term prognosis of these patients is unknown and mainly dependent on factors 

suchh as RV (dys) function, the occurrence of RV failure, and rhythm disorders. In these patients 

ventricularr dysfunction often is first apparent during exercise, and loss of cardiac reserve could 

reasonablyy be expected before impairment of resting function. 

Inn chapters 2,3, and 4 we will address the effect of dobutamine stress and its possible clinical 

implicationss in different groups of asymptomatic or minimally symptomatic patients with 

chronicc RV pressure overload due to congenital heart disease. 

Thee assessment of the differences in RV function between patients with isolated chronic 

pressuree overload and patients with combined pressure and volume overload was the main issue 

inn chapter  5. In this study we will also discuss the lack of accurate clinically applicable 

parameterss for RV function and its negative effect on the appropriate stratification, and the 

decision-makingg as to the optimal timing for surgery in patients with valvular regurgitation. The 

problemm of absence of quantitative parameters for RV function and follow-up also affects 

patientss with congenitally corrected transposition of the great arteries ccTGA where the RV is 

supportingg the systemic circulation. In the course of time, systemic ventricular dysfunction and 

failuree may occur. The factors contributing to this problem are poorly understood, but it has 

beenn hypothesized that myocardial ischemia may contribute to RV dysfunction in these patients. 

Inn chapter  6 we quantified regional wall motion and wall thickening (often used as markers for 

myocardiall  ischemia) as possible parameters for early detection of RV dysfunction in patients 

withh ccTGA, and examined the correlation between regional myocardial function (wall motion 

andd wall thickening) and global RV function (ejection fraction (EF)). Ventricular arrhythmia, 

besidee ventricular failure, is another important cause of death in patients with a chronic pressure 
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overloadedd RV due to congenital heart disease. Stratification of patients at risk of life threatening 

arrhythmiass is therefore mandatory in clinical follow-up. 

Thee clinical significance of electrocardiographic (ECG) parameters as non-invasive quantitative 

parameterss for RV function in patients with chronic RV pressure overload due to congenital 

heartt disease will be the focus of chapter  7. In this study we retrospectively examined the 

changess of ECG parameters over time and their correlation with other quantitative RV function 

parameterss as for example end-diastolic volume, myocardial mass and brain natriuretic peptide 

(BNP).. Another quantitative and relatively new parameters for ventricular function, the plasma 

neurohormones,, have drawn our attention and were extensively examined in the setting of RV 

overload.. Recent literature has shown that plasma concentrations of atrial natriuretic peptide 

(ANP)) and BNP are elevated in patients with asymptomatic ventricular dysfunction and these 

parameterss are highly accurate for the detection of ventricular failure. 

Inn chapter  8 plasma levels of ANP and BNP were investigated in asymptomatic or rninimally 

symptomaticc patients under circumstances of chronic RV pressure overload. Plasma 

neurohormoness were related to right ventricular EF determined by magnetic resonance (MR) 

imaging. . 

Thee second part of the thesis will focus on RV function under acute pressure overload and early 

determinantss for dysfunction. RV function is of major prognostic significance in patients with 

acutee pulmonary embolism (PE). Early diagnosis of RV dysfunction is difficult and once 

identified,, patients with PE and RV dysfunction need close monitoring and appropriate therapy. 

Thee role of plasma neurohormones and their applicability in detection of RV dysfunction in 

patientss with acute pulmonary embolism are discussed in chapter  9. In this study we examined 

thee plasma BNP as possible parameter for assessment of RV function in patients with acute PE. 

Inn chapter  10 we emphasize the clinical importance of BNP as a supplementary tool for 

assessmentt of RV function and discrimination between patients with normal RV function, RV 

dysfunctionn and failure under circumstances of acute pressure overload. 

Inn chapter  11 we will discuss the association of elevated BNP levels in patients with acute PE 

andd their association with adverse outcomes during follow-up. In the recent literature, beside 

BNP,, cardiac troponine T (cTnT) has been also proposed as a marker for RV function and 

adversee outcomes in patients with acute PE. 

Inn chapter  12 we have combined these two independent prognostic factors to elucidate fheir 

complementaryy value as quantitative indicators for RV function in patients with acute PE. The 
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changee patterns of BNP, and cTnT levels during the initial management of PE were the focus of 

thiss study. 

Chapterr  13 is a case rapport showing very strong relation between increased BNP, ANP and RV 

functionn as determined by MRI in patients with chronic PE before and after surgical treatment. 

Chapterr  14 contains the conclusions of this thesis. 
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Chapterr 2 

ABSTRACT T 

Objective::  Prognosis in patients with surgically corrected (Senning or Mustard) transposition of 
diee great arteries (TGA) depends mainly on right ventricular (RV) function and RV functional 
reserve.. We examined the role of dobutamine stress in the early detection of RV dysfunction in 
asymptomaticc or slighdy symptomatic patients with TGA using magnetic resonance imaging 
(MRI). . 

Patientss and Methods: Twelve asymptomatic or slighdy symptomatic patients with chronic RV 
pressuree overload, surgically corrected (Mustard or Senning) TGA (age 22.8(3.4) years; NYHA 
classs I/II ) and nine age matched healthy volunteers (age 27.3(4.4) years) were included. MRI was 
appliedd both at baseline and during dobutamine stress (start dose 5(Xg/kg/min to maximum dose 
15|Ig/kg/min)) to determine RV and left ventricular (LV) stroke volumes (SV) and ejection 
fractionn (EF). 

Results::  At baseline only RVEF was significandy higher in controls than in patients (71(9) v 
57(10)%,, p<0.001), other RV parameters were not significandy different between the two 
examinedd groups: RVSV (86(21) v 72(27)ml, p=ns), RV end-diastolic volume (EDV) (123(37) v 
123(33)ml,, p=ns), and heart rate (61(10) v 69(14)bpm, p—ns), respectively. During dobutamine 
stresss RVEF increased significandy both in controls and patients (20(16) v 17(18)%, p<0.01 and 
p<0.022 v rest, respectively), but stress RVEF was significandy higher in controls than in patients 
(85(3)) v 66(7)%, p<0.0001). RVSV increased significandy in controls (22(19)%, p<0.02), and 
theree was no significant increase in RVSV in patients (-10(28)%, p-ns). The controls showed no 
changee in RVEDV (2(17)%, p=ns), but in patients a significant decrease in RVEDV (-24(15)%, 
p<0.001)) was observed. Maximal heart rate was significandy higher in patients than in controls 
(122(20)) v 101(14)bpm, p<0.02). 

Conclusion::  In asymptomatic or slighdy symptomatic patients with surgically corrected TGA 
dobutaminee had a positive inotropic effect on RV, but the increased contractility was not 
accompaniedd by an appropriate increase in SV. Our data suggest inadequate RV fillin g in this 
categoryy of patients, possibly due to rigid atrial baffles and compromised atrial function or 
decreasedd compliance due to RV hypertrophy. 

22 2 



Chapterr 2 

INTRODUCTIO N N 

Improvementt in management of congenital malformations of the heart has resulted in increased 
lif ee expectancy in this group of patients. In a substantial part of these patients, the morphologic 
rightt ventricle (RV) is subjected to chronic pressure overload. Controversy exists regarding the 
abilityy of the RV to function under these conditions over prolonged periods of time1"3. A 
populationn with excessive high RV pressures, now reaching well into adulthood, is represented 
byy the patients who were operated with intra-atrial repair (Mustard or Senning procedure) for 
completee transposition of the great arteries (TGA) since the mid-sixties. Within the exception of 
patientss with significant arrhythmias, adult TGA patients generally lead normal lives and are 
usuallyy asymptomatic or slighdy symptomatic3'4. However, progressive deterioration of RV 
functionn has been reported1. The percentage of patients developing RV failure during 10-20 
yearss of follow up is yet unknown but has been estimated to approach 10-20%5. Mismatch 
betweenn resting functional parameters and symptomatology have emphasized the need for 
exercisee studies to monitor RV function in this patient category3. Several studies, with a wide 
rangee of approaches to exercise testing and conflicting results regarding mechanism of cardiac 
reserve,, have been performed relatively shortly after intra-atrial correction (up to 10 years)3. 
Patientss with TGA generally show reduced exercise tolerance, which has been attributed to 
abnormallyy low heart rate response, fillin g abnormalities of the RV3,6,7 and systolic dysfunction8. 

Magneticc resonance imaging (MRI) is an accurate and reproducible method in the quantitative 
assessmentt of RV function and allows in-vivo assessment of various RV function parameters9"11. 
Additionally,, stress testing assists in the assessment of cardiac reserve. Dobutamine, a relatively 
selectivee beta-1-adrenoreceptor agonist, can be used as a pharmacological stress agent during 
MRII  investigation12,13. Although the positive inotropic action of dobutamine on RV function 
seemss clinically evident ' few data are available regarding normal contractile reserve of the RV 
followingg beta-adrenergic stimulation16"18. The aim of this study was to assess RV contractile 
reservee by dobutamine infusion in healthy volunteers and adult patients with intra-atrial repair 
forr TGA. 

PATIENT SS AN D METHOD S 

Twelvee consecutive asymptomatic or slightly symptomatic patients (mean age 22.8(3.4) years, 
rangee 18-28 years) with intra-atrial repair (Mustard and Senning) for TGA and nine age matched 
normall  control subjects (mean age 27.3 (4.4) years, range 21-35 years) were studied. Population 
characteristicss are summarized in table 1. All patients were in functional class I (n=6) or II (n=6) 
accordingg to the New York Heart Association (NYHA). Exclusion criteria were: valvular 
regurgitationn determined by echocardiography and confirmed by means of MR flow 
measurementss (>10 ml per cardiac cycle), contraindications for MRI (serious claustrophobia, 
pacemakers,, vascular clips, atrial fibrillation) and contraindications for dobutamine (history of 
ventricularr fibrillation and ventricular tachycardia, low potassium values, unstable angina 
pectoris,, hypertrophic cardiomyopathy and untreated hypertension). The local ethical committee 
approvedd this study. Informed consent was obtained from each participant before entering the 
study. . 
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T i b i a l .. Cllniei lChincttr lst icsoftf » Stud y Populatio n 

Patientss Controls 

Men/womenn 76 46 

Age,, years 228(3.4) 27 3(4 4) 

NYHAA class Ml 6£ 910 

Mistard/Sennmgg 11/1 

Valuess are mean (SD); NYHA, New York Heart Association. 

M A G N E T I CC RESONANCE IMAGIN G 

Studyy subjects were placed supine in a 1.5 Tesla MRI scanner with high power gradients (Vision, 
Siemens,, Erlangen Germany). MRI acquisition involved a standardized protocol. Imaging 
sessionss were initiated with scout images to determine the position of the heart in the thoracic 
cavity.. Based on these images an electrocardiogram (ECG) triggered Tl-weighted turbo spin 
echoo series of axial images was acquired. A gradient-echo cine sequence was then performed in a 
planee bisecting the mitral valve orifice and passing through the apex visualizing the long-axis 
vieww in order to localize the atrioventricular valve plane. An ECG-triggered, ultrafast, breath-
holdd gradient-echo cine sequence with the following parameters: repetition time (TR) = R-R 
interval,, time of echo (TE) = 4.8ms, slice thickness 10mm, imaging matrix = 256x256, field of 
vieww (FOV) = 350mm, fli p angle = 20°, was then used to acquire images in the short axis plane 
inn contiguous 10mm slices encompassing the heart from the valve plane to the apex. End-
systolicc and end-diastolic volumes were calculated from this multislice, multiphase image set. 
Volumetricc flow from the RV was assessed by MR velocity mapping. Velocity maps were 
acquiredd with a flip angle of 30°, TE = 24 ms, slice thickness = 6mm, FOV = 320 mm and 
imagingg matrix = 256x256, velocity encoding = 250cm/s. The MRI protocol was repeated 
duringg dobutamine infusion. 

DOBUTAMIN EE INFUSION 

Ann intravenous line was inserted into the antecubital vein prior to the MRI procedure. 
Dobutaminee was administered by a digital infusion pump, which was placed outside the scanner. 
Afterr the MRI acquisition at rest, dobutamine was infused with an initial dose of 5 Jlg/kg/min. 
Afterr 3 minutes, the dobutamine infusion rate was increased by 5 (Xg/kg/min every 3 minutes to 
aa maximum of 15 |ig/kg/min. The MRII  protocol during dobutamine study started 3 minutes 
afterr the maximum dose. During each MRI measurement the electrocardiogram and heart rate 
weree monitored. Systolic and diastolic blood pressures were measured using a brachial artery 
sphygmomanometerr cuff every 3 minutes. 

IMAG EE ANALYSI S 

AA Unix workstation was used for analysis of the MR images. MASS® (Medis, Leiden, The 
Netherlands)) image analysis software was used to display multislice, multiphase images 
individuallyy and in a movie loop mode. End-diastolic (maximal ventricular volume) (EDV) and 
endd systolic (minimal ventricular volume) (ESV) frames were determined by manual outlining of 
aa mid-ventricular slice in all phases. On end-diastolic and end-systolic time frames endocardial 
borderss of the RV and the LV were outlined manually. Papillary muscles and the moderator 
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bandd were not included in the ventricular volume. The enclosed RV and LV cross-sectional areas 
weree measured by computer, multiplied by section thickness, and summed up according to 
Simpson'ss rule to provide LV and RV volumes. 
Totall  MRI examination time was approximately 90 minutes. 

VALIDATIO NN OF VOLUM E MEASUREMENT S 

Thee accuracy of multislice, multiphase ultrafast gradient echo RV volume measurements was 
assessedd by comparison of RV stroke volume (SV) with LVSV in all study subjects (n=21) both 
att rest and during dobutamine infusion. 

CALCULATION S S 

SVV was defined as EDV minus ESV, and RVEF was calculated as SV divided by EDV. The 
dobutaminee stress values were calculated as percentage increase from values at rest. The mean 
bloodd pressure was calculated as 2 times diastolic blood pressure + systolic blood pressure 
dividedd by 3. 

STATISTICA LL  ANALYSI S 

Thee effects of dobutamine within groups were compared with the paired t test. Differences 
betweenn groups were compared with the unpaired t test. The agreement between RVSV and 
LVSVV measurements was assessed by linear regression analysis. A p value < 0.05 was considered 
statisticallyy significant. 

RESULTS S 

Acquisitionn of MR images could be performed in all 21 subjects. Images of good quality were 
obtainedd both at rest and during dobutamine infusion. No significant differences in mean blood 
pressuree or heart rate were found between the groups at rest. During dobutamine infusion 
maximall  heart rate became significantly higher in patients than in controls (122(20) v 
101(14)bpm,, p<0.02)(table 2). Heart rate response in the patient group increased from 69(14) 
bpmm at rest to 122(20) bpm during stress (p<0.0001), and in the controls from 61(10) bpm at 
restt to 101(14)bpm during stress (p<0.0001). The results of all measurements are shown in table 
2. . 

COMPARISO NN OF VOLUM E MEASUREMENT S 

Theree was a good agreement between LVSV and RVSV measured both at rest and during 
dobutaminee stress in all 21 subjects: r=0.97, p<0.0001 (Figure 1). 

RIGH TT VENTRICULA R ETECTIO N FRACTIO N 

Tablee 2 and Figure 2 show RV volumes and RVEF measurements of the controls and patients at 
restt and during dobutamine infusion. Resting RVEF was significantly different between controls 
andd patients 71(9) v 57(10)%, p<0.01). During dobutamine infusion RVEF increased 
significandyy both in controls and patients (20(16) v 17(18)%, p<0.01 and p<0.02 v rest, 
respectively)) (Figure 3), but stress RVEF was significandy higher in controls than in patients 
(85(3)) and 66(7)%, p<0.0001). 
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Tablee 2. Effects of Dobutamlne Stress 

Patientss (n=l2) Control Subjects (n=9) Differences Between Groups 

heartt rate (bpm) 

meann RR (mmHg) 

RVV EDV (ml) 

RVV ESV (ml) 

RVV SV (ml) 

RVV EF (%) 

LVV EDV (ml) 

LVV ESV (ml) 

LVV SV (ml) 

LVV EF (%) 

co(i) ) 

Cll  (1/min/m2) 

rest t 

69(14) ) 

80(8) ) 

1233 (33) 

51(16) ) 

722 (27) 

57(10) ) 

1088 (38) 

36(16) ) 

722 (29) 

67(11) ) 

44 9(1 9) 

22 7(0.9) 

stress s 

1222 (20) 

1000 (14) 

90(18) ) 

30(8) ) 

600 (14) 

66(7) ) 

799 (24) 

22(10) ) 

57(17) ) 

73(7) ) 

7.1(13) ) 

4.0(0.8) ) 

pp value 

<00 0001 

<00 001 

<00 001 

<00 001 

ns s 

<00 02 

<00 01 

<00 001 

<00 04 

<00 01 

<0.001 1 

«0.001 1 

rest t 

611 (10) 

79(8) ) 

123(37) ) 

37(19) ) 

86(21) ) 

71(9) ) 

1177 (24) 

30(11) ) 

87(20) ) 

74(8) ) 

55 3(15) 

2.8(0.8) ) 

stress s 

1011 (14) 

95(14) ) 

1255 (42) 

20(10) ) 

1055 (33) 

85(3) ) 

1288 (39) 

18(8) ) 

1100 (31) 

86(2) ) 

10.7(3.6) ) 

5.6(1.7) ) 

pp value 

<00 0001 

<00 01 

ns s 

<QQ 02 

<00 02 

<00 01 

ns s 

<00 01 

<00 02 

<00 001 

<0.001 1 

<0.0001 1 

rest t 

ns s 

ns s 

ns s 

ns s 

ns s 

<00 01 

ns s 

ns s 

ns s 

ns s 

ns s 

ns s 

stress s 

<0.02 2 

ns s 

<00 02 

<0.02 2 

<0.001 1 

<00 0001 

«00 01 

ns s 

<00 0001 

<0.0001 1 

<00 01 

<00 02 

Valuess are mean (SD); CI, cardiac index; CO, cardiac output; EDV, end-diasrolic volume; ESV, 
end-systolicc volume; EF, ejecdon fraction; LV , Left Ventricle; RR, Blood Pressure; RV, Right 
Ventricle;; SV, stroke volume. 

STROKEE VOLUM E 

Att rest RVSV was slightly, but not 
significantly,, higher in the controls group 
comparedd to the patients (86(21) v 72(27) 
ml,, respectively, p=ns). During 
dobutaminee stress RVSV increased 
significandyy in the controls to 105(33) ml, 
(22(19)%,, p<0.02), while there was no 
significantt increase of RVSV in the patient 
groupp 60(14)ml, (-10(28)%, p=ns) (Figure 
22 and 3). 

Figur ee 1. l inear regression analysis of left ventricular stroke 
volumee (LVSV) and right ventricular stroke volume (RVSV) 
assessedd with multi-slice, multi-phase gradient echo 
magneticc resonance imaging of padents (n=12) and controls 
(n=9)) at rest and during dobutamine infusion. 

RVSVV (ml) 
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Figuree 2. Right ventricular ejection fraction (RVEF) (A), right ventricular stroke volume (RVSV) (B), right 
ventricularr end-diastolic volume (RVEDV) (C) and right ventricular end-svstolic volume (RVESV) (D), in patients 
andd controls at rest (white bars) and during dobutamine infusion (black bars). 

RIGH TT VENTRICULA R VOLUME S 

Att rest no significant differences between controls and patients were found in RVEDV (123(37) 
vv 123(33)ml, respectively, p=ns), and RVESV (37(19) v 51(16)ml, respectively, p=ns). In the 
patientt group the increase of RVEF was accompanied by a significant decrease of RVEDV (-
24(15)%,, p<0.001) without an increase in RVSV. RVESV decreased significantly and similarly in 
bothh controls and patients (-39(27)%, p<0.02 v -39(17)%, p<0.001, p=ns). 

LEF TT VENTRICL E 

Tablee 2 shows LVEF measurements of the controls and patients at rest and during dobutamine 
infusion.. Resting LVEF was not significantly different between controls and patients (74 (8)% v 
677 (11)%, p=ns). During dobutamine infusion LVEF increased significantly both in controls and 
patientss to maximal EF (86(2) and 73 (7)%, p<0.001, p<0.01, respectively), but stress LVEF was 
significantlyy higher in the controls than in the patients (p<0.0001). 
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DISCUSSION N 

Withh this study we showed the usefulness of beta-adrenergic stimulation of RV, which is of 
clinicall  importance for treatment of RV failure. Conflicting reports using various techniques and 
inhomogeneouss groups of patients have precluded definite conclusions on the role of various 
RVV function parameters in adult patients with chronic RV pressure overload. In our study we 
usedd validated MRI techniques in an asymptomatic or slighdy symptomatic patient group with 
chronicc RV pressure overload without additional cardiac lesions or LV dysfunction. 

M A I NN FINDING S 

Theree were no significant differences in resting heart rate, mean blood pressure and RVSV 
betweenn asymptomatic or slighdy symptomatic patients with surgically corrected TGA and 
healthyy volunteers. At rest, RVEF was significandy higher in controls than in patients. During 
dobutaminee stress, RVEF increased significandy in both groups, but stress RVEF was 
significandyy lower in patients than in controls. The increase of RVEF was accompanied by a 
significantt increase of RVSV in controls. By contrast, in patients the increase of RVEF was 
accompaniedd by a significant reduction of RVEDV and no change in RVSV. 

MRl-determinedd RV volumes showed a good correlation with both MRI-determined LV 
volumess and stroke volumes. This internal validation demonstrates accurate RV volume 
measurementss in healthy individuals as well as in patients with chronic RV pressure overload. 

RIGH TT VENTRICULA R FUNCTIO N 

Thee cause for RV dysfunction in patients with intra-atrial repair for TGA is undoubtedly 
multifactorial;; contributory factors include preoperative myocardial damage caused by cyanosis 
beforee surgery, perioperative damage due to inadequate myocardial protection during repair, and 
thee inability of RV to function appropriately under chronic pressure overload5. 

Inn clinical practice, characterization of systolic RV function mosdy relies on assessment of 
RVEF.. In our study, RVEF at rest was significandy higher in healthy volunteers than in 
asymptomaticc patients and increased significandy during dobutamine stress in both groups. 
Bensonn et al1J, using radionuclide angiography, found normal resting RVEF and an increase of 
RVEFF during physical stress test in asymptomatic patients with congerutally corrected TGA and 
impairedd pulmonary ventricular function. Redington20, using invasive techniques, also observed 
increasedd RVEF in response to dobutamine stress test in patients with surgically corrected TGA. 
Dataa from other studies, using radionuclide angiography, indicated depressed resting RVEF in 
patientss with TGA and no increase or even a decrease in RVEF during stress35. The 
controversiall  findings of these studies can be explained by the used technique. Radionuclide 
studiess have several limitations in assessing RV volumes and function as a result of the 
geometricallyy complex RV shape and overlap with LV21. These studies addressed patients in 
differentt age groups and with additional cardiac lesions, such as tricuspid regurgitation, which 
mayy interfere with resting RV values and response to exercise. In our study, patients with 
additionall  lesions were excluded. Similar to our results, two studies using MRI did show a lower 
RVEFF at rest in patients with TGA7'22 compared to control subjects. 

Despitee a significant increase of RVEF during dobutamine stress, RVSV did not increase 
appropriatelyy in patients, which can be explained by the significant reduction of RVEDV. A 
significantt decrease of RVEDV and inappropriate SV response have previously been reported 
usingg various techniques in asymptomatic patients with TGA in response to physical exercise23'24. 
AA possible explanation for a decline in RVEDV and SV during dobutamine stimulation could be 
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impairedd filling  due to impaired compliance due to RV hypertrophy~ as a result of chronic 
pressuree overload. Another possible cause for a falling SV at higher heart rates could be the small 
bafflee size and compromised atrial function of the postoperative Mustard and Senning atria with 
subsequentt inadequate filling  of the ventricles'. As a third possible explanation for abnormal SV 
responsee during stress the role of chronotropic impairment has been debated . However, all our 
patientss showed normal chronotropic response to dobutamine stress test, taking into account 
thatt patients with pacemakers were excluded. 

Inn our study it seems likely that impaired RV filling  due to rigid atrial baffles or to decreased 
compliancee of hypertrophic RV might be responsible for the inappropriate response of RVSV 
duringg stress. However, additional MRI information about diastolic filling  characteristics will be 
helpfull  to investigate the possible diastolic dysfunction in these patients. 

Figur ee 3. Change (%) of 
heartt rate (HR), mean blood 
pressuree (RR), right 
ventricularr end-diastolic 

volumee (RVEDV), right 
ventricularr end-systolic 
volumee (RVESV), right 
ventricularr stroke volume 
(RVSV),, right ventricular 
ejectionn fraction (RVKF) and 
cardiacc index (CI) during 
dobutaminee stress test. 
Whitee bars, controls; black 
bars,, TGA. 

CLINICA LL IMPLICATION S 

Duringg inotropic stimulation a significant increase of heart rate and abnormally low change of 
RVSVV was observed in the patients with intra-atrial repair for TGA. This may have important 
implications,, as for example in the response to arrhythmias. 

Timelyy recognition of RV dysfunction is essential for the management of patients with chronic 
RVV pressure overload. This requires adequate monitoring of quantitative parameters for RV 
functionn with techniques that may be applied serially during follow-up, which should preferably 
bee noninvasive such as MRI. 

CONCLUSION S S 

Dobutaminee has a positive inotropic effect on RV contractility, which can appropriately be 
assessedd with MRI. In asymptomatic or slightly symptomatic patients with surgically corrected 
TGAA increased contractility was not accompanied by an appropriate increase in stroke volume. 
Ourr data suggest inadequate RV filling  in this category of patients, possibly due to rigid atrial 
baffless and compromised atrial function or decreased compliance due to RV hypertrophy. 

jSS 50 
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ABSTRACT T 

Objective::  We explored the effect of dobutamine stress and its possible clinical implications in 
differentt groups of asymptomatic patients with chronic right ventricular (RV) pressure overload 
duee to congenital heart disease. 

Patientss and Methods: Forty-seven asymptomatic and minimally symptomatic patients with 
chronicc RV pressure overload were studied: 24 patients with systemic RV (16 surgically corrected 
transpositionn of the great arteries (TGA) (Mustard or Senning), 8 congenitally corrected TGA), 
233 patients with chronic pressure overloaded subpulmonic RV, and 11 age and sex-matched 
healthyy volunteers were included. MRI was applied both at baseline and during dobutamine 
stresss to determine RV volumes and ejection fraction. 

Results::  At baseline RV ejection fraction in surgically corrected TGA was significandy lower 
thann in controls % vs 70+8%, p=0.02). During dobutamine stress RV ejection fraction 
increasedd significantly in controls and patient groups except for the patients with pressure 
overloadedd subpulmonic RV. RV stroke volume increased in controls (21 , p-0.008); RV 
strokee volume remained unchanged in congenitally corrected TGA and surgically corrected TGA 
(2+17%,, p=ns and , p=ns, respectively). In patients with subpulmonic RV a significant 
RVV stroke volume decrease was observed , p=0.0002). The changes in RV stroke 
volumee were accompanied by a significant decrease in RV end diastolic volume of , 
(p=0.001)) in subpulmonic RV, and , (p=0.0001) in surgically corrected TGA. In 
controlss and congenitally corrected TGA there was no change in RV end-diastolic volume 

,, p=ns and -5+11%, p=ns, respectively]. 

Conclusions:: There is a clear heterogeneity in response to MRI dobutamine stress between 
differentt groups of patients with chronic RV pressure overload. Our data suggest impaired fillin g 
inn surgically corrected TGA and decreased contractility in patients with chronic pressure 
overloadedd subpulmonic RV. Dobutamine stress MRI may facilitate follow-up of RV 
(dys)) function in patients with chronic RV pressure overload due to congenital heart disease. 
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INTRODUCTIO N N 

Magneticc resonance imaging (MRI) has shown to be an accurate, reproducible and quantitative 
methodd allowing reliable assessment of various RV functional parameters1"4. 

Dobutamine,, a relatively selective beta-1-adrenoreceptor agonist, can be used as a 
pharmacologicall  stress agent during MRI investigation5'6. Although the positive inotropic action 
off  dobutamine on RV function seems clinically evident7,8 few data are available regarding 
contractilee reserve of the RV following beta-adrenergic stimulation in patients with chronic RV 
pressuree overload912 .Ventricular failure often is first apparent during exercise, and loss of cardiac 
reservee could reasonably be expected before impairment of resting function13. The objective of 
thiss study was to assess and direcdy compare the cardiac reserve between different sub-groups of 
patientss with pressure overloaded RV and healthy volunteers. 

ClinicalClinical  Characteristics  of  the Study  Population 

Variable e 

Men/women n 

Agee (years) 

Functionall  class I/I I 

RVV systolic pressure (mmHg) 

Pulmonaryy valve regurgitation 

<< 10 ml/stroke 

10-200 ml/stroke 

20-300 ml / stroke 

Tricuspidd valve regurgitation 

<< 10 ml/stroke 

10-200 ml/stroke 

20-300 ml / stroke 

Controls s 

(nn = l l ) 

5/6 6 

28(5) ) 

11/0 0 

--

--

--

--

--

--

--

Congenitally y 
corrected d 

TGA A 

(nn = 8) 

5/3 3 

27(6) ) 

5/3 3 

100-125 5 

7 7 

1 1 

--

4 4 

3 3 

1 1 

Surgically y 
corrected d 

TGA A 

(n=16) ) 

8/8 8 

23(4) ) 

8/8 8 

90-134 4 

15 5 

1 1 

--

8 8 

5 5 

3 3 

Subpulmonic c 

RV V 

(nn = 23) 

11/12 2 

27(5) ) 

17/6 6 

35-100 0 

11 1 

4 4 

8 8 

13 3 

9 9 

1 1 

Tablee 1. Values are mean (SD) TGA, transposition of the great arteries; RV, right ventricle; n, number of patients. 
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METHOD S S 

Forty-sevenn asymptomatic and minimally symptomatic patients with chronic right ventricular 
(RV)) pressure overload (RV systolic pressure > 35 mm/Hg determined by echocardiography) 
weree studied: 24 patients with systemic RV (16 surgically corrected TGA (Mustard or Senning 
procedure),, 8 congenitally corrected TGA), 23 patients with pressure overloaded subpulmonic 
RV,, and 11 age and sex-matched healthy volunteers were included. Demographic characteristics 
aree summarized in Table 1. The Institutional Ethics Committee approved the study design and 
informedd consent was obtained from all study subjects. 

Magneticc resonance imaging: Study subjects were placed supine in a 1.5 Tesla MRI scanner 
withh high power gradients (25 mT/m, slew rate 83 T/m/s)(Magnetom Vision, Siemens, 
Erlangenn Germany). 

Effectss of dabataiujK stress 

Heartt rate (bpm) 

Meann blood pressure 
(itlHlHg ) ) 

RVV end diastolic volume 
(ml/m2) ) 

RVV end systolic volume 
(ml/m*) ) 

RVV stroke] volume 
(ml/m1) ) 

RVV Ejection fraction (%) 

Cardiacc index (1/min/m )̂ 

Controls s 

rest t 

655 (12) 

82(8) ) 

622 (17) 

19(9) ) 

433 (10) 

70(8) ) 

2.8(0.6) ) 

stress s 

100(14) ) 

955 (12) 

633 (19) 

10(4) ) 

522 (16) 

83(6) ) 

5.3(1.7) ) 

Congemtally y 

rest t 

66(13) ) 

70(4)* * 

83(22)* * 

32(13)* * 

511 (13) 

62(9) ) 

3.3(1.0) ) 

orrectedd TGA 

stress s 

955 (21) 

877 (10) 

80(28) ) 

277 (10)t 

53(20) ) 

666 COT . 

4.8(1.4) ) 

Surgicallyy corrected TOA 

rest t 

711 (14) 

79(8) ) 

688 (16) 

28(9)* * 

400 (13) 

588 (10)* 

2.8(0.9) ) 

stress s 

120(18)t t 

99(13) ) 

51(8) ) 

17(4)T T 

34(7)T T 

66(8)t t 

4.0(0.7)t t 

Subpulmonicc RV 

rest t 

71(9) ) 

833 (10) 

811 (32)* 

33(22)* * 

48(13) ) 

63(13) ) 

;; 3.4(0.7)* 

stress s 

1111 (18) 

97(13) ) 

711 (27) 

299 (19)T 

411 (13)t 

622 (16)t 

4.5(1.5) ) 

Tablee 2. * p p < 0.05 v controls in rest; f p < 0.05 v controls during stress; RV, right ventricle; TGA, transposition of the 
greatt arteries. 

MRII  acquisition involved a standardized protocol2,3,12. An electrocardiogram-triggered, ultrafast, 
breath-holdd gradient-echo cine sequence with the following parameters: repetition time = R-R 
interval,, echo time = 4.8ms, slice thickness 10mm, imaging matrix = 256x256, field of view = 
350mm,, flip angle = 20°, was used to acquire images in the short axis plane in contiguous 10mm 
slicess encompassing the heart from the valve plane to the apex. End systolic and end diastolic 
volumess were calculated from this multislice, multiphase image set. Volumetric flow from the 
RVV was assessed by MR velocity mapping. Ultrafast gradient echo (Fast Low Angle Shot 2d) 
withh a flow encoding gradient was used for velocity mapping. Velocity maps were acquired with 
aa flip angle of 30°, echo time = 24 ms, slice thickness - 6mm, field of view = 320 mm and 
imagingg matrix = 256x256, velocity encoding = 250cm/s. The velocity maps were obtained after 
doublee angulation 1 cm above the aortic and pulmonary valve. The MRI protocol was repeated 
duringg dobutamine infusion. Total MRI examination time was approximately 90 minutes. 

Dobutaminee infusion: An intravenous line was inserted into the antecubital vein prior to the 
MRII  procedure. Dobutamine was administered by a digital infusion pump, which was placed 
outsidee the scanner. After the MRI acquisition at rest, dobutamine was infused with an initial 
dosee of 5 Jig/kg/min. After 3 minutes, the dobutamine infusion rate was increased by 5 
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Hg/kg/minn every 3 minutes to a maximum of 15 (Xg/kg/min. The MRI protocol during 
dobutaminee study started 3 minutes after the maximum dose. During each MRI measurement 
thee electrocardiogram and heart rate were monitored. Systolic and diastolic blood pressures were 
measuredd using a brachial artery sphygmomanometer cuff ever)' 3 minutes (Hewlett Packard 
54s**  Palo Alto, California, USA). Serious arrhythmias, such as ventricular tachycardia, an increase 
>> 50%, or a decrease >20% in systolic blood pressure, an increase in heart rate >50%, or 
significantt subjective discomfort of the subject were all considered as reasons to stop the test. 

Imagee analysis: A Unix workstation was used for analysis of the MR images. MASS (Medis, 
Leiden,, The Netherlands) image analysis software was used to display multislice, multiphase 
imagess individually and in a movie loop mode. End diastolic and end systolic volume frames 
weree determined by manual outlining of a mid-ventricular slice in all phases. On end diastolic 
andd end systolic time frames endocardial borders of the RV and the left ventricle were outlined 
manually.. Papillary muscles and the moderator band were not included in the ventricular volume. 
Thee enclosed RV and left ventricle cross-sectional areas were measured by computer, multiplied 
byy section thickness, and summed up according to Simpson's rule to provide ventricular 
volumes.. Flow® (Medis, Leiden, The Netherlands) image analysis software was used to analyze 
thee velocity maps. 

Statisticall  analysis: The effects of dobutamine within groups were compared with the paired t 
test.. Differences between groups were compared with the unpaired t test. A p value < 0.05 was 
consideredd statistically significant. Quantitative variables with a normal distribution are presented 
ass mean  standard deviation. 

AA B 

—** 100-1 p=0.001 p=0.04 p=0.04 

.22 75-

p=0.0088 p=ns p=ns p-0002 

CC 50-

II Stress 

Controlss Congenitally Surgically Subpulmonic 
correctedd TGA corrected TGA RV 

T§§ 25 

Controlss Congenitally Surgically Subpulmonic 
correctedd TGA corrected TGA RV 

D D 

55 Ê 

p=nss p=0.0001 p=0.001 
"_,__ C D Baseline 

II Stress 

p=0.00011 p=0.0005 p=0.00007 p=0.00007 

Controlss Congenitally Surgically Subpubnonic 

]] Baseline 

correctedd TGA 

Controlss Congenitally Surgically Subpulmonic 
correctedd TGA corrected TGA RV 

Figuree 1. Right ventricular ejection fraction (A), right ventricular stroke volume (B), right ventricular end-diastolic volume (C) 
andd cardiac index (D), in patients and controls at rest (white bars) and during dobutamine infusion (black bars). (RV), Right 
ventricle;; (TGA), transposition of the great arteries. 
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RESULTS S 

Att baseline there was no difference in heart rate between the examined groups. Only in surgically 
correctedd TGA RV ejection fraction was significantly lower than in controls % vs 

,, p=0.02). RV end diastolic volume was significandy larger in patients with pressure 
overloadedd subpulmonic RV and congenitally corrected TGA than in healthy volunteers (Table 
2).. During dobutamine stress, heart rate increased significantly in all groups; only in surgically 
correctedd TGA patients the increase was significantly higher than in controls. RV ejection 
fractionn increased significandy in controls and patient groups except for the patients with 
pressuree overloaded subpulmonic RV (Figure la). RV stroke volume increased in controls 
(211 , p=0.008), but in patients with congenitally corrected TGA stroke volume remained 
unchangedd and in patients with surgically corrected TGA a not significant stroke volume 
decreasee was observed (Figure lb). In pressure overloaded subpulmonic RV there was a 
significantt decrease in RV stroke volume (-15+16%, p=0.0002). The RV stroke volume changes 
duringg dobutamine infusion were accompanied by a significant decrease in RV end diastolic 
volumee -13+14%, p=0.001 in subpulmonic RV and -23  16%, p=0.0001 in surgically corrected 
TGAA (Figure lc). In controls and congenitally corrected TGA no change in RV end diastolic 
volumee was observed. Low dose dobutamine was well tolerated by most patients. We did have to 
interruptt one examination due to the occasion of a supraventricular tachycardia with a heart rate 
aroundd 260 beats/min that was managed with carotid sinus massage; 3 other patients reported 
dizzinesss and nausea during the dobutamine infusion. The clinical, rest and stress MRI 
characteristicss of the study population are shown in Table 2. 

DISCUSSION N 

Too our knowledge this is the first study addressing the cardiac reserve determined by MRI 
dobutaminee stress test in different asymptomatic and minimally symptomatic patient groups with 
chronicc RV pressure overload (congenitally and surgically corrected TGA, subpulmonic 
obstructionn and corrected tetralogy of Fallot). Conflicting reports using various techniques and 
inhomogeneouss groups of patients have precluded definite conclusions on the role of various 
RVV function parameters in adult patients with chronic RV pressure overload. Our data suggest 
impairedd filling  in surgically corrected TGA and decreased contractility in patients with chronic 
pressuree overloaded subpulmonic RV. During dobutamine infusion the patients with 
congenitallyy corrected TGA showed similar responses as the healthy volunteers. In addition, 
MRII  during beta-adrenergic stimulation has the potential to become an important diagnostic tool 
forr patients with RV functioning under chronic pressure overload. In our study we used routine 
MRII  techniques in an asymptomatic or slighdy symptomatic patient group with chronic RV 
pressuree overload without additional cardiac lesions or left ventricular dysfunction. 

SURGICALL YY CORRECTED TGA: 

Inn clinical practice, characterization of systolic RV function mosdy relies on assessment of RV 
ejectionn fraction and RV stroke volume. In our study, despite a significant increase of RV 
ejectionn fraction during dobutamine stress, RV stroke volume did not increase appropriately in 
patientss with surgically corrected TGA. This can be explained by the significant reduction of RV 
endd diastolic volume. A significant decrease of RV end diastolic volume and inappropriate stroke 
volumee response have previously been reported using various techniques in asymptomatic 
patientss with TGA in response to physical exercise14'15. Redington et al.16, using invasive 
techniques,, also observed increased RV ejection fraction in response to dobutamine stress test in 
patientss with surgically corrected TGA. Data from other studies, using radionuclide angiography, 
indicatedd depressed resting RV ejection fraction in patients with TGA and no increase or even a 
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decreasee in RV ejection fraction during stress17'18 .In patients with TGA, the systemic ventricle is 
morphologicallyy the RV, and it might be argued that the RV normally operates at a lower 
ejectionn fraction than the left ventricle. Derrick et al. found reduced diastolic fillin g and 
decreasedd SV during dobutamine stress test in 14 asymptomatic patients after Mustard repair. In 
contrastt to the previous studies the authors are assuming that the capacitance and conduit 
functionn of the abnormal, often calcified, intra-atrial pathways may be responsible for the failure 
off  stroke volume augmentation during exercise19. 

CONGENITA TT l V CORRECTED T G A 

Att baseline our patients showed no functional differences compared to the healthy volunteers. 
Onlyy the RV end diastolic volume and RV end systolic volume were significantly larger in the 
congenitallyy corrected TGA group, pleading for enlarged RV in these patients. During 
dobutaminee infusion the congenitally corrected TGA patient group had a response most similar 
too the healthy volunteers compared to the other examined patient groups (Table 2). Benson et 
al20,, using radionuclide angiography, also found normal resting RV ejection fraction and an 
increasee of RV ejection fraction during physical stress test in asymptomatic patients with 
congenitallyy corrected TGA. In contrast, Connelly et al21 using radionuclide angiography, found 
significantlyy lower ejection fraction at rest and during exercise than in normal patients with 
congenitallyy corrected TGA. 

PRESSUREE OVERLOADE D SUBPULMONI C RV 

Thee almost universal finding of a dilated RV with reduced ejection fraction has been taken as a 
manifestationn of the inadequacy of RV to perform under chronic pressure overload. 
Furthermore,, this dysfunction has been implicated in the finding of reduced exercise capacity in 
thesee often asymptomatic patients. In this study, we confirmed a failure to increase stroke 
volumee during low dose dobutamine infusion as the primary hemodynamic abnormality. There 
wass a fall in stroke volume of 15% at maximal stimulation, and the cardiac index rose because of 
thee significant heart rate increase. Although controversy still exists regarding normal ventricular 
parameterss in a RV submitted to chronic pressure overload, the abnormal dobutamine stress 
responsee in the setting of apparently normal daily exercise tolerance and its clinical implications 
havee not yet been adequately explained. 

STUDYY LIMITATION S 

Patientss with pacemakers could not be included because of the MRI examination and patients 
withh irregular rhythms were not included because of the danger of developing life-threatening 
arrhythmiass due to administration of dobutamine. This patient selection, in our opinion, had 
onlyy moderate impact on our results. The examined populations were not homogenous in terms 
off  clinical characteristics. Some of the confounding variables include type of RV overload, the 
agee at operation, types of palliation prior to surgery, technical variation in surgery, extent and 
typess of perioperative myocardial protection and residual hemodynamic sequelae. The numbers 
aree still relatively small because of the rarity of the conditions examined. 
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ABSTRACT T 

Background::  Failure of the systemic right ventricle (RV) often complicates adult survival in 
unoperatedd (UN) or physiologically repaired (PHYS) congenitally corrected transposition 
(ccTGA).. Healthy controls schematically represent an optimal outcome anatomic repair, which is 
increasinglyy performed to treat ccTGA. Magnetic Resonance Imaging (MRI) dobutamine stress 
testingg measures cardiac reserve, and sets to compare the left ventricle of controls with the 
systemicc RV of UN and PHYS patients with ccTGA. 

Methods::  Baseline and stress MRI (maximum dobutamine dose 15 (Xg/kg/min) assessed 
systemicc RV function in 13 minimally or asymptomatic adult patients with ccTGA (unoperated; 
n=7,, and physiologically repaired; n=6). The left ventricles (LV) of eleven healthy age-matched 
adultss served as controls. 

Results::  Baseline and stress end-diastolic volumes were similar between the systemic RV of 
unoperatedd patients and the left ventricle of controls, as well as baseline end-systolic volumes. 
Stresss ejection fraction was lower in UN and PHYS patients (70+/-6% and 60+/-5% 
respectively,, versus healthy= 84+/-8%). However, comparable to healthy controls, both subsets 
off  ccTGA patients responded appropriately to dobutamine stress, as illustrated by similar RV 
strokee volume, heart rate, mean blood pressure, and cardiac index. 

Conclusions::  Compared to the LV of healthy controls, both patient groups had larger systemic 
RVV ventricular volumes, diminished ejection fraction, but an appropriate response to 
dobutaminee stress. Values of unoperated patients are closer to normal than PHYS patients. MRI 
dobutaminee may help to define the subgroups of ccTGA patients with favorable anatomy, 
wherebyy asymptomatic adult survival could be anticipated without need for surgery. 
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INTRODUCTIO N N 

Rightt ventricular (RV) failure, tricuspid valve insufficiency, and complete heart block are 
establishedd causes of morbidity and mortality in patients with congenitally corrected 
transpositionn of the great vessels (ccTGA)1"7. This may occur either in unoperated patients, or 
afterr variants of the so-called "classical" or physiological repair, in which the morphological right 
ventriclee and atrioventricular valve remain in the systemic circulation. The disappointing natural 
historyy and surgical results of physiologic repair1'810 led to the concept of anatomic repair, either 
thee double switch procedure, or an atrial switch plus Rastelli repair, which is increasingly 
proposedd to treat symptomatic young patients with ccTGA. Although the mid-term follow-up of 
thee anatomic repair has shown encouraging results when performed early on611, the indication to 
doo so remains uncertain in adults. Issues pertaining to left ventricular retraining prior to 
anatomicc repair are paramount, and the extent to which this may be achieved is a major 
determinantt of operative success11. Furthermore, anatomic repair has met with its own set of 
complications,, namely atrial arrhythmias, baffle obstructions, neoaortic valve insufficiency after 
pulmonaryy artery banding, and the need for repeat conduit changes if a Rastelli repair is 
involved6,11'12.. In asymptomatic and/or older patients with ccTGA, a large undertaking such as 
thee anatomic repair would seem questionable. 

Magneticc resonance imaging (MRI) coupled with dobutamine stress testing can accurately assess 
cardiacc reserve, and represents an ideal non-invasive follow-up modality in all patient groups 
withh right ventricular overload13"15. It allows for early detection of ventricular dilation and 
impendingg failure, and may guide medical or surgical management before symptoms appear1 . 
Ourr study uses dobutamine stress MRI in an attempt to define and predict the eventual subsets 
off  patients who will never need surgery, rather than an anatomic repair. 

PATIENT SS AN D METHOD S 

Thirteenn asymptomatic or minimally symptomatic adults with ccTGA (mean age 28.1 + /- 11.5 
years),, and 11 age-matched healthy volunteers were enrolled in our study. Six patients with 
congenitallyy corrected transposition had undergone multiple operations along the physiologic 
repairr pathway, between 1978 and 1995. Preoperatively, two patients had presented with 
cyanosis,, and four had been in intractable heart failure. All were in New York Heart 
Classificationn (NYHA) classes III-I V preoperatively, and all were in sinus rhythm. Palliative 
proceduress were performed in 3 patients at a mean age of 1.1 years (range 0.4-2 years), including 
pulmonaryy artery banding (n=2), and a modified left Blalock-Taussig shunt (n=l). Intracardiac 
physiologicc repair was performed at a mean age of 15.8 years (range 3-61 years), and included 
closuree of a ventricular septal defect (VSD) (n=3) or an atrial septal defect (ASD) (n=3), 
tricuspidd valve replacement (n=2) or repair (n=l; reoperation), pulmonary valve comissurotomy 
(n=l),, and insertion of a left ventricular-to-pulmonary artery valved homograft conduit (n=l). 
Theree was no operative mortality, and no incidence of postoperative complete heart block. At 
thee time of the MRI-dobutamine study, mean age was 29.5 + /- 18 years (range 17-65 years). 
Threee patients had residual 2-3+ tricuspid valve regurgitation, as assessed by echocardiography. 

Equallyy studied were 7 asymptomatic adult patients with unoperated ccTGA (UN), with a mean 
agee of 26.7 years (range 22-35 years). One patient was in spontaneous complete heart block 
withoutt a pacemaker, and the other 6 were in sinus rhythm. Five of these patients have 
associatedd intracardiac anomalies, namely an ASD in 2 patients, a VSD in 3 patients, pulmonary 
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valvee stenosis in 2, and Ebstein's anomaly of the tricuspid valve in 2. Tricuspid valve 
regurgitationn (2-3+), as assessed by echocardiography, was present in four patients. 

Elevenn aged-matched healthy adults underwent the same study protocol, and served as controls 
(meann age 31 + /- 11 years). 

Effectss of dobutamine stress 

Hearll rate (bpm) 

Meann BP (mmHg) 

SVV EDViBSA (rri/nf) 

SVESVf iSA(rr iM) ) 

SVV swBSA (ml/m2) 

SVEF(%) ) 

Ctt (1/mn/m2) 

Control s s 

rest t 

655 (12) 

62(3) ) 

62(17) ) 

19(9) ) 

43(10) ) 

71(6) ) 

2 77 (0 6) 

(C) ) 

Stress s 

1000 (14) 

95(12) ) 

63(19) ) 

10(4) ) 

52(16) ) 

84(8) ) 

53 (17 ) ) 

PHYS-CCTGA A 

Rest t 

68(15) ) 

700 P) 

92(12) ) 

43(5) ) 

49(11) ) 

533 P) 

32(01) ) 

Stress s 

90(9) ) 

98(13) ) 

89(13) ) 

35(4) ) 

53(11) ) 

600 (5) 

47(0.6) ) 

UN-CCTGA A 

Rest t 

65(14) ) 

70(5) ) 

78(27) ) 

26(12) ) 

52(15) ) 

68(4) ) 

3.4(1.3) ) 

stress s 

96(27) ) 

677 (10) 

76(35) ) 

22(10) ) 

53(26) ) 

70(6) ) 

48(16) ) 

CC vs. PHYS 

pp rest / p stress 

nsrfis s 

nshs s 

p<002fis s 

p<00 001/p<0001 

nsrfis s 

p<00 002/p<0001 

nsfiis s 

Cvs.U N N 

pp rest/p stress 

nsrtis s 

p<003/ns s 

nsAis s 

ns£><0005 5 

nsAis s 

rtsJp<00Q5 5 

nsAis s 

Tablee 1. BSA, body surface area; CCTGA, congenitally corrected transposition of the great arteries; PHYS, 
physiologicallyy repaired; UN, unoperated; CI, cardiac index; SV, systemic ventricle; EDV, end-diastolic volume; ESV, 
end-systolicc volume; EF, ejection fraction; BP, blood pressure; bpm, beats per minute; sv, stroke volume; ns, not 
significant.. Values in parentheses represent standard deviation. 

MAGNETI CC RESONANCE IMAGIN G 

Studyy subjects were placed supine in a 1.5 Tesla MRI scanner with high power gradients (Vision, 
Siemens,, Erlangen Germany). Electrocardiogram (ECG) triggered Tl-weighted turbo spin echo 
axiall  images were acquired, followed by four-chamber views of the heart. An ECG-triggered, 
ultrafast,, breath-hold gradient-echo cine sequence with the following parameters: repetition time 
(TR)) = R-R interval, time of echo (TE) = 4.8 ms, slice thickness 10 mm, imaging matrix = 
256x256,, field of view (FOV) — 350mm, fli p angle = 20°, was then used to acquire images in the 
shortt axis plane in contiguous 10 mm slices. End-systolic (ESV) and end-diastolic volumes 
(EDV)) were calculated from this multislice, multiphase image set. Velocity maps were acquired 
withh a flip angle of 30°, TE = 5.0 ms, slice thickness = 6 mm, FOV = 320 mm and imaging 
matrixx = 256x256, velocity encoding = 250 cm/s. The MRI protocol was repeated during 
dobutaminee infusion, with an initial dose of 5 (lg/kg/min. The infusion rate was increased by 5 
(Ig/kg/minn every 3 minutes to a maximum of 15 (lg/kg/min. The MRI protocol during 
dobutaminee study started 3 minutes after the maximum dose. During each MRI measurement, 
thee electrocardiogram, heart rate, systolic and diastolic blood pressures were monitored. 

IMAG EE ANALYSI S 

AA Unix workstation was used for analysis of the MR images. MASS® (Medis, Leiden, The 
Netherlands)) image analysis software was used to display multislice, multiphase images 
individually,, and in a movie loop mode. EDV and ESV frames were determined by manual 
outliningg of a mid-ventricular slice. Papillary muscles and the moderator band were not included 
inn the ventricular volume. The enclosed RV and LV cross-sectional areas were measured by 
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computer,, multiplied by section thickness, and summed up according to Simpson's rule to 
providee LV and RV volumes. 

CALCULATION S S 

Strokee volume (SV) was defined as EDV minus ESV, and RV ejection fraction (EF) was 
calculatedd as SV divided by EDV. The dobutamine stress values were calculated as a percentage 
increasee from values at rest. All volumetric measurements were corrected for body surface area. 

STATISTICA LL  ANALYSI S 

Differencess between groups were compared with the unpaired t test. The effects of dobutamine 
withinn groups were compared with the paired t test. A p value < 0.05 was considered statistically 
significant. . 

RESULTS S 

Alll  patients tolerated and completed the protocol. Details of results are given in Table 1. 

Att rest and at dobutamine stress, heart rate was comparable between patients with physiological 
repair,, unoperated patients with ccTGA, and controls. Mean arterial blood pressure was similar 
amongstt all 3 groups at rest, but remained lower in unoperated ccTGA patients at stress, as 
comparedd to controls. While assessing systemic ventricles, the right ventricle of patients with 
ccTGA,, unoperated or after physiologic repair, was compared to the systemic left ventricle of 
controls.. Baseline mean systemic ventricular end-diastolic volumes (SV EDV) were larger in the 
PHYSS group per body surface area, as compared to controls. After dobutamine infusion, there 
waswas no significant difference in end-diastolic volumes between the three groups (Figure 1). At 
rest,, the indexed mean systemic ventricle end-systolic volume (SV ESV) was similar amongst UN 
andd controls, but larger with dobutamine stress in UN patients, as compared to controls. Mean 
SVV ESV was significandy larger in the PHYS group, both at rest and with dobutamine stress, as 
comparedd to controls. Mean systemic ventricular ejection fraction was lower at baseline 
(p<0.002)) and at stress (p<0.001) in PHYS patients, as compared to controls. Baseline mean 
systemicc ventricular ejection fraction was similar in UN patients, as compared to controls, but 
waswas lower after dobutamine stress (p<0.005). Mean indexed systemic ventricular stroke volume, 
andd cardiac index were similar at baseline values amongst the three groups, and increased 
appropriatelyy during dobutamine infusion (Figures 2 and 3). 

SVEDV V 

eCC 10 -

II  75 

Ujj  50 

> > 
<n <n 

CZ3CZ3 Baseline | 
I MM Stress § 

Control s s PHYS S 
HRR mean BP SVEDV SV ESV SVsv SV EF CI 

Figuree 1. Variation of systemic ventricular end-diastolic volume 
(SVEDV')) between baseline values and after dobutamine stress. PHYS, 
physiologicallyy repaired; UN, unoperated; ns, not significant. 

Figuree 2. Variations in percentage between baseline values (0) and 
afterr dobutamine stress testing. PHYS, physiologically repaired; UN, 
unoperated;; CI, cardiac index; SV, systemic ventricle; EDV, end-
diastolicc volume; ESV, end-systolic volume; EF, ejection fraction; BP, 
bloodd pressure; HR, heart rate; sv, stroke volume. 
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D I S C U S S I ON N 

Thiss is the first study to evaluate 
cardiacc reserve in patients with 
congenitallyy corrected 
transposit ion,, either without 
previouss operations, or after 
physiologicc repair, using stress 
dobutaminee MRI . MRI 

dobutaminee provides for an 
accuratee and reproducible 
quantitativee assessment of RV 
volumess and function, and its 
routinee use in the follow-up of 
patientss with RV overload has 
beenn validated ' " , to detect right 
ventricularr dilation, and /or 
impendingg failure. 

Disadvantagess include the cost, and the general contraindications to MRI , namely the presence 
off  metal implants, claustrophobia, and arrhythmia1313. 

Assumingg that the perfect result after anatomic repair entails normalization of systemic left 
ventricularr function and reserve, the left ventricle (LV) of healthy controls was used to compare 
wit hh the systemic RV of ccTGA patients. In our study, the systemic right ventricle of 
asymptomaticc adults with unoperated ccTGA showed similar ejection fraction at rest, and lesser 
valuess at stress, as compared to the systemic left ventricle of age-matched healthv controls. 
Suboptimall  results were noted in patients after physiologic repair. In these patients, both at 
baselinee and at stress testing, we found larger systemic ventricular end-systolic volumes. Also, 
baselinee systemic ventricular end-diastolic volumes were larger after physiologic repair, as 
comparedd to controls. As a snapshot value, the significance of this is unknown, and difficul t to 
interpret.. Is this the result of surgical insult to the right ventricle, the result of long-standing 
volumee overload of the RV, or the normal response of a morphologic right ventricle, when 
chronicallyy faced with systemic pressures? Furthermore, what are the true implications of these 
morphometr icc deviations, in light of an apparent proper response to effort? Indeed, with stress 
testing,, we found cardiac index to increase appropriately in both subsets of patients with ccTGA, 
withoutt undue increase in heart rate or mean blood pressure, as compared to controls. 

Cardia cc index 
p=0.00011 p=0.08 p=0.006 

SS 2.5 

ll Baseline 
II Stress 

Controlss UN PHYS 

Figuree 3. Variation of cardiac index between baseline values and 
afterr dobutamine stress. PHYS, physiologicaJly repaired; UN, 
unoperated. . 
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Figuree 4. Gradient echo-MRI image at rest. End- Figure 5. Gradient echo-MRI image at rest. End-
diastolicc 4 chamber view of a parient with physiologically diastolic 4 chamber view of a patient with unoperated 
repairedd ccTGA. RV, right ventricle; LV, left ventricle; ccTGA. Note the convex interventricular septum 
TP,, tricuspid valve prosthesis. towards the left ventricle. RV, right ventricle; LV, left 

ventricle. . 

Symptomaticc patients with ccTGA were originally treated with a combination of surgical 
procedures,, either palliative or corrective, known as the "classical" or physiological repair of 
ccTGA,, leaving the right ventricle and tricuspid valve in the systemic circulation. In general, the 
resultss of physiological repair have been disappointing, despite an acceptable operative mortality 
ratee of 2-15%1,8 u,,lfl'17. In a 40-year review from the Toronto Hospital for Sick Children including 
1188 patients having undergone a physiological repair for ccTGA, Yeh et al. reported a 6% 
operativee mortality8. However, 10 years after repair, survival was only 74%, and at 20 years, an 
unsatisfactoryy 48%8. Termignon, et al. reported an even more concerning 55% survival rate at 10 
years,, when obstruction to the pulmonary ventricle was associated '. Major concerns with 
physiologicall  repair include the non-negligible incidence of complete heart block (14-38%) ' ' ' , 
thee frequent need for reoperation on the tricuspid valve (Figure 4), but more importandy, long 
termm failure of the right ventricle which must chronically sustain systemic pressures. 

Thesee imperfections led to the development of the anatomic repair concept, combining an atrial 
andd arterial switch, also known as the double switch, or an atrial switch with a Rastelli procedure 
inn patients with left ventricular outflow tract obstruction19. The current operative mortality after 
anatomicc repair varies between 0-15% " . However, anatomic repair is not exempt of its 
ownn set of complications, and increasing concern is present as to the long term development of 
atriall  dysrhythmias and venoatrial obstructions, which are well-documented after the atrial switch 
procedures6'12,1''21,22.. Furthermore, certain timing issues remain unanswered. The proponents of 
thee anatomic repair insist on the better outcome of the procedure when it is performed in a 
youngerr age group, namely before 15-16 years of age ' . This presumably relates to the degree to 
whichh the left ventricle may be retrained as the neo-systemic ventricle, by pulmonary artery 
banding".. Indeed, older patients have higher early and late mortality when submitted to the 
anatomicc repair protocol, and the results of LV retraining have been more uncertain when 
performedd after the age of 15 years . 

Thee driving impetus towards the development of the anatomic repair of ccTGA stems from the 
preformedd concept that a left ventricle, with or without retraining, will ultimately better perform 
inn the systemic circulation than the right ventricle. However, there is no long-term data to 
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supportt this6,12,23. In a series of 27 patients undergoing anatomic repair without early or late 
mortality,, Imamura, et al. reported normal postoperative ejection fractions of both left and right 
ventricles,, as assessed by echocardiography, at the time of hospital discharge20, without further 
follow-up.. Imai, et al. reported an operative mortality of 7.9% in a series of 76 patients with 
ccTGA,, who underwent anatomic repair under 16 years of age6. At a mean postoperative follow-
upp of 4.9 years, they actually observed a slight decrease in left ventricular ejection fraction, no 
increasee in RV ejection fraction, and unchanged left ventricular end-diastolic volumes6. Yagihara, 
ett al. found subnormal postoperative left ventricular ejection fractions as assessed by cardiac 
catheterization,, at a mean follow-up of 11 months after anatomic repair, in their series of 10 
patients22. . 

Frequentt failure of the right ventricle to chronically function as a systemic ventricle is another 
drivingg force to promote anatomic repair. However, findings across the literature differ, and 
multiplee reports of normal adult survival without limitation to effort or arrhythmia exist, in 
unoperatedd ccTGA without associated intracardiac anomalies (Figure 5)2'7"24,25. Peterson, et al. 
comparedd 17 children after atrial baffle procedures for complete transposition of the great 
arteries,, with 8 unoperated patients with uncomplicated ccTGA, and 10 normal controls4. Using 
radionuclidee angiocardiography, stress testing revealed a normal increase in pulmonary 
ventricularr ejection fraction in patients with ccTGA, as compared to controls. However, the 
systemicc ventricle of patients with ccTGA did not significantly increase their ejection fractions 
withh exercise, and both end-diastolic and end-systolic volumes were larger than controls. Cardiac 
indexx augmented appropriately in all groups, mainly due to an increase in heart rate in the 
ccTGAA group4. In accordance with these findings, Parrish, et al. found subnormal increases in 
rightright and left ventricular ejection fractions in response to effort in 5 children with ccTGA, 
althoughh their exercise capacity, heart rate and blood pressure responded appropriately5. 
Supportingg our findings, Benson, et al. found normal systemic right ventricular ejection fractions 
att exercise, in 8 patients with uncomplicated and unoperated ccTGA, while the function of the 
pulmonaryy ventricle was subnormal3. In their study using radionuclide angiocardiography, end-
diastolicc and systolic volumes of the systemic right ventricle decreased appropriately, from rest to 
exercise3. . 

Surgeryy is inevitable and clearly warranted in one form or another for symptomatic patients 
presentingg in failure or cyanosis. In patients with associated intracardiac anomalies, such as 
pulmonaryy valve stenosis, Ebstein's malformation with severe insufficiency of the tricuspid 
valve,, or important degrees of intracardiac shunting, early right ventricular dilation and failure 
occurs,, indicating early surgical intervention. For these patients, we acknowledge the anatomic 
repairr as the surgical procedure of choice6,11'12,17*2022. However, we question the recommendation 
forr anatomic repair in asymptomatic patients by some6'12,17, based on echocardiography evidence 
off  an enlarged right ventricle and tricuspid valve insufficiency. Our findings and other evidence 
off  satisfactory long-term RV function in unoperated adults with ccTGA3'7,24'25 would suggest a 
moree conservative attitude in the management of asymptomatic patients, which includes patients 
withh and without associated lesions. Although it is intuitive and generally agreed that 
asymptomaticc patients with ccTGA and intact ventricular septum require no surgery, they 
representt a minority. Given the potential complications of both surgical pathways and the 
relativee unfavorable long-term outcome of physiological repair, we make a case for surgical 
abstinencee even in ccTGA patients with associated lesions. Indeed, 5 out of 7 of our studied 
patientss with unoperated ccTGA have intracardiac anomalies, but are otherwise asymptomatic, 
withoutt medication, have near normal ventricular volumes, and respond appropriately to stress 
testing. . 
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Inn conclusion, defining the eventual subsets of patients with ccTGA who may never require an 
operationn is of paramount clinical importance. With current diagnostic modalities, no such 
definitionn exists, and the therapeutic dilemma persists. Even respectable centers with a larger 
experiencee of the anatomic repair provide no long-term follow-up data to demonstrate 
improvedd systemic left ventricular function postoperatively6'11. Accordingly, the open-ended 
questionn remains as to the true benefit and age cut-off to perform an anatomic repair in 
asymptomaticc patients with ccTGA. Robust evidence is needed before more ccTGA patients 
withh normally functioning right ventricles are enrolled in anatomic repair protocols. In those 
asymptomaticc or minimally symptomatic patients, the use of a non-invasive follow-up modality 
suchh as MRI dobutamine stress could help to define morphologic and hemodynamic criteria 
justifyingg non-operative management. As a corollary, deviations from these criteria, especially in 
asymptomaticc patients, could serve as an early indicator of impending cardiac failure, and 
indicatee timely surgical intervention, preferably in the form of anatomic repair. 

STUDYY LIMITATION S 

Ourr ongoing MRI dobutamine stress protocol strives to define non-invasive criteria, whereby 
asymptomaticc patients with ccTGA may be judged as not requiring surgery, or on the contrary, 
inn impending failure and candidates for a timely anatomic repair. The small number of patients 
diminishess statistical power, which limits the significance of our results, and does not yet allow 
forr a clear-cut management protocol according to the sought-after criteria. To date, perhaps by 
unfortunatee serendipity, we have had no patients enrolled who either presented initially with 
normall  values, which then degraded over time, or presented in failure with highly abnormal MRI 
dobutaminee stress values. These findings would strengthen the definitions of "normality" and 
deviationss therefrom. 

Usingg the LV of controls as a measuring stick to compare with the RV of patients with ccTGA is 
aa potential weakness of the study. Aldiough the two respective ventricles perform the same 
functionn in each group, their intrinsic morphology and geometry clearly differ. 

Ass a group, patients with ccTGA present with a wide variety of morphology and resulting 
physiology,, making generalizations and recommendations across such a heterogenous group 
hazardous.. Owing to unfavorable anatomy and physiology in many instances, we fully recognize 
thatt anatomic repair is often inevitable and indicated. Our data only illustrates and quantifies the 
potentiall  for a morphologic right ventricle to sustain the systemic circulation, even in the 
presencee of associated intracardiac lesions. This view is supported by other reports, which show 
normall  exercise tolerance and quality of life, in asymptomatic and unoperated adults with 
ccTGA2,3,7-24. . 
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ABSTRACT T 

Objective::  To assess differences in right ventricular (RV) function between patients with 
isolatedd chronic pressure overload and patients with a combination of pressure overload and 
volumee overload. Magnetic resonance imaging (MRI) and brain natriuretic peptide (BNP) were 
usedd as quantitative parameters. 

Methods:: Twenty-two patients with chronic RV overload (RV systolic pressure >35 mmHg, 
meann age 6 years, NYHA class I and II) , and 10 age and sex-matched healthy volunteers 
weree studied. The patients were divided into two groups: patients with isolated pressure overload 
(groupp 1, n=13) and patients with a combination of pressure combined with volume overload 
(groupp 2, n=9). Mil d pulmonary valvular regurgitation (10-30ml/beat) was the criterion for 
volumee overload. MRI was applied both at rest and during dobutamine stress to determine RV 
volumess and ejection fraction (RVEF). BNP were determined in all subjects. 

Results::  At baseline, RVEF was significantly lower in group 2 compared to group 1 % vs 
,, p<0.01), and RV end-diastolic volume was significandy larger in group 2 compared to 

groupp 1 7 vs 1 ml/m2, p <0.O5). During dobutamine infusion, RV stroke volume 
significandyy increased in controls from 9 to 2 ml/m2, p<0.01). In both patient groups 
RVV stroke volume decreased during dobutamine (group 1: from 8 to 0 ml/m2, p<0.001; 
groupp 2: from 6 to 6 ml/m2, p<0.05), accompanied by a decrease in RV end-diastolic 
volumee (group 1: from 7 to 8 ml/m2, p<0.001; group 2 from 1 to 3 
ml/m2,, p<0.05). Group 2 had significandy higher BNP than groupl: 7.8+4.8 versus 5 
pmol/1,, p<0.01. A significant inverse correlation was found between BNP and the change in RV 
strokee volume during dobutamine infusion (r—0.51;p<0.01). 

Conclusions:: In asymptomatic or minimally symptomatic patients with chronic RV pressure 
and/orr mild volume overload, dobutamine stress decreased RV stroke volume, failed to 
augmentt RVEF, and revealed impaired RV filling . Although these patients were in apparent 
goodd clinical condition, mild pulmonary valve regurgitation has already considerable negative 
effectss on RV global performance. Diminished cardiac reserve correlated with increased plasma 
neurohormones. . 
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INTRODUCTIO N N 

Thee right ventricle (RV) is often subjected to both pressure and volume overload in patients 
withh congenital heart disease1. The ultimate fate of the RV in patients with chronic pressure and 
volumee overload is of increasing concern, both with regard to clinical management and follow-
upp modalities. Accurate, reproducible and non-invasive diagnostic methods of follow-up are 
requiredd to allow for early detection of RV dysfunction before the development of failure or 
irreversiblee myocardial damage. In particular, these techniques may guide the timing for earlier 
intervention. . 

Cardiacc magnetic resonance imaging (MRI) is the noninvasive technique of choice for the 
quantitativee evaluation of RV function by its potential to obtain both anatomic and functional 
information2,3.. Mismatch between resting functional parameters and symptomatology has 
emphasizedd the need for exercise studies to monitor RV function in patients with RV overload. 
Dobutamine,, a relatively selective beta-1-adrenoreceptor agonist, can be used as a 
pharmacologicall  stress agent during MRI investigation4"6. Other quantitative parameters such as 
plasmaa neurohormones are gaining an important role in the early diagnosis of heart failure7 and 
quitee a few studies have shown a significant inverse correlation between RV function and brain 
natriureticc peptide (BNP) levels8,9. 

Accordingly,, the objective of this study was to assess the differences of RV function, between 
patientss with isolated chronic pressure overload and patients with a combination of pressure and 
volumee overload, using dobutamine stress MRI and BNP plasma neurohormone levels. 

METHOD S S 

Twenty-twoo asymptomatic or minimally symptomatic patients (NYHA class I and II) with 
chronicc RV pressure overload (10 patients with pulmonary artery stenosis, 9 patients with 
correctedd Tetralogy of Fallot, and 3 patients with secondary pulmonary hypertension due to a 
priorr ventricular septum defect) and 10 age and sex-matched healthy volunteers were included 
(Tablee 1). Chronic RV pressure overload was diagnosed by Doppler echocardiography (RV 
systolicc pressure >35 mm Hg). The patients were divided into two subgroups depending on the 
presencee of pulmonary regurgitation as determined by MRI and echocardiography. Group 1 
consistedd of patients with only pressure overload (n=13) and group 2 consisted of patients (n=9) 
withh a combination of pressure and volume overload. Volume overload was defined as a 
pulmonaryy regurgitation of 10-30 ml/beat (mild regurgitation). Seven patients included in group 
22 had minimal tricuspid regurgitation. Patients with pacemakers, shunts at atrial or ventricular 
levels,, pulmonary atresia, hypoplastic ventricles, and patent ductus arteriosus were excluded. 
Patientss with atrial arrhythmias were excluded from this study for two reasons: 1) arrhythmias 
affectt MRI image quality due to triggering problems, and 2) atrial arrhythmias are known to 
influencee natriuretic peptide levels10. Patients with chronic renal impairment (serum creatinine 
>1333 fimol/1) or significant left ventricular abnormalities were also excluded. All patients were 
freee from medication, and informed consent was obtained from all patients and volunteers. 
Studyy approval was obtained from the Hospital Research Ethics Committee. Clinical 
characteristicss of the study population are listed in Table 1. 

MAGNETI CC RESONANCE IMAGIN G 

Studyy subjects were placed supine in a 1.5 Tesla MRI scanner with high power gradients 
(Magnetomm Vision, Siemens, Erlangen Germany). MRI acquisition involved a standardized 
protocol2,3.. In brief, an electrocardiogram-triggered, ultrafast, breath-hold gradient-echo cine 
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sequencee was used to acquire images in the short axis plane in contiguous 10 mm slices 
encompassingg the heart from the valve plane to the apex. Ultrafast gradient echo with a flow-
encodingg gradient was used for velocity mapping. The MRI protocol was repeated during 
dobutaminee infusion. Total MRI examination time was approximately 90 minutes. 

D O B U T A M I N EE INFUSIO N 

Afterr the MRI acquisition at rest, dobutamine was infused with an initial dose of 5 (lg/kg/min. 
Afterr 3 minutes, the dobutamine infusion rate was increased by 5 |ig/kg/min every 3 minutes to 
aa maximum of 15 |lg/kg/min. The MRI protocol during dobutamine study started 3 minutes 
afterr the maximum dose. During each MRI measurement the electrocardiogram and heart rate 
weree monitored. Systolic and diastolic blood pressures were measured using a brachial artery 
sphygmomanometerr cuff every 3 minutes (Hewlett Packard 54s® Palo Alto, California, USA). 
Seriouss arrhythmias, such as ventricular tachycardia, an increase >50%, or a decrease >20% in 
systolicc blood pressure, an increase in heart rate >50%, or significant patient discomfort were all 
consideredd as reasons to stop the test. 

n n 

Men/women n 

Age,, years 

NYHAA class I/I I 

RVSP,, mmHg 

BNP P 

Pulmonary y 
regurgitation* * 

Tricuspid d 
regurgitation* * 

Diagnosis s 

Pulmonaryy artery 
stenosis s 

Pulmonary y 
hypertension n 

Correctedd TOF 

Controls s 

10 0 

5/5 5 

311 (11) 

10/0 0 

--

2.22 (1.7) 

--

--

--

--

--

Patientss with 
RVV pressure 

overload d 

13 3 

5/8 8 

27(7) ) 

10/3 3 

35-100 0 

2.22 (1.5) 

--

--

9 9 

2 2 

2 2 

Patientss with 
RVV pressure 
&&  volume 
overload d 

9 9 

5/4 4 

28(4) ) 

6/3 3 

35-80 0 

7.88 (4.8) 

9 9 

7 7 

1 1 

1 1 

7 7 

Tablee 1. Clinical Characteristics of the Study Population. Values are mean (SD), 
RVSPP is presented as range. BNP, brain natriuretic peptide; NYHA, New York Heart 
Association;; RVSP, right ventricular systolic pressure; TOF, tetralogy of Fallot; " 
regurgitationn 10-30 ml/beat;; t regurgitation 10 ml/beat. 
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IMAG EE ANALYSIS : 

AA Unix workstation was used for analysis of the MR images. MASS® (Medis, Leiden, The 
Netherlands)) image analysis software was used to display multislice/multiphase images 
individually,, and in a movie loop mode. End-diastolic volume and end-systolic volume frames 
weree determined by manual outlining of a mid-ventricular slice in all phases. On end-diastolic 
andd end-systolic time frames, endocardial borders of the RV and the left ventricle were outlined 
manually.. Papillary muscles and the moderator band were not included in the ventricular volume. 
Thee enclosed RV cross-sectional areas were measured by computer, multiplied by section 
thickness,, and summed up according to Simpson's rule to provide ventricular volumes. Flow® 
(Medis,, Leiden, The Netherlands) image analysis software was used to analyze the velocity maps. 

PLASM AA NEUROHORMONES: 

Priorr to the MRI examination blood samples were obtained from the antecubital vein of all 
subjectss after they had rested for at least 15 minutes. Blood was collected into chilled tubes 
containingg EDTA and aprotinin (1.9 mg and 100 kIU/ml blood, respectively). The blood 
sampless were promptly centrifuged (3000 rotations/minute for 10 minutes) and stored at minus 
70°° C until final analysis. BNP concentrations were determined with immuno-radiometric assay 
kitss (Shionoria, Osaka, Japan). 

STATISTICA LL  ANALYSIS : 

Thee effects of dobutamine between the groups were compared with a paired t test. Differences 
betweenn groups were compared with an unpaired t test. A p value < 0.05 was considered 
statisticallyy significant. Linear regression analysis was performed to correlate BNP and RV 
parameters.. Quantitative variables with a normal distribution are presented as a mean  standard 
deviation. . 

Heartt rale (beatsAnm) 

Meann blood pressure (mm Hg) 

RVend-ttaslolcc volume [trilnP) 

RVV end-systole volume (ml/m2) 

RVV stroke volume (ml/m2) 

RVeiectonn fraction (%) 

Cardiacc index (L/rmn/m*) 

AtAt rest 

65(9) ) 

eop) ) 

62(H) ) 

19(6) ) 

43(9) ) 

69(10) ) 

28(06) ) 

Controls s 

Slress s 

96(17) ) 

96(12) ) 

63(16) ) 

11(5) ) 

52(12) ) 

64(4) ) 

51(17) ) 

pp value 

<0001 1 

<0.001 1 

ns s 

<001 1 

<001 1 

<0001 1 

<00 001 

Patentss with RV pressure 

Att rest 

72(10) ) 

62(7) ) 

63(17) ) 

19(11) ) 

444 0) 

72(9) ) 

33 1 (0 4) 

(groupp 1) 

Stress s 

1144 (14) 

944 (11) 

544 (18) 

17(11) ) 

39(10) ) 

72(12) ) 

4.2(11) ) 

overload d 

pp value 

<< 0.001 

<00 01 

<0001 1 

ns s 

<0001 1 

ns s 

<0.01 1 

Patientss with RV pressure & 

volumee overload (group 2) 

All rest 

699 (B) 

86(14) ) 

1099 (31) 

52f21) ) 

57(16) ) 

533 P) 

399 (0.8) 

Sfress s 

109(23) ) 

99(16) ) 

933 p3) 

46(13) ) 

477 (16) 

50(11) ) 

50(19) ) 

pp value 

<001 1 

<0.01 1 

O 0 5 5 

ns s 

<0.05 5 

ns s 

<005 5 

Tablee 2. Effects of dobutamine stress. 

RESULTS S 

BASELIN E E 

RVV ejection fraction (EF) was significantly higher in group 1 compared to group 2 and end-
diastolicc volume was larger in group 2 compared to group 1 (72  9 versus 53  9%, p<0.01 and 
633  17 versus 109  31 ml/m2, p<0.05 respectively). There were no significant differences in 
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RVV parameters between patients with chronic RV pressure overload (group 1) and controls 
(Tablee 2). However, significant differences were found between patients with a RV subjected to 
combinedd pressure and volume overload (group 2) and controls: RV stroke volume (43  9 
versuss 57  16 ml/m2, p<0.05), RV end-diastolic volume (109  31 versus 62  14 ml/m2, 
p<0.01)) and RV EF (53  9 versus 69  10 %, p<0.01). 

DD controls 
 patients wth RV pressure overload 

II patients wth RV pressure and volume overload 

1 1 Hpp  ^ j j 
: : 

HRR RV EDV RV ESV RV SV RV EF CI 

Figuree 1. Bar graph showing change (%) (with SEM) of heart rate (HR), 
rightt ventricular end-diastolic volume (RVEDV), right ventricular end-
svstolicc volume (RVESV), right ventricular stroke volume (RVSV), right 
ventricularr ejection fraction (RVEF) and cardiac index (CI) during 
dohutaminee stress test in controls and patients. 

 controls 
oo pressure over loaded RV 
++ pressure and volume over loaded RV 

1.0--

0 . 5 --

0 . 0 --

00 B-

++ + 

——s~̂ . . 
oo

o o 

+ + 

ï ï 

+ + 

+ + 

rr = 0.51 
pp < 0.01 

%% change in RV stroke vo lume dur ing 
dobu tamine e 

Figuree 2. Scattcrplot showing the correlation between log 
[BNP]]  and % change in stroke volume during dobutamine 
stresss test. (BNP), brain natriuretic peptide; (RX'), right 
ventricle. . 

DOBUTAMIN EE STRESS 

Afterr dobutamine infusion, no increase of RV EF was noticed in both patient groups, whereas 
RVV EF increased significantly in the control group (from 69  10 to 84  4 %, p<0.001) (Table 
2).. There was a significant decrease of RV stroke volume in both patient groups (group 1: from 
444  8 to 38  10 ml/m2, p<0.001 and group 2: from 57  16 to 47  16 ml/m2, p<0.05), 
whereass the controls showed a significant increase (from 43  9 to 52  12 ml/m", 
p<0.01)(Figuree 1). The decrease of RV stroke volume in both patient groups was accompanied 
byy a significant decrease in RV end-diastolic volume (groupl: from 63  17 to 54  18 ml/m" 
p<0.0011 and group 2: from 109  31 to 93  23 ml/m2, p<0.()5). RV end-diastolic volume 
remainedd larger in group 2 (p<0.05). 

Inn the control group there was no significant change in RV end-diastolic volume during 
dobutaminee administration (Figure 1). Heart rate and mean blood pressure increased significandy 
inn controls and both patient groups, resulting in a significant increase of the cardiac index in all 
threee examined groups regardless of the significant decrease of RV stroke volume in the patient 
groupss (Figure 1). 

Plasmaa BNP levels were significantly higher in patient group 2 than in group 1 (7.8  4.8 versus 
2.22 5 pmol/1, p<0.01). A significant inverse correlation was found between the plasma BNP 
concentrationss and the changes in RV stroke volume during dobutamine stress test (r=0.51; 
p<0.01)(Figuree 2), and between BNP and RV EF (r=0.47; p=0.01). BNP and RV end-diastolic 
volumee showed a significant correlation (r=0.65; p<0.001), and no correlation was found 
betweenn BNP and RV systolic pressure. 
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DISCUSSION N 

Asymptomaticc or minimally symptomatic patients with a combination of RV pressure and 
volumee overload had more severe RV dysfunction compared to patients with isolated RV 
pressuree overload. However, in both patients groups, an impaired functional response and 
diminishedd cardiac reserve was demonstrated by dobutamine stress MRI. The diminished cardiac 
reservee correlated inversely with the increased BNP levels. 

PRESSUREE OVERLOADE D RV: 

Pressuree overload is a stimulus to RV hypertrophy to decrease wall stress. In our population with 
chronicallyy pressure-overloaded right ventricles, the results suggested compromised systolic and 
diastolicc RV function. Failure to increase RV EF can be considered an indication of systolic 
dysfunction,, and the decrease in RV end-diastolic volume during dobutamine administration a 
signn of diastolic dysfunction. The increase in heart rate was similar in both patient groups and 
controls.. However, in controls, the RV end-diastolic volume remained unchanged, indicating 
thatt the decrease of end-diastolic volume in the patient groups was not only due to shortened 
fillingfilling  time, but most probably due to intrinsic diastolic dysfunction. The decrease in RV stroke 
volume,, during dobutamine stress, points to a global adverse reaction to stress11. A number of 
studiess have suggested that a mild degree of pressure overload is a benign disorder12'13 but in 
moderatee pressure overload the issue is not clear. In our population, RV systolic pressure range 
wass moderate to severe (35-100 mmHg), and patients were asymptomatic or only minimally 
symptomatic.. The present study clearly shows that even in asymptomatic patients with chronic 
RVV overload, a significant difference (compared to healthy volunteers) in RV function can be 
detectedd with dobutamine stress MRI and BNP plasma neurohormones. The strong inverse 
correlationn between these two parameters implies that increased BNP plasma levels accompany 
diminishedd cardiac reserve. 

PRESSUREE AN D VOLUM E OVERLOADED RV 

Inn our study, patients with combined pressure and volume overload failed to increase RV EF 
duringg dobutamine infusion, which was associated with a significant decrease in RV stroke 
volumee and RV end-diastolic volume. Our findings suggest more severe RV dysfunction in these 
patientss as compared to those with isolated pressure overload. Similar to our results, Helbing et 
al.. have established impaired RV relaxation and restriction to RV filling , in a group of patients 
afterr repair of tetralogy of Fallot with important pulmonary regurgitation14. Pulmonary 
regurgitationn and moderate RV dilatation are usually well tolerated in the presence of a 
competentt tricuspid valve and low afterload15. However, RV dilatation may result in tricuspid 
valvee annular enlargement and valvular incompetence, thus worsening global RV performance, 
whichh was the case in the 7 patients with tricuspid valve regurgitation included in our study. 

Usingg MRI dobutamine stress and BNP plasma neurohormones, we demonstrated significant 
differencess between two groups of asymptomatic or minimally symptomatic patients with 
chronicc RV overload. Even in these patients, although in good clinical condition, mild and 
moderatee pulmonary valve regurgitation has already considerable negative effects on the global 
RVV performance. In patients with severe pulmonary regurgitation, pulmonary valve replacement 
iss considered to preserve and/or restore RV function and to improve prognosis. The optimal 
timetime window for this surgical procedure is controversial. According to current guidelines, the 
decisionn for pulmonary valve replacement is based on progressive RV dilatation and/or clinical 
symptomss because of severe pulmonary regurgitation16. In a recent study, Therrien et al 
reportedd that in patients with tetralogy of Fallot, no change in mean RV volumes, RV EF or 
exercisee capacity was present after surgery, indicating that pulmonary valve replacement might 
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havee been planned too late with irreversible RV damage. This risk has to be weighed against the 
possiblee need for further cardiac surgery after pulmonary valve replacement, as pulmonary 
homograftss need to be replaced (approximately 10 to 15 years) after initial surgery. In contrast to 
thee findings of Therrien et al., Vliegen et al. using MRI in patients with tetralogy of Fallot 
showedd that pulmonary valve replacement resulted in remarkable hemodynamic improvement of 
RVV systolic function accompanied by improvement of validity18. However, there is no evidence 
thatt cardiac surgery in these patients could not have been delayed without consequences for the 
RVV function. 

Thesee two studies illustrate an important clinical problem: the lack of accurate clinically 
applicablee parameters of RV function impedes appropriate stratification, and hence the decision 
makingg as to the optimal timing for surgery in patients with valvular regurgitation. 

CLINICA LL  IMPLICATION S 

Thiss study combines MRI and BNP plasma neurohormones and shows their potential clinical 
applicationn for a quantitative and reproducible follow-up in patients with chronic RV overload. 
Earlyy detection of RV dysfunction may identify patients at risk for RV failure, which allows them 
too benefit from timely intervention. The results of this study encourage further research for the 
utilizationn of quantitative parameters relating to RV function, in order to improve stratification 
off  patients with chronic RV overload, with or without valvular regurgitation. 

CONCLUSION S S 

Inn asymptomatic or minimally symptomatic patients with chronic RV overload, an impaired 
functionall  response can be demonstrated with dobutamine stress MRI. A decrease in RV stroke 
volumee is accompanied by both failure to augment RV EF (systolic dysfunction) and impaired 
RVV fillin g (diastolic dysfunction) during dobutamine stress. Although these patients are in 
apparentt good clinical condition, in these patients, mild pulmonary valve regurgitation already 
hass considerable negative effects on global RV performance. Diminished cardiac reserve 
correlatedd inversely with increased plasma neurohormone levels. 
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ABSTRACT T 

Objective::  Patients with congenitally corrected transposition of the great arteries (ccTGA) are at 
riskk of right ventricular (RV) dysfunction and failure, but the factors contributing to this problem 
aree poorly understood. 

Patientss and Methods: Thirteen patients with ccTGA (7 unoperated and 6 physiologically 
repaired)) and 6 age and sex- matched healthy controls underwent cardiac magnetic resonance 
imagingg at rest and during dobutamine stress in order to determine regional and global RV 
responsee to stress conditions. 

Results::  At rest, patients had a significandy decreased overall wall motion compared to controls 
55 vs , p<0.006). During dobutamine infusion, overall wall motion increased to 

mm in controls vs m in patients (p<0.006). At the regional level, significant 
differencess in wall motion between patients and controls were found in the anterior 1 vs 

,, p-0.02), posterior (10.2+1.6 vs , p=0.01), and septal segments 
88 vs , pO.001). 

Att rest, overall wall thickening in patients was similar to that of controls, but significandy less in 
patientss during stress. During dobutamine stress, patients showed significandy less regional wall 
thickeningg than controls, particularly in the septal (2.7+0.6 vs , respectively, p<0.002) 
andd in the anterior segments 6 vs , respectively, p<0.002). RV ejection fraction 
(EF)) strongly correlated both with wall motion at rest and during stress (r=0.83, p<0.001, 
r=0.89,, p<0.003, respectively), and with wall thickening at rest and during stress (r=0.81, 
p<0.0008,, r=0.90, p<0.002, respectively). 

Conclusion::  Abnormal regional function in the systemic ventricle may occur in patients with 
ccTGA.. The regional abnormalities strongly correlated with RVEF. This study supports the 
hypothesiss that ischemia of the RV myocardium contributes to the development of RV 
dysfunctionn in patients with ccTGA. 
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INTRODUCTIO N N 

Congenitallyy corrected transposition of the great arteries (ccTGA) combines atrio-ventricular 
andd ventriculo-arterial discordance, and has an incidence of 0.5% of all forms of congenital heart 
disease1.. In patients with ccTGA, the right ventricle (RV) and the tricuspid valve are supporting 
thee systemic circulation1. In the course of time, systemic ventricular dysfunction and failure may 
occur1,2.. The factors contributing to this problem are poorly understood, but it has been 
hypothesizedd that myocardial ischemia may contribute to RV dysfunction in patients with 
ccTGA3'4.. Chronic systemic pressure overload increases wall stress in the morphological RV, 
resultingg in hypertrophy and myocardial ischemia causing abnormalities in regional myocardial 
function5'6.. Abnormalities of ventricular wall dynamics, such as wall motion and wall thickening 
att rest and during stress determined by magnetic resonance imaging (MRI), are sensitive markers 
off  myocardial ischemia5 7. 

Thee aims of this study were: 1) to quantify regional wall motion and wall thickening, both at rest 
andd during stress, as possible parameters for early detection of RV dysfunction in patients with 
ccTGA,, and 2) to examine the correlation between regional myocardial function (wall motion 
andd wall thickening) and global RV function (ejection fraction (EF)). 

METHOD S S 

Patientt  group: Thirteen asymptomatic or minimally symptomatic adults with ccTGA (mean age 
28.77 + /- 3.3 years), and 6 aged-matched healthy volunteers were included in our study. Six 
patientss with ccTGA had undergone multiple operations along the physiologic repair pathway, 
betweenn 1978 and 1995. Preoperatively, 2 patients had presented with cyanosis, and 4 patients 
hadd been in intractable heart failure. All patients were in New York Heart Classification (NYHA) 
classs III-I V preoperatively. Palliative procedures were performed in 3 patients at a mean age of 
1.11 years (range 0.4-2 years), including pulmonary artery banding (n=2), and a modified left 
Blalock-Taussigg shunt (n=t). Intracardiac physiologic repair was performed at a mean age of 
15.88 years (range 3-61 years), and included closure of a ventricular septal defect (n=3) or an atrial 
septall  defect (n=3), tricuspid valve replacement (n=2) or repair (n=l; reoperation), pulmonary 
valvee comissurotomy (n=l), and insertion of a left ventricular-to-pulmonary artery valved 
homograftt conduit (n=l). There was no operative mortality, and no incidence of postoperative 
completee heart block. At the time of the MRI-dobutamine study, mean age was 29.5 + /- 18 
yearss (range 17-65 years). 

Equallyy studied were 7 asymptomatic adult patients with unoperated ccTGA, with a mean age of 
26.77 years (range 22-35 years). One patient had a spontaneous complete atrioventricular heart 
blockk without a pacemaker, and the other 6 patients had regular sinus rhythm. Five of these 
patientss had associated intracardiac anomalies which were an atrial septal defect in 2 patients, a 
ventricularr septal defect in 3 patients, pulmonary valve stenosis in 2 patients and Ebstein's 
anomalyy in 2 patients. Six aged-matched healthy adults (mean age 26.1 + /- 1.5 years) underwent 
thee same study protocol. The RV function of patients with ccTGA, unoperated or after 
physiologicc repair, was compared to the systemic left ventricle of the control subjects. 
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Figuree 1. MR image showing the morphological right midventricular slice of a patient with ccTGA. Indicated are the endocardial 
andd epicardial contours and 100 centerline chords of svstemic ventricle. 

M A G N E T I CC RESONANCE IMAGIN G 

Studyy subjects were placed supine in a 1.5 Tesla MRI scanner with high power gradients (Vision, 
Siemens,, Erlangen Germany). MRI acquisition involved a standardized protocol. Imaging 
sessionss were initiated with scout images to determine the position of the heart in the thoracic 
cavity.. Based on these images, an ECG triggered Tl -weighted turbo spin echo series of axial 
imagess was acquired. A gradient-echo cine sequence was then performed in a plane bisecting the 
mitrall  valve orifice and passing through the apex, visualizing the long-axis view in order to 
localizee the atrioventricular valve plane. Then an ECG- triggered, ultrafast, breath-hold gradient-
echoo cine sequence with the following parameters: repetition time = R-R interval, time of echo = 
4.8ms,, slice thickness 10mm, imaging matrix = 256x256, field of view = 350mm, flip angle = 
20°,, was used. With this images in the short axis plane in contiguous 10mm slices encompassing 
thee heart from the valve plane to the apex were acquired. End-systolic and end-diastolic volumes 
weree calculated from this multislice, multiphase image set. 

DOBUTAMIN EE INFUSIO N 

Dobutaminee was administered by a digital 
infusionn pump, which was placed outside the 
scanner.. After the MRI acquisition at rest, 
dobutaminee was infused with an initial dose of 5 
(jj-g/kg/min).. After 3 minutes, the dobutamine 
infusionn rate was increased by 5 (fig/kg/min) 
everyy 3 minutes to a maximum of 15 
((xg/kg/min).. The MRI protocol during the 
dobutaminee study started 3 minutes after the 
maximumm dose. 

Duringg each MRI examination, the 
electrocardiogramm and heart rate were monitored. 
Systolicc and diastolic blood pressures were 
measuredd using a brachial artery 
sphygmomanometerr cuff every 3 minutes. 

Figuree 1. MR image showing the morphological right midventricular slice of a patient with ccTGA. Indicated are the endocardial 
andd epicardial contours and 100 centerline chords of systemic ventricle. 
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Thee MRI study was discontinued in case of ventricular tachycardias, an increase > 50% or a 
decreasee >20% in systolic blood pressure from the resting state, an increase in heart rate >50% 
fromm the resting state, or significant patient discomfort. 

IMAG EE ANALYSI S 

AA Unix workstation (Sun Microsystems, Palo Alto, California, U.S.A.) was used for analysis of 
thee MR images. MASS® (Medis, Leiden, the Netherlands) image analysis software was used to 
displayy multislice, multiphase images individually and in a movie loop mode. For quantitative 
assessment,, endocardial and epicardial contours of the systemic ventricle were outlined manually 
inn all images (Figure 1). Papillary muscles, trabeculae and the moderator band were not included 
inn the calculation of ventricular volumes. 

AA marker was placed at the posterior junction of the right ventricle and the interventricular 
septum.. Wall motion and wall thickening were computed for 100 centerline chords (starting 
fromm the marker point proceeding clockwise), based on the centerline method8 (Figure 1). 
Eachh slice was divided into 4 equally sized regions, representing the septal, anterior, lateral and 
posteriorr segments. Wall motion was defined as the motion of each chord relative to the center 
off  the systemic ventricle in each respective slice. Wall thickening was defined as the change of 
end-diastolicc and end-systolic wall thickness in each respective slice. 

Walll  motion and wall thickening were analyzed using 4 segments (anterior, lateral, inferior and 
septal). . 

STATISTICA LL  ANALYSI S 

Differencess between groups were compared with the unpaired t test. The effects of dobutamine 
withinn groups were compared with the paired t test. A p value < 0.05 was considered statistically 
significant.. For descriptive purposes, quantitative variables with a normal distribution were 
presentedd as mean  standard error of the mean. 

RESULTS S 

Alll  patients tolerated and completed the protocol. Details of results are given in Table 1. At rest 
andd at dobutamine stress, heart rate was similar for patients with physiological repair, unoperated 
patientss with ccTGA, and control subjects. Mean arterial blood pressure was similar amongst all 
33 groups at rest, but remained lower in unoperated ccTGA patients at stress compared to the 
controll  subjects. 
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Figuree 2a. Difference in wall thickening between patients 
withh ccTGA (black bars) and healthy controls (white bars) 
att rest in septal, anterior, lateral and posterior segments. 

Figuree 2b. Difference in wall thickening between patients 
withh ccTGA (black bars) and healthy controls (white bars) 
duringg dobutamine stress test in septal, anterior, lateral and 
posteriorr segments. 

WAL LL  MOTIO N 

Att rest, overall wall motion was significantly decreased in ccTGA patients compared to controls 
(7.2+0.55 vs 9.8+0.4, p<0.006). During dobutamine infusion, overall wall motion increased to 
12.8+0.4mmm in controls vs m in patients (p<0.006). At the regional level, dobutamine 
stresss showed significant differences between patients and controls in the anterior wall (9.5+1.1 
vss , p=0.02), posterior wall (10.2+1.6 vs , p=0.01), and the septum 
(5.0+0.88 vs 11.2+0.6mm, p<0.001) (Table 1). 

Figuree 3. MRI  3-dimensional RV reconstruction of a patient with ccTGA (left and middle) and a heart of healthy control 
(right). . 

WAL LL  THICKENIN G 

Att rest, no differences in overall wall thickening were found between patients and controls 
(4.1+0.44 vs 5.2+0.4mm, p=ns). During dobutamine stress, overall wall thickening failed to 
increasee in patients compared to controls (4.7+0.6 vs , p<0.005). Regional wall 
thickeningg was significantly less in the septum 6 vs 6.0+0.4mm, p<0.002) and in the 
anteriorr segments (4.2+0.6 vs , p<0.002) (Table 1, Figures 2a + 2b). There were no 
significantt differences in wall motion and wall thickening between operated and unoperated 
patientss with ccTGA. 
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Figuree 4a. Graphic showing the linear correlation 
betweenn wall motion and ejection fraction (RVEF) at 
rest.. The 95 % confidence limits of the true regression 
linee are indicated with dashed lines. 
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Figuree 4b. Graphic showing the linear correlation 
betweenn wall thickening and ejection fraction (RVEF) at 
rest.. The 95 % confidence limits of the true regression 
linee are indicated with dashed lines. 

REGIONA LL  FUNCTIO N ANALYSI S I N RELATIO N TO GLOBA L FUNCTIO N 

RVEFF correlated strongly with wall motion in patients with ccTGA both at rest and during 
dobutaminee stress (r=0.83, p<0.001), and r=0.89, p=0.003, respectively (Figure 4a). Also, a 
strongg correlation between RVEF and wall thickening was found in patients at rest and during 
dobutaminee stress (r=0.81, p=0.0008, and r=0.90, p=0.002, respectively, Figure 4b). 

DISCUSSION N 

Inn this study, we found RV wall motion and thickening abnormalities at rest and during 
dobutaminee stress in asymptomatic or minimally symptomatic patients with ccTGA. The 
regionall  abnormalities strongly correlated with global RV dysfunction as determined by RVEF. 
Ourr findings support the hypothesis that ischemia of the RV may contribute to the development 
off  RV dysfunction in patients with ccTGA. 

RVV subjected to systemic pressure shows extensive and global hypertrophy compared to the thin 
walll  of the RV when functioning under normal pressure (Figure 3). Hypertrophy places 
additionall  demand on the right coronary arterial supply and progressive ischemia may develop 
leadingg towards ventricular dysfunction3''''6. RV hypertrophy also gives rise to a decrease in 
diastolicc function compromising RV global function . 

Isolatedd case reports already suggested that myocardial perfusion defects may be present in the 
RVV of patients with ccTGA. In two studies of ccTGA patients using sestamibi perfusion gated 
SPECTT imaging, Hornung et al. "12 found substantial RV myocardial perfusion defects. The 
perfusionn defects were associated with wall motion and wall thickening abnormalities in the 
anterior,, posterior and septal segments, and with a reduced RVEF. The authors proposed a 
causall  relation between myocardial ischemia and ventricular dysfunction due to an inadequate 
rightt coronary supply of the hypertrophied ventricle. 

Inn our patients, wall thickening disorders were less pronounced or even absent at rest, but they 
weree present during dobutamine stress predominantly in the anterior and septal segments. 
Interestingly,, the oldest patient in our study, who was 65 years of age at the time of the study, 
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hadd wall motion and wall thickening disorders in all segments accompanied by poor global 
function,, both during rest and dobutamine stress, supporting die hypothesis of die gradual onset 
off  RV dysfunction. 

Comparablee to healthy controls, ccTGA patients responded appropriately to dobutamine stress13. 
However,, the increase in RVEF and stroke volume was less compared to the healthy controls, 
suggestingg global RV dysfunction. It might be argued diat the RV normally operates at a lower 
EFF than the left ventricle. However, in our study, diminished global RV function, as assessed by 
RVEF,, strongly correlated with reduced regional function suggesting a causal relation between 
regionall  and global RV function. 

Inn earlier studies, we already showed that the increase of stroke volume in these patients was 
impededd by the limited or even absent increase of end-diastolic volume during dobutamine 
stress11 "14. One may speculate Üiat the oversized, hypertrophied RV has compromised compliance 
andd therefore abnormal diastolic function superimposed by suboptimal coronary supply. 

STUDYY LIMITATION S 

Ass a group, patients widi ccTGA present with a wide variety of morphology and resulting 
physiology,, potentially precluding generalizations and recommendations across such a 
heterogeneouss group. To that purpose, larger sample sizes should be studied. 

CONCLUSIONS S 

Wee found evidence of abnormal global and regional cardiac function in the systemic ventricle of 
asymptomaticc or slighdy symptomatic patients with ccTGA. The regional abnormalities strongly 
correlatedd with global dysfunction. This study supports the hypothesis diat silent ischemia of the 
RVV myocardium has an important contribution to the development of RV dysfunction in the 
coursee of time. 
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ABSTRACT T 

Objective::  The clinical significance of electrocardiographic (ECG) parameters and other non-
invasivee quantitative parameters for right ventricular (RV) function in patients with chronic RV 
pressuree overload due to congenital heart disease is not yet established. In this study we 
retrospectivelyy examined the changes of ECG parameters over time and their correlation with 
otherr quantitative RV function parameters. 

Methods::  Forty-eight patients with chronic RV pressure overload due to the following 
congenitall  heart diseases were included: 9 congenitally corrected (cc) transposition of the great 
arteriess (TGA), 12 surgically corrected TGA, and 27 patients with a subpulmonary pressure 
overloadedd RV. QRS duration and dispersion were measured manually from standard ECG, 
registeredd twice within an interval of 5 years. RV end diastolic volume (EDV) and RV mass were 
determinedd by magnetic resonance imaging (MRI). Brain natriuretic peptide (BNP) plasma levels 
weree measured. 

Results::  QRS duration and QRS dispersion increased in all patient groups during the follow-up 
period.. QRS duration increased significandy in ccTGA (p=0.04) and in the subpulmonary 
pressuree overloaded RV group (p= 0.01). QRS dispersion increased significandy in patients with 
surgicallyy corrected TGA (p=0.03) and in the subpulmonary pressure overloaded RV group (p-
0.02).. A significant correlation was found between QRS duration and RVEDV (r=0.71; 
p<0.0001).. RV mass was significandy correlated with QRS duration in patients with tetralogy of 
Fallott (TOF) (r=0.67; p<0.01). Mean plasma BNP levels (6.6 (5.4) pmol/L) were increased 
comparedd to normal reference values, but no correlation was found with ECG parameters or RV 
systolicc pressure. No malignant arrhythmia or sudden death occurred. 

Conclusions::  Our study showed a gradual worsening of ECG parameters in asymptomatic or 
minimallyy symptomatic patients with chronic RV pressure overload, regardless of the nature of 
congenitall  heart disease. In all patients, a significant positive correlation was found between 
QRSS duration and RVEDV, and in TOF patients, also between QRS duration and mass. 
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INTRODUCTIO N N 

Ventricularr arrhythmia is an important cause of death in patients with a chronic pressure 
overloadedd right ventricle (RV) due to congenital heart disease1,2. Stratification of patients at risk 
off  life threatening arrhythmias is therefore mandatory in clinical follow-up, ideally by means of 
sensitivee and specific predictive indices, which are easy to obtain in a non-invasive way. Several 
studiess have shown that duration of the QRS complex more than 180 ms, and increased QRS 
dispersionn on the surface electrocardiography (ECG) are associated with an increased risk of 
malignantt ventricular dysrhythmias in patients with tetralogy of Fallot3'4,5,6. RV failure is another 
importantt cause of death in patients with chronic RV pressure overload. Only few quantitative 
parameterss for RV function are available. Novel techniques of volumetry such as magnetic 
resonancee imaging (MRT) which may overcome the limitations of other imaging techniques for 
thee assessment of the RV volumes and mass- have become available7'8. 

Otherr quantitative parameters such as plasma neurohormones are gaining an important role in 
thee early diagnosis of heart failure9. Few studies have investigated the correlation between RV 
functionn and brain natriuretic peptide (BNP) levels10'11 although recent literature has shown that 
plasmaa concentrations of BNP are highly accurate for prediction and detection of LV failure12'13. 

Thee aim of this study was to examine the clinical significance of ECG parameters, and the 
correlationn with other non-invasive quantitative RV parameters, in adult patients with chronic 
RVV pressure overload due to congenital heart disease. 

METHOD S S 

PATIEN TT POPULATIO N 

Forty-eightt patients with chronic RV pressure overload due to congenital heart disease in a 
tertiaryy referral center were examined in a retrospective study. The main inclusion criterion was 
chronicc RV pressure overload (RVSP> 35 mm/Hg assessed by echocardiography) due to 
congenitall  heart disease without important additional hemodynamic lesions, in asymptomatic or 
minimallyy symptomatic patients (NYHA I or II) . Patients were classified into 3 groups according 
too the nature of the congenital disease. Group 1 included 9 patients with congenitally corrected 
transpositionn (cc) of the great arteries (TGA). Group 2 consisted of 12 patients with surgically 
correctedd TGA according to the Mustard or Senning procedures. Twenty-seven patients with a 
subpulmonaryy pressure overloaded RV were included in group 3. Group 3 was divided into 2 
subgroups:: a) 13 patients with tetralogy of Fallot (10 of these patients showed significant 
pulmonaryy regurgitation ranging between 30-50 ml per stroke and three patients less than 10 ml 
perr stroke) and b) 14 patients with RV pressure overload due to other congenital heart disease 
(seee table 1). The latter group consisted of 9 patients with residual pulmonary valve stenosis after 
valvulotomy,, 4 patients with peripheral pulmonary stenosis, and 1 patient with primary 
pulmonaryy hypertension. Patients with irregular rhythm or pacemakers were not included in the 
studyy due to MRI technical features: irregular heart rate has a negative effect on the quality of 
MRII  causing blurred images, pacemakers and leads can be damaged by the magnetic field, or 
causee internal burns due to the magnetic induction. The institutional Ethics Committee 
approvedd the study design and informed consent was obtained from all study subjects. Patient 
populationn and clinical characteristics are shown in table 1. 
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Tablee 1 

Clinicall  Characteristic*  or  the Study Popilattan 

i i i 

men/women n 

age,, years 

RVSPmmHg g 

NYH AA class 1/ II 

SVT// no SVT 

VT/n oo VT 

ccTGA A 

9 9 

4/5 5 

25.9(61) ) 

113.9(110-123) ) 

5/4 4 

1/8 8 

2/7 7 

T G A A 

12 2 

7/5 5 

22.88 (3.4) 

114.44 (90-134) 

3 /9 9 

1/11 1 

0/12 2 

subpulmonaryy pressure overbaded RV 

total l 

27 7 

13/14 4 

28.3(8.7) ) 

56.11 (35-100) 

21/6 6 

5/27 7 

2/27 7 

T O F F 

13 3 

5/8 8 

27.11 (9.8) 

52.33 (35-76) 

10/3 3 

3/10 0 

0/13 3 

rest* * 

14 4 

8/6 6 

29.44 (7.7) 

59.88 (35-100) 

11/3 3 

2/12 2 

2/12 2 

Valuess are mean (SD); ccTGA, congenitallv corrected Transposition of the Great Arteries; NYHA, New 
Yorkk Heart Association; RVSP, right ventricular systolic pressure; TGA, surgically corrected Transposition 
off  the Great Arteries; TOF, Tetralogy of Fallot. 
*:: 9 patients with residual pulmonary valve stenosis, 4 with peripheral pulmonary stenosis, 1 with primary 
pulmonaryy hvpertension. 

ELECTROCARDIOGRAPH Y Y 

AA standard (speed, 25 mm/s and 1 mV/cm standardization) resting 12 lead ECG registration 
wass obtained during the last patient's visit at the outpatient clinic and compared with ECG 
registrationss from a previous visit 5 years ago. 

Thee ECG markers measured and analyzed included QRS duration and its interlead dispersion 
markerr (QRSd). QRS duration was measured manually by one bunded observer and was defined 
ass the maximal QRS length in any lead from the first inflection, to the final sharp vector crossing 
thee isoelectric line3. QRS dispersion was defined as the difference between the maximum and 
minimumm QRS interval occurring in any of the 12 leads. 

MAGNETI CC RESONANCE IMAGIN G 

MRII  study was performed at the end of the 5 year follow-up. Study subjects were placed supine 
inn a 1.5 Tesla MRI scanner with high power gradients (Vision, Siemens, Erlangen Germany). 
MRII  acquisition involved a standardized protocol. Imaging sessions were initiated with scout 
imagess to determine the position of the heart in the thoracic cavity. Based on these images, an 
ECGG triggered Tl-weighted turbo spin echo series of axial images was acquired. A gradient-echo 
cinee sequence was then performed in a plane bisecting the mitral valve orifice, and passing 
throughh the apex, visualizing the long-axis view in order to localize the atrioventricular valve 
plane.. An ECG-triggered, ultrafast, breath-hold gradient-echo cine sequence with the following 
parameters:: repetition time (TR) = R-R interval, time of echo (TE) = 4.8ms, slice thickness 
10mm,, imaging matrix — 256x256, field of view = 350mm, flip angle = 20°, was then used to 
acquiree images in the short axis plane, in contiguous 10mm slices encompassing the heart from 
thee valve plane to the apex. End-systolic and end-diastolic volumes were calculated from this 
multislice,, multiphase image set. 

IMAG EE ANALYSI S 

AA Unix workstation was used for analysis of the MR images. MASS® (Medis, Leiden, The 
Netherlands)) image analysis software was used to display multislice, multiphase images 
individually,, and in a movie loop mode. End-diastolic (maximal ventricular volume) (EDV) 
framess were determined by manual outlining of a mid-ventricular slice in all phases. On end-
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diastolicc time frames, endocardial borders of the RV were outlined manually. Papillary muscles 
andd the moderator band were not included in the ventricular volume. The enclosed RV cross-
sectionall  areas were measured by computer, multiplied by section thickness, and summed up 
accordingg to Simpson's rule to provide RV volumes. Total MRI examination time was 
approximatelyy 45 minutes. 

BRAI NN NATRIURETI C PEPTIDE 

Bloodd samples were obtained from the antecubital vein of all subjects after they had rested for at 
leastt 15 minutes. Blood was collected into chilled tubes containing EDTA and aprotinin (1.9 mg 
andd 100 kIU/ml blood, respectively). The blood samples were promptly centrifugated (3000 
rotations/minutee for 10 minutes) and stored at minus 70°C until final analysis. BNP 
concentrationss were determined with immunoradiometric assay kits (Shionoria, Osaka, Japan). 
Detailss of our methods have been published previously . 

RHYTH MM  MEASUREMENT S 

Twenty-fourr hour Holter recordings were analyzed by an experienced cardiac technician. The 
numberr and duration of the occurrence of supraventricular (SVT) and ventricular tachycardias 
(VT)) were recorded and counted. 

STATISTICA LL  ANALYSI S 

Groupp data are expressed as mean  SD. Student's t tests were used to compare normally 
distributedd variables. The relation between 2 factors was ascertained by plotting them against 
eachh other, and obtaining a linear regression line. The co-efficient of correlation (r) was obtained 
fromm the slope of this line. P<0.05 was considered statistically significant. 
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Figuree 1. Changes in ECG markers during follow-up in patients with chronic RV pressure overload. ccTGA, congeni tally 
correctedd transposition of the great arteries; TOF, tetralogy of Fallot; TGA, surgically corrected transposition of the great 
arteriess rest: 9 patients with residual pulmonary valve stenosis, 4 with peripheral pulmonary stenosis, 1 with primary pulmonary 
hypertension.. subpulmonary: all patients with TOF and all patients of the rest group. A) changes in QRS duration, B) changes 
inn QRS dispersion. 
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RESULTS S 

Byy definition, the follow-up period was 5 years. There were no significant differences in age or 
sexx between the studied patient groups. Holter recording in 7 patients showed SVT lasting less 
thann 3 seconds (1 patient with ccTGA patient (6 SVTs), 1 with TGA (1) and 5 with 
subpulmonaryy pressure overloaded RV, 3 of them with tetralogy of Fallot (2,2,34) 2 of the 
subpulmonaryy rest group (both 1 SVT)). Four patients showed non-sustained VT lasting less 
thann 3 seconds (2 ccTGA patients (1, 2 VTs respectively) and 2 subpulmonary pressure 
overloadedd RV patients, both of the rest group (1,2)) (table 1). Six patients had QRS duration 
>1800 ms (1 patient with ccTGA, 1 patient with TOF and 4 patients of the subpulmonary rest 
group).. One patient with QRS>180 ms showed VT, while 5 patients with QRS>180 ms showed 
noo VT. No malignant arrhythmia, or sudden death has occurred during the study interval. 

__ 400 
_l l 
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—"—"  300 
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o ^ ^ 
005 5 

tota ll  r=0.76; p<0.0001 
restt  r=0.85; p<0.0001 

TOFF r=0.80; p<0.0009 
ccTGAA r=0.50; p=0.17 
TGAA r=0.26; p=0.42 

0.100 0.15 0.20 

QRSS duratb n (s) 

Figuree 2. Correlation between ECG markers and right ventricular (RV) end diastolic volume EDV in patients with chronic 
RVV pressure overload. ccTGA, congenitally corrected transposition of the great arteries; TOF, tetralogv of Fallot; TGA, 
surgicallyy corrected transposition of the great arteries; rest: 9 patients with residual pulmonarv vaJve stenosis, 4 with 
peripherall  pulmonary stenosis, 1 with primary pulmonary hypertension. 
Subpulmonary:: all patients with TOF and all patients of the rest group; total, all patients groups together. 

E CGG MARKERS 

Meann QRS duration and QRS dispersion increased over time in all patient groups (Figure 1). We 
examinedd the occurrence of significant changes within the follow-up period in duration of QRS 
intervals,, or QRS dispersion. Each group showed an increase of QRS duration and QRS 
dispersionn during the five \'ears. Significant increases in QRS duration during the follow-up 
periodd were found in the ccTGA group (0.107 (0.033) to 0.116 (0.039) ms; p=0.04), and in the 
subpulmonaryy pressure overloaded RV group (0.139 (0.036) to 0.130 (0.036) ms; p=0.01). 
(Figuree la) Increase in QRS dispersion was significant in patients with TGA (0.098 (0.017) to 
0.1033 (0.014) ms; p=0.03), and in the subpulmonary pressure overloaded RV group (0.032 
(0.014)) to 0.043 (0.018) ms; p=0.02 (Figure lb). 
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Tablee 2. Values are mean (SD); BNP, brain natriuretic peptide; EDV, end diastolic volume; ccTGA, congenitally corrected 
transpositionn of the great arteries, RV, right ventricle; TGA, transposition of die great arteries. *: 9 patients with residual 
pulmonaryy valve stenosis, 4 with peripheral pulmonary stenosis, 1 with primary pulmonary hypertension. # : Geigy Scientific 
Tables;; Vol. 5 1990; * Tulevski et al. Heart 2001:86:27-30 

RIGH TT VENTRICULA R E ND DIASTOLI C VOLUM E AN D MASS 

RVEDVV and RV mass parameters are summarized in table 2. Taken all groups together, there 
wass a significant correlation between QRS duration and RVEDV (r=0.76; p=0.0001, Figure 2a). 
Takenn the groups separately, we found a significant correlation in the group of patients with 
tetralogyy of Fallot (r=0.80; p=0.0009, Figure 2), and in the subpulmonary rest group 
(r=0.85;p<0.0001,, Figure 2). 

Examiningg all groups together, there was no correlation between QRS duration and RV mass 
(Figuree 3a). When analyzing the groups separately, the tetralogy of Fallot group showed a 
significantt correlation between QRS duration and RV mass (r=0.67; p=0.01), (Figure 3b). In 
patientss with tetralogy of Fallot and ccTGA, we found a significant correlation between RVEDV 
andd RV mass (r =0,91; p=0.001 and r=0.82; p=0.007, respectively). 

BRAI NN NATRIURETI C PEPTIDE 

BNPP levels were increased in all patient groups (table 2) compared to reference values10. No 
significantt correlation between BNP plasma levels and ECG parameters was found. In the line 
withh our previous results10, no correlation was found between BNP plasma levels and RV systolic 
pressure.. A weak correlation was found between BNP and RVEDV; r=0.59; p=0.004. 

DISCUSSION N 

MAI NN FINDING S 

Ourr data show a prolongation in QRS duration and QRS dispersion over time in patients with 
chronicc RV pressure overload, regardless of the nature of congenital heart disease. This is the 
firstfirst study exploring changes in ECG markers over time in patients with chronic RV pressure 
overloadd due to congenital heart disease. In the studied population, RVEDV, RV mass, and 
BNPP were increased compared to the known reference values for healthy volunteers. A 
significantt correlation was found between QRS duration and RVEDV, in patients with a 
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subpulmonaryy RV submitted to chronic pressure overload114. With this study, we demonstrated a 
significantt correlation between QRS duration and RV mass in tetralogy of Fallot patients. 

Q RSS DURATION 
Severall  studies described the importance of QRS duration and dispersion as a predictor of 
dangerouss tachycardias and sudden death in patients with congenital heart disease3'3'6'14"1 . In 
tetralogyy of Fallot patients, QRS>180 ms is a strong predictor for malignant VTs3'6. The exact 
lengthh of QRS prolongation that predicts VT may be variable3. Only 6 patients from our studv 
hadd QRS>180 ms. Four patients showed non-sustained VTs, (only one patient had QRS > 180 
ms),, all lasting less than 3 seconds. We observed an increase of QRS duration over a period of 5 
yearss in all patient groups, however, significant in the ccTGA and in the subpulmonary RV 
patientt group. Our findings emphasize the need of consequent follow-up of ECG parameters in 
thesee patients. 

Q RSS DISPERSION 
Inn the period of 5 years, QRS dispersion increased significandy in patients with surgicallv 
correctedd TGA and tetralogy of Fallot. Gatzoulis et al. introduced QRS dispersion as a marker 
too stud\' inhomogeneity of ventricular depolarization, and showed the presence of depolarization 
abnormalitiess in patients with tetralogy of Fallot. These are significantly greater in patients with 
sustainedd VT and a QRS>180 ms, than in patients without VT and with a QRS<180 ms3 .In our 
populationn with increased QRS dispersion (n=17), we found only 1 patient with non-sustained 
VT,, and 2 with QRS>180 ms. Most of the examined patients had QRS< 180ms. However, 
accordingg to the findings of Gatzoulis et al3 the significant increase in QRS dispersion in our 
patientt groups with surgically corrected TGA and tetralogy of Fallot, could have important 
clinicall  implications concerning the risk of development of malignant VTs. 

> > 
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i: : 
** i 

ccTO\ \ 

TGA A 

TOF F 

rest t 

total total 

r=0.66;; p=0.054 

r=0.33;; p=0.297 

r=0.67;; p=0.012 

r=0.11;; p=0.705 

r=0.08;; p=0.598 

0.100 0.15 

QRSS duratio n (s) 

> > 
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TOFr=0.67;; p=0.012 
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Figur ee 3. Correlation between QRS duration and right ventricular (RV) mass in patients with chronic RV pressure overload. ccTGA, 
congenitaUyy corrected transposition of the great arreries; TOF, tetralogy of Fallot; TGA, surgically corrected transposition of the great 
arteries;; rest: 9 patients with residual pulmonarv valve srenosis, 4 w îth peripheral pulmonarv srenosis, 1 with primarv pulmonarv 
hypertension.. Total, all patients groups together. A) correlation between QRS dutation and RV mass in all patient groups, B) correlation 
betweenn QRS duration and RV mass in patients with TOF. 
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ECGG PARAMETERS AND RVEDV 
Wee found a significant correlation between QRS duration and RVEDV in our patient 
population.. The strongest correlation was found in the group of patients wiri i subpulmonary RV, 
functioningg under chronic pressure overload. An association has been reported between 
ventricularr enlargement secondary to pulmonary regurgitation and a prolonged QRS duration on 
surfacee ECG, as a predictor of ventricular arrhythmias3. In that study, the authors used the plain 
chestt X-ray for RV size determination. Similar findings have been reported by Rahman et al14 

usingg echocardiography for RVEDV determination in patients with tetralogy of Fallot. By 
applyingg newly available three-dimensional imaging technique like MRI and 3 dimensional 
echocardiography,, determination of RV volume in patients with congenital heart disease has 
becomee more reliable. Daliento et al1 using echocardiography in patients with tetralogy of Fallot 
observedd that RVEDV and QRS duration are significantly associated with SVT or ventricular 
fibrillation.. The authors concluded that RVEDV is the most significant marker of malignant 
ventricularr arrhythmias. 

Ourr results suggest that RVEDV and QRS duration are correlated, and may progressively 
increasee over time. A close follow-up of both parameters is therefore of clinical importance in 
thesee patients. 

AA significant correlation was found between RVEDV and RV mass in patients with tetralogy of 
Fallott and ccTGA. A similar correlation has already been described by Grossman et al., for left 
ventricularr eccentric hypertrophy18. 

E C GG PARAMETER S AND RV MASS 
Forr the first time, we have demonstrated a significant correlation between RV mass and QRS 
durationn in patients with tetralogy of Fallot; increased mass is most probably due to RV 
hypertrophy.. No correlation was found between RV mass and QRS duration in patients with 
surgicallyy corrected TGA or ccTGA. In these patients, the RV supports the systemic circulation 
fromm the earliest stages of cardiac development, and the increase of RV mass is most probably 
diee result of hyperplasia19,20. 

ECGG PARAMETER S AND B N P 
Thee possible relation between plasma neurohormone BNP levels and ECG parameters was 
examined.. Raised plasma levels of BNP have been reported previously in patients with LV 
systolicc dysfunction12'21'22. Tsutamoto et al23 stated that a high BNP level may predict mortality 
andd morbidity in asymptomatic patients with LV dysfunction. The relation between 
neurohumorall  factors and RV function so far has received littl e attention1 'n. 
Thee patients we studied were asymptomatic or slighdy symptomatic. Although our patient 
populationn had higher mean BNP plasma levels compared to control healthy volunteers10 we 
foundd no significant correlation between plasma BNP and ECG parameters. In these 
asymptomaticc patients, ECG changes are probably related to anatomic changes such as 
ventricularr volume and postoperative scars, while BNP plasma levels most probably are related 
too RV function10. At this moment, the clinical consequences of these results remain speculative, 
ass follow-up data of the variation in plasma neurohormone levels over time needs yet to be 
studied. . 

STUDYY LIMITATION S 

Examinationn of small groups entails loss of statistical power and therefore, die present report 
requiress confirmation in larger groups of patients. Furthermore, all patients were asymptomatic 
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orr slightly symptomatic. Follow-up of these patients will be necessary' to learn more about the 
prognosticc significance of the quantitative determinants examined in this study. 

CONCLUSION S S 

Ourr study shows a gradual worsening of ECG parameters in asymptomatic or minimally 
symptomaticc patients with chronic RV pressure overload, regardless of the nature of congenital 
heartt disease. In all patients, a positive significant correlation was found between QRS duration 
andd RVEDV. In patients with tetralogy of Fallot, a significant correlation was found between RV 
masss and QRS duration. No correlation was found between QRS duration and plasma BNP 
levels. . 
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ABSTRACT T 

Objective::  To evaluate the role of plasma neurohormones in diagnosis of asymptomatic or 
minimallyy symptomatic RV dysfunction. 

Methods::  Plasma brain natriuretic peptide (BNP) and atrial natriuretic peptide (ANP) levels 
weree measured in 21 asymptomatic or minimally symptomatic patients with chronic RV pressure 
overloadd due to a congenital heart disease and in seven healthy volunteers. RV ejection fraction 
(EF)) was determined using magnetic resonance (MR) imaging. 

Results::  RVEF of the volunteers was significantly higher than RVEF of the patients (69.0(8.2)% 
vv 58.0(12.0)%, respectively, p<0.006). Left ventricular (LV) EF in volunteers and patients was 
72.3(7.8)%% v 68.1(11.0)%, respectively, p=NS. Between patients and volunteers there was a 
significantt difference in the plasma concentrations of BNP (5.3(3.5)pmol/L v 2.3(1.7)pmol/L, 
respectively,, p<0.009) and ANP (7.3(4.5)pmol/L v 3.6(1.4)pmol/L, respectively, p<0.05). Both 
inn patients and volunteers mean ANP plasma concentrations were higher than mean BNP 
plasmaa concentrations. RVEF was inversely correlated with BNP and ANP (r=0.65; p<0.0002 
andd r=0.61; p<0.002, respectively). No correlations were found between LVEF and BNP (r=0.2; 
p=NS),, and LVEF and ANP (r=0.52; p=NS). Similarly, no correlation was shown between the 
levell  of RV systolic pressure and plasma neurohormones BNP (r=0.20) and ANP (r=0.07) 
respectively. . 

Conclusions::  Our study shows a significant inverse correlation between RVEF and the plasma 
neurohormoness BNP and ANP in asymptomatic or minimally symptomatic patients with RV 
pressuree overload and congenital heart disease. Monitoring of changes in BNP and ANP levels 
mayy provide quantitative follow up of RV dysfunction in these patients. 
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INTRODUCTIO N N 

Earlyy diagnosis of right ventricular (RV) dysfunction is difficult but of great importance in 
patientss with chronic RV pressure overload due to congenital heart defects1. Absence of accurate 
RVV function parameters precludes the estimation of the optimal moment for medical or surgical 
interventionn in order to prevent or delay irreversible RV failure2'3. Recent literature has shown 
thatt plasma concentrations of atrial natriuretic peptide (ANP) and brain natriuretic peptide 
(BNP)) are elevated in patients with asymptomatic left ventricular (LV) systolic dysfunction and 
thesee parameters are highly accurate for the detection of LV failure4. BNP is a marker for 
ventricularr distention4*5 and is secreted in both atria and ventricles, especially in failing ventricles6" 
8.. In normal subjects ANP is synthesized and secreted almost exclusively in the atrium, but 
patientss with congestive heart failure have increased production in both atria and ventricles in 
responsee to increased atrial stretch6,7. Although previous studies suggest that neurohumoral 
markerss not only play a role in LV dysfunction9 but also in RV dysfunction10'11 their applicability 
inn detection of RV dysfunction and their relation with other quantitative determinants of RV 
functionn in asymptomatic or minimally symptomatic patients with congenital heart disease are 
yett unknown. 

Inn the present study plasma levels of BNP and ANP were investigated in asymptomatic or 
minimallyy symptomatic patients under circumstances of chronic RV pressure overload. Plasma 
neurohormoness were related to RV ejection fraction (RVEF) determined by magnetic resonance 
(MR)) imaging. MR imaging is an accurate and reproducible method in the quantitative 
assessmentt of RV function and allows in-vivo assessment of various RV function parameters12,13. 

METHOD S S 

STUDYY DESIGN AN D PATIEN T POPULATIO N 

Twentyy one consecutive asymptomatic or minimally symptomatic patients (NYHA Class I and 
IT)) from the cardiology outpatient clinic with chronic RV pressure overload due to a congenital 
heartt disease were included in this study. Seven healthy volunteers matched for sex and age 
servedd as controls. Chronic RV pressure overload was diagnosed by Doppler echocardiography 
(RVV systolic pressure >35 mm Hg). All patients were studied off medication. In each subject 
valvularr regurgitation (>10 ml per cardiac cycle) was ruled out by means of MR flow 
measurements.. Patients with atrial arrhythmias were excluded from this study for two reasons: 1. 
Arrhythmiass make MRI images unreliable for analysis because of the triggering problem and 2. 
Atriall  arrhythmias are known to influence natriuretic peptide levels14. Patients with chronic renal 
impairmentt (serum creatinine >133 jimol/liter) or significant LV abnormalities were not 
includedd in this study. Informed consent was obtained from all patients and volunteers. The 
studyy was approved by the Local Ethical Committee. Clinical characteristics of the study 
populationn are listed in Table 1. 
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Clinicall  Characteristics of the Study Population 

Men/women n 

Age,, y 

NYHAA class I/I I 

ccTGA A 

TGAA (Mustard or Senning) 

Correctedd Tetralogy of Fallot 

Pulmonaryy artery stenosis 

RVV systolic pressure (mmHg) 

RVV EDV / BSA (ml/m2) 

Patients s 

12/9 9 

26.66 (8.6) 

13/8 8 

2 2 

9 9 

10 0 

2 2 

36-134 4 

65.33 (23.3) 

Volunteers s 

4/3 3 

26.99 (3.9) 

7/0 0 

66.88 (17.6) 

Tablee 1. Values are mean (SD); NYHA, New York Heart Association; ccTGA, congenitaJly 
correctedd transposition of the great arteries; TGA, transposition of the great arteries; RV, 
rightright ventricle; EDV, end diastolic volume. 

IMAGIN GG PROTOCOL 

Studyy subjects were placed supine in a 1.5 Tesla MR imaging scanner (Vision, Siemens, Erlangen 
Germany).. MR imaging acquisition involved a standardized protocol. Imaging sessions were 
initiatedd with scout images to determine the position of the heart in the thoracic cavity. Based on 
thesee images an electrocardiogram (ECG) triggered Tl-weighted series of axial images was 
acquired.. A gradient-echo cine sequence was then performed in a plane bisecting the mitral valve 
orificee and passing through the apex visualizing the long-axis view in order to localize the 
atrioventricularr valve plane. An ECG-triggered, ultrafast, breath-held gradient-echo cine 
sequencee (TR = R-R interval, TE = 4.8 msec, matrix size = 256x256, field of view = 350 mm, 
Flipp angle = 20°) was then used to acquire images in the short axis plane in contiguous 10mm 
slicess encompassing the valve plane to the apex of the heart. Velocity maps were acquired with a 
fli pp angle of 30°, TE = 5 ms, slice thickness - 6 mm, FOV = 320 mm and imaging matrix = 
256x256,, Velocity encoding = 250 cm/s. 

IMAG EE ANALYSI S 

AA Unix workstation was used for analysis of the MR images. MASS® (Medis, Leiden, The 
Netherlands)) image analysis software was used to display multi-slice, multi-phase images 
individuallyy and in a movie loop mode. End-diastolic (maximal ventricular volume) (EDV) and 
endd systolic (minimal ventricular volume) (ESV) frames were determined by manual outlining of 
aa mid-ventricular slice in all phases. On end-diastolic and end-systolic time frames endocardial 
borderss of the RV and the LV were outlined manually. Papillary muscles and the moderator 
bandd were not included in the ventricular volume measurements. The enclosed RV and LV 
cross-sectionall  areas were measured by computer, multiplied by section thickness, and summed 
upp according to Simpson's rule to provide LV and RV volumes. 
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Thee Flow® (Medis, Leiden, The Netherlands) image analysis software was used to calculate 
volumetricc flow. Contours of the great artery arising from the RV were drawn manually on the 
moduluss images of all time frames. Flow (ml/s) per cardiac cycle was calculated using the 
velocityy values of the corresponding velocity encoded images. 

PLASM AA NEUROHORMONE S 

Priorr to the MRI examination we obtained blood samples from the antecubital vein of all 
subjectss after they had rested for at least 15 minutes. Blood was collected into chilled tubes 
containingg EDTA and aprotinin (1.9 mg and 100 kIU/ml blood, respectively). The blood 
sampless were promptly centrifuged (3000 rotations/minute for 10 minutes) and stored at minus 
70°° C until final analysis. ANP and BNP concentrations were determined with 
immunoradiometricc assay kits (Shionoria, Osaka, Japan). 

STATISTICA LL  ANALYSI S 

Differencess between the groups were assessed by the unpaired Student's t test. P values <0.05 
weree considered statistically significant. All p values presented are two-tailed. Linear regression 
analysiss was performed to correlate neurohumoral factors and svstolic RV function. For 
descriptivee purposes, quantitative variables with a normal distribution were presented as mean 
standardd deviation (SD). 

RESULTS S 

RVEFF of the volunteers was significantly higher than RVEF of the patients (69.0 (8.2)% v 58.0 
(12.0)%,, respectively, p<0.006) (Figure la). LVEF in volunteers and patients was 72.3 (7.8)% v 
68.11 (11.0)%, respectively, p=NS. There was a significant difference in the plasma concentrations 
off  BNP and ANP between the patients and the volunteers. BNP in patients was 5.3 (3.5) 
pmol/LL v BNP in volunteers 2.3 (1.7) pmol/L, p<0.009; ANP in patients was 7.3 (4.5) pmol/L 
vv ANP in volunteers 3.6 (1.4) pmol/L, p<0.05 (Figure lb). Both in patients and volunteers mean 
ANPP plasma concentrations were higher than mean BNP plasma concentrations. RVEF was 
inverselyy correlated with BNP (r=0.65;p<0.0002; Figure 2a), and ANP (r=0.61;p<0.002 Figure 
2b).. No correlation was found between LVEF and BNP (r=0.2;p=NS), ANP (r=0.52;p=NS). 
Similarly,, no correlation was shown between the level of RV systolic pressure and plasma 
neurohormoness BNP (r=0.20;p=NS) and ANP (r=0.07;p=NS) respectively. End-diastolic RV 
volumee corrected for body surface area was not different between patients and controls (65.3 
(23.3)) ml/m2 v 66.8 (17.6) ml/m2, respectively, p=NS). There were no differences in ventricular 
volumess between the different patient groups included in this study-

p<0.05 5 

II oo
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O O 

ANP P 

Figuree 1. A. Scatter graph showing RVEF in patients and controls. RVF^F, right ventricular ejection fraction. B. Scatter graph 
showingg plasma levels of BNP and ANP in patients and controls. Vertical bars show mean values SD. ANP, atria! natriuretic 
peptide;; BNP, brain natriuretic peptide. 
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Figuree 2. Correlation between BNP plasma levels and RVEF (Figure 2A) and between ANP plasma levels and 
RVEFF (Figure 2B). Solid lines represent the linear regression and dotted lines are 95% confidence intervals of the 
regressionn line. ANP, atrial natriuretic peptide; BNP, brain natriuretic peptide; RVEF, right ventricular ejection 
fraction. . 

DISCUSSION N 

Ourr study showed that RVEF was significantly lower in asymptomatic and minimally 
symptomaticc patients with chronic RV pressure overload than in healthy volunteers. In addition, 
bothh BNP and ANP levels were significantly raised in patients. A significant inverse correlation 
betweenn RVEF and neurohumoral factors BNP and ANP was observed. There was no 
differencee in LVEF between patients and controls, and we found no correlation between LVEF 
andd the plasma neurohormones. 

Too our knowledge, this is the first study to demonstrate a correlation between RV systolic 
functionn and the neurohumoral factors BNP and ANP in asymptomatic or minimally 
symptomaticc patients with chronic RV pressure overload due to congenital heart disease. 
Raisedd plasma levels of BNP and ANP have been reported previously in patients with LV 
systolicc dysfunction4'1"'16. Tsutamoto et al.1 stated that a high BNP level may predict mortality 
andd morbidity in asymptomatic patients with LV dysfunction. Until now, the relation between 
neurohumorall  factors and RV function has received littl e attention. Only one previous study by 
Nagayaa et al1" demonstrated increased BNP and ANP levels in symptomatic patients with RV 
pressuree and volume overload. In the current study, we observed increased plasma levels of 
natriureticc peptides in asymptomatic or minimally symptomatic patients with chronic RV 
pressuree overload. 

Previouss reports have indicated that ANP plasma levels in healthy subjects are higher than BNP 
plasmaa levels8 whereas patients with manifest LV or RV failure show a much larger increase of 
BNPP relative to ANP6'1". In our patients BNP plasma levels did not exceed the plasma levels of 
ANP,, and both BNP and ANP remained relatively low. This can be explained by the 
asymptomaticc nature of early RV dysfunction. Based on these data one could speculate that, 
analogouss to the conditions in LV failure, BNP plasma levels will exceed ANP levels in case of 
deteriorationn from asymptomatic to severe symptomatic RV failure. 

Noo correlation was found between the level of RV systolic pressure and plasma neurohormones, 
indicatingg that elevated plasma neurohormones are markers for RV dysfunction rather than for 
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elevatedd RV pressure in patients with congenital heart disease. This is consistent with the results 
describedd by Nagaya et al.10 concerning patients with pulmonary hypertension. 

Despitee the importance of detecting early RV failure, diagnosis of early asymptomatic RV 
dysfunctionn remains difficult2. Although noninvasive imaging techniques permit evaluation of 
RVV function, they are not suitable for large-scale, cost-effective application. Our data suggest 
thatt elevated BNP and ANP plasma levels in asymptomatic or minimally symptomatic patients 
mightt be helpful as early markers of RV systolic dysfunction and therefore potentially cost-
effectivee for patients at risk for RV dysfunction. Monitoring of changes in the BNP and ANP 
plasmaa levels may provide quantitative follow up of RV dysfunction in these patients. 

Interpretationn of BNP plasma levels must be done within an appropriate clinical context, 
becausee levels of BNP may also arise as a consequence of diverse pathological processes for 
examplee renal failure19 significant LV diseases4 or atrial arrhythmias . 

CONCLUSION S S 

Ourr study shows a significant inverse correlation between RVEF and the plasma 
neurohormoness BNP and ANP in asymptomatic or minimally symptomatic patients with 
chronicc RV pressure overload and congenital heart disease. Increased BNP and ANP plasma 
levelss in these patients might be used as early indicators of RV systolic dysfunction and 
monitoringg of changes in the BNP and ANP plasma levels may provide quantitative follow up of 
RVV function. These results set the scene for larger studies of hormone-guided follow-up of 
asymptomaticc patients with congenital heart disease at risk for RV failure. 
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ABSTRACT T 

Objective::  Right ventricular (RV) function is of major prognostic significance in patients with 
acutee pulmonary embolism (PE). The aim of the present study was to evaluate the role of 
neurohormonee plasma brain natriuretic peptide (BNP) in assessing RV function in patients with 
acutee PE. 

Methods::  BNP levels were measured in 16 consecutive patients with acute PE as diagnosed by 
highh probability lung scintigraphy or pulmonary angiography. Twelve healthy age-matched 
volunteerss served as controls. All 16 patients underwent standard echocardiography and blood 
testss during the first hour of presentation. In the patient group survival was studied for a period 
off  30 days. 

Results::  Plasma BNP levels in patients with acute PE were higher than in controls (7.2 (95% CI 
0.44 to 144.6) versus 1.4 (95% CI 0.4 to 4.6) pmoI/L, p=0.0008). Plasma BNP was significandy 
higherr in 5 patients with RV dysfunction compared to 11 patients with normal RV function (40.2 
(95%% CI 7.5 to 214.9) versus 3.3 (95% CI 0.4 to 24.9) pmol/L, p=0.0003). RV systolic pressure 
wass not significantly correlated with BNP (r=0.42, p=ns). 

Conclusion::  Plasma BNP neurohormone levels might be of clinical importance as a 
supplementaryy tool for assessment of RV function in patient with acute PE. 
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INTRODUCTIO N N 

Pulmonaryy embolism (PE) is associated with a varying degree of pulmonary vascular obstruction 
duee to embolism and vasoconstriction. Increased pulmonary vascular resistance results in 
increasedd workload of the right ventricle (RV) and eventually in RV failure1,2. From a therapeutic 
pointt of view it has been suggested that it may be important to divide hemodynamically stable 
patientss into those with and without evidence of RV dysfunction3'4. RV function is of major 
prognosticc significance in patients with acute pulmonary embolism2,5,6. Early diagnosis of RV 
dysfunctionn is difficult5 and once identified, patients widi PE and RV dysfunction need close 
monitoringg and appropriate therapy. Thrombolysis, embolectomy or placement of an inferior 
cavall  vein filter in conjunction with anticoagulation, are necessary to prevent recurrent PE or 
deathh in cases of hemodynamic instability7. 

Recendy,, neurohumoral activation of the RV in state of overload has gained increased attention8" 
10.. Brain natriuretic peptide (BNP) is a marker for left-ventricular dysfunction1112 and is secreted 
mainlyy in ventricles13'14. BNP has potent diuretic and systemic vasorelaxant properties15. 

Althoughh it has been reported that BNP is rapidly produced and secreted by acute overload in 
thee left ventricle (LV)16 there has been only one case report17 demonstrating the changes in the 
BNPP plasma concentrations in response to acute RV overload. The role of plasma 
neurohormoness and their applicability in detection of RV dysfunction in patients widi acute 
pulmonaryy embolism are yet unknown. 

Accordinglyy we hypothesized that plasma BNP would enable assessment of RV function in 
patientss with PE in case of a significant correlation with currently used clinical parameters for 
RVV function in PE. 
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Clinicall  characteristics 

n n 

Male/female e 

Agee (years) 

Hemodynamicallyy stable/unstable 

BNPP (pmol/L) 

RVV systolic pressure (mm Hg) ) 

Patients s 

16 6 

8/8 8 

577 (28 - 84) 

14/2 2 

20.2(0.7-117.1) ) 

37.77 (22 - 56)* 

Controls s 

12 2 

8/4 4 

511 (42 - 62) 

12/0 0 

1.77 (0.7 - 4.8) 

--

Echocardiography y 

RVV dilatation 8 

RVV dysfunction 5 

Tablee 1. Values are expressed as mean (range) or as number of patients. * n = 12 (RV systolic pressure 
couldd not be assessed in 4 patients by the means of echocardiography) BNP, brain natriuretic peptide; 
RV,, right ventricular. 

PATIENT SS AN D METHOD S 

PATIENT S S 

Wee studied 16 consecutive patients (age 57 9 years, 8 males) with acute PE as diagnosed by 
highh probability lung scintigraphy or pulmonary angiography. Twelve healthy volunteers served 
ass controls (age 51  7 years, 8 males). There were no significant differences in age between the 
groupss and subgroups examined in this study. In addition, all study patients had a follow-up of 
300 days considering cardiovascular mortality. Patients with renal impairment (serum creatinine 
>1333 umol/liter) or with left ventricular dysfunction, documented by echocardiography, were 
nott included in the study. Informed consent was obtained from all study subjects. The study was 
approvedd by the Local Ethical Committee. Informed consent was obtained from all patients and 
volunteers.. Clinical characteristics of the study population are listed in Table 1. 

PLASM AA NEUROHORMONE S 

Duringg the first hour after presentation blood samples were obtained from the antecubital vein 
off  all subjects after they had rested for at least 15 minutes. Blood was collected into chilled tubes 
containingg EDTA and aprotinin (1.9 mg and 100 kIU/ml blood, respectively). The blood 
sampless were promptly centrifugated (3000 rotations/minute for 10 minutes) and stored at 
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minuss 70°C until final analysis. BNP concentrations were determined with immunoradiometric 
assayy kits (Shionoria, Osaka, Japan). Details of our methods have been published previously8. 

ECHOCARDIOGRAPH Y Y 

Standardd two-dimensional echocardiographic examination with commercially available 
ultrasoundd instruments was performed during the first hour of presentation of patients witiS 
acutee PE and stored on standard S-VHS videotape. The transducer was positioned over standard 
windowss according to the American Society of Echocardiography18. 

Al ll  studies were performed by physicians and technicians according to a standard clinical 
protocoll  used in our institution. The analyses and measurements were performed by the 
physician,, either at the time of investigation in a cine loop mode or later on video recordings. 
Thee data were blinded to the clinical outcome of the patient and without the knowledge that the 
analysess also would be used for research purposes. 

Thee degree of RV dysfunction was assessed by qualitative evaluation (wall motion score) of 
segmentall  RV free wall motion. The RV wall motion using standard two-dimensional 
echocardiographyy can be judged normal, mildly, moderately or severe hypokinetic19. However, in 
thee clinical practice it very difficult to differentiate between normal and mildly, mildly and 
moderatee and moderate and severe hypokinetic RV wall. Therefore we classified the 
echocardiographicc findings in two possible to clearly differentiate groups: patients with or 
withoutt RV dysfunction. 

Thee degree of tricuspid regurgitation was assessed qualitatively by combined analyses of color-
floww (size of the largest jet) and continuous-wave Doppler recordings . 

Thee RV was considered dilated when RV end-diastolic diameter >30 mm or RV/LV end-
diastolicc diameter ratio >1 in 4-chamber view20. Continuous wave Doppler of the tricuspid valve 
waswas measured to estimate RV systolic pressure, using the following formula: RV systolic pressure 
== 4v2 + RA, where v is the maximal velocity of the tricuspid valve insufficiency signal18. RA is 
rightright atrial pressure, assumed to be 10 mm Hg in this population21. There were no patients in this 
studyy with evidence of RV wall hypertrophy (free wall thickness > 7 mm). 

STATISTICA LL  ANALYSI S 

Differencess between the groups were assessed by the unpaired Student's t test. P values «3.05 
weree considered statistically significant. BNP values were transformed into a logarithmic scale 
andd log values were used for the statistical analysis, means and 95% confidence interval (CI) are 
expressedd on normal scale by taking anti-log. All p values presented are two-tailed. Linear 
regressionn analysis was performed to correlate BNP with RV systolic pressure. 

RESULTS S 

Thee baseline characteristics of the patients and the control subjects are shown in Table 1. Plasma 
BNPP levels in patients with acute PE were significandy higher than in controls (7.2 (95% CI 0.4 
too 144.6) versus 1.4 (95% CI 0.4 to 4.6) pmol/L, p=0.0008). Plasma BNP was significandy 
higherr in 5 patients widi RV dysfunction compared to 11 patients with normal RV function (40.2 
(95%% CI 7.5 to 214.9) versus 3.3 (95% CI 0.4 to 24.9) pmol/L, p=0.0003) (Figure 1). Plasma 
levelss of BNP were significandy higher in 8 patients with RV dilatation compared to 8 patients 
withoutt RV dilatation (23.5 (95% CI 3.4 to 162.8) versus 2.2 (95% CI 0.4 to 13.2) pmol/L, 
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p=0.0002).. Two patients with the highest BNP plasma levels (117.1 and 80.5 pmol/L) developed 
RVV failure and died within the period of 30 days. RV systolic pressure was not significantly 
correlatedd with BNP (r=0.42, p=ns). 
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Figuree 1. Scatter graph showing log [BNP] in patients and controls. 
Patients,, black circles; Controls, white circles BNP, brain natriuretic 
peptide;; RV, right ventricular. 

DISCUSSION N 

Inn the present study primary emphasis was placed on RV function in patients with acute PE 
beforee treatment took place. Our data suggest that the secretion of BNP responds to RV 
dysfunctionn in these patients. To the best of our knowledge, for the first time we demonstrated a 
significantt difference in BNP plasma levels between the patient groups with normal and 
disturbedd RV function in acute PE. 

R VV DYSFUNCTIO N 

RVV dysfunction occurs in approximately 40% of normotensive patients with acute PE18. At 
times,times, acute severe RV dysfunction in patients with PE can be readily detected by physical 
examination.. Very often additional testing is required to identify these patients, for example by 
electrocardiographyy or chest radiography. However, the most sensitive tool for diagnosing acute 
corr pulmonale and RV dysfunction is the echocardiogram6,22. Identification of patients with PE 
andd RV dysfunction may be associated with some degree of diagnostic uncertainty. Limitations 
off  echocardiography are qualitative assessment of RV function, limitation of acoustic window, 
andd absence of reliable mathematical assumptions due to the complex geometry of RV. 
Regardingg these limitations three dimensional studies of the RV would be helpful in elucidating 
thee full extent of RV function in PE and the relation with plasma neurohormones. Recently, 
Giannitsiss et al. proposed that Troponine T has an independent prognostic value in patients with 
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confirmedd pulmonary embolism23. The authors stated that cardiac troponin T is a highly sensitive 
andd specific marker of myocardial injury, and may aid in the identification of patients in whom a 
moree aggressive therapy is warranted. Plasma BNP has the advantage of being an indicator of 
RVV dysfunction8,9, while Troponine T is a product of myocardial injury. Therefore BNP seems to 
bee a more suitable marker than Troponine T for risk stratification in patients with acute PE. 

PLASM AA NEUROHORMONE S 

BNPP may enable assessment of RV function at the patient's bedside. Therefore, invasive 
diagnosticc methods may not be immediately necessary in patients with acute PE in whom RV 
dysfunctionn may be assessed by plasma neurohormones (or in combination with 
echocardiography).. Reliable assessment of RV dysfunction would allow risk stratification of the 
patientt population with PE4,19 and identification of potential candidates for thrombolytic 
treatment24.. Troughton et al showed that treatment of LV failure can be guided by BNP plasma 
concentrationss , speculating that BNP might serve as indicator for the efficacy of treatment in 
patientss with acute PE. 

Inn our patients no correlation was found between RV systolic pressure and BNP. We assume 
thatt plasma BNP neurohormone during acute RV overload is a marker for RV dysfunction 
ratherr than for elevated RV pressure. This is consistent with the results described by Tulevski et 
al.88 and Nagaya et al.9 concerning patients with chronic RV pressure overload. 

AA suddenly increased pressure load on the RV is poorly tolerated because of the inability of the 
normallyy thin-walled RV to develop and sustain high wall tension and stress. RV function may 
deterioratee with increase of RV afterload paired with increase in plasma neurohormone levels, 
butt increase of RV systolic pressure will be limited by the RV incapability to cope with acute 
increasingg overload. On the other hand, some patients with acute PE showed normal 
echocardiographicc RV function with RV systolic pressure above 40 mm Hg. In these patients 
plasmaa neurohormone levels were not increased. 

PROGNOSTICC SIGNIFICANC E 

Thee potential prognostic value of BNP has been underscored in several previous studies 
regardingg LV pathology26"28. The results of these studies confirmed mat BNP was a powerful 
predictorr of cardiovascular mortality independent of LV ejection fraction. Markedly raised 
circulatingg levels of BNP (above 80 pmol/L in two patients, both hemodynamically unstable) in 
thiss study were associated with mortality within 30 days. In the patient group widi RV 
dysfunctionn a significant difference in BNP levels was observed between 3 patients with survival 
longerr than 30 days and 2 patients who died within this period (22.4 (95% CI 11.0 to 45.7) versus 
97.11 (95% CI 57.8 to 163.2) pmol/L, respectively, p=0.02). 

CONICA LL  SIGNIFICANC E 

Thee results of this study indicate that BNP has a potential to become a routine measure of 
substantiall  practical value as a complementary tool in assessment of RV function in acute PE. 
Twoo conclusions with possible clinical applications can be drawn from our data: (1) low BNP 
plasmaa levels (<10 pmol/L) indicate normal RV function, and (2) the presence of markedly 
increasedd BNP levels may help to target patients for subsequent detailed assessment and 
monitoringg of RV function and die choice of therapy. 

STUDYY LIMITATION S 

Raisedd levels of BNP are a consequence of hemodynamic and structural abnormalities arising 
fromm diverse pathological processes. Hence, the interpretation of BNP plasma levels must be 
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donee within an appropriate clinical context. Examination of small groups entails loss of statistical 
powerr and, therefore, the present report requires confirmation in a larger group of patients. 

Inn conclusion our study suggests that the secretion of BNP responds to RV dysfunction in 
patientss with acute PE. Plasma BNP might be of clinical importance as a supplementary tool for 
assessmentt of RV function under circumstances of acute RV pressure overload, which can be of 
substantiall  importance in the diagnostic process, treatment and prognosis of patients with RV 
dysfunctionn in acute PE. 

106 6 



Chapterr 9 

REFERENCES S 

11 Torbicki A, van Beek EJR, Charbonnier B, Meyer G, Morpurgo M, Palla A, Perrier A, 
Galiee N, Gorge G, Herold C, Husted S, Jezek V, Kasper W, Kneussl M, Morice AH, 
Mussett D, Samama MM, Simonneau G, Sors H, de Swiet M, Turina M, Kronik G, 
Widimskyy J. Guidelines on diagnosis and management of acute pulmonary embolism. 
Eurr Heart J 2000; 21:1301-1336. 

22 Ribeiro A, Juhlin-Dannfelt A, Brodin LA, Holmgren A, Jorfeldt L. Pulmonary embolism: 
relationn between the degree of right ventricle overload and the extent of perfusion 
defects.. Am Heart J 1998; 135:868-74. 

33 Goldhaber SZ, Haire WD, Feldstein ML, Miller M, Toltzis R, Smith JL, Taveira da Silva 
AM ,, Come PC, Lee RT, Parker JA. Alteplase versus heparin in acute pulmonary 
embolism:: randomised trial assessing right-ventricular function and pulmonary perfusion. 
Lancett 1993; 341:507-11. 

44 Konstantinides S, Geibel A, Olschewski M, Heinrich F, Grosser K, Rauber K, Iversen S, 
Redeckerr M, Kienast J, Just H, Kasper W. Association between thrombolytic treatment 
andd the prognosis of hemodynamically stable patients with major pulmonary embolism: 
resultss of a multicenter registry. Circulation 1997; 96:882-8. 

55 Kasper W, Konstantinides S, Geibel A, Tiede N, Krause T, Just H. Prognostic 
significancee of right ventricular afterload stress detected by echocardiography in patients 
withh clinically suspected pulmonary embolism. Heart 1997; 77:346-9. 

66 Grifoni S, Olivotto I, Cecchini P, Pieralli F, Camaiti A, Santoro G, Conti A, Agnelli G, 
Bernii  G. Short-term clinical outcome of patients with acute pulmonary embolism, 
normall  blood pressure, and echocardiographic right ventricular dysfunction. Circulation 
2000;; 101:2817-2822. 

77 Goldhaber SZ. Pulmonary embolism for cardiologists J Am Coll Cardiol 1997;30:1172-3. 
88 Tulevski II , Groenink M, Van der Wall EE, van Veldhuisen DJ, Boomsma F, Stoker J, 

Mulderr BJM. Increased Brain and Atrial Natriuretic Peptides in Patients with Chronic 
Rightt Ventricular Pressure Overload: Correlation between Plasma Neurohormones and 
Rightt Ventricular Dysfunction. Heart 2001 86: 27-30. 

99 Nagaya N, Nishikimi T, Okano Y, Uematsu M, Satoh T, Kyotani S, Kuribayashi S, 
Hamadaa S, Kakishita M, Nakanishi N, Takamiya M, Kunieda T, Matsuo H, Kangawa K. 
Plasmaa brain natriuretic peptide levels increase in proportion to the extent of right 
ventricularr dysfunction in pulmonary hypertension. J Am Coll Cardiol 1998; 31:202-8. 

100 Nootens M, Kaufmann E, Rector T, Toher C, Judd D, Francis GS, Rich S. 
Neurohormonall  activation in patients with right ventricular failure from pulmonary 
hypertension:: relation to hemodynamic variables and endothelin levels. J Am Coll Cardiol 
1995;26:1581-5. . 

111 McDonagh TA, Robb SD, Murdoch DR, Morton JJ, Ford I, Morrison CE, Tunstall-
Pedoee H, McMurray JJ, Dargie HJ. Biochemical detection of left-ventricular systolic 
dysfunction.. Lancet 1998; 351:9-13. 

122 Richards AM, Nicholls MG, Yandle TG, Frampton C, Espiner EA, Turner JG, 
Buttimoree RC, Lainchbury JG, Elliott JM, Ikram H, Crozier IG, Smyth DW. 
Plasmaa N-terminal pro-brain natriuretic peptide and adrenomedullin: new 
neurohormonall  predictors of left ventricular function and prognosis after myocardial 
infarction.. Circulation 1998; 97:1921-9. 

107 7 



Chapterr 9 

133 Van Veldhuisen DJ, Boomsma F, de Kam PJ, Man in't Veld AJ, Crijns HJ, Hampton JR, 
Liee KI . Influence of age on neurohormonal activation and prognosis in patients with 
chronicc heart failure. Eur Heart J 1998; 19:753-60. 
Mukoyamaa M, Nakao K, Hosoda K, Suga S, Saito Y, Ogawa Y, Shirakami G, Jougasaki 
M,, Obata K, Yasue H. Brain natriuretic peptide as a novel cardiac hormone in humans. 
Evidencee for an exquisite dual natriuretic peptide system, atrial natriuretic peptide and 
brainn natriuretic peptide. J Clin Invest 1991; 87:1402-12. 

155 Kambayashi Y, Nakao K, Kimura H, Kawabata T, Nakamura M, Inouye K, Yoshida N, 
Imuraa H. Biological characterization of human brain natriuretic peptide (BNP) and rat 
BNP:: species-specific actions of BNP. Biochem Biophys Res Commun. 1990; 173:599-
605. . 

166 Hama N, Itoh H, Shirakami G, Nakagawa O, Suga S, Ogawa Y, Masuda I, Nakanishi K, 
Yoshimasaa T, Hashimoto Y. Rapid ventricular induction of brain natriuretic peptide gene 
expressionn in experimental acute myocardial infarction. Circulation 1995; 92:1558-64. 

177 Kurose M, Yoshimura M, Yasue H. Raised plasma BNP in a patient with acute 
pulmonaryy thromboembolism. Heart 1997; 78:320-1. 

188 Henry WL, DeMaria A, Gramiak R, King DL, Kisslo J A, Popp RL, Sahn DJ, Schiller 
NB,, Tajik A, Teichholz LE, Weyman AE. Report of the american society of 
echocardiographyy committee on nomenclature and standards in two-dimensional 
echocardiography.. Circulation 1980; 62:212-5. 

199 Ribeiro A, Lindmarker P, Juhlin-Dannfelt A, Johnsson H, Jorfeldt L. 
Echocardiographyy Doppler in pulmonary embolism: right ventricular dysfunction as a 
predictorr of mortality- rate. Am Heart J 1997; 134:479-87. 

200 Grifoni S, Olivotto I, Cecchini P, Pieralli F, Camaiti A, Santoro G, Pieri A, Toccafondi S, 
Magazzinii  S, Berni G, Agnelli G. Utilit y of an integrated clinical, echocardiography and 
venouss ultrasonographic approach for triage of patients with suspected pulmonary 
embolism.. Am J Cardiol 1998; 82:1230-5. 

211 Currie P, J.Seward J, B.Chan KL, Fyfe DA, Hagler DJ, Mair DD, Reeder GS, Nishimura 
RA,, Tajik AJ. Continuous wave Doppler determination of right ventricular pressure: a 
simultaneouss Doppler-catheterization study in 127 patients. J Am Coll Cardiol 1985; 6: 
7500-6. . 

222 Jardin F, Dubourg O, Bourdarias J P. Echocardiography pattern of acute cor pulmonale. 
Chestt 1997; 111:209-17. 

233 Giannitsis E, Muller-Bardorff M, Kurowski V, Weidtmann B, Wiegand U, Kampmann 
M.. Katus HA, Independent prognostic value of cardiac troponin T in patients with 
confirmedd pulmonary embolism. Circulation 2000; 102:211-217. 

244 Lualdi JC, Goldhaber SZ. Right ventricular dysfunction after acute pulmonary embolism: 
pathophysiologicc factors, detection, and therapeutic implications. Am Heart J 1995; 
130:1276-82. . 

255 Troughton, R, W.Frampton, C. M.Yandle, TG, Espiner EA, Nicholls MG, Richards AM. 
Treatmentt of heart failure guided by plasma aminoterminal brain natriuretic peptide (N-
BNP)) concentrations. Lancet 2000; 355: 1126-1130 

266 Tsutamoto T, Wada A, Maeda K, Hisanaga T, Mabuchi N, Hayashi M, Ohnishi M, 
Sawakii  M, Fujii M, Horie H, Sugimoto Y, Kinoshita M . Plasma brain natriuretic peptide 
levell  as a biochemical marker of morbidity and mortality in patients with asymptomatic 
orr minimally symptomatic left ventricular dysfunction - Comparison with plasma 
angiotensinn II and endothelin-1. Eur Heart J 1999; 20:1799-1807. 

277 Darbar D, Davidson NC, Gillespie N, Choy AM, Lang CC, Shyr Y, McNeill GP, Pringle 
TH,, Struthers AD. Diagnostic value of B-type natriuretic peptide concentrations in 
patientss with acute myocardial infarction. Am J Cardiol 1996; 78:284-7. 

108 8 



Chapterr 9 

288 Omland T, Aakvaag A, Bonarjee W , Caidahl K, Lie RT, Nüsen DW, Sundsfjord JA, 
Dicksteinn K. Plasma brain natriuretic peptide as an indicator of left ventricular systolic 
functionn and long-term survival after acute myocardial infarction. Comparison with 
plasmaa atrial natriuretic peptide and N-terminal proatrial natriuretic peptide. Circulation 
1996;; 93:1963-9. 

109 9 





UTILIT YY OF A BRAIN NATRIURETIC PEPTIDE AS A MARKER FOR RIGHT 

VENTRICULARR DYSFUNCTION IN ACUTE PULMONARY EMBOLISM 

Igorr I. Tulevski1, Dirk J. van Veldhuisen2, Barbara J.M. Mulder1 

Fromm the Department of Cardiology1, Academic Medical Center Amsterdam and 

Departmentt of Cardiology, University Hospital Groningen2 

{JJ Am Coll Cariol 2002; 89:2080} 



Chapterr 10 

Wee read with interest the study by Morrison et al', in which it was shown that rapid 
measurementt of brain natriuretic peptide (BNP) concentrations in blood is a sensitive and 
specificc test for differentiating patients with heart failure from those with primary pulmonary 
causess of dyspnea in acute care settings. The authors stated that correct, accurate and early 
diagnosiss of left ventricular (LV) dysfunction is imperative for improved survival. However, 
recentt data indicate that this statement also applies to right ventricular (RV) dysfunction2'3. The 
clinicall  diagnosis of RV dysfunction, however, is usually more complex than that of LV 
dysfunction.. RV function plays an important role in conditions of increased pulmonary vascular 
resistancee (such as pulmonary embolism), resulting in increased workload of the RV and 
eventuallyy in RV dysfunction and failure. RV function may deteriorate with increase in RV 
afterloadd accompanied by an increase in neurohormonal activation, but the increase of RV 
systolicc pressure will be limited2'3. A suddenly increased pressure load on the RV is poorly 
toleratedd because of the inability of the normally thin-walled RV to develop and sustain high wall 
tensionn and stress . 
Inn two recent studies ' we showed that there was no correlation between RV systolic pressure 
andd BNP levels. In our opinion (unpublished results involving 114 patients with acute 
pulmonaryy embolism), patients with relatively low RV systolic pressure and high BNP (above 
1800 pg/ml) are at imminent risk for RV failure. 
Concerningg prognosis and management of patients with acute pulmonary' embolism BNP 
concentrationss between 80 and 300 pg/ml are of particular interest3. Indeed, low BNP levels 
havee excellent negative predictive value and most patients with high BNP levels probably have 
alreadyy clinically manifest heart failure, leaving patients with intermediate BNP levels in "difficul t 
too interpret" zone. Serial BNP measurements in combination with echocardiography should help 
solvingg this important clinical problem. 
Wee found significandy higher plasma BNP levels in patients with RV dysfunction due to 
pulmonaryy embolism compared to patients with pulmonary embolism and normal RV function3. 
Therefore,, BNP is of clinical importance as a supplementary tool for assessment of RV function 
andd discrimination between patients with normal RV function, RV dysfunction and RV failure 
underr circumstances of acute RV pressure overload. This might add to the purpose of the 
Morrisonn et al. study and differentiate heart failure from dyspnea of pulmonary etiologies even 
moree accurate. 
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ABSTRACT T 

Background::  Despite effective treatment with anticoagulants, 2-7% of patients with pulmonary 
embolismm will die as a result of their disease. 

Methodss and Results: We examined in 110 consecutive patients with pulmonary embolism 
whetherr plasma Brain Natriuretic Peptide (BNP), a novel marker of (right) ventricular 
dysfunction,, is a predictor of fatal pulmonary embolism. The relationship between BNP 
concentrationn measured at presentation and clinical outcome was assessed by comparing the 
proportionn of outcome events among tertiles. Positive and negative predictive values of BNP 
levelss in the highest and lowest tertiles were calculated. 

Results::  The risk of death related to pulmonary embolism if the BNP level is above 21.7 
pmol/LL is 16% (95% CI: 6-32%). The negative predictive value for uneventful outcome of a 
BNPP value below 21.7 pmol/L is 99% (95% CI 93-100%). 

Conclusion::  This is the first study to show that plasma BNP levels seem to predict adverse 
outcomee in patients with acute pulmonary embolism. 
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INTRODUCTIO N N 

Hemodynamicallyy stable patients with pulmonary embolism are treated with an initial course of 
(loww molecular weight) heparin and subsequently vitamin K antagonists for 3-6 months. 
Althoughh this therapy is very effective, still during 3 months of follow-up approximately 2-7% of 
patientss will die as a result of pulmonary embolism1"4. Mortality likely occurs in those patients 
havingg right ventricular dysfunction at presentation5"7. Brain Natriuretic Peptide (BNP) is a 
plasmaa neurohormone mainly secreted in the cardiac ventricles in response to stretch and/or 
pressuree increase 8.BNP levels are known to correlate with left ventricular dysfunction and used 
forr the diagnosis of left ventricular failure9,10. We recently showed that increased levels of BNP 
aree also associated with right ventricular dysfunction in patients with pulmonary embolism . 
Becausee right ventricular dysfunction in patients with pulmonary embolism is a likely marker for 
longg term adverse outcome, we hypothesized that this may be predicted by high BNP levels at 
presentation. . 

METHODS S 

STUDYY POPULATION 

Dataa from a prospective cohort study of patients presenting with clinically suspected pulmonary 
embolism,, referred for diagnostic work-up, were available for analysis12'13. Patients requiring 
thrombolyticc therapy because of hemodynamic instability were excluded from this study. The 
Institutionall  Review Boards approved the study protocol and participants gave informed 
consent.. For the present analysis only patients with objectively confirmed pulmonary embolism 
onn the basis of a high-probability scintigram, a non-high probability scintigram with abnormal 
ultrasonographyy of the legs or the presence of pulmonary embolism on spiral CT were used. 
Sincee renal insufficiency can result in elevated BNP levels, we excluded patients with known 
renall  insufficiency. 

Characteristicc Deaths Survivors P-value 

N = l ll  N=99 

Sexx (m) 5 (46%) 48 (49%) 085 

Age,, mean (+/- 66 (+/-15) 56 (+/-18) 0.074 
SD) ) 

COPDD 1 (9%) 7 (7%) 0.81 

Vascularr disease* 1(9%) 9(9%) 1.0 

Cancerr 4(36%) 14 (14%)f 0.064 

Previouss VTE 1(9%) 16(16%) 0.54 

Tablee 1. Baseline clinical characteristics of 110 patients with pulmonary embolism who died (N=ll ) and survived (N=99) 
duringg 3 months of follow-up. COPD = Chronic Obstructive Pulmonary Disease; VTE = Venous thromboembolism; * 
Vascularr disease includes cerebrovascular, coronary artery and peripheral artery disease; j - Of 2 patients it is unknown 
whetherr they had cancer. 
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BLOO DD SAMPLIN G 

Att the time of enrolment, blood specimens were collected in citrated tubes and centrifuged for 
155 minutes. The plasma was stored a t- 80 °C and at the end of the study BNP concentrations 
weree determined with immunoradiometric assay kits (Shionoria, Osaka, Japan) without 
knowledgee of the clinical outcome. According measurements in healthy volunteers, the normal 
valuess (-/+2SD) of BNP range between 0.4 and 4.6 pmol/L. 

OUTCOM EE EVENT S 

Al ll  adverse events occurring during 3 months of follow-up were reviewed by a blinded and 
independentt adjudication committee. Deaths were subcategorized as deaths definitely due to 
pulmonaryy embolism, possibly due to pulmonary embolism or other causes. The following 
outcomess were used for our analysis: deaths due to pulmonary embolism, deaths related to 
pulmonaryy embolism (i.e. those patients with pulmonary embolism as a definite as well as a 
possiblee cause of death) and all cause mortality. 

STATISTICA LL  ANALYSI S 

Patientss were divided into tertiles on the basis of their BNP level at the time of inclusion. The 
chii  square test was used to test the difference in proportions of outcome events between the 
threee groups. The positive and negative predictive values for death related to pulmonary 
embolismm of a BNP level in the highest and lowest tertiles, respectively, were calculated. Their 
exactt 95% confidence intervals were calculated using Confidence Interval Analysis (Gardner MJ, 
BMJJ Books 1989, version 1.0). To evaluate the effects of other variables on death, and whether 
thesee potential cofounders influenced the association between high BNP levels and death, 
multiplee logistic regression analysis was performed using SPSS (SPSS for Windows, release 
10.0.7)) and Excel (Microsoft® Excel 97 SR-1). BNP was entered as a dichotomous variable using 
thee 33r and 67r percentile as the cut-off value. 

Concentration n 

BNPP (pmol/L ) 

<2.5 5 

2.55 - < 21.7 

>21.7 7 

Patientss n 

37 7 

37 7 

36 6 

Deathss related to 

pulmonary y 

embolismm n 

0 0 

1**  (2.6%) 

6f(16.2%) ) 

P=0.003 3 

Al ll  cause 

mortalit yy n 

0 0 

22 (5.3%) 

99 (24.3%) 

P<0.001 1 

Deathss due to 

otherr  causes:): n 

0 0 

11 (2.6%) 

33 (8.1%) 

P=0.067 7 

Tablee 2. Distribution of outcome events during 3 months follow-up among BNP tertiles in patients with pulmonary 
embolism.. *This death was definitely due to pulmonary embolism; f 4 of these deaths were definitely due to pulmonary 
embolism;; £ All these patients died as a consequence of cancer. 
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RESULTS S 

STUDYY POPULATIO N 

AA total of 110 consecutive patients with objectively confirmed pulmonary embolism were 
included.. The mean age was 58 (+/- SD: 18). The mean baseline level of BNP was 32.4 pmol/L, 
withh a median of 9.4 pmol/L. Eleven patients died during 3 months of clinical follow-up (10%). 
Sevenn deaths were related to pulmonary embolism of whom 5 deaths were definitely (3 of these 
patientss died 2 days after presentation, whereas the others died on days 5 and 38) and 2 possibly 
duee to pulmonary embolism (they died on days 8 and 34). The remaining 4 deaths died as a result 
off  cancer; 38, 43, 76 and 87 days after presentation. None of the 5 patients who died as a 
consequencee of pulmonary embolism had a history of heart failure at presentation. Of the 2 
patientss who possibly died of pulmonary embolism heart failure contributed to the cause of 
death.. Table 1 gives the baseline characteristics of the patients who survived and those who died 
duringg 3 months of follow-up. Patients who died had more often cancer (p=0.084) and were 
olderr (p=0.074). The median BNP in the patients who died was 71.6 pmol/L (interquartile range 
47.4-117.1),, compared with 8.7 pmol/L (interquartile range 1.5-29.3) in those who survived 
(P<0.001).. The median BNP in the 5 patients who died due to pulmonary embolism was 80.5 
pmol/LL (interquartile range 25.8-101.5; P=0.030 for the comparison with the median BNP level 
off  the other patients). 

PLASM AA BNP CONCENTRATION S AND CLINICA L OUTCOM E 

Patientss with adverse outcome events had BNP levels at presentation belonging to the highest 
tertiless (Table 2). High BNP levels were associated with all cause mortality and death related to 
pulmonaryy embolism. Of fhe 38 patients in the highest tertile, four died of pulmonary embolism, 
whereass in another 2 patients pulmonary embolism was a possible cause of death. Hence, the 
positivee predictive value of a BNP level above 21.7 pmol/L was 16% (95% CI: 6-32%). On the 
otherr hand, the negative predictive value for uneventful outcome of a BNP value below 21.7 
pmol/LL was 99% (95% CI 93-100%). As shown in Figure 1, survival is significandy worse in 
patientss with BNP concentrations in the highest tertile. As shown by logistic regression analysis, 
thee odds ratio for the risk of all cause death - adjusted for cancer and age - of BNP levels above 
thee 67th percentile (i.e. 21.7 pmol/L) was 9.4 (p=0.008). 
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Figuree 1. Kaplan-Meier survival curve for 110 patients during 3 months after the diagnosis of pulmonary embolism. 
Theree were 0 deaths in the first tertile (BNP level 0-2.5 pmol/L), 2 deaths in the second (2.5-21.7 pmol/L), and 9 in 
thee highest tertile. BNP= Brain Natriuretic Peptide. 
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DISCUSSION N 

Thiss analysis demonstrates for the first time that the plasma concentration of BNP in patients 
withh pulmonary embolism, measured at presentation, seems to predict adverse outcome during 3 
monthss follow-up. Patients with pulmonary embolism are part of a clinically heterogeneous 
group,, which ranges from patients with pleuritic chest pain as the only physical sign to those 
whoo are severely dyspnoeic and/or hemodynamically compromised. In the past years attempts 
havee been made to stratify this patient group in order to select patients with a high risk of fatal 
pulmonaryy embolism, with the eventual aim to guide more aggressive therapy. Previous studies 
havee shown that echocardiography, to assess right ventricular dysfunction, appears to be such a 
tool.. However, the positive predictive value of echocardiographically assessed right ventricular 
dysfunctionn for pulmonary embolism related death in hemodynamically stable patients appears 
onlyy 5% , whereas the positive predictive value of a high BNP level for this outcome event as 
foundd in our study is 16% (95% CI: 6-32%). More recentiy, cardiac troponine T and I have been 
advocatedd as possible candidates for risk stratification. Konstantinides and colleagues found that 
35-40%% of patients with pulmonary embolism has elevated levels of cardiac troponines which 
weree associated with overall mortality and a complicated in-hospital course14. However, cardiac 
troponiness are released as a consequence of myocardial injury, whereas the triggering factor for 
releasee of BNP is an increase in stretch or pressure of the ventricles that precedes right 
ventricularr failure. Five percent of the patients in the study of Konstantinides were 
hemodynamicallyy unstable and 28% of the patients suffered from syncope, which might have 
resultedd in the high percentage of elevated troponines and (overall) mortality. The results of the 
presentt study are of particular interest, because only hemodynamically stable patients were 
included.. These patients are currently treated with conservative therapy (i.e. heparin and vitamin 
KK antagonists), but might benefit from more aggressive treatment (e.g. thrombolysis) if their 
BNPP level is high at presentation. Hemodynamically unstable patients already have an indication 
forr more aggressive therapy. It needs to be investigated in a larger group of patients whether 
BNP,, troponine or a combination of both is the best predictor of adverse outcomes in 
hemodynamicallyy stable patients with acute pulmonary embolism. If proven to be effective, this 
easyy to perform blood test might be a simple tool to stratify patients for more aggressive therapy 
suchh as thrombolysis or percutaneous embolectomy. 
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ABSTRACT T 

Background::  Evaluation of the combined utility of brain natriuretic peptide (BNP) and cardiac 
troponinn T (cTnT) for risk stratification in patients with acute pulmonary embolism (PE). 

Methods::  BNP and cTnT levels were measured in 28 patients (age 8 years) with acute PE. 
Twenty-sevenn healthy age-matched volunteers served as controls (age 2 years). Blood 
sampless from all patients were obtained during the first hour of presentation. All patients were 
treatedd with intravenously administered heparin. Follow-up blood samples were acquired after 90 
days. . 

Results::  Six patients (21%) had increased BNP (59  30 pmol/L) and cTnT (0.044  0.025 
ng/mL)) and RV dysfunction as diagnosed by echocardiography. Two of these patients died 
duringg follow-up as a consequence of RV failure due to PE. In the remaining four patients BNP 
andd cTnT normalized and these patients were in good clinical condition at the end of the follow-
up.. Eight patients (29%) had increased BNP (40.6  32.6 pmol/L) and normal cTnT at 
presentation.. In four of these patients BNP levels remained increased after treatment (46.9
21.00 pmol/L). During follow-up these patients were diagnosed with chronic PE and RV pressure 
overloadd (RVSP > 40 mmHg). In the remaining four patients BNP and cTnT levels normalized 
andd these patients were in good clinical condition at the end of follow-up. Fourteen patients 
(50%)) with confirmed PE had normal BNP and cTnT levels at presentation, which remained 
normall  during follow-up. These fourteen patients were in good clinical condition during follow-
up. . 

Conclusion::  Patients with acute PE presenting with both increased BNP and cTnT are at 
higherr risk for adverse outcome then patients with increased BNP and normal cTnT levels. 
Patientss with normal BNP and cTnT have no risk for adverse outcome. 
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INTRODUCTIO N N 

I nn patients with acute pulmonary embolism (PE) risk stratification is important because more 
aggressivee therapies such as thrombolytics, inotropic vasoactive drugs, and embolectomy may 
improvee the outcome in patients at risk for acute RV failure1"6. In-hospital PE mortality rates 
rangee from 1% to > 30%, depending on the clinical and hemodynamic profile of die patients 
included3.. Another 4% will have recurrent non-fatal pulmonary embolism7. Thus noninvasive 
rapidd triage and assessment of the efficacy of dierapy and follow-up in these patients is desirable. 
Recendyy brain natriuretic peptide (BNP) and cardiac troponin T (cTnT) have been proposed as 
possiblee diagnostic tools for optimizing the management strategy in patients with acute 
pulmonaryy embolism8"11. 

Plasmaa BNP, a cardiac hormone secreted mainly by the ventricles has potent diuretic and 
systemicc vasorelaxant properties12. In two of our recent studies we have shown that plasma BNP 
levelss increased proportioned to with RV dysfunction8,13. 

Cardiacc troponin T (cTnT) is a highly sensitive and specific marker of myocardial cell injury and 
itss role for risk stratification in acute coronary syndromes is well established9. More recendy, 
cTnTT has been advocated as possible candidate for risk stratification in patients with acute PE9'11. 
Inn this study wee have combined these two independent prognostic factors to elucidate their value 
ass complementary quantitative indicators for rapid triage and risk stratification in patients with 
acutee PE. The changing patterns of BNP and cTnT levels during the initial management of PE 
andd their correlation with clinical outcome were the focus of this study. 

METHOD S S 

Dataa from a prospective cohort study of patients presenting with pulmonary embolism, referred 
forr diagnostic work-up, were available for analysis. We studied 28 consecutive patients (age 53
188 years, 10 males) with acute PE as diagnosed by high-probability scintigram, a non-high 
probabilityy scintigram widi abnormal ultrasonography of the legs or the presence of pulmonary 
embolismm on spiral CT. Patients included in this study had no cardiac or pulmonary medical 
history.. Twenty-seven healthy volunteers served as controls (age 42.4  12.4 years, 17 males). 
Thee patient's clinical condition was evaluated according to New York Heart Association 
(NYHA)) classification. Patients with NYHA class I were classified as being in good clinical 
condition.. All study subjects had 90 days follow-up. Those patients requiring thrombolytic 
therapyy because of hemodynamic instability were excluded from this study. Patients with renal 
impairmentt (serum creatinine >133 ^mol/liter), atrial fibrillation, flutter or with preexisting left 
ventricularr dysfunction, documented by echocardiography, were not included in the study. 
Informedd consent was obtained from all study subjects. The Local Ethical Committee approved 
thethe study. Informed consent was obtained from all patients and volunteers. Demographics and 
clinicall  characteristics of the study population are listed in Table 1. 
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Clinicall  characteristics 

N N 

Malee / female 

Age e 

Breathingg frequency 

Bodyy temperature 

Heartt rate 

Systolicc blood pressure 

Diastolicc blood pressure 

Patients s 

28 8 

1 2// 16 

5 3 + / - 18 8 

19+/-20 0 

37.11 + /- 0.77 

888 + /- 23 

130+/ -20 0 

7 6 + /-- 12 

Controls s 

27 7 

1 7 / 10 0 

422 +/-12 

16+/-4 4 

36.5+/-0.5 5 

66+/-12 2 

112+/-14 4 

72+/-15 5 

Tablee 1. Values are expressed as mean (+/- SD). 

ECHOCARDIOGRAPH Y Y 

Standardd two-dimensional echocardiographic examination with commercially available 
ultrasoundd instruments was performed at physicians discretion according to a standard clinical 
protocoll  used in our institution8. RV function was assessed by qualitative evaluation and 
stratifiedd to patients with or without RV dysfunction. 

PLASM AA NEUROHORMONE S AN D C T N T 

Bloodd samples were obtained at presentation and after 90 days. Blood was collected into chilled 
tubes,, promptly centrifuged (3000 rotations/minute for 10 minutes) and stored at minus 80°C 
untill  final analysis. BNP concentrations were determined with immunoradiometric assay kits 
(Shionoria,, Osaka, Japan). Details of our methods have been published previously8. From the 
samee blood samples cTnT was determined by means of a qualitative immunological assay. 

RESULTS S 

AA total of 28 patients with objectively confirmed PE were included. The baseline characteristics 
off  the patients and the control subjects are shown in Table 1. 

Meann plasma BNP levels in patients with acute PE, at presentation, were significantly higher 
thann in controls (BNP 29.6  39.2 versus 3.1  3.7 pmol/L; p<0.0006) (Figure 1). In the patient 
groupp mean plasma BNP levels significandy decreased after treatment from 29.6  39.2 to 10.8 

 17.6 pmol/L (p < 0.02) (Figure 2a). Similarly to BNP, mean cTnT levels in patients were 
significantlyy higher than in controls (cTnT 0.017  0.017 versus 0.010  0 ng/mL; p< 0.05) and 
decreasedd significantly after treatment to 0.010  0 ng/mL; p<0.02 (Figure 2b). 
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Thee results are schematically described in flow chart. During initial presentation six patients 
(21%)) had increased both BNP (59  30 pmol/L) and cTnT (0.044  0.025 ng/mL) and RV 
dysfunctionn as diagnosed by echocardiography. Two of these patients (7%) died during follow-
upp (first seven days) as a consequence of RV failure due to PE. The remaining four patients 
improvedd after therapy and at the end of follow-up they were in good clinical condition with 
normalizedd BNP and cTnT levels. 

Eightt patients (29%) had increased BNP (40.6  32.6 pmol/L) and normal cTnT at presentation. 
Inn four of these patients BNP levels remained increased after treatment (46.9  21.0 pmol/L). 
Duringg follow-up these patients were diagnosed with chronic PE and RV pressure overload 
(NYHAA II and III) . The remaining four patients were in good clinical condition at the end of the 
follow-upp with normalized BNP and cTnT levels. 

Fourteenn patients (50%) with confirmed PE had normal BNP (3.0  3.0 pmol/L) and cTnT 
(0.0100 ng/ml) levels at presentation that remained normal during follow-up. None of these 
patientss had clinical or diagnostic signs of RV dysfunction during the follow-up period. 
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DISCUSSION N 

Thiss study shows that PE patients with increased BNP and cTnT are at high risk for adverse 
outcomee in terms of mortality. Increased risk for adverse outcomes was also found in the 
patientss with increased BNP and normal cTnT who were diagnosed with chronic PE and RV 
pressuree overload. The patients with normal BNP and cTnT were in good clinical condition and 
hadd no signs of RV dysfunction. 

IMPORTANCEE OF RISK STRATIFICATION IN ACUTE PE 

Manyy patients with PE remain in stable condition, with normal blood pressure and RV function; 
suchh patients have a good prognosis with anticoagulants alone6. Rarely, patients with PE will 
presentt in cardiogenic shock due to RV failure. Thrombolysis, embolectomie or inferior caval 
veinn filter placement in conjunction with anticoagulants are often necessary to prevent recurrent 
PEE or death. Between these two extremes lies a large group of patients characterized by the 
combinationn of normal blood pressure and increased RV afterload due to pulmonary 
hypertension.. Such patients may appear to be in deceptively stable condition because their blood 
pressuree and heart rate, at least initially, remain normal. RV dysfunction occurs in approximately 
40%% of normotensive patients with acute PE and their management is highly controversial14. 

Thee current first choice diagnostic tool for RV function in patients widi acute PE, 
echocardiographyy has certain shortcomings such as the limited acoustic window, operator 
dependencee and the qualitative assessment of RV function. Echocardiographic findings solely 
aree often not conclusive and their contribution to risk stratification and choice of therapy in 
patientss with acute PE is questionable4'5'7'15. In our opinion serial quantitative measurements for 
RVV function using BNP, cTnT in combination with echocardiography could markedly improve 
thee risk stratification and point-out patients at imminent risk for RV failure and help in the 
choicee of therapy. 

CLINICA LL SIGNIFICANCE 

Earlierr studies showed that BNP or cTnT have a potential to become a routine parameter of 
substantiall  practical value as a complementary tool in assessment of RV function in acute PE8'9'11. 
Inn the present study, patients with acute PE with both increased BNP and cTnT levels had most 
adversee outcomes. Previous results from our group and from the group of Nagaya showed a 
strongg correlation between BNP and RV function81316. Cardiac TnT is a marker for myocardial 
damage9'111 and it was to be expected that these patients would also have increased BNP levels 
duee to impeded RV function as a consequence of myocardial damage. 

Increasedd BNP levels combined with normal cTnT were measured in eight of our patients. 
Duringg follow-up, four of these patients retained increased BNP levels due to pulmonary 
hypertensionn and as a consequence of PE. In a study performed by Grifoni et al., 10% of the 
patientss developed PE related shock and 5% died5. It is reasonable to believe that in some 
patientss subjected to increased RV afterload myocardial damage will occur at some point of time. 
Thereforee these patients should be carefully monitored and they are potential candidates for 
moree aggressive therapy in addition to anticoagulants. 

Conservativee therapy remains reserved for the majority of patients with acute PE who will 
presentt with normal BNP and cTnT. In our study, all patients with normal BNP and cTnT were 
inn good clinical condition and had no signs for RV dysfunction. Accordingly Goldhaber et al. 
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showedd that patients with acute PE and without RV dysfunction are not at risk for adverse 
outcomess . 

CONCLUSION N 

Patientss with acute PE presenting with both increased BNP and cTnT are at higher risk for 
adversee outcome then patients with increased BNP and normal cTnT levels. Patients with 
normall  BNP and cTnT have no risk for adverse outcome. This study encourages further 
researchh for combined utility of BNP and cTnT as noninvasive and quantitative parameters for 
RVV function in patients with acute PE. 

=BNPand=cTn TT f BNPand=cTn T =BNPand=cTn T =BNPand =cTnT 
Goodd critica l cond lo n Chroni c RV pressur e overloa d Good clinica l c o n d t o n Good clinica l conditio n 

Figure3.. Flowchart diagram showing [BNP) bram natriuretic peptide and (cTnT) cardiac tropomne T levels at presentation and follow-up 
( 44 ) increased, (=) normal, ( t ) dead 
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ABSTRACT T 

Thee findings of this case rapport suggest that quantitative assessment of plasma neurohormones 
andd MR! functional parameters in patients with right ventricular pressure overload due to 
chronicc pulmonary embolism might be used as indicators for right ventricular function before 
andd after intervention. Monitoring of changes in these parameters may provide quantitative 
followw up of RV function in these patients. 
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INTRODUCTIO N N 

Diagnosiss of right ventricular (RV) dysfunction is difficult, but of great clinical importance in 
patientss with (chronic) RV pressure overload due to pulmonary embolism (PE)1. A more 
accuratee estimation of RV function in these patients might be useful in die determination of me 
optimall  moment for medical or surgical intervention in order to prevent or delay irreversible RV 
failure. . 

Recendy,, neurohumoral activation of the RV in state of overload has gained increased attention. 
Brainn natriuretic peptide (BNP) is a marker for ventricular dysfunction and is secreted in both 
atriaa and ventricles, especially in failing ventricles2. We have recendy demonstrated that levels of 
plasmaa neurohormones, BNP and atrial natriuretic peptide (ANP), were inversely correlated with 
RVV ejection fraction (EF) in patients with chronic RV pressure overload due to congenital heart 
disease.. However, the role of plasma neurohormones and their applicability in detection of RV 
dysfunctionn in patients with chronic pulmonary embolism are as yet unclear. 

CASEE REPORT 

Inn August 1999, a 56-year-old man with known chronic pulmonary embolism since 1995 was 
referredd because of gradually progressive dyspnea and a decline in his functional capabilities 
(NYHAA class III-IV/IV) . Ventilation-perfusion scintigraphy in 1995 showed multiple 
mismatchedd segmental defects with repeated studies in 1998 and 1999 being essentially 
unchanged.. On admission, echocardiography demonstrated severe right atrial (RA) and RV 
enlargement;; the tricuspid regurgitant envelope was 5.7 m/sec, suggesting a peak pulmonary 
arteryy systolic pressure (PAP) of approximately 140 mmHg. Cardiac MRI demonstrated severe 
RAA and RV dilatation, RV hypertrophy and the interventricular septum bulging towards the LV 
(Figuree 1A). RV EF was 44%, stroke volume being 62 ml/beat, LV EF was 74%. Plasma 
neurohumorall  status of the patient revealed markedly increased concentrations of BNP, ANP 
andd N-terminal-ANP; in addition, also the levels of other plasma neurohormones were increased 
(Tablee 1). 

Att heart catheterization, hemodynamic studies revealed a RA pressure of 7 mmHg, a RV 
pressuree of 126/17 mmHg, a pulmonary arterial pressure of 126/34 with a mean pressure of 68 
mmHg,, a pulmonary capillary wedge pressure of 9 mmHg, and a cardiac output of 2.7 L/min. 
Pulmonaryy vascular resistance was 1748 dynes/sec/cm-5. Pulmonary angiography revealed 
evidencee of bilateral, surgically-accessible, chronic thromboembolic disease. 

Givenn his significant pulmonary hypertension in the setting of progressive functional disability, 
andd with the chronic thrombemboU surgically accessible, a pulmonary thromboendarterectomy 
(PTE)) was performed. The surgery resulted in significant hemodynamic improvement. Two 
monthss postoperatively the functional status of the patient was estimated to be NYHA 
classificationn I/TV, and plasma neurohumoral status (Table 1) and cardiac MRI were repeated 
(Figuree IB). 

Plasmaa neurohormone levels after PTE decreased significandy (Table 1). The RV SV had 
increasedd from 62 ml to 76 ml/beat, RV EF from 44% to 59%, the interventricular septum 
regainedd its normal shape, LV EDV rose from 87 ml prior to PTE, to 110 ml after PTE. 
Echocardiographyy has confirmed improved bi-ventricular function; systolic PAP was estimated 
too be 65 mmHg. 
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DISCUSSION N 

Thee most widely used tool in clinical practice for the diagnosis and follow-up of RV dysfunction 
iss echocardiography. As demonstrated before both by catheterization4 and echocardiography5, 
PTEE in general results in a significant and rapid decline in RV afterload associated with a marked 
improvementt in the functional status of the patients. For long-term post-operative follow-up of 
RVV function in these patients, however, repeated catheterization is not a useful tool. Also the 
valuee of echocardiography seems limited in this respect due to its technical limitation (acoustic 
window),, and the absence of a reliable mathematical assumption due to complex geometry of 
RV.. Regarding these limitations, quantitative diagnostic parameters, like plasma neurohormones 
andd MRI, might be helpful in elucidating the RV function in patients with chronic PE, both 
beforee and after PTE surgery. 

Thee potential prognostic value of BNP has been underscored in previous studies regarding RV 
ass well as LV pathology2,3. In chronic RV pressure overload, plasma BNP levels are considered 
too reflect RV dysfunction rather than RV pressure. In patients with pulmonary hypertension due 
too volume or pressure overload, plasma BNP levels were demonstrated by Nagaya et al1 to 
increasee in proportion to the extent of RV dysfunction. These observations are consistent with 
ourr recently reported studies3'6. 

Quantitativ ee Parameters of Right Ventricular  Function 

Beforee PTE After PTE 

Plasmaa neurohumoral factors 

BNPP (pmol/L) 

AN PP (pmol/L) 

Nt-ANPP (nmol/L) 

Noradrenalinee (pg/ml) 

Adrenalinee (pg/ml) 

Dopaminee (pg/ml) 

Aldosteronn (pg/ml) 

Endothelinn (pg/ml) 

SSAOO (mU/L) 

99.0 0 

51.9 9 

2.391 1 

513 3 

24 4 

10 0 

33 3 

15.2 2 

773 3 

3.33 (-97%) 

2.77 (-95%) 

0.5522 (-77%) 

2733 (-47%) 

122 (-50%) 

133 (+30%) 

211 (-36%) 

11.77 (-23%) 

6744 (-13%) 
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MR I I 

EDVV (ml) 

ESVV (ml) 

SVV (ml) 

EFF (%) 

LV V 

87 7 

22 2 

65 5 

74 4 

RV V 

140 0 

78 8 

62 2 

44 4 

LV V 

1100 (+26%) 

322 (+45%) 

788 (+20%) 

711 (-4%) 

RV V 

1299 (-8%) 

533 (-32%) 

766 (+23%) 

599 (+34%) 

Tablee 1. Data are presented as value (% change) ANP - atrial natriuretic peptide; BNP = brain natriuretic peptide; EDV = end-
diastolicc volume; EF = ejection fraction; ESV = end-systolic volume; Nt-ANP = N-terminal pro atrial natriuretic peptide; PTE 
—— pulmonary thromboendarterectomy; SSAO = semicarbazide-sensitive amine oxidase; SV = stroke volume. 

CONCLUSIO N N 

Thiss case report suggests that the increased secretion of plasma neurohormones, and BNP and 
ANPP in particular, corresponds to RV function in patients with chronic PE. If our results can be 
confirmedd with larger numbers of patients, plasma levels of neurohormones may be of clinical 
importancee as a supplementary tool for the quantitative assessment of RV function under 
circumstancess of chronic RV pressure overload. This may be of considerable importance in the 
diagnosticc process, timing of treatment and possibly also post-operative prognosis of patients 
withh RV overload due to chronic PE. 

Figuree 1. End-diastolic mid-ventricular MRI image; (A) before and (B) after pulmonary thromboendarterectomy. RV-
Rightt Ventricle; LV= Left Ventricle. 
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INTRODUCTIO N N 

Adultt patients with congenital heart defects represent a continuously growing population owing 
too improvements in medical care, advances in surgical techniques, and postoperative care. 
Currentt surgical standards make mortality the exception in many diseases, and results are judged 
moree in terms of morbidity, residual defects, freedom from reoperation, and long-term 
functionall  outcome. Closer follow-up of these patients becomes mandatory, and non-invasive 
modalitiess are increasingly being recommended and used. 

Inn a substantial number of patients with congenital defects the right ventricle (RV) is in a 
functionallyy or anatomically abnormal position, thereby exerting a state of chronic pressure or 
volumee overload. This includes patients with transposition of the great arteries (TGA), 
congenitallyy corrected TGA (ccTGA), tetralogy of Fallot (TOF), and certain subsets of double 
outlett right ventricle (DORV). 

Exceptt for qualitative data (clinical status, functional classification, and echocardiography), there 
aree few other possibilities to diagnose deterioration of RV function. Although these established 
diagnosticc modalities allow in most instances for appropriate medical therapy adjustment or 
surgicall  timing in symptomatic patients or those with obvious myocardial impairment, this is not 
soo in more subde situations. Newer non-invasive quantitative diagnostics would be of particular 
valuee in asymptomatic or minimally symptomatic patients with borderline RV function, for 
whomm the therapeutic dilemma currendy exists. Management of these patients would be 
improvedd by establishing accurate quantitative determinants of RV function and by relating them 
too the already existing qualitative ones (Table 1). The combined information could thus be 
implementedd in daily clinical practice. 

Thiss article delineates the various states of RV functional overload in certain congenital heart 
diseases,, and presents noninvasive quantitative data obtained in our institution for RV function 
assessmentt applicable to clinical follow-up in these patients. 

CONGENITA LL  HEAR T DEFECTS WIT H RV OVERLOA D 

TETRALOG YY OF FALLO T 

Residuall  lesions after repair of tetralogy may include suboptimal relief of right ventricular 
outfloww tract (RVOT) obstruction or residual pulmonary artery stenosis, leading to a state of 
chronicc pressure overload (Figure 1). After repair and in particular with transannular patch, 
variouss degrees of pulmonary valve insufficiency may create volume overload and eventual 
dilationn of the RV. 

Doublee outlet RV with subaortic VSD and pulmonary stenosis schematically follows this 
physiology,, and is surgically corrected similar to a complete repair of TOF. The long-term fate of 
thee RV may therefore be diagnostically considered and followed in the same manner. 
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Figuree 1. Spin echo-MRJ 
image,, pulmonary valve 
stenosiss and wide pulmonary 
arteryy in a patient with 
correctedd Tetralogy of" Fallot. 

Figuree 2. Gradient echo-MRI 
image,, 4 chamber view of heart 
afterr  surgically corrected 
transpositionn of the great arteries 
accordingg Mustard. 

Figuree 3. Gradient echo-MRl 
image,, 4 chamber view of a 
patientt with congenitally 
correctedd transposition of the 
greatt arteries. RV, right 
ventricle;; LV, left ventricle; TP, 
tricuspidd valve prosthesis. 

TRANSPOSITIO NN OF TH E GREAT ARTERIE S 

Theree remains a large cohort of young adults who underwent an atrial switch procedure of the 
Senningg or Mustard type in childhood1. After the atrial switch, RV functions as a systemic 
ventriclee leading to long-term problems of chronic RV pressure overload, and to tricuspid valve 
(systemicc atrio-ventricular valve) regurgitation with RV volume overload (Figure2). Refractor)' 
atriall  dysrhythmias due to multiple incisions and suture lines in the atria may also induce or 
exacerbatee RV failure. Finally, atrial baffle obstructions or leaks may respectively lead to systemic 
orr pulmonary venous obstruction, and left-to-right shunts. The morphology of the RV in 
Senningg or Mustard patients is analogue to that in patients with unoperated ccTGA, where the 
RVV is round and the interventricular septum is convex towards the left ventricle2. 

CONGENITALL YY CORRECTED TRANSPOSITIO N OF TH E GREAT ARTERIE S 

Althoughh the natural history of ccTGA may allow asymptomatic survival into adulthood, the 
majorityy of unoperated patients face long-term consequences of RV failure and dilatation, 
tricuspidd valve (systemic atrioventricular valve) insufficiency, and complete heart block" 
(Figure3).. The etiology of RV failure is multifactorial, and probably leads to RV dysfunction that 
worsenss in relation to the development of tricuspid valve insufficiency and/or complete heart 
block'.. This remains true after physiologic, also called "classicaPrepair of ccTGA, where the RV 
remainss in the systemic circulation . 
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RVV FUNCTIO N DIAGNOSTI C POSSIBILITIE S 

Traditiona ll  parameters: 

History/Symptoms: : 

Echocardiography: : 

Exercisee capacity: 

Centrall  haemodynamic: 

ECG: : 

"New""  parameters: 

MRI: : 

Neurohormones: : 

Autonomicc dysfunction: 

Echocardiography: : 

NYHAA class, specific activity scale 

Ejectionn Fraction, tricuspid and pulmonary artery flow 

pattern,, RVSP 

Peakk V02, walking distance 

pulmonaryy hypertension 

Arrhythmia's s 

reliablee quantitative RV function assessment 

brainn and atrial natriuretic peptides 

heartt rare variability 

33 dimensional, MPI 

Tablee 1. NYHA, New York Heart Association; RV Right, Ventricle; RVSP, Right Ventricular Systolic Pressure; MRI, 
Magneticc Resonance Imaging; MPI, Myocardial Performance Index. 

QUANTITATIV EE DIAGNOSTI C METHOD S FOR NONINVASIV E ASSESSMENT 
OFF RV FUNCTIO N 

ELECTROCARDIOGRA M M 

AA 12-lead ECG may give considerable insight into the degree of pressure and/or volume 
overload,, and allows a simple and inexpensive first glimpse at RV function after repair of various 
congenitall  heart lesions. 

AA retrospective study, including 48 patients with chronic RV pressure overload after surgical 
correctionn of various congenital lesions was performed in our institution9. The main inclusion 
criterionn was chronic RV pressure overload (RVSP> 35 mm/Hg assessed by echocardiography) 
afterr surgically repaired congenital heart disease without important additional hemodynamic 
lesionss in asymptomatic or minimally symptomatic patients (NYHA I or II) . Patients were 
classifiedd into 3 groups according to their diagnosis: 1) patients with ccTGA); 2) patients after 
atriall  switch procedures according to Mustard or Senning for TGA, and 3) patients with a 
subpulmonaryy pressure overloaded RV. The last group was divided into 2 subgroups: a) patients 
withh TOF and b) patients with RV pressure overload due to other congenital heart disease. Our 
studyy showed a gradual prolongation in QRS duration and QRS dispersion in patients with 
chronicc RV pressure overload, regardless of the nature of congenital heart disease (Figure 4). In 
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thee studied population, RV end diastolic volume, RV mass, and brain natriuretic peptide (BNP) 
weree increased compared to the known reference values for healthy volunteers. A significant 
correlationn was found between QRS duration and RV end diastolic volume in patients with a 
subpulmonaryy RV submitted to chronic pressure overload. With this study, we also 
demonstratedd a significant correlation between QRS duration and RV mass in TOF patients. 
Severall  other studies also described the importance of QRS duration and dispersion as a 
predictorr of malignant tachycardias and sudden death in patients with congenital heart disease10 

''22.. Gatzoulis et al. found that in TOF patients QRS>180 ms is a strong predictor for malignant 
ventricularr tachycardias and also introduced QRS dispersion as a marker for inhomogeneity of 
ventricularr depolarization '. These studies were limited on specific types of cardiac lesions1042. 
Ourr study showed changes in ECG markers over time in patients with chronic RV pressure 
overloadd regardless of the nature of congenital heart disease. According to the findings of these 
studies,, the increase in QRS duration and dispersion in patients with chronic pressure overload, 
ass described in our study, could have important clinical implications concerning the risk of 
developmentt of malignant VTs. 
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Figuree 4. Changes in ECG markers during follow-up in patients with chronic RV pressure overload. ccTGA, 
congenitallyy corrected transposition of the great arteries; TOF, tetralogy of Fallot; TGA, surgically corrected 
transpositionn of the great arteries rest: 9 patients with residual pulmonary valve stenosis, 4 with peripheral 
pulmonaryy stenosis, 1 with primary pulmonary hypertension, subpulmonary: all patients with TOF and all 
patientss of the rest group. A) changes in QRS duration, B) changes in QRS dispersion. 

MAGNETI CC RESONANCE IMAGIN G (MRI ) 

MRII  provides the diagnostic noninvasive technique of choice for the evaluation of RV function 
inn congenital heart disease by its potential to obtain both anatomic detail and flow quantification. 
MRII  is useful in detecting intracardiac and homograft conduit obstruction following cardiac 
surgeryy in complex congenital heart disease" '6. Good accuracy and superior reproducibility of 

139 9 



Chapterr 14 

MRII  are setting a new gold standard for the quantification of RV ejection fraction (EF), cardiac 
output,, myocardial mass and wall thickness . 

Technicall  advantages of MRI in comparison with other techniques are the excellent spatial 
resolution,, the characterisation of myocardial tissue, multi-plane versatility, and the potential for 
three-dimensionall  imaging18. 

Cardiacc MRI allows an accurate noninvasive functional assessment of the RV and further 
developmentt of this diagnostic method needs to be done in a multidisciplinary fashion amongst 
cardiologists,, radiologists, physicists, software scientists and MRI producers. 

M R II  DOBUTAMINE RESULTS IN PATIENTS WITH TETRALOGY. CCTGA. AND ATRIAL  SWITCH 
T G A .. COMPARED TO CONTROLS 
Wee explored the effect of dobutamine stress and its possible clinical implications in different 
groupss of asymptomatic patients with chronic RV overload due to congenital heart disease1 \ 

Asymptomaticc and minimally symptomatic patients (NYHA I and II) with chronic RV pressure 
overloadd were studied: 29 patients with a systemic RV (16 after atrial switch for transposition of 
thee great arteries (TGA) (Mustard or Senning), and 13 patients after physiologic repair of 
ccTGA),, 22 patients with chronic pressure overloaded subpulmonic RV, and 11 age and sex-
matchedd healthy volunteers. MRI was applied both at baseline and during dobutamine stress to 
determinee RV volumes and ejection fraction. 

Comparedd to the left ventricle of healthy controls, all patient groups had larger RV volumes. 
Thiss study showed a clear heterogeneity in response to MRI dobutamine stress between different 
groupss of patients with chronic RV pressure overload. We found decreased RV end diastolic 
volumee suggesting impaired filling  and decreased stroke volume stroke volume in patients after 
atriall  switch for TGA. In a few recent studies the group of Redington ' using invasive 
techniques,, also observed reduced diastolic filling  and RV stroke volume in response to 
dobutaminee stress test in patients with surgically corrected TGA. Based on their results they 
speculatedd that the capacitance and conduit function of the abnormal, often calcified, intra-atrial 
pathwayss may be responsible for the failure of stroke volume augmentation during exercise . 
Duringg dobutamine stress a remarkable decrease in RV stroke volume, accompanied by both 
failuree to augment RV EF and impaired RV filling  were noticed in our TOF population. In a 
recentt study Roest et al. including 15 asymptomatic TOF patients, using MRI imaging, described 
noo significant EF change during physical exercise24. However, different to our results, the 
authorss described a minimal increase in RV end diastolic volume and stroke volume during 
exercise.. Two reasons might declare the differences between these two studies: 1) In our study 
wee used pharmacological stress (dobutamine), while Roest et al. used physical stress (bicycle 
ergometer)) and 2) our patients were markedly older 27 (5), compared to 17.5(2.5), and therefore 
hadd less compliant RV due to long term overload and hypertrophy. Similar to our results 
Gatzouliss et al. using radionuclide angiography in 95 TOF patients (NYHA I - III ) noticed 
failuree of the RV to increase its EF during physical exercise. The authors interpreted their 
findingsfindings as indicative of early RV dysfunction25. The RV in TOF is subject from birth to hypoxia 
andd pressure overload. This results in structural and functional changes, such as: hypertrophy, 
interstitiall  fibrosis, cellular atrophy and myofibrillar disorganization marked as possible cause for 
ann inappropriate response to stress in asymptomatic patients with TOF . 

Patientss with ccTGA showed an appropriate response to dobutamine stress. RV function 
determinantss of unoperated ccTGA patients were closer to controls than patients with 
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physiologicall  repair. MRI dobutamine may help to define the subgroups of ccTGA patients with 
favorablee anatomy, whereby asymptomatic adult survival could be anticipated without need for 
surgery.. Dobutamine stress MRI may facilitate the follow-up of RV (dys) function in patients 
withh chronic RV pressure overload due to congenital heart disease. This was the first study 
addressingg the cardiac reserve determined by MRI dobutamine stress test in different 
asymptomaticc and minimally symptomatic patient groups with chronic RV pressure overload. 

ECHOCARDIOGRAPHY Y 

Echocardiographyy is the most used imaging technique for the RV, doppler echocardiography can 
providee morphologic and hemodynamic information through segmental analysis of most 
congenitall  heart defects26. Also, echocardiography provides indirect documentation of 
pulmonaryy artery hypertension and estimation of severity by the presence of RV dilatation 
and/orr hypertrophy, the presence of tricuspid or pulmonic valvular regurgitation, and by 
Dopplerr estimation of RV systolic pressure27. 

Moree recently the myocardial performance index has been proposed as a geometry-independent 
indexx for global RV function28. Myocardial performance index is derived from the time intervals 
obtainedd via Doppler echocardiography of the inflow and outflow of either ventricle. It reflects 
thee isovolumetric activity of the ventricle in relation to the ejection time, and shows a good 
correlationn with catheter-derived parameters of ventricular function such as peak dP/dt and 
Tau28.. This index does not distinguish between systolic and diastolic function, but rather reflects 
globall  performance29. 

Wee examined the possible correlation of myocardial performance index with RV ejection 
fractionn (determined by MRI) in 29 consecutive patients with chronic RV pressure overload. We 
foundd a significant inverse correlation between RV myocardial performance index and RV 
ejectionn fraction (r = -0.87, p<0.001). These data suggested that myocardial performance index 
mightt be used in clinical practice as determinant for global RV function in patients with 
congenitall  heart disease. 

Inn the clinical practice cardiologists and echocardiographic technicians are faced with wide 
varietyy of RV lesions, caused by congenital heart disease. It is likely that they might recognize 
somethingg abnormal but they might not recognize all the characteristics of the congenital heart 
lesion27.. For that reason and considering that echocardiography is still the first diagnostic choice 
inn patients with congenital heart disease it is necessary that both the interpreting cardiologist and 
thee echocardiographic technician have special competencies in congenital heart disease. 

PLASMAA NEUROHORMONES 

Recentt publications have shown that plasma concentrations of atrial natriuretic peptide (ANP) 
andd brain natriuretic peptide (BNP) are elevated in patients with asymptomatic systolic 
dysfunction,, and that these parameters are highly accurate for the detection of heart failure30'31. 
BNPP is a marker for ventricular dysfunction32 and is secreted in both atria and ventricles, 
especiallyy in failing ventricles33 BNP has potent diuretic and systemic vasorelaxant properties33. 

Inn normal subjects ANP is synthesized and secreted almost exclusively in the atrium, whereas 
patientss with congestive heart failure have increased ANP production in both atria and ventricles 
inn response to increased atrial stretch32 .Although previous studies suggest that neurohumoral 
markerss not only play a role in LV dysfunction but also in RV dysfunction34"36 their clinical 
applicabilityy in the detection of RV dysfunction is not yet established. Speculation as to their 
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usefulnesss in noninvasive detection of RV failure in patients with congenital heart defects is all 
butt too tempting. 

Wee measured BNP and ANP levels in 21 asymptomatic or minimally symptomatic patients with 
chronicc RV pressure overload due to a congenital heart disease and in seven healthy volunteer 
RVV ejection fraction was determined using MRI. RV ejection fraction of the volunteers was 
significantlyy higher than RV ejection fraction of the patients. Between patients and volunteers 
theree was a significant difference in the plasma concentrations of BNP and ANP. RVEF was 
inverselyy correlated with BNP and ANP (Figure 5). In a recent paper Bolger et al. found a highly 
significantt stepwise increase of neurohumoral activation according to New York Heart 
Associationn class and systemic ventricular function. The authors interpreted these results as a 
statee of chronic heart failure in adult patients with congenital heart disease relating to symptom 
severityy and ventricular dysfunction and not necessarily to the underlying anatomic substrate" . 
Ourr study was focused on asymptomatic or minimally symptomatic patients with chronic RV 
pressuree overload, but basically both studies showed similar results: elevated BNP and ANP 
levelss in the patient population versus healthy controls and a strong correlation between RV 
functionn and neurohumoral activation. 

Thee results of the recent studies involving RV neurohumoral activation are encouraging clinical 
implementationn of plasma neurohormones and BNP in particular as quantitative marker for RV 
function.'64Ü.. It is very realistic that in the near future BNP might serve as a marker for the 
efficacyy of treatment in patients with RV dysfunction, such as that after acute or pulmonary 
embolism,, or after various repair of congenital heart disease placing the RV under strain. 
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Figuree 5. Correlation between BNP plasma levels and RVEF (Figure 5a) and between ANP plasma levels and RVEF (Figure 5b). 
Solidd lines represent the linear regression and dotted lines are 95% confidence intervals of the regression line. ANP, atrial 
natriureticc peptide; BNP, brain natriuretic peptide; RVEF, right ventricular ejection fraction. 

DISCUSSION N 

Thee fate of the RV in congenital heart disease is an increasing source of concern and debate, 
bothh with regard to follow-up modalities and management issues. The long-term prognosis of 
thesee patients is open ended, and is mainly dependent on RV function, the eventual occurrence 
off  RV failure and rhythm disorders41'42. Because of the growing population of adults with 
congenitall  heart disease, operated or not, new modalities of noninvasive follow-up are required 
whichh are accurate, reproducible, and allow earlier detection of pressure or volume overload of 
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thee RV before the occurrence of failure or irreversible myocardial damage. Early detection of RV 
failuree may permit better medical management and a better insight in optimal timing for 
preventivee surgery43. 

Patientss with atrial switch operations for TGA or for DORV with subpulmonary VSD (Taussig-
Bing)) generally show reduced exercise tolerance, which has been attributed to factors such as 
abnormallyy low heart rate response, fillin g abnormalities of the RV and systolic dysfunction. 
Intrinsicc myocardial damage of the RV in the systemic position, systemic or pulmonary baffle 
obstructionn or leaks, and rigidity of the baffles in the heart may all contribute to this picture. 
Failuree to increase stroke volume during dobutamine stress was confirmed as the primary 
hemodynamicc abnormality in patients with TOF. Failure to increase RV EF and the significant 
decreasee in RV end diastolic volume during dobutamine stimulation suggested impaired systolic 
andd diastolic function in these patients. 

Inn patients with ccTGA, die natural history of RV pressure and/or volume overload allows adult 
survival,, but the possibility of RV failure, and the almost inevitable tricuspid valve insufficiency 
mandatee accurate and reproducible diagnostic imaging to improve management of the patient 
andd surgical timing. MRI undoubtedly provides the best imaging modality for preoperative 
assessment,, and gives a comprehensive visualization of intracardiac pathways allowing for 
optimall  surgical strategy. 

MRII  has become an established diagnostic modality for follow-up, as well as for preoperative 
assessmentt of patients with congenital heart disease requiring first time surgical intervention or 
reoperations.. Broadening indications for the use of plasma neurohormones, such as BNP and 
ANP,, may reveal to be promising future quantitative markers for the early detection of RV 
dysfunctionn in asymptomatic patients with congenital heart defects. 

CONCLUSIO N N 

Althoughh substantial knowledge has been gained about RV function in various congenital heart 
defects,, both in the native state and after surgery, there is much left to do. Imaging and 
noninvasivee quantitative parameters already play a role in the diagnostics of RV function; these 
diagnosticc modalities will gradually take an even more important part in clinical practice. 
Implementationn of reliable and reproducible parameters for RV function will enable a more 
aggressivee follow-up tailored to the individual patient. 
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GENERALL  CONCLUSION S AN D FUTURE RECOMMENDATION S 

Rightt ventricular function is of great importance in patients with both acute and chronic 
ventricularr overload. The early detection of right ventricular dysfunction may facilitate 
possibilities,, to prevent or delay further functional deterioration of the right ventricle. 

Inn patients with right ventricular overload due to congenital heart diseases, MRI dobutamine 
stresss test, ECG changes, and plasma brain natriuretic peptide (BNP) concentrations are very 
suitablee parameters for the early detection of ventricular dysfunction, and should therefore be 
usedd in the follow-up of these patients. 

Concerningg patients with pulmonary embolism, we advocate the combined utility of BNP and 
cardiacc troponine T for the risk stratification of right ventricular failure, especially in cases when 
echocardiographyy is not available or not possible. 

I tt is apparent that no single measurement of anatomy or function can ever adequately describe 
thee form or performance of the right ventricle. Rather, we should be looking more towards an 
integratedd approach of different parameters for right ventricular function, and the quantitative 
parameterss described in this thesis can serve this purpose. The strong correlation found between 
thesee non-invasive and independent parameters encourages their clinical implementation. 
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Samenvattingg en Dankwoord 

SAMENVATTIN G G 

I nn dit proefschrift zijn zowel acute als chronische rechter ventrikel (RV) overbelasting 

bestudeerd.. Deel I (hoofdstuk 1-8) betreft het onderzoek naar de functie van de RV blootgesteld 

aann chronische druk en/of volume overbelasting bij patiënten met aangeboren hartafwijking. 

Deell  II (hoofdstuk 9-13) betreft onderzoek naar de diagnostiek van de RV functie bij patiënten 

mett een acute longembolie. 

D EE RECHTE R KAME R BIJ PATIËNTE N ME T EEN AANGEBORE N HARTAFWIJKIN G 

Dankzijj  de vooruitgang in de chirurgische behandeling van patiënten met een aangeboren 

hartafwijkingg is bij deze patiënten groep de levensverwachting drastisch verbeterd. Daarom is er 

sprakee van een nieuwe en steeds groeiende populatie waar nog weinig over bekend is. Bij een 

aantall  aangeboren hartafwijkingen werkt de RV onder verhoogde drukbelasting. Er heerst 

controversee over het aanpassingvermogen van de RV onder deze omstandigheden. Overleving 

tott op hoge leeftijd is beschreven bij deze patiënten, terwijl RV falen ook op jonge leeftijd kan 

optreden.. Plotse dood is niet zeldzaam in deze groep. De prognose en beloop zijn dus 

onduidelijk.. De vorm en de positie van de RV maken het moeilijk om met de huidige 

diagnostischee methoden de RV functie in kaart te brengen. Het gebrek aan kwantitatieve 

gegevenss omtrent de RV functie om patiënten met dreigend hartfalen tijdig op te sporen 

beïnvloedtt de behandeling en prognose nadelig. Dit is niet alleen belangrijk voor patiënten met 

aangeborenn hartafwijkingen, maar ook voor patiënten bij wie de RV later in het leven, door 

anderee oorzaken, onder verhoogde drukbelasting komt te staan. Vergroting van het inzicht in de 

RVV van deze patiënten groepen zou vroegtijdig opsporen van dreigend hartfalen en tijdige 

interventiee mogelijk maken. Hiervoor is het dan wel nodig te beschikken over weinig belastende 

onderzoeksmethodes. . 

Kernspin-tomografiee (MRI) is een dergelijke techniek, waarmee op niet-belastende en 

ongevaarlijkee wijze het pompende hart kan worden afgebeeld en zijn functies gemeten. Een 

goedee manier om dreigende problemen vroegtijdig op te sporen is het hart te testen tijdens 

inspanning.. De inspanning spreekt alle "reserves" van het hart aan. Hierdoor worden stoornissen 

inn de hartfunctie als het ware geprovoceerd en daarmee zichtbaar gemaakt op een moment dat er 

inn rust soms nog geenn afwijkingen gevonden kunnen worden. 

Inn het bloed zijn neurohormonen, atrium natriuretisch peptide (ANP) en brain natriuretisch 
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peptidee (BNP), aanwezig die gerelateerd zijn aan de functie van de RV. Recente publicaties 

hebbenn laten zien dat ANP en BNP verhoogd zijn zelfs in asymptomatische patiënten met RV 

disfunctiee en zeer accuraat zijn voor het voorspellen van hartfalen. 

Doell  van dit onderzoek was om bij patiënten met een druk en/of volume overbelaste RV de 

functiee van de RV beter in kaart te brengen. Voor dit doel waren er 16 patiënten met chirurgisch 

gecorrigeerdd transpositie van de grote vaten (TGA), 13 patiënten met congenitaal gecorrigeerde 

TGAA (in beide patiënten groepen functioneert de rechter kamer als systeem kamer) en 22 

patiëntenn met een subpulmonaal overbelaste RV. 

Hoofdstukk 1, de introductie van dit proefschrift beschrijft kwantitatieve diagnostische 

methodenn voor diagnostiek van de rechter hartkamer functie bij patiënten met een aangeboren 

hartafwijking. . 

I nn het eerste deel in de hoofdstukken 2,3 en 4 hebben wij het effect van dobutamine stress en 

zijnn mogelijke klinische toepassing in verschillende groepen van asymptomatische of minimaal 

symptomatischee patiënten met chronische RV overbelasting onderzocht. Er is een duidelijke 

heterogeniteitt in de respons op MRI dobutamine stress tussen de verschillende groepen 

patiëntenn met chronische RV overbelasting. De chirurgisch gecorrigeerde TGA patiënten 

hebbenn gestoorde RV vulling, terwijl de patiënten met een subpulmonaal overbelaste ventrikel 

daarnaastt ook nog een verminderde contractiliteit hebben. De ccTGA patiënten hebben een 

minderr gestoorde RV functie ten opzichte van de andere twee groepen. 

Hett herkennen van verschillen in de RV functie tussen de patiënten met een geïsoleerde 

chronischee druk overbelasting en patiënten met een gecombineerde druk en volume 

overbelastingg zijn aan orde in het hoofdstuk 5. De afwezigheid van accurate en klinisch 

toepasbaree rechter ventrikel functie parameters heeft een negatief effect op de besluitvorming 

voorr de juiste timing voor een chirurgische ingreep bij patiënten met pulmonalis klep 

insufficiëntie.. Ondanks het feit dat deze patiënten voor een lange periode symptoom vrij kunnen 

zijn,, heeft zelfs een milde pulmonaal klep lekkage een aanzienlijk negatief effect op de RV 

functie. . 

I nn hoofdstuk 6 worden de RV regionale wall motion en wall thickening (markers voor ischemia) 

alss mogelijke parameters voor een vroege detectie van RV disfunctie bij ccTGA patiënten 

voorgesteld.. In dit hoofdstuk worden deze parameters voor regionale functie vergeleken met de 

ejectiee fractie als parameter voor globale systolische hartfunctie. Deze studie ondersteunt de 
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hypothesee dat ischemie van de RV myocardium bijdraagt aan het ontwikkelen van RV disfunctie 

inn patiënten met ccTGA. 

Behalvee kamer falen zijn ritme stoornissen een belangrijke doodsoorzaak bij patiënten met een 

chronischee RV overbelasting door een aangeboren hartafwijking. De klinische significantie van 

hett elektrocardiogram (ECG) als een niet-invasieve kwantitatieve parameter voor RV functie bij 

patiëntenn met een aangeboren hartafwijking is het thema van hoofdstuk 7. In deze 

retrospectievee studie worden de veranderingen van de ECG parameters in de loop der tijd 

vervolgd.. Deze studie laat een geleidelijke verslechtering van de ECG parameters in 

asymptomatischee en minimaal symptomatische patiënten zien, ongeacht de achtergrond van de 

aangeborenn hartafwijking. 

Inn hoofdstuk 8 worden plasma spiegels van ANP en BNP nader toegelicht in asymptomatische 

off  minimaal symptomatische patiënten met een RV overbelasting door een aangeboren 

hartafwijking.. Er is een sterke negatieve correlatie gevonden tussen ANP, BNP en de RV ejectie 

fractiee bepaald met MRL 

D EE RECHTE R KAME R FUNCTI E ONDER ACUT E DRUK OVERBELASTIN G (VROEGE 

DETERMINANTE NN VOOR RECHTE R KAMER  DISFUNCTIE ) 

Hett  tweede deel van dit proefschrift is gericht op het vroege opsporen van RV disfunctie bij 

patiëntenn met een longembolie. De RV functie is van groot prognostisch belang bij patiënten 

mett een acute longembolie. 

Dee rol van de plasma neurohormonen en hun toepasbaarheid in de detectie van de RV dis functie 

wordtt besproken in hoofdstuk 9. In deze studie worden plasma neurohormonen onderzocht als 

mogelijkee parameters voor rechter kamer functie bij longembolie. 

Hoofdstukk 10 benadrukt de toegevoegde klinische waarde van BNP voor de stratificatie tussen 

patiëntenn met een normale RV functie, RV disfunctie en RV falen in patiënten met acute long 

embolic c 

Inn hoofdstuk 11 wordt het verband tussen verhoogd plasma BNP en een ongunstige afloop 

tijdenss de follow-up in patiënten met acute longembolie bestudeerd. Uit deze studie blijkt dat 

hoee hoger de BNP waarde bij presentatie, hoe hoger het risico op longembolie gerelateerde dood 

tijdenss drie maanden follow-up. 

Dee veranderingen in de spiegels van BNP en cTnT tijdens de initiële behandeling zijn de focus 

vann hoofdstuk 12. De combinatie van deze twee onafhankelijke prognostische parameters geeft 
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eenn duidelijke toegevoegde waarde aan de bestaande parameters voor diagnostiek van rechter 

kamerr disfunctie bij patiënten met acute longembolie. BNP en cTnT lijken dus veelbelovende 

parameterss om hoogrisicopatiènten te selecteren voor agressievere therapie. 

Hoofdstukk 13 laat een sterke correlatie zien tussen verhoogd BNP, ANP en rechter kamer 

functiee bepaald door MRI. 

Dee conclusies van dit proefschrift zijn samengevat in het hoofdstuk 14. 

Ofschoonn aanzienlijke kennis is verzameld over de rechter hartkamer functie in verscheidene 

aangeborenn en verworven hartafwijkingen is er nog veel te leren. Hoewel beeldvorming en niet-

invasievee onderzoeken reeds een rol spelen in de diagnostiek van de rechter kamer functie zullen 

dezee diagnostische methoden geleidelijk aan een nog belangrijker onderdeel uitmaken van de 

besluitvormingg in de klinische praktijk. Dit zal een follow-up mogelijk maken afgestemd op de 

individuelee patiënt. 
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