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Su mmary

Improvements in pediatric congenital heart disease have resulted in a rapidly

expanding population ofyoung aduit survivors. Late complications include arrhythmias

and sudden cardiac death (SCD). Ihe following manuscripts address some issues

encountered in aduit congenital heart disease and electrophysiology:

1. Value of prograrnrned ventricular stimulation after tetralogy offallot repair: a

multicenter sttidy. Circulation 2004; 109(16): 1994-2000.

2. Long-term outcornes after atriat switch for transposition ofthe great arteries: a meta

analysis comparing Mustard and Senning procedures. Cctrdiot Young 2004; In Press

3. Lower incidence ofthrombus formation with cryotherrnal versus radiofrequency

catheter ablation. Circulation 2003; 107(15): 204.5-2050.

Programrned ventricular stimulation was perforrned in 252 patients with

repaired tetralogy offallot followed for 18.5±9.6 years. Clinical ventricuÏar

tachycardia (VT) and/or SCD occurred in 24.6%. Adding sustained polymorphic VI to

the definition of inducibility enhanced the diagnostic yield, with sensitivity 77.4% and

specificity 79.5%. Event-free survival in non-inducible versus inducible patients at 1, 5,

10, and 15 years was 97.9%, 92.8%, 89.3%, 89.3% versus 79.4%, 62.6%, 58.7%, and

50.3%. Inducible sustained VI independently predicted subsequent clinicat VT and

SCD (RR 4.7).

The second manuscript focuses on patients with D-transposition ofthe great

arteries (D-TGA). In a meta-analysis, long-teum outcomes are cornpared arnong

patients having had Mustard or Senning atrial switch procedures. Seven studies ($85

patients) were inclLtded. A trend towards Iower mortality was observed in Mustardo
7



(n=369) cornpared to Senning (n474) patients (HR 0.63, pO. 130). Svstemic venous

obstruction was more common in Mustard patients (RR 3.5, p<O.001), with a trend

towards more pulmonary venous obstruction in Senning patients. A trend towards

fewer residual shunts but more sinus node dysfunction was observed in Mctstard

patients. Systemic heart failure and functional capacity were similar. Knowledge of

these differences may facilitate risk stratification and follow-up.

Finally. radiofrequency (Rf) catheter ablation bas been successful in elirninating

macroreentrant circuits in patients with congenital heart disease but may be complicated by

clinical thromboembolic events. In a pre-clinical study, the third manuscript compares the

thrornboembolic potential ofRF and cryoenergy ablation, a newer technology for the

catheter-based treatrnent ofarrhythmias. Catheter ablation was performed in 22 dogs at

atrial and ventricular sites preselected by a randomized factorial design devised to compare

RF with cryolesions. After 7 days, the incidence ofthrombus was significantly higher with

RF (75.8% versus 30.1%, pO.000S). In a multiple regression modet, RF remained an

independent predictor ofthrornbus formation (OR 5.6, p=O.0042). Thrombus volume was

significantly greater with Rf compared to cryoablation (2.8 mm3 verscis 0.0 mm3,

p<O.0001). More volurninous thrombi were associated with larger RF lesions but

ciyolesion dimensions were flot predictive of thrombus size. In conclusion, RF energy is

significantly more thrornbogenic than cryoenergy.

Key words: congenital heart disease. electrophysiology, arrhythrn ia, tetralogy of fal lot,

ventricular tachycard ia, sudden cardiac death, transposition of the great arteries, catheter

ablation, cryoenergy, thrornbcis
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Résumé

Les corrections apportées aux cardiopathies congénitales ont été la cause d’itne

augmentation rapide de ta population de jeunes adultes survivants. Par contre, la

présence de complications tardives incluent les arythmies et la mort scibite cardiaque.

Les manuscrits suivants posent certaines questions rencontrées en cardiopathie

congénitale adulte et en électrophysiologie:

1. Valeur de la stimulation ventriculaire programmée chez des patients ayant subi une

réparation chirurgicale potir tétralogie de fallot: une étude multicentrique. Circulation

2004; 109(16): 1994-2000.

2. Résultats à long-terme de la transposition des gros vaisseaux suite à une intervention de

détransposition à l’étage auriculaire: une méta-analyse comparant les procédures de

Mustard et Senning. Cardiol Young 2004; en impression (Juin,.)

3. Incidence inférieure de formation de thrombus avec fulguration par cathéter

cryothermal versus radiofréquence. Circulation 2003; 107(15): 2045-2050.

La stimulation ventriculaire programmée a été pratiquée chez 252 patients ayant

subi une réparation complète d’une tétralogie de Fallot, dans une étude de cohorte

multicentrique, avec un suivi de 18.5±9.6 ans. Une tachycardie ventriculaire clinique

oct ctne mort subite cardiaque sont survenues chez 24.6% des cas. L’ajout de la

tachycardie ventriculaire polymorphe socitenue à la définition d’inductibilité a amélioré

la valeur diagnostique, avec une sensibilité de 77.4% et une spécificité de 79.5%. La

survie sans événements chez les patients non-inductibtes versus ceux qui étaient

indLlctibles à 1, 5, 10, et 15 ans était de 97.9%, 92.8%, 83.3%, 89.3% versus 79.4%,

62.6%, 58.7%, et 50.3%. La tachycardie ventriculaire inductible soutenue était un

9



facteur de prédiction indépendant d’une tachycardie ventriculaire ou d’une mort subite

subséquente.

Le deuxième manuscrit concerne plus particulièrement les patients atteints d’une

D-transposition des gros vaisseaux. Une méta-analyse compare les résultats à long-

terme obtenus chez des patients ayant subi la procédure de Mustard à ceux ayant subi la

procédure de Senning. Sept études (885 patients) ont été incluses dans cette analyse.

Une tendance vers une mortalité inférieure a été observée chez les patients ayant eu une

chirurgie de Mcistard (n=369) plutôt qu’une chirurgie de Senning (n=474) (HR 0.63,

pO.l30). Une obstruction veineuse systémique était plus fréquente chez les patients

ayant eu ta procédure de Mustard (RR 3.5, p<O.00I), par contre, une tendance vers plus

d’obstructions veineuses pulmonaires fut observée chez les patients qui eurent la

procédure de Senning. Chez les patients ayant eu la procédure de Mustard, une

tendance vers moins de shunts résiduels mais plus de dysfonctions du noeud sinusal a

été notée. L’insuffisance cardiaque systémique et la capacité fonctionnelle étaient

similaires. Une connaissance de ces différences pourrait faciliter te suivi clinique et

l’identification des risques de ces patients.

finalement, la fulguration par cathéters avec radiofréquence (RF) peut éliminer

des circuits de macro ré-entrées chez des patients avec cardiopathie congénitale. mais

peut être compliquée par l’occurrence d’événements thromboemboliques. Dans une

étude pré-clinique, le troisième manuscrit compare la formation de thrornbus dans la

fulguration avec RF à celle de cryoénergie, une nouvelle technologie pour le traitement

des arythmies cardiaques. La fulguration a été effectuée chez 22 chiens à des sites

auriculaires et ventriculaires prédéterminés par un plan factoriel randomisé destiné à

Ç
10



comparer la Rf avec la cryo-fulguration. Sept jours après la fulguration, l’incidence de

thrombus était plus élevée avec la RF (75.8% versus 30.1%, pO.OOO5). Dans un

modèle de régression multiple, la RF était un facteur de prédiction indépendant de la

formation de thrornbus (OR 5.5, p0.0042). De façon statistiquement significative, le

volume du thrornbus était supérieur avec la RE comparativement à la cryo-fulguration

(2.8 mm3 versus 0.0 mm3. p<O.0001). Des thrombus plus volumineux étaient associés à

des lésions Rf picis grandes, mais les dimensions des lésions créées par cryoénergie

n’étaient pas un facteur de prédiction de l’étendue du thrombus. En conclusion,

l’énergie par RF est significativement plus thrombogénique que la cryoénergie.

1’Iots clés: cardiopathie congénitale, électrophysiologie, arythmie, tétralogie de Fallot,

C tachycardie ventriccilaire. mort subite cardiaque, transposition des gros vaisseaux,

fulguration par cathéter, cryoénergie, thrombus
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Introduction

Abnormal cardiovascular development accounts for a broad spectrum ofheart

disease with wide variability in clinical phenotype. Approximately 75 of 1000 live

births are complicated by some forrn ofcardiovascular malformation. 25% ofwhich are

considered moderate or severe. Despite considerable advances over the tast 50 years,

congenital heart disease remains a major pcibtic health concern. Children with such

anomalies are more tikely to suffer from prolonged hospitalizations, multiple surgeries,

disrupted physical, intellectual. or motor development, impaired quality of life. and

decreased life expectancy.2’3

In cyanotic congenital heart diseases such as tetralogy offallot and complete

(D-)transposition ofthe great arteries (D-TGA), shunting of systemic venous blood into

the arterial circulation resuits in arterial oxygen desaturation, the degree ofwhich is

determined by the magnitude ofright-to-left shunting. Without intervention, most

chiidren with cyanotic heart disease do flot survive to adulthood.48 Recent advances in

pediatric cardiology and cardiac surgery have allowed many such chiidren to thrive well

into their aduit years. Nevertheless, as a resuit of hemodynamic or hypoxic stress

imposed by the original congenital defect and postoperative sequelae from reparative

surgery, electrophysiologic abnormalities that are sometimes life-threatening may

hinder long-terrn survival.9 This thesis explores and elucidates matters regarding tong

term outcornes, risk stratification, and therapies germane to the emerging subspecialty

ofcardiology where aduit congenital heart disease and etectrophysioÏogy intersect.

[n the first rnanuscript. the value ofprograrnmed ventricular stimulation in

identifying patients at risk for ventriccilar tachycardia (VT) or sudden cardiac death

C
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C
(SCD) is assessed in a multicenter cohort study of patients with tetralogy offallot, the

most common cyanotic heart disease in aduits. The second study focuses on patients

with D-TGA. In a meta-analysis, long-term outcomes including overail survival and

arrhythmic complications are compared among patients having had Mustard or Senning

atrial switch procedures in childhood. finally, macroreentrant arrhythmïc circuits are

well recognized in patients with repaired tetralogy of fallot and atrial baffle procedures

for D-TGA. Radiofrequency (RF) catheter ablation has been successful in eliminating

further episodes of atrial reentrant tachycardia in patients with Mustard or Senning

procedures and VT afier tetralogy of fallot repair. However, particularly in procedures

requiring extensive ablation lesions such as for congenital heart disease, thromboemboli

may complicate RF ablation. In such high-risk substrates as ventricular tachycardia, the

reported incidence ofclinical thrombomboli is 2.8%.’° In a pre-clinical study, the third

manuscript compares the thromboembolic potential ofRF and cryoenergy ablation, a

newer technology for the catheter-based treatment of arrhythmjas.

Tetralogy of Fallot

Tetralogy offallot is the most common cyanotic heart disease beyond infancy,

accounting for approximately 10% of ail congenital heart malformations)’ While its

etiology is unknown, it is considered a conotruncal septation defect resulting from

embryologically abnormal ectomesenchymal tissue migration.’2 An underdeveloped

subpulmonary infundibulum gives rise to right ventricular outflow tract obstruction and

an aorta that overrides a malaligned usually large nonrestrictive subpulmonic

ventricular septal defect displaced antero-superiorly.’3 Right ventricular hypertrophy

13



C
develops as a consequence of pulmonary obstruction. “Corrective” surgery eonsists of

closing the ventricular septal defect, relieving the right ventricular outflow tract

obstruction, and repairing associated anomalies.

Ventricular tachycardia and sudden cardiac death

Intracardiac repair oftetralogy of Fallot has been performed for over 40 years

with excellent results.’4”5 However, SCD has consistently been found to be the single

most common cause ofmortality late after repair.’62° In 1997, Nollert et al.’7 reported

long-term survival post tetralogy of fallot repair, exciuding patients who died within

the first post-operative year. In 490 patients, actuarial survival rates were 97%, 94%,

89%, and 85% at 10, 20, 30, and 36 years, respectively. A larger multicenter cohort of

793 patients with corrected tetralogy of fallot was published more recently.’8 After the

first 5-10 years following surgery, a small but steady decline in fteedom from VT and

SCD was observed with 11.9% and 8.3% experiencing documented clinical VI and

SCD, respectively, by 35 years.

Given the small but undeniable risk ofventricular arrhythmias and SCD post

tetralogy of Fallot repair, considerable efforts have been directed towards identifying

predictors allowing stratification of patients into high and low-risk categories. In the

largest cohort study to date’8 that combined six hospital databases with a mean follow

up of 21.1 years, independent risk factors for sustained VI were QRS interval ?1 80 ms

[RR 8.76, 95% CI (2.36-32.6)] and an annual increase in QRS duration [RR 1.08 for

each 1 ms increase/year, 95% CI (1.04-1.10)]. Early lengthening of the QRS interval

o
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C
post tetralogy of fallot repair resuits from surgical injury to the right bundie branch and

myocardium,2’ whereas later broadening reflects right ventricular dilation.22’23

In addition to QRS duration and its rate of change, independent predictors of

SCD inctuded older age at repair [RR 1.08, 95% CI (1.02-1.15)] and presence ofa

transannular right ventricular outflow tract patch [RR 11.7, 95% CI (1.33-103.1)].

Patients with VT or SCD were more likely to have increased cardiac-thoracic ratios, at

least moderate pulmonary and tricuspid regurgitation, and peripheral pulmonary

stenosis. A higher QT dispersion was also noted, believed to reflect increased

heterogeneity in myocardial repolarization. Other reported risk factors have included

frequent ectopic beats,24 increased riglit ventricular systolic pressures,20’2526 complete

heart block,20’27 and increased JT dispersion.28’29

C
Programmed ventricular stimulation

Littie is known about the predictive value ofprogrammed ventricular

stimulation in risk stratifying patients post tetralogy offallot repair. Aftempts to elarif3i

its utility have been limited by small numbers of adequately studied reported patients

and the inftequent occurrence ofVT and SCD on follow-up.3034 When monomorphic

VT is inducible, it is macroreentrant in nature with the greatest conduction delay often

situated in the subinfundibular isthmus.35 The wavefront of propagation commonly

rotates either clockwise or counterclockwise around myotomy scars or surgical patches.

Successful ablation sites have included the subinfundibular isthmus and inferior margin

ofthe ventricular septal defect patch.24’35’9 While case-reports and small case series

suggest a high rate ofacute success by 3S,36,42-49 and cryosurgical ablation,24’371’5°

C
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C
the incidence of recurrent VT is unknown and the impact on prevention of SCD

undefined. In nine patients with ciinical VI and surgical reintervention consisting of

cryoabiation and pulmonary valve replacement, none recurred at a mean follow-up of

4.7 years.5°

Marie et aï.32 reported a positive association between inducible sustained VT

and right ventricular dimensions. The same center later reported a series of 89

consecutive patients with repaired tetralogy of fallot who underwent electrophysiologic

testing from 1980 to 1996. Average age at time oftesting was 10.9±6.5 years.

Stimulation was performed with three extra beats (Si, S2, S3, S4) in sinus rhythm and

with eight-beat pacing trains of 462 ms and 400 ms at the right ventricular apex and

outflow tract with and without isoproterenol to increase heart rates by 30 to 50%. Burst

pacing was also performed at cycle lengths of 400 to 250 ms. Positivity was defined as

sustained monomorphic VI (i.e. lasting more than 30 seconds or requiring electrical

cardioversion). Overail, 24% of patients were inducibie, ail ofwhom required at Ieast

two extrasystole. Over the 8.3±4.9 years of follow-up, four patients developed clinical

VI and one suffered SCD. The authors concluded that the low clinical event rate

precluded meaningful estimates ofthe predictive value of electrophysiologic testing.

Independent predictors of inducible VI were older age at time of testing, previous

palliative surgery, increased right ventricular systolic pressure, and symptoms of

palpitations, presyncope, or syncope.

In a chapter on risk stratification post tetralogy offallot repair, Gatzoulis et al.34

described a subset of 91 of 793 patients from the multicenter cohort’8 who underwent

programmed ventricular stimulation. Patients were 24±11 years old at time oftesting.

C
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C
Indications included investigation ofsymptoms (88%), ventricular arrhythmias found

on Hoiter monitoring (6%), “routine” follow-up testing (4%), and ablation ofpreviously

documented VT (2%). Sustained monomorphic VT was induced in 35%, with

hemodynamic compromise in ail. Predictors of inducible VT included longer duration

of follow-up, wider QRS duration, increased QT dispersion, and peripheral putmonary

stenosis. The ability of electrophysiologic testing to predict subsequent clinical VT or

SCD couid flot be estimated ftom the reported data.

In a series of 140 selected patients with congenital heart disease who underwent

ventricular stimulation studies,51 33% (n43) had tetraiogy ofFallot. Ail

electrophysiologic studies were performed in the drug-free state with stimulation

protocois involving up to triple extrastimuli following a drive train at a minimum oftwo

C cycle lengths between 400 and 600 ms. Isoproterenol was administered in 42% of

studies at a dose titrated to achieve 20%-30% decrease in resting cycle length. Overali,

sustained VI was inducible in 25% of patients. In multivariate analysis, a positive

ventricular stimulation study was associated with a sixfold increased risk ofdecreased

survival and a threefold increased risk of serious arrhythmic events. A sensitivity of

87% in predicting mortality was observed, with a 33% rate of false-negative studies.

Kowever, subgroup analysis of only tetralogy of fallot patients was flot performed.

Despite the many clinical, electrocardiographic, and echocardiographic

predictors of VI and SCD, efforts to reliably identify a high-risk subgroup with

sufficient accuracy to guide management decisions regarding preventive therapy have

had Iimited success. The value ofprogrammed ventricular stimulation in this regard is

currentiy unknown. The macroreentrant nature of induced ventricular arrhythmias

C
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C
circulating around scar tissue may be analogous to the substrate post-myocardial

infarction in whom ventricular stimulation studies are ofproven utiiity for risk

stratification, identifying those most iikely to benefit ftom lCD implantation.

Clarifying the role ofprogrammed ventricular stimulation may help guide physicians

faced with the ofien daunting task ofrisk stratifying patients post tetralogy of Fafiot

repair in whom optimal strategies to prevent SCD are currently undefined.

D-Transposition of the Great Arteries

Complete transposition ofthe great arteries is responsible for 5% to 7% of ail

congenital cardiac malformations, occurs in 20 to 30 per 100000 live births, and has a

strong maie predominance)’ In D-TGA, atria are concordant with their respective

ventricies, i.e. the right atrium connects to the morphologic right ventricle, but the

ventriculo-arterial alignment is discordant, i.e. the right ventricte gives rise to the aorta

and left ventricie to the pulmonary artery. The exact etiology ofthe abnormal

ventriculo-arterial reiationship is currentiy unknown. Roughly two-thirds of patients

have no major associated anomalies (‘simple’ D-TGA) whereas one-third have

additional ventricular septai defects and/or puimonary or subpuimonary stenosis

(‘compiex’ D-TGA).

In the absence of intracardiac mixing ofsystemic and pulmonary venous return,

D-TGA resuits in two paraliel circulations and is associated with over 90% mortaiity in

the first year of life.52 Thus, nearly ail adults with D-TGA wiil have undergone some

intervention. Although arterial switch surgery53 is now the procedure ofchoice in many

centers, it initially carried an unacceptably high mortaiity rate. Therefore, the large

C
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C
majority of aduits with D-TGA have had intraatrial baffle repairs that redirect venous

return. The Senning and Mustard procedures were derived independentiy and differ in

technical detail but both achieve physiologic correction with a right ventricle that

continues to support the systemic circutation. There are varying opinions on which

atrial switch procedure is most effective.

Senning procedure

The Senning procedure was first introduced in 1959 as a means ofredirecting

systemic and pulmonary venous retum without using grafts or prostheses.54 In part due

to its surgical complexity, it did flot gain widespread acceptance until several years after

its introduction. Essentiaily, a right atriotomy is created in front and parallel to the

C cavai veins and extended to the atriai appendage. This exposes atrial septum that is

subsequentty incised anterioriy, superioriy, and inferiorly to form a large septai flap.

The flap remains fixed posteriorly between the cavai entrances. An incision between

the coronary sinus and lefi atrium may or may not be performed to provide a large

posterior border to suture the inferior septal flap and direct coronary sinus retum to the

newiy formed systemic venous chamber. The systemic venous retum conduit to the

mitral valve is formed posteriorly by the retropositioned septal flap. Suturing the

posterior atrial free wall flap to the anterior septai limbus completes the anterior portion

ofthe conduit. A long lefi atriotomy is created in the intemal atrial groove, exposing

the right puimonary veins. The pulmonary venous chamber pathway to the tricuspid

valve is completed by suturing the anterior right ftee wall atrial flap over the right

pulmonary veins to the anterior ridge ofthe ieft atriotomy. Thus, systemic venous

C
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C
retum flows through the cavae and newly created atrial tissue conduit towards the mitral

valve. Pulmonary venous return percolates into the neo pulmonary venous atrium and

flows behind, to the right, and anterior to the systemic venous chamber towards the

tricuspid valve.

Mustard procedure

In 1964, Mustard described an altemate technique for creating an intraatrial

baffle using a pericardial patch.55 A longitudinal incision is made in the right atrium. A

large portion ofthe atrial septum is excised, leaving a medial septal ridge. The

coronary sinus may or may not be cut back into the left atrium. A pericardial or

synthetic baffle is sutured in place, like a pair oftrousers with legs that encircle the

orifices of superior and inferior vena cavae, thereby diverting caval venous return to the

mitral valve. Pulmonary venous retum is then directed towards the tricuspid valve.

Long-term complications

Although intraatrial baffle procedures have provided excellent short-term results

and improved long-term survival, it was promptly recognized that despite physiologie

repair, important residues and sequelae remained. The systemic right ventricle may fail,

baffles may leak and/or become obstmcted, and pulmonary venous retum may become

compromised. Moreover, arrhythmic complications including sinus node dysfunction,

atrial tachyarrhythmias, and SCD may occur years afier surgery.56 The sinus node may

be inadvertently destroyed or damaged by direct trauma as manifested by tissue

hemorrhage; suture material may be placed near or through the sinus node; chronic

C
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C
fibrosis may occur; or the sinus node artery may be severed resulting in acute

ischemia.57 Venous cannulation for cardiopulmonary bypass also appears to be

associated with a higher incidence of sinus node dysfunction compared to deep

hypothermia.58

in the iargest cohort study fol lowing an atrial switch procedure for D-TGA, 478

patients that survived the perioperative period afier a Mustard repair were foiiowed for

an average of 11 years.59 Bradyarrhythmias increased steadily over time. The actuariai

rate of loss of sinus rhythm was 39% at 10 years and 60% at 20 years. Atrial flutter

occurred in 14% and ectopic atrial tachycardia in 1%. The actuarial rate ofatrial flutter

20 years after repair was 24%.

The most common cause of late mortality after an intraatrial baffle for D-TGA

has consistently been reported to be SCD.5965 The pathogenesis is ill-defined and likely

to be muÏtifactorial. Although bradyarrhythmias are welI described, the late peak in risk

of SCD may be related to atrial tachyarrhythmias that conduct rapidiy to the

ventricle66’67 or, alternatively, to primary ventricular arrhythmias in the context of

progressive systemic ventricular dysfunctïon.61’68 Loss ofcoordinated atrial activity and

rapid ventricular rates can resuit in severe symptoms and hemodynamic compromise.

Development ofatriai arrhythmias is also associated with impaïred ventricular

function69’7° and increased risk of SCD in some, but flot ail, studies.71 In managing such

patients, attempts to maintain sinus rhythm are usualty warranted due to poor

hemodynamic tolerance. Potential proarrhythmic effects ofantiarrhythmic drugs shouid

be monitored. Catheter ablation of atrial reentrant circuits can be effective but ofien

requires access to the tricuspid valve isthmus on the pulmonary venous side ofthe
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circulation.72 Implantable cardioverter defibrillators may be indicated in patients

deemed high risk as a resuit of symptoms66 and/or inducible ventricular arrhythmias.68

Mustard versus Senning

Reports have yielded conflicting resuits as to whether the type ofatrial

reconstruction, i.e. Mustard or Senning, is associated with dïfferent risks regarding

speciftc complications and overali survivat. Proponents ofthe Senning procedure

advance that minimal, if any, nonviable tissue or prosthetic material favors future

growth and optimizes atrial function, with potential reduction in pathway obstruction

and arrhythmias.7375 Supporters of the Mustard procedure have claimed tower

mortality, reduction in systemic and pulmonary venous obstruction, and decreased

incidence ofarrhythmias.76 Comparative studies have flot been performed.56’7779

Catheter Cryoenergy Ablation

Since its introduction in the mid-1980s as an experimentat treatment for cardiac

arrhythmias, RF catheter ablation has become the procedure ofchoice for a wide variety

of clinical arrhythmias. Although the extent of coagulation and tissue necrosis induced

by RF energy depends on a variety offactors, hyperthermia-induced celi necrosis

invariably involves destruction ofendothelial and deeper layers with a small but

inherent risk ofaneurysmal dilatation, myocardial perforation, and thromboembolic

events. Over the past two decades, hypothermie energy has been used for arrhythmia

surgery. Theoretical advantages include preservation of underlying tissue architecture

and a Iower propensity for thrombus formation. Percutaneous cryoablation catheters
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have recently been devised permitting cryoenergy catheter ablation to emerge as a

promising alternative to RF ablation.

Mechanism of cryoenergy ablation

Tissue-fteezing temperatures are brought into contact with the endocardial

surface by means ofa percutaneous steerable catheter with the intent ofrendering

inactive alt celis within a targeted area. Although the exact mechanism ofcelt death is

debated, cellular destruction occurs through three phases: freeze/thaw, hemorrhage and

inflammation, and replacement fibrosis.8°

In the fteeze/thaw phase, ice crystals are formed as celis are rapidly cooled to

below zero temperatures. Crystals initially appear in the extracellular matrix due to a

greater number of nucleation sites8’ and subsequently form intracellularty. Size and

density of ice crystals relate to cryoenergy source proximity, tissue temperatures, and

cooling rates. In and ofthemselves, these crystals do not seem to disrupt ceil membrane

integrity but compress and deform adjacent nuclei and cytoplasmic components,82’83

beginning with mitochondrial damage.8486 Subsequent warming, referred to as

“thawing”, is integrally implicated in the cryodestructive process.81’8789 A88s cells

warm, small high-energy intracellular crystals enlarge and conglomerate into larger

damaging crystals.

Hemorrhage9° and inflammation85 occur withing 48 hours ofthawing and

characterize the second phase of tissue destruction.80 The osmotic equilibrium initially

disturbed by ice crystat formation is reestablished as water gradually migrates out from

intracellular myocardial cells, resulting in an intracellular hyperosmotic state that
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damages celt membranes.87 Restoration ofthe microcirculation to previously frozen

tissue resuits in edema and circumscribed ischemic necrosis. finatly, reptacement

fibrosis occurs within weeks ofthe initial insuit, resulting in a well-circumscribed dense

1esion.9

Early beginnings

following the creation of an automated cryosurgical apparatus cooled by liquid

nitrogen in the early 1960s,92 ciyoenergy was used to treat various pathologies

including cutaneous, gynecologic, prostatic, hepatic, ophthalmologic, neurosurgical,

and oncologic disorders.88’9396 In 194$, Fias el al. first described the production of

controlled predictable homogeneous sharply demarcated myocardial lesions with

cryoenergy using carbon dioxide (Table 1).9798 Transmural lesions were flot

complicated by rupture or aneurysmal dilation and no intracardiac thrombosis was seen.

Maintenance of an intact tissue ultrastructure was later attributed to the resilience of

collagen and fibroblasts to hypothermal injury.85 Cryoenergy was first applied to

cardiac conduction tissue in 1964 by Lister and cotteagues99 by suturing a 4-mm tube to

the atrial septum near the bundie of Fils. A cooling mixture comprised ofalcohol and

carbon dioxide inhibited sinus node activïty at -10°C to -20°C. Cooling ofthe

atrioventricutar node resulted in progressive PR prolongation and 5:1 block at -45°C.

Soon aller terminating the cryoapplication, AV conduction returned to its baseline state.
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Animal experiments with transcatheter cryoenergy ablation

The first animal experiment with transvenous cryoabiation was reported by

Gillette et al. in 199 1,’°° with complete heart block induced in five swine. Through an

1 1-french cryocatheter cooled by pressurized nitrous oxide, cryothermia was applied

for three minutes and repeated up to three times until a successful lesion was produced.

Four of five swine maintained complete AV block for one hour and one had 2:1 AV

block. Sharpiy demarcated hemorrhagic lesions were produced acutely. Two years

later, the same group of investigators reported the histoiogy of chronic six-week lesions

in eight pigs)°’ Successive three minute applications at -60°C were applied to the AV

junction by 8 or 1 l-French cryocatheters; AV block was maintained in five of eight

animais at six weeks, and discrete dense lesions with no signs of inflammation or

thrombus formation were noted.

Table 1. Transcatheter cryoenergy ablation: historical landmarks

Year Authors Contribution

1948 Hass and Taylor97 Cryoenergy applied to myocardium

1963 Cooper92 Cryosurgical apparatus developed

1964 Lister and Hoffman99 Application of cryoenergy to conduction tissue

1977 Harrison et ai.85 Hand-hetd probe for cardiac cryosurgery

1991 Gillette et al.10° Transcatheter cryoablation in animais

1998 Dubuc et al.’°2 Cryocatheter made steerable and equipped with

recording and pacing electrodes

1999 Dubuc et al.’°3 First transcatheter cryoablation in man

o
25



C
Although these initial studies demonstrated the feasibility oftranscatheter

cryoablation, catheter size, lack of steerability, and absence ofcryocatheter recording

electrodes were limiting factors. Ctyolesion placement was guiding by a second

catheter with electrode recording capabilities. In 1998, the first animal experiment

using a steerable cryocatheter with recording and pacing electrodes was reported.’°2 A

9-French cryocatheter with a 4-mm electrode tip and Halocarbon 502 as a refrigerant

was used to create ventricular lesions in six dogs. Temperatures warmer than -30°C did

flot resuit in histologically identifiable lesions. Again, the sharply demarcated

hemorrhagic lesions showed no evidence ofthrombus formation. In two dogs,

reversibte ice mapping of the AV node was performed. With the cryocatheter

positioned at the level ofthe AV noUe, the temperature was progressively lowered until

high grade AV block or >50% PR interval prolongation was achieved. In both cases,

1:1 AV conduction resumed seconds afier terminating the cooling process with no

histological evidence of lesion formation.

Electrophysiologic parameters and cryomapping at -40°C were studied more

extensively in a subsequent experiment in dogs.9’ Sinus cycle length, AH interval, 11V

interval, Wenckebach cycle length, and effective AV node reftactory period measured

before, 20 minutes, 60 minutes, and up to 56 days afier cryoenergy mapping were flot

significantly different.

f inally, chronic catheter cryoablation lesions were later characterized in nine

mongrel dogs sacrificed three and six weeks afier cryoenergy ablation in right and left

ventricles.9’ A mean temperature of -5 5°C created well-demarcated stable lesions with
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no evidence ofthromboemboli. Similar resuits were reported using $.5-french

cryocatheters in 6 dogs’°4 and 7 pigs.96

Transcatheter cryoenergy versus RF ablation

Transcatheter cryoablation appears to offer severat potential advantages

compared to RF energy (Table 2). Adhesion ofthe distat cooling electrode to

underlying tissue affords greater catheter stability ïn the beating heart. This may be

particularly advantageous in areas where contact is difficuit to maintain or where minor

inadvertent catheter movements may injure normal conduction tissue.’02103 Secondly,

cryolesions are more homogeneous with clearer and smoother demarcations from

underlying normal myocardium.’°2”°4 In contrast, RF lesions have rougher more

ragged edges that may be more susceptible to pro-arrhythmia as border zones witli

damaged yet viable celis may be at higher risk of undesired depolarisations.9”°4

T91hirdly, lesion size and shape are more predictably controllable with cryoenergy

ablation by adjusting parameters in the freezing process.’°5 Larger lesions, for example,

may be produced by increasing the surface area ofthe catheter tip in contact with the

endocardium or lowering the temperature at the catheter tip.106

Other hypothesized advantages include the tendency for scar flot to rupture or

form aneurysms,’°3107 and maintenance ofultrastructural tissue integrity.’°811°

Moreover, the desired substrate may by accurately mapped prior to definitive ablation.

At sublethal temperatures, a fiinctional effect is obtained with complete recovery to

baseline electrophysiological properties and no histologically identifiable damage.9’.102

This may be particularly advantageous when arrhythmogenic substrates are located near
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critical sites such as the AV node. Also, ice bail formation may be visualized by

ultrasonography thereby providing a continuous real-time image ofthe freezing

process.88 Intracardiac imaging by intravascular ulrasonography may confirm

appropriate contact between the catheter tip and endocardium91”°3 and may ultimately

reduce fluoroscopy exposure time.

Table 2. Advantages of cryoenergy compared to RF ablation

Advantages Clinical Implications

Adhesiveness to endocardial tissue Greater catheter stability

Homogeneous sharply demarcated lesions Non-arrhythmogenic

More controllable lesion depth and volume

Non-thrombogenic Decreased risk ofembolization

Reversible suppression of conduction tissue Predict successful site

Avoid unwanted lesions

Ablation of high risk substrates

Possible use in AV nodal modification

VisuaLization by ultrasound Real-time monitoring

Confirm endocardial contact

Define optimal fteezing parameters

f inally, RF is associated with a clinical thromboembolic complication rate of

0.6% to 0.8%.b0 This rate further increases when RF ablation is performed in systemic

cardiac chambers (1.8% to 2.0%) and for ventricular tachyarrhythmias (2.8%), as is

sometimes the case in congenital heart disease. Although not previously formally
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studied, preliminary data suggests that hypothermic tissue injury induced by cryoenergy

ablation is less thrombogenic.

Overview of Methodology

The study designs and research methodology empÏoyed in the articles that

comprise this thesis are intentionally varied. The first ïs a multicenter retrospective

cohort study, the second a systematic review and meta-analysis, and the third a

randomized pre-clinical experimental study.

In the first article, a cohort of individuals with tetralogy offallot and prior

programmed ventricular stimulation studies from eight participating centers was

identified. The exposure status was defined as the response to programmed ventricular

stimulation categorized into one ofthree groups: inducible monomorphic VT, inducible

polymorphic VT, and negative. As exposure was established from information

recorded at some time in the past, the study is considered retrospective in nature. The

primary outcome, a composite ofclinical sustained VT and SCD, is determined from

time of exposure until the study termination date, loss to follow-up, or death from other

causes.

An essential feature of analyzing cohort data is accounting for the time at risk

for the outcome of interest that is contributed by individuals whule under observation.

As a key component ofthis analysis, a multivariate Cox proportional hazard model’1’

was used to compare rates ofVT or SCD in patients with positive and negative

programmed ventricular stimulation studies. This method assumed that the primary

outcome in the population from which the cohort was sampled depended on a
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continuous time variable. It also allowed taking into account a number ofpotential

confounders, including clinical, surgical, hemodynamic, electrocardiographic, and

radiographic variables.

The second article is a systematic review and meta-analysis ofobservational

studies. it addresses the research question of whether outcomes differ afier Mustard

versus Senning procedures for D-TGA. A search strategy was developed, including a

systematic query of MEDLINE and EMBASE databases. Inclusion and exclusion

criteria were made explicit. A strategy to assess study quality was detailed, and

included a “component approach” where the importance of individual quality domains

and direction ofpotential biases associated with such domains were examined with

meta-regression analyses.”2 Relevant variables were extracted by two independent

C’ reviewers. Data were analyzed and heterogeneity was assessed. A decision to proceed

with a random effects model, as opposed to a fixed effects model, was based on pre

defined criteria that assessed between study variation. A summary parameter was

calculated for the primary outcome measure, i.e. a hazard ratio comparing overali

survival in patients with Mustard versus Senning procedures. Potential publication bias

was explored with Begg’s funnel plot and by charting standardized effect versus

precision. Limitations were discussed and conclusions provided.

The third study employs an experimental design in mongrel dogs. The exposure

variable is allocated in a randomized fashion by the investigator. Each cardiac chamber

(i.e. right atrium, right ventricle, and lefi ventricle) was randomly assigned a particular

ablation setting, to compare RF ablation and cryoenergy ablation with configurations of

varying sizes (7-French and 9-french), cooling rates (-1°C/s, -5 °CIs, and -20 °C/s), and
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target temperatures (-5 5°C and -75 °C). The animais were sacrificed seven days post

ablation. Personnel blinded to treatment modality performed morphometric analyses ofthe

lesions. Primary outcome variables were the presence or absence ofthrombus formation on

the surfaces of ablation lesions and overail thrombus volumes. Statistical analyses

respected the non-independent nature ofthe data structure, given that several ablation

lesions were created in each animal. General estimating equations (GEE) in SAS were used

to produce multiple regression marginal models for cluster sampling data by specit’ing link

and distribution functions.
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Abstract

Backgrottitd—Studies have consistently shown that ventricular tachycardia (VI) and

sudden cardiac death (SCD) complicate the long-term outcome following tetralogy of

fallot repair. yet the diagnostic and predictive value ofelectrophysiologic testing in this

population is uncertain.

Methods andResttlts—A multicenter cohort of 252 patients with repaired tetralogy of

fattot undergoing programmed ventricutar stimulation was followed for 18.5±9.6 and

6.5±4.5 years after corrective sLlrgery and electrophysiologic testing, respectively. Clinical

VT and/or SCD occurred in 24.6%. Sustained monomorphic and polymorphic VT were

induced in 30.2% and 4.4%. Including polymorphic VT in the definition ofinducibility

improved sensitivity (66.1±6.0% vesus 77.4±5.3%, P0.00$2) with a marginal reduction in

specificity (8 1.6±2.8% versus 79.5±2.9%, P=0.0455). Positive and negative predictive

values were 55.2±5.3% and 9 1.5±2.2%. Independent risk factors for inducibility were age

at study ?1$ years (OR 3.3). palpitations (OR 2.8), prior palliative surgery (OR 3.1),

modified Low&s criteria ?2 (OR 5.6), and cardiothoracic ratio 0.6 (OR 3.3). Event-free

survival rates in non-inducibte and inducibte patients at 175, 10, and 15 years were 97.9%,

92.8%, 89.3%, 89.3% versus 79.4%, 62.6%, 58.7%, and 50.3%. respectively (P<0.0001).

Both inducible monomorphic (RR 5.0, P0.0002) and polymorphic (RR 12.9, P<0.0001)

VT predicted future clinical VT and SCD. In a multivariate analysis, inducible sustained

VT was an independent risk factor for subsequent events [RR 4.7, 95% CI (1.2,18.5),

P0.026$].
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Conctusions—Prograrnmed ventricular stimulation is of diagnostic and prognostic value in

risk stratifying patients with repaired tetralogy offallot. In this patient population,

inducible sustained polymorphic VI should not be disregarded as non-specific.

Key Words: tetralogy offallot. electrical stimulation. sudden death, arrhythmia
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Condensed Abstract

Programmed ventricular stimulation was performed in 252 patients with surgically

corrected tetralogy of Fattot followed for 18.5±9.6 years. Clinical ventricular tachycardia

(VT) andlor sudden cardiac death (SCD) occurred in 24.6%. Adding sustained

polymorphic VT to the definition of inducibility enhanced the diagnostic yield. with

sensitivity 77.4% and specificity 79.5%. Event-free survival in non-inducible versus

inducible patients at 1, 5, 10, and 15 years was 97.9%, 92.8%. 89.3%. 89.3% versus 79.4%,

62.6%, 58.7%, and 50.3%. Inducibte sustained VI independently predicted subsequent

clinical VT and SCD (RR 4.7). Programmed ventricular stimulation is of diagnostic and

prognostic value in repaired tetralogy offallot.
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Tetralogy of Fallot is the most common cyanotic heart disease beyond infancy. accounting

for 10% of ail congenital heart malformations.’ “Corrective” intracardiac repair has been

performed for over 40 years with excellent results.2’3 Nevertheless, ventricular atrhythmias

have consistently been reported, and sudden cardiac death (SCD) is the rnost common cause

ofmortality late after repair.46 Considerable efforts have been directed towards identifying

predictors to stratify patients into high and low-risk categories for these events.

Programmed ventricular stimulation lias been used in selected patients at many centers,

however, attempts to clarify its predictive value have been timited by small patient numbers

and relatively Iow event rates.T9 We sought to assess the diagnostic value and prognostic

significance ofprogrammed ventrictilar stimulation in a multicenter cohort with repaired

tetralogy of Fallot.

Materials and Methods

Study Population

The cohort consisted of patients with repaired tetralogy of Fallot and

programmed ventricular stimulation performed between 1985 and 2002 from Chiidren’s

Hospital Boston, Centre Hospitalier et Universitaire de Nancy, and six centers that

recently identified noninvasive risk factors for tetralogy of fallot5 (Royal Brompton

Hospital. Children’s Kospital of Pittsburgh, The University of Minnesota Hospital and

Clinic/Variety Club Childrens Hospital, South Carotina Childrens Heart Center,

Tokyo Womens Medical College, and the Toronto Hospital). Patients with unrepaired

tetralogy, pu lmonary atresia, atrioventricular canai, and doubte-outiet right ventricle

o
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were excluded. Aspects ofsubsets ofthese populations have previously been

reported.8

Data Collection and follow-up

Data were collected in accordance ‘ith individual hospital institutional review

board policies. Details regarding baseline characteristics, surgical history, symptoms

prior to electrophysiologic testing, hemodynamic parameters, electrocardiographic

measures, Hotter recordings, cardiothoracic ratios, sustained atrial arrhythmias,

antiarrhythmic agents, pacemakers. implantable cardioverter-defibrillators (lCD). and

deaths were obtained. Sources included electronic and paper cardiologic, surgical,

electrophysiologic, echocardiographic, hemodynamic, radiographic, and

electrocardiographic charts and databases supplemented by records from referring

physicians. Characteristics at the time of programmed ventricular stimulation or the

most recent studies within one year prior to testing were recorded and analyzed.

Electrocardiographic parameters including QRS axis and maximum duration

were measured manually from standard 12-lead electrocardiograms (25 mmls and I

mV/cm) in sinus rhythm and off antiarrhythmic agents.1 I Cardiothoracic ratios were

calculated using posterioanterior chest radiographs)2 Data from M-mode, two

dimensional, and Doppler echocardiography, cardiac catheterization, and cardiac

magnetic resonance imaging (MRI) were recorded with particular attention to right

ventricttlar pressures and severity oftricuspid and pulmonary regurgitation (graded

absent, rnild. moderate. or severe). Ventrictilar ectopy from standard Holter monitors

were classifled according to iiiodifled Lown criteria.13o
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The primary end-point tvas a composite ofsustained ventricular tachycardia

(VT) or SCD, whether or flot resuscitation vas successful. VT was considered

sustained if it persisted 30 seconds or required electrical conversion. SCD was defined

as death attributed to a cardiac cause occurring within one hoitr ofacute symptoms.’4

To assess the prognostic significance ofprogrammed ventricular stimulation, time zero

was defined as time of electrophysiologic testing and patient-years were accrued untit

occurrence of the primary outcome, study termination, or death from other causes.

Programmed Ventricular Stimulation

Electrophysiologic studies were performed under conscious sedation in a drug

free state. Programmed ventricular stimulation was achieved at twice diastotic

threshold at two or more right ventricular sites (typically apex and outflow tract) with at

least two eigbt-beat drive trains (cycle lengths between 400 and 600 msec) and up to

three extrastimuli with coupling intervals no less than 180 msec. In the absence of

inducible VT, the protocol vas repeated in alt but five patients with an isoproterenol

infusion titrated to increase heart rate by 20 to 50%. Ventricular burst pacing and S5

protocols were flot routinely employed. Resuits were classified into three categories:

negative, sustained monornorphic VT, and sustained polymorphic VT. Sustained VT

was defined as persisting ?30 seconds or requiring cardioversion. Induction of non

sustained VT vas iiot coded consistentjy by ail contributing centers and could not be

analyzed in this study. If more than one study was performed. resuits from the earliest

were retained for analysis.
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Standard definitions were used for sensitivity, specificity, diagnostic accuracy,

and predictive values of programmed ventricular stimulation in identifiing patients with

clinical sustained VT or SCD. Positive [LR(+)] and negative [LR(-)J Iikelihood ratios

were defined as sensitivity/( 1 -specificity) and (1 -sensitivity)/specificity, respectively. ‘

Statistical Analysis

Continuous variables are presented as means±standard deviations and

dichotomous variables as percentages. Baseline characteristics and clinical outcomes

according to resuits ofprogrammed ventricular stimulation were compared using chi

square, Fisher’s exact, one-way ANOVA, or McNemar’s tests where appropriate.

Logistic regression models were used to identify predictors of inducible VT. Event-ftee

survival curves were plotted and compared using the Kaplan-Meier method and log

rank statistic.16 To assess the predictive value ofinducible VT, multivariate Cox

proportional hazard models’7 accounted for duration of follow-up and adjusted for

clinical, surgical, hemodynamic, electrocardiographic, and radiographic variables. The

proportional-hazards assumption was verified by time-dependent interactions and

goodness-of-fit statistics (weighted Schoenfeld residuals). Two-tailed P-values <0.05

were considered statistically significant. Testing was performed with SAS software

Version 8 (SAS Institute, Cary, NC).
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Resuits

Baseline Characteristics

A total of 252 patients, 59.4% male, with repaired tetralogy offallot underwent

prograrnmed ventricular stimulation at age 16.0±12.3 years (range 3.3 to 55.6 years).

follow-up duration after corrective surgery and programmed ventricular stimulation

were 18.5±9.6 years and 6.5±4.5 years. Electrocardiograms were available in 100%;

chest x-rays 97%; echocardiograms 97%; Holters 95%; cardiac catheterization 94%;

and cardiac MRI 6%. Valvular regurgitation severity by MRt and echocardiography

were concordant in ail but one case where ‘probab1y mild” pulmonary regurgitation by

echocardiography was graded moderate by MRI; the latter vas retained.

Median age at corrective surgery was 4.5 years and 57.2% had transannular right

ventricular outftow tract patches. Surgical palliation with systemic to pulmonary

shunting was performed prior to repair in 46.3%. Age at repair and prior palliative

shunt did flot differ signiflcantly by enrollment site. At the time ofprogrammed

ventricular stimulation, QRS duration was 146±36 msec, with QRS180 msec in 19.4%

and Ieft anterior hemiblock in 22.6%. Right ventricular systolic and end-diastolic

pressures were 44±16 and 8±4 mrnHg. with 74.2% and 14.3% having at least moderate

pttlmonary and tricuspid regurgitation, respectively. The average cardiothoracic ratio

was 56.3±6.1%. Prior to eiectrophysiologic testing, 27.7% reported palpitations, 23.6%

syncope, 16.7% had documented sustained VT. and 1.2% were resuscitated from

cardiac arrest. Characteristics stratified according to results of prograrnrned ventricular

stimulation are sumrnarized in Table 1.
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Diagnostic Value of Programmed Ventricutar Stimulation

Sustained monomorphic VT was indciced in 30.2% (n=76), sustained

polymorphie VT in 4.4% (nl 1). and 65.5% (n=165) were non-inducible. An average

of 2.7±0.6 extrastimuli were required for induction, with an isuprel infusion in 23.5%.

0f initially negative studies, 11% became positive with isuprel. 0f 87 patients with

inducible sustained VT, 26 received antiarrhythmic therapy atone, 15 had ICDs atone,

and 8 both antiarrhythmics and ICDs. VT ablation was performed in three patients at

the initial study (and four others following recurrent events). The primary outcome

occurred in 62 patients (24.6%): VT alone in 45, VT and SCD in 14, and SCD without

documented VI in 3 patients. Three died ofother causes: end-stage congestive heart

failure, recreational drug overdose, and cerebral ederna following right ventricular

outflow tract revision. The latter patient had experienced clinical sustained VT prior to

bis demise.

Table 2 classifies patients according to two definitions ofinducibility,

depending on whether sustained polymorphie VT is considered positive. Diagnostic

characteristics ofprogrammed ventricular stimulation are summarized accordingly in

Table 3. Including polymorphie VI resulted in greater sensitivity (77.4±5.3% versus

66.1±6.0%, P0.0082) with a marginal decrease in specificity (P=0.0455). Overali

diagnostic accuracy approached 80%. Greater than threefold increase in odds of

clinical VT or SCD followed a positive study [LR(+) 3.77]. Cornpared to inducible

monornorphic VT alone, a negative study was associated with a greater reduction in

odds ofthe combined outcome [LR(-) 0.2$ versus 0.42]. Predictors ofinducible

sustained monomorphic or polymorphie VT, odds ratios, and 95% confidence intervals
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are summarized in Table 4. 0f note, presence ofa left anterior hemiblock did flot

predict inducibility (P0.6757).

Prognostic Significance of Programmed Ventricular Stimutation

following programrned ventricular stimulation, 6.8% experienced sLtstained

VT or SCD: VT atone 8.1%; SCD alone 3.7%; VT and SCD 5.0%. Actuarial event-free

survival rates ofthe entire cohort at 1, 5, 10, and 15 years were 91.5%, 82.7%, 79.2%,

and 74.3%, respectively (f igure lA). Induction of sustained monomorphic (RR 5.0)

and polymorphic (RR 12.9) VT were powerful predictors ofsubsequent events (Table 5

and figure lB). Event-free survival rates in non-inducible and inducible patients at 1,

5, 10, and 15 years were 97.9%. 92.8%, 89.3%, 89.3% versus 79.4%, 62.6%, 58.7%,

and 50.3%, respectively (P<0.000l). Kaplan-Meier event-free survival curves are

illustrated in f igure 2. Mode ofVT induction, including number ofrequired

extrastimul i, was flot predictive of subsequent events (P=0.9 162).

Inducible sustained monomorphic or polyrnorphic VT remained an independent

predictor ofoutcome {RR 4.7, 95% CI (1.2,18.5), P0.026$] in multivariate regression

analyses controlling for age at corrective surgery and electrophysiologic testing, gender,

presence ofa transannular patch, prior palliative surgery, clinical symptoms, QRS

duration. right ventricular pressures. at least moderate tricuspid or pulmonary

regurgitatÏon, atrial arrhythrnias, cardiothoracic ratio, class I or III antiarrhythmic

agents, and presence of an lCD. Exciuding the 29 patients with ICDs and three with

primary VT ablation (two also had ICDs), positive prograrnmed ventricular stimulation

o
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remained a powerftil predictor ofclinical VT and SCD [RR 4.9, 95% CI (1.9,12.6),

P=O.0012].

Routine Screening versus Clinical Indication for Programmed Ventricular

Stimulation

Overall, 93 patients (36.9%) had programrned ventricular stimulation as

“routine” screening whereas 159 (63.1%) had clinical symptoms and/or recorded

ventricufar an-hythmias that prompted further testing. Test characteristics in these

patient subgroups are summarized in Table 6. Inducible sustained monomorphic or

polymorphic VT independently predicted subsequent clinical VT or SCD in patients

routinely screened [RR 10.4, 95% CI (1.1, 100.2), P0.0425] and with clinical

indications [RR 4.2, 95% CI (1.6, 11.2), P0.0036] for programmed ventricular

stimulation.

Discussion

Despite encouraging resuits with surgicat repair of tetralogy offaÏlot,2’3 late

cardiac mortality due to ventricular arrhythmias and sudden death is observed in a

substantial proportion ofpatients.46”8’9 Afterthe first 5-10 years following repair, a

smalÏ but steady decline in freedom from VT and SCD lias been observed, with 11.9%

experiencing VT and 8.3% dying suddenly by 35 years.D Given that over 60% of

patients in the present study had clinical indications prompting electrophysiologic

testing, this cohort represents a higher-risk population. consistent with the 23.4%

incidence ofVT and 6.7% incidence of SCD over 18.5±9.6 years.
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Considerable progress has been made towards identifying noninvasive risk

factors for VT and SCD in corrected tetralogy cf Faliot. In the largest cohort study te

date,5 independent predictors ofclinical VT were QRS 180 msec and annuat increase

in QRS duration. Additional risk factors for SCD have included eider age at repair,

presence ofa transannular right ventricular outflow tract patch, frequent ectopic

beats,20’2’ increased right ventricular systo I je pressures,’9’22’23 complete heart block,

and increased JT dispersion.25’26 Despite advances in noninvasive risk stratificat ion,

identification of high-risk subgroups bas not been sufficiently accurate te reliably guide

management decisions. Attempts te clarify the utility cf electrophysiologic testing had

previously been limited by smail numbers of adequatety studied patients and relative

infrequent occurrence cf subsequent events, precluding meaningful estimates of

diagnostic and predictive values.79

In this patient population, the 34.5% rate cf inducible sustained VI was sirnilar

to 34.8% reported in post infarction patients with ejection fractions 40% and

nonsustained VT.27 Moreover, the diagnostic value [sensitivity 77.4%, specificity

79.5%, diagnostic accuracy 79.0%, LR(+) 3.77, and LR(-) 0.28] and prognostic

significance (RR 4.7 for subsequent clinical VI or SCD), compared favorably te

programmed ventricular stimulation post myocardial infarction.283° Although several

risk factors for inducible VT were identifled, electrophysiologic testing independently

predicted future events after controlling for these and other clin ical,

electrocardiographic, and hemodynamic variables. White the study was net designed te

appraise therapeutic strategies, inducible sustained VT was a significant predictor cf

events in patients with and withocit antiarrhythmic agents, VI ablation. and ICDs.
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The arrhythmic substrate in tetralogy has been likened to post infarction scar

related VT. Induced VT is most comrnonly monomorphic and macroreentrant, rotating

clockwise or counterclockwise around myotomy scars or surgical patches.20’31’32 In

patients with coronary artery disease, inducibte sustained polymorphic VT is considered

either nonspecific or evidence of ventricular instability.33’31 Antiarrhythmic therapy

may convert inducible polymorphie VT into a more stable substrate.3 Recent clinical

trials have included sustained polymorphie VT in the definition of inducibility.27’36

Interestingly, in th is tetralogy of Fal lot population, induction of sustained polymorphie

VT vas a powerful predictor of future events (RR 12.9) and its inclusion enhanced the

diagnostic yield ofprogramrned ventricular stimulation. Direct comparisons between

inducible monomorphic and polymorphie VI should be interpreted with caution given

the small number of patients with the latter arrhythmia. Nevertheless, inducible

polymorphie VT post tetratogy repair should flot be disregarded as nonspecific.

Although not assessed in the eurrent study, inducible non-sustained VT lias also been

associated with decreased survival in a mixed cohort ofeongenital hcart patients)°

While the value of inducible VT as a risk factor post tetralogy of fa! lot repair

has been dernonstrated, questions regarding patient selection for screening and the

timing and frequency oftesting remain to be elucidated. Test sensitivity, speciflcity,

and likelihood ratios, inereasingly considered the best available indices to evaluate

diagnostic tests, are independent of prevalence assumptions.15 Subgroup analyses have

shown these parameters to be no different in patients ‘routinely screened” compared to

those with elinieal indications for testing. However, positive and negative predictive

values are inflcieneed by pre-test probability. Studies are eurrently assessing whether

61



risk assessrnent based on non-invasive parameters may be helpful in pre-setecting

patients for further testing with prograrnrned ventricular stimulation. Finally, as risk

increases with age and changes in underlying substrate may occcir over time, careful

follow-up is warranted.

Limitations

Given that setection criteria for etectrophysiologic testing were flot standardized,

marginal distributions are flot random and prevalence values refiect the heterogeneous

patient population. While this may increase generalizability, prevalence estimates and

positive and negative predictive values should be interpreted in this context. Unlike

progtiostic values, diagnostic test characteristics reflect a particular time-point (i.e.

18.5±9.6 years after corrective surgery’) and may vary with duration of follow-up.

Medical and catheter-based therapeutic decisions were influenced by results of

electrophysiologic testing and were not randornly allocated. However, direction ofthis

potential bias is expected to result in underestimation of the predictive value of

programmed ventricular stimulation as inducible patients are more likely to receive

therapy directed towards reducing risk ofVT and SCD. Analyses were performed with

and without adjusting for antiarrhvthrnic therapy, but flot -blockers (insufficient data).

and were repeated after exciuding the few patients with prirnary VT ablation. Restilts

were robust and essentially unaltered.

ln contrast to other therapies, [CD implantation should theoretically not reduce

incidence of the cornbined prirnary outcorne as lCD therapy for sustained ventricular

arrhythrnias qualifies as an end-point. However, lCD implantation may result in a
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detection bias that overestirnates the predictive ability ofprogrammed ventricular

stimulation, as patients with inducible VT are more likely to receive these devices that

detect and record ventricular arrhythmias. Nonetheless, analyses performed in patients

with and without ICDs yielded similar resuits (e.g. RR 4.7 versus 4.9).

Conclusions

In this mullicenter cohort study, programmed ventricular stimulation was of

diagnostic value and prognostic significance in risk-stratifying patients with repaired

tetralogy offallot. Inducible sustained polymorphic VI enhanced the diagnostic yield and

predictive ability and should flot, therefore, be disregarded as a non-specific finding.

Electrophysiologic testing predicted future clinical VT and SCD above and beyond known

non-invasive risk factors. These resuits suggest that electrophysiologic testing may

contribute importantty to risk-stratification atgorithms designed to guide therapy to prevent

clinical VT and SCD.
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Table 1. Patient characteristics

No inducible VT Monomorphic VT Polyrnorphic VT Overali

N=165 N=76 N=1 I P-value

Age at etectophysiotogic studv (years) 14.7±10.5 21.7±1 3.4 25.8±6.1 <0.0001

Male gender 61.0% 59.2% 36.4% 0.2764

Clinical presentation

Palpitations 20.2% 40.0% 54.5% 0.0008

Syncope 13.4% 41.3% 54.5% <0.0001

Àtrial flbrillation!flutter 9.7% 17.1% 27.3% 0.0922

Docurnented sustained VT 4.2% 42.1% 27.3% <0.0001

Cardiac arrest 0.6% 2.6% 0.0% 0.3795

Surgicat history

Age at corrective surgery (years) 5.4±5.6 7.7±5.8 7.2±6.6 0.0149

Transannular RV outflow patch 54.0% 6 1.8% 72.7% 0.2979

Prior palliative surgery 37.2% 67.6% 36.4% <0.0001

Electrocardiogram

QRS duration (msec) 135.3±32.6 164.7±33.4 169.1±26.9 <0.0001

QRS180 nisec 8.5% 39.5% 45.5% <0.000

Left anterior herniblock 21.8% 18.4% 63.6% 0.0031

Modified Lown ?2 by Holter 28.7% 67.8% 40.0% <0.0001

Hernodynam ics

RV systolic pressure (mmHg) 42.1±15.1 47.2±17.8 43.9±16.1 0.1299

RV end-diastolic pressure (rnrnHg) 8.1±3.8 8.9±4.0 8.8±3.6 0.3071

At least moderate PR 68.7% 87.8% 63.6% 0.0053

At least moderate TR 10.5% 23.0% 11.1% 0.0379

Cardiothoracic ratio (%) 55.3±5.7 58.8±6.5 55.1±5.7 0.0002

Follow-up

Fotlow-up post surgical repair (yrs) 16.4±7.6 22.4±11.9 22.4±8.1 <0.0001

FolIow-up post EP testing (years) 6.9±4.4 5.7±4.7 5.8±4.7 0.3199

Class I or 111 antiarrhythmic agent 12.1% 43.4% 9.1% <0.0001

Pacemaker I 1.4% 9.8% 0.0% 0.7070

lCD 3.6% 25.0% 36.4% <0.0001

Clinical VT 3.8% 25.5% 60.0% <0.0001

SCD 5.7% I 1.8% 40.0% 0.0 183

RV denotes right ventricle; PR, pulmonary regurgitation: TR. tricuspid regurgitation:

EP, electrophysiologic
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Table 2. Inducible VT and ctinical VT or SCD

Resuits ofprogrammed ventricular stimulation Clinical VT or SCD Total

Yes No

Sustained monomorphic VT 41 35 76

No inducible monomorphic VT 21 155 176

Sustained monornorphic or polymorphie VT 48 39 87

No inducible sustained VT 14 151 165

Total 62 190 252
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Table 3. Diagnostic value of programmed ventricular stimulation

Sustained rnonornorph ic S ustained monomorphic P-Value

VT or polyrnorphic VT

Sensitivity 66. ±6.0% 77.4±5.3% 0.0082

Specificity 81.6±2.8% 79.5±2.9% 0.0455

Diagnostic accuracy 77.8±2.6% 79.0±2.6% 0.3657

Positive predictive value 53.9±5.7% 55.2±5.3% N/A

Negative predictive value 88.1±2.4% 9 1.5±2.2% N/A

Positive likelihood ratio 3.59 3.77 N/A

Negative likelihood ratio 0.42 0.28 NIA

N/A denotes not applicable
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Table 4. Predictors of inducible sustained VI

Variable Odds Ratio 95% Confidence Interval P-Value

Univariate Analysis

Age at EP study (years) 1.07 1.04,1.11 <0.0001
Age I$ years 6.0 3.0,12.3 <0.0001

Age at corrective surgery (years) 1 .07 1 .02,1 .12 0.0060

Age?7years 3.3 1.9,5.6 <0.0001
Palpitations 2.8 1.6,5.0 0.0004
Syncope 4.9 2.6,9.1 <0.0001
Prior palliative surgery 2.9 1.7,5.1 <0.0001

Docurnented Af/flutter 2.1 1.0,4.4 0.0522
QRS (rnscc) 1.03 1.02,1.04 <0.0001

QRS180 rns 7.3 3.6,14.6 <0.0001
Modified Lown 2 3.8 1.9,7.6 0.0002
RV systolic pressure (mmHg) 1.02 1.00,1.04 0.0574
At least moderate PR 2.5 1.3,5.0 0.0074
AtleastmoderateTR 2.4 1.1,4.9 0.0201
Cardiothoracic ratio ?0.60 3.3 1.8,6.1 0.0001

Muftivariate Analysis

Age at EP study18 years 3.3 1.1,10.5 0.0416
Palpitations 2.8 1.2,6.8 0.0234
Prior palliative surgery 3.1 1.2,7.6 0.0163
Modified Lown 2 5.6 1.0,30.9 0.0493
Cardiothoracic ratio ?0.60 3.3 1.2,8.8 0.0200

EP denotes electrophysiotogic; Af, atrial flutter: RV, right ventricle; PR, pctlmonary

regurgitation; TR, tricuspid regurgitation
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Table 5. Prognostic significance of inducible VT

year 5 years 10 years

Negative 1.00 - 97.9% 92.8% 89.3%

SMVT 5.0 (2.1,11.9) 0.0002 79.4% 67.1% 63.6%

SPVT 12.9 (3.9,43.2) <0.0001 80.0% 53.3% 26.7%

SMVT or SPVT 5.8 (2.5,13.2) <0.000 1 79.4% 62.6% 58.7%

EP denotes electrophysiologic; RR, relative risk; Cl, confidence interval; SMVT,

sustained monomorphic VT; SPVT, scistained polymorphic VT

EP testing RR (95% CI) P-Value Actuarial fteedom from VT and SCD

15 years

89.3%

63.6%

0.0%

50.3%
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Table 6. Programmed ventricular stimulation in routine screening versus clinical

indication for testing

Routitie Screening Ctinical Indication P-Value

N=93 N=159

Sensitivity 85.7±13.2% 76.4±5.7% 1.0000

Specificity 79.1±4.4% 79.8±3.9% 1.0000

Diagnostic accuracy 79.6±4.2% 78.9±3.2% 1.0000

Positive predictive value 25.0±8.8% 66.7±5.9% 0.0007

Negative predictive value 98.6±1.4% 86.4±3.5% 0.0084

Positive likelihood ratio 4.10 3.78 N/A

Negative likelihood ratio 0.1$ 0.30 N/A

N/A denotes not applicable
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Legends

Figure 1. The Kaplan-Meier curve in Panel A plots survival free from clinical VT and

SCD in the entire cohort. Panel B depicts event-free survival according to resuit of

programmed ventricular stimulation.

Figure 2. Kaptan-Meier event-free survival curves are plotted and compared according

to whether inducibility is limited to sustained monomorphic VI (Panel A) or includes

sustained polymorphie VT (Panel B). Note the wider separation of curves when

polyrnorphic VT is considered positive.

o
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Figure 1. Freedom from clinical VT and sudden cardiac death in ail patients and

according to resuits of programmed ventricular stimulation
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Figure 2. freedom from clinical VT and sudden cardiac death according to

whether or flot polyrnorphic VI is included in the definition of inducibllity
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Abstract

Most adults with regular transposition (the combinations of concordant atrioventricular

and discordant ventriculo-arterial connections) have undergone either the Mustard or

Senning procedure in childhood. it is unclear whether adverse events differ according to

the surgery performed. With this in mmd, we conducted a systernatic review and meta

analysis to compare !ong-term outcomes. We searched systematically entries to

MEDLFNE and EMBASE databases from January 1966 through August 2003,

suppiementing the scarch by secondary sources. Comparative studies were required to

include at least 10 patients in each cohort of Mustard or Senning procedure, and to

report overall survival. Data were extracted by two independent reviewers. We used a

components approach to assess quality. On the basis ofassessment of heterogeneity, we

then used a random-effects mode! for pooled analyses. In ail, we included 7 studies,

incorporating $85 patients. We found a trend towards lower mortality for the 369

patients undergoing a Mustard procedure when compared to 474 submitted to the

Senning operation, with a hazard ratio of 0.63 and 95% confidence intervals between

0.35 and 1.14 (pO.13). This increased with the size ofthe sample, giving an adjusted

R2 of 0.87 (p=O.004). Obstruction in the systemic venous pathway was more common in

those having the Mustard procedure, with a risk ratio of 3.5 and 95% confidence

intervals from 1.8 to 7.0 (p value less than 0.00 1), with a trend towards greater

obstruction ofthe pulmonary venous pathway in those undergoing the Senning

procedure, 7.6% versus 3.8% (pO.27). A trend towards fewer residua! shunts vas

observed for those with Mustard baffles, 7.0% versus 14.1% (p=O.lO). Sinus nodal

dvsfunction, however. was more common after the Mustard proceditre. Data regarding
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atrial tachyarrhythmias was inconclusive. Systemic cardiac failure, and functional

capacity, was similar. We conclude that outcomes are flot uniform arnong patients

submitted to the Mustard and Senning procedures. Knowledge of such differences may

facilitate stratification of risk, and fol low-up.
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Introduction

Regular transposition. the segmental combination of concordant atrioventricular and

discordant ventriccilo-arterial connections. accounts between 5% and 7% of alt

congenital cardiac malformations.’ Untreated, nine often infants born with the

condition die within the first year of life.2 In 1959. Senning introduced the operation in

which insertion of an intraatrial baffle redirected the systemic and pulmonary venous

returns without the use ofgrafts or prostheses.3 In 1964, Mustard described an alternate

technique for redirecting the venous pathways using an intraatrial pericardial patch.4

Although the arterial switch bas now sLipptanted atrial redirection as the procedure of

choice in many centres, the large majority of adutts with transposition have had

intraatrial repairs. Late complications have included sinus nodal dysfunction, atrial

tachyarrhythmias, leaks across the baffle, obstruction to either the systemic or

pulrnonary venous pathwavs, or both, systemic right ventricular dysfunction, and

sudden cardiac death.6’2 Reports have yielded conflicting results as to whether the type

of atrial reconstruction is associated with different risks regarding specific

complications and overall survival. To characterize relative benefits, and compare the

complications of each approach, we perforrned a systematic review and meta-analysis

comparing outcomes over the long term for the two procedures.

Materials and methods

Litercititre search and setection ofstudies

We made electronic searches of MEDLINE and EMBASE databases, covering the

period from January 1966 through August 2003. using the following query terms:

C
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Senning, Mustard, atriat switch, or cztrial bqJjle combined with transposition. The

search was not iimited to a particular language of publication. This strategy was

suppiemented by manctal retrieval of secondary sources, including references from

primary articles. and chapters from textbooks covering congenital cardiac

mal formations.

In the absence of randomized triais, we sottght comparative observationai peer

reviewed studies. Given that the primary objective vas to compare overati survivai in

patients who had undergone either the Mustard or Senning procedures for correction of

transposition, we mandated the foliowing criterions for incltision:

• foliow-up reported for patients submitted to both procedures

• a minimum of I O patients per exposure category

• provision ofoverail rates ofsurvival, or sufficient data incltided to permit

calculation of acccirate estimates.

We exctuded case series limited to one surgical approach, rcview articles, letters,

editorials, and case reports. To avoid duplication. we reviewed multiple publications

from the sanie centre(s) that met the above criterions. Thc manuscript reporting the

greatest number of patients vas retained. and smaller studies excluded. Data relating to

individuai patients was requested from the authors of ail eligible studies.

Extraction ofdata and assessment ofquulitv

Two independent reviewers cxtracted data from tables, text, and figures. Discrepancies

were subject to checks for error, and adjudicated by discussion arnongst our group.

Consensus ‘as obtained for ail variables. Prespecifled baseline data elernents for each

C
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trial inclctded year of publication, age at surgery, gender, weight. duration offollow-up.

total number of patients, subdivisions by type of surgery, that is Mustard or Senning,

and the complexity of the underlying lesion, including the association with deficient

ventricular septation. Measures of outcome were overali survival, obstructions and teaks

related to the baffle, atrial brady- and tachyarrhythmias, systernic ventricular failure,

and functional capacity. The quality ofthe studies vas assessed on the basis of

criterions that included its design. that is retrospective or prospective, the size ofthe

sample, the number of participating centres, whether criterions for inclusion and

exclusion were detailed, accountability for losses to follow-up, and whether survival

was further subclassified by presence or absence of a ventricular septal defect. Where

the prirnary end-point was not explicitly presented as the ration ofthe log hazard ratio

and its variance, estimates ofthese statistics were extracted from survival curves13’14 or

indirectly ca1cuIated517 using the methods described by Parmar and colleagues.’8

Statisticat analvsis

The calculated combined statistic for the primary measure of oittcome was a hazard

ratio for tirne to event data with 95% confidence intervals. The decision to proceed with

a random effects, rather tIiat using a fixed effects model, was based on testing for

variations between studies. A Q-statistic greater than k-1, or H value greater than 1,

where H1=O/(k-1), was considered to indicate substantial heterogeneity between the

studies cornpared.!9 The random effects model, as described by DerSirnonian and

‘o. . . . .Laird, incorporated heterogeneity between and within studtes into calculations ofthe

common effect, and used precision weighting by the method of inverse variance.

C
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Given the nature ofnon-randomized and non-blinded observational studies, we did flot

use a formai composite scale for assessment ofquality. Instead, we favoured a

“component approach”, where the importance of individual domains ofquality, and the

direction ofpotential biases associated with these domains, were examined in meta

regression analyses that modeled the logarithm ofthe hazard ratio as the dependent

variable.2’ Potentiai publication bias was assessed by plotting standardized effect versus

precision, using Egger’s publication bias plot, and 3egg’s funnel plot ofthe logarithrn

ofthe hazard ratio and its standard error. Secondary categorical end-points reported in

less than five studies were combined with weights based on the size of the samples and

compared with chi-square tests. Statistical analyses were performed using Stata version

7.0 (Stata corporation, College Station, Texas), and SAS software Version 8 (SAS

Institute, Cary, North Carolina).

Resuits

SeÏection ofstudies

The electronic searcli yielded a total of 265 articles (f ig. 1). We identified 3 additionai

potentially relevant swdies through searching secondary sources and textbooks related

to congenital cardiac malformations. 0f these studies, 11 met the screening criterions.

The 257 articles excluded were essentially review articles, case series restricted to only

one surgical approach, case reports, editorials, or letters. f rom the 11 remaining studies,

two were exciuded to avoid duplication of results originating from the same centre.22’23

One study described outcornes in 89 patients undergoing atrial redirection procedures

without further subdividing the resuits by the Mustard and Senning operations.21 Ano
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additional study described arThythrnias in 17 and 15 patients after the Mustard and

Senning procedures. respectively. but did flot include data relating to survival.25 We

made contact with the authors from bath these manuscripts, but their primary databases

were flot available. The meta-analysis was conducted on the seven remaining studies,

I-17’67
and included a total of 885 patients.

Populations studied

Ail studies were non-randomized, and included consecutive patients with transposition

undergoing atrial repair within a defined time frame. One study was multicentric,

involving 20 sites,26 and two were prospective in design.13’26 In 2 studies, the population

studied had been identified by age at tirne ofsurgery. This was Ïess than 15 days in

one,26 and less than 100 days in the other)7 We excluded 2 studies based on patients

with complex transposition, defined as having one or more associated ventricular septal

defects. [4,16 Other exc Icision criterions were associated atrioventricular valvar

abnormalities and coarctation,14 and associated anomalies other than ventricular septal

defect, such as pulmonary stenosis, persistent patency of the arterial duct, and atriat

defects within the oval fossa.27 One sttidy mandated a minimum duration offollow-up

of 1$ months)7 The characteristics sumrnarized are shown in Table 1.

Overali survivat

Overail postoperative hospital mortality ranged from 3.1% ta 10.0%. For the combined

population undergoing atrial redirection, actuarial survival at $ to 16 years ranged from

78% ta 84%. Reported risk factors for death included younger age and lower birth
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• ‘6 ‘6 ‘6’7weight at repair, female gender, presence ofa ventricular septal defect: cardiac

positional anomalies.26 active arrhythrnias,27 surgery involving the left ventricular

outflow tract,26 and prior banding of the pulrnonary trunk.26 Causes of death were flot

uniformly detailed, but included sudden cardiac death,’3”4’26’27 cardiac failure.’3’6’26’27

baffle obstruction,’1’26 and perioperative death following surgical revision.13’1426

1-lazard ratios from individual studies comparing overali survivai foltowing the Mustard

versus the Senning procedtires are depicted in Table 2. In the study by Mahony et al.,17

no deaths were reported over a median follow-up of 2.7 years, thereby precluding

calculation of an estimate ofrisk. A forest plot, pooling the remaining six studies, and

including 369 patients undergoing the Mustard procedure, and 474 having the Scnning

procedure, is shown in Figure 2. As testing for heterogeneity was considered positive,

C the Q statistic being 7.431, with 5 degrees offreedom (p=O.l9l, H=1.219), we pursued

a random effects model. We discovered a trend towards lower overali mortality afier the

Mustard compared to the Senning procedure, with a hazard ratio of 0.63 and 95%

confidence intervals between 0.35 and 1.14 (pO.l3). Hazard ratios from individual

studies ranged from 0.29, with 95% confidence intervals between 0.15 and 0.58, inthe

miii ticentric prospective cohort, which provided the most precise estimate, to 5.00, with

95% confidence intervals between 0.06 and 3 88.6, in the study with the smallest

sampte.

Analysis of individual components of quality detected no differences in outcome as

judged on the basis of rnortalitv outcome for the following candidate variables:

prospective versus retrospective study design (pO.34),

C)
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• both surgical approaches performed concurrently versus adjacent time periods

(p=o.34).

• fully detailed inclusion and exclusion criteria (p=O.57),

• and accountability for tosses te follow-up (p=O.57).

Moreover, the proportion of patients undergoing the Mustard (p0.42) and Senning

(p=O.25) procedures for comptex forrns oftransposition, and the ratio ofthe two

(pO.92), did flot influence outcome.

The effect of the size cf the sample on outcome, however, did account for a significant

proportion ofthe heterogeneity between studies, with an adjusted R2 of 0.87 (p=O.004).

The larger the sample, the greater the relative benefit of the Mustard as opposed to the

Senning procedure on total mortality (Fig. 3). The influence of size cf the sample on

outcome was further explored b)’ assessing potential bias between publications. A

graphical funnel plot in f igure 4 demonstrates asymmetrical results around the pooled

estimate. The absence of studies with larger standard errors, in other words less

precision, favouring the Mustard proceditre suggests potentiat publication bias, resulting

in underestirnation cf the relative benefit of the Mustard procedure on mortality.

Obstructions and residital shttnts retated to the bafjte

Means cf assessing, classifying, and reporting leaks and obstructions related to the

baffle varied widely arnong studies. The most common site cf obstruction was

consistentty reported te be the superior limb cf the systemic venous pathway.14”6”726

Obstruction cf the systernic venous pathway (Table 3) was present in 35.6% cf a

combined 211 patients from 1 studies hen defined as a gradient by cardiac
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catheterization at least 3 millimetres ofmercury,’4 or 5 millimetres ofmercury,’6’17’27

with a tiniformly higher incidence in patients undergoing the Mustard procedure, the

hazard ratio being 3.5, with 95% confidence intervals between 1.8 and 7.0 (p value less

than 0.00 1). In contrast, pulmonary venous obstruction, defined as a haemodynamic

gradient by cardiac catheterization ofat least 5 millimetres ofmercury,’4”6 10

17 7millimetres ofrnercury, or unspecified, occurred in 11 of2Il combined patients,

with a trend towards a lower incidence for those having the Mustard procedure,

specifically 3.8% versus 7.6% (p=O.27).

A qualitative synthesis, and analysis oftrends for the populations, revealed a

predorninantly higher risk for reintervention because of obstruction in the venous

pathways in the early rnonths following the initial procedure. Despite the high incidence

ofsignificant gradients across the baffle as defined above, the majority of patients was

asymptomatic, and did flot require surgical revision. 0f a total of 554 patients from five

studies that reported rates of reintervention,14”6”7’26’27 4.3% and 2.5% required revisions

ofthe baffle because of obstruction in the systemic and pulrnonary venous pathways,

respectively. A greater proportion of patients undergoing the Mustard as opposed to the

Senning procedure needed reintervention for systemic (9.7% versus 3.0%, p=O.O45) but

flot pulrnonary (pO.98) venous obstruction. The perioperative mortality was

considerable, with 7 of 24 (29%), and 3 of 14 (2 1%) patients dying after reinterventions

to deal with obstructions in the systemic and pulrnonary venous pathways.

Data on residual shunts was reported in four studies.14’17’26’27 The definitions were either

‘6 . . . . . i77
not provided, deterrnined by unspecitted catheterization criterions, or defined as a

step-up of 8% rneasured with oxirnetry, or a shunt fraction 1 .5 or greater for systernic to
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pulmonary shunts, and saturations ofoxygen lower than 90% in the absence of

pulmonary disease for pulmonary to systemic shunts.’4 In the two studies’1’27 that

reported leaks across the baffle separately for 113 patients undergoing the Mustard

procedure, and 85 having a Senning operation. we found a trend towards fewer residual

shunts after the Mustard option, 7.0% versus 14.1% (p=O.IO). In the entire cohort of

patients, only six’7’26 required surgical revision because ofa f eak across the baffle, with

no perioperative mortality.

BradarrÏiytÏnnjas

Substantial heterogeneity was noted with regards to definition of sinus nodal

dysfunction, methods used for diagnosis, and reported frequency. Helbing et al.27 cited

the Kugler criterions28 to define sinus nodal dysfunction, Bender et al.’6 averaged three

corrected sinus nodal recovery times, and Deanfield et al.’3 defined intermittent and

persistent junctional rhythm to be present if it accounted for between 10 and 50%, and

greater than 50% of ail heart beats, over a 24-hour period on serial Holter recordings.

QualitativeÏy, the weight ofevidence suggests potentially more sinus nodal dysfunction

after the Mcistard procedure. In an analysis reflecting survivat, Helbing et al.27 reported

a significantly greater loss of sinus rhythm (p<O.00I) for those having a Mustard as

opposed to a Senning procedure. at 64.4% versus 32.6% at five years, and 82.2% versus

47.3% at 16 years offotlow-up. Deanfleld et al.’3 reported a similar trend. with loss of

sinus rhythm in 35% of those having the Mustard procedure compared to 22% of

patients having a Senning operation after five years of follow-up (pO.O9). Bender et

al.’6 reported only one patient with sick sinus syndrome after the Senning operation. In
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one study,l4 2 patients were reported to have died from bradyarrhythmias, specifically

with sick sinus syndrome and atrioventricular block. In the 2 remaining studies,

pacemakers were implanted in 2 of 5217 patients, and 21 of 28 j26 patients. The

instantaneous risk for insertion of a pacemaker peaked at two to three years

postoperatively, persisted until five years, and then gradually tapered.26 Risk factors

included complex associated malformations in those having a Senning procedure, and

prior surgical atrial septectomy.

A trial tachyarrhythm jas

Only 2 ofthe 7 studies determined the presence ofparoxysmal supraventricular

tachycardias or atrial flutter by Holter monitoring and electrocardiographic follow

tipi3’27 Helbing et al.27 reported paroxysmal atrial arrhythmias in 28.8% ofthose having

the Mustard procedure, and 11.9% of patients after a Senning operation. The incidence

ofatrial arrhythmias found in the cohort of patients studied by Deanfield et al.’3 were

16.2% and 6.9% in patients undergoing the Mustard and Senning procedures,

respectively. Actuarial rates, however, were not provided and, in both studies, the

duration of follow-up was considerably longer in the patients who had undergone the

Mustard as opposed to the Senning procedtire, thereby obscuring analysis of

comparative trends. Bender et al.’6 reported that 5.6% of their entire cohort had

paroxysmal atrial arrhythmias, and 5.3% of patients in the multicentric study26 had

received antiarrhythmic agents.
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Right ventricttlar (svsteinic)failitre cmd/tinctional capacitj’

Data on systernic right ventricular systolic function vas avaitabie from 3 studies,’6’7’27

with equivalent resuits for the two procedures. By echocardiography, 21 of 60 patients

had a rnoderately to severely depressed right ventricular (systemic) ejection fraction

after the Mustard operation, in comparison to 23 of 62 patients undergoing the Senning

procedure.27 No significant differences were found after further subdividing patients

into simple (pO.54) and complex (p=O.9Ï) transposition. Right ventricular ejection

fractions as determined by cineangiography were similar prior to (46±2% versus

49±2%) and within one month postoperatively (39±5% versus 45±3%) for the two

operations. Mahony et al.’7 reported that ail their patients had enlarged right ventricles,

with normai contractility by. angiography.

The functional status of the patients vas assessed in two studies at nine to 12 vears,26

and a mean of 13 years.27 In both stctdies, over 95% of patients were in the ftrst or

second classes ofthe functional classification ofthe New York Heart Association.

Pooling these 139 patients having the Mustard operation, and 135 submitted to the

Senning procedure, the proportions in the first 3 functional classes were 64.0% versus

60.7%, 32.4% versus 34.8%, and 2.2% versus 3.0% (p=O.8l). The predicted

proportional maximum exercise tolerance was likewise equivatent in 24 patients after a

Mustard procedure, and 14 afler a Senning operation (82.5±15.1% versus

80.0±18.3%).27 Marx et al.’4 reported two patients after a Senning procedure, but none

after the Mustard operation, with severe systernic ventricular failure, and Heibing et

al.27 noted three deaths resiilting 1’rom svstemic heart failure after the Miistard, and two

after a Senning procedure. These patients ail had significant tricuspid regurgitation.
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Signs ofheart failure were first documented at four months, nine years, and 15 years

following the initial surgery.

Discussion

Although rarely performed in the current era, the Mustard and Senning procedures

revolutionized the care of patients with regular transposition.3’4 As a resuit, the majoritv

of patients born with this anomaly survived beyond infancy, indeed very often with

good quality of life, to adulthood.6’8”2 As more patients reached their aduit years,

however, thejustified cetebration ofthis success gave way to some dismay over the

challenges posed by later rnorbidity and mortality. Medical caregivers face the daunting

task of identifying patients at highest risk ofdeveloping late complications, with hopes

to initiate preventive therapy directed towards evading adversity. Schemes for

stratification ofrisk are sorety lacking, particularty with regards to differences between

outcomes in patients who have had a Mustard as opposed to a Senning procedure.

The superiority of either surgical technique, and the relative risk of individual

complications, have not been convincingly established. Proponents ofthe Senning

procedure advance that minimal, if any, nonviabte tissue or prosthetic material favors

future growth and optimizes atrial function, with potentiaÏ reduction in obstruction of

the venous pathways and arrhythrnias.293’ Supporters of the Mustard procedure have

clairned lower mortatity, reduction in systemic and pulmonary venous obstruction, and

63-35also suggest a decreased incidence ofarrhythmias. - As evidence, the proponents

have largely tel ied on data utilizing one or other technique. usuatly based on the

experience from a single centre. This systernatic review, and meta-analysis, assembles
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available data from studies that atternpt to evaluate outcomes from the two techniques

in comparable populations.

Our findings indicate a trend towards improved survival in those who have undergone

the Mustard procedure. further reinforced by the stronger effect as the size ofthe

sample increases and the possible publication bias. The cause of increased mortality in

patients who have undergone the Senning operation merits further consideration. The

most common cause of late mortality after an intraatrial redirection has consistently

been reported to be sudden death.68’36 Excess deaths observed after the Senning

operation were ctnlikely bradyarrhythmic in nature, given that sinus nodal dysfunction

occurred more frequently after the Mustard procedure. In light of inconclusive

comparisons, a preponderance of late intraatrial reentrant tachycardias, and/or atrial

fibrillation, cannot be excluded for those who have tindergone the Senning procedure.

Indeed, doccimented supraventricular tachycardia is a proposed risk factor for late

mortality.8’36 Although irnpaired systernic ventricular function in aduits with

transposition has been related to late clinical arrhythmias,7 no differences in heart

failure or functional class were identified in our study. Pulmonary vascular disease also

accounts for a substantial proportion ofdeaths after atrial redirection,8’37 and a trend

towards more pulmonary venous obstruction vas noted in those who had undergone the

Senning procedure.

L imitations

Pooled analyses ofobservational studies that lack the experimental elernent ofrandom

allocation to a particular intervention present particular challenges as a resuit of inherent
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biases and differences in vigil ofdefinitions, means ofassessing ocitcome, and designs

ofthe individual studies.38 They may provide useful tools, nevertheless, to help

understand and quatitify sources of variability, summarize data, and generate

hypotheses. The intention ofour systematic review vas to summarize the current state

ofknowtedge, and derive the most precise assessment ofeffect, associated with the

Mustard as opposed to the Senning procedures within the constraints ofavailable non

controlled data. Each stcidy was required to provide an individual estimate of effect or

present sufficient data to calculate such. Studies presenting only one approach were

excluded, as they inherently do flot provide intra-study estimates necessary for the

calculation of pooled outcornes in formai meta-analyses. To reduce the probability of

producing precise but spurious resuits, the strategy ofsearching, and the criterions for

inclusion, were deliberately broad, publications in ail languages were considered, and

potential sources ofheterogeneity were carefuliy examined. Aithough actively sought,

data from individual participants was flot provided.

Severai centres reported experience from a sequentiai use of one surgical technique and

then the alternative. Interestingly, these shifts were flot unidirectional. Procedures were

adopted by surgeons in different centres in a complex pattern, with contributions from

date offirst report, the original centre of training ofthe surgeon, geographic location,

influence of larger centres over smaller, publicity over eariy complications, technical

difficuity, and increasing understanding of later complications. In addition, more

complex factors may often be in play in these papers from an era of rapid expansion of

a nove! fieid. tt is possible, for exaniple. that centres experiencing difficulty with one

procedure rnight alter their technique. and then be keen to report irnproved outcomes. Ino
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addition. other perioperative factors, including techniques of anesthaesia and

postoperative care, were undergoing rapid evolution throughout the era ofthese reports.

Conclusion

Our resuits suggest a trend towards improved survival in patients with regular

transposition who underwent a Mustard procedure. Patients undergoing the Mustard

operation, nonetheless, appeared more likely to develop sinus nodal dysfunction, and

obstruction within the systemic venous pathway, but were less likely to experience

residual Ieaks across the baffle and obstruction ofthe pulmonary venous pathway. The

perioperative mortality for patients undergoing revision ofthe baffle was considerable,

emphasizing the importance ofrefinement ofsurgical and transcatheter therapeutic

techniques. FolIow-up data from multicentric studies may further refine the evaluation

of long-term outcomes.
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Tables

Table 1. Overview ofstudies included in the meta-analysis
Variable WelIs WJ Helbing WA Deanlield J Marx OR Meisner H Mahonv L Bender HW

Yearpublished 2000 1991 1988 1983 1982 1982 1980
Yearofsurgerv 1985-1989 1961-1987 197$-1982 1972-1980 1974-1981 1975-1981 1975-1979
Study design Prospective Retrospective Prospective Retrospective Retrospective Retrospective Retrospective
No. of centers 20 1 1 1 1 1 1
No. patients 281 122 100 123 175 52 32

Mustard 10$ 60 46 66 73 36 16
Senning 173 62 54 57 102 16 16

Type ofIGA

Simple 246 $9 74 123 126 NA 32
Mustard 96 46 30 66 61 NA 16
Senning 150 43 44 57 62 NA 16

Complex 35 33 26 0 49 NA O
Mustard 12 14 16 0 38 NA O
Senning 23 19 1.0 0 11 NA O

FoIIow-up (mo.) 32.4
Mustard median>144 2Ol/l4O _73/NAt 43.2±26.4 NA NA 37IQ
Senning median>144 8O.S/l3l ._63/NAt 13.6±8.0 NA NA 13±6

% Male

Mustard NA 62% 52% 92% NA NA NA
Senning NA 61% 59% 61% NA NA NA

Age surgery (mo.) 1.7
Mustard <0.5 28.5/55.5k 10/$t

15.5±12.2 NA <3.3 9.4±1.3
Senning <0.5 8.0/! 1.0 9/9t

6.6±5.0 NA <3.3 4.8z0.9
Weight surg. (kg) 3.7

Mustard NA NA NA NA NA NA 7.3O.5
Senning NA NA NA NA NA NA 5.8±0.6

Abbreviations: mo. denotes rnonths; NA, flot available; No., number; TGA, concordant
atrioventricular and discordant ventriculo-arterial connections

*Estirnate based on figures presented prior to crossover ofseven Mustard patients

tSubdivided into sirnple/cornplex transposition
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Table 2. Hazard ratios for overali survival after the Mustard versus the Senning

procedures from individual studies

HR (95% Cl) p-value Sample size Weights

Wclls et al. 0.29 (0.15, 0.58) <0.001 281 8.275

Helbing et al. 0.86 (0.3 1, 2.38) 0.762 122 3.674

Deanfield et al. 1.32 (0.16, 11.07) 0.799 100 0.849

Marx et al. 1.67 (0.23. 12.21) 0.614 123 0.970

Meisner et aI. 0.70 (0.34, 1.43) 0.324 175 7.575

Bender et al. 5.00 (0.06, 388.6) 0.144 32 0.203

HR denotes hazard ratio: CI, confidence interval
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Table 3. Secondarv outcomes after the Mustard as opposed to the Senning procedures

Secondary end-point Iigher incidence I Comment

Baffle obstruction

Systemic venous pathway Mustard HR 3.5, 95% Cl (1.8, 7.0), p<O.00I

Pulmonary venons Senning Trend: 3.8% versus 7.6%, pO.27

pathway

Residual shunt Senning Trend: 7.0% versus 14.1%, p=O.lO

Bradyarrhythmias Mustard e.g. Ioss of sinus rhythm at 5 years:

64% versus 33%, p<O.00 1 27

35% versus 22%, p0.09 ‘

Atrial tachycardia Inconclusive Major differences in follow-up duration

Svstemic heart failure

RVEF Equivalent No differences in absolute or severely depressed RVEF

NYHA functional status Equivalent 1: 64% vs 61%; 11: 32% vs 35%; III: 2.2% vs 3.0%;

Exercise tolerance Equivalent p=O.8l

83% versus 80% of maximal predicted functional capacity

HR denotes hazard ratio; CI, confidence intervat; NYHA. New York Heart Association;

RVEF, right ventricular ejection fraction

*Mctstard versus Senning
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Legends to Figures

Figure 1. Summary ofthe process for selection of articles

Figure 2. Overall survival in patients subrnitted to the Mustard as opposed to the

Senning procedure

Figure 3. Effect of the size ofthe sample on the hazard ratio

Note the linear relationship between the size ofthe sample and the hazard ratio:

as the size increases, a stronger effect is observed on overail mortatity favoring the

Mustard procedure.

Figure 4. Begg’s funnel plot with pseudo 95% confidence intervals for potential bias in

publication.

See text for discussion.
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Figures
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figure I Summary ofthe the process for selection of articles
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figure 2. Overall survival in patients undergoing the Mustard as opposed to the Senning
procedure
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Figure 3. Effect ofthe size ofthe sample on the hazard ratio
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Figcire 4. Begg’s funnel plot with pseudo 95% confidence intervals for potential bias in

publication
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Abstract

Background—Radiofrequency (RF) catheter ablation is I im ited by thromboemboiic

complications. The objective ofthis sttidy was to compare the incidence and characteristics

ofthrombi complicating RF and cryoenergy ablation, a novel technology for the catheter

based treatment ofarrhythmias.

Methods andRestttts—Abiation lesions (n197) were performed in 22 mongrel dogs at

right atrial, riglit ventricular, and left ventricular sites preseiected by a randomized factorial

design devised to compare PiF ablation with cryocatheter configurations of varying sizes (7-

French and 9-French), cooting rates (-l°C/s, -5 °C/s, and -20 °C/s), and target temperatures

(-55°C and -75 °C). Animais were pretreated with acetylsalicylic acid and received

intraprocedural intravenous unfractionated heparin. Seven days following ablation, the

incidence ofthrombus formation was significantiy higher with RF compared to

cryoabtation (75.8% versus 30.1%, F=0.0005). In a multiple regression model, RF energy

remained an independent predictor ofthrombus formation when compared to cryoenergy

[OR 5.6, 95% CI (1.7, 18.1), P=0.00421. Thrombus volume was aiso significantiy greater

with RF compared to cryoabiation [median 2.8 mm3 versus 0.0 mm3, P<0.0001]. More

voluminous thrombi were associated with larger Rf lesions but cryolesion dimensions were

flot predictive ofthrombus size.

C’onctusions—Rf energy is significantly more thrombogenic than cryoenergy, with a

higher incidence ofthrombus formation and larger thrombus volumes. Extent of

hypertherrnic tissue injury is positively correlated with thrornbus butk, whereas cryoenergy

lesion size does not predict thrombus volume, tikely reflecting intact tissue ultrastructure

with endothelial ceil preservation.
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Condensed Abstract

Catheter ablation was performed in 22 dogs at atrial and ventricular sites preselected by a

randomized factorial design devised to compare RF with cryolesions. After 7 days, the

incidence of thrombus was signiflcantly higher with RF (75.8% versus 30.1%, P0.0005).

In a multiple regression model, RF remained an independent predictor ofthrombus

formation (OR 5.6, P=0.0042). Thrornbus volume was significantly greater with RF

compared to cryoablation (2.8 mm3 versus 0.0 mm3, F<0.0001). More voluminous thrornbi

were associated with larger RF lesions but cryolesion dimensions were flot predictive of

thrombus size. In conclusion, RF energy is significantly more thrornbogenic than

cryoenergy.

Key Words: radiofrequiency ablation; cryoablation; cryoenergy; thrombus; thromboembol i
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Radioftequency (RF) catheter ablation lias become the treatment of choice fora wide

variety ofarrhythmias. Coagulation and tissue necrosis induced by hyperthermia is,

however, associated with an inherent risk ofthrornbus formation. Clinically, a 0.6-0.8%

incidence ofthromboembolic events lias been estimated. This complication rate further

increases when RF ablation is performed in systemic cardiac chambers (1.8% to 2.0%) and

for ventricular tachyarrhythrnias (2.8%). Moreover, use of intravenous heparin and

temperature feedback to control RF current do flot appear to eliminate thromboembotic

risk.’3 More recently, percutaneous cryoenergy catheters have been used successfutly in

ablating atrioventricular nodes4 and supraventricular tachycardias in humans. The

hypothermie tissue injury induced by this alternate ablation modality is thouglit to be non

thrombogenic 6 Indeed, preliminary data suggest absence of histotogically identifiable

thrombus formation at the site of cryoenergy injury.7 The objective ofthis study was,

therefore, to prospectively compare incidence and characteristics ofthrombi complicating

RF and cryoenergy catheter ablation and identify predictors ofthe presence and extent of

thrombus formation.

Materials and Methods

Ablation lesions were performed in 22 mongrel dogs at sites preselected by a randomized

factorial design devised to compare RF ablation with cryocatheter configurations ofvarying

sizes (7-french and 9-French). cooling rates (-1 °C/s, -5 °C/s, and -20 °C/s), and target

temperatures (-55°C and -75 °C). Lesions were created in the riglit atrium and both

ventricles of each animal with one predetermined ablation setting per chamber (i.e. energy

type, catheter size, cooling rate, and target temperature). Acetylsalicylic acid 325 mg/day
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was initiated seven days prior to ablation and continued until animal sacrifice. Dogs were

anaesthetized with pentobarbital sodium (25 to 30 mg/kg), intubated, and ventiiated with

positive pressure Harvard respirators. An intravenous heparin bolus oC 100 IU/kg was

administered. followed by hourly injections of 15 IU/kg.

Sheath introducers were placed in the femorai artery and vein. In adherence to the

protocol. a 7-f rench or 9-french cryocatheter (Freezor’M, CryoCath Technologies Inc..

Montreai, Canada) or 7-french quadripolar RE catheter (Biosense Webster, Inc., Diamond

Bar, CA) with a 4-mm distal electrode tip was positioned under fluoroscopic guidance.

Surface and intracardiac ECG recordings were dispiayed on a multichannel oscilloscope

(Electronics for Medicine, VR-12, Honeywell Inc., Pleasantvilte, NY) and stored on a VHS

tape recorder. Each cryoapplication was maintained for four minutes. Temperatures were

displayed and recorded by a CryoCath console with ±1°C accuracy over the range of +40°C

to -80°C at a sampling rate of lO/s. Average and maximum cooling rates and average and

minimum temperatures were caiculated using a customized Matlab program. RF ablations

were maintained for 60 seconds at 50 Watts with a target temperature of +70°C.

Maximum impedance and maximum and mean temperature and power were displayed on

the generator (EP Technologies Inc., San Jose, CA).

Animais were sacrificed at seven days with a lethal injection ofpentobarbital. Heart

and lungs were explanted, rinsed, fixed in 1 0% formalin. and transferred to a pathology

iaboratory. Ail personnel were blinded to treatment modality. Representative photographs

of epicardial and endocardial surfaces were taken and gross surface maximal lesion length

and width measured. Tissues were dehydrated and paraffin ernbedded. Specimens were

serially sectioned perpendicular to the endocardial surface in 1000 tm incrernents at a
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thickness of 6 im with a rnotorized microtome (Olympus #4060E). Sections were stained

with Massons trichrome. A calibrated light microscope using Scion image 1 .60 software

for CG-7 (Scion Corp.. frederick. MD) was used for morphometric measurements of

thrombus volume and lesion depth. Thrombus was defined as being present if its volume

cxceeded 0.1 mm3.

Statistical Analyses

Given that several ablation lesions werc created in each animal, alI analyses took into

consideration the non-independent nature of the data structure. For binary outcomes (e.g.

presence or absence ofthrombus) gencralized estimating equations (GEE), which are robust

to an assigned correlation configuration, were used to produce multiple regression marginal

models for cluster sampling data by specifying link and distribution functions. For

continuous outcomes (e.g. thrombus voturne), both GEE and mixed regression models with

pre-specified covariance matrix assumptions were used. Analyses were performed with and

without potential outliers and influential observations. Two-tailed P-values<0.05 were

considered statistically significant. Statistical testing was performed using SAS software

Version 8 (SAS Institute, Cary, NC).

Res u Its

Baseline Characteristics

A total of 1 97 RF and cryoenergy lesions were systernatically created in the right atrium

and both ventricles of 22 mongrel dogs (7 males, 15 femaies). 0f these lesions, 176

(89.3%) were identified macroscopically and processed for histological analysis. 0f the 21
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missing lesions, 15 (7 1.4%) were created by 7-French cryocatheters, 2 (9.5%) by 9-french

cryocatheters. and 4 (19.0%) by RF ablation. These lesions were uniformly dispersed

within the right atrium (n6), right (n8) and ieft ventricies (n7). Moreover, missing

lesions created by 7-French cryocatheters were evenly distributed among the various

ablation settings.

Subdivision of lesions according to energy modality. catheter size, and ablation

parameters is depicted in Figure I. No differences in the distribution of ablation site (Table

1) and gender ofthe animais were noted between cryoenergy and RF lesions. For reasons

that remain unclear, one dog was unusually thrombogenic, with thrombus formation

identified in 10 of 11 ablation sites involving both RE and cryoenergy. Statistical analyses

performed with and without these.lesions yielded similar resuits. Therefore, the following

data inciudes ail lesions.

Presence ofThrombus

Overali incidence ofthrombus formation was 75.8% with RF and 30.1% with cryoablation

(P=0.0005). An example of thrombus at the site ofRF ablation is depicted in Figure 2.

With the currently avaiiable 7-French cryocatheter, thrombus was observed in 24.2% of

lesions. Radiofrequency energy remained a strong predictor ofthrombus formation in a

multivariate analysis controlling for site of ablation, gender, and tesion dimensions [OR 5.6,

95% CI (1.7, 18.4), P= 0.00421. When cryolesions were considered separately,

cryocatheter size (7-French versus 9-French). cooling rate. and target temperature did flot

predict thrornbus formation. Similarly, an analysis ofRF lesions found no correlation

between RF ablation parameters (i.e. power, temperature, and impedance) and thrombus.
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In univariate analyses of ail ablation lesions, site of ablation and gender were flot

correiated with thrombus formation. Larger lesion dimensions were, however. associated

with a higher incidence ofthrombosis. This correlation was consistently found for area

(F0.0047), depth (F=0.0195). and volume (P=0.01 Il). in multivariate analyses, lesion

volume but not area or depth remained an independent predictor ofthrombus formation,

with an OR of 1.014, 95% CI (1.002, 1.025) fora I mm3 increase in volume (P 0.0218).

Thrombus Volume

As depicted in Table Ï, in multivariate analysis, thrombus volume was significantiy greater

with Rf compared to ail cryoenergy lesions (mean=5.4 mm3, median=2.8 mm3 versus

mean= 0.8 mm3, median=0.O mm3, P<0.0001). Significantly larger thrombi were noted

when RF ablation was compared to both 7-french (mean=0.7 mm3, median=0.0 mm3,

F<0.0001) and 9-french (meanl.6 mm3, median=0.5 mm3, P0.O002) cryolesions (figure

3).

Independent predictors of thrombus volume for ail lesions, RF, and cryolesions are

summarized in Table 2. Similar to thrombus formation, lesion dimensions but flot site of

ablation or gender were associated with thrornbus volume. Lesion area (P<0.0001), depth

(F<0.0001), and volume (F<0.0001) were significantiy positively correlated with thrombus

volume. When Rf lesions were considered separately, lesion dimensions rernained

independent predictors ofthrornbus volume. Moreover, lower average Rf ablation

temperatures were associated with larger thrombi (F0.000$), in part explained by the

strong relationship between higher average delivered power and lower temperature

(F<0.000l). in contrast, a subgroup analysis of ail cryolesions reveaied no association
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between lesion dimensions and thrornbus volumes. The 9-French cornpared to 7-French

crvocatheter was associated with thrombi that were, on average, 1 .25 mm3 larger

(F=O.04 13). Cryoenergy cooling rates and temperatures did flot correlate with thrombus

s ize.

Ablation Lesion Characteristics

Histologically, on qualitative analysis, cryotesions were wel t-circurnscribed discrete lesions

with sharp borders, dense areas of fibrotic tissue, and contraction baud necrosis (see figure

2). [n contrast, Rf tesions were characterized by intralesionai hemorrhage and ragged

edges iess clearly demarcated from underlying normal myocardium. Moreover,

replacement fibrpsis conftned to the outer margin ofRF but flot cryoles ions suggests a

siower post-ablation healing response to Rf energy. Interestingly, tesions free ofthrombus

formation exhibited intact endothelial cetl tayers.

Radiofrequency ablation resuhed in lesions ofgreater area (P=0.0018) and nearIy

significantly larger volume (P0.05$5) but flot depth when compared to cryoiesions.

Ciyolesion dimensions were ofequal depth but of greater area (F0.0305) and volume

(F=0.0454) with 9-french compared to 7-french cryocatheters. Moreover, coider

temperatures were associated with deeper lesions. for example, achieving a peak

temperature 10°C colder resulted in an average lesion 0.3$ mm deeper [95% Cl (0.19,

0.57), P=0.000l]. Not unexpectedly, ventricular ablation lesions were deeper than their

atrial counterparts (F<0.0001). with ail atrial lesions being transmutai. Lesion area and

volume were not significantty associated with cooling rate, temperature. or ablation site.
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Discussion

Since its first ctinical use in 1986, RF ablation bas evolved as an effective

nonpharmacologic therapy for a wide array oftachyarrhythmias. While the procedure

carnes a low risk of cardiovascular complications, thromboembolism is ofconcem.

Though rare in otherwise healthy patients, thromboernboli may have devastating long-term

consequences)°

Incidence of Thromboembolic Complications

The incidence ofthrombus formation at the ablation site had flot been previously well

deflned. Emptoying DC energy ranging from 100-360J, Moto et al. reported a 20%

incidence ofthrombosis in mongrel dogs 7 days after ablation.’1 In the cutrent study,

thrombLls was detected histotogically in 75.8% ofRF ablation sites. This high incidence

reflects, in part, the enhanced detection capabilities ofa sensitive morphometric analysis.

While detected thrombi may indicate potential for systemic emboli, smatler les ions are

probably flot clinically significant, as symptomatic events are manifestly less common. In a

study by Goli et al.,’2 thrornbus was identified in 2 of 95 patients with routine

transesophageat echocardiography following ablation, both ofwhich were at sites remote

from ablation lesions.

Several cases involv ing neuroiogical,2’10”3’5 pulmonary,’4”6 coronary,’7 and

peripherat artery’1”3 thromboembolic complications fottowing RF ablation have been

reported. The incidence of such complications bas been recently reviewed.’ In the

Mutticenter European Radiofrequency S urvey.’4 thrornboernbol ic complications were

reported in 33 of 4398 patients (0.8%). Patients with ventricular tachycardia ablation had a
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2.8% incidence ofthromboemboti. In exclusively left-sided ablations, Thakur et al) and

Epstein et al.2 reported 2% and 1.8% embolic rates. respectively. The lower incidence in

right-sided ablations lias been attributed to the clinicaliy suent nature of most small-to

moderate pulrnonary emboti.’ Consistent with this hypothesis, the present study reports an

equal incidence of thrombus formation with right and left-sided ablations.

Mechanism ofThromboembolism after RF Ablation

While some authors believe that thromboemboÏic complications occiir as a resuit ofcatheter

manipulation and not ablation,2’19’2° a study by Manolis et al.2’ found that D-dimer levels

doubled following catheter manipulation but increased six-fold after ablation. A recent

report described a lobulated l-cm thrombus identifted by transesoptiageai echocardiography

attached to the right atrial septum at the ablation site.22

With RF ablation, events leading to thrombus formation are thought to be initiated

by endothelial ccli injury.’ Endothelial cells are highly sensitive to injury and are damaged

or destroyed by RF energy, despite seÏective applications.23 When endothelium continuity

is interrupted, anticoagulant properties are lost. Subendothelial components sucli as

collagen, tissue factor, and von Willebrand’s factor become exposed to circulating btood.21

Consequentty, platelet adhesion, activation. and thrombin production ensue. Given this

proposed pathophysiological rnechanism, it may be expected that thrornbus size wouid be

directly related to extent ofRF tissue injury. Indeed, in the current study, when RF ablation

lesions were analyzed separately, larger lesion dimensions were associated with more

voluminous thrornbi. A direct relationship between thrombus volume and embolic

complications, though seemingly intuitive, rernains to be dernonstrated.
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Cryoenergy Ablation and Thromboembolic Complications

The thromboembolic risk associated with RF ablation elicits the question ofwhether an

alternative energy source may provide a safer profile. Similar to RF, both microwave and

laser energy achieve endocardial ablation through heating and are, therefore, subject to the

same inherent risks ofthrombus formation.’ In contrast, cryoenergy may be advantageous

in that the tisscte damage prodciced spares the endothe liai lining.

The mechanisrn ofcryoenergy tissue injury is highly complex and involves

freeze/thaw effects, hemorrhage, inflammation, and replacement fibrosis.6’2527 The net

result is tissue destruction with sharply delineated lesions that preserve underlying tisstie

and extracellular matrix architecture. Whether the theoretical advantage of maintaining

intact endocardium translates into a lower incidence ofthrombus formation had flot been

previocisly determined. In a muitivariate anatysis, the present study quantified a highly

significant 5.6-fold lower risk ofthrombus formation with cryoenergy compared to RF

ablation. In contrast to Rf ablation, no correlation between lesion dimensions and

thrombus volume was noted with cryolesions. This provocative observation is consistent

with different mechanisrns of lesion formation, with a less clear relationship between

cryoablation lesion size and extent ofendothelial ceil injury. A placisible clinically relevant

corollary to this finding is that interventions requiring more extensive tissue destruction.

such as procedures for atrial fibrillation and ventricutar arrhythmias, may benefit rnost from

the lower thrornbogenic nature ofcryoablation. Review ofthe literature on stirgical

cryoablation suggests a very low risk of thromboernbolic complications.2832 In 11$

patients undergo ing surgical ablation of reentrant supraventricular arrhythm ias30 and 82

patients with ectopic atrial no thromboembotic complications were reported.

123



In a series of 14 patients undergoing the Maze procedure for atrial fibrillation, one patient

with Yamagushi disease had a smatl putmonary embolus.32 No thromboembolic

complications were noted in Ferguson and Coxs28 series of 100 consecutive patients

undergoing the cryosurgical Maze procedure.

The larger thrombi resulting from 9-French compared to 7-French cryoablation

could flot be explained by the predictably targer lesion dimensions resulting from greater

contact area and double freeze/thaw cycles.33 Catheter-induced mechanical trauma

sufficient to alter electrical properties and damage accessory pathways bas been previously

described.34’3 k is theoretically possible, though not histologically quantified by this

analysis, that larger cryocatheters produced a greater extent ofmechanical trauma with

endothetial disruption resulting in larger thrombi.

Prevention ofThromboembolic Complications

There is a disheartening lack of scientific evidence supporting strategies to prevent

thromboembolic complications in patients undergoing catheter ablation. The fact that

cryoablation is significantly less thrombogenic than RF ablation is a noteworthy finding in

this regard. Neither procedure duration, number of RF applications, nor anticoagulation

protocols have been associated with thromboembolic events.22 In an initial study by

Manolis et al.,36 combination therapy with aspirin and ticlopidine reduced D-dimer levels

post ablation. However, when 59 patients undergoing Rf ablation were randomized to

pretreatment with aspirin or ticlopidine. neither agent prevented the risc in D-dimer levels.37

Intraprocedural heparin bas likewise not been proven to reduce thromboembolic events,

although its use seems reasonabte particularly in patients undergoing ablation in left-sided
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chambers.’ At present. there is no consensus on anticoagulation protocols for catheter

ablation.

In a mutticenter study comparing Rf temperature versus power-controlled ablation

modes,3 catheter coagulum vas lower with temperature monitoring. A reduction in

thromboembolic events has flot, however, been dernonstrated. In Epstein et al.’ s series,2

temperature-controlled mode was used in 3/4 of patients in whom thromboembolic

complications occurred. Irrigated catheter technology may prove advantageous over

temperature-controlted RF ablation by maintaining a cooler electrode-tissue interface, but

its salutary effects remain to be demonstrated. Evidently, fctrther studies are required to

assess strategies aimed at reducing thrornboembolic events.

Limitations

A large proportion ofthe 21 non-identified lesions (i.e. 71.4%) were created by 7-french

cryocatheters. These lesions were more likely to be smaller in size and free ofthrombus

formation. Therefore, a selection bias was introduced at the time ofanalysis comparing

cryotesions with RF ablation lesions as well as 7-French versus 9-French cryolesions.

However, direction ofbias is towards the nuil hypothesis, leading to underestimation ofthe

true risk associated with RF versus cryoablation and 9-french versus 7-French

cry’ocatheters. Secondly, initial recommendations for cryoablation involved double rather

than single freeze/thaw cycles.33 Single freeze/thaw cycles with 7-f rench catheters are

emerging as the procedure of choice and were, therefbre, compared to the original 9-french

double freeze/thaw cyctes.3839 Number of freeze/thaw cycles may potentially confound the

relationship between catheter size and dimension of ablation lesions as well as thrombuso
I 25
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volume. The study design does flot permit dissociating effects ofcatheter size from number

of freeze!thaw cyc tes. Nevertheless, conclusions regarding comparisons between 9-French

and 7-french cryolesions rernain vaÏid, with the caveat that original versus newer protocols

were utilized.

Ail dogs were sacrificed at seven days. As such, histological analyses were

performed at one predetermined point in time. PotentiaÏly different latency periods

between RF and cryoablation and thrombits fonTiation were flot considered. Given that

tissue destruction. hemorrhage, and inflammation occur within the first 48 hours,6 there was

no a priori reason to suspect that cLyoablation would resuit in a higher incidence of late (i.e.

>7 days) thrombus formation. Finally, caution must be exerted in extrapolating animal

studies to humans. While such research may provide useful information and define

priorities for clinical studies, reÏiable quantitative estimates ofhuman risk cannot be

inferred.

Conclusion

for endocardial ablation lesions of equal size in equivalent cardiac chambers, ablation

using RF energy confers a greater than fivefold increased risk of thrornbus formation with

larger thrombus volumes when compared to cryoenergy. Whereas extent ofRF tissue

injury is positively correlated with thrombus bulk, cryoenergy lesion size does flot predict

thrombus volume. This likety reflects the histologicai observation that cryoablation resuits

in well-detineated discrete lesions with preservation of tissue ultrastructure including the

endothelial celi layer. In contrast, RF lesions have serrated edges with more extensive

endothelial celi destruction.
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o Figure Legends

Figure 1 Distribution of ablation lesions.

Figure 2 Ibis figure depicts typical histological characteristics one week after

cryoenergy (Panel A) and RF ablation (Panel B) when stained with

Masson’s trichome and magnified 16-fofd. Note the more homogeneous

nature ofthe cryoles ion with a smoother sharper demarcation from intact

myocardium (Panel A). In contrast, the RF lesion is less well

circumscribed with serrated edges (Panel B). The arrow indicates

endocardial thrornbus formation at the ablation site.

Figure 3 Thrombus volume with RF ablation, 7-french, and 9-french cryoablation.

133



o
TABLE 1. Characteristics according to ablation modality

RF Ablation Cryoenergy Ablation P-value

xr—1 1’

Chamber RA 33.3% RA 32.6%

RV 33.3% RV 34.0% NS

LV 33.3% LV 33.3% J
Average temperature (°C) 66.8±5.5 -60.0±12.1 NA

Presence of thrombus 75.8% 30.1% 0.0005

Thrombus volume (mm3) 2.8 (0.3,7.2)* 0.0 (0.0,0.4)* <0.0001

Lesion volume (mm3) 94.6 (64.2,229.3)* 43.2 (26.1,77.7)* 0.0585

Lesion depZh (mm) 6.0±3.0 4.9±1.7 NS

Lesion area (mm2) 42.0 (28.5,72.0
)*

20.0 (12.0,25.5)* 0.001$

RA indicates right atrium; RV, right ventricle; LV, left ventricle; NS, not statistically

significant; NA, flot applicable.

Continuous normally distributed variables are expressed as mean±standard deviation

Non-normatly distributed variables are expressed as median value and interquartile range

(25th,75t percentile)
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TABLE 2. Independent predictors of thrombus volume

Variable f3-coefflcient±SE(f3) P-value

Ail ablation lesions

Radiofrequency versus cryoablation 3.36±0.62 <0.0001

Lesion depth 0.69±0.12 <0.000 1

Lesion area 0.03±0.0 1 <0.0001

Lesion volume 0.01±0.001 <0.0001

Radiofrequency ablation lesions

Lesion depth 2.57 ± 0.01 <0.000 1

Lesion area 0.03±0.01 0.0097

Lesion volume 0.01±0.001 <0.000 1

Average RF ablation ternperature -0.47±0.14 0.0008

Cryoablation lesions

9-french versus 7-french cryocatheter 1 .25±0.61 0.0413
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Figure 1. Distribution of ablation tesions
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o
Figure 2. Histology of cryoenergy and RF lesions
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Conclusion

Congenital heart disease patients represent a heterogeneous population with diverse

underlying diagnoses. Improvements in surgical outcomes have given rise to a rapidly

expanding population ofyoung aduit survivors. Arrhythmias and SCD appearing years

after surgical repair figure prominently among complications that such patients face. The

manuscripts presented in this thesis address some ofthe issues encountered in aduit

congenital electrophysiology.

Whereas prior studies relied on clinical parameters alone to risk stratify patients

with tetralogy offallot, inducible VT on programrned ventricular stimulation was

dernonstrated to be a powerful predictor ofclinical VT and SCD. Questions regarding

patient selection for screening and the timing and frequency of testing remain to be

elucidated. Studies are currently assessing whether risk assessment based on non-invasive

parameters may be helpfut in pre-selecting patients for further testing with programmed

ventricular stimulation. for exampte, a multicenter case-control stcidy spearheaded by the

Pediatric Electrophysiology Society is attempting to generate a “risk score” for VI and

SCD based on clinical, echocardiographic, and electrocardiographic parameters. This ‘risk

score” may potentially be validated in the dataset created for this thesis, and then further

refined to incorporate resuits ofprogrammed ventricular stimulation. Studies addressing

other angles ofthis complex issue are likewise being considered. including assessing the

impact of ICDs on rnortality in selected high-risk patients with tetralogy ofFallot.

Ahhocigh often debated, disparities ofoutcomes in patients with D-TGA and

Mustard versus Senning baffles remained speculative. The meta-analysis including 885

patients with Mustard and Senning procedures from seven studies suggests that there
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are indeed authentic differences between the two procedures, raising awareness for

long-term follow-up. for example, patients with the Mustard procedure showed a trend

towards Iower mortality but exhibited more sinus node dysfunction. Data regarding

atrial tachyarrhythmias were inconclusive. Much remains to be Iearned about the

pathophysiology of SCD and risk factors for such in patients with atrial baffles for D

TGA. Research projects currently under consideration inclcide a multi-center case

control study designed to explore associations between clinical variables and SCD.

Also, a cohort study of lCD recipients with D-TGA that scrutinizes intracardiac

recordings during appropriate lCD therapy may shed light on arrhythmic mechanisms

that underlie their demise, e.g. supraventricular tachycardia that degenerates into a

complex ventricular rhythm versus a prirnary ventricular arrhythmia. By better

understanding substrates and risk factors for SCD, appropriate targeted preventive

therapy may be instituted.

Finally, in a pre-clinical sttidy, it was demonstrated that cryoenergy is Iess

thrombogenic than RF energy. Although further research is required, this finding may

be particularly relevant to aduits with congenital heart disease. for example, in patients

with congenital heart disease, extensive transcatheter ablation lesions may be necessary

to interrupt complex and/or multiple atrial or ventricular macro-reentrant circuits.

Moreover, otherwise clinically insignificant microthrombi that would have been

directed towards the pulrnonary circulation in patients with structurally normal hearts

may, in the presence ofcongenital heart disease, be shunted to the systernic circulation

and resuit in acute cerebrovascular accidents.
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Clinical studies have yet to assess cryoablation in patients with congenital heart

disease. It remains to be deterrnined whether cryoablation lesions. like RF lesions,

expand over tirne in growing hearts. Moreover, whereas inadequate thermodynarnics

may limit the formation ofRF lesions in low flow states, such as those cornrnonly

encocintered in congenitat heart disease, conditions where warrning effects of

surrocinding blood flow are lessened conversely prornote cryolesion formation.

Nevertheless. benefits ofcryoablation in such congenital malformations remain to be

demonstrated. Also, novel cryocatheter designs may likewise prove useful in creating

extensive linear lesions necessary for the interruption ofcomplex macro-reentrant

circuits in congenital heart substrates.

The past decade has tvitnessed huge strides in our cinderstanding of diagnostic

and therapeutic options in adults with congenital heart disease. Nevertheless, SCD from

presumed or documented arrhythmic events remains the rnost common cause of

mortality. Clearly, research efforts directed towards better understanding cardiac

electrophysiologic substrates, risk stratification, and improvements in arrhythmia

management are warranted.
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