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PREFACE 

Atrial fibrillation (AF) is the most common cardiac arrhythmia requiring medical 
attention, affecting 4% of the population over 60 years, increasing with age to 8% in 
those older than 80 years. It is important clinically because patients are at increased 
risk for stroke, heart failure and mortality (almost two-fold compared with patients 
in normal sinus rhythm). In addition, AF is associated with a significant morbidity, 
impairing both functional status and quality of life. The economic burden of AF is a 
growing public health problem, approaching €3000 annually per patient. Total cost 
burden is likely to increase over the next years due to the aging of the population 
and the rising prevalence of patients with cardiovascular disease. AF is also one of 
the most frequent complications of cardiac surgery, resulting in increased patient 
morbidity, prolonged hospitalization and increased hospital costs.  
 There are three main objectives of AF treatment: rhythm control, ventricular 
rate control, and prevention of thromboembolism. Although nonpharmacological 
therapies, such as surgical ablation, catheter ablation, pacemakers and internal defi-
brillators, have been developed, pharmacotherapy is still the mainstay of AF treat-
ment. However, currently available drugs for rhythm control are only moderately 
effective and all carry risks of serious side effects, most notably ventricular ar-
rhythmias. Of these drugs, amiodarone is the most frequently used agent world-
wide for maintaining sinus rhythm in patients with AF. It displays superior efficacy 
combined with a low potential for causing torsades de pointes. Unfortunately, 
amiodarone therapy is also associated with numerous systemic side effects, includ-
ing thyroid, pulmonary, hepatic and dermatologic toxicity. 
 The search for a novel antiarrhythmic agent sharing amiodarone's efficacy, but 
devoid of organ toxicity is regarded as a search for the Holy Grail. Therefore, sev-
eral amiodarone analogues have been synthesized, of which dronedarone is most 
advanced in clinical development. Recent trials suggest that dronedarone has fewer 
side effects, but its efficacy at maintaining sinus rhythm is probably less than that of 
amiodarone. This thesis explores an alternative approach to maintain amiodarone's 
unique antiarrhythmic properties, while minimizing its systemic adverse effects, 
through the use of intrapericardial drug delivery and epicardial drug-releasing 
biomaterials. 
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1. ATRIAL FIBRILLATION 

In 1906, Cushny and Edmunds were the first to report that "auricular fibrillation", 
previously observed in dogs during open-chest experiments, could occur in pa-
tients.1 In the same year, Einthoven published a review article on the clinical value 
of the electrocardiograph, including the first clinical electrocardiographic tracing 
displaying “pulsus inaequalis et irregularis”.2 In 1902, Mackenzie already observed 
jugular pulse tracings with frequent ventricular components, but missing atrial 
components.3 A few years later, Cushny acknowledged that Mackenzie's article had 
provided him the insight that led to the 1906 report, while Mackenzie admitted that 
Cushny suggested to him that atrial fibrillation might be of clinical importance.4 The 
latter was confirmed in 1909, when Rothberger and Winterberg, as well as Lewis 
independently concluded that atrial fibrillation was a common arrhythmia in pa-
tients with cardiac disease.5,6 

1.1. Clinical Aspects 

1.1.1. Definition and Classification 
Atrial fibrillation (AF) is a supraventricular tachyarrhythmia characterized by rapid 
and irregular activation of the atrium.7 Instead of contracting, the atria only quiver, 
which leads to deterioration of mechanical function. The filtering function of the 
atrioventricular (AV) node determines the ventricular response rate, which typically 
approaches 150 beats per minute in the absence of drug therapy.8 

 International guidelines for the management of patients with AF recommend 
the following classification.9-11 The clinician should distinguish a first-detected epi-
sode of AF from recurrent AF (after 2 or more confirmed episodes). AF can be fur-
ther designated as paroxysmal (episodes shorter than 7 days), persistent (sustained 
episodes beyond 7 days) or permanent (long-standing AF, impossible to cardiovert 
or cardioversion not attempted). Secondary AF occurs in the setting of an underly-
ing disease, while lone AF is defined as AF in individuals younger than 60 years 
without underlying cardiopulmonary disorders (including hypertension).12 

1.1.2. Epidemiology and Prognosis 
Atrial fibrillation is the most common cardiac arrhythmia requiring medical atten-
tion. Its estimated prevalence is 0.4% to 1% in the general population, 4% in the 
population over 60 years of age and 9% in the octogenarian population.13-15 The 
incidence of AF, in line with its prevalence, increases with advancing age from 0.5 
per 1000 person-years before age 50 to 10 per 1000 person-years after age 70.16 Dur-
ing the past 2 decades, there has been a 60% increase in hospital admissions for AF 
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due to multiple factors including aging of the population, rising prevalence of car-
diovascular disease and improved diagnostic methods.17 
 AF is associated with increased stroke, heart failure and mortality in otherwise 
healthy older individuals and those with coexisting cardiovascular disease, espe-
cially among women.13,18-22 In the Framingham Heart Study the risk of death in both 
men and women with AF was almost doubled, while odds ratios after adjustment 
for AF-associated preexisting cardiovascular disease were 1.5 and 1.9 for men and 
woman, respectively.13 AF is an important independent risk factor for stroke, with 
an attributable risk increasing with age from 1.5% for those aged 50-59 years to 
23.5% for those aged 80-89 years.18 

1.1.3. Causes and Associations 
In 55% to 70% of cases of paroxysmal AF and in 80% to 85% of cases with persistent 
AF underlying disease, most often cardiopulmonary disorders, can be identified.23 
These include pericarditis,24 myocarditis,25 other primary arrhythmias,26 valvular 
heart disease,27 heart failure,28 coronary artery disease,29,30 hypertension,16 hypertro-
phic cardiomyopathy,31 congenital heart disease,32 pulmonary embolism,33 and ob-
structive pulmonary disease.34 AF is also associated with hyperthyroidism,35 sleep 
apnea syndrome,36 and obesity.37 AF can be provoked by alcohol intake (binge 
drinking)38 and electrocution,39 and is a common complication of cardiac and tho-
racic surgery.40 In addition, inflammatory,41 autonomic,42 and genetic factors43 may 
contribute to the initiation and perpetuation of AF. 

1.1.4. Manifestation and Evaluation 
Most patients with first-detected AF complain of palpitations, chest pain, dyspnea, 
fatigue or lightheadedness. However, embolic complications, exacerbation of heart 
failure or syncope may also represent the first signs of AF. Individuals can experi-
ence both symptomatic and asymptomatic AF episodes.44 This should be taken into 
account when determining frequency and duration of AF episodes from the pa-
tient's history. Next to characterizing the clinical pattern of AF, the purpose of the 
history and physical examination should be to define any causes or influencing 
factors. The diagnosis of AF requires confirmation by ECG recording. Other neces-
sary investigations are a chest radiograph, a transthoracic echocardiogram and a 
blood test (for determining blood count, serum electrolytes, and thyroid, renal and 
hepatic function).9-11  

1.1.5. Current Treatment Strategies and Nonpharmacological Therapies 
There are three main objectives of AF treatment: restoration and maintenance of 
sinus rhythm, prevention of rapid ventricular rates, and prevention of thromboem-
bolism. Antiarrhythmic pharmacotherapy of AF is discussed in detail in section 1.3. 
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Nonpharmacological therapies for AF include synchronized external direct-current 
cardioversion, atrial and ventricular pacing, internal atrial defibrillators, surgical 
cut-and-sew ablation, surgical epicardial ablation and catheter-based ablation. Elec-
trical cardioversion, although requiring sedation or anesthesia, may be preferred 
over pharmacological cardioversion because of greater effectiveness and a low risk 
of proarrhythmia.45 Ventricular and atrial pacing may be useful in the settings of 
marked variability in ventricular rates and symptomatic bradycardia, respec-
tively.46,47 Internal atrial defibrillators produce a high rate of conversion to sinus 
rhythm, but the discharges cause discomfort in many patients.48 Surgical cut-and-
sew ablation (maze III procedure) has success rates of 70% to 95%.49,50 However, the 
complexicity and the relatively high risk associated with this procedure have lim-
ited its widespread use. Surgical epicardial ablation does not require cardiopul-
monary bypass and may provide a safer alternative, although its role amidst other 
ablation techniques is yet to be determined. Most catheter-based ablation techniques 
focus on isolating ectopic foci in the pulmonary veins from the left atrium, thereby 
preventing further atrial remodeling.51 Current available data suggest that these 
techniques offer benefit to selected patients with AF. However, reported rates of 
success and complications vary considerably. Long-term results of double-blind 
randomized trials are needed to properly compare safety and effectiveness with 
pharmacological therapies for AF. 

1.2. Electrophysiological Mechanisms 

This section discusses the electrophysiological basis of initiation and perpetuation of 
AF. Sources responsible for initiation of AF are known as "triggers". When a rapid 
source dominates during perpetuation of AF, it is termed "driver". Other mecha-
nisms that facilitate the perpetuation of AF constitute the atrial "substrate". Whereas 
classical theories focused on the role of triggers and drivers, the discovery of the 
phenomenon of "AF begets AF" spurred interest into the role of atrial remodeling in 
generating a substrate for AF.52 However, research on triggers and drivers has re-
cently made a revival after the demonstration of the importance of pulmonary vein 
foci in initiating AF.51 

1.2.1. Classical Theories 
In the early twentieth century 3 principal theories were developed: AF is caused by 
rapidly-firing atrial ectopic foci, by a single reentry circuit, or by multiple reentrant 
circuits.53 The hypothesis that AF may originate from ectopic foci was already pro-
posed in 1907, but experimental evidence was provided only 40 years later by the 
application of aconitine (a sodium channel opener) to canine atria.54,55 First support 
for a reentrant mechanism came in 1906 from experiments with muscular rings from 
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jelly fish, showing circus movement of an activation wavefront.56 However, the 
ectopic focus and single reentry circuit theories were largely abandoned in the mid-
twentieth century in favour of the "multiple wavelet hypothesis".57 The existence of 
multiple propagating wave fronts was confirmed in the first mapping studies of 
AF.58 An important contribution to the understanding of reentry and AF is the no-
tion of "wavelength", which is, according to the "leading circle hypothesis", the 
minimum pathlength that can sustain reentry.59  

1.2.2. Atrial Remodeling 
The concept of "AF begets AF" was introduced in 1995 based on experiments in 
goats.52 AF was maintained by an automatic fibrillation pacemaker, activating at the 
occurence of sinus rhythm. This resulted in a marked shortening of atrial effective 
refractory period ("electrical remodeling") and an increase in inducibility and stabil-
ity of AF. The latter was explained by a shortening of the wavelength. Tachycardia-
induced shortening of atrial refractoriness was also observed in a dog model of 
prolonged rapid atrial pacing.60 An important ionic mechanism underlying electrical 
remodeling is a decrease in L-type calcium current in response to cellular calcium 
loading.61,62 In addition to electrical remodeling, clinical studies have demonstrated 
AF-induced atrial contractile dysfunction ("contractile remodeling").63,64 In goats 
electrical and contractile remodeling were closely linked during the first 5 days of 
artificially maintained AF, suggesting that a decrease in L-type calcium current 
might also play an important role in atrial contractile dysfunction.65 
 Besides electrical and contractile remodeling, AF also causes ultrastructural 
changes, termed "structural remodeling". First evidence came from studies in a 
canine model of rapid atrial pacing, showing disarray of atrial myofilaments, in-
creased mitochondrial size and number, and disruption of the sarcoplasmatic re-
ticulum.60 Other prominent atrial structural alterations include myolysis, increase in 
myocyte size and perinuclear accumulation of glycogen, which develop progres-
sively and recover slowly and imcompletely.66,67 Increased atrial interstitial fibrosis 
is one of the most frequent histopathological changes in AF, but this is probably 
related to older age and underlying heart disease.68,69 Fibrosis increases non-uniform 
anisotropy in conduction and, therefore, promotes the substrate for local reentry.70 
Conduction heterogeneity may be further enhanced by alterations in distribution of 
gap junction proteins (connexins).71,72 Recent mapping studies have shown that the 
structural remodeling process during AF may lead to progressive electrical dissocia-
tion between individual atrial muscle bundles in the epicardial plane and even be-
tween the epicardial and endocardial layers.73-75 
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1.2.3. Pulmonary Vein Foci 
The importance of pulmonary vein foci in initiating AF was recognized in 1998, 
when it was demonstrated that ablation of these foci could prevent AF recurrence.51 
Ectopic foci have also been located in other cardiac venes and in both atrial walls, 
although the myocardial sleeves in the pulmonary veins are the primary 
source.51,76-78 The underlying mechanisms of pulmonary vein activity remain poorly 
understood. Two hypotheses have been proposed; disarrayed fibers of the myocar-
dial sleeves promote micro-reentry or they harbour cells featuring spontaneous 
firing.79,80 The former theory is supported by the recent observation that adenosine 
(via enhancement of inward rectifier conductance) increases dominant frequencies 
of AF drivers near the pulmonary vein-left atrial junction.81 Evidence suggesting 
spontaneous activity is the fact that pulmonary vein firing is often preceeded by a 
tachycardia-pause sequence, which may be explained by a "calcium-transient trig-
gering" mechanism.82 

1.3. Antiarrhythmic Pharmacotherapy 

In the absence of antiarrhythmic pharmacotherapy the ventricular response rate in 
AF typically approaches 150 beats per minute. The management of this fast irregu-
lar rhythm involves either a rate control or rhythm control strategy. The rhythm 
control strategy aims to restore and maintain normal sinus rhythm. The rate control 
strategy attempts to slow the ventricular rate while leaving the patient in AF. The 
choice between the two strategies has been the subject of extensive debate. 

1.3.1. Rate Control 
Until 2 decades ago rhythm control was the mainstay of AF management. However, 
several studies that compared rate and rhythm control found no difference between 
the strategies in terms of mortality, major cardiovascular events, or stroke.83-87 This 
might be related to the moderate effectiveness and proarrhythmic characteristics of 
currently available drugs for rhythm control. Therefore, rate control is an acceptable 
first line treatment in many AF patients, especially in asymptomatic older patients 
with persistent AF who have hypertension or heart disease. Although the 2006 
AHA/ESC/ACC guidelines recommend a resting heart rate of 60-80 beats per min-
ute, a recent study suggested that a more lenient rate control (resting heart rate <110 
beats per minute) is equally effective and is easier to achieve.88  
 The most common drugs used for controlling heart rate are beta blockers, 
nondihydropyridine calcium channel blockers and digoxin. Digoxin is less effective 
at controlling heart rate during exercise and other settings of elevated sympathetic 
tone.89,90 When the ventricular rate cannot be adequately controlled using these 
drugs (alone or in combination) amiodarone may be considered to control the heart 
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rate.91 In patients with decompensated heart failure, acute use of nondihydropyri-
dine calcium channel blockers or large doses of beta blockers shoud be avoided as 
both are negative inotropic drugs.90,92 

1.3.2. Rhythm Control 
Rhythm control may be a reasonable initial approach for younger patients, espe-
cially those with symptomatic paroxysmal lone AF. Traditional antiarrhythmic 
drugs used for rhythm control are sodium and potassium channel blockers (class I 
and III antiarrhythmic agents respectively, according to the Vaughan Williams clas-
sification).93 Class I agents slow conduction and suppress ectopic activity associated 
with early and delayed afterdepolarisation. These actions probably destabilise spi-
ral-wave AF-drivers and suppress AF-triggers.94 The conduction-slowing effect is 
more pronounced in ischaemic ventricular tissue, increasing the risk of ventricular 
proarrhythmia in patients with coronary artery disease. Examples of frequently 
used class I agents are propafenone and flecainide. Class III drugs suppress reentry 
by prolonging refractory periods, but increase the likelihood of early afterdepolari-
sation and, therefore, torsades de pointes. Sotalol and amiodarone both produce 
class III effects, but these drugs also have beta blocking properties (class II effect). In 
addition, amiodarone displays class I and IV (calcium channel blocking) characteris-
tics. Amiodarone will be discussed in detail in section 2 of this chapter. 
 Several new compounds developed for rhythm control are currently evaluated 
in clinical studies. Dronedarone, budiodarone and celivarone are amiodarone ana-
logues with decreased lipophilicity and shorter elimination half-lifes (intended to 
reduce tissue accumulation and toxicity), while retaining amiodarone-like electro-
physiological properties.95 Vernakalant and ranolazine are also multiple-ion-
channel-blockers that predominantly inhibit atrium-specific currents (IKur, INa), 
which may reduce the risk of ventricular arrhythmia.95 

1.3.3. Upstream Therapy 
Upstream therapies of AF include non-antiarrhythmic drugs that reduce structural 
remodeling caused by atrial inflammation and interstitial fibrosis.96 Therapies that 
alter the renin-angiotensin-aldosterone system (ACE inhibitors and angiotensin 
receptor blockers), as well as antiinflammatory and antioxidative drugs (statins, 
polyunsaturated fatty acids and glucocorticoids), are currently being investigated. 
Most of these drugs are relatively safe and readily available, and their present indi-
cations (hypertension, coronary artery disease, and heart failure) are among the 
most frequent causes of AF. Therefore, upstream therapy might not only be effec-
tive for secondary prevention, but also for primary prevention of AF. 



 CHAPTER 1 16 

1.4. Postoperative Atrial Fibrillation 

1.4.1. Epidemiology 
Atrial fibrillation is a common complication of cardiac surgery, that increases pa-
tient mortality and morbidity, hospitalization duration, and healthcare resources. 
The incidence of postoperative atrial fibrillation (POAF) varies between 20% and 
60%, depending on definitions, types of surgical procedures, and methods of detec-
tion.97 The frequency of POAF is expected to rise in the future, due to increasing 
proportions of elderly cardiac surgical patients. The arrhythmia typically occurs 
within 2 to 4 days after the procedure.98,99 Many clinical variables are associated 
with the development of POAF, including advanced age, previous history of AF, 
male gender, heart failure, left atrial enlargement, valvular heart surgery, hyperten-
sion, chronic obstructive pulmonary disease, renal failure, diabetes mellitus, obe-
sity, and cardiopulmonary bypass time.100 

1.4.2. Mechanisms 
The mechanisms of AF in the postoperative patient are likely to be fundamentally 
similar to those in patients with AF who have not undergone surgery. In that set-
ting, the electrophysiological basis of initiation and perpetuation of AF has already 
been discussed in detail in section 1.2. In the postoperative heart, multiple factors 
may alter atrial conduction and refractoriness, predisposing the patient to AF.101 
These include trauma, elevation in atrial volume/pressure, use of inotropic agents, 
autonomic imbalance, and metabolic derangements. Recent studies focused on the 
role of inflammation and oxidative stress, and their molecular pathways in the 
pathogenesis of POAF. Based on these newly identified pathways, as for non-
surgery related AF, upstream therapies for the prevention of POAF are currently 
being investigated.102 

1.4.3. Prevention and Treatment 
Besides managing comorbidities and correcting identifiable precipitants, the man-
agement strategy for POAF (as for AF in general) includes maintenance/restoration 
of sinus rhythm, prevention of rapid ventricular rates, and prevention of throm-
boembolism. Regarding prophylaxis of POAF, unless contraindicated, treatment 
with an oral beta blocker is recommended.9-11,103,104 Although therapy with sotalol 
(which features both beta blocking and class III antiarrhythmic effects) may be more 
effective, this drug is also associated with more side effects.99,105 In patients at high 
risk for POAF and in patients in whom beta blocker therapy is not possible, preop-
erative administation of amiodarone represents appropriate therapy.106 The routine 
prophylactic use of magnesium, nondihydropyridine calcium channel blockers, and 
digoxin is not supported by the current evidence.102,107 In addition to the use of an-
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tiarrhythmic drugs, upstream therapy with renin-angiotensin-aldosterone-system 
modulators, statins, polyunsaturated fatty acids, and glucocorticoids may be benefi-
cial for prophylaxis of POAF. However, for these agents, there is a need for large-
scale clinical studies to determine their benefit. Apart from the here mentioned 
pharmacological therapies, biatrial pacing has been shown to decrease the occur-
ence of POAF, but its complexity limits wide-scale application.101 Therefore gener-
ally pharmacological interventions are applied. 
 When POAF occurs, an AV nodal blocking agent, preferably a beta blocker 
unless contraindicated, should be used to achieve rate control in hemodynamically 
stable patients. Immediate electrical cardioversion has to be performed in hemody-
namically unstable patients. If POAF does not spontaneously convert to sinus 
rhythm within 24 hours, rhythm control should be attempted, associated with anti-
thrombotic medication. Amiodarone therapy is recommended in patients with de-
pressed left ventricular function, whereas sotalol and class I antiarrhythmic drugs 
may be used in patients with preserved left ventricular function. 
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2. AMIODARONE 

Amiodarone was synthesized in 1962 in the pharmacological laboratory of Labaz in 
Belgium with the objective of treating angina pectoris and not for the control of 
cardiac arrhythmias.108,109 Chemists selected a natural product, khellin, which was 
isolated from the seeds of Ammi visnaga and was used in the Middle East as a diu-
retic and an antispasmodic. This molecule was then chemically modified in various 
steps to yield amiodarone, the structure of which is shown in figure 1. As can be 
seen in this figure, amiodarone contains a butylated benzofuran moiety and a typi-
cal substituted diiodo phenoxy ring attached to an aliphatic tertiary amine group. 
Clinical trials showed that amiodarone was effective in reducing the number of 
anginal attacks, but it was also observed that amiodarone had antiarrhythmic prop-
erties.110 In 1970 Singh and Vaughan Williams described the drug's propensity to 
lengthen atrial and ventricular action potential duration as a function of time at a 
constant oral dose. This was suggested as the cornerstone of the concept of the class 
III antiarrhythmic action.111 
 As will be discussed in the next parts of this thesis, amiodarone proved to be an 
effective antiarrhythmic drug, although it also has significant drawbacks. Therefore, 
various analogues of amiodarone have been produced, some of which are currently 
clinically evaluated. However, these will not be discussed in detail. 
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Figure 1. Chemical structures of amiodarone and desethylamiodarone. 

2.1. Clinical Use 

Amiodarone has been approved for use in many countries for management of a 
wide spectrum of cardiac arrhythmias, including AF, atrial flutter, ventricular 
tachycardia, and ventricular fibrillation. A recent meta-analysis showed that in pa-
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tients at risk for sudden cardiac death, amiodarone reduces the incidences of sud-
den cardiac death and cardiovascular death by 29% and 18%, respectively.112 How-
ever, amiodarone does not influence all-cause mortality, and bears the risk of caus-
ing pulmonary, thyroid and hepatic toxicity. Regarding management of AF, amio-
darone has consistently been demonstrated to be superior to other antiarrhythmic 
drugs for maintenance of sinus rhythm.113-115 It is of particular value in patients with 
congestive heart failure developing AF, in whom it virtually lacks negative ino-
tropic effects, and increases left ventricular ejection fraction.116,117 

2.2. Pharmacokinetics 

Amiodarone is a highly lipophilic compound with a low total clearance and a large 
volume of distribution (66 L/kg).118 The major metabolite of amiodarone is desethyl-
amiodarone (DEA, figure 1), which also produces electrophysiological effects. A 
recent study provided evidence of three more (minor) metabolites.119 Cytochrome P-
450 3A4, present in liver and intestines, is mainly responsible for the N-
deethylation, leading to the formation of DEA.120 The bioavailability of oral amio-
darone is variable (30-80%), which may be attributed to some extent by interindi-
vidual variability in CYP3A4-mediated first-pass metabolism. During long-term 
therapy DEA reaches similar plasma concentrations as amiodarone. Both com-
pounds show long elimination half-lives of typically 40-60 days, but in some indi-
viduals even of more than 100 days. Amiodarone and DEA are eliminated primarily 
via biliary excretion, whereas renal elimination is negligible. 
 During long-term therapy amiodarone and DEA attain high concentrations in 
many tissues, especially in fat, liver, and lung.121 Population studies showed that 
pharmacokinetics of amiodarone are best described by a typical two-compartment 
(plasma and tissue) model.122,123 However, the high lipophilicity and long half-life 
account for much confusion around amiodarone's clinical use. The effectiveness of 
an acute intravenous infusion rapidly disappears if the infusion is discontinued, 
since the drug leaves the serum with a distribution half-life of only 17 hours, and is 
sequestered in fat tissue. The opposite effect occurs if chronic amiodarone therapy is 
ceased; the rate of decline in serum concentrations is slowed by redistribution of 
amiodarone from fat tissue. In one study, a 25% serum concentration decrement in 3 
days and 50% decrement in 36 days was observed after cessation of chronic amio-
darone therapy.122 Steady-state amiodarone serum concentrations of 1.0 to 2.5 mg/L 
have been associated with antiarrhythmic effectiveness and acceptable toxicity. In 
myocardial tissue samples obtained from patients treated with chronic amiodarone 
therapy, amiodarone concentrations ranged from 12 to 147 mg/kg.121 The latter also 
underlines the tendency of amiodarone to accumulate in tissues rather than to re-
side in blood plasma. 
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2.3. Electrophysiological Effects 

Although amiodarone was originally classified as a class III antiarrhythmic drug, it 
exhibits all 4 Vaughan Williams classes of action, i.e. sodium channel blockade, beta 
blockade, potassium channel blockade, and calcium channel blockade.93 The acute 
and chronic effects of amiodarone in the heart are substantially different, as re-
viewed by Kodama et al.124 Its main acute effect when administered intravenously is 
suppression of conductivity of the atrioventricular node with minimal effect on 
myocardial effective refractory periods (ERP).125 When administered orally for at 
least several weeks, amiodarone primarily lengthens action potential duration 
(APD) and ERP in most cardiac tissues.124 These differences cannot be explained in 
terms of pharmacokinetics.125 Both acute and chronic amiodarone prolong ERP more 
than APD because of development of postrepolarization refractoriness.126,127 
 Acute effects of amiodarone include attenuation of both inward and outward 
currents.124 Inward sodium and calcium currents are inhibited in a use- and voltage-
dependent manner, resulting in a decrease of the maximum upstroke velocity of the 
action potential, and decreased excitability and conductivity. Suppressed outward 
potassium currents include IKr, IK,Ach, IK,Na, IK1, and probably IKs and Ito. The net effect 
of acute amiodarone on APD is unclear with prolongation, shortening, and no effect 
being reported in different studies.124 
 During chronic amiodarone therapy, its major metabolite DEA reaches similar 
plasma and tissue drug concentrations, and also produces significant electrophysio-
logical effects.125 Chronic amiodarone treatment results in APD prolongation, which 
can be explained by decreased outward current densities (IK and Ito).124 A recent 
study suggests that inhibitory effects of chronic amiodarone on both inward (INa) 
and outward (IK) currents together produce a predominant prolongation of atrial 
APD which may explain its superior effectiveness to suppress AF.128 Furthermore 
chronic amiodarone produces electrophysiological changes that resemble those in 
the heart induced by hypothyroidism, possibly through interaction with thyroid 
hormone and its receptors.124 

2.4. Pleiotropic Effects 

Besides antiarrhythmic effects, amiodarone features an array of other therapeutic 
effects. Synthesized with the objective of treating angina pectoris, it is a potent 
vasodilator.129 Amiodarone rapidly accumulates in atherosclerotic vascular tissue, 
abolishing vascular autorhythmicity and improving endothelium-dependent func-
tion. It also exerts antioxidant activity and antiinflammatory activity by increasing 
levels of antioxidant system enzymes and inhibiting the generation of superoxide 
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anion radicals.130,131 In addition, amiodarone produces antithrombotic effects such as 
impairment of thrombus formation and reduction of arterial tissue factor activity.132 
 Recent in vitro research demonstrated microbicidal activity of amiodarone 
against a broad range of species, including fungi, bacteria, protozoa, and viruses.133-

136 Also, amiodarone could be used in the treatment of drug resistant tumor cells, 
because it is a potent multidrug resistance inhibitor.137 Finally, a therapeutic applica-
tion might be Alzheimer's disease, since two key proteases in its pathogenesis, β-
secretase and γ-secretase, are modulated by amiodarone.138 

2.5. Side Effects 

Amiodarone has few cardiac side effects, but frequently causes extracardiac side 
effects with a prevalence of 15% in the first year, increasing up to 50% during 
chronic therapy. In a meta-analysis of randomized placebo-controlled trials the 
amiodarone discontinuation rate was 31.6% versus 21.1% in the placebo group.112 A 
recent study showed that clinically relevant side effects of amiodarone are associ-
ated with long treatment durations and high cumulated doses, whereas the meas-
ured plasma levels of amiodarone or DEA as such are not correlated with side ef-
fects.123 
 The most frequent cardiac side effects of amiodarone are bradycardia and AV 
conduction disturbances (3-5%), which are often dose-related and occur more fre-
quently in elderly patients. On the other hand, amiodarone has a markedly lower 
potential to cause torsades de pointes compared to other class III antiarrhythmic 
drugs such as sotalol and dofetilide. A literature review reported that the incidence 
of torsades de pointes was 0.7% in 2878 patients included in 17 uncontrolled stud-
ies, while no proarrhythmic effects were observed in 1464 patients treated in 7 con-
trolled studies.139 
 Amiodarone's most frequent extracardiac side effects include corneal microde-
posits (>90%), photosensitivity (25-75%), hepatotoxicity (15-30%), hyperthyroidism 
and hypothyroidism (4-20%), tremor and ataxia (3-35%), blue-gray skin discolora-
tion (4-9%), and pulmonary toxicity (3-9%).112,140-142 The most serious side effect is 
pulmonary fibrosis, which occurs in <3% of patients. Regarding the mechanisms of 
amiodarone toxicity, thyroid dysfunction is in part related to its high iodine content 
(37% by weight), while ultrastructural changes typical of a lipidosis have been ob-
served in skin, lung, and liver.121 
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3. INTRAPERICARDIAL AND EPICARDIAL PHARMACOTHERAPY 

Applying a drug locally may enhance its effectiveness and lower the required dose. 
As a result, the systemic concentration of the drug and hence systemic side effects 
may be minimized. The pericardial cavity is a natural reservoir surrounding almost 
the entire heart, and is ideally suited for local cardiac drug delivery since it can be 
filled with drug solutions and provides space for epicardial application of drug 
delivery systems.143 Already in 1936 it was shown that pericardial delivery of local 
anesthetics reduces the excitability of the heart and may terminate arrhythmias 
during cardiac surgery.144 Nevertheless, until two decades ago, research on pericar-
dial drug therapy mainly focused on the treatment of pericardial disease (see sec-
tion 3.4.2.). This was because of a lack of minimally-invasive techniques to access 
the non-effusive pericardial cavity.145 In recent years rapid advances have been 
made in the field of pericardial access and drug delivery systems.143 Peri- and epi-
cardial drug therapy could therefore not only be a promising way to treat pericar-
dial disease, but also offers new therapeutic strategies to counter heart diseases such 
as arrhythmias, coronary artery disease and myocardial disease. In combination 
with new treatment modalities such as stem cell therapy and gene therapy, peri- 
and epicardial drug delivery may become of increasing importance in the treatment 
of cardiac disease. 

3.1. Pericardial Physiology 

The pericardial cavity is delineated by the mesothelium of the visceral pericardium 
and the mesothelium of the parietal pericardium. Visceral pericardium is also 
known as epicardium. The cavity normally contains 15-35 ml of fluid, which facili-
tates heart movement.146 It is in essence a plasma ultrafiltrate with accumulated 
products of the mesothelium and myocardium. These products have paracrine ac-
tivity influencing coronary and myocardial physiology.146 There is continuous mix-
ing of fluid throughout the pericardial cavity, so that fluid content is homogene-
ously distributed.147-149 In addition, the produced pericardial fluid is cleared from the 
pericardial space mainly by lymphatic drainage, accounting for a clearance of about 
18% of the total pericardial volume per hour in sheep.150 However, in the case of 
intrapericardial hemorrhage as much as 150 ml of fluid may cause cardiac tampo-
nade. Moreover, slow accumulation of fluid, for example as a result of pericardial 
inflammation or malignancy, may lead to volumes of 2 L before cardiac decompen-
sation occurs.151 
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3.2. Modulating the Peri- and Epicardial Paracrine Function 

Several animal studies have been performed to investigate and modulate the in-
trapericardial (IPC) release of specific substances by the pericardial mesothelium 
and myocardium. Release of prostacyclin can be stimulated by IPC delivered ara-
chidonic acid and inhibited by indomethacine.152 An increase in the concentration of 
prostaglandins in the pericardial fluid inhibits efferent sympathetic cardiac nerve 
effects. This mechanism can be used to prevent reperfusion-induced ventricular 
fibrillation.153 Endothelin-1 (ET-1) is an endogenous vasoconstrictor and is also pre-
sent in the pericardial fluid.154 Increased IPC ET-1 induces myocardial ischemia and 
ventricular tachycardia. Administering an intravenous ET-1 antagonist prevents 
ventricular tachycardia but not IPC ET-1 induced ischemia.155 Intrapericardially 
delivered catecholamines and adenine nucleosides result in an increase of IPC ET-1. 
Their interactions and effects on coronary vasotonus are currently investigated.156-158 
 Many growth factors, including angiogenic factors such as fibroblast growth 
factors (FGF), are present at high concentrations in the pericardial fluid. These may 
accumulate in various types of heart disease, but the physiological or pathological 
role of growth factors in the pericardial fluid so far has not been thoroughly investi-
gated.159 However, several studies investigated IPC delivery of FGF to stimulate 
angiogenesis in the treatment of ischemic heart disease. These studies showed im-
provement of the cardiac perfusion and capillarization of the heart under ischemic 
conditions, which was more effective than systemically-applied FGF, and was ac-
companied by higher cardiac tissue levels of FGF in case of IPC administration.160-164 

3.3. Percutaneous Pericardial Access 

Recently, percutaneous access has been made feasible not only into the signifi-
cantly-effusive pericardial cavity, but also into the non-effusive pericardium. Both 
epicardial (transthoracic) and endocardial (transmyocardial) approaches have been 
demonstrated. These techniques avoid the pleural space and can be performed mi-
nimally-invasively, which may enable ambulatory diagnostic and therapeutic epi-
cardial interventions. In addition to delivery of drugs, stem cells and adenoviruses 
for gene transfer, other promising epicardial interventions have been reported, such 
as endoscopy, echocardiography, and electrophysiological mapping, pacing and 
ablation.165-168 To obviate immobilization of the heart and reduce access limitations, 
mobile robotic devices for navigation and intervention on the beating heart are cur-
rently being developed.169,170 
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3.3.1. Transthoracic Approach 
The most frequently used method is the subxiphoid technique where entry to the 
pericardial cavity occurs close to the apex of the right ventricle. A needle-based 
method was described in 1996, using a Tuohy introducer and fluroscopic guid-
ance.167 Medium contrast is injected to demonstrate the intrapericardial position of 
the needle tip. However, this method is associated with a considerable risk of he-
mopericardium, and its applicability is limited in patients with prior cardiac sur-
gery.171 To enhance safety of transthoracic access into the non-effusive pericardial 
space, a novel instrument, the PerDUCER, was introduced in 1998. This technique 
involves manual suction with a syringe for capturing pericardium in a hemispheri-
cal cavity of the device, followed by tangential needle puncture.145,172 Although no 
major complications were reported, pericardial capture was frequently hampered 
by pericardial fat and pericardial thickening, requiring thoracoscopic assistance.173,174 
Recently, an improved tool, the AttachLifter, has been described, employing flexible 
tissue clamps, a needle separate from the vacuum channel, and a safety ridge.175 
These features prevent injury to the epicardium and enable access even through 
markedly thickened pericardium. 

3.3.2. Transmyocardial Approach 
Two decades ago, needle insertion through the right atrial wall into the pericardial 
cavity was frequently observed during transseptal catheterization attempts. Al-
though it was an unwanted course, serious complications did not occur. Its poten-
tial was recognized in 1995, when transatrial puncture was deliberately employed 
for IPC injection of growth factors.160 The feasibility and safety of this technique was 
demonstrated in two animal models.176,177 In another pre-clinical study, pericardial 
access was achieved through helical puncture of the right ventricular apex without 
complications.178 The transmyocardial approach does not require general anesthesia 
and does not breach the pericardial wall. Despite these advantages, this method 
carries the risk of myocardial rupture, and does not seem suitable for long-term 
pericardial catheterization. 

3.3.3. Chronic Pericardial Access 
Chronic intrapericardial catheterization would allow continuous controlled delivery 
of therapeutic agents. This is especially desirable for drugs with a narrow therapeu-
tic width, and for diseases requiring frequent bolus doses, such as paroxysmal ar-
rhythmias. Scarce data exist with respect to long-term tolerability of foreign mate-
rial, such as a catheter, in the pericardial cavity. In a study in five pigs in which an 
IPC catheter had been implanted for a total of 6 months, histology showed moder-
ate, albeit probably clinically significant, inflammatory infiltration and fibrosis adja-
cent to the catheter.179 In another study catheters were implanted in the pericardium 



 25

of seven dogs, and remained bidirectionally patent for more than a year.180 Six ani-
mals were sacrificed after an average of 213 days, and adhesion tissue was found 
only at the site of catheter entry through the pericardium, with essentially no 
chronic inflammation in any of the pericardial sections away from the tract of the 
catheter. Thus far clinical experience with chronic IPC catheterization in patients 
has not been reported. Promising alternatives for chronic percutaneous access are 
fully implantable drug pump systems which require only intermittent refilling, or 
epicardial application of drug delivery systems which is discussed in detail sepa-
rately. 

3.4. Intrapericardial Injections or Infusions of Drug Solutions 

3.4.1. Pharmacokinetic Considerations 
Since the pericardial space is a closed compartment and is filled with fluid sur-
rounding the heart, it seems an ideal compartment for locally applying drugs aim-
ing to treat the diseased heart. This is substantiated by a magnetic resonance imag-
ing study which showed that IPC administered agents are sufficiently mixed within 
pericardial fluid to penetrate the epicardial surface of the heart uniformly.181 How-
ever, it should be realized that endocardial layers are less well reached, producing 
transmural concentration gradients in both ventricles and atria.182-188  
 That there is a pharmacokinetic advantage of acute and chronic IPC delivery 
has been demonstrated for instance for a variety of substances with molecular 
weights ranging from 348 Da to 155 kDa, without a clear relationship between mo-
lecular size and magnitude of the obtained advantage.189 The local advantages (re-
sulting in high local versus low systemic concentrations) of IPC applied agents can 
be mainly explained by their low clearances from the pericardial space compared 
with the relatively high plasma clearances. Movement of agents between the peri-
cardial fluid and the epicardium is not unidirectional, as was shown for these sub-
stances as well as for intravenously administered procainamide which rapidly dif-
fused into the pericardial space.149,189  

3.4.2. Treatment of Pericarditis: a Clinical Application of Intrapericardial Drug Delivery 
IPC drug delivery, as attractive as it seems, so far is mostly applied in non-clinical 
settings, but there are some exceptions. IPC drug delivery has been performed for 
decades in patients with neoplastic and uremic pericarditis, and to the present day, 
pericarditis is the only indication for which IPC pharmacotherapy is mentioned in 
international guidelines.190 Most experience has been obtained with corticosteroids, 
particularly with triamcinolone. Already in 1978 the effectiveness and safety of 
treatment in forty-five patients with intractable uremic pericardial effusion was 
reported.191 More recently, IPC delivery of triamcinolone was shown beneficial in 
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eighty-four patients with autoreactive pericarditis.192 Regarding bacterial pericardi-
tis, the primary focus of IPC pharmacotherapy has been prevention of constrictive 
pericarditis through instillation of fibrinolytics, such as urokinase and strepto-
kinase.193-195 Theoretically, IPC delivery of antibiotics could be very effective in treat-
ing bacterial pericarditis, but thus far, only one preclinical study has been re-
ported.196 A final category of pericarditis eligible for IPC pharmacotherapy is neo-
plastic pericarditis. Both cytostatic and sclerosing agents may be administered into 
the pericardial cavity to control malignant effusions.190 Substantial clinical experi-
ence has been obtained with cisplatin, thiotepa, bleomycin, and tetracycline.197-205 

3.4.3. Intrapericardial Application of Antiarrhythmic Drugs 
The electrophysiological effects of intrapericardially delivered antiarrhythmic drugs 
were studied for the first time in 1936.144 Injections of metycaine, cocaine and pro-
caine solutions were all found to affect epicardial monophasic action currents but 
had virtually no effect on mean blood pressure. In addition, the minimal stimulus 
necessary to produce an extrasystole was increased. IPC procaine completely abol-
ished peripheral vagus effects on heart rate and blood pressure. These findings 
were applied in experimental heart surgery to slow tachycardia and to stop atrial 
fibrillation during an operation.144 Five decades later, effects of IPC procaine on 
cardiac afferents and efferents were explored more elaborately in several animal 
studies.206-210 
 IPC administration of beta-adrenoceptor and muscarinic cholinergic receptor 
antagonists, reported in 1987, produced the same effects on heart rate as did con-
ventional higher intravenous doses of the drugs.211 Delivery into the pericardial sac 
had little effect on ventricular contractility, and plasma levels were significantly less 
than after the usual (higher) intravenous dose. Another study with the hydrophylic 
beta blocker esmolol showed prolonged suppression of sinus tachycardia without a 
decrease of contractility or blood pressure upon IPC administration, while effective 
tachycardia suppression of intravenously applied esmolol could only be achieved at 
doses that also reduced contractility and blood pressure.212 Pharmacokinetic advan-
tages were also demonstrated during chronic IPC delivery of sotalol and atenolol 
with similar antitachycardiac effects at ten- to thirty-fold lower dose compared with 
intravenous delivery.213 
 In the past two decades research focus shifted to treatment of atrial fibrillation 
through IPC delivery of antiarrhythmic drugs, including digoxin, amiodarone, pro-
cainamide, ibutilide, flecainide, and ranolazine.149,179,184,186-188,214,215 In these studies 
drug instillation into the pericardial cavity produced significant atrial electrophysio-
logical effects. Global ventricular electrophysiology was not affected in all but one 
study; IPC infusion of flecainide in goats resulted in marked ST segment eleva-
tion.188 This raises the concern that a transmural concentration gradient of antiar-
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rhythmic drugs could increase the vulnerability to ventricular arrhythmias. The 
same could hold true for vulnerability to atrial arrhythmias, which might explain 
that in two studies IPC delivery did not result in higher AF termination rates com-
pared with control.188,214 

3.4.4. Intrapericardial Nitric Oxide Donors for Treatment of Ischemia-Induced 
Arrhythmias 

Due to their epicardial course, coronary arteries are eligible targets for IPC drug 
delivery. Intravenous infusion of nitric oxide donors has been demonstrated to at-
tenuate ischemic injury and arrhythmias, but its use is limited by a relatively short 
duration of action and systemic adverse effects such as hypotension. These limita-
tions may be circumvented by epicardial pharmacotherapy. Indeed, IPC delivery of 
nitroprusside more effectively decreased platelet aggregation and cyclic flow varia-
tion in endothelium-injured coronary arteries.216 In addition, instillation of L-
arginine into the pericardial cavity reduced severity of ventricular arrhythmias 
during sympathetic stimulation in acute coronary occlusion.217 Furthermore, it was 
shown that sustained coronary vasodilation and suppression of ventricular fibrilla-
tion could be achieved with IPC delivery of nitroglycerin, whereas systemic hy-
potension did not occur.218,219 

3.5. Epicardial Application of Drug Delivery Systems 

IPC delivery of drug solutions is suitable for short-term pharmacotherapy, however 
chronic infusion is clinically less feasible because it requires prolonged pericardial 
access with an increased risk of catheter-associated complications such as infec-
tion.179,180 Epicardial application of drug delivery systems may enable controlled 
drug delivery that is sustained and localized without the need for chronic percuta-
neous access. Additional polymeric layers can be used to achieve pulsatile drug 
release or, in case of a backing layer, unidirectional drug release.220 Furthermore, 
drug delivery systems may serve as tissue-forming cell/scaffold constructs for tissue 
engineering of cardiovascular structures.221-223 Moreover, drug-releasing matrices 
form a barrier, which might be applied during cardiac surgery to enable epicardial 
hemostasis and to prevent pericardial adhesions.224 
 Both natural and synthetic biomaterials have been investigated for local drug 
delivery. Frequently used natural materials include collagen, fibrin, hyaluronic acid, 
and decellularized tissues. In the past decades new classes of synthetic polymer 
classes for drug delivery have been developed such as polyesters, polyanhydrides, 
polyorthoesters and polycarbonates.225 Both biocompatibility and biodegradability 
are of paramount importance for the development of these materials. Drug release 
from biodegradable matrices is not only determined by diffusion, but also by the 
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rate of degradation.226 Furthermore, polymeric materials can be tailored to achieve 
stimulus-responsive release characteristics, where responsiveness may come from 
changes in e.g. temperature, or pH, or can be externally triggered e.g. by applying 
ultrasound.220 Drug delivery can also be electronically assisted in situ using tech-
nologies such as iontophoresis on matrices applied to pacing electrodes.183 

3.5.1. Corticosteroids: an Example of Clinically Applied Epicardial Pharmacotherapy 
Perhaps the most extensive clinical experience with epicardial application of drug 
delivery systems has been obtained with steroid-eluting pacing leads.227 Steroid 
elution not only attenuates the initial inflammation after lead implantation, but also 
reduces stimulation thresholds over time. Effective drug concentrations in the local 
area of the electrode can probably be maintained for several years.228 Another prom-
ising use of steroid-releasing matrices is the prevention of pericardial adhesions. 
The effectiveness of dexamethasone-loaded biodegradable poly(lactide-co-
ethyleneglycol) films has been demonstrated in a rabbit model of postoperative 
cardiac adhesions.229 Because inflammation plays a significant role in the patho-
physiology of postoperative atrial fibrillation, epicardial delivery of steroids might 
also provide protection against this complication. Indeed, a mixture of triamci-
nolone and fibrin glue reduced postoperative atrial tachyarrhythmias in the sterile 
pericarditis model, while tensile strength of the healing atriotomy was maintained 
and plasma steroid levels were low.230 

3.5.2. Epicardial Application of Antiarrhythmic Drugs 
The release of antiarrhythmic drugs from epicardial drug delivery systems was first 
investigated in acute experiments with non-biodegradable polyurethane patches. 
Lidocaine-eluting matrices were placed on the left ventricular epicardium of dogs to 
treat ouabain-induced and rapid pacing-induced ventricular tachycardia.231,232 Ven-
tricular contractile performance was minimally attenuated at the site of matrix 
placement, and peripheral plasma lidocaine levels were approximately ten times 
lower than coronary venous levels. In another study, effects of epicardial delivery of 
propranolol, verapamil, and sotalol on prevention of ischemic ventricular arrhyth-
mias were also investigated in anesthesized dogs by use of polyurethane matri-
ces.182,185,233 Although local therapeutic drug concentrations were achieved with all 
the three drugs, epicardial propranolol was not found to be effective, and epicardial 
sotalol was only effective when administered in the ischemic zone. 
 In 1994 long-term epicardial drug delivery with three different controlled-
release formulations of sotalol was reported.234 Polyurethane and silicone matrices, 
and biodegradable poly(lactide-co-glycolide) microspheres were administered in 
seven-day, sixty-day, and thirty-day dog experiments, respectively. In these chron-
ic-release studies, while using a significantly lower total dose, myocardial drug 
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concentrations were comparable to those observed during short-term intravenous 
infusion. Transmural ventricular sotalol concentration gradients (with higher epi-
cardial than endocardial drug levels) were reduced as the duration of experiments 
was increased. 
 The feasibility of iontophoretic epicardial delivery of antiarrhythmic drugs has 
been demonstrated in two studies. In a canine model of myocardial infarction, pro-
cainamide was administered via an implantable defibrillator patch electrode that 
was modified to contain a drug reservoir.183 Iontophoretic delivery rapidly sup-
pressed ventricular tachycardia, and produced higher myocardial drug concentra-
tions than either passive diffusion or intravenous infusion. In another study in dogs, 
an epicardial drug reservoir implant configured with a rate-limiting heterogeneous 
cation-exchange membrane showed sotalol release rates that were responsive to 
current modulation.235 This resulted in regional enhancement of sotalol levels and 
current-dependent changes in ventricular effective refractory periods. 

3.5.3. Gene Therapy via the Epicardium in Order to Treat Atrial Fibrillation 
Two studies investigated feasibility of atrial gene transfer via epicardial application 
of poloxamer hydrogels. Release of adenoviral vectors to the epicardial surface of 
porcine atria resulted in complete transmural atrial gene transfer of a dominant-
negative mutant of the IKr potassium channel.236 This eliminated burst-pacing in-
duced persistent AF by prolonging atrial action potential duration and refractory 
period, whereas ventricular electrophysiology was not affected.237 A mechanism 
involving antiviral antibody tethering was used to produce adenovirus-releasing 
collagen-coated polyurethane patches.238 Seven days after epicardial application to 
right atria of pigs, significant localized transduction was observed with no evidence 
of gene expression beyond the margins of the implant sites. Gene transfer was also 
noted in lung tissue, likely due to coronary venous uptake of nonlocalized adenovi-
ral viral vector, whereas no transduction was detected in other organs. By contrast, 
epicardial direct injections of viral vectors produced sparse, needle-track-oriented 
gene expression patterns. Based on the above text, it can be concluded that the fea-
sibility of epicardially delivered gene therapy - be it or not in relation to antiar-
rhythmic treatment - still awaits further investigation and optimization. 
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4. AIMS AND OUTLINE OF THE THESIS 

Pharmacotherapy of cardiac disease is often accompanied by systemic (non-cardiac) 
side effects. This also holds true for antiarrhythmic treatment of atrial fibrillation 
(AF), the most common cardiac arrhythmia requiring medical attention. The present 
thesis explores local cardiac pharmacotherapy via intrapericardial (IPC) and epicar-
dial drug delivery in order to enable, or to possibly enhance, antiarrhythmic effec-
tiveness, while minimizing systemic adverse effects. 
 Amiodarone, a highly lipophilic multi-ion channel-blocking antiarrhythmic 
drug, was selected for further studies. It is the most frequently used agent world-
wide for maintaining sinus rhythm in patients with AF, featuring superior effec-
tiveness combined with a low potential for causing torsades de pointes.109 The fact 
that amiodarone therapy is also associated with numerous systemic side effects, 
renders it a clinically relevant candidate to test the concept of local drug delivery. 
 Three approaches for epicardial amiodarone release were investigated in pre-
clinical experiments, including IPC-infused amiodarone solutions, epicardially 
sprayed in-situ produced hydrogels in which amiodarone is included, and epicar-
dially sutured bilayered amiodarone loaded patches. These approaches were ex-
pected to produce different amiodarone distribution patterns, each associated with 
a specific profile of electrophysiological effects, effect-duration, and risk of ventricu-
lar and systemic side effects. 
 From pharmacological and electrophysiological perspectives, one of the most 
unique and interesting aspects of epicardial drug delivery is the resulting transmu-
ral myocardial concentration gradient. For example, previous work from our group 
showed that IPC drug delivery produces steep transmural concentration gradients 
in the atria.188 This necessitates meticulous measurements of both epicardial and 
endocardial drug concentrations and electrophysiological parameters. Regional 
dispersion of electrophysiological properties may increase vulnerability to both 
ventricular and atrial arrhythmias. 
 Chapter 2 describes a novel method for the determination of amiodarone and 
dronedarone, and their principal metabolites in plasma and myocardium by high-
performance liquid chromatography and UV-detection. Dronedarone, a noniodi-
nated benzofuran analogue of amiodarone, has recently been regulatory approved 
for maintenance of sinus rhythm in patients with AF.239 In view of the current thesis, 
this newly-developed method enables sensitive and specific measurement of amio-
darone concentrations in plasma, pericardial fluid, and tissue samples. Because it 
only required a small sample-quantity, and calibration curves were linear in a wide 
range of amiodarone concentrations, the technique was found to be well suited for 
measurement of transmural myocardial drug concentration gradients. 
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Chapter 3 compares drug distribution and electrophysiological effects during IPC 
and intravenous delivery of amiodarone and sotalol in goats. Because both drugs 
differ in molecular weight, hydrophilicity, and electrical charge, one would expect 
differences in transmural myocardial drug distribution and plasma levels during 
IPC delivery, resulting in differences between epicardial and endocardial electro-
physiological effects, and vulnerability to arrhythmias. It is shown that IPC delivery 
of amiodarone and sotalol increases atrial drug concentrations and electrophysio-
logical effects at reduced plasma drug concentrations. These potential benefits are 
particularly prominent for IPC-delivered amiodarone. 
 Chapter 4 explores the feasibility of prolonged and localized epicardial amio-
darone-release via an in-situ produced biodegradable poly(ethylene glycol)-based 
hydrogel. The gel matrix itself is already being used for prevention of pericardial 
adhesions after cardiac surgery. In experiments with goats the two-component po-
lymer system was sprayed onto the epicardial surface of the right atrium. The hy-
pothesis was tested that the amiodarone-loaded hydrogel would enable sustained 
suppression of burst-pacing-induced atrial tachyarrhythmias, while systemic drug 
levels remained low. 
 Chapter 5 addresses the question whether a better atrium-specific drug delivery 
could be achieved by using a bilayered patch with an amiodarone loaded matrix 
facing the epicardium and an impermeable backing layer facing the pericardium. 
The latter was designed to minimize drug release into the pericardial fluid, thereby 
slowing distribution to other cardiac regions and enabling longer-lasting site-
specific drug delivery. The poly(ethylene glycol)–based drug-loaded matrix de-
grades within several weeks, whereas the poly(lactide-co-caprolactone)-based back-
ing layer degrades much slower, on the order of 6 to 12 months, ensuring preserved 
impermeability during amiodarone release. Prove of concept experiments were 
conducted in goats to evaluate drug distribution and electrophysiological effects. 
 Chapter 6 focuses on epicardial delivery of amiodarone in a goat-model of 
burst-pacing-induced persistent AF. Simultaneous epicardial and endocardial elec-
trophysiological measurements were performed to evaluate the effects of transmu-
ral myocardial amiodarone gradients on atrial electrophysiology. This study ad-
dressed the hypothesis that epicardial application of an amiodarone-releasing hy-
drogel attenuates stability of AF-paroxysms in remodeled atria. 
 Chapter 7 offers a general discussion of the main findings of this thesis, inte-
grates these into a broader scientific perspective, and touches upon possible impli-
cations for future research and clinical management. 
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Determination of amiodarone and 
dronedarone, and their principal 
metabolites in plasma and myocardium by 
high-performance liquid chromatography 
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ABSTRACT 

Amiodarone is one of the most effective and widely used antiarrhythmic drugs. 
Dronedarone, a noniodinated benzofuran derivative of amiodarone, is believed to 
have a better side effect profile, and is currently undergoing phase III clinical trials. 
A novel method was developed for the determination of amiodarone, dronedarone, 
and their principal metabolites desethylamiodarone and debutyldronedarone in 
both plasma and myocardial tissue by high-performance liquid chromatography 
(HPLC) coupled with UV-detection. Samples were obtained from healthy humans 
(plasma) and goats (plasma and myocardium). Sample preparation included depro-
teinization with acetonitrile and extraction with a mixture of heptane and dichloro-
methane (50/50, v/v). Chromatographic separation was performed on a Pathfinder 
PS polymeric C18 column (50 x 4.6 mm, 2.5 μm) with a mobile phase of acetonitrile, 
isopropanol, water and ammonia (80/10/10/0.025, v/v/v/v) at a flow-rate of 1 
ml/min. Calibration curves of all analytes were linear in the range 0.01-5 μg/ml for 
plasma samples, with a lower limit of quantification (LLOQ) of 0.04 μg/ml. For 
myocardial tissue samples, linear curves of all analytes were observed in the range 
of 0.02-500 μg/g, with a LLOQ of 0.08 μg/g. Within- and between-day precision was 
<18%, and within- and between-day accuracy ranged from 97.5 to 109.7%, with a 
recovery of 67.6-79.9%. The present method enables sensitive and specific detection 
of amiodarone, dronedarone and principal metabolites in plasma as well as myo-
cardial tissue. 
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INTRODUCTION 

Amiodarone, a benzofuran derivative synthesized in 1962 as a coronary vasodilator, 
is now recognized as one of the most effective drugs in the treatment of both atrial 
and ventricular arrhythmias.1 It exerts very complex electropharmacologic effects, 
including class I, II, III and IV antiarrhythmic actions, with marked differences be-
tween short-term and long-term effects.2 Despite its potent efficacy, long-term use of 
amiodarone is limited by serious side effects such as thyroid dysfunction, pulmo-
nary toxicity and hepatic toxicity.3 Unusual pharmacokinetic characteristics, espe-
cially the large volume of distribution and long elimination half-life (up to 6 
months) of both the parent drug and its primary metabolite desethylamiodarone, 
further complicate the clinical use of amiodarone. 
 Since most of the unfavourable properties of amiodarone are probably due to 
the presence of its iodine moiety, several non-iodinated benzofuran derivatives 
have been synthesized. Of these modified analogues, dronedarone is most ad-
vanced in clinical development.1 Like amiodarone, dronedarone blocks multiple ion 
currents and shares the low potential for causing torsades de pointes. Dronedarone 
has a serum half-life of about 24 hours and does not significantly accumulate in 
plasma or tissue. This also holds true for its principal metabolite debutyldronedar-
one, which possesses less pharmacologic activity. Recent phase III trials comparing 
dronedarone treatment with placebo in patients with atrial fibrillation showed effi-
cacy of the drug, while adverse events did not significantly differ between both 
groups.4,5 Therefore, dronedarone is expected to receive regulatory approval for 
several indications concerning atrial fibrillation. 
 Many assays for the determination of amiodarone and desethylamiodarone in 
plasma using high-performance liquid chromatography with UV detection (HPLC-
UV) have been described in the literature, of which 40 procedures were compared in 
a review by Pollak.6 In recent years, HPLC has also been coupled to mass spec-
trometry and chemiluminescent detection for even more specific and sensitive 
quantification of amiodarone and desethylamiodarone.7-11 To the best of our knowl-
edge, no detailed high-performance liquid chromatography assay for the determi-
nation of dronedarone and debutyldronedarone has been described so far. There-
fore, the primary aim of the present study was to develop an HPLC method for the 
determination of dronedarone and debutyldronedarone in plasma as well as in the 
therapeutic target, i.e. in myocardial tissue. Furthermore this assay was validated 
for determination of amiodarone and desethylamiodarone. Thus we here present a 
uniform assay that can be applied for detection of both dronedarone and amiodar-
one as well as their principal metabolites. 
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EXPERIMENTAL 

Chemicals 

Dronedarone, debutyldronedarone, amiodarone and desethylamiodarone were a 
gift from Sanofi-Aventis (Sisteron, France) (Figure 1). 4,4'-Methylenebis(2,6-
diisopropyl-N,N-dimethylaniline) (internal standard) and glycine were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). Trifluoroacetic acid, ammonia (25%) and 
sodium hydroxide were obtained from Merck (Darmstadt, Germany). HPLC grade 
methanol, heptane, dichloromethane, acetonitrile and isopropanolol were supplied 
by Biosolve (Valkenswaard, The Netherlands). A Milli-Q Plus water purification 
system (Millipore, Amsterdam, The Netherlands) was used to obtain purified water. 
All other reagents were of analytical grade. 
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Figure 1. Chemical structures of dronedarone, debutyl-
dronedarone, amiodarone, desethylamiodarone, and 
internal standard. 

Biological Samples 

Samples were obtained from healthy volunteers (plasma) and goats (plasma and left 
ventricular myocardial tissue). Blood was drawn from a peripheral vein and col-
lected in EDTA-containing vacutainer tubes (Becton-Dickinson, Franklin Lakes, 
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New Jersey, USA) and centrifuged (at 3500 x g, 10 min, 4 ˚C) to obtain plasma. Left 
ventricular tissue samples were homogenized in water (1:3, w/v) with a tissue 
blender. Plasma and tissue homogenates were stored at -80 ˚C. 

HPLC-UV Analysis 

The HPLC system consisted of a Shimadzu LC-10AD liquid chromatograph, a SIL-
10AD autoinjector and a SP8490 variable wavelength UV-detector (Newport Spec-
tra-Physics, Utrecht, The Netherlands) set at 254 nm. LabSolutions software (Shi-
madzu, Kyoto, Japan) was used for instrument control and data acquisition. HPLC 
separations were performed on a Pathfinder PS polymeric C18 column (50 x 4.6 
mm, 2.5 μm) (Shimadzu, Kyoto, Japan) as stationary phase. Each 10-minute chroma-
tographic run was carried out at a flow-rate of 1 ml/min with a mobile phase of 
acetonitrile, isopropanol, water and ammonia (80/10/10/0.025, v/v/v/v). 

Standard Solutions 

Stock solutions of 2000 μg/ml of dronedarone, debutyldronedarone, amiodarone, 
desethylamiodarone and internal standard were separately prepared in methanol 
and diluted and combined to obtain working solutions. Stock solutions were stored 
at -20 ˚C and working solutions were kept refrigerated (2-6 ˚C) and protected from 
light. The working solutions were used to prepare twelve calibrators in blank 
plasma (0.01, 0.02, 0.04, 0.08, 0.16, 0.32, 0.64, 1.0, 2.0, 3.0, 4.0 and 5.0 μg/ml) and 
blank tissue homogenates (0.005, 0.01, 0.02, 0.04, 0.08, 0.25, 1.25, 6.25, 12.5, 25, 62.5 
and 125 μg/ml, corresponding to wet tissue concentrations of 0.02, 0.04, 0.08, 0.16, 
0.32, 1, 5, 25, 50, 100, 250 and 500 μg/g, respectively). Quality control samples were 
prepared in a similar way with plasma concentrations of 0.04, 1 and 5 μg/ml, and 
tissue homogenate concentrations of 0.02, 0.25 and 25 μg/ml, corresponding to wet 
tissue concentrations of 0.08, 1 and 100 μg/g, respectively. 

Extraction Procedure 

To a 10-ml glass centrifuge tube, 400 μl of plasma or tissue homogenate, 100 μl of 
working solution (containing 100 μg/ml internal standard), 100 μl of 1M glycine 
buffer (pH 1.0) and 5 ml of acetonitrile were added. After precipitation of the pro-
tein fraction (at 5000 x g, 10 min, 4 ˚C), the supernatant was transferred to a second 
10-ml glass centrifuge tube and evaporated to dryness under nitrogen at 37 ˚C. To 
the residue, 1 ml of 1M glycine buffer (pH 10.5) and 2 ml of a mixture of heptane 
and dichloromethane (50/50, v/v) were added. After extraction and centrifugation 
(at 5000 x g, 10 min, 4 ˚C), the supernatant was transferred to a third 10-ml glass 
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centrifuge tube and evaporated to dryness under nitrogen at 37 ˚C. The residue was 
reconstituted with 50 μl of mobile phase and was transferred to an autoinjector vial. 
A 10-μl aliquot of the reconstituted extract was injected by the autoinjector. 

Method Validation 

Linearity of the assay was assessed using twelve-point calibration curves (prepared 
in triplicate). Peak area ratios of dronedarone, debutyldronedarone, amiodarone 
and desethylamiodarone to internal standard were plotted against the correspond-
ing concentrations and linear regression was performed using a 1/x weighted linear 
regression method. Within-day and between-day accuracy and precision were as-
sessed in quality control samples at three concentrations (with plasma concentra-
tions of 0.04, 1 and 5 μg/ml, and tissue homogenate concentrations of 0.02, 0.25 and 
25 μg/ml, corresponding to wet tissue concentrations of 0.08, 1 and 100 μg/g, respec-
tively). For within-day measurements, five independently prepared samples for 
each concentration level were injected on the same day with two-hour intervals. For 
between-day measurements, sample preparations and injections were performed on 
five different days. Accuracy was expressed as relative error (%RE) between the 
mean found concentration and the spiked concentration. Precision was expressed as 
relative standard deviation (%RSD), being the ratio between the standard deviation 
and the mean found concentration. The limit of detection (LOD) was defined as the 
lowest concentration on the calibration curve with a signal-to-noise ratio of ≥3. 
Lower limit of quantification (LLOQ) was defined as the lowest concentration on 
the calibration curve that can be measured with a RE of <±20% and a RSD of <20%. 
Recovery was calculated as the ratio of mean peak area from extracted quality con-
trol samples to the mean peak area from directly injected standards determined at 
three concentrations (with plasma concentrations of 0.04, 1 and 5 μg/ml, and tissue 
homogenate concentrations of 0.02, 0.25 and 25 μg/ml, corresponding to wet tissue 
concentrations of 0.08, 1 and 100 μg/g, respectively) in triplicate. 



 51

RESULTS 

Optimization of HPLC Conditions 

HPLC separations were initially tested on five types of Pathfinder polymeric C18 
columns (AS, AP, EP, MR and PS). The PS column provided the best peak shapes 
combined with relatively short retention times and was used for futher analysis. 
Various mixtures were evaluated as mobile phase, differing in pH and in volume 
percentages of acetonitrile, isopropanol and water. A mobile phase with volume 
percentages of 80% acetonitrile, 10% isopropanol, 10% water and 0.025% ammonia 
(producing a pH of 10.5), yielded good peak shapes with retention times of 2.7, 3.1, 
4.3 and 5.6 minutes for dronedarone, debutyldronedarone, desethylamiodarone and 
amiodarone, respectively. Three compounds were screened as internal standard. 
Promethazine and tamoxifen had retention times of less than 2 minutes and were 
liable to early interfering peaks. 4,4'-Methylenebis(2,6-diisopropyl-N,N-dimethyl-
aniline) had a retention time of 7.5 minutes, 2 minutes longer than the retention time 
of amiodarone, and was examined as internal standard during further assay valida-
tion. 

Optimization of Extraction 

After deproteinization, interference was present in chromatograms of reconstituted 
acetonitrile residues. This could be minimized by addition of glycine buffer (pH 
10.5) to acetonitrile residues and subsequent extraction with a mixture of heptane 
and dichloromethane. Although recovery decreased, the resulting chromatograms 
allowed for increased sensitivity and specificity. Representative chromatograms 
after extraction of plasma samples and tissue homogenates are shown in Figures 2 
and 3. 
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Figure 2. Representative chromatograms after extraction of (A) blank human plasma, (B) 
blank human plasma spiked with 0.04 μg/ml (lower limit of quantification) and (C) blank
human plasma spiked with 5 μg/ml of (α) dronedarone, (β) debutyldronedarone, (γ) 
desethylamiodarone and (δ) amiodarone. Spiked concentrations of (ε) internal standard 
were five times higher than analyte concentrations. 
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Figure 3. Representative chromatograms after extraction of (A) blank goat myocardial
tissue homogenate, (B) blank goat myocardial tissue homogenate spiked for correspond-
ing wet tissue concentrations of 0.08 μg/g (lower limit of quantification) and (C) blank
goat myocardial tissue homogenate spiked for corresponding wet tissue concentrations
of 20 μg/g of (α) dronedarone, (β) debutyldronedarone, (γ) desethylamiodarone and (δ) 
amiodarone. Spiked concentrations of (ε) internal standard were five times higher than
analyte concentrations. 
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Table 1. Slope and intercept of calibration curves in spiked plasma (human and goat) and myocardial 
tissue (goat) 

 Dronedarone Debutyldronedarone Amiodarone Desethylamiodarone 

Plasma (human) 
 

  Slope ± SD  0.0314 ± 0.0007 0.0329 ± 0.0007 0.0487 ± 0.0009 0.0541 ± 0.0012 
  Intercept ± SD -0.0019 ± 0.0010 -0.0009 ± 0.0008 -0.0010 ± 0.0004 -0.0025 ± 0.0018 

Plasma (goat) 
  

  Slope ± SD  0.0312 ± 0.0007 0.0330 ± 0.0008 0.0486 ± 0.0011 0.0540 ± 0.0014 
  Intercept ± SD -0.0016 ± 0.0008 -0.0011 ± 0.0007 -0.0013 ± 0.0006 -0.0022 ± 0.0019 

Myocardium (goat) 
  

  Slope ± SD  0.0321 ± 0.0002 0.0343 ± 0.0001 0.0506 ± 0.0011 0.0565 ± 0.0010 
  Intercept ± SD -0.0013 ± 0.0008 -0.0016 ± 0.0003 -0.0017 ± 0.0016 -0.0019 ± 0.0007 

 

Method Validation 

Twelve-point calibration curves, prepared in triplicate, showed a good linearity 
(regression coefficients >0.999) for all analytes in human and goat plasma samples 
(range 0.01-5 μg/ml) and tissue homogenates (corresponding wet tissue concentra-
tion range of 0.02-500 μg/g) (Table 1). Within- and between-day precision (ex-
pressed as relative standard deviation) was <18%, within- and between-day accu-
racy (expressed as relative error) ranged from -2.5 to 9.7%, and recovery ranged 
from 67.6 to 79.9% (Table 2). The limit of detection (LOD) and lower limit of quanti-
fication (LLOQ) for all analytes in plasma samples were 0.01 and 0.04 μg/ml, respec-
tively. For myocardial tissue samples, LOD and LLOQ were 0.02 and 0.08 μg/g, 
respectively. 
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Table 2. Precision, accuracy and recovery (C, concentration; RSD, relative standard deviation; RE, relative 
error; Rec, recovery) 

   Within-day Between-day   
 Spiked C  Found C RSD(%) RE(%) Found C RSD(%) RE(%)  Rec(%) 

Plasma (human) (μg/ml)  (μg/ml)    (μg/ml)     

Dronedarone 0.04  0.043 13.9 6.1 0.043 16.3 6.9 74.5 
 1  0.979 2.6 -2.1 0.989 3.3 -1.1 76.6 
 5  5.053 3.2 1.1 4.979 2.0 -0.4 78.2 
Debutyldronedarone 0.04  0.043 12.8 7.1 0.043 17.2 8.1 75.6 
 1  0.986 2.6 -1.4 0.993 3.5 -0.7 76.9 
 5  5.065 2.8 1.3 5.015 1.2 0.3 79.0 
Amiodarone 0.04  0.043 16.4 7.0 0.044 15.7 9.4 67.8 
 1  1.011 4.3 1.1 1.015 4.0 1.5 70.7 
 5  5.107 3.3 2.1 4.979 1.3 -0.4 71.8 
Desethylamiodarone 0.04  0.043 15.6 6.5 0.043 16.7 8.0 72.0 
 1  0.986 3.6 -1.4 1.008 3.3 0.8 74.7 
 5  4.964 2.4 -0.7 5.105 2.7 2.1 73.7 

Plasma (goat) 
         

Dronedarone 0.04  0.042 11.5 5.6 0.041 15.0 6.4 73.9 
 1  0.975 2.2 -2.5 0.985 3.4 -1.5 75.5 
 5  5.031 2.9 0.6 4.961 2.5 -0.8 77.7 
Debutyldronedarone 0.04  0.043 13.1 6.4 0.043 17.6 7.0 74.6 
 1  0.981 2.4 -1.9 0.989 3.6 -1.1 76.1 
 5  5.043 2.5 0.9 4.945 1.7 -1.1 78.3 
Amiodarone 0.04  0.043 15.7 6.4 0.044 14.7 8.8 67.6 
 1  1.007 4.7 0.7 1.026 3.7 2.6 70.3 
 5  5.086 3.6 1.7 4.958 1.2 -0.8 71.5 
Desethylamiodarone 0.04  0.042 15.1 5.9 0.043 16.3 7.6 72.1 
 1  0.982 3.2 -1.8 1.003 3.7 0.3 74.2 
 5  4.943 2.2 -1.1 5.088 3.3 1.8 73.4 

Myocardium (goat) (μg/g)  (μg/g) 
  

 (μg/g) 
  

  

Dronedarone 0.08  0.087 9.7 9.0 0.088 12.0 9.7 69.9 
 1  0.992 3.7 -0.8 1.007 4.6 0.7 74.7 
 100  101.687 2.1 1.7 101.033 3.1 1.0 79.1 
Debutyldronedarone 0.08  0.086 10.1 7.5 0.086 10.2 7.7 69.9 
 1  0.997 2.9 -0.3 1.012 4.9 1.2 72.2 
 100  101.239 2.8 1.2 101.385 3.5 1.4 79.9 
Amiodarone 0.08  0.084 11.5 5.3 0.087 11.1 8.3 69.5 
 1  0.987 4.3 -1.3 1.000 2.5 0.0 68.6 
 100  99.425 3.0 -0.6 100.668 2.0 0.7 72.0 
Desethylamiodarone 0.08  0.087 9.7 6.2 0.079 13.3 7.8 68.7 
 1  1.014 2.7 1.4 0.980 5.2 -2.0 71.2 
 100  99.518 3.7 -0.5 100.437 2.5 0.4 75.5 

 



 55

CONCLUSION 

The proposed HPLC-UV method enables detection of dronedarone and debu-
tyldronedarone in plasma and myocardial tissue, and has been validated with re-
spect to linearity, accuracy, precision, recovery, limit of detection and lower limit of 
quantification. This method may be used for pharmacokinetic studies or for measur-
ing dronedarone levels in patients for whom under- or overdosage is suspected. 
 In addition, the present assay has been validated for determination of amiodar-
one and desethylamiodarone with limits of detection for plasma samples compara-
ble to the lowest limits of detection reported in previous HPLC-UV assays.9,12-14 
Moreover, this paper reports the lowest limits of detection for tissue samples, as 
other studies mainly showed validation data for plasma samples, but showed only 
limited data for tissue samples. 
 A 10-minute chromatographic runtime was used to validate the current method 
for both dronedarone and amiodarone (and principal metabolites). However, for 
selective determination of dronedarone and debutyldronedarone one may use de-
sethylamiodarone as internal standard to achieve a runtime of less than 5 minutes. 
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CHAPTER 3  
Intrapericardial delivery of amiodarone and 
sotalol: atrial transmural drug distribution 
and electrophysiological effects 
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ABSTRACT 

Amiodarone and sotalol are frequently used in the treatment of atrial fibrillation. 
However, oral and intravenous (IV) therapy with these drugs has suboptimal effi-
cacy and is associated with serious extracardiac side effects. We hypothesized that 
intrapericardial (IPC) delivery produces antiarrhythmic effects at lower plasma 
drug concentrations than IV delivery. Goats (n=27) were randomised into 5 groups 
receiving either IPC vehicle, amiodarone (IV or IPC) or DL-sotalol (IV or IPC). 
Epicardial and endocardial atrial effective refractory period and atrial response to 
burst pacing (rapid atrial response, RAR) were assessed before and after 3 hours of 
drug infusion at 2 mg/kg/h. IPC delivery produced steeply decreasing drug concen-
trations from epicardium to endocardium in both atria and ventricles. Plasma drug 
concentrations were significantly lower in IPC than in IV groups. IPC amiodarone 
and sotalol reduced epicardial RAR inducibility (-74±20 and -66±30%, respectively) 
compared with IV delivery (-11±17 and -17±28%, respectively; P<0.05). Endocardial 
RAR inducibility was only reduced in the IPC amiodarone group (-70±17%, P<0.05). 
In conclusion, IPC delivery of amiodarone and sotalol increases atrial drug concen-
tration and antiarrhythmic effects at reduced plasma drug concentrations. These 
potential benefits are particularly prominent for IPC delivered amiodarone. 
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INTRODUCTION 

Amiodarone and sotalol, both class III antiarrhythmic agents, are frequently used in 
the treatment of atrial fibrillation (AF). However, oral and intravenous (IV) therapy 
with these drugs has suboptimal efficacy and is associated with serious extracardiac 
side effects.1–3 Local drug delivery may overcome these problems by producing 
therapeutic atrial drug concentrations at low plasma drug concentrations. Because 
the atria are thin structures with a relatively large epicardial surface area, intraperi-
cardial (IPC) drug delivery could be an effective way to target the atrial myocar-
dium. 
 With recent developments in minimally invasive access to the pericardial cavity 
and long-term controlled drug release systems, IPC drug delivery has become clini-
cally feasible.4–11 However, important questions regarding myocardial drug distribu-
tion and electrophysiological effects during IPC drug delivery remain unanswered. 
Especially, the presence of transmural drug concentration gradients during IPC 
drug delivery complicates assessment of antiarrhythmic effects.12–16 Transmural 
drug concentration gradients may even enhance arrhythmogenic electrophysiologi-
cal transmural dispersion, although previous IPC drug delivery studies did not 
show increased proarrhythmia. 
 In a recent study in our laboratory, we showed that transmural drug concentra-
tion gradients during IPC drug delivery are not only present in the ventricles but 
also in the atria and this produces dissimilar effects on epicardial and endocardial 
atrial electrophysiology.16 The study compared efficacy of IPC and IV delivered 
sotalol and flecainide to reduce the number of cardioversions in goats with pac-
inginduced sustained AF, but a benefit of IPC drug delivery to terminate AF could 
not be demonstrated. Regarding amiodarone, IPC infusion has been shown to sup-
press electrically induced AF.12 However, only mean atrial drug concentrations and 
only epicardial electrophysiological effects were measured. Furthermore, efficacy of 
IPC amiodarone delivery has never been compared with IV delivery. 
 To the best of our knowledge, atrial transmural concentration gradients and 
atrial transmural electrophysiology during IPC delivery of amiodarone have not 
been studied so far. In addition, IPC delivery of amiodarone and sotalol, the antiar-
rhythmic agents most frequently used for sinus rhythm maintenance, has never 
been compared. Because both drugs differ in molecular weight, lipophilicity, and 
electrical charge, one would expect differences in transmural drug distribution dur-
ing IPC delivery, resulting in differences between epicardial and endocardial elec-
trophysiological effects and differences between plasma drug levels. 
 We hypothesized that IPC delivery produces antiarrhythmic effects at lower 
plasma drug concentrations than IV delivery. Our study aimed to compare trans-
mural myocardial and plasma drug concentrations after IPC and IV delivery of 
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amiodarone and sotalol. In addition, epicardial and endocardial electrophysiologi-
cal parameters were studied in the right atrium and right ventricle of goats. 

METHODS 

All procedures conformed to the Guide for the Care and Use of Laboratory Animals 
published by the National Institutes of Health (NIH publication No. 85-23, revised 
1996). In addition, the Animal Studies Committee of the University of Maastricht 
approved this study protocol. 
 Domestic goats (n=27, weight 46–75 kg) were randomized into 5 groups: control 
(n=5), IV amiodarone (IV AM, n=5), IV sotalol (IV SO, n=5), IPC amiodarone (IPC 
AM, n=6), and IPC sotalol (IPC SO, n=6). 

Surgical Procedure 

All animals were anesthetized by thiopental 20 mg/kg IV and maintained on isoflu-
rane (2%–3%) with a 1:1 mixture of oxygen and air. Analgesia consisted of bupre-
norphine (10 μg/kg IV). Limb-lead electrocardiogram, end-expiratory CO2, and 
oxygen saturation (pulse oximeter) were monitored throughout the procedure. An 
external heating pad was used to maintain a rectal temperature of 38–39 ˚C. Saline 
(0.9%) was administered via a peripheral venous catheter at 5–8 mg/kg/h. 
 The right carotid artery was cannulated with a catheter attached to a pressure 
transducer for measuring systolic and diastolic arterial pressures. A right jugular 
venotomy was performed to insert 2 quadripolar steerable ablation catheters (2.5-
mm interelectrode distance) and 2 single-lumen catheters for IV drug delivery and 
coronary sinus sampling. 
 After a right intercostal thoracotomy, short incisions (2 mm) were made in the 
pericardium above the free walls of right atrium and ventricle. A single-lumen 
catheter for IPC drug delivery and 2 quadripolar steerable ablation catheters (2.5-
mm interelectrode distance) were inserted into the pericardial cavity. Catheter in-
sertion sites were closed with a purse-string suture to prevent pericardial fluid leak-
age. The tip of the IPC infusion catheter was positioned above the lateral free wall of 
the right atrium. Under fluoroscopic guidance, endocardial and epicardial quadri-
polar catheters were positioned opposite to each other on the lateral free walls of the 
right atrium and ventricle. 

Electrophysiological Measurements 

Electrocardiogram limb leads and quadripolar catheters were connected to an elec-
trophysiology monitoring system with integrated amplifier/stimulator (EP-Tracer 
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38; CardioTek, Maastricht-Airport, the Netherlands). RR, PQ, QT, and maximal 
Tpeak–Tend intervals and P and QRS widths were measured during normal sinus 
rhythm. QTc interval was calculated using the Bazett correction formula. Eight bipo-
lar electrograms were recorded simultaneously at 4 sites: epicardial and endocardial 
right atrial free wall and epicardial and endocardial right ventricular free wall. All 
animals underwent electrophysiological testing at baseline and after 60, 120, and 
180 minutes of infusion with drug solutions and vehicle. 
 Atrial and ventricular effective refractory periods (AERP and VERP) were 
measured during bipolar pacing at 4 times the threshold. Ten basic stimuli (S1) with 
a 400-millisecond interval were followed by an extrastimulus (S2). The S1–S2 inter-
val was incremented in 2-millisecond steps and the longest S1–S2 interval failing to 
capture defined the effective refractory period (ERP). Atrial and ventricular trans-
mural dispersion of refractoriness (TDR) were calculated by subtracting epicardial 
from endocardial ERP measured by oppositely positioned epicardial and endocar-
dial catheters. 
 Epicardial and endocardial atrial and ventricular conduction times were meas-
ured during 400-millisecond interval pacing with the distal electrode of each cathe-
ter. Conduction time was defined as time between stimulus artifact and correspond-
ing atrial electrogram in the proximal electrode. 
 To assess atrial vulnerability to arrhythmia, 10 basic stimuli (S1) with 400-
millisecond intervals were applied, followed by 1 second of 50-Hz burst pacing (S2). 
A rapid atrial response (RAR) was considered inducible if a rapid irregular rhythm 
lasting >1 second occurred after S2. Epicardial and endocardial RAR inducibility 
were quantified by the percentage of positive inductions after 20 attempts. Mean 
and median RAR durations were calculated from induced RAR episodes. 

Drug Infusion Protocol 

To a standard IV amiodarone solution (Sanofi-Synthélabo, Maassluis, the Nether-
lands), containing 50 mg/ml amiodarone, 100 mg/ml polysorbate 80, and 20.2 mg/ml 
of benzyl alcohol, we added 20% vol/vol polysorbate 80 and 4% vol/vol benzyl al-
cohol to improve amiodarone solubility. This was diluted in 5% dextrose and 4.2% 
sodium bicarbonate to obtain a drug concentration of 6 mg/ml at pH 7.4. A standard 
10 mg/ml IV DL-sotalol solution (Bristol-Myers Squibb, Woerden, the Netherlands) 
was similarly diluted to obtain a drug concentration of 6 mg/ml, pH 7.4, and equal 
concentrations of polysorbate 80 and benzyl alcohol to the amiodarone solution. 
Control animals received vehicle, containing equal concentrations of polysorbate 80 
and benzyl alcohol to the drug solutions. 
 The drug solutions were infused for 3 hours at a constant rate of 2 mg/kg/h 
(infusion volume 0.33 mg/kg/h). This drug infusion protocol was selected based on 
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a previous study on IPC SO delivery, which demonstrated an increase in AF cycle 
length during a similar infusion protocol.16 To determine an equipotent dose of 
amiodarone, pilot experiments were performed that showed similar increases in 
endocardial AERP for equal amiodarone and sotalol doses of 2 mg/kg/h for 3 hours. 
These amiodarone and sotalol doses are in the range of clinically applied IV 
doses.17–19 To compensate for the electrophysiological and hemodynamic effects of 
the solvents and IPC volume expansion, IV drug-infused animals received IPC ve-
hicle infusion, whereas IPC drug-infused animals received IV vehicle infusion. Con-
trol animals received both IPC and IV vehicle infusion. 

Drug Concentration Measurements 

Blood samples were drawn from a peripheral vein of the hind limb and from the 
coronary sinus before infusion and after 60, 120, and 180 minutes of infusion with 
drug solutions. The blood was centrifuged, and the plasma was stored at -80 ˚C. 
After completion of the electrophysiological measurements, the heart was excised. 
Of every heart, 4 free-wall sections of 4 cm2 were dissected from both atria and both 
ventricles. These were frozen in liquid nitrogen and stored at -80 ˚C. To assess 
transmural drug concentration gradients, free-wall sections were freeze microtomed 
parallel to the epicardial surface in slices of 500 μm. Drug concentrations in plasma 
and tissue were determined by high-performance liquid chromatography coupled 
with fluorescence and UV detection for sotalol and amiodarone, respectively.20,21 

Statistical Analysis 

Data are expressed as mean±SD. Multigroup comparisons were made by a Kruskal–
Wallis test. For individual comparisons, between- and within-group effects were 
calculated by Mann–Whitney U and Wilcoxon signed rank tests, respectively. A 2-
tailed P value of <0.05 was considered statistically significant. 

RESULTS 

All animals were in normal sinus rhythm at the beginning of the study and were 
hemodynamically stable during the entire procedure. Epicardial and endocardial 
atrial and ventricular pacing thresholds did not significantly change in any group 
during the course of the experiments. 
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Drug Distribution 

IV drug delivery resulted in homogeneous transmural drug distribution with over-
all mean atrial amiodarone and sotalol concentrations of 12±4 and 18±4 μg/g, re-
spectively (Figure 1). In contrast, IPC AM and IPC SO delivery produced a steep 
transmural drug concentration gradient ranging from 341±61 and 245±52 μg/g at the 
epicardial side of the atrium to 17±10 and 21±10 μg/g at the endocardial side of the 
atrium for amiodarone and sotalol, respectively. Ventricular drug concentrations 
were similar to atrial concentrations in all groups, except for IPC AM. IPC AM pro-
duced significantly lower ventricular drug concentrations at 1.5 mm and farther 
from the epicardium compared with IV delivery. 
 Plasma concentrations of both amiodarone and sotalol were significantly lower 
during IPC drug infusion than during IV drug infusion (Table 1). Differences in 
plasma levels were particularly prominent for the amiodarone groups, with 53±17 
times lower peripheral plasma levels in the IPC group after 3 hours of drug infu-
sion. In the IV drug groups, plasma levels appeared to be already constant after 1 
hour of drug infusion, whereas after 3 hours of IPC drug delivery, plasma levels 
were still climbing. Although the coronary sinus in goats drains blood not only 
from the myocardial tissue but also from the left azygos vein, plasma drug concen-
trations in the coronary sinus were significantly higher than peripheral plasma con-
centrations even after 3 hours of IPC delivery of both amiodarone and sotalol. 
 
Table 1. Plasma drug distribution 

 IV Amiodarone  IPC Amiodarone  IV Sotalol IPC Sotalol Minutes after start 
of drug infusion  PV CS  PV CS  PV CS PV CS 

60 min  1.3±0.2 1.3±0.2  0.015±0.005* 0.034±0.006*†  8.3±0.8 7.9±0.5  1.2±0.3* 3.8±0.6*†
120 min  1.4±0.2 1.5±0.2  0.019±0.004* 0.056±0.014*†  7.4±0.9 7.2±0.5  3.1±0.3* 5.1±0.5*†
180 min  1.4±0.2 1.5±0.2  0.027±0.004* 0.066±0.009*†  8.5±0.9 8.1±0.6  3.9±0.1* 5.5±0.3*†

PV indicates peripheral vein; SC, coronary sinus. Plasma drug concentrations in μg/ml. Values are 
mean±SD. n=5 for intravenous drug groups and n=6 for intrapericardial drug groups. *P<0.05 vs IV; 
†P<0.05 vs PV. 
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Figure 1. Transmural myocardial drug distribution after 3 hours of drug infusion. RA 
indicates right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle. Values are 
mean±SD. n=5 for intravenous drug groups and n=6 for intrapericardial drug groups. 
*P<0.05 IPC vs IV Amiodarone. †P<0.05 IPC vs IV Sotalol. 

Electrophysiological Findings 

Atrial Refractoriness and Conduction 
Effects of IPC and IV drug infusion on atrial epicardial and endocardial ERP are 
shown in Figure 2. The very high epicardial drug concentrations during IPC infu-
sion produced a marked prolongation of epicardial ERP in the IPC SO group, 
whereas IPC infused amiodarone produced a smaller increase in epicardial ERP. 
Endocardial drug concentrations did not differ between IPC and IV groups, which 
was reflected by ERP increases of similar magnitude. In IV drug groups, the equal 
increases in epicardial and endocardial ERP caused no change in atrial TDR. How-
ever, because of the relatively larger increase in epicardial ERP, IPC drug infusion 
produced a decrease in atrial TDR, which, in case of IPC SO, even led to an inver-
sion of atrial TDR. 
 No significant differences were found between epicardial and endocardial atrial 
conduction times in any group at a given time point. Mean conduction times in-
creased in all groups, ranging from 4.7% increase in control group to 9.3%–10.5% 
increase in drug groups compared with baseline values, without significant differ-
ences between drug groups. 



 65

150

175

200

225

250

Baseline Drug

IV
AmiodaroneControl

E
pi

ca
rd

ia
l A

E
R

P
 (

m
s)

A
IPC IV IPC

Sotalol

** 150

175

200

225

250

Baseline Drug

IV
AmiodaroneControl

E
nd

oc
ar

di
a

l A
E

R
P

 (
m

s)

B
IPC IV IPC

Sotalol

**

-10

0

10

20

30

40

Epicardial Endocardial

IV
AmiodaroneControl

C
h

an
ge

 in
 A

E
R

P
 (

%
)

** **

C
IPC IV IPC

Sotalol

-40

-30

-20

-10

0

10

20

Baseline Drug

IV
AmiodaroneControl

A
tr

ia
l T

D
R

 (
m

s)

D
IPC IV IPC

Sotalol

*

*

 
Figure 2. Atrial refractoriness at baseline and after 3 hours of drug infusion. A, Epicardial AERP. B, Endo-
cardial AERP. C, Change in epicardial and endocardial AERP after 3 hours of drug infusion relative to
baseline measurements. D, Atrial TDR. Values are mean±SD. n=5 for control and intravenous drug groups 
and n=6 for intrapericardial drug groups. *P<0.05. 
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Figure 3. Vulnerability to atrial arrhythmia at baseline and after 3 hours of drug infusion. A, Epicardial
rapid atrial response (RAR) inducibility. B, Endocardial RAR inducibility. C, Change in epicardial and
endocardial RAR inducibility after 3 hours of drug infusion relative to baseline measurements. D, Mean 
RAR duration. Values are mean±SD. n=5 for control and intravenous drug groups and n=6 for intraperi-
cardial drug groups. *P<0.05. 
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Figure 4. Typical electrograms after 3 hours of drug 
infusion. Ep indicates epicardial; En, endocardial; RA, 
right atrial; RV, right ventricular distal electrode. 

 
 
Table 2. Hemodynamic and ECG parameters before and after 3 hours of drug infusion 

  Control  IV Amiodarone IPC Amiodarone IV Sotalol  IPC Sotalol 

  Baseline Vehicle  Baseline Drug Baseline Drug Baseline Drug  Baseline Drug 

MABP, mmHg  74±13 62±17*  72±11 56±11* 75±6 64±11* 68±9 46±11*  74±11 49±9* 

RR interval, ms  698±147 720±161  701±132 769±88 651±94 762±83* 664±54 925±105*  632±91 1146±44*

PQ interval, ms  132±19 134±15  122±24 130±22 128±23 136±24 129±28 156±25*  128±19 154±24*

QT interval, ms  401±40 416±35  400±42 430±42 389±34 431±46* 409±27 503±42*  386±39 575±32*

QTc interval, ms  483±21 494±26  479±28 491±26 484±26 495±36 503±45 523±26  486±26 538±34*

max Tpeak-end, ms  50±10 56±6  53±10 66±11* 54±9 64±8* 51±11 69±21*  54±16 81±20* 

P width, ms  52±9 54±11  57±13 58±11 55±13 56±13 60±5 65±7  57±8 62±8 

QRS width, ms  58±7 60±7  60±6 61±4 57±9 60±11 58±8 60±7  57±8 58±7 

MABP indicates mean arterial blood pressure; max Tpeak-end , maximal Tpeak-Tend interval. Presented data 
were obtained from ECG recordings during normal sinus rhythm. Values are mean±SD. n=5 for control 
and intravenous drug groups and n=6 for intrapericardial drug groups. *P<0.05 vs baseline. 

 

Vulnerability to Atrial Arrhythmia 
Before drug infusion, RAR episodes of more than 1 second could readily be induced 
in all animals by burst pacing at both the right atrial epicardium and endocardium 
(Figure 3). After 3 hours of IPC drug infusion, the very high epicardial drug concen-
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trations produced a significant decrease in epicardial RAR inducibility for both 
drugs. On the endocardial side, a similar decrease in RAR inducibility was only 
observed in the IPC AM group. 
 As there were no differences in duration between epicardially and endocar-
dially induced RAR episodes, irrespective of treatment or treatment duration, RAR 
duration is given as mean of epicardially and endocardially induced RAR episodes 
(Figure 3D). In line with a reduction in epicardial and endocardial RAR inducibility, 
IPC AM produced a shortening of mean RAR duration. Although IPC SO decreased 
epicardial RAR inducibility, mean RAR duration increased. 

Ventricular Electrophysiology 
Changes in right ventricular refractoriness and conduction time after drug delivery 
were comparable to those observed in the right atrium. In the IPC SO group, endo-
cardial VERP was 6±3 millisecond longer than epicardial VERP at baseline, but after 
3 hours of drug infusion, epicardial VERP was 29±20 millisecond longer than endo-
cardial VERP. IPC delivery of amiodarone produced a more homogeneous prolon-
gation of epicardial and endocardial VERP, reducing ventricular TDR from 7±5 
millisecond at baseline to 3±3 millisecond after 3 hours of drug infusion. No ST 
segment changes, T-wave inversions, or ventricular arrhythmias were observed. 
However, IPC SO produced larger increases in RR, QT, QTc, and maximal Tpeak-Tend 
intervals than IV sotalol (Table 2 and Figure 4). 

DISCUSSION 

The rationale of IPC drug delivery is that therapeutic myocardial concentrations can 
be achieved, while systemic drug concentrations can be reduced. This has been 
demonstrated for various antiarrhythmic substances, including lidocaine,22,23 di-
goxin,22,24 amiodarone,12,13 l-arginine,25 esmolol,26 procainamide,14,24 nitroglycerin,27 
ibutilide,15 sotalol,16,20 atenolol,20 docosahexaenoic acid,28 and flecainide.16 However, 
until recently, it was unknown that IPC delivery of antiarrhythmic drugs produces 
transmural concentration gradients in the atria, resulting in differences between 
epicardial and endocardial atrial electrophysiology.16 
 The present study, for the first time, compared atrial transmural concentration 
gradients and transmural electrophysiology after IPC delivery of 2 antiarrhythmic 
drugs with distinct differences in physicochemical properties; amiodarone has a 
higher molecular weight, is highly lipophilic, and, at pH 7.4, is less positively 
charged than sotalol. Previous studies on IPC AM showed high atrial drug concen-
trations, but only mean concentrations were measured.12,13 A recent study in our 
laboratory demonstrated that IPC SO produces very high epicardial atrial drug 
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concentrations and lower endocardial drug concentrations,16 which is consistent 
with results of the present study. 
 Interestingly, the present study additionally shows that amiodarone is similarly 
distributed across both atrial walls after IPC delivery. Whether this is due to the fact 
that the diffusion characteristics in the atria are similar for both amiodarone and 
sotalol, despite their physicochemical differences, or whether the drugs may also 
migrate through the myocardium by a different mechanism than plain diffusion, for 
example, convection via microcirculation or lymphatics, is unclear. A second inter-
esting finding is that IPC delivery of amiodarone produced much steeper ventricu-
lar transmural drug concentration gradients than IPC SO delivery. IPC AM even 
produced lower ventricular drug concentrations compared with IV delivery at 1.5 
mm and farther from the epicardium. This may be due to different ventricular dif-
fusion or perfusion characteristics between amiodarone and sotalol. 
 Despite similar atrial transmural drug concentration gradients, IPC delivery of 
amiodarone and sotalol produced dissimilar changes in atrial transmural electro-
physiology. For sotalol, atrial tissue concentrations and electrophysiological effects 
showed a fairly consistent relationship. However, during IPC delivery of amiodar-
one, the increase in endocardial AERP was approximately 50% of the epicardial 
AERP increase, despite much lower endocardial amiodarone concentrations. Be-
cause epicardial concentrations of both amiodarone and sotalol were very high, it 
can be assumed that effects on epicardial AERP were maximal for both drugs. 
Therefore, it can be concluded that endocardial amiodarone concentrations pro-
duced already half-maximal effects on endocardial AERP. This is consistent with a 
previous study on IPC delivery of amiodarone, which demonstrated similar effects 
on epicardial and endocardial ERP in the right ventricle, despite 10-fold drug con-
centration differences between epicardium and endocardium.12 
 Another contributing factor for the inconsistent relationship between transmu-
ral amiodarone concentrations and effects on epicardial and endocardial electro-
physiology might be transmural heterogeneity in ionic currents. Both amiodarone 
and sotalol possess IKr and β-blocking properties, but in addition, amiodarone 
blocks other potassium currents, including IKs, IK1, IKur, Ito, and IKAch, and sodium and 
calcium currents.29 Recent studies have shown that transmural heterogeneity in 
ionic currents is not only present in ventricles but also in atria.30–33 Therefore, the net 
epicardial or endocardial atrial effect of the drug does not only depend on the local 
drug concentration but also on the local density of ionic currents that are blocked by 
the drug. This may explain the reduction in atrial TDR that was observed during 
IPC AM delivery, despite a steep atrial transmural drug concentration gradient. In 
turn, a reduction in atrial TDR may explain the superior efficacy of IPC AM in re-
ducing atrial vulnerability to arrhythmia. This is consistent with results of a previ-
ous study on IPC AM that demonstrated a reduction in epicardial AF inducibility.12 
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Efficacy has also been reported for IPC procainamide; a low dose produced changes 
in endocardial AERP and AF inducibility similar to a 10 times higher IV dose.14 The 
significant inversion of atrial TDR by IPC SO observed in the present study may 
explain the increase in arrhythmia duration. This is in line with the disappointing 
antiarrhythmic efficacy of IPC SO previously reported16 and could also explain simi-
lar AF termination rates between IPC ibutilide and control in dogs.15 
 Although previous studies on IPC AM showed low plasma levels after IPC 
delivery of amiodarone, this was compared with IV delivery up to 60 minutes after 
bolus injection.12,13 The present study demonstrates a significant pharmacokinetic 
advantage for IPC AM up to 3 hours of drug infusion at a constant rate. In addition, 
results show that the pharmacokinetic advantage is far greater for IPC AM than for 
IPC SO. The very low plasma concentrations after IPC delivery of amiodarone, in 
contrast to sotalol, are likely a result of slow diffusion of amiodarone to the blood-
stream, followed by rapid distribution from the bloodstream into other tissues, 
which is consistent with the very large volume of distribution of amiodarone.34 
Plasma levels of amiodarone and sotalol were still climbing after 3 hours of IPC 
drug delivery, whereas plasma levels appeared to be already constant after 1 hour 
of IV infusion. Therefore, pharmacokinetic advantages of IPC delivery would be 
expected to be lower at true steady state. However, a previous study demonstrated 
a similar 50% reduction of sotalol plasma levels during IPC delivery compared with 
IV delivery at steady state.20 Pharmacokinetic advantages of IPC delivery during 
steady state conditions were also demonstrated for steroids and macromolecules.35 
This was shown to be a result of low pericardial fluid clearances compared with 
relatively high plasma clearances. Although no data exist on steady state conditions 
during IPC delivery of amiodarone, the low amiodarone plasma concentrations 
after 3 hours suggest low pericardial fluid clearances. Therefore, it would take much 
longer to reach steady state plasma drug concentrations than after IPC delivery of 
sotalol. For future applications, one could make use of this property of amiodarone 
by performing intermittent IPC infusions to maintain the greatest advantage of local 
application. 
 IPC SO, in contrast to amiodarone, produced a markedly greater increase in QT 
interval than IV delivery. This is a point of concern because QT-interval prolonga-
tion may indicate an increased risk of ventricular arrhythmias. In a previous study 
in our laboratory,16 IV and IPC SO did not produce significant increases in QT inter-
val in goats but QT-interval measurements were performed during a drug infusion 
protocol with lower sotalol dose and shorter infusion duration. IPC delivery of ibu-
tilide did not change QT interval,15 whereas IPC procainamide and digoxin in-
creased and decreased QTc interval, respectively.24 IPC AM in a previous study 
affected epicardial and endocardial electrophysiology of the right ventricle, whereas 
for the left ventricle only epicardial electrophysiology was affected.12 IPC procaina-
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mide produced no changes in global or endocardial ventricular electrophysiology, 
nor was it associated with ventricular proarrhythmia.14 The larger increase in QT 
interval by IPC SO observed in the present study can be explained by 2 factors. 
First, sotalol concentrations were very high in the epicardial layers of both ventri-
cles. This is consistent with the large increase in epicardial ERP measured at the 
right ventricle in IPC SO treated goats. In contrast, transmural drug concentration 
gradients were much steeper and epicardial VERP increases were less pronounced 
after IPC delivery of amiodarone. Second, the larger increase in QT interval by IPC 
SO can be explained by the greater increase in RR interval due to higher sotalol 
concentrations in the superficial sinus node. The Tpeak–Tend interval divided by the 
QT interval may be a more accurate predictor for increased risk of ventricular ar-
rhythmias.36 For IPC and IV delivery of both amiodarone and sotalol, these indices 
did not significantly differ, suggesting that risk of ventricular arrhythmias is not 
markedly higher for IPC delivery. However, because inducibility of ventricular 
fibrillation was not assessed, definite conclusions cannot be drawn. 
 Potential clinical applications of IPC delivered amiodarone and sotalol could 
involve prevention of AF after cardiac surgery or treatment of paroxysmal AF. Re-
garding the latter application, minimally invasive access to the normal pericardial 
cavity is required for clinical feasibility. Several promising concepts, including 
subxiphoid and transatrial approaches,4,5 were developed. Minimally invasive peri-
cardial access may also facilitate a combination with other therapeutic approaches, 
such as epicardial mapping and catheter ablation of arrhythmias, and epicardial 
pacing.6 For prolonged IPC drug therapy, appropriate drug delivery systems with 
optimal biocompatibility and controlled drug release, for example, long-term IPC 
catheterization and drug releasing matrices,7,9–11 are needed. However, safety and 
efficacy of chronic IPC drug delivery should be the focus of further research. 

Limitations 

Nonremodeled atria of healthy goats were studied because sotalol has only moder-
ate effects on electrically remodeled atria in chronic AF37 and drug diffusion charac-
teristics would likely be affected in a sterile pericarditis model. Because the goats of 
this study did not have a substrate for AF, the duration of pacing-induced arrhyth-
mia episodes were short, generally lasting several seconds. Arrhythmia episodes 
lasting more than 1 second were evaluated in this study, whereas studies with dis-
eased atria use longer cutoff values. Only 1 common dose for amiodarone and sota-
lol was used in the present study. Although a change in dose would probably not 
alter relative drug distributions, it could alter pharmacodynamic profiles. Further-
more, transmural drug distributions and electrophysiological effects were com-
pared at only 1 time point, before steady state was reached in IPC drug groups. 
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Although a pharmacokinetic advantage would still be expected at true steady state, 
it would probably be less pronounced. In addition, antiarrhythmic effects of acute 
amiodarone therapy differ from chronic amiodarone therapy. A reduction in blood 
pressure was observed in all groups, which may have been caused by IV-infused 
vehicle-induced vasodilatation,38 IPC volume expansion, or decreased cardiac con-
tractility. However, these parameters were not evaluated in the present study. 

Conclusions 

IPC delivery of amiodarone and sotalol increases atrial drug concentration and 
antiarrhythmic effects at reduced plasma drug concentrations. These potential bene-
fits are particularly prominent for IPC delivered amiodarone, offering a promising 
concept to reduce systemic side effects during treatment of AF. 
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ABSTRACT 

Background: Amiodarone is currently the most effective antiarrhythmic drug for 
sinus rhythm maintenance. However, due to serious extracardiac adverse effects, 
prophylactic amiodarone therapy is only appropriate for patients at high risk for 
postoperative atrial fibrillation (AF). We hypothesized that epicardial application of 
an amiodarone-releasing hydrogel would produce therapeutic myocardial drug 
concentrations, while systemic levels would remain low. 
Methods: Goats were fitted with right atrial epicardial patch electrodes. A 
poly(ethylene glycol)-based hydrogel with amiodarone (1 mg/kg bodyweight) 
(n=10) or without drug (n=6) was applied to the right atrial epicardium. Atrial effec-
tive refractory period (AERP), conduction time and atrial response to burst pacing 
(rapid atrial response, RAR) were assessed up to 28 days in awake goats. Myocar-
dial, plasma and extracardiac tissue amiodarone concentrations were analysed by 
high-performance liquid chromatography. 
Results: The amiodarone-loaded hydrogel produced therapeutic drug concentra-
tions in the right atrium up to 21 days after application. In this period, AERP and 
conduction time were prolonged, while RAR inducibility was reduced (P<0.05) 
compared to animals treated with drug-free hydrogel. Mean amiodarone concentra-
tions in the right atrium were 1 order of magnitude higher than in other heart 
chambers and 2 orders of magnitude higher than in extracardiac tissues. Plasma 
amiodarone levels remained below the detection limit (<10 ng/ml) during the 28-
day follow-up. 
Conclusions: Epicardial application of an amiodarone-releasing hydrogel reduces 
atrial vulnerability to tachyarrhythmias up to 3 weeks, while extracardiac drug 
levels remain low. Therefore, amiodarone-releasing hydrogel could be applied dur-
ing cardiac surgery to prevent postoperative AF at minimal risk for extracardiac 
adverse side effects. 
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INTRODUCTION 

Amiodarone is currently the most effective drug for sinus rhythm maintenance.1–3 
Originally categorized as a class III antiarrhythmic agent, amiodarone also displays 
class I, II, and IV effects, which differ between short-term and long-term therapy.4 In 
spite of its superior efficacy, amiodarone therapy has several disadvantages, includ-
ing requirement of a loading period, interactions with many other drugs, and, most 
importantly, serious extracardiac side effects such as thyroid dysfunction, pulmo-
nary toxicity and hepatic toxicity.5,6 These are in part attributed to the relatively high 
drug concentrations required with systemic administration. Local drug delivery 
could minimize amiodarone's disadvantages, given that direct drug diffusion into 
the target tissue would eliminate the need for a loading period, while low systemic 
drug levels would reduce drug interactions and systemic adverse effects. 
 The concept of local amiodarone delivery to the myocardium has been investi-
gated in several animal studies by short-term (≤3 h) intrapericardial infusion of 
amiodarone solutions.7–9 Although results are encouraging, most arrhythmias re-
quire a longer duration of treatment, but long-term catheter-based intrapericardial 
infusion may increase risks of infections and fibrosis.10,11 An interesting alternative 
for catheter-based approaches is the use of drug-releasing biomaterials. Previous 
studies demonstrated successful sustained drug delivery to the ventricular myocar-
dium via intrapericardial infusion of microspheres or application of matrices to the 
ventricular epicardium.12,13 However, epicardial application of a drug-releasing 
matrix to the atrium in order to promote atrial selectivity has not been previously 
investigated. 
 The prevention of atrial tachyarrhythmias after cardiac surgery offers an ideal 
clinical entity to evaluate the concept of long-term epicardial drug delivery. A two-
component surgical sealant (CoSeal®, Angiotech Pharmaceuticals, Vancouver, Can-
ada), based on biodegradable poly(ethylene glycol) (PEG) polymers that form a 
hydrogel, is already used for prevention of pericardial adhesions after cardiac sur-
gery.14,15 We reasoned that addition of amiodarone to this hydrogel would produce 
a drug-releasing matrix, capable of sustained (>2 weeks) suppression of atrial tach-
yarrhythmias, while systemic drug levels remain low. To test this hypothesis, we 
investigated drug distribution and electrophysiological effects after epicardial ap-
plication of amiodarone-loaded hydrogels to the atria of goats. 

METHODS 

Animal handling was in accordance with the Guide for the Care and Use of Laboratory 
Animals published by the National Institutes of Health (NIH publication No. 85-23, 
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revised 1996). In addition, this study protocol was approved by the Animal Studies 
Committee of the University of Maastricht. 
 Sixteen domestic goats, weighing 49 to 75 kg, were randomised to 2 groups: 
drug-free hydrogel (DFH, n=6) and amiodarone-loaded hydrogel (ALH, n=10). All 
animals of the DFH group and 6 animals of the ALH group were chronically in-
strumented with epicardial electrodes, while 4 other animals of the ALH group 
were only used for pharmacokinetic studies. 

Hydrogel Preparation 

A sprayable polymeric matrix, CoSeal® Surgical Sealant (trademark of Angiotech 
Pharmaceuticals, Vancouver, Canada), was obtained via Baxter Healthcare (Fre-
mont, CA, USA). The kit is composed of two synthetic PEGs, a dilute hydrogen 
chloride solution and a sodium phosphate/sodium carbonate solution. When mixed 
and sprayed over the epicardium, these components form a hydrogel that adheres 
to the epicardium.16 
 For goats of the DFH group, CoSeal was prepared according to the instructions 
for use. For goats of the ALH group, amiodarone hydrochloride powder (Sigma-
Aldrich, St. Louis, MO, USA) was first added to the PEG powder, and the combined 
powder and solutions were mixed according to the CoSeal instructions for use, to 
produce a hydrogel with an amiodarone concentration of 25 mg/ml. 
 Immediately after preparation, hydrogels were sprayed over the right atrial 
lateral wall. The volume of hydrogel applied in both groups corresponded to 0.04 
ml/kg bodyweight. Hence, goats of the ALH group received 1 mg amiodarone per 
kg bodyweight. This dose was selected based on pilot experiments which demon-
strated an increase in atrial effective refractory periods during three weeks after 
application of hydrogel. 

Surgical Procedure 

Anesthesia was induced by thiopental 20 mg/kg IV, and maintained with 2–3% 
isoflurane in a 1:1 mixture of oxygen and air. Buprenorfine (10 μg/kg IV) was used 
for analgesia. Throughout the procedure, limb-lead ECG, arterial blood pressure, 
endexpiratory CO2 and oxygen saturation (pulse oximeter) were monitored. A rectal 
temperature of 38 to 39 ˚C was maintained by an external heating pad. Fluid loss was 
compensated with saline (0.9%) at 5 to 8 ml/kg/h via a peripheral venous catheter. 
 Following a right intercostal thoracotomy, the pericardium above the right 
atrial lateral wall was opened. In the animals planned for electrophysiological stud-
ies, 3 silicone patches of 10×10 mm, each containing 4 silver unipolar electrodes (1.5 
mm diameter, 5 mm interelectrode distance), were sutured in line to the right atrial 
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lateral wall, between the cranial and caudal caval veins. Following baseline meas-
urements, hydrogel (loaded with or without amiodarone) was sprayed over the 
right atrial lateral wall and measurements were repeated after 1 h. Then the peri-
cardium was approximated and sutured, and the thorax was closed, while the elec-
trode leads were tunneled subcutaneously to the neck and exteriorized. Animals 
received twice-daily buprenorphine (10 μg/kg IM) postoperatively for 3 days. Pro-
phylactic ampicillin (20 mg/kg IM) was given before and directly after surgery. 

Electrophysiological Protocols 

Measurements were performed during the surgical procedure and 1, 2, 3, 4, 7, 9, 11, 
14, 16, 18, 21, 23, 25 and 28 days after the surgical procedure. An electrophysiology 
monitoring system with an integrated amplifier/stimulator (EPTracer 38, CardioTek, 
Maastricht-Airport, The Netherlands) was used to simultaneously record limb-lead 
ECG and six bipolar electrograms from the 3 silicone patches sutured to the right 
atrial lateral wall. ECG parameters (RR, PQ, QT, and maximal Tpeak–Tend intervals, 
and P and QRS widths) were measured during normal sinus rhythm. 
 Atrial effective refractory periods (ERP) were measured during bipolar pacing 
at 4 times the threshold. After 10 basic stimuli (S1) with a 400-ms interval, an extras-
timulus (S2) was applied. Starting from well within the refractory period, the S1–S2 
interval was increased in steps of 2 ms. The longest S1–S2 interval that failed to 
capture was defined as the ERP. 
 Atrial conduction times were recorded during 400-ms interval pacing at the 
silicone patch closest to the cranial caval vein. The time between stimulus artifact 
and the corresponding atrial deflection of the electrogram at the silicone patch clos-
est to the caudal caval vein (i.e. the conduction delay across the crista terminalis) 
was defined as the conduction time. 
 Vulnerability to atrial tachyarrhythmias was evaluated by applying 50-Hz burst 
pacing during 1 s. A rapid atrial response (RAR) was considered inducible if a rapid 
irregular rhythm lasting >1 s occurred after the burst stimulus. For quantification of 
RAR inducibility, the percentages of RAR inductions out of 20 attempts were calcu-
lated. Duration of RAR episodes was measured and the medians were calculated. 

Pharmacokinetic Studies 

At days 1, 2, 3, 4, 7, 9, 11, 14, 16, 18, 21, 23, 25 and 28 after hydrogel application, 
blood samples were drawn from a peripheral vein of the hind limb via a venflon 
cannula and collected in EDTA-containing vacutainer tubes (Becton-Dickinson, 
Franklin Lakes, New Jersey, USA). After centrifugation, the plasma was stored at 
−80 ˚C. Six goats of the ALH group were euthanized with intravenous sodium pen-
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tobarbitone at 3 h, and 1, 7, 14, 21 and 28 days after hydrogel application. Immedi-
ately after euthanasia, the heart was excised and the lateral right atrium and free-
wall sections of 4 cm2 from the left atrium and both ventricles were dissected. Sam-
ples were also taken from the pericardium overlying the right atrium, pericardial 
fluid, the medial part of the cranial lobe of the right lung, the skeletal muscle of the 
hind limb, liver and abdominal fat. Tissue samples were frozen in liquid nitrogen 
and stored at −80 ˚C. Myocardial samples were freeze-microtomed parallel to the 
epicardial surface in slices of 500 μm for measurement of transmural drug concen-
tration gradients. Amiodarone and desethylamiodarone concentrations in plasma, 
pericardial fluid and tissue samples were determined by high-performance liquid 
chromatography (HPLC) coupled with UV detection.17 

Statistical Analysis 

Data are presented as mean±SD. A Kruskal–Wallis test was used for multiple com-
parisons. Post-hoc tests included a Mann–Whitney U test for calculating between 
group effects, a Wilcoxon signed rank test for calculating within-group effects, and 
a Bonferroni correction. Differences were defined statistically significant at a two-
tailed P value of <0.05. 

RESULTS 

Tolerability of Epicardial Application of Hydrogel 

All animals were in normal sinus rhythm at the beginning of the study and were 
hemodynamically stable during the surgical procedures. No complications occurred 
during follow-up (maximal 28 days) after hydrogel application in ALH and DFH 
groups. Application of amiodarone-loaded hydrogel did not produce significant 
changes in ECG rhythm and morphology compared to drug-free hydrogel (Table 1). 
However, a progressive increase in RR interval was observed in both groups during 
follow-up. This is probably a result of animal habituation, because similar ECG 
changes were seen in animals in which no hydrogel was applied (data not shown). 
At necropsy, neither pericardial adhesions nor signs of pericardial and myocardial 
damage were observed. 
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Table 1. ECG parameters 

  Time after hydrogel application (days) 

  0 1 3 7 14 21 28 

RR interval (ms) ALH 450±48 492±52 494±53 507±40 619±60 635±54 641±47 
 DFH 466±46 480±43 461±46 477±48 585±78 628±52 639±60 

P width (ms) ALH 62±6 68±5 69±6 71±4 72±5 72±5 72±7 
 DFH 60±5 62±5 64±5 67±6 69±4 71±5 73±4 

PQ interval (ms) ALH 110±13 114±14 128±16 136±11 136±11 139±9 139±9 
 DFH 108±11 107±12 118±13 129±12 133±9 136±14 136±11 

QRS width (ms) ALH 63±4 65±5 65±4 65±5 64±6 65±6 65±5 
 DFH 62±5 62±5 62±4 63±4 63±5 64±5 64±5 

QT interval (ms) ALH 271±20 281±15 282±23 286±20 314±22 318±21 319±22 
 DFH 269±17 274±26 267±19 273±20 301±21 312±21 315±28 

Tpeak-end (ms) ALH 35±6 39±5 37±8 40±8 40±7 42±5 44±6 
 DFH 37±6 40±5 37±5 39±5 42±6 45±7 46±7 

Presented data were obtained from ECG recordings during normal sinus rhythm. Values are mean±SD. 
n=6 for both amiodarone-loaded hydrogel (ALH) and drug-free hydrogel (DFH) groups. None of the 
differences between groups were statistically significant. 

Amiodarone and Desethylamiodarone Distribution 

Epicardial, endocardial, pericardial and peripheral tissue amiodarone concentra-
tions at various times after hydrogel application are plotted in Figure 1. To study 
initial drug release from amiodarone-loaded hydrogel, one animal was euthanized 3 
h after hydrogel application. HPLC-analysis revealed rapid distribution to the right 
atrium with very high tissue drug concentrations in the right atrial epicardium 
(2226 μg/g) and high concentrations in the right atrial endocardium (228 μg/g). 
Amiodarone levels in left atrium and both ventricles were low (0.53 to 4.00 μg/g), 
while even lower levels were observed in extracardiac tissues (0.19 to 0.25 μg/g). 
 After 24 h amiodarone concentrations were still highest in the right atrial 
epicardium, but high levels were also found in the epicardium of the left atrium and 
both ventricles, the endocardium of both atria, and in pericardial tissue. In the fol-
lowing 27 days cardiac amiodarone levels decreased seemingly mono-exponentially 
(t1/2 approximately 3.5 days) at similar rates for all heart chambers. Mean amiodar-
one concentrations in the right atria from days 1 to 28 after hydrogel application 
were 3.4, 8.8 and 11.9 times higher than in the left atria, right ventricles and left 
ventricles, respectively. Regarding extracardiac tissues, peak amiodarone concentra-
tions were low (1.14 to 2.68 μg/g at 24 h after hydrogel application) and decreased 
slower (t1/2 approximately 7.5 days) than in cardiac tissues. 
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Concentrations of desethylamiodarone (the primary active metabolite of amiodar-
one) in tissues peaked at 24 h after hydrogel application, ranging from 0.99 μg/g in 
abdominal fat to 7.29 μg/g in the epicardium of the right atrium, and decreased 
similarly to amiodarone concentrations in the following 27 days (data not shown). 
The higher cardiac than extracardiac desethylamiodarone levels suggest that a frac-
tion of amiodarone is deethylated in the cardiac tissue itself. 
 Plasma concentrations of both amiodarone and desethylamiodarone remained 
below detection limits (<10 ng/ml) during 28 days of follow-up. Very low drug 
plasma levels are consistent with the low drug concentrations in extracardiac tissues 
and the extremely large volumes of distribution of both amiodarone and desethyl-
amiodarone.18 Large volumes of distribution due to amiodarone's tissue affinity 
were also reflected by the high tissue/fluid drug concentration ratios of >100 ob-
served for pericardial tissue and fluid (Figure 1C). 

Atrial Electrophysiology 

Effective Refractory Period 
Before hydrogel application, ERPs measured at the right atrial epicardium did not 
significantly differ between ALH and DFH groups (Figure 2A). Drug-free hydrogels 
did not produce ERP changes, whereas application of amiodarone-loaded hydrogels 
produced a significant increase in right atrial ERP from 164±14 ms before hydrogel 
application to 191±14 ms at 24 h after hydrogel application. ERPs remained signifi-
cantly higher in the ALH group than in the DFH group up to 18 days after hydrogel 
application. 

Conduction Time 
Figure 2B shows changes in conduction times relative to baseline measurements 
(conduction times did not differ between ALH and DFH groups at baseline). Con-
duction times tended to shorten after application of drug-free hydrogels (mean 
changes ranging from −6.2 to −10.1%), but prolonged after application of amiodar-
one-loaded hydrogels (mean changes ranging from +2.1 to +13.1%). Changes in 
conduction times significantly differed between ALH and DFH groups from day 1 
to day 25 after hydrogel applications. 
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Figure 1. Amiodarone distribution. A, Epicardial amiodarone concentrations in right atrium (RA), left
atrium (LA), right ventricle (RV) and left ventricle (LV). B, Endocardial amiodarone concentrations in RA, 
LA, RV and LV. C, Amiodarone concentrations in pericardium and pericardial fluid. D, Amiodarone
concentrations in abdominal fat, the medial part of the cranial lobe of the right lung, skeletal muscle of the
hind limb, and liver. Data were obtained 3 hours, and 1, 7, 14, 21 and 28 days after hydrogel application; 
n=1 for each time point. 
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Figure 2. Atrial electrophysiology. A, Effective refractory period. B, Change in conduction time relative to
baseline measurements. C, Rapid atrial response (RAR) inducibility. D, Median RAR duration. n=6 for 
both amiodarone-loaded hydrogel (ALH) and drug-free hydrogel (DFH) groups. *P<0.05. 
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Response to Burst Pacing 
Representative electrograms of rapid atrial responses to burst pacing at 14 days 
after hydrogel application are depicted in Figure 3. During baseline measurements, 
which were performed under anesthesia, burst pacing produced RARs in 84±11% 
and 81±11% of attempts in ALH and DFH groups, respectively (Figure 2C). RAR 
inducibility measured in awake animals during 28 days of follow-up showed a 
distinct pattern in both groups; following a decrease at 24 h after hydrogel applica-
tion, RAR inducibility peaked at days 2 and 3, then remained relatively low and 
constant from days 7 to 14, and finally increased from days 14 to 28. Absolute RAR 
inducibility was significantly lower in the ALH group than in the DFH group up to 
21 days after hydrogel application. RAR episodes generally lasted several seconds 
and tended to be shorter in the ALH group, although statistical significance was 
only reached at days 2 and 3 after hydrogel application (Figure 2D). 
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Figure 3. Typical responses to burst pacing 14 days 
after hydrogel application. BIP RA indicates right atrial 
bipolar electrode; RAR, rapid atrial response. 
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DISCUSSION 

The present study demonstrates that epicardial application of an amiodarone-
loaded hydrogel produces therapeutic atrial drug concentrations for a prolonged 
period, while systemic drug concentrations remain low. In ALH-treated goats, atrial 
ERP and conduction time increased, and atrial vulnerability to burst-pacing in-
duced tachyarrhythmias decreased. 
 Previous studies in dogs and pigs showed that short-term (≤3 h) local amiodar-
one delivery to the myocardium can be achieved via intrapericardial infusion of 
amiodarone solutions.7,8 High amiodarone concentrations were observed in atria, 
sinoatrial node and ventricular subepicardium, and lower concentrations in inter-
ventricular septum and ventricular subendocardium. Plasma amiodarone levels 
were in the range of 10–100 ng/ml, i.e. 1–2 orders of magnitude lower than levels 
normally present during intravenous or chronic oral amiodarone therapy. In a re-
cent study in our laboratory, we showed that transmural drug concentration gradi-
ents during intrapericardial delivery of amiodarone were not only present in ventri-
cles, but also in atria.9 Although epicardial and endocardial atrial ERPs were both 
prolonged, the absolute difference between them (transmural dispersion of refracto-
riness) did not increase. The same held true for epicardial and endocardial conduc-
tion times. Intrapericardially delivered amiodarone significantly reduced epicardial 
and endocardial inducibility of atrial tachyarrhythmias compared to an equal intra-
venous dose of amiodarone. 
 In the present report we show drug distribution and electrophysiological effects 
during sustained local amiodarone delivery. The high amiodarone concentrations in 
the right atrium already after 3 h of hydrogel application point to an initial burst 
release phase. Drug levels decreased mono-exponentially over the next 4 weeks. 
Since the hydrogel degrades within 4 weeks, the latter phase is likely a combination 
of diffusion- and degradation-controlled drug release. Although amiodarone distri-
bution to other heart chambers via diffusion into the pericardial fluid, subepicardial 
lymphatics and blood vessels was expected, highest drug concentrations were still 
observed in the right atrium. Therefore, application of a tissue-adherent drug-
releasing hydrogel allows for more localized drug delivery than intrapericardial 
infusion of drug solutions. However, endocardial amiodarone concentrations in the 
right atrium were lower than epicardial concentrations in both atria and ventricles. 
This can be a result of slower transmural (transversal) than epicardial (longitudinal) 
drug distribution, and/or lower epicardial than endocardial drug clearance. Given 
the fact that the epicardial drug distribution may be facilitated by drug uptake and 
subsequent release via the pericardial fluid, a relatively rapid longitudinal versus 
transversal distribution seems likely. Transmural drug concentration gradients 
persisted in all heart chambers. Despite the long treatment duration compared to 
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studies that used intrapericardial amiodarone delivery, extracardiac tissue drug 
levels remained low, while plasma drug levels never surpassed the detection limit 
(10 ng/ml). This indicates slow diffusion to plasma and relatively rapid redistribu-
tion from plasma to extracardiac tissues, as can be expected of a drug with a large 
volume of distribution due to high tissue affinity.18 
 In animals treated with drug-free hydrogel, atrial vulnerability to burst-pacing 
induced tachyarrhythmias showed a peak on days 2 and 3. Although sustained 
episodes of atrial fibrillation were not observed, this peak coincides with the highest 
incidence of atrial fibrillation following cardiac surgery observed in patients on 
postoperative days 2 and 3.19 Application of amiodarone-loaded hydrogel signifi-
cantly reduced peak occurrence in the present study, which suggest that this 
method may also be efficacious in preventing postoperative atrial fibrillation. The 
potent antiarrhythmic effect in the first days following hydrogel application can be 
mainly attributed to amiodarone's class III action, given the substantial prolonga-
tion of atrial ERP. Atrial amiodarone tissue concentrations and effects on ERP 
showed a good correlation, whereas a less consistent relationship was observed for 
changes in conduction time. Electrophysiological effects of amiodarone are not only 
dependent on tissue drug concentrations, but also on treatment duration, which 
may explain these findings.4 
 Previous methods of sustained local drug delivery to the myocardium relied on 
chronic intrapericardial catheterization or the use of non-biodegradable polymeric 
drug delivery systems.10,11,20–23 However, these methods may increase risks of infec-
tions and fibrosis. Furthermore in non-biodegradable systems such complications 
may necessitate surgical removal of the drug delivery matrix. In one study biode-
gradable poly(lactic-co-glycolic acid) (PLGA) microspheres loaded with sotalol 
were injected intrapericardially, producing sustained (30 days) intrapericardial 
drug delivery.12 The disadvantage of this system is that the drug-loaded micro-
spheres are highly mobile and do not provide further localised delivery when com-
pared to an adhesive hydrogel. The PEG-based hydrogel used in the present study 
displays both biodegradability and immediate tissue-adherence during in situ form-
ing, allowing more localized drug delivery. Moreover, clinical safety of epicardial 
application of this hydrogel has already been demonstrated.14,15 Amiodarone load-
ing did not affect hydrogel tolerability in the goats currently studied. QRS width, 
QT interval and maximal Tpeak–Tend interval remained similar in both experimental 
groups, indicating that local amiodarone delivery had minimal effects on global 
ventricular electrophysiology. This may be explained by low ventricular mid-
myocardial and endocardial amiodarone concentrations in combination with the 
intrinsic atrial predominant electrophysiological effects of amiodarone.24 
 In addition to prevention of postoperative AF, other potential clinical applica-
tions of amiodarone-releasing hydrogels include treatment of paroxysmal atrial 
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fibrillation and prevention of epicardial focus-induced ventricular arrhythmias. 
Development of hydrogels capable of even longer periods of sustained drug release, 
and minimally-invasive percutaneous techniques for hydrogel delivery may pro-
mote clinical applicability. Regarding the latter, promising approaches, such as 
subxiphoid and transatrial access, have already been evaluated.25,26 In patients with 
paroxysmal atrial fibrillation the pulmonary veins are important in arrhythmogene-
sis.27 It would be interesting to study effects of amiodarone-releasing hydrogel ap-
plication around the ostia of the pulmonary veins. While the present study focused 
on local delivery of drugs, epicardially applied matrices can also be used for deliv-
ery of proteins, gene vectors and cells.13,28–31 Particularly PEG-based hydrogels are 
highly biocompatible and offer great flexibility in tailoring structural and functional 
matrix characteristics.31 Therefore, these polymeric delivery systems may facilitate a 
broad spectrum of cardiac therapeutic applications, including treatment of ar-
rhythmias, ischemic heart disease and heart failure. 

Limitations 

The canine sterile pericarditis model is the best known animal model to study post-
operative atrial flutter and AF.32,33 The hydrogel used in the present study reduces 
epicardial inflammation, which explains its efficacy in preventing pericardial adhe-
sions after cardiac surgery.14,15 Because epicardial inflammation is the causal factor 
of AF in the sterile pericarditis model, hydrogel application would make this model 
ineffective. Furthermore, epicardial and pericardial inflammation in regions not 
covered by hydrogel would produce fibrosis, thereby altering transmural amiodar-
one diffusion. Therefore, the canine sterile pericarditis model was not used in the 
present study. In chronic AF models, such as pacing-induced atrial tachycardia, 
electrophysiological mechanisms differ from underlying mechanisms in postopera-
tive AF, which may reduce efficacy of local drug delivery.34,35 Sustained episodes of 
atrial fibrillation did not occur in the present study with healthy goats, but RAR 
inducibility followed a pattern similar to incidence of clinical postoperative AF 
showing a peak on days 2 and 3. Although amiodarone-loaded hydrogel signifi-
cantly increased conduction time, as well as the atrial effective refractory period, 
effects on RAR inducibility were less prominent. However, this is an inherent limi-
tation of the experimental model. 
 Only one dose of amiodarone hydrochloride powder and one type of hydrogel 
was used to prepare drug-loaded hydrogels in this study. Other hydrogel formula-
tions, by changing polymer chemistry or drug dose, or using dissolved amiodarone, 
may feature different drug release characteristics. 
 Histologic studies of the pericardium, atria and ventricles were not performed 
in the present study. Although no macroscopic adverse effects were observed, high 
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local amiodarone concentrations might produce toxic effects, such as necrosis or 
inflammation. Thus, further research is needed to determine the safety of this 
method. 

Conclusions 

Epicardial application of anamiodarone-releasing adhesive hydrogel is well toler-
ated and allows antiarrhythmic efficacy at very low systemic drug levels, which 
minimizes the risk for extracardiac adverse effects. In addition, a loading period is 
not required. Amiodarone-releasing hydrogel could be applied during cardiac sur-
gery to prevent postoperative AF. 
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CHAPTER 5  
Atrium-targeted drug delivery through an 
amiodarone-eluting bilayered patch 
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ABSTRACT 

Objective: Clinical studies have demonstrated the efficacy of oral and intravenous 
amiodarone therapy to prevent postoperative atrial fibrillation. However, because 
of significant extracardiac side effects, only high-risk patients are eligible for pro-
phylactic amiodarone therapy. This study addressed the hypothesis that atrium-
specific drug delivery through an amiodarone-eluting epicardial patch reduces 
vulnerability to atrial tachyarrhythmias, whereas ventricular and plasma drug con-
centrations are minimized. 
Methods: Right atrial epicardiums of goats were fitted with electrodes and a bilay-
ered patch (poly[ethylene glycol]–based matrix and poly[lactide-co-caprolactone] 
backing layer) loaded with amiodarone (10 mg per patch, n=10) or without drug 
(n=6). Electrophysiologic parameters (atrial effective refractory period, conduction 
time, and rapid atrial response to burst pacing) and amiodarone levels in plasma 
and tissue were measured during 1 month’s follow-up. 
Results: Epicardial application of amiodarone-eluting patches produced persistently 
higher drug concentrations in the right atrium than in the left atrium, ventricles, 
and extracardiac tissues by 2 to 4 orders of magnitude. Atrial effective refractory 
period and conduction time increased, whereas rapid atrial response inducibility 
decreased significantly (P<0.05) during the 1-month follow-up compared with that 
seen in animals treated with drug free patches. Amiodarone concentrations in 
plasma remained undetectably low (<10 ng/ml). 
Conclusions: Atrium-specific drug delivery through an amiodarone-eluting patch 
produces therapeutic atrial drug concentrations, whereas ventricular and systemic 
drug levels are minimized. This study demonstrates that sustained targeted drug 
delivery to a specific heart chamber is feasible and might reduce the risk for ven-
tricular and extracardiac adverse effects. Epicardial application of amiodarone 
eluting patches is a promising strategy to prevent postoperative atrial fibrillation. 
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INTRODUCTION 

Postoperative atrial fibrillation (POAF) is the most frequent complication of cardiac 
surgery, with incidence rates varying between 20% and 60% depending on the type 
of procedure and the criteria for diagnosis.1 POAF is associated with an increased 
risk of morbidity and mortality caused by stroke, heart failure, ventricular arrhyth-
mias, thromboembolism, and bleeding from anticoagulation.2 Furthermore, POAF 
increases length of hospital stay, hospital readmission rate, and hospital costs. 
 According to the American College of Cardiology/American Heart Associa-
tion/European Society of Cardiology 2006 joint guidelines, POAF should be pre-
vented by treatment with an oral β-blocker or, in patients are at high risk, preopera-
tive administration of amiodarone.3 Although amiodarone is probably the most 
effective drug, it is reserved as a second-line agent because of its associated risk of 
potentially severe extracardiac adverse effects, such as thyroid dysfunction, pulmo-
nary toxicity, and hepatic toxicity.4 These effects are in part attributable to the rela-
tively high drug concentrations required with systemic administration. Another 
disadvantage of amiodarone is the need for a loading period.5 
 Local drug delivery could minimize the ventricular and extracardiac adverse 
effects of amiodarone and could make a loading period superfluous. Several studies 
investigated intrapericardial infusion of amiodarone solutions to achieve local drug 
delivery.6-8 However, this method does not allow for atrium-specific drug targeting 
because the drug equally diffuses to the ventricular epicardium. Epicardial applica-
tion of drug-releasing biomaterials might offer the advantage of a more localized 
(heart chamber–targeted) drug delivery, although diffusion to other heart chambers, 
partly through leakage to the pericardial fluid, is still possible.9 
 We reasoned that atrium-specific amiodarone therapy might be achieved if a 
bilayered patch would be applied epicardially in such a way that an amiodarone-
loaded matrix faces the epicardium and an impermeable backing layer faces the 
pericardium. This study addressed the hypothesis that amiodarone-eluting bilay-
ered patches reduce vulnerability to atrial tachyarrhythmias in chronically instru-
mented goats while ventricular and systemic drug concentrations are minimized. 
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METHODS 

All procedures were approved by the Animal Studies Committee of the University 
of Maastricht and performed according to the principles of ‘‘The guide for the care and 
use of laboratory animals’’ published by the National Institutes of Health (National 
Institutes of Health publication no. 85-23, revised 1996). 
 Domestic goats (n=16; weight, 47–67 kg) were randomly assigned to a drug-free 
patch group (DFP group, n=6) or an amiodarone-loaded patch group (ALP group, 
n=10). Four animals of the ALP group were only used for pharmacokinetic studies, 
whereas all other animals were chronically instrumented with epicardial electrodes. 

Patch Synthesis 

Preparation of Poly(ethylene glycol) 10,000 tetra(4-pentenoate) 
Under a nitrogen atmosphere, 20 g of poly(ethylene glycol) (PEG) 10,000 4-arm 
hydroxyl (Nektar Therapeutics, San Carlos, Calif) was dissolved in 200 ml of tolu-
ene and 50 ml of dichloromethane and cooled with an ice bath. Triethylamine (2.8 
ml) was added to the clear solution. Then 2.4 ml of 4-pentenoylchloride (Sigma-
Aldrich, St Louis, Mo) was added dropwise to the ice-cooled solution. The reaction 
was continued overnight at room temperature. Triethylamine salts were then fil-
tered off in vacuo, and the clear filtrate was precipitated into 2 l of ice-cold di-
ethylether. The solid precipitate was collected and redissolved in 100 ml of chloro-
form. This solution was reprecipitated into excess of hexane. The precipitate was 
collected and dried in vacuo. This yielded approximately 15 g (97.8%) of star-
shaped PEG 10,000 tetra(4-pentenoate) as a white powder. The polymer was charac-
terized by using 1H-nuclear magnetic resonance spectroscopy (at 300 MHz, 22 ˚C 
with deuterated chloroform as a solvent and tetramethylsilane as an internal stan-
dard): δ (ppm) = 5.79 (m, 4H, -CH=CH2); 5.05 (m, 8H, -CH=CH2); 4.22 (t, 8H, -
OCH2CH2O(C=O)-); 3.89-3.35 (m, 938H, -OCH2CH2O(C=O)- and -(OCH2CH2)nO-) 
and C(CH2O)4-). 

Fabrication of Bilayered Patches 
Two grams of PEG 10,000 tetra(4-pentenoate) and 0.1 g adipic thioic acid (1,6-
hexane dithioic acid) were dissolved in 2 ml of tetrahydrofuran.10 Photoinitiator 
Darocur 1173 (0.05 g; Ciba, Basel, Switzerland) and 10% wt/wt (relative to PEG plus 
cross-linker) amiodarone powder (Sigma-Aldrich) were added to this solution. The 
suspension was stirred vigorously and transferred into circular Teflon molds (14-
mm diameter) on top of a 50-μm-thick elastic film composed of a poly(lactide-co-
caprolactone) (PLCL) copolymer. The suspensions were exposed to UV light (5x1 
J/cm2) and dried in vacuo for several days, resulting in the formation of biodegrad-
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able bilayered discoidal patches composed of a amiodarone-loaded PEG matrix and 
a PLCL backing layer. Patches were 300 μm thick, had a diameter of 13 mm, 
weighed 101±4 mg, and contained 9.9±0.4 mg of amiodarone. The amiodarone dose 
was selected based on pilot experiments, which demonstrated an increase in atrial 
effective refractory periods (ERPs) 28 days after patch application. Drug-free 
patches were synthesized according to the same procedure without the addition of 
amiodarone. 

Patch Application 

Goats were anesthetized with isoflurane (2% to 3%) with a 1:1 mixture of oxygen 
and air after induction of anesthesia with thiopental, 20 mg/kg administered intra-
venously. During surgical intervention, limb-lead electrocardiography (ECG), arte-
rial blood pressure, temperature, end-expiratory CO2, and oxygen saturation (pulse 
oximetry) were monitored. Saline (0.9%, 5–8 ml/kg per hour) was infused through a 
peripheral venous catheter. Buprenorphine (10 μg/kg administered intravenously) 
was used as an analgesic. 
 A right intercostal thoracotomy was performed, and the right atrial lateral wall 
was exposed. In goats scheduled for chronic electrophysiologic studies, 2 silicone 
strips of 10x10 mm, each containing 4 silver unipolar electrodes (1.5-mm diameter 
and 5-mm interelectrode distance), were sutured to the right atrial lateral wall, one 
close to the superior caval vein and the other close to the inferior caval vein. After 
baseline measurements, a patch (loaded with or without amiodarone) was sutured 
to the right atrial lateral wall (between the 2 electrode-containing silicone strips), 
and electrophysiologic measurements were repeated after 1 hour. The pericardium 
and thorax were subsequently closed, and the electrode leads were tunneled subcu-
taneously to the neck and exteriorized. Animals were injected with prophylactic 
ampicillin (20 mg/kg administered intramuscularly) before and directly after surgi-
cal intervention. Buprenorphine (10 μg/kg administered intramuscularly twice 
daily) was administered postoperatively for 3 days. 

Electrophysiologic Studies 

Electrophysiologic parameters were measured during surgical intervention and at 
days 1, 2, 3, 4, 7, 9, 11, 14, 16, 18, 21, 23, 25, and 28 after surgical intervention. ECG 
limb leads and electrodes were connected to an electrophysiologic monitoring sys-
tem with an integrated amplifier/stimulator (EP-Tracer 38; CardioTek, Maastricht-
Airport, The Netherlands). From the ECG results obtained during sinus rhythm, R-
R, PQ, QT, and maximal Tpeak-Tend intervals and P and QRS widths were measured. 
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Four bipolar electrograms were recorded simultaneously from the 2 silicone strips 
flanking the patch. 
 For measurement of atrial ERP, 10 basic stimuli (S1, 400-ms interval) were ap-
plied by means of bipolar pacing at 4 times the threshold. After S1, an extra stimu-
lus (S2) was applied starting from well within the refractory period. The S1–S2 in-
terval was increased with 2-ms steps, and atrial ERP was defined as the longest S1–
S2 interval that failed to capture. 
 For measurement of conduction times, the atrium was paced (400-ms interval) 
at the silicone strip close to the superior caval vein. Conduction time was defined as 
the time between stimulus artifact and corresponding atrial deflection of the elec-
trogram recorded at the silicone patch close to the inferior caval vein, representing 
the conduction delay across the crista terminalis. 
 Inducibility of a rapid atrial response (RAR) was measured by applying 50-Hz 
burst pacing during 1 second. If the burst stimulus produced a rapid irregular 
rhythm lasting more than 1 second, RAR was considered inducible. RAR inducibil-
ity was quantified by the percentage of RAR inductions after 20 attempts, and me-
dian RAR episode durations were calculated. 

Drug Distribution Analysis 

Blood samples were regularly drawn from a peripheral vein of the hind limb 
through a Venflon cannula (Becton Dickinson, Franklin Lakes, NJ) up to 28 days 
after patch application. The blood was collected in ethylenediamine tetraacetic acid–
containing Vacutainer tubes (Becton Dickinson) and centrifuged to obtain plasma 
that was stored at -80 ˚C. At 3 hours and 1, 7, 14, 21, and 28 days after patch applica-
tion, goats of the ALP group (n=1 for each time point) were killed with intravenous 
sodium pentobarbital, and the heart was excised. The lateral right atrium (RA) and 
free-wall sections (4 cm2) of the left atrium (LA) and both ventricles were dissected. 
In addition, samples of pericardium overlying the RA, pericardial fluid, the medial 
part of the cranial lobe of the right lung, skeletal muscle of the hind limb, and liver 
and abdominal fat were obtained. After immersion in liquid nitrogen for rapid 
freezing, tissue samples were stored at -80 ˚C. For measurement of transmural drug 
concentration gradients, myocardial samples were freeze-microtomed parallel to the 
epicardial surface in slices of 500 μm. High-performance liquid chromatography 
coupled with UV detection was used to determine amiodarone and desethylamio-
darone concentrations in plasma, pericardial fluid, and tissue samples.11 
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Statistics 

Data are expressed as means±standard deviations. Differences between means were 
calculated with a Kruskal–Wallis test for multiple comparisons. To determine the 
significance of differences of individual comparisons, Mann–Whitney U and Wil-
coxon signed rank tests were used for between-group and within-group compari-
sons, respectively, with post hoc Bonferroni correction. 

RESULTS 

Feasibility and Tolerability of Patch Application 

After baseline measurements, suturing of patches to the atria was achieved within 5 
minutes in each animal, without significant bleeding or changes in blood pressure. 
Hemodynamic and ECG parameters remained stable during the remainder of the 
surgical procedures. No signs of discomfort, adverse effects, or complications were 
observed up to 28 days after patch application. Except for a 70-ms longer R-R inter-
val in the ALP group than in the DFP group at day 3 after patch application, ECG 
parameters did not significantly differ between groups over the time period evalu-
ated in the present study (Table 1). Gradual prolongations of R-R intervals observed 
in both groups during follow-up can be explained by animal habituation because 
similar ECG changes were observed in animals in which no patch was applied (data 
not shown). In all animals killed after 7 or more days, electrode strips and patches 
were covered by a thin (<1 mm) fibrous layer, without signs of pericarditis or myo-
carditis. 

Pharmacokinetic Feasibility of Atrium-Targeted Drug Delivery 

Epicardial application of amiodarone-eluting patches produced persistently higher 
drug concentrations in the RA than in the LA, right ventricle (RV), and left ventricle 
(LV; Figure 1). RA/LA, RA/RV, and RA/LV mean amiodarone concentration ratios 
at 3 hours after patch application were 40, 67, and 76, respectively. These ratios 
increased to 1145, 2247, and 2167, respectively, at 28 days after patch application. 
Amiodarone concentrations reached peaks after 24 hours of patch application in all 
tissues studied. Cardiac tissue concentrations decreased in the next 27 days, with 
overall half-lives of 4 to 5 days (assuming monoexponential decrease). Peak amio-
darone concentrations in extracardiac tissues were 3 to 4 orders of magnitude lower 
than right atrial peak drug concentrations and decreased to less than 10 ng/ml (de-
tection limit) at 21 days after patch application. For all blood samples drawn during 
the 28-day follow-up period, plasma amiodarone levels were less than the detection 
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limit. Because amiodarone has a high tissue affinity, lower drug levels in plasma 
than in tissues are expected. These findings are also in line with the lower drug 
levels measured in pericardial fluid than in pericardial tissue (Figure 1, C). 
 The primary active metabolite of amiodarone is desethylamiodarone. Desethyl-
amiodarone levels in the RA were 3 orders of magnitude lower than amiodarone 
levels, whereas metabolite concentrations in the other heart chambers were 1 order 
of magnitude lower than parent drug concentrations (data not shown). Distribution 
of desethylamiodarone in extracardiac tissues was similar to amiodarone distribu-
tion. Plasma metabolite levels remained undetectably low during the 28-day follow-
up period. 
 
Table 1. ECG parameters 

  Time after patch application (days) 

  0 1 3 7 14 21 28 

RR interval (ms) ALP 463±46 473±44 509±47* 546±51 616±84 656±82 672±83 
 DFP 435±55 452±51 439±47 488±58 565±56 626±66 648±70 

P width (ms) ALP 64±7 68±6 68±7 71±6 73±5 74±5 76±5 
 DFP 62±6 62±7 64±5 66±7 69±5 72±4 73±6 

PQ interval (ms) ALP 109±9 111±10 124±11 136±15 140±10 140±8 139±9 
 DFP 106±13 107±12 113±14 126±15 132±10 135±14 136±10 

QRS width (ms) ALP 62±6 64±6 63±4 63±5 62±6 62±6 62±6 
 DFP 62±5 62±4 62±4 62±4 63±5 64±5 63±5 

QT interval (ms) ALP 277±16 279±18 282±20 290±19 309±22 316±20 325±28 
 DFP 271±22 274±26 262±20 273±17 298±19 313±25 322±29 

Tpeak-end (ms) ALP 35±4 36±6 37±4 40±5 42±6 44±6 47±4 
 DFP 33±4 34±5 33±5 37±6 40±7 44±8 46±8 

Presented data were obtained from ECG recordings during normal sinus rhythm. Values are mean±SD. 
n=6 for both amiodarone-loaded patch (ALP) and drug-free patch (DFP) groups. *P<0.05 ALP vs DFP. 
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Figure 1. Amiodarone distribution. A, Epicardial amiodarone concentrations in right atrium (RA), left 
atrium (LA), right ventricle (RV) and left ventricle (LV). B, Endocardial amiodarone concentrations in RA, 
LA, RV and LV. C, Amiodarone concentrations in pericardium and pericardial fluid. D, Amiodarone 
concentrations in abdominal fat, the medial part of the cranial lobe of the right lung, skeletal muscle of the
hind limb, and liver. Data were obtained 3 hours, and 1, 7, 14, 21 and 28 days after patch application; n=1
for each point in time. *Amiodarone concentration below detection limit (<10 ng/ml). 
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Figure 2. Atrial electrophysiology. A, Effective refractory period. B, Change in conduction time relative to
baseline measurements. C, Rapid atrial response (RAR) inducibility. D, Median RAR duration. n=6 for 
both amiodarone-loaded patch (ALP) and drug-free patch (DFP) groups. *P<0.05. 
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Pharmacodynamic Feasibility: Antiarrhythmic Efficacy 

Effects of patch application on atrial electrophysiology are shown in Figure 2. Ap-
plication of amiodarone-loaded patches produced significant increases in right 
atrial ERPs and conduction times over the time period evaluated in the present 
study. The ERP in the ALP group was maximal at 192±19 ms at 3 days after patch 
application compared with 163±10 ms in the DFP group. At 28 days after patch 
application, the ERP was still 20 ms higher in the ALP group. With respect to con-
duction times, no significant differences between groups were observed during 
baseline measurements. After application of amiodarone-loaded patches, conduc-
tion times tended to prolong, with mean changes ranging from +1.3% to +10.5%, 
whereas a shortening was observed after application of drug-free patches, with 
mean changes ranging from -5.0% to -11.7%, producing significant differences be-
tween the ALP and DFP groups (except for day 2 after patch application). 
 Atrial burst pacing in both groups did not produce sustained (ie, >60 seconds) 
episodes of atrial fibrillation either at baseline measurements or follow-up. Instead, 
RARs, typically lasting several seconds, were observed (Figure 3). RAR inducibility 
was significantly decreased in the ALP group compared with that seen in the DFP 
group from days 2 to 28 after patch application (Figure 2, C). Durations of RAR 
episodes tended to be longer in the DFP group, but this only reached significance in 
the 2 days after application of drug-free patches and during the last 2 weeks of fol-
low-up (Figure 2, D). 
 

ECG II

BIP RA

Amiodarone-loaded patch

1.5 s
RAR

1.0 s
burst

ECG II

BIP RA

Drug-free patch

3.0 s
RAR

1.0 s
burst

 

Figure 3. Typical responses to burst pacing 28 days after 
patch application. BIP RA indicates right atrial bipolar 
electrode; RAR, rapid atrial response. 
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DISCUSSION 

The main findings of this study are that epicardial application of bilayered amio-
darone-eluting patches (1) is well tolerated, (2) yields persistently higher drug con-
centrations in the RA than in other cardiac and extracardiac tissues (by 2–4 orders of 
magnitude), (3) increases ERPs and conduction times, and (4) decreases vulnerabil-
ity to burst pacing–induced atrial tachyarrhythmias for at least 28 days. 
 Two decades ago, lidocaine-releasing polyurethane matrices were studied for 
the treatment of ventricular fibrillation.12 The aim of developing these drug-delivery 
systems was to achieve sustained therapeutic myocardial concentrations at reduced 
systemic drug concentrations, minimizing the risk for unwanted extracardiac ef-
fects. Polyurethane matrices were subsequently loaded with propanolol, verapamil, 
and ibutilide, all demonstrating successful local drug delivery for several hours in 
animal studies.13-15 However, polyurethane is nonbiodegradable, which limits its 
clinical use as a matrix for epicardial drug delivery. One study investigated the 
long-term effects of sotalol controlled release implants, including polyurethane and 
silicone matrices applied to the ventricular epicardium and intrapericardially in-
fused biodegradable poly(lactic-co-glycolic acid) microspheres.9 Thirty days after 
poly(lactic-co-glycolic acid) microsphere delivery, atrial drug concentrations were 
similar to ventricular drug concentrations, whereas 60 days after silicone matrix 
application, sotalol levels between matrix-covered and noncovered ventricular 
myocardium were equal. These results indicate that the use of drug delivery sys-
tems that only consist of drug-loaded matrices do not allow targeting of one specific 
myocardial region. The most likely mechanism is drug release from the matrix into 
the pericardial fluid, which facilitates rapid drug distribution to other heart cham-
bers. However, other transport mechanisms (eg, through subepicardial lymphatics 
or vascular plexi) might also contribute to pan–cardiac drug distribution. 
 In the present study a biodegradable bilayered patch was used, consisting of an 
amiodarone-loaded matrix facing the epicardium and an impermeable backing 
layer facing the pericardium. The latter minimizes drug release into the pericardial 
fluid, thereby slowing distribution to other cardiac regions and enabling longer-
lasting site-specific drug delivery. Indeed, this seems to be reflected by the very 
high amiodarone concentrations in the epicardium of the RA compared with 
epicardial levels in other heart chambers up to 28 days after patch application. Re-
garding endocardial amiodarone concentrations, which were lower than epicardial 
drug concentrations, these regional differences appeared to be somewhat smaller, 
probably because of drug distribution through the lymphatics and blood vessels, 
different diffusion characteristics of the cardiac tissue layers, or both. After burst 
release in the first 24 hours after application, patches yielded monoexponentially 
decreasing amiodarone concentrations over the next 4 weeks. Epicardially applied 
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PEG-based matrices with thioester bonds degrade within several weeks, indicating 
that the monoexponential decrease of drug levels was probably both diffusion and 
degradation mediated.16 A PLCL matrix was selected as the backing layer because 
this copolymer degrades much slower, on the order of 6 to 12 months, ensuring 
preserved impermeability during amiodarone release from the PEG-based matrix.17 
 Previous studies used the pericardial sac as a drug reservoir to achieve local 
amiodarone delivery for several hours. Intrapericardial infusion in dogs resulted in 
high tissue amiodarone concentrations in atria and the ventricular epicardium, 
whereas plasma only contained trace drug concentrations.6 In addition, atrial vul-
nerability to electrically induced tachyarrhythmias was decreased. In pigs it was 
shown that the higher atrial uptake of amiodarone, in contrast to epicardial ven-
tricular uptake, was positively related to the intrapericardially delivered dose.7 In a 
recent study in goats, we observed transmural amiodarone concentration gradients 
with high epicardial drug levels in both atria after intrapericardial infusion that 
nevertheless produced similar epicardial and endocardial antiarrhythmic efficacy.8 
Intravenous infusion of an equal amiodarone dose resulted in significantly lower 
antiarrhythmic efficacy both epicardially and endocardially. The present study 
demonstrates atrium-specific amiodarone delivery during a much longer period 
than seen in previous intrapericardial infusion studies. Amiodarone-loaded patches 
produced significant antiarrhythmic effects up to 28 days after application, whereas 
plasma drug levels remained less than 10 ng/ml (detection limit), which is more 
than 100 times lower than therapeutic plasma levels during intravenous or chronic 
oral amiodarone administration. Peak amiodarone concentrations in extracardiac 
tissues, such as fat, lung, skeletal muscle, and liver, were 2 to 4 orders of magnitude 
lower than levels observed during long-term oral amiodarone therapy.18 
 Amiodarone has multiple electrophysiologic effects, including class I, II, III, and 
IV antiarrhythmic actions.19 In the present study atrial ERPs were maximally pro-
longed in the first days after patch application, whereas effects on conduction times 
were maximal 2 weeks later, despite decreasing atrial amiodarone concentrations. 
The latter can be explained by treatment duration–dependent changes in amiodar-
one’s ionic current blocking profile or by postoperative factors simultaneously af-
fecting conduction time. The presence of surgical intervention–related influences on 
atrial electrophysiology was apparent in animals treated with drug-free patches, 
showing a peak of atrial arrhythmic vulnerability on days 2 and 3 after thora-
cotomy, which coincides with the peak incidence of POAF.20 Treatment with amio-
darone-loaded patches significantly attenuated atrial vulnerability to burst pacing–
induced tachyarrhythmias. Therefore efficacy of this new technique in preventing 
POAF is anticipated. QT intervals and maximal Tpeak-Tend intervals did not differ 
between the ALP and DFP groups, indicating low risk of drug-induced ventricular 
arrhythmias. 
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In addition to POAF, epicardial polymeric release systems have also been investi-
gated for other clinical applications, requiring delivery of substances with a higher 
molecular weight than amiodarone. A PEGylated fibrin patch was used to deliver 
the chemokine stromal cell–derived factor-1 alpha to ventricular infarct areas of 
mice.21 Transmural atrial gene transfer in pigs was achieved by means of epicardial 
release of adenoviral vectors from a poloxamer gel.22 Growth factor–supplemented 
collagen matrices enhanced survival of transplanted cardiomyoblasts in ischemic rat 
hearts.23 These examples show the versatility of polymeric release systems, enabling 
advances in cardiovascular drug therapy, gene therapy, and cell therapy.24 

Limitations 

One important difference with human subjects is that the caprine atrial action po-
tential is shorter.25 In addition, the atrial structure of patients with cardiovascular 
disease is likely to be different from the atrial structure of healthy goats. Therefore 
extrapolating the results of the present study to human subjects must be done with 
caution. 
 The follow-up period for this study lasted 28 days after patch application. Al-
though this period is sufficiently long lasting for prevention of POAF, it would be 
interesting to study drug distribution and electrophysiologic effects for even longer 
periods. Patches capable of sustained delivery of amiodarone for several months 
might also be used in the treatment of paroxysmal atrial fibrillation. Minimally 
invasive access to the normal pericardial cavity might further promote the clinical 
applicability of epicardial polymeric release systems. 
 Animals in the present study did not experience sustained episodes of atrial 
fibrillation. Additional studies in representative animal models are required to 
evaluate the efficacy of local amiodarone delivery in the treatment of chronic atrial 
fibrillation. Epicardial and endocardial electrophysiologic mapping might provide 
further insight into antiarrhythmic mechanisms of epicardial amiodarone delivery. 
 Patches were applied only to the RA to evaluate the feasibility of sustained 
targeted drug delivery to a specific heart chamber. The RA was chosen to determine 
the negative chronotropic effects of patch application near the sinoatrial node. R-R 
intervals briefly increased after patch application, but no significant sinus bradycar-
dia was observed. In future clinical application, patches should be applied to both 
the RA and LA. 
 Epicardially placed PEG-based biomaterials are currently used for prevention of 
pericardial adhesions after cardiac surgery.16 However, individual hypersensitivity 
to amiodarone, iodine, or patch degradation products might cause local inflamma-
tion and fibrosis after patch application. Further studies are needed to evaluate the 
safety of this method. 
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The drug-loaded matrix showed minimal adhesive properties, necessitating sutur-
ing of the patch to the atrial epicardium. Future development of a self-adhesive 
patch by tailoring PEG matrix characteristics could ease application and prevent 
needle-induced microtrauma to the atrium. 

Conclusions 

Atrium-targeted delivery of amiodarone is feasible through epicardial application 
of a bilayered patchwith anamiodarone-loaded matrix facing the epicardium and an 
impermeable backing layer facing the pericardium. Sustained atrial antiarrhythmic 
effects up to 1 month after patch application can be achieved, whereas tissue drug 
concentrations in ventricles and extracardiac tissues remain several orders of mag-
nitude lower than atrial drug levels. These results indicate that this method might 
be promising to prevent POAF with a lower risk for ventricular and systemic side 
effects compared with intravenous and oral amiodarone administration. 
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CHAPTER 6  
Effects of epicardial amiodarone delivery on 
transmural atrial electrophysiology and 
sustained atrial fibrillation 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Robert W. Bolderman, Sander Verheule, Arne van Hunnik, Marion Kuiper, Frederik H. van der 
Veen, Jos G. Maessen, Ulrich Schotten. In preparation. 



 CHAPTER 6 108 

ABSTRACT 

Background: Epicardial delivery of amiodarone through polymeric release systems 
has been shown to produce therapeutic myocardial drug concentrations, while sys-
temic drug levels are minimized. The aim of this pilot study was to determine the 
effects of epicardial application of an amiodarone-releasing hydrogel on transmural 
atrial electrophysiology in the goat model of sustained atrial fibrillation (AF). 
Methods: Eight goats were chronically instrumented with right atrial endocardial 
electrodes. AF was maintained for four weeks by repetitive burst pacing. Simulta-
neous endo-epicardial high-density mapping (electrode spacing 1.6 mm) was per-
formed in left atrial free walls before and after epicardial application of a 
poly(ethylene glycol)-based hydrogel loaded with amiodarone (1 mg/kg body-
weight) (n=5) or without drug (n=3). 
Results: Amiodarone-loaded hydrogels produced a non-significant prolongation of 
both epicardial and endocardial atrial effective refractory periods. Epicardial drug 
application tended to decrease epi- and endocardial atrial conduction velocities. 
Stability of AF (expressed as the ratio of AF-paroxysm-duration [s] devided by the 
number of AF-induction attempts [a]) was reduced in amiodarone-treated animals 
(from 296 to 172 s/a, P=0.068), whereas an increase was observed in the control 
group (from 184 to 404 s/a, n=3). 
Conclusions: Epicardial delivery of amiodarone via application of a hydrogel release 
system produces antiarrhythmic effects in both epicardium and endocardium. The 
results of this pilot study suggest that epicardial amiodarone administration may 
reduce AF stability in the goat model of sustained AF. 
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INTRODUCTION 

Pharmacotherapy of cardiac disease is often accompagnied by systemic side effects. 
This also holds true for antiarrhythmic treatment of atrial fibrillation (AF), the most 
common cardiac arrhythmia requiring medical attention. Management principles of 
AF involve prevention of thromboembolism, and either a rate or rhythm control 
strategy.1-3 The choice between the latter two strategies has been the subject of ex-
tensive debate, which is in part due to the moderate effectiveness and proarrhyth-
mic characteristics of currently available drugs for rhythm control. 
 In order to improve drug efficacy and minimize adverse effects, an alternative 
approach may be adopted, namely local drug delivery. The heart is surrounded by 
the pericardial cavity, which is ideally suited for local cardiac pharmacotherapy, 
because it provides a natural drug reservoir and space for epicardial application of 
drug delivery systems. In the past two decades both intrapericardial infusion of 
drug solutions and application of polymeric release systems have been studied to 
achieve local antiarrhythmic therapy.4-18 
 Two previous studies investigated efficacy of epicardial pharmacotherapy in 
animal models of sustained AF. Intrapericardial ibutilide administration in dogs 
with pacing-induced AF did not result in higher AF termination rates compared 
with intrapericardial saline, despite significant atrial electrophysiological effects.13 
In the goat model of persistent AF, intrapericardial sotalol and flecainide infusion 
predominantly affected atrial electrophysiology in the epicardium.15 However, in-
trapericardial administration did not terminate AF to a greater extent than intrave-
nous infusion, possibly due to subtherapeutic endocardial drug levels or enhance-
ment of potentially arrhythmogenic heterogeneity in transmural electrophysiology. 
 In a recent study we showed that intrapericardial delivery of the multi-ion 
channel-blocker amiodarone may influence atrial transmural electrophysiology 
more homogeneously, resulting in a reduction of AF-inducibility in atria of healthy 
goats.16 In addition, feasibility of long-term atrium-targeted delivery of amiodarone 
was demonstrated using biodegradable polymeric release formulations.17,18 No data 
are currently available on effects of epicardial amiodarone delivery on sustained 
AF. Furthermore, to the best of our knowledge, simultaneous endo-epicardial high-
density mapping during epicardial delivery of antiarrhythmic drugs has not been 
performed so far. 
 The first aim of the present study was to investigate effects of epicardial appli-
cation of an amiodarone-releasing hydrogel on epicardial and endocardial atrial 
electrophysiology. Second, this study aimed to evaluate efficacy of epicardial amio-
darone treatment in the goat model of sustained AF. 
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METHODS 

All procedures conformed to the "Guidelines for the Care and Use of Laboratory Ani-
mals" published by the National Institutes of Health. In addition, the local ethical 
Animal Studies Committee of the University of Maastricht approved this study 
protocol. Eight domestic goats (weight 40-65 kg) were randomly allocated to a drug-
free hydrogel group (DFH group, n=3) or an amiodarone-loaded hydrogel group 
(ALH group, n=5). 

Atrial Fibrillation Model 

Sustained AF was induced in all animals using the previously-reported goat model 
of artificially-maintained AF.19 During general anesthesia (induction: thiopental 20 
mg/kg; maintenance: sufentanyl 6 μg/kg/h, midazolam 0.8 mg/kg/h) the jugular 
vein was dissected and a bipolar pacing electrode (Medtronic, Capsurefix®) was 
placed in the body of the right atrium under fluoroscopic guidance. The distal end 
of the pacing lead was connected to a neurostimulator (Medtronic, Itrel1®). After 2 
weeks of recovery from implantation, AF was maintained for 4 weeks by repetitive 
50-Hz burst pacing at three times threshold every other second. 

Experimental Procedure 

Anesthesia was induced by thiopental 20 mg/kg and maintained by a combination 
of sufentanyl (6 μg/kg/h), midazolam (0.8 mg/kg/h) and pancuronium (0.3 
mg/kg/h), during ventilation with a 1:1 mixture of oxygen and room air. Limb-lead 
electrocardiogram, arterial blood pressure, temperature, end-expiratory CO2, and 
oxygen saturation (pulse oximeter) were monitored throughout the procedure. Sa-
line (0.9%, 5-8 ml/kg/h) was infused via a peripheral venous catheter to compensate 
for fluid loss. 
 A left intercostal thoracotomy was performed, and the left side of the heart was 
exposed. Two silicone patches of 5x10 mm, each containing 2 silver unipolar elec-
trodes (1.5 mm diameter, 5 mm interelectrode distance), were sutured to the medial 
and lateral borders of the left atrial free wall. A third silicone electrode patch was 
fixed to the the anterior wall of the left ventricle, while a fourth (indifferent) elec-
trode was placed in the thoracic cavity. A short incision was made in the left atrial 
free wall close to the atrio-ventricular groove. Then a high-density mapping device 
(spacing 1.6 mm) for simultaneous endocardial and epicardial measurements was 
positioned in the left atrium (between to two atrial silicone electrode patches), using 
a purse-string suture to prevent blood leakage along the endocardial part of the 
device.20 A custom-made 256-channel mapping amplifier (filtering bandwidth 0.1-



 111

400 Hz, sampling rate 1 kHz, A/D resolution 16 bits) was used to record unipolar 
signals. Following baseline measurements, the epicardial part of the mapping de-
vice was held up, and the hydrogel (loaded with or without amiodarone) was 
sprayed over both the left and right atrial free walls (and over the left atrial silicone 
electrodes). After 5 minutes the device was closed again to make contact with the 
epicardial surface, and electrophysiological measurements were repeated after 1, 2, 
and 3 hours. 

Hydrogel Preparation 

CoSeal® (Angiotech Pharmaceuticals, Vancouver, Canada), a two-component surgi-
cal sealant based on biodegradable poly(ethylene glycol) polymers, was obtained 
from Baxter Healthcare (Fremont, CA, USA). After mixing the poly(ethylene glycol) 
powder with both solutions, a hydrogel is formed that attaches to tissues. All hy-
drogels were made immediately before application. Drug-free hydrogels were pre-
pared according to the instructions for use. Amiodarone-loaded hydrogels were 
obtained by adding amiodarone hydrochloride powder to the poly(ethylene glycol) 
powder before mixing with the solutions. The hydrogel end product contained an 
amiodarone concentration of 25 mg/ml. A total of 1 mg amiodarone per kg body-
weight was applied to both atria (corresponding to a hydrogel volume of 40 μl per 
kg bodyweight). 

Electrophysiological Measurements 

Cardioversion to sinus rhythm was achieved by applying internal DC shocks with 
two 6 F defibrillation catheters (Elecath, Rahway, NJ, USA) positioned in the coro-
nary sinus and in the posterior right atrium, and connected to a defibrillator (Med-
tronic Lifepak 9B®). Atrial effective refractory periods (AERP) were measured dur-
ing bipolar pacing at 4 times the threshold. Measurements were performed at the 
centres of the endocardial and epicardial electrode high-density arrays, and with 
both atrial silicone electrodes. Basic stimuli with cycle lengths of 250 and 400 ms 
(S1) were interpolated by single premature stimuli (S2). The S1-S2 interval was in-
cremented in 2-millisecond steps and the longest S1-S2 interval that failed to cap-
ture was defined as the AERP.21 
 Epicardial and endocardial high-density electrogram maps were computed with 
custom made software. Local activation times were marked in each unipolar elec-
trogram at the maximum negative dV/dt. Conduction times were calculated by 
taking the differences between electrode activation times. Epicardial and endocar-
dial atrial conduction velocities were measured during regular pacing with intervals 
ranging from 200 to 400 ms either from the medial or the lateral atrial silicone elec-
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trode. The conduction velocities were calculated from the conduction times re-
corded between the medial and lateral borders of both epicardial and endocardial 
high-density arrays.  
 To assess stability of AF, burst pacing (1 s, 50 Hz) was applied using the endo-
cardial right atrial pacing lead. When an induced AF-episode lasted more than 10 
minutes, electrical cardioversion to sinus rhythm was performed as described pre-
viously. This was repeated for a maximum of 20 AF-induction attempts, or until the 
cumulative duration of AF-episodes reached 30 minutes. 

Statistical Analysis 

Data are expressed as mean±SD unless otherwise mentioned. Due to the small 
group size in this pilot study, statistical differences between groups were not calcu-
lated. Effects within the ALH-group were calculated by Wilcoxon signed rank tests. 
A 2-tailed P value of <0.05 was considered statistically significant. 

RESULTS 

All animals had sustained atrial fibrillation at the beginning of the experimental 
procedure and could be succesfully converted to normal sinus rhythm by applying 
internal DC shocks at the start of electrophysiological measurements. Epicardial 
application of hydrogel produced a marked increase in the pacing threshold of the 
epicardial part of the high-density electrode array, prohibiting local AERP meas-
urements in 5 of 8 animals. In the 3 other animals, epicardial array pacing thresh-
olds increased 2, 5 and 6 times after hydrogel application compared to baseline 
measurements. In addition, capture at the endocardial electrode array was lost in 3 
of 8 animals. With respect to the other atrial electrodes (epicardial silicone patches 
and endocardial right atrial lead), pacing thresholds remained stable during the 
course of the experiments. 

Atrial Refractoriness 

Effects of epicardial hydrogel application on AERP are shown in Table 1. In the 
experiments with amiodarone-loaded hydrogel in which endocardial AERP could 
be measured before and after hydrogel application, an increase was observed (from 
108±29 to 156±42 ms, n=3). Mean epicardial AERP prolonged from 109±16 ms at 
baseline, to 122±16 ms after drug administration (n=5, P=0.080). In the DFH group 
effects on endocardial AERP were mixed (both increase and decrease), while mean 
epicardial AERP tended to shorten (from 151±23 to 142±30 ms). Due to loss of pac-
ing capture at the high-density arrays (especially at the epicardial part), exactly-
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opposed measurement of epicardial and endocardial AERP after hydrogel applica-
tion could only be performed in one animal of each group (experiments 1 and 7 in 
Table 1). 
 
Table 1. Atrial Refractoriness 

 AERP: center of 
endocardial array 

AERP: center of 
epicardial array 

AERP: medial 
epicardial bipolar 

AERP: lateral 
epicardial bipolar 

 

Experiment 
number 

Basic 
stimulus 

cycle 
length 

Baseline Hydrogel Baseline Hydrogel Baseline Hydrogel Baseline Hydrogel

1 400 ms 79 96 84 118 94 112 86 110 
 250 ms 80 108 84 116 92 104 92 108 

2 400 ms 190 nc nc nc 140 156 100 106 
 250 ms 180 nc nc nc 138 138 108 122 

3 400 ms 126 178 120 nc 92 122 90 140 
 250 ms 152 190 124 nc 102 130 152 140 

4 400 ms 136 nc 148 nc 114 148 114 110 
 250 ms 160 nc 162 nc 126 160 130 126 

5 400 ms 92 172 96 nc 100 104 92 74 
 250 ms 120 190 98 nc 122 128 98 86 

ALH 
group 

6 400 ms nc nc 202 206 142 136 174 156 
 250 ms nc nc 196 192 154 144 178 154 

7 400 ms 110 150 160 166 148 122 164 174 
 250 ms 122 164 154 176 146 130 162 176 

8 400 ms 134 114 138 nc 148 118 90 84 

DFH 
group 

 250 ms 150 130 150 nc 160 122 98 88 

ALH, amiodarone-loaded hydrogel; DFH, drug-free hydrogel; AERP, Atrial Effective Refractory Period in 
milliseconds; nc, no capture during pacing. 

Atrial Conduction Velocity 

In three experiments (2 in the ALH group and 1 in the DFH group) conduction ve-
locities could not be determined due to severe fractionation of both epicardial and 
endocardial electrograms. Results of the other experiments are listed in Table 2. 
Mean epicardial and endocardial conduction velocities decreased in the amiodar-
one-treated animals with mean values of 78±4 and 91±10 cm/s at baseline, respec-
tively, and 74±6 and 80±9 cm/s after hydrogel application (n=3). In the two animals 
of the DFH group in which conduction velocity could be measured, a small increase 
was observed (73±9 and 73±14 cm/s at baseline, for epicardium and endocardium 
respectively, and 78±8 and 76±10 cm/s after hydrogel application). 
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Table 2. Atrial Conduction Velocity 

 Epicardial ACV 
(medial to lateral) 

Epicardial ACV 
(lateral to medial) 

Endocardial ACV 
(medial to lateral) 

Endocardial ACV 
(lateral to medial) 

 

Experiment 
number 

Basic 
stimulus 

cycle 
length 

Baseline Hydrogel Baseline Hydrogel Baseline Hydrogel Baseline Hydrogel

1 400 ms 77 73 81 85 103 74 97 96 
 350 ms 70 78 81 83 96 85 97 96 
 200 ms 72 80 81 80 96 89 93 87 

3 400 ms 70 mv 77 72 103 90 90 80 
 350 ms 72 mv 80 70 111 85 90 80 
 200 ms 70 mv 72 70 90 80 85 72 

5 400 ms 77 74 mv 88 90 80 mv 72 
 350 ms 77 74 mv 86 85 72 mv 72 
 200 ms 86 62 mv 77 69 63 mv 65 

ALH 
group 

7 400 ms mv 86 mv 98 mv 103 mv 85 
 350 ms 75 86 98 98 89 103 96 80 
 200 ms 73 71 83 90 85 85 80 76 

8 400 ms 65 76 65 71 64 64 61 71 
 250 ms 67 73 65 71 64 64 61 71 

DFH 
group 

 200 ms 76 65 62 80 59 70 72 72 

ALH, amiodarone-loaded hydrogel; DFH, drug-free hydrogel; ACV, Atrial Conduction Velocity in centi-
meters per second; mv, missing value. Experiment numbers 2, 4 and 6 were excluded due to severe frac-
tionation. 

 
 

Figure 1. Atrial fibrillation stability. AF, Atrial fibrillation; AF Stabil-
ity in seconds per attempt; ALH, amiodarone-loaded hydrogel; DFH, 
drug-free hydrogel. 
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Atrial Fibrillation Stability 

Because of experimental time-constraints, measurement of AF stability was limited 
to both cumulative AF duration (maximum 30 minutes) and number of AF-
induction attempts (maximum 20). Therefore AF stability is expressed as a ratio of 
these two parameters (Figure 1). At baseline, sustained AF was difficult to reinduce 
in two animals (one in each group), with mean AF-durations of 8 and 11 seconds. In 
the other animals, sustained episodes of AF could be readily reinduced, with means 
ranging from 1.5 to 10 minutes. After application of amiodarone-loaded hydrogel, a 
decrease in AF stability was observed (from 296±233 to 172±246 s/attempt, n=5, 
P=0.068). In the DFH group an increase in AF stability was seen from 184±234 at 
baseline to 404±340 s/attempt after hydrogel application. 

DISCUSSION 

Local pharmacotherapy through epicardial delivery has been suggested as a means 
to increase drug efficacy and minimize adverse effects. Particularly the thin atria 
seem to be suitable for this delivery method, because of their high surface area/wall 
thickness ratio. Due to the relatively thick walls of the ventricles, only a small frac-
tion of intrapericardially delivered drugs reaches the ventricular midmyocardial 
and endocardial layers.15,16 Atrial selectivity can be further promoted by epicardial 
application of polymeric drug delivery systems to the atria.17,18 
 Clinically, the most relevant disease of the atria is AF, which has a high inci-
dence and is associated with increased morbidity and mortality.22 Several studies 
have investigated efficacy of epicardial delivery of antiarrhythmic drugs for the 
treatment of AF. Intrapericardially infused solutions of amiodarone and procaina-
mide resulted in a decreased inducibility of AF in atria of healthy dogs, pigs and 
goats.8,11,16 However, intrapericardial administration of ibutilide, flecainide and sota-
lol in animal models of pacing-induced sustained AF did not result in higher AF 
termination rates, despite significant atrial electrophysiological effects.13,15 
 A reason for AF-treatment failure of epicardial antiarrhythmic drug delivery 
could be the presence of atrial transmural concentration gradients with high epicar-
dial levels and low endocardial levels, which may be associated with subtherapeutic 
endocardial effects and a potentially arrhythmogenic transmural gradient in refrac-
toriness.15,16 The latter could particularly hold true for atria with structural remodel-
ing, where electrical uncoupling may occur between the epicardium and endocar-
dial atrial bundle network.20 
 In the present study simultaneous endo-epicardial measurements were con-
ducted to evaluate effects of epicardial drug delivery on transmural electrophysiol-
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ogy. Results show that application of an amiodarone-releasing hydrogel may be 
associated with therapeutic efficacy in atria with structural remodeling. We ob-
served that epicardial delivery of amiodarone tends to increase AERP and decrease 
atrial conduction velocity, not only at the atrial epicardium, but, interestingly, also 
at the atrial endocardium. Recently, we showed that application of amiodarone-
releasing hydrogel to the atrium produced 10-fold higher epicardial drug concentra-
tions than endocardial concentrations.18 However, present results point to a trend of 
a larger electrophysiological effect on the endocardium than on the epicardium. 
This seemingly inconsistent relationship between transmural amiodarone concen-
trations and transmural electrophysiological effects was also reported in two previ-
ous studies in which amiodarone was administered intrapericardially. Ayers et al 
demonstrated similar effects on epicardial and endocardial ERP in the right ventri-
cle, despite 10-fold drug concentration differences between epicardium and endo-
cardium.8 A previous study in our laboratory showed an increase in endocardial 
AERP of approximately 50% of the epicardial AERP increase, despite much lower 
endocardial amiodarone concentrations.16 These differences can only partly be ex-
plained by achievement of maximal drug effects at the epicardium due to very high 
amiodarone levels. 
 An alternative explanation for the inconsistent concentration-effect relationship 
might be transmural heterogeneity in atrial ionic currents, which implies that 
transmural drug effects not only depend on local drug concentrations, but also on 
local ionic current density.23-25 A recent study showed a 22-ms longer endocardial 
AERP than epicardial AERP in goats, providing further evidence for the presence of 
transmural heterogeneity of repolarizing ionic currents in the atria.20 With respect to 
the ventricles, increased transmural electrophysiological heterogeneity has been 
demonstrated to increase risk of ventricular arrhythmias.26 However, endo-
epicardial differences in refractoriness do not seem to play a role in the enhance-
ment of atrial endo-epicardial electrical dispersion with increasing duration of AF.20 
 It remains a question whether changes in atrial transmural dispersion of refrac-
toriness induced by epicardial drug delivery may increase or decrease stability of 
atrial arrhythmias. In the present study, epicardial application of hydrogel resulted 
in frequent loss of pacing capture, which hindered measurement of epicardial and 
endocardial AERP with precisely aligned electrode pairs. Although epicardial 
AERP measurements were also performed with bipolar electrodes at the medial and 
lateral borders of the left atrium, the epicardial surface beneath these electrode 
patches was not exposed to hydrogel, possibly leading to an underestimation of the 
amiodarone effect on epicardial AERP. Therefore, these results do not provide a 
definitive answer to the question whether efficacy of epicardially delivered amio-
darone for the treatment of AF can be explained by favourable effects on atrial 
transmural dispersion of refractoriness. 
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While epicardial amiodarone adminstration in the present study produced a de-
crease in epicardial and endocardial atrial conduction velocities during sinus 
rhythm and during regular pacing, activation of the endocardium and epicardium 
remained similar, regarding both activation time and conduction direction. Simul-
taneously recorded epi-endocardial high-density electrogram maps during AF 
could not be analyzed properly due to severe fractionation, particularly in the 
epicardial electrograms. This may have been caused by the epicardially applied 
hydrogel, although fractionation was also observed in an experiment in which no 
hydrogel was applied (data not shown). In a previous study, intrapericardial deliv-
ery of sotalol and flecainide produced marked prolongation of epicardial AERP, 
whereas endocardial values were unchanged.15 However, no differences in epicar-
dial versus endocardial AF cycle length prolongation were observed. It was there-
fore suggested that AF is dominated by the mid- and endocardial layers of the atria. 
This hypothesis was recently rejected, because simultaneous epi-endocardial map-
ping in goats with up to 6 months of sustained AF showed mean endo-epicardial 
activation time differences close to 0 ms, arguing against preferential conduction 
from the epicardial layer to the endocardial bundles network or vice versa.20 In ad-
dition, simultaneous mapping during sustained AF did not show different activa-
tion rates in the endocardium versus epicardium, but a comparable AF cycle length 
in both layers of the atrial wall. Therefore, predominant pharmacological "elimina-
tion" of the epicardium through epicardial drug delivery may not necessarily lead 
to a more disorganized type of AF. However, we believe that achieving similar 
electrophysiological effects at both the epicardium and endocardium is a prerequi-
site for efficacious epicardial pharmacotherapy of AF. This notion is supported by 
the results of the present study, which suggests efficacy of epicardial amiodarone 
delivery in a model of sustained AF. 

Limitations 

An important consideration is whether results of these experiments can be extrapo-
lated to the clinical setting, since the atrial structure and electrophysiology of pa-
tients with cardiovascular disease differs from electrically remodeled atria of oth-
erwise-healthy goats. For example, in conscious goats that had no previous atrial 
disease and were submitted to electrically induced AF, the atrial refractory period-
rate adaptation curve inverted, whereas in human atria inversion of the refractory 
period-cycle length curves were not observed.27 This may be explained by the fact 
that goats have a less steep increase in the refractory period toward long cycle 
lengths compared with other animals and patients. 
 A second limitation is that after epicardial application of hydrogel, reduced 
electrogram signal quality was observed, which hampered analysis of AF-mapping 
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data. Whether the decrease in signal quality was a direct result of the hydrogel it-
self, or whether the reduced quality was caused by atrial tissue damage due to other 
experimental factors, is unclear. In addition, epicardial AERP measurements with 
the mapping tool were hindered after hydrogel application, rendering analysis of 
site-specific transmural dispersion of refractoriness nearly impossible. Future stud-
ies may circumvent this problem by epicardial application of amiodarone-eluting 
patches, which can be removed from the atria temporarily to allow higher electro-
gram quality.17 
 Finally, due to the small group size in this pilot study, statistical differences 
between groups could not be calculated. Larger studies are required to confirm 
results of the present study. 

Conclusions 

Epicardial delivery of amiodarone via application of a hydrogel release system pro-
duces an increase in AERP, while decreasing atrial conduction velocities, both at the 
atrial epicardium and endocardium. In contrast to previous studies that did not 
demonstrate efficacy of local antiarrhythmic pharmacotherapy in models of sus-
tained AF, results of the present work suggest that epicardial amiodarone admini-
stration may reduce AF stability. It remains to be determined whether effects of 
epicardially delivered amiodarone on atrial transmural electrophysiology are 
unique among other antiarrhythmic drugs. 
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CHAPTER 7  
General Discussion 
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INTRODUCTION 

Atrial fibrillation (AF) is an important clinical entity because of its high incidence, 
and its association with increased morbidity and mortality.1 The same holds true for 
AF occurring in the postoperative period of cardiac surgery.2 Although promising 
nonpharmacological therapies, particularly ablation procedures, have been devel-
oped, pharmacotherapy still remains the cornerstone of AF treatment. Pharmaco-
therapeutic management principles involve prevention of thromboembolism, and 
either a rate or rhythm control strategy.3 The choice between the latter two strate-
gies has been the subject of extensive debate, which is in part due to the moderate 
effectiveness and proarrhythmic characteristics of contemporarily available drugs 
for rhythm control. Several new antiarrhythmic agents are currently evaluated in 
clinical studies, including compounds with multi-ion-channel-blocking properties, 
and compounds that selectively block atrium-specific currents.4 At the present time, 
the most frequently applied drug worldwide for maintaining sinus rhythm in pa-
tients with AF, is amiodarone; a highly lipophilic, multi-ion-channel-blocker.5 In 
comparison to other contemporary clinically-used antiarrhythmic agents, it com-
bines high effectiveness with a low risk of torsades de pointes. However, major 
drawbacks of amiodarone involve its multiple systemic side effects, including thy-
roid, pulmonary, hepatic and dermatologic toxicity, as well as its complex and in-
convenient pharmacokinetic profile (including slow and quite extensive tissue ac-
cumulation and very long half-life). 
 In order to improve the effectiveness of drugs and minimize their systemic tox-
icity, an alternative approach to development of new therapeutic agents may be 
adopted, namely local drug delivery. The heart is surrounded by the pericardial 
cavity, which is ideally suited for local cardiac pharmacotherapy, because it pro-
vides a natural drug reservoir and space for epicardial application of drug delivery 
systems. In the last decade, minimally-invasive techniques to access the non-
effusive pericardial cavity have been optimized.6 Whereas, historically, intraperi-
cardial (IPC) drug delivery has been used primarily for treatment of pericarditis, 
present advances in the field of pericardial access and drug delivery systems hold 
out the prospect of treating arrhythmias, coronary artery disease and myocardial 
disease.  
 A number of studies have investigated IPC delivery of antiarrhythmic agents, 
including lidocaine, digoxin, amiodarone, beta blockers, procainamide, ibutilide, 
sotalol, and flecainide.7-15 Pharmacokinetic advantages and significant effects on 
atrial electrophysiological parameters were invariably demonstrated. However, IPC 
delivery of ibutilide, sotalol, and flecainide did not result in higher AF conversion 
rates compared to controls in animal models of persistent AF.13,15 This was hypothe-
sized to be partly due to the attenuated effects of class III antiarrhythmic agents in 
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chronically remodeled atria, and also to possibly insufficient drug loading of the 
endocardial areas.15 Indeed, steep transmural myocardial concentrations of both 
sotalol and flecainide were observed in atria and ventricles. In addition, instillation 
of flecainide in the pericardial cavity produced marked ST-elevations.15 This sug-
gests that IPC drug delivery of antiarrhythmic drugs, via resultant transmural con-
centration gradients, may promote electrophysiological dispersion between epicar-
dial and endocardial layers, which in itself might be proarrhythmic. 
 The first objective of the present thesis was to investigate electrophysiological 
effects during epicardial amiodarone therapy. The hypothesis tested was that 
epicardial delivery of this highly lipophilic, multi-ion-channel-blocker would at-
tenuate inducibility of atrial arrhythmias, despite the presence of a transmural con-
centration gradient. Second, the current thesis explored three approaches for 
epicardial amiodarone delivery, namely IPC-infused amiodarone solutions, epicar-
dially sprayed in-situ produced hydrogels, and epicardially sutured bilayered 
patches. The latter two drug delivery systems are composed of synthetic biodegrad-
able polymers. It was evaluated whether these locally-applied biomaterials would 
enable long-term, atrium-specific amiodarone release, while maintaining low sys-
temic drug levels. 

MAIN FINDINGS 

Short-Term Intrapericardial Amiodarone Delivery 

To accurately study amiodarone distribution after IPC delivery, a novel method was 
developed for determination of amiodarone concentrations in plasma, pericardial 
fluid, and tissue samples (see Chapter 2). This technique required only small sam-
ple-quantities, and showed linear curves in a wide range of amiodarone concentra-
tions, which enabled measurement of the transmural concentration gradients that 
are typical for epicardial drug delivery. In addition, this method was optimized for 
detection of dronedarone, a noniodinated benzofuran derivative envisioned as a 
safer alternative to amiodarone.16 
 A previous study reported that IPC-delivered amiodarone migrates transmu-
rally and suppresses electrically-induced AF.8 However, only mean atrial drug con-
centrations and only epicardial electrophysiological effects were measured. More 
recent work showed steep transmural drug concentrations in atria after IPC admini-
stration of sotalol, while AF conversion rates were not different to IV infusion.15 
Therefore, a series of acute experiments was performed in which atrial transmural 
drug distribution and electrophysiological effects of IPC amiodarone were com-
pared with IPC sotalol (see Chapter 3). Remarkably, despite distinct differences in 
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the physicochemical properties of both drugs in terms of molecular weight, hydro-
philicity and electrical charge, IPC delivery produced similar drug distribution 
patterns across both atrial walls. Regarding atrial transmural electrophysiology, 
however, IPC amiodarone and sotalol exerted dissimilar effects. In contrast with 
sotalol, instillation of amiodarone into the pericardial cavity produced a relatively 
small increase in epicardial atrial effective refractory period, while inducibility of 
atrial arrhythmias was significantly reduced, independent of the site of burst-pacing 
(endocardially and epicardially). One possible explanation for these findings could 
be that maximal electrophysiological effects of acute amiodarone may already be 
achieved at relatively low myocardial concentrations. Another contributing factor 
for the inconsistent relationship between transmural amiodarone concentrations 
and effects on epicardial and endocardial electrophysiology might be transmural 
heterogeneity in ionic currents, which has been demonstrated to exist also in the 
thin atria.17-20 

Long-Term Epicardial Amiodarone Delivery 

While IPC infusion of amiodarone solutions was only used to evaluate short-term 
effects of epicardial delivery, the feasibility of chronic local amiodarone therapy was 
investigated by means of epicardial application of synthetic biodegradable poly-
mers. In a first series of experiments in goats, an in-situ produced poly(ethylene 
glycol)-based hydrogel was loaded with amiodarone (see Chapter 4). This two-
component tissue sealant, which is proven effective in prevention of pericardial 
adhesions after cardiac surgery,21,22 was sprayed onto the atrial epicardium. The 
right atrium was chosen as delivery site, in order to determine the negative chrono-
tropic effects of local amiodarone application near the sinoatrial node. Subsequent 
concentration measurements showed therapeutic amiodarone levels in the right 
atrial epicardium up to several weeks after hydrogel application, whereas ventricu-
lar and extracardiac amiodarone tissue concentrations remained 1-2 orders of mag-
nitude lower. However, epicardial concentrations amiodarone in the left atrium and 
ventricles were both higher than endocardial levels in the right atrium. This is most 
likely explained by a relatively faster epicardial (longitudinal) than transmural 
(transversal) distribution, because the former is facilitated by simultaneous drug 
uptake and release via the pericardial fluid.11 
 In a second series of experiments, bilayered patches with a poly(ethylene gly-
col)–based drug-loaded matrix and poly(lactide-co-caprolactone)-based backing 
layer were sutured to the right atrial epicardium (see Chapter 5). The rationale of 
this approach, is that the backing layer minimizes drug leakage to the pericardial 
fluid. This reduces distribution to the ventricular epicardium and the parietal peri-
cardium, and, therefore, diminishes redistribution to extracardiac tissues. Indeed, in 
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contrast to hydrogel application, bilayered patches produced very high amiodarone 
concentrations in the right atrium compared with other heart chambers, both in the 
epicardial and endocardial layers. Ventricular and extracardiac amiodarone levels 
were 2-4 orders of magnitude lower throughout the follow-up period. Hydrogel 
and patch matrices yielded monoexponentially decreasing amiodarone concentra-
tions, which was probably both diffusion and degradation mediated, because 
poly(ethylene glycol)–based polymers with thioester bonds degrade within several 
weeks.21 However, the rate of decline in right atrial drug levels was less after patch 
application, possibly due to shielding of the drug-loaded matrix by the poly(lactide-
co-caprolactone)-based backing layer. The latter copolymer degrades much slower, 
on the order of 6 to 12 months.23 
 Regarding electrophysiological effects of chronic epicardial amiodarone deliv-
ery, both hydrogel and patches produced increases in right epicardial AERPs and 
conduction times. In addition, the inducibility of atrial arrhythmia was suppressed 
in comparison with control groups. These effects lasted for three weeks in the hy-
drogel-treated animals, while amiodarone-loaded patches still exerted significant 
effects at the end of the experimental four-week period. Interestingly, AERPs were 
maximally prolonged in the first days after application, whereas conduction times 
further increased during chronic amiodarone delivery. The latter may be explained 
by treatment duration-dependent changes in amiodarone’s ionic current blocking 
profile and by postoperative factors that affected conduction time.24 In the control 
groups, atrial vulnerability to tachyarrhythmias showed a peak on days 2 and 3 
after thoracotomy, which coincides with the peak incidence of clinical postoperative 
AF.25 Because epicardial application of amiodarone-eluting polymers reduced peak 
occurence in both series of experiments, the effectivess of this approach in prevent-
ing postoperative AF is anticipated. 

The Effectiveness of Epicardial Amiodarone in Remodeled Atria 

To elucidate transmural electrophysiological effects of epicardial amiodarone deliv-
ery in remodeled atria, a novel high-density mapping tool was employed in a goat-
model of persistent AF (see Chapter 6). In contrast to previous studies that investi-
gated AF conversion rates after IPC-delivered ibutilide, flecainide and sotalol,13,15 
initial results of the present work suggest local amiodarone administration to be 
effective. Unfortunately, epicardial hydrogel application reduced electrogram signal 
quality, which hampered analyses of the AF-mapping data. In addition, the hy-
drogel hindered epicardial AERP measurements with the mapping tool, rendering 
analysis of site-specific transmural dispersion of refractoriness nearly impossible. 
Data acquired during sinus rhythm, and during 400ms and 250ms interval-pacing 
showed prolongation of both epicardial and endocardial AERPs and conduction 
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times. However, the number of experiments, in which sufficient data could be col-
lected, was too small to draw statistically significant conclusions. Therefore, further 
research is needed to assess effectiveness of epicardial amiodarone in remodeled 
atria. 

CRITICAL REFLECTION 

The present thesis explored epicardial delivery of amiodarone in pre-clinical studies 
performed in goats. An important consideration is whether results of these experi-
ments can be extrapolated to the clinical setting, since animal models never exactly 
replicate the clinical condition. Although they allow full access to tissues, highly 
invasive measurements and carefully controlled conditions, any animal model is an 
exploration of a mechanistic hypothesis that may or may not be applicable to hu-
man disease.26 
 The atrial structure and electrophysiology of patients with cardiovascular dis-
ease differs from the atrium of healthy goats. For example, in conscious goats that 
had no previous atrial disease and were submitted to electrically induced AF, the 
atrial refractory period-rate adaptation curve inverted, whereas in human atria 
inversion of the refractory period-cycle length curves were not observed.27 This may 
be explained by the fact that goats have a less steep increase in the refractory period 
toward long cycle lengths compared with other animals and patients.27 Further-
more, in clinical studies the pathological substrate of AF is affected by several fac-
tors, including underlying cardiac disease, comorbidity and concomitant drug ther-
apy. 
 In the experiments presented in the current thesis, IPC amiodarone infusion and 
chronic local administration were performed in non-remodeled atria. Therefore, 
duration of pacing-induced arrhythmias was short, generally lasting several sec-
onds, and sustained episodes of AF did not occur. Additional studies in representa-
tive animal models are required to evaluate the effectiveness of long-term local 
amiodarone delivery in the treatment of chronic AF. In this regard, the study de-
scribed in Chapter 6 forms a prelude to further research on effectiveness of epicar-
dial amiodarone in patients with chronic AF. 
 The present work does not provide a definite answer to the question as to what 
extent atrial and ventricular transmural electrophysiology are affected by epicardial 
delivery of amiodarone. This is because the most thorough method currently avail-
able, namely simultaneous high-density mapping of the epicardial and endocardial 
atrial surfaces, proved to be hampered by the drug-releasing polymer layers. The 
quadripolar catheters and patch electrodes, used in the IPC and chronic amiodarone 
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delivery experiments, were not well suited for true site-specific simultaneous 
epicardial and endocardial recordings. 
 Another point of attention concerns safety of epicardial amiodarone delivery. 
Current studies did not specifically assess ventricular proarrhythmia, for example 
by measuring ventricular fibrillation thresholds. Also, histologic analysis was omit-
ted in favor of using the atrial tissue for drug concentration measurements. Al-
though no macroscopic adverse effects of chronic epicardial delivery were ob-
served, local application of amiodarone and (degradation of) biomaterials might 
produce toxic effects, such as necrosis or inflammation. 

FUTURE DIRECTIONS 

Epicardial drug delivery has shown higher deposition and retention of therapeutic 
compounds than either intravenous, intracoronary, or intramyocardial delivery.28-30 
In addition, epicardial drug delivery systems may serve as scaffolds for tissue engi-
neering, as barriers for prevention of pericardial adhesions, or as coatings for pacing 
electrodes.22,30-33 In combination with recent advances in pericardial access tech-
niques,6,34  this approach may become of increasing importance in the treatment of 
cardiac disease. Some of the numerous therapeutic applications of epicardial drug 
delivery have been described in previous sections of this thesis (see Chapter 1). The 
remainder of this section focuses on future perspectives of epicardial pharmaco-
therapy of atrial arrhythmias. 

Choice of Antiarrhythmic Agent 

The available evidence argues against epicardial delivery of pure class I and III 
antiarrhyhmic drugs, such as flecainide and ibutilide, for the treatment of atrial 
arrhythmias, because the resultant transmural concentration gradients may pro-
mote their proarrhythmic effect.15 Local administration of novel atrium-specific 
channel-blockers would likely abolish the risk of torsades des pointes.35 However, 
theoretically, atrial transmural concentrations gradients of these agents might in-
crease inducibility of atrial arrhythmias. Myocardial gradients of multi-ion channel-
blockers, such as amiodarone, could result in less electrophysiological heterogene-
ity, although further studies are required to support this hypothesis. Promising new 
compounds with mult-ion channel-blocking properties include dronedarone, budi-
odarone, celivarone, vernakalant, and ranolazine.4 Interestingly, very recent data 
suggest that IPC-delivered ranolazine exhibits striking atrial antiarrhythmic actions 
with mild protective effects on ventricular fibrillation inducibility.36 Because the 
combination of ranolazine and chronic amiodarone produces potent synergistic 
antiarrhythmic effects, this might be a favourable duo for IPC administration.37  
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Another approach to circumvent epicardial delivery-induced electrophysiological 
dispersion, is to apply non-channel-blocking agents. Especially upstream therapies, 
which are believed to reduce atrial structural remodeling, may offer a relatively safe 
alternative to classic antiarrhythmic drugs.38 These therapies include inhibitors of 
the renin-angiotensin-aldosterone system and antioxidative agents. For prevention 
of post-operative AF, epicardial steroid application is of particular interest, because 
inflammation plays a significant role in its pathophysiology.39 Finally, complete 
transmural atrial gene transfer has been recently introduced in the field of epicar-
dial delivery therapies.40 Ultimately, use of long-term expression vectors could cure 
or even prevent AF.41 

Advances in Drug Delivery Systems 

In contrast to chronic percutaneous IPC drug infusion, impantable (osmotic) 
minipumps and ionphoretic delivery systems, biodegradable drug delivery systems 
may pose less risk of infection, obstruction or mechanical failure. Biomaterials allow 
time-controlled delivery and stimulus-responsive release characteristics, such as 
thermosensitivity, inflammation-responsivess, and ultrasound-induced release.42,43 
Although polymers capable of arrhythmia-responsive drug delivery have not yet 
been reported, development of these biomaterials might enable efficient treatment 
of paroxysmal arrhythmias, requiring lower total drug doses. 
 Various formulations for epicardial drug delivery have been investigated, in-
cluding hydrogels, microspheres and patches. Each formulation has intrinsic advan-
tages and disadvantages. For example, hydrogels and microspheres can be easily 
injected into the pericardial cavity, but these formulations are likely less-suitable for 
atrium-specific drug delivery. Patches may allow a more localized release of drugs, 
but patch-adhesion is hampered by cardiac contractions. Improvement in patch-
adhesion characteristics is desired for further clinical application. 
 Although epicardial delivery of antiarrhythmic drugs to target the atrial myo-
cardium has been studied most frequently, the pulmonary veins and the cardiac 
nervous system, considering their important role in atrial arrhythmogenesis,44,45 are 
interesting alternative targets for local pharmacotherapy. However, the anatomy of 
these tissues requires development of tailored drug release systems, because of the 
delicate structure of the pulmonary veins, and the complex localization of the car-
diac ganglia. 
 Perhaps the most extensive clinical experience with epicardial pharmacotherapy 
has been obtained with steroid-eluting pacing leads.33 These composite biomaterials 
are primarily used to reduce local inflammation and stimulation thresholds. In ad-
dition, electrode coatings might be loaded with antiarrhythmic drugs, non-channel-
blocking agents (upstream therapy), or gene vectors to employ pacing leads for 
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local antiarrhythmic pharmacotherapy.46 In the postoperative setting, biodegradable 
matrices may be used to fix temporary epicardial pacing leads to the epicardium or 
to achieve low-energy internal cardioversion.47,48 Further studies are needed to in-
vestigate the clinical efficacy and safety of these devices. 

CONCLUSIONS 

Pharmacotherapy of cardiac disease is often accompagnied by systemic side effects. 
This also holds true for antiarrhythmic treatment of atrial fibrillation, the most 
common cardiac arrhythmia requiring medical attention. The present thesis demon-
strates that local cardiac pharmacotherapy via intrapericardial and epicardial deliv-
ery of amiodarone may improve its effectiveness and minimize its systemic toxicity. 
Epicardial application of synthetic biodegradable polymers might enable long-term, 
atrium-specific amiodarone release. An obvious initial clinical application of epicar-
dial amiodarone delivery systems would be prevention of postoperative atrial fibril-
lation. Further improvements in percutaneous pericardial access methods and drug 
delivery systems could allow epicardial pharmacotherapy of chronic cardiac dis-
ease. 
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Atrial fibrillation is an important clinical entity because of its high incidence, and its 
association with increased morbidity and mortality. Although promising nonphar-
macological therapies, particularly ablation procedures, have been developed, 
pharmacotherapy still remains the cornerstone of AF treatment. However, currently 
available antiarrhythmic drugs are only moderately effective and all carry risks of 
serious side effects, most notably ventricular arrhythmias. 
 Amiodarone, a highly lipophilic multi-ion channel-blocking antiarrhythmic 
compound, is the most frequently used agent worldwide for maintaining sinus 
rhythm in patients with AF. It displays superior efficacy combined with a low po-
tential for causing torsades de pointes. Unfortunately, amiodarone therapy is also 
associated with numerous systemic side effects, including thyroid, pulmonary, he-
patic and dermatologic toxicity. 
 In order to improve drug efficacy and minimize systemic toxicity, an alternative 
approach to development of new therapeutic agents may be adopted, namely local 
drug delivery. The heart is surrounded by the pericardial cavity, which is ideally 
suited for local cardiac pharmacotherapy, because it provides a natural drug reser-
voir and space for epicardial application of drug delivery systems. The present the-
sis explores electrophysiological effects and drug distribution during intrapericar-
dial and epicardial delivery of amiodarone. 
 Chapter 1 reviews electrophysiological mechanisms and clinical aspects of atrial 
fibrillation and postoperative atrial fibrillation. A second section of this chapter 
focuses on pharmacokinetics and electrophysiological effects of amiodarone. The 
chapter ends with a review on intrapericardial and epicardial drug delivery. 
 Chapter 2 describes a novel method for the determination of amiodarone and 
dronedarone, and their principal metabolites in plasma and myocardium by high-
performance liquid chromatography and UV-detection. Dronedarone, a noniodi-
nated benzofuran derivative of amiodarone, has recently been regulatory approved 
for maintenance of sinus rhythm in patients with atrial fibrillation. Plasma and 
myocardial sample preparation included deproteinization with acetonitrile and 
extraction with a mixture of heptane and dichloromethane, followed by chroma-
tographic separation on a polymeric C18 column. The proposed HPLC-UV method 
was validated with respect to linearity, accuracy, precision, recovery, limit of detec-
tion and lower limit of quantification. 
 Chapter 3 compares atrial transmural drug distribution and electrophysiologi-
cal effects during intrapericardial and intravenous delivery of amiodarone and sota-
lol in goats. Despite distinct differences in physicochemical properties of both drugs 
in terms of molecular weight, hydrophilicity and electrical charge, intrapericardial 
delivery produced similar distributions across both atrial walls. Regarding atrial 
transmural electrophysiology, however, intrapericardial amiodarone and sotalol 
exerted dissimilar effects. In contrast with sotalol, instillation of amiodarone into the 
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pericardial cavity produced a relatively small increase in epicardial atrial effective 
refractory period, while inducibility of atrial arrhythmias was significantly reduced, 
independent of the site of burst-pacing (endocardially and epicardially). Plasma 
drug concentrations were significantly lower during intrapericardial delivery com-
pared with intravenous infusion. 
 Chapter 4 explores feasibility of prolonged and localized epicardial amiodar-
one-release via an in-situ forming biodegradable poly(ethylene glycol)-based hy-
drogel, that is already used for prevention of pericardial adhesions after cardiac 
surgery. In experiments with goats the two-component polymer system was 
sprayed onto the epicardial surface of the right atrium. Subsequent concentration 
measurements showed therapeutic amiodarone levels in the right atrial epicardium 
up to several weeks after hydrogel application, whereas ventricular and extracar-
diac amiodarone tissue concentrations remained 1-2 orders of magnitude lower. 
However, epicardial concentrations amiodarone in the left atrium and ventricles 
were both higher than endocardial levels in the right atrium, probably due to rela-
tively faster epicardial than transmural distribution, facilitated by simultaneous 
drug uptake and release via the pericardial fluid. 
 Chapter 5 addresses the question whether more atrium-specific drug delivery 
could be achieved through application of bilayered patches with a poly(ethylene 
glycol)-based drug-loaded matrix and poly(lactide-co-caprolactone)-based backing 
layer. The rationale of this approach, is that the backing layer minimizes drug leak-
age to the pericardial fluid. Bilayered patches produced very high amiodarone con-
centrations in the right atrium, whereas ventricular and extracardiac amiodarone 
levels were 2-4 orders of magnitude lower throughout the follow-up period. 
 Both hydrogel and patches produced increases in right epicardial atrial effective 
refractory periods and conduction times. In addition, inducibility of atrial arrhyth-
mia was suppressed in comparison with control groups. These effects lasted for 
three weeks in the hydrogel-treated animals, while amiodarone-loaded patches still 
exerted significant effects at the end of the experimental four-week period. 
 Chapter 6 focuses on epicardial delivery of amiodarone in a goat-model of 
burst-pacing-induced persistent atrial fibrillation. A novel mapping tool was em-
ployed for simultaneous epicardial and endocardial high-density mapping in order 
to evaluate the effects of transmural myocardial amiodarone gradients on electro-
physiological parameters. Initial results suggest efficacy of local amiodarone ad-
ministration, but epicardial hydrogel application hindered epicardial refractoriness 
measurements and signal quality during atrial fibrillation. Further research is 
needed to elucidate electrophysiological effects of epicardial amiodarone in remod-
eled atria. 
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Chapter 7 discusses the main findings of this thesis, integrates these into a broader 
scientific perspective, and touches upon possible implications for future research 
and clinical management. 

Conclusions 

The present thesis demonstrates that local cardiac pharmacotherapy through in-
trapericardial and epicardial delivery of amiodarone may improve efficacy and 
minimize systemic toxicity. Epicardial application of synthetic biodegradable poly-
mers might enable long-term, atrium-specific amiodarone release. These drug de-
livery systems could be used clinically to prevent postoperative atrial fibrillation. 
Further refinement of access methods and release systems may allow epicardial 
pharmacotherapy of chronic cardiac disease. 
 



 137

SAMENVATTING 

 



 SAMENVATTING 138 

Atriumfibrilleren is een belangrijke medische aandoening omdat het een hoge inci-
dentie heeft en gepaard gaat met een hogere morbiditeit en mortaliteit. Hoewel er 
reeds veelbelovende niet-farmacologische therapieën (in het bijzonder de ablatie 
procedures) ontwikkeld zijn, vormt farmacotherapie nog steeds de hoeksteen van 
de behandeling van atriumfibrilleren. 
 Amiodaron, een zeer lipofiele stof die meerdere ionkanalen blokkeert, is we-
reldwijd het meest gebruikte geneesmiddel om sinusritme te bevorderen in patiën-
ten met atriumfibrilleren. Deze stof combineert een superieure effectiviteit met een 
laag risico op ventriculaire bijwerkingen (torsades de pointes). Jammergenoeg gaat 
behandeling met amiodaron gepaard met een breed scala aan systemische bijwer-
kingen, zoals schildklier-, long-, lever- en huidtoxiciteit. 
 Om de effectiviteit te verbeteren en om systemische toxiciteit te minimaliseren, 
kan voor een andere benadering gekozen worden, namelijk lokale toediening van 
geneesmiddelen. Het hart wordt omgeven door de pericardiale holte, die zeer ge-
schikt is voor lokale cardiale toediening van geneesmiddelen, omdat deze een na-
tuurlijk reservoir vormt en ruimte biedt voor epicardiale aanbrenging van genees-
middelen toedieningssystemen. Dit proefschrift onderzoekt de elektrofysiologische 
effecten en medicijndistributie tijdens intrapericardiale en epicardiale toediening 
van amiodaron.  
 Hoofdstuk 1 biedt een literatuuroverzicht van elektrofysiologische mechanis-
men en klinische aspecten van atriumfibrilleren en postoperatief atriumfibrilleren. 
Een tweede sectie van dit hoofdstuk richt zich op de farmacokinetiek en elektrofysi-
ologische effecten van amiodaron. Het hoofdstuk eindigt met een literatuurover-
zicht over intrapericardiale en epicardiale toediening van geneesmiddelen. 
 Hoofdstuk 2 beschrijft een nieuwe methode om concentraties van amiodaron, 
dronedaron en hun voornaamste metabolieten te bepalen in plasma en myocard-
weefsel met behulp van vloeistofchromatografie en UV-detectie. Dronedaron, een 
niet-gejodeerd benzofuraan derivaat van amiodaron, is recent geregistreerd voor 
behoud van sinusritme in patienten met boezemfibrilleren. Plasma- en myocard-
monsters werden eerst bewerkt door middel van proteolyse met acetonitril en ex-
tractie met een mengsel van heptaan en dichloormethaan, gevolgd door chromato-
grafische scheiding op een polymere C18 kolom. De methode werd gevalideerd met 
betrekking tot lineariteit, accuratesse, precisie, recuperatie, detectielimiet en mini-
male kwantificatielimiet. 
 Hoofdstuk 3 vergelijkt atriale transmurale medicijndistributie en elektrofysiolo-
gische effecten tijdens intrapericardiale en intraveneuze toediening van amiodaron 
en sotalol in geiten. Ondanks uitgesproken verschillen in fysicochemische eigen-
schappen van beide medicijnen, onder andere in molecuulmassa, hydrofiliciteit, en 
elektrische lading, resulteerde intrapericardiale toediening in gelijkaardige dis-
tributie over beide atriumwanden. Wat betreft atriale transmurale elektrofysiologie, 
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veroorzaakten intrapericardiaal amiodaron en sotalol ongelijke effecten. In tegen-
stelling tot sotalol, produceerde infusie van amiodaronoplossingen in de pericard-
holte een relatief kleine toename van de atriale effectieve refractaire periode, terwijl 
de induceerbaarheid van atriale aritmieën significant afnam, onafhankelijk van de 
locatie van burst-pacing (endocardiaal of epicardiaal). Plasma medicijnconcentraties 
waren significant lager tijdens intrapericardiale toediening vergeleken met intrave-
neuze infusie. 
 Hoofdstuk 4 onderzoekt de haalbaarheid van verlengde en gelokaliseerde epi-
cardiale amiodaron-vrijzetting via een in-situ vormende, biodegradabele, op poly-
ethyleenglycol-gebaseerde hydrogel, die reeds gebruikt wordt ter preventie van 
postoperatieve pericardiale adhesies. Tijdens experimenten met geiten werd het 
twee-componenten, polymere geneesmiddelen toedieningssysteem op het epicardi-
ale oppervlak van rechter atria gespoten. Daaropvolgende concentratiebepalingen 
toonden therapeutische amiodaronspiegels in het epicard van het rechter atrium 
gedurende enkele weken na aanbrenging van de hydrogel, terwijl ventriculaire en 
extracardiale amiodaron weefselconcentraties één tot twee ordes van grootte lager 
bleven. Desondanks waren epicardiale amiodaronconcentraties in het linker atrium 
en de ventrikels hoger dan endocardiale concentraties in het rechter atrium, waar-
schijnlijk ten gevolge van snellere epicardiale dan transmurale distributie, bespoe-
digd door gelijktijdige medicijnopname en -afgifte via de pericardvloeistof. 
 Hoofdstuk 5 richt zich op de vraag of aanbrenging van twee-lagige patches (met 
een op polyethyleenglycol-gebaseerde medicijnbevattende matrix en een op po-
lylactide-co-caprolacton-gebaseerde afdeklaag) een meer atriumspecifieke toedie-
ning van geneesmiddelen kunnen bewerkstelligen. De rationale van deze benade-
ring is dat de afdeklaag medicijnlekkage naar de pericardvloeistof minimaliseert. 
Twee-lagige patches brachten zeer hoge amiodaronconcentraties teweeg in het rech-
ter atrium, terwijl ventriculaire en extracardiale concentraties 2-4 ordes van grootte 
lager waren gedurende de follow-up periode. 
 Zowel de hydrogels als de patches veroorzaakten een toename van rechter epi-
cardiale atriale effectieve periodes en geleidingstijden. Daarnaast was de induceer-
baarheid van atriale aritmieën onderdrukt vergeleken met de controlegroepen. Deze 
effecten hielden tot 3 weken aan in de dieren die behandeld werden met hydrogel, 
terwijl amiodaron-geladen patches nog steeds significante effecten teweeg brachten 
op het einde van de vier weken-durende experimentele periode. 
 Hoofdstuk 6 bestudeert epicardiale toediening van amiodaron in een geitenmo-
del van burst-pacing-geinduceerd persistent atriumfibrilleren. Een nieuw instru-
ment werd gebruikt om gelijktijdige epicardiale en endocardiale electrofysiologi-
sche metingen te verrichten om op deze manier de effecten te evalueren van trans-
murale myocardiale amiodarongradiënten op de atriale electrofysiologie. De initiële 
resultaten suggereren dat lokale amiodarontoediening effectief is. De aanbrenging 
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van de hydrogel verstoorde echter metingen van de epicardiale refractaire periodes 
en verminderde de signaalkwaliteit. Er is aanvullend onderzoek nodig om de elek-
trofysiologische effecten van epicardiale amiodarontoediening op geremodeleerde 
atria op te helderen. 
 Hoofdstuk 7 bespreekt de belangrijkste bevindingen van dit proefschrift, inte-
greert deze in een breder wetenschappelijk kader, en stipt mogelijke implicaties 
voor toekomstig onderzoek en klinisch beleid aan. 

Conclusies 

Dit proefschrift toont aan dat lokale cardiale farmacotherapie door middel van in-
trapericardiale en epicardiale toediening van amiodaron de effectiviteit van dit 
geneesmiddel kan verbeteren en de systemische bijwerkingen kan verminderen. 
Epicardiale aanbrenging van synthetische, biodegradable polymeren kan langduri-
ge, atrium-specifieke amiodaronafgifte bewerkstelligen. Deze geneesmiddelen toe-
dieningssystemen zouden in de klinische setting toegepast kunnen worden ter pre-
ventie van postoperatief atriumfibrilleren. Verdere verbetering van toegangsmetho-
den en geneesmiddelen toedieningssystemen zou het mogelijk moeten maken om 
chronische hartziekten te behandelen door middel van epicardiale farmacotherapie. 
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Licht aan het eind van de tunnel; het schrijven van dit laatste deel van mijn proef-
schrift luidt tevens het einde in van een periode waarin veel moest wijken voor de 
totstandkoming ervan. Daarom wil ik niet alleen diegenen bedanken die aan dit 
proefschrift bijgedragen hebben, maar ook iedereen die begrip toonde voor mijn 
tekortkomingen in aandacht en tijd. Een aantal personen zou ik graag in het bijzon-
der willen noemen en roemen. 
 
In de eerste plaats bedank ik mijn promotor prof. dr. J.G. Maessen. Beste Jos, al van-
af het begin bood jij me de kans om zelf experimenten op te zetten en nieuwe ideeën 
te ontwikkelen. Ik heb die grote mate van vrijheid en vertrouwen ontzettend weten 
te waarderen. En wanneer ik af en toe toch tegen een probleem aanliep, kon ik 
steeds bij jou terecht, ondanks de drukte van je functie als afdelingshoofd. Je brede 
visie en vermogen om multidisciplinair onderzoek te bevorderen, zijn goed van pas 
gekomen. 
 
Een tweede onmisbare factor voor de totstandkoming van dit proefschrift is mijn 
copromotor dr. J.J.R. Hermans. Beste Rob, jij leerde mij de farmacologische princi-
pes van intrapericardiale toediening van geneesmiddelen, jij leerde mij het ontwik-
kelen van een methode om amiodaronconcentraties te bepalen, en jij leerde mij het 
schrijven van een wetenschappelijk manuscript. Ik heb groot respect voor je kennis, 
je rationeel denkvermogen en je toegankelijkheid. Maar bovenal heb ik genoten van 
onze prettige samenwerking.  
 
Veel dank ben ik ook verschuldigd aan dr. F.H. van der Veen. Beste Erik, al die 
jaren was jij als constante factor betrokken bij elke fase van mijn onderzoek. Jij 
smeedde mij en mijn collega-promovendi samen tot een hecht team en bracht ons 
daarmee tot een hoger niveau. Daarnaast liet jij ons inzien dat promoveren meer 
inhoudt dan alleen maar met onderzoek bezig zijn, namelijk dat het ook een les in 
levenswijsheid betekent. 
 
Een belangrijke bijdrage aan dit proefschrift is geleverd door prof. dr. U. Schotten. 
Beste Uli, dankzij jou leerde ik kritisch te zijn met betrekking tot de interpretatie van 
onderzoeksresultaten. Jij stroomlijnde mijn ideeën over atriale transmurale electro-
fysiologische heterogeniteit. Bovendien stelde je mij in de gelegenheid om experi-
menten uit te voeren binnen het kader van je onderzoeksgroep. Ik heb veel waarde-
ring voor je professionaliteit en je kwaliteiten als onderzoeker. 
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Aan de leden van de beoordelingscommissie, prof. dr. F.W. Prinzen, prof. dr. 
H.J.G.M. Crijns, prof. dr. J.G.R. de Mey en prof. dr. A. zur Hausen, wil ik mijn dank 
betuigen voor het beoordelen van dit proefschrift. Ook bedank ik de overige leden 
van de promotiecommissie voor hun bereidheid mij te opponeren.  
 
Nard, we zijn tegelijkertijd aan het promotie-avontuur begonnen en merkten al 
meteen dat we op dezelfde golflengte zaten. Met niemand kon ik beter over de uit-
dagingen (en soms ook frustraties) rondom onderzoek praten, dan met jou. Bedankt 
voor de mooie momenten; ik denk vooral met veel plezier terug aan onze gezamen-
lijke reizen, waarbij we altijd een extra dimensie aan het begrip "congresbezoek" 
toevoegden. En het feit dat jij ook in opleiding bent tot cardioloog, belooft wat voor 
de toekomst! Antoine, kamergenoot van jou zijn, is een unieke ervaring die ik niet 
had willen missen. Als er één iemand is die altijd correct en behulpzaam naar zijn 
medemens is, dan ben jij het wel. En nog bedankt dat jij me telkens (al dan niet be-
wust) uitkoos als voorproever van je zelfgemaakte baksels; ik beschouwde het altijd 
als een groot voor(ge)recht! Kris, ik kan het me nog als de dag van gisteren herinne-
ren dat we als jonge promovendi begonnen aan het samenwerkingsproject met 
DSM en daarbij veel steun aan elkaar hadden. Ik vind het fantastisch dat je ervoor 
gekozen hebt om je loopbaan voort te zetten als medicus en ik kijk ernaar uit om 
binnenkort weer collega's te zijn! Loes, ik kan niet zeggen dat mijn (werk)relatie met 
jou zo goed was als die tussen jou en Nard, maar het kwam toch zeker in de buurt! 
Bedankt voor de leuke sfeer op de werkvloer en daarbuiten. 
 
Nog iemand aan wie ik veel dank verschuldigd ben, is Monique; met veel enthousi-
asme en geduld heb jij me geholpen bij mijn onderzoek. En dat geldt ook voor Theo; 
ik ben blij dat ik nog veel van je heb kunnen leren voordat je met pensioen ging. 
Daarnaast heb ik tijdens mijn beginperiode als promovendus hulp gekregen van 
meer ervaren promovendi; Thomas, Koen en Ryan bedankt! 
 
Beste Pol, Tim, Raoel, Stefan, Joyce, Anique, Guido en Marlous, tijdens jullie stage 
hebben jullie meegeholpen bij de experimenten en laboratoriumanalyses. Daarmee 
heeft ieder van jullie een steentje bijgedragen aan dit proefschrift en daar ben ik 
jullie dankbaar voor. 
 
Een woord van dank komt ook toe aan alle leden van de vakgroep Cardiothoracale 
chirurgie voor de hulp en ondersteuning bij mijn onderzoek. In het bijzonder Lyset-
te: bedankt voor de vlotte en efficiente manier waarop je me secretarieel bijgestaan 
hebt. 
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Dank aan het team van de vakgroep Fysiologie voor de behulpzaamheid in de afge-
lopen jaren. Sander, Jens, Bart, Dominik, Maura, Sunniva, Arne, Marion en Anniek, 
bij jullie gaan onderzoek en gastvrijheid hand in hand. 
 
Als wetenschappelijke vertegenwoordigers van DSM waren dr. A.A. Dias, dr. M.J. 
Boerakker en dr. P. Bruin nauw betrokken bij mijn onderzoek. Beste Aylvin, Mark 
en Peter, bedankt voor de prettige samenwerking en het beschikbaar stellen van 
materiaal voor de experimenten. 
 
Nog een persoon die ik graag zou willen bedanken, is prof. dr. L.H. Koole. Als pro-
jectleider Bioterials vanuit UM/AZM speelde u een belangrijke rol in het samenwer-
kingsproject met DSM waarvan mijn onderzoek deel uitmaakte. 
 
Kudos to my Israeli colleagues dr. G. Bolotin and Ziv Beckerman for carrying on the 
research on epicardial amiodarone delivery.  
 
Tevens bedank ik dr. W. Hinrichs van de Rijksuniversiteit Groningen, afdeling 
Farmacie, en ook Elise, Maurits en Tonnis Jan voor hun bijdrage aan dit onderzoek. 
 
Veel dank aan de vakgroep Farmacologie voor het beschikbaar stellen van laborato-
ria, apparatuur en de nuttige adviezen. In het bijzonder Ilona: wat heb jij me goed 
bijgestaan in het lab! 
 
Ook wil ik de afdeling CPV bedanken voor de goede zorgen en de oprechte betrok-
kenheid op zowel wetenschappelijk als humaan vlak. 
 
Op de afdeling Pathologie heb ik heel wat uren gespendeerd bij het vriesmicrotoom; 
dr.ir. J.P.M. Cleutjens en Anique Janssen bedank ik voor de ondersteuning. 
 
Ruimhartig was ook de ontvangst op de afdeling Cardiologie, waar ik met de oplei-
ding startte na het afronden van mijn onderzoek; ik wil al mijn nieuwe collega's 
bedanken voor de prettige samenwerking tot nu toe. 
 
Alle internisten en assistenten Interne dank ik van harte voor de leerzame en fijne 
tijd in Venlo. Sander en Loes, bedankt voor het aan huis afzetten, zodat ik net wat 
extra tijd won om dit proefschrift af te ronden. 
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Leuven zal ik voor altijd blijven associeren met de degelijke geneeskunde opleiding, 
maar ook met het bourgondische leven, mede dankzij mijn studievrienden Camiel, 
Mari, Geoffrey, Hester, Mark, Linda, Wessel, Kasper en Lieven. Een aantal van jullie 
is al (bijna) gepromoveerd, wat mij extra motiveerde om dit proefschrift af te ron-
den; bedankt voor het goede voorbeeld! 
 
Langdurige oprechte vriendschap is iets wat je moet koesteren; Peter, bedankt voor 
alle leuke momenten en goede gesprekken (op hoger en lager niveau...). 
 
Een proefschrift vormt de apotheose van jarenlang onderzoek en van een nog-
langer-durende opleiding. Maar de kiem wordt al van jongs af aan gelegd; pap en 
mam, bedankt hiervoor en ook voor jullie grenzeloze liefde en steun. Leonieke en 
Wouter, zo verschillend als onze beroepen zijn, zo gelijkgestemd zijn wij; dank voor 
jullie interesse. 
 
Soms is het nodig om een speciaal iemand op een bijzondere manier te bedanken. 
De eerste letters van elke alinea in dit dankwoord vormen daarom samen een bood-
schap voor die persoon. 
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