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1
EPIDEMIOLOGY OF CARDIOVASCULAR DISEASE

Cardiovascular disease remains an important cause of mortality and morbidity. In 
the Netherlands alone, 1 million patients suffer from cardiovascular disease (www.
hartstichting.nl). In addition, more than 4 million Europeans die of cardiovascular 
disease every year with many more hospitalized for cardiovascular problems (1). 
Together with substantial effects on mortality and impairment in quality of life, the 
economic burden of cardiovascular disease is immense and is estimated to be over 
€200 billion in Europe (1). In the United States, cardiovascular disease claims the 
life of an American every 40 seconds and burdens economy with more than $300 
billion annually (2). Finally, in countries in transition, including China and India, the 
incidence and prevalence of cardiovascular disease continues to rise, making it 
the predicted number one cause of death in 2020 worldwide (3). Consequently, 
and notwithstanding tremendous advances in cardiovascular care over the past 50 
years, a large proportion of the global population will succumb to cardiovascular 
disease in a direct or indirect way. These epidemiological observations clearly 
highlight the importance of optimizing current and developing novel treatment 
strategies to ameliorate the burden of cardiovascular disease.

ATHEROSCLEROSIS

In industrial countries, ischemic heart disease is a dominant contributor to the 
cardiovascular disease burden (4). A major cause of ischemic heart disease is 

walls and is characterized by regional accumulation of white blood cells, lipids and 

are termed atheromatous plaques. The disease is progressive but can remain 

which is the part of the atheromatous plaque in continuous contact with the blood 

CORONARY STENOSIS AND MYOCARDIAL ISCHEMIA 

When atheromatous plaques increase in size and the vasculature can no longer 

growth, the lumen of the artery-at-risk progressively narrows (6,7). Advanced 
narrowing with stable plaques increases resistance of the proximal coronary 

http://hartstichting.nl/
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vasodilation of the distal coronary microvasculature, a phenomenon termed 
autoregulation (12,13). However, when vasodilator reserve is exhausted, the 

This impaired perfusion of myocardial tissue results in a disbalance in regional 
supply to, and demand of oxygen and nutrients of the myocardium, i.e. ischemia, 
that results in angina pectoris (14). This relative disbalance between supply and 
demand of oxygen and nutrients initially occurs only during heavy exercise, when 
oxygen demand is high, but may ultimately also occur at mild levels of exercise, 
and initiate repetitive episodes of ischemia, resulting in myocardial stunning 
progressing towards hibernation, characterized by chronic contractile dysfunction, 
ultrastructural myocardial abnormalities, and ultimately left-ventricular remodeling 
(14-17). Conversely, repetitive ischemia is a strong stimulus for the development 
of collateral blood vessels that form an alternative route of myocardial blood supply 
and thereby act to (partially) restore myocardial perfusion (18,19). 

CORONARY STENOSIS, PLAQUE RUPTURE AND 
MYOCARDIAL INFARCTION 

When an atherosclerotic plaque ruptures or erodes and the resulting intraluminal 
thrombotic event abruptly progresses to an acute coronary occlusion, perfusion 
of the distal myocardium is suddenly interrupted (6,20). Cessation of the blood 
supply to the myocardium will almost instantaneously lead to disturbed contraction 
within the hypoperfused myocardium, and result in changes in left ventricular 
function, i.e. abnormalities in contraction and relaxation of the ventricle (14). In 
addition, changes in the electrical activity occur, which, depending on the location 
of the hypoperfused tissue, can be discernable as elevation of the ST-segment 
on the electrocardiogram and are often associated with potentially life-threatening 
ventricular arrhythmias (21). Damage of the hypoperfused cardiac muscle distal 
to the culprit lesion is initially reversible (stunning), but when ischemia persists 
beyond 20 min, irreversible loss of cardiac tissue occurs (necrosis) (16,17). This 
so-called acute myocardial infarction (AMI) is accompanied by leakage of proteins 

cardiomyocytes, that can be used as biomarkers to determine irreversible damage 
and estimate infarct size (22,23). 
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MYOCARDIAL INFARCTION, AREA AT RISK, INFARCT 
SIZE, NO-REFLOW AND MYOCARDIAL SALVAGE

The myocardial territory normally perfused by the occluded coronary artery is 
termed the “area at risk” (Figure 1A). The part of the area at risk that eventually 
succumbs to necrosis is termed the infarct area (Figure 1B). Infarct size is the infarct 

at risk is (partially) restored, either spontaneously or purposely using a coronary 

is associated with poor prognosis (25,26). Although the pathophysiology of the 

be the consequence of microvascular obstruction (27), microvascular hemorrhage 
(28), microvascular spasms (29), microvascular damage (30) and/or microvascular 
mechanical compression due to post-infarct edema (24). Theoretically, the potential 
infarct size approximates the full area at risk. The percentual difference between the 
actual infarct size and the potential infarct size is termed myocardial salvage (31) 

to increase myocardial salvage by further optimization of (mechanical) reperfusion 

A B C 

Figure 1.
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POST-INFARCT MYOCARDIAL REMODELING, 
DYSFUNCTION AND WOUND HEALING

Following myocardial infarction, a plethora of immunological processes, that aim to 
acutely stabilize the vulnerable wound, start immediately (32). This regional wound 
healing process is not completely understood but a large body of evidence shows 
that myocardial infarction activates the innate immunity (32,33). Thus, in the acute 
phase, necrotic tissue is replaced by granulation tissue with negligible regenerative 
potential (33), which consists of cells involved in extracellular matrix turnover such 

in the infarct region are generally associated with improved outcome after 

have been suggested as well (36). As a consequence, orchestrating intra-infarct 

angiogenesis is activated and leucocytes such as macrophages and neutrophils 
are involved in phagocytizing damaged tissue (38,39). This process may be 
regarded as a double edged sword as this early response may initially aggravate 
injury (i.e. neutrophil plugging) (40,41) while being essential for wound healing and 
scar stabilization by phagocytosis of cell debris and forming a rigid, non-contractile 
substitute for cardiac muscle (42). Thus, modulation of the delicate post-infarct 
immune response with e.g. pharmacotherapy or neurohumoral stimulation is an 
important novel treatment modality for AMI. 

When a substantial part of the heart and in particular the left ventricle is irreversibly 
damaged as a result of AMI, the heart undergoes extensive changes in geometry 
termed post-infarct remodeling, consisting of eccentric remodeling in particular of 
the surviving myocardium (Figure 2) (43,44). Although this process is intended 
to maintain stroke volume and hence cardiac output, it may ultimately precipitate 
progressive LV dilation and dysfunction and eventually lead to overt heart failure 
(45,46). Treatment modalities for heart failure are limited while the public health 
and economic burden increase (47). Especially since percutaneous coronary 
interventions have become the number one treatment for acute coronary 

AMI survived and will ultimately develop heart failure (48).

Traditionally, research has focused on targeting hypertrophic remodeling of the 
surviving myocardium to ultimately prevent heart failure, yielding inhibitors of the 
renin–angiotensin–aldosterone system and beta-adrenergic signaling as effective 
novel targets of post-AMI remodeling (49,50) However in the past 10 years 
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research efforts have shifted focus towards the healing processes within the infarct 
area as a potential therapeutic target.

LV 

A B C 

D E F 

Figure 2. 

CONVENTIONAL TREATMENT FOR ACUTE 
MYOCARDIAL INFARCTION AND REPERFUSION 
INJURY

To date, the single most effective treatment for AMI, remains early and successful 

coronary intervention (51). In addition, a broad spectrum of drugs and lifestyle 
changes are recommended in the treatment or prevention of AMI (52). However, 

”lethal reperfusion-injury” (53,54). The mechanisms underlying reperfusion-
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injury remain incompletely understood, but may include perturbations in calcium 

of microvascular impairment (58). Proof for the existence of lethal reperfusion 
injury stems from experimental studies showing that pharmacological (59,60) and 
mechanical (61,62) interventions administered during early reperfusion enhance 

myocardial salvage afforded by timely reperfusion, further salvage is attainable by 
modifying the reperfusion conditions. 

RECENTLY INTRODUCED TREATMENT STRATEGIES 
FOR ACUTE MYOCARDIAL INFARCTION

The 21st century may be regarded as the dawn of a new era as characterized by an 
increasing number of novel adjunctive approaches being tested for the treatment of 
acute myocardial infarction, alongside reperfusion therapy (63,64). Technological 

targets include, but are not limited to, reducing infarct size and the extend of no-

principles of wound healing and scar tissue formation all in order to favorably 
attenuate infarct remodeling and thereby global LV remodeling (Figure 3).

Novel pharmacological therapies for myocardial infarction

The largest pool of novel adjunctive therapies for treatment and salvage following 
myocardial infarction aim at the pharmacological modulation of infarct development 

 
A substantial number of pharmacological conditioning studies are under 
investigation, both in basic research and clinical translation (65,66). Important 
examples aiming to attenuate acute necrosis and/or reperfusion injury include 
adenosine (67), exenatide (68,69) and bendavia (58,70) and results are ambiguous 
yet encouraging (63). Adenosine therapy i.e., resulted in controversial results 
(71,72) but is subject to improvement and of continued interest (73). Moreover, 
peptide based drugs that target Wnt/Frizzled signaling gained increased interest 
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Figure 3.

Novel mechanical and device therapies for myocardial infarction

In addition to the pharmacological approach to treat myocardial infarction beyond 
conventional methodology, another approach exists. There are several adjunctive 
methods under investigation that all have a mechanical approach (76) or are device 

therefore ultimately, preventing or postponing heart failure. Currently, ischemic 
postconditioning, a method in which brief periods of ischemia are purposely 
administered immediately after reperfusion, is very promising (78), although 
contradictory evidence exists (79) which may be the result of differences in the 

(electro)mechanical or device therapies include, but are not limited to, pacing-induced 
dyssynchrony to attenuate infarct size (84,85). In addition, device driven neuro-
humoral stimulation such as electrically triggering the efferent vagal nerve are under 
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Cell Therapy for myocardial infarction

adjunctive therapies for acute myocardial infarction that focus on the administration 
of either autologous, allogeneic or even xenogeneic cells. Although it has 
subsequently fallen subject to skepticism (89) and concern (90), that study initiated 
mainstream interest in the use of stem cells to treat the infarcted myocardium. 
Purported mechanisms of action included trans-differentiation of introduced cells into 
functional, electrically coupled cardiomyocytes that replace and repopulate affected 

effects to limit early post-infarct damage and/or facilitate local angiogenesis (91). 
To date, results of stem cell studies have been only modestly successful (92,93). 
Stem cell studies for myocardial infarction appear to be successful predominantly 
in the controlled setting of animal experiments where (small) animals are relatively 
young and have healthy cells whereas patients in clinical trials often suffer from 
comorbidities such as diabetes, hypertension, obesity and smoking that impair 

still under study and remain to be optimized (95), including the optimal cell type 
(91) and timing (96) and route of cell administration (97). In all studies, retention of 
infused cells is consistently very low (98-100), which appears to be independent of 
the route of administration (101). Increasing regional retention by identifying and 

of cell therapy.

AIMS AND OUTLINE OF THE THESIS

Despite major advances over the past 50 years, contemporary treatment 
and diagnosis modalities for acute myocardial infarction (AMI) and post-
infarct remodeling are still limited and continue to be subject to improvement. 
Consequently, the aim of this thesis is to investigate recent novel diagnostic and 
therapeutic aspects of AMI in a preclinical large animal model, using state-of-the-
art techniques and bio-assays. 

Part I of this thesis covers novel experimental approaches to improve diagnosis and 
our understanding of myocardial ischemia and myocardial infarction. In Chapter 2 
we investigated the suitability of state-of-the-art dual energy computed tomography 

of increasing severity in a porcine model of stable angina pectoris. In Chapter 3, 
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1reperfused AMI. Next, in Chapter 4, we investigated the importance of cell type 
and experimental conditions in the in-vitro angiogenic evaluation of angiogenic 

165A for growth factor therapy in the 
treatment of myocardial infarction. Finally, Chapter 5 is dedicated to optimization of 
stem cell retention after myocardial infarction. This multilayered study investigated 
the longitudinal expression of post-infarction vascular cellular adhesion molecule 1 
and its correlation with bone marrow-derived stem cell retention, again in a porcine 
model of reperfused AMI.

Part II of the thesis is dedicated to novel therapies for AMI, with a particular 
emphasis on their ability to attenuate reperfusion injury. In Chapter 6, acute 

pharmacotherapy in a porcine model of acute myocardial infarction was 
investigated using different therapeutic parameters with an emphasis on dosing 
and duration. Next, in Chapter 7 a novel therapy for acute myocardial infarction 
and reperfusion injury is presented in which the vagal nerve of swine with acute 
myocardial infarction was stimulated for a very brief period of time during early 
reperfusion.

Finally, Part III of this thesis is dedicated to novel strategies to improve infarct 
healing and post-infarct remodeling of the left ventricle. In Chapter 8, a novel 
magnetic resonance imaging based method is presented that precisely shows the 
process of infarct expansion over a 5 week period after a 2 hour occlusion of the left 

method that enabled us to study longitudinal changes in infarct geometry in swine 
with AMI was subsequently applied in Chapter 9 to evaluate a novel, pacemaker 
based, therapy to attenuate post-AMI remodeling in a porcine model. In Chapter 

10, we studied UM206, a selective Frizzled antagonist and a novel, peptide-based 
pharmacotherapeutic agent, to attenuate adverse remodeling in swine with AMI. 
Following this, Chapter 11 describes a porcine study in which the growth factor 
VEGF165A    was locally administered via controlled release microsphere therapy 
using percutaneous methodology in a porcine model of reperfused myocardial 
infarction with cardiac function and infarct characteristics measured with magnetic 
resonance imaging.

Finally, in Chapter 12, this thesis is summarized and discussed, and 
recommendations for future research are presented.
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ABSTRACT 

Aims 

adenosine stress CT myocardial perfusion to calculate absolute myocardial blood 

limiting. Therefore the aim of our study was to determine whether adenosine stress 
myocardial perfusion imaging by Dual Source CT (DSCT) enables non-invasive 

Methods and Results 

hydraulic occluder were placed around the left anterior descending coronary 

during adenosine stress with no CBF reduction, an intermediate (15-39%) and a 
severe (40-95%) CBF reduction. Standards of reference were CBF and fractional 

coronary artery pressure and aortic pressure measurements. CT-MBF decreased 
progressively with increasing CBF reduction severity from 2.68 [2.31-2.81] ml/g/
min (normal CBF) to 1.96 [1.83-2.33] ml/g/min (intermediate CBF-reduction) and 
to 1.55 [1.14-2.06] ml/g/min (severe CBF-reduction) (both p<0.001). We observed 
very good correlations between CT-MBF and CBF (r=0.85, p<0.001) and CT-MBF 
and FFR (r=0.85, p<0.001). 

Conclusion Adenosine stress DSCT myocardial perfusion imaging allows 
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INTRODUCTION 

Current guidelines indicate that in patients with stable angina pectoris both 
anatomy and functional severity of coronary obstructions should be assessed 

symptomatic patients with no or moderate ischemia, while revascularization 
is required in symptomatic patients with substantial myocardial ischemia, (2-4) 
and Percutaneous Coronary Intervention (PCI) is recommended for lesions with 
impaired Fractional Flow Reserve (FFR) in patients with multi-vessel disease (5-8).

Coronary CT Angiography (CTA) is a well-established, non-invasive imaging 
modality for detection and ruling-out coronary atherosclerosis (9-11). Coronary 

limiting therefore requiring the use of additional functional testing (12,13). Yet, little 
information is available about the ability to use CT for the quantitative assessment 

few preliminary experimental studies demonstrated the feasibility of adenosine 
stress CT myocardial perfusion to determine absolute MBF, thereby providing 
information about the functional severity of coronary lesions (2,14,15). 

The purpose of our study was two-fold: 1) to quantify regional CT-derived MBF 

experimental reference standard, and with FFR, the clinical reference standard. 

MATERIALS AND METHODS

Animal preparation

All procedures were conducted in compliance with the “Guide for the Care and 
Use of Laboratory Animals” (NIH Publication No. 85-23 revised 1996), and with 
prior approval of the Animal Care Committee of our institution. Nine, 5-6 months 
old, crossbred Yorkshire X Landrace swine (34.2±3.6kg) were sedated with an 
intramuscular injection of ketamine (20 mg/kg, Anisane, Raamsdonksveer, The 
Netherlands), midazolam (1 mg/kg, Actavis, Baarn, The Netherlands) and atropine 
sulphate (1mg, Pharmachemie, Haarlem, The Netherlands). Anesthesia was 
induced with an intravenous injection of pentobarbital sodium (15 mg/kg, Faculty 
of Veterinary Medicine, Utrecht, The Netherlands). Animals were intubated and 

2 and N2 (1:2 v/v) (16). Anesthesia 
was maintained by intravenous pentobarbital sodium infusion (15mg/kg/h). A left 
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thoracotomy was performed in the fourth intercostal space and the pericardium 

arch, for measurement of pressure and for blood gas analysis to maintain blood 
gases within the physiological range. Catheters were also placed in the pulmonary 
artery for infusion of drugs and contrast material. Subsequently, the left anterior 

probe (Transonic Systems Europe B.V., Maastricht, The Netherlands) and a 
remote controlled silicone hydraulic vascular occluder (Fine Science Tools GmbH, 

the measurement of distal coronary pressure and determination of FFR was into the 
LAD distal to the occluder. Flow probe, occluder and catheters were exteriorized, 
the chest was closed and anesthetized animals were transported to the CT suite 
using a mobile ventilator (Carina™, Dräger Medical, Best, The Netherlands). 

Experimental and CT imaging protocols

Healthcare, Forchheim, Germany) was used for perfusion imaging. All animals 
were placed in supine position. First, animals underwent DSCT myocardial 
perfusion imaging at rest. Subsequently, DSCT myocardial perfusion imaging was 
performed during maximal vasodilation. Maximal vasodilation was obtained during 

Germany). At this dose, adenosine resulted in marked systemic vasodilation 
1-adrenoceptor 

agonist phenylephrine was co-infused (~5μg/kg/min iv, Pharmacy Erasmus MC, 
1-

adrenergic coronary microvascular constrictor responses (17), phenylephrine can 
be used to oppose the systemic effects of adenosine, while leaving adenosine-
induced coronary vasodilation unperturbed (16). Under maximal vasodilation 

LAD perfusion territory. CT perfusion imaging was repeated at each severity level 

mode. All scans were performed in cranio-caudal direction during end-expiratory 
breath-hold obtained by interrupting the mechanical ventilator. The data were 
acquired at two alternative table positions while the table was moving back and 
forth (18). Image acquisition was triggered at 200ms after the R-wave. The scan 
coverage was 73mm resulting from a detector width of 38.4mm and 10% overlap 
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between both scan ranges. The minimum cycle time for the alternating scan is 
950ms. For the range of heart rates in this study we acquired data every second 
or third heartbeat. Hence volume scan of the total heart was obtained every 2 to 
3 seconds. The tube voltage was 100 kV for each X-ray tube and the total tube 
current-time product was 300mAs/rot. Prior to each scan 36ml of contrast material 
(Ultravist 370, Bayer Schering Pharma, Berlin, Germany) was injected through a 

at 6mL/s. Data acquisition started 2 seconds before the contrast medium injection 
and lasted for 30s. The delay between two consecutive scans was 20 minutes. 
Depending on the heart rate, the volume CT dose index (CTDIvol) ranged from 
115.1 to 168.5 (mean 149.5±80.0) mGy. The corresponding dose length product 
(DLP) was 844.0 to 1129.0 (mean 1012.2±14.1) mGycm. 

During each experiment heart rate, aortic pressure, mean coronary artery pressure 

stored for off-line analysis using a custom written software in MatLab (the Math 
Works). FFR was calculated as the ratio of distal coronary artery pressure and 
aortic pressure. 

of pentobarbital sodium. 

Data analysis

All CT images were evaluated by one cardiac radiologist with four years of 
experience in cardiac imaging (AR). To assess intra- and inter-observer agreement, 
MBF of the ischemic myocardial territories was measured on 10 randomly chosen 

was blinded to the previous results, measured the datasets twice, separated by at 
least 12 weeks. Both observers were blinded to all CBF and FFR measurements.
CT images were reconstructed with a slice thickness of 3mm and an increment of 
1.5mm using a medium-smooth kernel (B30f). The dynamic data were analyzed 
using commercial software, Volume Perfusion CT Body on a standard workstation 
(MMWP, Siemens Healthcare, Germany). Reconstruction and post-processing 

the left ventricular myocardium was segmented manually placing a volume of 

thresholding (Figure 1 - A1 and A2). Afterwards, the arterial input function was 
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and the caudal ends of the two image stacks (Figure 1B). The data from both 
Figure 1C) and time 

parametric deconvolution technique based on a two-compartment model of intra- 
Figure 2 B1 and B2). CT-

derived MBF (CT-MBF) in ml/100ml/min of each voxel was then calculated using 

representing the MBF distribution in the myocardium were generated (Figure 2A). 
CT myocardial perfusion in ml/g/min was calculated assuming a myocardium 

Figure 1.

in the most representative ischemic area of the LAD territory for each degree of 

remote myocardium (inferior wall). CT-MBF was then obtained for both regions. 
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Figure 2. 

 

Statistical analysis

Statistical analysis was performed using a dedicated statistical software program 
(SPSS PASW, version 17.0.2, IMB, Chicago, Illinois, USA). Measurements 
are presented as median [interquartile range]. All measurements were pooled 

intermediate CBF reduction (range: 15-39%), severe CBF reduction (range: 40-

groups was based on FFR measurements. All measurements at rest and during 
maximal vasodilation were compared using Wilcoxon Signed Rank test. For each 

and remote myocardial territories using Wilcoxon Signed Rank test. CT-MBF, CBF 
and FFR were compared between different degrees of CBF reduction applying 
Kruskal-Wallis test for multiple independent samples. Mann-Whitney test was 
applied for post hoc comparison. Correlation analysis was performed to evaluate 
the association between CT-MBF and CBF and FFR. Linear regression models 
were then fitted to asses the value of CT-MBF to predict CBF and FFR. A p-value 
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RESULTS

instrumentation and CT myocardial perfusion imaging were successfully performed, 

of poor image quality. In one pig (4 datapoints), measurements of FFR could not 
be obtained due to a clot in the coronary artery catheter. Due to probe malfunction 
(lack of contact between probe and vessel), 11 measurements of CBF could not be 
obtained. Consequently, a total of 21 CBF measurements, 28 FFR measurements, 
and 31 CT datasets obtained in 7 swine were analyzed (Table 1).

At maximal vasodilation, a homogeneous increase in MBF was observed throughout 
the entire myocardium (Figure 3). At each level of CBF reduction the ischemic 
region in the LAD territory was clearly visible as defect in the color MBF maps in 
all 7 animals. Moreover, a progressive increase of the size of the ischemic territory 
was observed in each animal with increasing the severity of CBF reduction.

Table 1. 

pigs\datasets  CT FFR CBF

CT 7p\31ds 28ds 20ds
FFR 6p 6p\28ds 17ds
CBF 5p 4p 5p\21ds

p: number of pigs, ds: number of datasets

Figure 3.
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Hemodynamic parameters

Despite the infusion of phenylephrine, blood pressure decreased from 95±3 mmHg 
at baseline to 85±3 mmHg during infusion of adenosine, while heart rate increased 
from 96±15 to 136±19 beats per minute. Animals showed a slight hemodynamic 

progressive decrease of aortic pressure (Table 2 . 

Table 2. 

CBF reduction 

[Range%]

No 

[0%]

Intermediate 

[15-39%]

Severe 

[40-95%]
p-value*

HR  (bpm) 136 [117-154] 129 [118-147] 128 [116-143] 0.788
AoP (mmHg) 88 [78-99] 89 [86-94] 82 [74-91]     0.269
Distal CAP (mmHg) 80 [65-91] 73 [66-80] 44 [37-62] †‡     0.002
Distal CBF (ml/min) 148 [135-170]   116 [113-125] † 61 [30-83] †‡   <0.001
FFR 0.90 [0.84-1.00] 0.76 [0.65-0.91] 0.60 [0.51-0.69] †‡   <0.001
CT-MBF- ischemic (ml/g/min) 2.68 [2.31-2.81] 1.96 [1.83-2.33] † 1.55 [1.14-2.06] †ò   <0.001
CT-MBF-remote (ml/g/min) 2.76 [2.47-3.65] 2.51 [2.03-3.05] 3.02 [2.79-3.68] 0.162

CBF reduction groups (Kruskal-Wallis test), †p-value<0.05 vs no CBF reduction (Mann-Whitney test), 

‡p-value<0.05 severe vs intermediate CBF reduction (Mann-Whitney test), òp-value<0.05 between CT-
MBF of the LAD ischemic territory and CT-MBF of the remote myocardium (Wilcoxon Signed-Rank test).

CT-MBF of ischemic and remote myocardium

resulted in a 2.8 fold increase of CT-MBF from 0.99 [0.95-1.30] ml/g/min to 2.76 
[2.47-3.65] ml/g/min (p=0.001) and a 3.7 fold increase of CBF, from 40 [25-83] ml/
min to 149 [135-170] ml/min (p=0.006). 

In all swine, CT-MBF of the ischemic territory decreased progressively with 
Table 2). A typical response of CT-MBF 

Figure 3. CT-MBF of ischemic 
myocardial territories was markedly lower than CT-MBF of the remote myocardium 
(p<0.001) at severe CBF reduction. 

during no and various levels of CBF reduction (r= 0.85, p<0.001 Figure 4A). CT-
MBF showed a similarly strong correlation with FFR (r=0.85, p<0.001) (Figure 4B). 
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Figure 4. 

  

The mean difference (measure of precision) of CT-MBF was 0.07 ml/g/min with 
a standard deviation (measure of accuracy) of 0.18 ml/g/min for intra-observer 

DISCUSSION

The present study assessed the diagnostic accuracy of stress dynamic DSCT 

model with controlled reduction in CBF under maximal vasodilation (from normal 
to moderate to severe CBF reduction) compared to the experimental standard 
of reference, CBF, and the clinical reference standard, FFR measurements. 

experimental conditions which correlated very well with CBF and FFR .

Static myocardial perfusion imaging during adenosine stress has been recently 
investigated in humans and showed a diagnostic accuracy comparable to SPECT 

provides only qualitative information of the myocardial perfusion by comparing the 
attenuation of the ischemic area to the attenuation of the remote myocardium. 
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was a remarkable technical development with an excellent temporal resolution 
allowing dynamic perfusion imaging but was limited by a rather small coverage 
and thick slices. Nevertheless, studies in animal models (21) and healthy humans 
(22) reported good correlations between EBCT -derived MBF versus microspheres 
(21) and versus indicator dilution methods (22), respectively. EBCT technology 
has been replaced by multidetector CT technology and, due to improved temporal 
resolution and coverage, the latest generation scanners now allow quantitative 
myocardial perfusion imaging (23).Thus, George et al proved the ability of CT to 
quantify MBF in an experimental model using 64-multidetector CT.(15) Mahnken 
et al (14) and Bamberg et al (24) showed the feasibility of a novel ECG-triggered 
dynamic shuttle-mode scan with data being acquired at two alternating table 

The use of two alternating table positions increased the scan coverage and the 
presence of two x-ray tubes provided a better temporal resolution as compared to 
64-multidetector CT. The main criticism of studies so far has been that CT-MBF 
underestimates MBF. We observed a higher CT-MBF in the ischemic as well as in 
the remote myocardium than Mahnken et al (14), and Bamberg et al (24). which 
can be explained by the higher dose of adenosine in our study (500 mg/kg/min) 
as compared to Mahnken et al (14) (240 mg/kg/min) and to Bamberg et al (24) 
(140 mg/kg/min). In conjunction, the use of phenylephrine resulted in a relatively 
well-maintained aortic blood pressure during adenosine infusion. Additionally, the 
6 second contrast bolus was injected directly into the pulmonary artery in our study 
instead of a 10 seconds bolus into a peripheral ear vein. This yielded a much better 

modeling. The values of MBF may differ in humans because a peripheral venous 
access is commonly used for contrast injection.

In our study we found an excellent correlation between CT-MBF and the 

to a coronary stenosis caused but direct measurements of CBF are not available 
in the clinical environment, although coronary blood velocity can be measured 

myocardial perfusion. FFR has been well-established as an accurate, yet invasive, 
parameter to assess the functionality of a coronary stenosis independent from 
heart rate, blood pressure and left ventricular function. In the present study we 
found a good correlation between CT-MBF and FFR over a wide range of coronary 



42 Chapter 2

clinically relevant information about stenosis severity. Indeed, Bamberg et al (24). 
recently showed the feasibility of dynamic CT perfusion imaging for the detection 

human study. These authors found a cut-off point of 75 mL/100mL/min to provide 

different patient populations after a standardized CT protocol developed.  

Limitations

more general limitations of CT technology 

Animal model: First, our study was designed as a feasibility study using a relatively 
small number of animals. Yet, the use of multiple measurements per animal and the 

Second, we did not use microspheres as experimental gold standard for in vivo 

obstruction using the same CT technology (25). Third, our experimental setup 
was designed as a single vessel LAD obstruction, therefore our results cannot 
be extrapolated to multi-vessel coronary artery disease. Nevertheless, we expect 
that this CT technology will give good results also in the situation of three vessel 

(mean weight±standard deviation: 34.2±3.6kg) were relatively small compared to 
adult humans, which may imply the need to use higher kV and mAs settings during 
the CT acquisition in humans. However, in a recent study performed in patients 
Bamberg et al (24) used successfully 100 kV and 300 mAs as we used in pigs.

CT-technology: There are several technical aspects that need further 
considerations. 1) An important technical limitation is the volume coverage. 
64-slice CT scanners used to be limited to a single detector up to 40 mm that was 

rotation (26-28), the second alternative is the shuttle mode acquisition used in 
our study. Although the acquisition coverage of the shuttle mode technique of 73 
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to the larger size of the human heart. Indeed Bamberg et al found that one third 
of the scans provided incomplete coverage of the myocardium (24). Thus, further 
improvements in CT technology should aim in increasing the coverage along the 
z-axis. 2) We used central venous access for contrast injection, which provided 
a tighter input function and likely resulted in higher values of myocardial blood 

venous access is commonly used in the clinical routine. 3) The addition of 
dynamic perfusion CT imaging to the conventional clinical cardiac CTA protocol 

reduction protocols should be developed with preservation of image quality. 4) 
Finally iodinated contrast medium in the left ventricular cavity can negatively affect 
the assessment of myocardial perfusion. However, this may be circumvented by 
using beam-hardening artifact correction algorithms to increase the accuracy of 

Clinical implications and challenges

MBF in experimental animals, and thereby can be used to assess stenosis severity. 
This observation is supported by a few small sized studies showing that CT myocardial 
perfusion imaging is also feasible in patients (24,26,30-32). Thus, the addition of CT 
myocardial perfusion imaging to the standard coronary CTA provides complementary 
anatomical and functional information in a single, non-invasive examination which 
may improve patient management. Future improvements in CT technology, 
aimed at increasing the coverage and reducing the radiation exposure, would 
facilitate implementation of this non-invasive imaging technique in clinical practice. 

CONCLUSIONS

The present study demonstrates that dynamic dual source CT can identify regional 
reductions of MBF, during pharmacological coronary vasodilation, over a wide 
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ABSTRACT

sensitive troponin I (hsTnI) via serial measurements to identify early time points to 

elevated myocardial infarction (STEMI).

Background

several hours of ischemia before plasma levels rise in absence of reperfusion. We 
evaluated the fast marker hFABP in comparison to hsTnI to estimate infarct size 

Methods In STEMI (n=4) and STEMI+reperfusion (n=8) induced in swine, serial 
blood samples were taken for hFABP and hsTnI and compared to triphenyl 

Results hFABP increased faster than hsTnI upon occlusion (82±29 vs. 180±73 
min, p<0.05) and increased immediately upon reperfusion while hsTnI release 
was delayed 16±3 min (p<0.05). Peak hFABP and hsTnI reperfusion values were 
reached 30±5 and 139±21 min. respectively (p<0.05). Infarct size (containing 

high sensitivity for myocardial necrosis (2.3±0.6 and 0.4±0.6 gram)

Conclusions hFABP rises faster and correlates better with infarct size and no-

The highest sensitivity detecting myocardial necrosis, 0.4±0.6 gram at 60 minutes 
post reperfusion, provides an accurate and early measurement of infarct size and 
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INTRODUCTION

For the assessment of novel therapies to treat acute ST-elevated myocardial 
infarction (STEMI), it is of great importance that at baseline, infarct size and no-

be accurately determined if the outcome can be compared to initial infarct 

determination of these parameters such as cardiac magnetic resonance imaging 
or echocardiography are often unsuitable for this purpose because of practical, 
temporal, resolutional or economic considerations. These imaging modalities 
are also inadequate to assess relatively small infarct sizes (1). Furthermore, it is 
unclear whether the development of acute edema, often used to determine the 
area at risk, interferes with acute assessment of these parameters (2).

Standard, fast detectable markers such as creatin-kinase and myoglobin may be 

with peak values at 12 hours after onset of infarction and at 1 to 2 hours after 

in skeletal muscle tissue. Baseline values are especially high in a setting of soft 

presence of myocardial necrosis but are bound to the contractile apparatus and 
therefore released relatively slow. As a consequence of slow troponin clearance, 
late (72 hr) assessment is very accurate but by its nature does not allow early 

troponins and CKMB both as early and acute markers for infarct size determination. 

is a small (15kDa) protein and is located in the cytoplasm (10). hFABP is  a heart 

for cardiac tissue than myoglobin (11). In view of its small size and cytoplasmic 
localization, an early, diffusion driven, and perfusion facilitated release pattern is 
expected. However, the performance of hFABP as a biomarker of necrosis has 
not been explored in a large animal model of STEMI. Consequently, to determine 
whether this rediscovered marker is suitable for the determination of infarct size 
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upon reperfusion, we compared timing and release of hFABP to the gold standard 
hsTnI (24kDa) following STEMI (sustained and reperfused) in swine using 
planimetrical infarct size determination by triphenyl tetrazolium chloride (TTC). In 
addition, we aimed to understand the release of these biomarkers in relation to no-

METHODS

Experiments were performed in 5-6 month old farmbred swine (38±1 kg, n=14) of 
either sex as described before (12). Experiments were conducted in compliance 
with the “Guide for the Care and use of Laboratory Animals” and after written 
approval of the Animal ethics Committee of the Erasmus MC. In short, animals 
were sedated with an intramuscular injection of midazolam (1 mg/kg, Actavis, 
Baarn, The Netherlands) and ketamine (20 mg/kg, Anisane, Raamsdonksveer, 
The Netherlands). Following an intravenous ear catheter placement, anaesthesia 
was induced with an intravenous injection of 600 mg pentobarbital. Animals were 

2:N2 = 1:3). Anesthesia was maintained 
with pentobarbital (15 mg/kg/h). Physiological temperature was continuously 
measured and when necessary adjusted with heating pads (12). Fluid loss was 
compensated for by an intravenous drip (100 ml/h saline). After the placement of 
an intra-arterial sheath (9F, Super Sheath®

Netherlands) 10.000 units of heparin and 250mg acetylsalicylic acid (Aspégic®, 

followed by 5.000 units of heparin every additional hour.

(CAAS II, PIE Medical, Maastricht, the Netherlands) was performed following 1 
mg isosorbidedinitrate (Cedocard®, Nycomed, Hoofddorp, The Netherlands) and 
using iodixanol as a contrast agent (Visipaque™, GE Healthcare BV, Eindhoven, 
The Netherlands). Then, an over the wire coronary angioplasty balloon (Apex™ 

™, 0.37 

and every subsequent hour.In the sustained occlusion group (n=4), the occlusion 
was maintained for 8 hours without reperfusion. In the STEMI+reperfusion group 
(n=10, for a range in infarct size) the occlusion was released after 2 hours, 

http://hour.in/
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followed by 6 hours of reperfusion. A minimum of 2 hours of occlusion was chosen 
to ascertain a transmural infarction that corresponds with the plateau phase of 
infarct development in swine (13). 

Blood samples (BD Vacutainer®, 10.8 mg K2E, Becton Dickinson, Breda, The 
Netherlands) were immediately put on ice prior to centrifugation and plasma was 
stored (-80º C) for later marker analyses. Blood samples were collected at baseline 

followed by every 30 min. during the remaining hours.

and manually injected intracoronary through the lumen of the balloon catheter to 

15% (w/v) Evans Blue solution was injected into the left atrium for negative staining 
of the area at risk. Animals were euthanized with an overdose of pentobarbital and 
the heart was immediately excised. The left ventricle was isolated and sectioned 

all sections as described (14). Cardiac slices were subsequently incubated in a 

between metabolically active and dead myocardium to macroscopically assess 
infarct size as described before (12,15). Correcting for slice weight, total left 

Biomarker analysis 

All blood samples were kept on ice immediately after withdrawal and were  

Then, quickly thawed plasma samples were diluted (2-64x) using the standard 
diluent provided with the kit, and analyzed by enzyme-linked immunosorbent 

hsTnI (plasma kits, Life Diagnostics, West Chester, PA, USA). Absorbance 
was measured at 450 nm with a microplate photometer (Multiskan EX, Thermo 

standard (calibration) curve. Samples diluted such as to be in the linear range of 
the calibration curve, were used for further analyses.
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Statistical analysis

All data are given as mean ± SEM. Data were analyzed with Sigmastat (version 
2.03.0, SPSS Inc., USA). Differences in timing of release were assessed using 

regression lines and intercepts were calculated using Graphpad Prism (version 
4.03, Graphpad Software Inc., USA).

RESULTS

Peri-procedural complications and hemodynamics

A total of 14 animals were included in the study, 4 in the chronic occlusion group 
and 10 in the reperfusion group. In the latter, one animal died due to ventricular 

and uncontrolled ischemic injury outside the area at risk).

Peri-procedural hemodynamics (Table 1) show a moderate increase in average 

8 hour occlusion group the heart rate continued to rise (+24±1 bpm, p<0.01), the 
rise in heart rate was larger in reperfused animals (+63±11 bpm, p<0.05). These 
values however, remained near normal for awake swine of this size and therefore 
thought not to affect wash-out of the markers due to changes in coronary perfusion 
patterns  MAP slightly decreased during 2 hours occlusion (78±7 to 72±4 mmHg, 
p=N.S.) and decreased further in both groups (-15±4 vs. -11±3 (p<0.05) mmHg). 

Table 1. 

BL
CAO 2h CAO

1h 2h 4h 8h

HR (bpm)
67 ± 6 68 ± 3 79 ± 3

18 ± 6 24 ± 1
38 ± 12 63 ± 11

MAP (mmHg)
78 ± 7 68 ± 4 72 ± 4

-6 ± 13 -15 ± 4
-1 ± 4 -11 ± 3
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along the coronary tree, resulted in a risk area of 8.3±1.3 gram (7.6-15.5% of LV) 
and 19.4±3.4 gram (12.2-43.3% of LV) in the chronic occlusion and reperfusion 
group respectively. Weight of the infarcted tissue varied from 7.9±3.9 gram (7.3-
15.5% of LV) and 14.9±3.6 gram (4.6-39.4% of LV) in the chronic occlusion and 
reperfusion group respectively. Linear regression showed that infarct size as a ratio 
of area at risk was similar for the two groups with a slope of 0.94±0.09 (r2=0.98) 
and 1.06±0.12 (r2=0.94) respectively.

r2

in rabbits (14), showed that approximately 84±0.06% of the infarct size contained 

with the demonstrated techniques.

Figure 1. 

Marker release during sustained occlusion 

sustained 8 hour occlusions (82±29 vs. 180±73 min, p<0.05) but peak values were 



54 Chapter 3

not reached within the course of the experiment (Figure 2, panel A). Area under 
curve (AUC) for hFABP and hsTnI (76.2±14.2 and 10±3.1, p<0.004, corrected for 

occlusions. 

Figure 2. 

Marker release upon reperfusion: Infarct Size

Reperfusion after two hours of ischemia resulted in an immediate increase in 
hFABP while hsTnI release was only apparent after 16±3 min (Figure 2, panel B, 
p<0.05). hFABP and hsTnI peak values were reached in 30±5 min. and 139±21 
min (p<0.05), respectively. Infarct size by TTC correlated very well with 8 hour AUC 

r2=0.51). Reperfusion peak values showed an equally good correlation with infarct 

hsTnI (r2=0.56). The highest correlation was found at 50 minutes post reperfusion 
(r2=0.94) with hFABP.

2=0.94) but again 
2 =0.48). Reperfusion peak values of 

2=0.91) and again hsTnI performed 
poorly (r2

post reperfusion (r2=0.96) with hFABP.
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Figure 3. 
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reperfusion and of those time points in which an average discernable marker 
elevation was apparent (Figure 4). HsTnI did not show any strong correlations with 
a maximum of r2

a lower limit of r2=0.40 at 210 min. within the chosen timeframe.

Figure 4. 

Correlation for hFABP remained high and was best at 50 and 60 min. post 
2 2=0.96 

produced useful correlations with regard to hFABP levels (infarct size: r2=0.87-
2=0.87-0.96). The major consideration for choosing the 50 or 60 

min. timepoint is the sensitivity to detect small myocardial infarctions (2.3±0.6 and 

by determining the x-intercept at y=0.
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DISCUSSION

The aim of the present study was to determine the value of hFABP for in vivo 

STEMI. We found that hFABP rose within 60 minutes after onset of occlusion and, 
upon reperfusion, showed an immediate and steep incline. We observed a strong 
correlation between infarct size and hFABP reperfusion peak values (r2=0.92) at 
30±5 minutes of reperfusion. While a good correlation can be found as early as 
10 minutes post reperfusion (r2=0.88) the sensitivity to detect small amounts of 
myocardial necrosis is low (4.6±0.8) gram. An optimal correlation with infarct size 
was found at 50-60 minutes post reperfusion (r2=0.94-0.96) allowing detection of 
2.3±0.6 and 0.4±0.6 gram of necrotic myocardium. 

infarct size (r2

equally good with AUC (r2=0.94) and reperfusion peak values (r2=0.91), but best 
at 50-60 minutes reperfusion (r2

calculated to be <0.6 gram.

HsTnI performed consistently worse than hFABP and peak values were obtained 

The delayed release of biomarkers in sustained occlusion is due to the fact that 
release is diffusion driven and perfusion facilitated. The cytosolic localization of 

as compared to hsTnI (p<0.05). 

hFABP, a small cytosolic protein, is easily released from injured and permeabilised 
cardiomyocytes. In contrast, cardiac troponins are bound to the contractile 

release and time to peak. 

microvascular damage and mechanical compression by myocyte oedema (19)
and could theoretically affect the release of markers due to decreased perfusion. 
However, the fast release of hFABP, which takes place predominantly before 
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an appropriate marker for baseline infarct size determination, regardless of the 

term outcome and was recently suggested to be, at least in part, independent of 

is dictated by infarct size (21,22). Future studies using interventions to affect no-

Since hFABP is washed out fast by renal clearance, this is responsible for the 
differences in the plasma elimination rates as cardiac troponins are known to 
remain elevated for longer periods of time (6,23). It indicates the need for proper 
timing when sampling hFABP and indicates why hsTnI is more sensitive as a late 
marker for ischemia when hFABP is no longer detectable. 

levels of hFABP upon reperfusion of STEMI in a large animal model. Previously, 
only a single time point was measured in swine at 2 hours post reperfusion (24). 
We performed the same analysis and found a good correlation with infarct size 
(r2=0.78) but this resulted in a lower sensitivity to detect small infarctions (lower 
level of detection 5.6g). In comparison, peak and 50-60 minutes post reperfusion 
values show a calculated lower level of detection of 3.1, 2.3 and 0.4g necrotic 
myocardial tissue which on average corresponds with 3.6, 2.7 and 0.5% of the LV. 
Therefore, these values are not only obtained faster but result in a higher sensitivity 

of LV remodeling. When therapy is started within 24h a reliable assessment of 

especially in small treatment groups. Both contemporary imaging modalities as 
well as enzyme or biomarker release studies remain inadequate, non-economic or 
impractical for acute assessment of these endpoints and (7) more noise reduces 
their sensitivity. Here, we demonstrate that hFABP AUC, hFABP peak values and 
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primarily 50-60 minutes post reperfusion biomarker levels correlate very well with 

troponin assays continue to improve (25), hFABP is of great value for settings 
where onset of reperfusion is closely controlled. Especially for longitudinal studies 
aiming to employ long-term follow-up, this relatively easy and fast sampling method 

without the need for additional imaging modalities early after infarction. 

Clinical relevance

hFABP can be of added clinical value, especially in a multimarker approach (26-

estimating the time from onset of ischemia to presentation, as well as variations in 

this awareness (32). It does not disqualify hFABP as a useful marker for infarct 

in STEMI. In absence of spontaneous reperfusion for example, hFABP will yield 
an accurate and early determination of infarct size. Data can be obtained in 
the lab prior to opportunities such as MRI for determination of these prognostic 
parameters, especially with the recent development of fast (15-20 min) qualitative 

term prediction (35,36). In the clinical setting, the timing is of crucial importance 
and must be taken into account when studying the relevance of this marker.It must 
be noted that while hFABP remains of  interest for clinical application, the current 
study principally demonstrates the suitability of serial hFABP measurement for pre-
clinical purposes.

Study limitations

The range of infarct sizes tested in this study was limited to 4.6 to 39.4% of the LV. 

or larger infarcts therefore remains to be determined, but the lower limit of detection 
is expected to be <1g of myocardial tissue in animals of 38±1 kg. An important 
limitation of the work is the limited follow-up time of 6 hours post reperfusion as it is 
apparent that troponins continue to rise for 72 hours (6). The data presented here, 
should therefore be interpreted in light of the very early phase post reperfusion, 
taking into account that the study was designed for hFABP validation for baseline 
infarct size determination in an acute, preclinical setting.

http://marker.it/


60 Chapter 3

CONCLUSIONS

HFABP release shows an early and distinct release pattern, correlates strongly to 

hFABP plasma levels at 50-60 minutes post reperfusion, provide an excellent, 

longitudinal preclinical infarct-reperfusion studies and holds promise for clinical 
applications such as the controlled post-PCI setting.
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ABSTRACT 

Growth factor therapy for angiogenesis in myocardial tissue is generally validated 
in-vitro under normoxic conditions using human umbilical vein endothelial cells 
(HUVEC) as opposed to the true target cell type, the human coronary microvascular 
endothelial cell (HCMVEC). It is unknown how HCMVEC respond to VEGF therapy 
in clinically relevant conditions. We therefore compared angiogenic responses to 
VEGF165A in synchronized HCMVEC and HUVECS under normoxic conditions 
and hypoxic conditions. Tube length and area, and the number of junctions and 

Thus, VEGF mainly affected tube formation under hypoxic conditions but less 
under normoxic conditions. In conclusion, VEGF primarily induces tube formation 

necessity to validate growth factor strategies using relevant model parameters 
and dedicated target cells. 
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INTRODUCTION 

Patients suffering an acute myocardial infarction are usually treated by primary 

(2). This condition is characterized by impaired perfusion of the microvasculature 
in the infarct zone, often due to constriction, compression, obstruction and 

increased mortality and a worse lesion outcome (5) and treatment strategies for 

to improve outcome for these patients. 

Angiogenesis can be induced by direct vascular endothelial growth factor (VEGF) 
injection as well as by VEGF gene therapy and was successful in inducing 
collateral formation in porcine models of chronic myocardial ischemia (6) although 

drawbacks of VEGF therapy are its induction of systemic hypotension at relatively 
low doses, its short half-life, and its tumorigenic potency (6,9). Considering these 
drawbacks and the high cost of VEGF, optimization of delivery by determining 
the sensitivity of the true target cell of an organ to VEGF is essential and should 
preferentially be determined in a clinically relevant setting. Since pPCI is the 
treatment of choice for myocardial infarction, angiogenic strategies need to be 

As swine models of myocardial infarction have shown a reduced capillary density 
in the heart (10), angiogenesis to improve or maintain the microvascular bed and 
subsequent perfusion of the infarcted myocardium, especially in the area of no-

and regional stability.

To reduce the number of animal experiments and the confounding factor of age 
and interspecies differences, this type of work is often studied in-vitro using 
angiogenesis assays such as tube formation assays. The gold standard is the 
human umbilical vein endothelial cell (HUVEC), a juvenile cell type with fast growth 
characteristics. While VEGF is known to amplify or increase network formation in-
vitro in HUVECs, VEGF therapy has shown disappointing results in man (7,8). This 
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true target cell type for cardiac therapy is the adult human cardiac microvascular 
endothelial cell (HCMVEC), and the response of HCMVECs to VEGF has not been 
reported to date.

studied the VEGF165A induced angiogenic response of HCMVECs in a tube 

(hypoxia), and restored perfusion (normoxia). We studied the VEGF dose response 

and number of junctions.

MATERIAL AND METHODS

Cell types

Human cardiac microvascular endothelial cells (HCMVECs) were obtained from 
Lonza, Breda, The Netherlands. Human Umbilical Cord Endothelial cells (HUVECs) 
were obtained from Cambrex, East Rutherford, USA.

Netherlands) using conventional cell culture conditions and were subsequently 
synchronized by nutrient depletion for 20 hours (0.5% heat inactivated fetal 
bovine serum (FBS) in EBmedium2, Lonza). Synchronized cells were isolated 
by contemporary trypsinization, centrifuged and resuspended into EBM + 0.5% 

reduced MatriGel® (MatriGel-GFR, BD Biosciences, Breda, The Netherlands) per 
well. Then 50μl of a range of cell suspensions (0.65-5.2·104 cells/cm2) with growth 
factor added (0, 30 or 100ng/ml VEGF165A) with or without FBS (5%) was added 
to every well and equal distribution was ascertained (n=3 per condition). Tube 

2, 
2

but with 0.2 and 2% FBS (synchronization and tube formation resp.).
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angiogenesis under normoxic conditions, tube formation assays were performed 
2, 21% 

2), with and without replenishment of FBS.

Following 18 hours of incubation, all wells were digitally photographed and images 
were subsequently processed for morphometric analyses. Total tube-length, total 

Vision PE (Clemex Technologies, Longueuill, Canada) and Angiosys 1.0 (TCS 
Cellworks, Buckingham, United Kingdom).

Statistical analysis

Data are presented as mean ± SD and were analyzed with SPSS (IBM SPSS 

regression analysis was performed using cell type, cell density, presence of FBS 
and VEGF dose as independent parameters.

RESULTS

conditions

Results are illustrated in Figure 1 and 2, and statistical analysis is summarized in 
Table 1. Data show that under hypoxic conditions cell type, cell density, presence 
of FBS and VEGF dose, all independently predict the outcome measures with an 
R2 ranging from 90 to 63%. Clearly, cell type is an important predictor in these 

under conditions of hypoxia. Importantly, at lower cell densities HCMVECs create 

behavior different from HUVEC, we studied within HCMVEC the effect of hypoxia 
(Table 2.1) and normoxia (Table 2.2) on the VEGF response. Data for hypoxic 
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Figure 2. 
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Table 1.

R2 P-value Model parameter: 

Tube area 0.90 1.5·10-85 All parameters: p<0.002
Tube length 0.73 1.2·10-48 All parameters: p<0.003

0.68 5.8·10-42 All parameters: p<0.002
Nr. junctions 0.63 3.6·10-37 All parameters: p<0.014

Summary of regression analysis to study which parameters affect network formation in HUVEC and 
HCMVEC under conditions of hypoxia i.e. Cell Type, Cell density, FBS presence and [VEGF]. All model 
parameters were independent predictors for tube formation. ±FBS = presence/absence of fetal bovine 

A.

Table 2.

 

parameters
R2 P-value

Model Parameters:  

Hypoxia, FBS, Cell density and [VEGF]

Trend

1. Hypoxia, conditions mimicking ischemia 

Tube area 0.90 9.3·10-42 FBS, Cell density [VEGF] p=0.08
Tube length 0.71 2.3·10-15 FBS, Cell density, [VEGF]
Nr. Fields 0.66 1.7·10-14 FBS, Cell density, [VEGF]
Nr. Junctions 0.61 4.0·10-13 FBS, Cell density, [VEGF]
2. Normoxia, conditions mimicking reperfusion

Tube area 0.90 7.3·10-39 Cell density
All other parameters -20 FBS, Cell density [VEGF] p=0.9
3. Hypoxia vs. normoxia 

Tube area 0.90 2.6·10-85 FBS, Cell density
Tube length 0.76 2.8·10-52 FBS, Hypoxia, Cell density

0.72 3.2·10-36 FBS, Hypoxia, Cell density, [VEGF]
Nr. junctions 0.67 1.4·10-32 FBS, Hypoxia, Cell density [VEGF] p=0.10

Summary of regression analysis to study which parameters affect network formation in HCMVEC under 
conditions mimicking chronic ischemia (hypoxia) and coditions mimicking reperfusion (normoxia). 
Independent model parameters to predict network formation were hypoxia, cell density, VEGF dose 
and FBS. Data show that VEGF only affects HCMVEC tube formation under conditions mimicking no-
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VEGF response

The HCMVEC response under conditions mimicking reperfusion (tube formation 
under normoxic conditions) is summarized in Table 2.2. Data show that cell density 

were independent predictors for tube length and connectivity, VEGF did not affect 
behavior at all under conditions mimicking reperfusion. 

Hypoxia versus normoxia in HCMVEC

Data comparing the effect of hypoxia, cell density, FBS and VEGF on HCMVEC 

did not affect total tube area, indicating that it did not affect cell survival in this 

was not an independent predictor with these model parameters, except for the 

formation under normoxic conditions, FBS and cell density are the only independent 
predictors, VEGF is no longer an independent predictor. 

DISCUSSION

Induction of angiogenesis is a potential adjunct therapy to mechanical cardiac 
reperfusion therapy of ischemic myocardium by primary percutaneous coronary 
interventions (pPCI), to improve perfusion and hence healing of the infarct region. 
Results of VEGF to induce collateral formation to improve cardiac function in 
clinical trials have, however, been disappointing (7,8) despite in-vitro proof of 
concept studies (11,12). Given that the angiogenic response under experimental 
conditions differs between endothelial cell types (13,14), we aimed to study in 
vitro tube formation in human cardiac microvascular endothelial cells (HCMVEC) 
in comparison with conventional human umbilical vein endothelial cells (HUVEC) 
(15). Moreover, we studied HCMVEC behavior under conditions mimicking 

VEGF165A as the model drug to induce angiogenesis.

affect tube formation in HMVEC and 2) VEGF affects HCMVEC tube formation 
only under conditions of hypoxia, not under conditions of normoxia.
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angiogenesis

It is clearly important to be aware of the experimental conditions under which tube 
formation is studied and the vascular bed from which they are taken. Experimental 
conditions should always be aimed at mimicking relevant clinical conditions to 
improve external validity of these data and avoid unnecessary preclinical animal 
studies and negative clinical trials.  The current study indicates that HCMVEC are 
able to form networks more easily than HUVEC under hypoxic conditions, with 
differences especially noted at lower cell densities. Clearly, HCMVEC are only 
sensitive to VEGF165 under hypoxic conditions as tested in our experimental set-up.  
It is known that hypoxia affects the level of expression and the ratio between VEGF 
receptors 1 and 2,  which affects sensitivity to VEGF165A and differs between cell 
types of different vascular beds (16-18). We suspect that the increased sensitivity 
of HCMVEC to VEGF under conditions of hypoxia as compared to HUVEC is the 
result of a change in the ratio of VEGF receptor expression (18).

restoration following acute myocardial infarction, is the inability to completely restore 

data show that while VEGF was unable to induce tube formation under conditions 
of normoxia, it was able to improve network formation under conditions of hypoxia. 

hypoxia following restoration of coronary artery patency. Delivery of relevant 

delivery using novel delivery platforms such as degradable microspheres (22,23) 

CONCLUSION

the conditions chosen to study tube formation such as hypoxia and normoxia. 
3) VEGF primarily affects tube formation under conditions simulating hypoxia, 

formation in human (cardiac)microvascular endothelial cells under conditions of 
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that relevant model parameters and dedicated target cells are essential when 
studying myocardial angiogenesis in in-vitro tube formation assays. 

The authors cordially thank Dr. L. Speelman for assisting in 3D-plotting



| 75

4

REFERENCES

ST-Elevation Myocardial Infarction: Executive Summary A Report of the American College of 
Cardiology Foundation/American Heart Association Task Force on Practice Guidelines. Journal 

4. Betgem RP, de Waard GA, Nijveldt R, Beek AM, Escaned J, van Royen N. Intramyocardial 

During Percutaneous Coronary Intervention Among Patients With Acute Myocardial Infarction. 

7. Henry TD, Annex BH, McKendall GR et al. The VIVA trial: Vascular endothelial growth factor in 

8. Stewart DJ, Kutryk MJ, Fitchett D et al. VEGF gene therapy fails to improve perfusion of ischemic 

10. Haitsma DB, Bac D, Raja N, Boomsma F, Verdouw PD, Duncker DJ. Minimal impairment of 

collateral-perfused rabbit ischemic hindlimb after administration of vascular endothelial growth 

12. Witzenbichler B, Asahara T, Murohara T et al. Vascular endothelial growth factor-C (VEGF-C/

13. Baffert F, Usson Y, Tranqui L. Effects of prolonged exposure to hypoxia on morphological 

14. Dardik R, Livnat T, Seligsohn U. Variable effects of alpha v suppression on VEGFR-2 expression 

15. Morales DE, McGowan KA, Grant DS et al. Estrogen promotes angiogenic activity in human 

16. Gerber HP, Condorelli F, Park J, Ferrara N. Differential transcriptional regulation of the two 
vascular endothelial growth factor receptor genes. Flt-1, but not Flk-1/KDR, is up-regulated by 

signaling and angiogenic responses by downregulation of KDR in human endothelial cells. 

18. Ulyatt C, Walker J, Ponnambalam S. Hypoxia differentially regulates VEGFR1 and VEGFR2 
levels and alters intracellular signaling and cell migration in endothelial cells. Biochemical and 



76 Chapter 4

prevention, and treatment. A review of the current literature and future perspectives. Angiology 

percutaneous coronary intervention in patients with acute myocardial infarction. J Am Coll 

percutaneous coronary intervention in patients with acute myocardial infarction. Circ Cardiovasc 

22. Arras M, Mollnau H, Strasser R et al. The delivery of angiogenic factors to the heart by 







CHAPTER

Time course of VCAM-1 expression in reperfused 

André Uitterdijk

Bianca CW Groenendijk 
Charlotte Gorsse-Bakker 

Anna Panasewicz 
Stefan Sneep 

Dennie Tempel 
Willem J van der Giessen† 

Dirk J Duncker

5



80 Chapter 5

ABSTRACT 

Intracoronary infusion of autologous bone marrow-derived mononuclear cells 
(BMMNC), after acute myocardial infarction (AMI), has been shown to improve 

cell retention rates are very low, suggesting that optimization of cell retention 

observed only within infarcted, but not remote, myocardium, we hypothesized 
that adhesion molecules on activated endothelium following reperfusion was 
essential. Consequently, we investigated the role of adhesion molecule VCAM-
1 in BMMNC retention in swine undergoing AMI produced by 120 min of LCx 

7, 14 and 35 days post-reperfusion (n=6 per group). Since expression levels were 

we compared the degree of cell retention at those time points in a follow-up study, 
in which an average of 43·106 autologous BMMNCs were infused intracoronary at 

after intracoronary infusion of autologous BMMNCs. Although VCAM-1 expression 
correlated with retention of BMNNC within each time point, overall BMMNC 
retention was similar at day 3 and day 7 (2.3±1.3% vs. 3.1±1.4%, p=0.72). This 
was not due to the composition of infused bone marrow cell fractions (analyzed 

but is not the sole determinant of, BMNNC retention.
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INTRODUCTION

Cell therapy with autologous bone marrow-derived cells generally produces 

acute myocardial infarction (AMI) (1,2). With 20·106 cardiomyocytes per gram 
of jeopardized myocardium (3), potentially lost to infarction, it is evident that the 
absolute number of cells retained to regionally treat the affected area is of great 
importance. However, cell retention after intracoronary cell therapy is very low, 
varying widely between studies, possibly as a result of differences in cell type, 
timing of administration and initial cell dose (4-18) (see supplementary Table S1). 
Previous work from our laboratory showed that cell retention after intracoronary 
injection of BMMNCs at one week of reperfusion in a swine model of AMI, amounted 
8% and 6.5%, respectively, at 1.5 hours and 4 days post-injection (13). Retention 
of cells was observed only within the infarcted region, whereas no cells were 
retained when cells were injected selectively into the non-occluded left anterior 

and retention is an active process, occurring exclusively in the reperfused infarct-
zone, and not just physical entrapment of the cells due to cell size.

Following myocardial infarction, activated endothelium within the infarct region 
drives the expression of transmembrane adhesion molecules to orchestrate 
regional immune responses. These adhesion molecules serve as primary “loading-
docks” for cell anchorage and their limited and transient post-AMI presence may 
be correlated to the limited retention of infused cells. A key player associated with 
endothelial adhesion of circulating immune cells includes Vascular Cell Adhesion 
Molecule 1 (VCAM-1). It is however, unknown to what extent VCAM-1 is present in 

retention. Mesenchymal stem cells (MSC), a popular cell type in cell therapy, use 

for VCAM-1. In light of these considerations, we investigated  the temporal 
expression of VCAM-1 in infarcted and remote myocardial regions in swine with 

the correlation of VCAM-1 presence to autologous bone 
marrow-derived cell retention and temporal changes in AMI-induced changes in 
the composition of the injected BMMNCs.
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MATERIAL AND METHODS

Part I: VCAM-1 expression after acute myocardial infarction

Animal experiments were performed in 48, 5-6 month old Yorkshire x Landrace 
swine of either sex (31.0±0.3kg). All experiments were performed in compliance 
with the “Guide for the Care and use of Laboratory Animals” and after written 
approval of the Animal Ethics Committee of the Erasmus MC.

 Myocardial infarction was produced in 33 swine (30.5±0.3kg) as previously 
described (21). For this purpose, swine were sedated with an intramuscular 
injection of midazolam (1mg/kg), ketamine (20 mg/kg) and atropine (1mg). Then, 
an intravenous (iv) ear catheter was placed for induction of anesthesia with 
thiopenthal sodium (17 mg/kg). Next, animals were intubated and mechanically 

2:N2 1:3 v/v), while anesthesia was maintained with fentanyl (20μg/
kg/h iv). Under sterile conditions, a 9F arterial sheath was placed in a dissected 
carotid artery and anticoagulation was ascertained by the iv administration of 
10,000 units of heparin + 5,000 units every additional hour of surgery. Physiological 
body core temperature was maintained with heating pads (22). Saline was infused 

maximal coronary artery dilation was produced with 1mg isosorbidatedinitrate for 
optimized balloon sizing. Next, the LCx was visualized with selective infusion of 
the contrast agent iodixanol and coronary diameter was measured with dedicated 
software (CAAS, Pie Medical, Eindhoven, The Netherlands). After the selection 
of the occlusion site by at least two researchers to ascertain optimal protocol 

followed by reperfusion with a standard guide wire and an appropriately sized 
percutaneous transluminal coronary angioplasty balloon. Following occlusion, 

Anesthetized animals were monitored until hemodynamically stable. Antibiotic 
prophylaxis was given intramuscularly (procainebenzylpenicilline 20 mg/kg and 
dihydrostreptomycine sulphate 25 mg/kg). Catheters were removed, the incision 
site was closed and animals were allowed to recover.

 After 1 (n=6), 3 (n=6), 7 (n=7), 14 (n=6) or 35 (n=6) days post-AMI, 
animals were sedated as described above. Anesthesia was induced (15 mg iv) 
and maintained (15 mg/kg/h iv) with pentobarbital sodium. Following sternotomy, 
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Next, the heart was excised and rinsed with ice-cold saline. The left ventricle was 
isolated and cut into transverse sections and both remote and infarct tissues were 
preserved in optimal cutting temperature compound (Tissue-Tek, Sakura Finetek, 

2 (dry ice) for future 
histopathological analyses.

 

10 min. Endogenous peroxidase activity was blocked with 0.3% H2 2 in 40% 
methanol for 60 min. Adjacent sections were incubated with anti-VCAM-1 (mouse-
anti pig, 1:300, gift from Prof. D. Haskard, London, United Kingdom) overnight at 

The Netherlands) expression was visualized. Stained sections were photographed 
with a virtual microscope (Hamamatsu NanoZoomer, 2.0-HT Slide Scanner). 

presence with dedicated software using a color threshold (BioPix iQ, 2.2.1, BioPix 
AB, Göteborg, Sweden). Data were expressed as a percentage of the total surface 
area. 

Part II: Effects of VCAM-1 expression on cell retention

Based on the results obtained in the VCAM-1 expression studies described above, 
two time points were selected to test whether regional up-regulation of VCAM-1 
leads to increased cell retention after infusion.

In 15 swine (32.3±0.6kg), reperfused 
myocardial infarction was induced as above and serial blood for biomarker 
measurements was taken as described before (21). At 3 or 7 days post-AMI (n=6 
surviving pigs per group), bone marrow was harvested under sterile conditions 
from the ileac crest and/or the proximal femur of the anesthetized pigs as 
described before (13). In brief, up to 160 ml bone marrow was aspirated using 
5ml heparinized syringes and received in 50 ml centrifuge tubes containing 10 ml 
phosphate buffered saline (PBS) and 5,000 units of heparin. Bone marrow was 
selectively enriched for the mononuclear fraction by density centrifugation (20 min 
at 800g at RT), using equal amounts of Lymphoprep as a separation medium 
(Lucron, Milsbeek, The Netherlands). Using a sterile pipette, the mononuclear 

fraction was washed twice by centrifugation in wash buffer (PBS containing 0.1% 
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of autologous serum, 10 min at 600 g at RT). The obtained cells were resuspended 
in wash buffer and added to a red blood cell lysis solution for 10 min at RT (1:3, 8.3 
g NH4 3 + 1.8 ml 5% EDTA in 1000 ml H2

Enriched and washed cells were collected by centrifugation (2 min at 2000 g at RT). 
A conventional Bürker-Türk haemocytometer and trypan blue exclusion were used 
to count total cell number and ascertain viability. Up to 50·106 cells were labeled 

microscopy of a small aliquot. Labeled cells were then resuspended in washing 
buffer to obtain a density of 1.7·106 cells/ml and infused intracoronary using a 
multi-purpose infusion catheter into the infarcted area of the heart at a rate of 1·106 

(slow, n=2 per group) or 5·106 (fast, n=4 per group) 

hour after the completion of the infusion protocol, the hearts of the animals were 
excised, and the complete infarct region was carefully sectioned into 1cm2-sized 
cubes and processed for histopathology as described above.

 

animals as described above. Next, using a checkerboard-like approach, 5 μm 

(Vectashield with DAPI, Brunschwig Chemie). Using a Zeiss Axiovert S100, 10x 
photos were taken of the stained sections and using a color threshold PKH26 
positive cells were counted with ImageJ (version 1.46r, National Institutes of Health, 
USA). Using section thickness, average cell thickness and tissue dimensions, we 
calculated cell retention.

Part III: Effects of myocardial infarction on composition of the 

mononuclear fraction 

 In parallel to processing of cells for the intracoronary cell injection 
experiments, a representative aliquot from each bone marrow aspirate (n=5 per 

cell types within the mononuclear fraction, in order to determine the composition of 

the percentage of B-cells (CD79a+, AbD Serotec, Puchheim, Germany), T-cells 
(CD3+ +, AbD Serotec), 

+, VMRD, Pullman, WA, USA), CD34 positive cells 
(CD34+

by CD105+/CD90+/CD14-/CD45-



| 85

5

the B- and T-cell staining, cells were resuspended in azide/serum/protein-free 
6 cells/ml. Fixable Viability Dye, for cell viability 

selection, was added and incubated for 30 minutes at 4 ºC. After washing with 
FACS Flow (BD Biosciences), CD3 antibody was incubated for 15 minutes at room 
temperature. Cells were washed and incubated with Leucoperm Reagent A for 
15 minutes at RT followed by washing and incubation with Leucoperm Reagent 

CD34, CD49d and their combinations with CD14- and CD45- staining, cells were 

CD49d or CD34) for 15 minutes at room temperature. After washing, cells were 
incubated with secondary antibodies for 30 minutes at room temperature, followed 
by washing and incubation with the second set of primary antibodies (CD14 and 
CD45) for 15 minutes at room temperature. For cell viability selection 7-amino-
actinomycin D (7-AAD, BD Biosciences) was added and cells were washed and 
resuspended in FACS Flow. For the MSC analysis, cells were resuspended in 
FACS Flow and incubated with the primary antibodies (CD105, CD90, CD14 and 
CD45) for 15 minutes at room temperature followed by addition of 7-AAD. After 
washing, cells were resuspended in FACS Flow. Flow cytometric analysis was 
performed on a FACSCanto (BD Biosciences) and subsequent data analysis by 

Statistics

Data are presented as mean ± SEM. Data were analyzed with Sigmaplot (Version 

accepted when p<0.05.

RESULTS

Part I: VCAM-1 expression after acute myocardial infarction

during the ischemia-reperfusion protocol could not be converted to normal sinus 

induced tissue deformities leaving 25 analyzable datasets.
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 Figure 1 illustrates that VCAM-1 
presence in remote tissue remained low at all times (0.20±0.03%). In contrast, 
VCAM-1 presence in the infarct region was elevated at 3 days (2.41±0.62%, n=4, 
p<0.001) and 7 days (0.98±0.28%, n=5, p=0.01) post-AMI. Importantly, VCAM-1 
expression peaked at 3 days post-infarction and showed a transient pattern with 
normalization 14 days post-infarct.

1           3          7         14        35

*

*
††

††
††

†

Time post-infarct (days)

%
 V

C
AM

-1

Figure 1. 

1;

Part II: Effects of VCAM-1 expression on cell retention 

 Three out of 15 swine did not complete the protocol. 

sinus rhythm and one swine died prematurely because of electromechanical 

the 3 or 7 days post-AMI group or during cell infusion. Infarct mass at baseline, 

determined at 50 min of reperfusion (21), was similar between groups (11±2 g vs. 
13±4 g, p=0.65).

 VCAM-1 showed similar levels of expression as compared 

7 days post-AMI: 0.99±0.21 vs. 0.98±0.28%, p=0.97).
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(n=4 per group, 1.2±1.1% at day 3 vs. 2.8±1.7% at day 7, p=0.44) or slow (n=2 
per group, 4.4±4.4% at day 3 vs. 3.5±3.3% at day 7, p=0.92) infusion rates. 
Consequently, fast and slow infusion results were pooled for further analyses and 
results are presented in Figure 2. Similar numbers of cells were infused in every 
group, 42±6·106 cells at 3 days post-AMI vs. 43±4·106 at 7 days post-AMI (p=0.93). 
An average of 8.4±0.8 individual tissue samples were selected per animal and 

Results show that the absolute number of retained cells was not different at 3 or 
7 days post-AMI (0.7·106±0.4·106 cells vs. 1.1·106±0.5·106, p=0.52), with similar 
results when data were expressed as a percentage of the initially infused number 
of cells (2.3±1.3% vs. 3.1±1.4%, p=0.72). Moreover, when results were corrected 
for infarct mass at baseline, results were again not statistically different for both 
absolute retention (0.05·106±0.03·106 cells/g vs. 0.08·106±0.04·106 cells/g, p=0.51) 
as well as relative retention (0.17±0.11%/g vs. 0.24±0.12%/g, p=0.65).

Figure 2. 
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 Although cell retention levels did not 
differ between 3 and 7 days post-AMI, whereas VCAM-1 expression levels were 

correlations between VCAM-1 expression and cell retention at 3 days (r2=0.69, 
p=0.03) and 7 days (r2=0.74, p=0.04) post-AMI, so that higher expression of VCAM-

suggest that while VCAM-1 is a determinant of cell retention, other factors must 

cell fraction that was harvested and injected at 3 days vs 7 days post-AMI.

% VCAM-1

%
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et
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Figure 3. ∑ ∑

Part III: Effects of myocardial infarction on composition of the 

mononuclear fraction 

Figure 4 shows that the contribution of B-cells, T-cells, CD34+ cells and MSCs 
to the mononuclear cell fraction was similar at both time points. Furthermore, cell 

integrin showed similar expression levels in both groups. Thus, no differences in 
composition of the infused fraction were observed between 3 and 7 days post-AMI. 

injected cells and magnitude of cell retention (data not shown).
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DISCUSSION

The present study investigated the temporal pattern of VCAM-1 expression in 
infarcted and remote myocardial regions in swine with reperfused AMI, and its 
correlation with retention of bone marrow mononuclear cells harvested and injected 

i) vascular cell adhesion 
molecule 1 (VCAM-1) expression is upregulated in the microcirculation of infarct-
impaired myocardial tissue in a transient manner with VCAM-1 expression peaking 
at 3 days (~12-fold) and 7 days (~5-fold) post-AMI, with normalization to baseline 

ii) VCAM-1 expression correlated with the 
magnitude of cell retention both at 3 days and 7 days post-AMI, but average cell 
retention was not different at 3 days vs. 7 days, indicating that cell retention was 

iii) composition of the mononuclear 
fraction was not different 3 or 7 days post-AMI and selected types individually did 

Cell retention after cell therapy

could, at least in part, be due to the relatively low retention rates of administered 
cells. Retention rates as high as 57.7% of the infused fraction (10) or as low as 
0.8% of the infused fraction (12) have been reported after intracoronary infusion 
(see supplementary Table S1). Also, no uniform approach in retention studies 

include, but are not limited to, the number and types of cells infused, as well as 
the timing and procedure of administration. Importantly, the preferred tracking 
method appears to be scintigrapy. This method however, in which cells are labeled 
with a radioactive tracer, may be considered suboptimal as the method does not 

cell population including differences in cell type and cell size is taken into account. 
This will inevitably lead to skewed results when i.e. a subpopulation of large cells 
containing much radiolabel is retained primarily (24). Also radiolabeled cell debris 
may result in false-positive retention. Here we assessed BMMNC retention in great 
detail using a histopathological approach of the complete infarct. This detailed 

may explain our relatively low retention compared to other studies.
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Post-infarct endothelial response 

Upon myocardial infarction, endothelium within the affected area is activated 

by increased interactions with leukocytes (25). Numerous adhesion factors are 
upregulated within the affected area including VCAM-1 (26). VCAM-1 is expressed 
after infarct-induced cytokine release and serves as a “docking station” for 
leukocytes to facilitate the regional immune response (27). Understanding the 
post-infarct up-regulation pattern of regional VCAM-1 may reveal the optimal timing 
for intracoronary infused bone marrow-derived mononuclear cell therapy. Here, 
we report the temporal expression pattern of VCAM-1 in the microcirculation of 
porcine ischemia-reperfusion impaired myocardium. VCAM-1 expression peaked 
at 3 days post-AMI and was normalized after 14 days, suggesting that cell retention 
would be optimal when applied at a time point that VCAM-1 expression is highest. 
Retention of autologous BMMNC, however, when administered at time points in 

Thus, while a correlation between increased VCAM-1 expression and cell retention 
was observed both at 3 days and 7 days post-AMI, average cell retention at 3 days 
vs 7 days was similar despite different levels of VCAM-1 expression. These results 
indicate that cell retention is not only determined by VCAM-1 expression, but also 
by other factors, one of which could the composition of the injected BMMNC at 3 
vs 7 days post-AMI. 

Composition of mononuclear cell fraction

Analysis of the BMMNC fraction isolated at 3 days or 7 days post-AMI did not 

study and the scarce availability of porcine antibodies restricted the phenotypical 

limitation of this work. For future optimization studies, is remains of the greatest 

however, do enable us to exclude that retained cells are MSCs only as the 
average absolute number of MSCs is limited to ~2000-2500 cells per infused 
fraction whereas absolute retained number of cells approximate at least 0.7·106 

cells. Thus, cell composition of the BMMNC isolated 3 or 7 days post-AMI did 
not have an effect on absolute or relative cell retention suggesting that the role of 
composition is not decisive. 
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CONCLUSIONS

The present study in swine with a reperfused AMI demonstrates that VCAM-1 is 

transient manner peaking at 3 days post-AMI with normalization to baseline at 14 
days post-AMI. Although VCAM-1 expression correlated with the magnitude of cell 
retention at either 3 or 7 days post-AMI, the absolute and relative average retention 
of BMMNCs were similar at these time points. This was not due to the composition 
of infused bone marrow cell fractions, as cell composition of the infused BMNNC 

indicate that VCAM-1 expression is not the sole determinant of BMNNC retention 
in reperfused myocardium post-AMI.
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ABSTRACT

In the absence of effective clinical pharmacotherapy for prevention of 
reperfusion-mediated injury, we re-evaluated the effects of intracoronary adenosine 

(AMI) using clinical bolus and experimental high-dose infusion regimens.
  
Background Despite the clear cardioprotective effects of adenosine, when 
administered prior to ischemia, studies on cardioprotection by adenosine when 
administered at reperfusion have yielded contradictory results both in the pre-
clinical and clinical setting.

Methods Swine (~60 kg) were subjected to a 45-min mid-LAD occlusion followed by 
2 h of reperfusion. In protocol A, an intracoronary bolus of 3 mg adenosine injected 
over 1 min (n=5) or saline (n=10) was administered at reperfusion. In protocol B, 
an intracoronary infusion of 50 μg/kg/min adenosine (n=15) or saline (n=21) was 
administered starting 5 min prior to reperfusion and continued throughout the 2-h 
reperfusion period.

Results

In protocol B, risk zones were similar, but administration of adenosine resulted 

Conclusion During reperfusion, intracoronary adenosine can limit IS and no-

adenosine was administered via prolonged high-dose infusion, and not via short-

adjuvant therapy during early reperfusion.
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INTRODUCTION

Timely reperfusion remains the single most effective treatment of acute myocardial 
infarction (AMI) for salvaging ischemic myocardium, leading to improved residual 
ventricular function and clinical outcome (1). However, reperfusion itself initiates a 
cascade of harmful events, termed lethal reperfusion-injury, which is characterized 
by mitochondrial damage and cardiomyocyte death (2,3), and by ultrastructural 
damage to capillary endothelium, leading to microvascular obstruction, termed no-

prognosis (5), it is clear that reperfusion-injury constitutes a key therapeutic target. 

Adenosine exerts a variety of actions that may attenuate many of the proposed 
mechanisms of reperfusion-mediated injury, including inhibition of neutrophil-

calcium homeostasis, inhibition of oxidative stress and mediation of pre-, post- 
and remote conditioning (6-9). Yet, attempts to achieve cardioprotection with 
administration of adenosine at reperfusion have yielded mixed results in both 
pre-clinical and clinical studies (6-9). For example, recent clinical studies utilizing 
adenosine bolus injections in AMI were unable to reduce IS (10,11). Inconsistent 
results may be related to several factors, including the availability of adenosine 
at an optimal concentration at reperfusion and a brief window for therapeutic 

present clinical lack of adjuvant pharmacotherapy to prevent reperfusion-mediated 
injury, re-evaluation of adenosine in the setting of AMI would be of great interest, 
taking aforementioned considerations into account.

Accordingly, we employed an appropriate translational porcine model of 
ischemia-reperfusion to re-evaluate the effects of intracoronary bolus injections 

trials. Subsequently, we investigated the cardioprotective effects of a high-dose, 
prolonged intracoronary infusion of adenosine. 

METHODS

Experiments were performed in Yorkshire x Landrace swine of either sex weighing 
55-60 kg in the ischemia-reperfusion study. All procedures were performed in 
compliance with the  as approved 
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by the Council of the American Physiological Society and under the regulations of 
the Animal Care Committee of the Erasmus University Rotterdam. 

Experimental protocol 

All animals were subjected to regional ischemia by occluding the mid-LAD 
for 45 min followed by 2 h of reperfusion. In protocol A, animals received an 
intracoronary adenosine bolus injection at reperfusion (3 mg in 1 ml injected over 
1 min) or intracoronary saline. The dose per kg bodyweight and timing of injection 
approximated or was similar to that employed in clinical studies (Supplemental 

). In protocol B, animals received an intracoronary adenosine infusion 
of 50 μg/kg/min starting at 40 min of occlusion (5 min prior to reperfusion) and 
continuing until the end of reperfusion (infusion rate: 0.67 ml/min) or saline. The 

in the Supplemental Study.

Surgical preparation and procedures

Swine were sedated with ketamine (20 mg/kg, i.m.) and midazolam (1 mg/kg, i.m.), 
anesthetized with sodium pentobarbital (15 mg/kg, i.v.), intubated, and placed on 

2:N2=1:3 v/v). Electrocardiographic electrodes for 
the limb leads were placed subcutaneously. Catheters were inserted into the right 
external jugular vein for infusion of saline, drugs and sodium pentobarbital (10-
15 mg/kg/h) to maintain anesthesia. A micromanometer-tipped catheter (Millar 
Instruments, Houston, TX, USA) was advanced into the left ventricle (LV) via the 

 (d /
dt
to measure arterial pressure and to obtain blood samples for measurement of 
arterial blood gases. A Swan-Ganz catheter was advanced into the pulmonary 
artery via the left femoral vein to measure pulmonary artery pressure and to 
monitor core temperature. Arterial blood gases were checked periodically and 
ventilation settings were adjusted as necessary to maintain blood gases within the 
physiological range.

A median sternotomy was performed and the pericardium was opened. An 

of cardiac output. A segment (2-3 cm) of the left anterior descending coronary 
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22-gauge, non-obstructing, intracoronary catheter for administration of adenosine 
or saline. The anterior interventricular vein was cannulated with a 20-gauge 
catheter for coronary venous blood sampling. For measurement of atrial pressure, 
a catheter was inserted into the left atrial appendage. For measurement of regional 
contractile function, two pairs of ultrasonic crystals (Triton Technology Inc., San 
Diego, USA) were implanted in the mid-myocardium of area-at-risk (AR) and 
remote myocardium (12). 

After completion of surgical instrumentation, a stabilization period of 30 min 
was permitted to assure hemodynamic stability before the onset of coronary 
occlusion. Systemic and coronary hemodynamics, regional contractile function, 
electrocardiographic changes and core temperature were monitored and recorded 
throughout the experiment. Arterial and coronary venous blood samples were 
obtained serially at several time points. Anticoagulation was ensured using heparin 

Measurements of PO2 (mmHg), PCO2 (mmHg), pH, oxygen saturation and 
hemoglobin concentration (grams/100 ml) were performed with a blood gas 
analyzer (ABL 800, Radiometer, Copenhagen, Denmark). Blood oxygen content, 
myocardial oxygen delivery, myocardial oxygen consumption in the LAD region 
and myocardial oxygen extraction were computed as previously described (13). 

At the end of the 2-h reperfusion period, the LAD was perfused with 5 ml of 4% 

area (NA) (14). Hereafter, the LAD was re-occluded and 40 ml of 16% Evans Blue 
(Sigma, Zwijndrecht, the Netherlands) was infused intra-atrial for AR determination 
(12). The heart was then excised and the LV was isolated and sectioned into 5 
transversal segments of equal thickness parallel to the atrioventricular groove from 
apex to base. The AR and NA (using UV-light) of each slice were demarcated 
on an acetate sheet (14). The slices were incubated for 15 min in 3% buffered 
triphenyltetrazolium chloride 

determination of the infarct area (IA) (12,14). Myocardial IS was calculated as 
ratio (expressed as a percentage) of summed IA and summed LV (IA/LV•100%) 
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a percentage) of summed NA and summed LV (NA/LV•100%), summed AR (NA/
AR•100%) or summed IA (NA/IA•100%).

Neutrophils

anti human, 1:100, Abnova, Heidelberg, Germany) following antigen retrieval 
(10 min citrate buffer boil [pH 6]). Rabbit anti mouse secondary antibodies were 

diaminobenzidine as chromogen. Primary antibodies were omitted as a negative 

Technologies inc, Longueuil, Canada). 

Statistical analysis

Data are presented as mean±SEM. Hemodynamic variables, myocardial 

were analyzed with a repeated-measures two-way analysis of variance (time x 
treatment) followed by the Student-Newman-Keuls post-hoc test. Infarct and no-

t-test. Computations were 
performed with SigmaPlot version 12.5 (Systat Software Inc., San Jose, CA, USA), 

RESULTS

Numbers of animals enrolled in each group and the exclusions are summarized 
in . A total number of 70 swine were enrolled, of which 51 swine were 

provided in .

Regional myocardial function and myocardial metabolism of animals are available 
in and S3, respectively. 
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Table 1.  

Bolus Injection  Prolonged Infusion

Control Adenosine Control Adenosine

Animals entered 11 11 26 22
Exclusions
   Technical failure* 0 3 1 1
   Staining failure† 1 0 0 1
   Death

occlusion‡ 0 3 2 4

      Acute pump failure 0 0 2 1
10 5 21 15

Data presented as N

Table 2. 

Bolus Injection  Prolonged Infusion

Control
(N = 10)

Adenosine
(N = 5)

Control
(N = 21)

Adenosine
(N = 15)

Convertible VF, N 9 5 13 9
N 9 4 13 8 

      No. of episodes, mean ± SEM* 2.2 ± 0.4 4.3 ± 1.5 2.0 ± 0.3 2.0 ± 0.3
N 0 0 0 1

      No. of episodes, mean ± SEM* 0 0 0 1.0
   Reperfusion, N 3 1 1 1
      No. of episodes, mean ± SEM* 1.0 ± 0.0 1.0 2.0 1.0

Systemic hemodynamics

Changes in hemodynamic data for heart rate, mean aortic pressure, cardiac 
output, systemic vascular resistance, LV d /dtP40, and LV end-diastolic pressure in 
protocols A and B are summarized in . Coronary occlusion was associated 
with similar increases in heart rate and LV end-diastolic pressure, and similar 
decreases in mean aortic pressure, cardiac output and d /dtP40 in the adenosine 
and control groups in both protocols. Treatment with adenosine during reperfusion 
did not affect any of the systemic hemodynamic variables compared to controls. 
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Coronary hemodynamics

increases in CBF and coronary vascular conductance in both groups (
Figure 1). In protocol A, adenosine did not increase CBF beyond the reactive 
hyperemia produced by the ischemic period. In protocol B, adenosine infusion 

was maintained throughout the remainder of the 2-h reperfusion period, with a 
maximum fourfold increase relative to baseline at 30 min of reperfusion (Figure 1). 
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Figure 2. 
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Figure 2. AR was 
similar between adenosine and control groups in both protocols. Bolus injection of 

Neutrophils

Figure 2 (bottom 

DISCUSSION

In the present study, an intracoronary infusion of high-dose adenosine (50 μg/kg/
min) initiated shortly before the onset of reperfusion and maintained throughout the 

and 2 h of reperfusion. In contrast, a single bolus of adenosine (3 mg over 1 

clinical bolus regimen versus a prolonged infusion regimen, against infarction and 

intracoronary adenosine bolus injections. Considering the extremely short 
half-life of adenosine, the bolus injections probably were inadequate to reach 

in protocol A. In this regard, prolonged intracoronary delivery initiated just before 
reperfusion may increase local drug concentration several fold and may achieve 
adequate concentration levels in the target microvascular bed, thereby potentially 

of adenosine was initiated 5 min before the onset of reperfusion, enabling 
therapeutic drug levels at reperfusion, and thereby contributing to the attenuation 
of lethal reperfusion injury by inhibiting detrimental events in the early minutes of 
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observed in the current study with prolonged infusion of adenosine also suggest 
that maintaining a high therapeutic drug level in the coronary microcirculation 
is necessary to afford protection against reperfusion-mediated injury. Indeed, 
intracoronary adenosine produced a 3- to 4-fold increase in CBF relative to baseline 
and remained stably elevated throughout the 2-h infusion period compared with 
control animals, affording adequate concentration levels in the target microvascular 

into the IA, including NA. These observations suggest that adenosine attenuated 

of neutrophil activation. These aspects in turn likely contributed to decreased 
neutrophil adherence to endothelial cells, thereby leading to preserved capillary 

Although the current results in swine are in agreement with earlier studies in rabbits 
and dogs demonstrating IS reduction with adenosine infusions at reperfusion, not all 
pre-clinical studies have shown cardioprotective effects ( ). 
Inspection of  does not readily reveal a methodological explanation 
for these mixed results. Thus,  differences in species, duration of ischemia 
and reperfusion, varying routes and timing and duration of administration of 
adenosine do not appear to separate positive from negative studies in rabbits and 
dogs. Interestingly, none of the aforementioned negative (and positive) studies 

afford myocardial protection for a given duration of ischemia and reperfusion. This 
is particularly true in the case of intravenous adenosine administration, as maximal 

associated with higher adenosine doses. That cardioprotection was still observed in 
some of the intravenous studies may have been the result of stimulation of remote 
pathways of cardioprotection (17,18). Whether maximal adenosine dosages were 
achieved in clinical studies using intravenous adenosine is also unclear. The 
AMISTAD-I trial tested a 3-h intravenous adenosine infusion (10-70 μg/kg/min) 
in patients receiving thrombolysis and demonstrated adenosine to be effective in 
reducing IS in the subgroup with anterior infarction only (19). In the AMISTAD-II 
trial, adenosine infusions (50 or 70 μg/kg/min) were utilized for anterior infarction 
prior to revascularization with IS reduction observed only in the high-dose group 
(20) and a reduction in major clinical endpoints observed only in patients receiving 
early reperfusion (within 3.2 h of symptom onset) (21). 
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In contrast, the intracoronary route allows administration of much higher adenosine 
doses without direct systemic adverse effects. However, in the clinical setting, the 
administration of adenosine via the intracoronary route has been studied mainly 
using bolus injections (
short biological half-life of adenosine (<15 s) makes a bolus injection unlikely to 
be effective. Indeed, in the present study, mimicking a typical clinical protocol of 
intracoronary adenosine bolus administration, we failed to observe any increase 
in CBF or coronary vascular conductance upon reperfusion. This lack of effect on 
the coronary microvasculature may explain that intracoronary bolus injections of 

important issue in the clinical context is patient selection. Despite the failure to 

experiencing spontaneous reperfusion) were unable to demonstrate any advantage 
of intracoronary bolus injections of adenosine on IS or reperfusion markers 
(10,11). These data suggest that adenosine should be administered before or, at 
least, at the very onset of reperfusion and highlight the brief window of opportunity. 
The only clinical trial that did utilize a continuous intracoronary infusion regimen 
(albeit for only 5-10 min) showed accelerated recovery of microvascular perfusion 
in case of persistent ST-elevation after percutaneous coronary intervention 
(23). This suggests that adenosine can still be effective even after suboptimal 
myocardial reperfusion provided adequate dosing and duration of administration 

μg) and infusion (2 mg in 2 min) regimen as evidenced by a reduced IS and an 
improved microvascular perfusion (24) which translated into an improvement of LV 
remodeling at 1-year clinical follow-up (25). 

Barriers to clinical translation

The obvious differences between the experimental setting and the clinical 

morbidities and concurrent use of medication with cardioprotective properties may 

setting. Perhaps more importantly, therapeutic optima for adenosine treatment at 
reperfusion in animal models of ischemia-reperfusion have not been established. 
Therefore, it is not surprising that results obtained from clinical studies are 
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only (sustained) high doses of adenosine, reaching the coronary microcirculation 

reperfusion-mediated injury at a time when the amount of potentially salvageable 
myocardium is large.

Limitations

First, we employed healthy juvenile animals in our experiments without co-
morbidities as encountered in patients. Second, the exact mechanisms of 
adenosine-mediated protection were not assessed. Nonetheless, there is 
abundant data regarding the mechanisms through which adenosine is effective in 
ameliorating reperfusion-mediated injury (6). Third, likely as a result of seasonal 
variation (unpublished observations), NA/AR was smaller in controls in protocol A 
compared with controls in protocol B. Importantly, control swine were time-matched 
to the adenosine swine within each protocol.

CONCLUSIONS 

Prolonged high-dose intracoronary infusion of adenosine starting just prior 
to reperfusion, but not a single bolus of adenosine administered during early 

Considering that there is currently no successful clinical pharmacological treatment 

warrant further clinical studies in patients with AMI, using prolonged high-dose 
intracoronary adenosine infusion.
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Table S3: 

Reperfusion

Baseline
5 min 

Rep

15 min 

Rep

60 min 

Rep

120 min 

Rep

2 (mmHg) Control 25 ± 1 51 ± 2* 58 ± 2* 57 ± 2* 53 ± 2*
Adenosine 26 ± 1 45 ± 2* 50 ± 3* 52 ± 4* 52 ± 4*

2 (μmol/min) Control 61 ± 4 73 ± 8 38 ± 4* 38 ± 4* 35 ± 5*
Adenosine 64 ± 19 53 ± 18 56 ± 13 44 ± 15 40 ± 11

2 (mmHg) Control 26 ± 1 49 ± 1* 55 ± 2* 55 ± 2* 54 ± 2*
Adenosine 26 ± 1 47 ± 1* 53 ± 2* 58 ± 3* 60 ± 3*

2 (μmol/min) Control 82 ± 17 56 ± 6* 37 ± 5* 32 ± 5* 27 ± 4*
Adenosine 52 ± 6† 57 ± 6 45 ± 8 35 ± 5 32 ± 4

Data are presented as mean ± SEM. *P<0.05 vs. corresponding baseline. †P<0.05 vs. corresponding 
2 2 2, myocardial oxygen consumption.
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SUPPLEMENTAL DOSE RESPONSE AND 
PROLONGED INFUSION STUDY

METHODS

Surgical preparation 

Swine of either sex were premedicated with rompun (xylazine) 2.25 mg/kg, 
zoletil (tiletamine + zolazepam) 5 mg/kg i.m. and atropine 1 mg, intubated, and 

2:N2=1:3 v/v) to which 0.2-1.0% (v/v) 

and fentanyl (10 μg/kg/h, i.v.). Swine were instrumented under sterile conditions as 

the aortic arch for the measurement of aortic blood pressure and blood sampling. 

around the ascending aorta (3). After the heart was exposed via opening of the 

catheter (used for calibration of the Konigsberg transducer signal) were inserted 

catheters were implanted into the left atrium for pressure measurements and into 
the pulmonary artery for infusion of drugs. Approximately 2 cm of the left anterior 
descending coronary artery was dissected free from the surrounding tissue to 

anterior interventricular vein was cannulated with a 20-gauge angiocatheter for 
2 consumption. 

Subsequently, electrical wires and catheters were tunnelled subcutaneously to the 
back and the chest was closed. Animals were allowed to recover from surgery 
and received analgesia (0.3 mg buprenorphine i.m.) for two days and antibiotic 

dose response and prolonged infusion protocol was performed at least one week 
after surgery.

Experimental protocol and procedures

The effects of increasing 10-min intracoronary infusions of adenosine (2, 5, 10, 
20 and 50 μg/kg/min) were studied in chronically instrumented awake swine 
under resting conditions. Systemic, pulmonary and coronary hemodynamics as 
well as regional myocardial function was recorded throughout the experimental 
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protocol. Arterial and coronary venous blood samples were collected at several 
time points. Aortic, pulmonary and left atrial pressures were measured using 
Combitrans pressure transducers (Braun, Melsungen, FRG) with the reference 
point at mid-chest level. Hemodynamic variables were continuously recorded 
and blood samples were collected at each 10-min infusion rate, at a time when 
hemodynamics had reached a steady state.

After establishing the highest dose that was without systemic hemodynamic effects, 
a prolonged 24-h intracoronary infusion of this selected dose was investigated to 

start of infusion and subsequently at 24 h. 

RESULTS

A total number of 10 swine were entered into the dose response and prolonged 

 
A B

Figure 1. 
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Ten-minute intracoronary infusions of adenosine, in doses up to 50 μg/kg/min, 
increased CBF fourfold (Figure 1A). Even at the highest dose adenosine resulted 
in negligible systemic or pulmonary hemodynamic effects ( ). Consequently, 
the dose of 50 μg/kg/min was selected for prolonged infusion up to 24 h.

Infusion of adenosine in a dose of 50 μg/kg/min resulted in an increase of CBF to 
342 ± 35% of baseline at 15 min, which remained stable for up to 2 h (Figure 1B). 

excellent and sustained coronary responsiveness, with no sign of tachyphylaxis 
( ).
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ABSTRACT 

Vagal nerve stimulation (VNS), started prior to, or during, ischemia has been 
shown to reduce infarct-size. However, whether VNS affords cardioprotection 
when started just prior to reperfusion has not been studied to date. We therefore 
investigated the effect of VNS started just prior to, and continued during, early 

 

For this purpose, swine (13 VNS, 10 Sham) underwent 45 min mid-LAD occlusion 
followed by 120 min of reperfusion. VNS was started 5 min prior to reperfusion 

of infarct-area) and infarct size (% of area-at-risk), circulating cytokines, and 

IL6 were not affected. The degree of cardioprotection did not correlate with the 

promise as a novel adjunctive therapy to limit reperfusion injury in a large animal 
model of acute myocardial infarction.
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INTRODUCTION

The single most effective therapy to limit myocardial infarct size and improve clinical 
outcome after acute myocardial infarction (AMI) is early coronary reperfusion via 
primary percutaneous coronary intervention (1,2). However, despite its overall 

death, termed lethal reperfusion-injury (3,4), and microvascular obstruction, termed 

opening of the culprit coronary lesion, despite lack of angiographic evidence of 
epicardial vessel obstruction, which may be present in 30-40% of patients (6). Since 

clinical outcome, strategies to limit these two components of reperfusion-injury 

A novel strategy against ischemia-reperfusion injury was recently proposed by 
Katare et al. (10), who demonstrated in rats that vagal nerve stimulation (VNS) 

in rats (11-14), mice (15) and recently in swine (16). In these studies, the effect 

before (10,11,14), at the very onset of (12,16), or early during (13) ischemia, which 
does not emulate the clinical scenario where adjuvant therapy is typically started 

of the present study was to investigate the effects of VNS, when started just prior 

ST-elevated myocardial infarction (STEMI).

are incompletely understood, but have been proposed to include activation 

Consequently, the second aim of the present study was to investigate potential 
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MATERIALS AND METHODS

Studies were performed in 65 Yorkshire x Landrace swine (~55 kg) of either sex, in 
accordance with the “Guiding Principles in the Care and Use of Laboratory Animals” 
as approved by the Council of the American Physiological Society, and with approval 
of the Animal Care Committee of the Erasmus MC Rotterdam.

Animal Preparation

Swine were sedated with ketamine (20 mg/kg, i.m.) and midazolam (1 mg/kg, 
i.m.), anesthetized with pentobarbital (15 mg/kg i.v.), intubated and mechanically 

2 and N2 (1:3 v/v), and instrumented as previously described (17,18). 
Catheters were placed in the external jugular vein for maintenance of anesthesia 
(pentobarbital, 10-15 mg/kg/h) and infusion of physiological saline, and the left 
femoral artery for measurement of arterial blood pressure. A Swan-Ganz catheter 
was inserted into the left femoral vein and advanced into the pulmonary artery for 
body core temperature monitoring. A micro-manometer-tipped catheter (SPC-3705, 
Millar Instruments, Houston, USA) was inserted, via the right carotid artery, in the 
left ventricle (LV) for measurement  (LVdP/

Delft, The Netherlands) was placed around the ascending aorta to measure cardiac 

placed around the left anterior descending coronary artery (LAD) for measurement 

protocol. Regional myocardial function was measured in the area at risk and remote 
myocardium using two pairs of ultrasonic crystals (P/N SL5-2, Triton Technology 

was placed in the left atrium through a purse-string suture into the auricle for 
measurement of left atrial pressure. For coronary venous blood sampling, a custom 

territory of the LAD. Heparin (5000 i.u./h, i.v.) was administered throughout the 
experiment to prevent coagulation.

Custom-made, self-coiling cuff electrodes were placed around both the left and 
right vagal nerves for stimulation purposes. After completion of instrumentation, the 
cardiac vagal nerve reserve (maximal reduction in HR (%)) was tested in both vagal 
nerves (left and right) in 1 min intervals by increasing voltages (Medtronic 3625 test 

was reached during stimulation with 10.5 V. Maximum heart rate reductions during 
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therapy, produced by stimulation of either left (15±2%) or right vagal nerve (18±3%) 
were not different (p=0.41). Maximal heart rate reductions at pre-ischemia baseline 
were also comparable for VNS (23±2%) and Sham (21±3%) groups (p=0.69). 

Experimental Protocols  

 After 30 min of stabilization, swine were subjected to 
the experimental protocol. Systemic and coronary hemodynamics and regional 
myocardial function were continuously recorded. Blood samples were obtained 
from the aorta and anterior inter-ventricular coronary vein at several time points for 

2 2 2 saturation, hemoglobin (Hb, 
in grams per 100 ml) and lactate (Acid-Base Laboratory model 800, Radiometer, 
Copenhagen, Denmark). Body core temperature was monitored and maintained 
between 37.0-38.0 oC throughout the experimental protocol (20). Swine were 

rhythm was successful within 2 min after onset of VF. Swine were randomly assigned 
to either sham-treatment (n=13) or VNS alone (n=17). VNS was started 5 min before 

stimulation was applied during the remainder of the 20-min stimulation protocol.

 

VNS, we performed a second series of experiments in which we studied three 

min reperfusion protocol, as outlined above, while receiving (i) sham-treatment 
(n=12), (ii N -Nitro-L-Arginine (LNNA, Sigma, 

sham-treatment (n=11), or (iii) LNNA and VNS (n=12).

coronary artery, distal to the site of occlusion, to administer 5 ml of a 4% (w/v) 

coronary artery was re-occluded and the area-at-risk was delineated by intra-atrial 
infusion of 40 ml of 15% (w/v) Evans Blue (17,20). Then, the heart was excised, 
the LV was isolated and cut into 5 transverse slices of equal thickness and slices 
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slice were demarcated on an acetate sheet, slices were incubated in 3% (w/v) 
2,3,5-Triphenyltetrazolium chloride at 

tissue (20). The red stained non-infarcted area was also traced onto the sheet. 
Myocardial infarct size (IS) was 

and summed areas 

areas: NR=NA/IA*100% (22).

Kingdom). 

for neutrophils (Azurocidin, mouse anti human, 1:100, Abnova, Heidelberg, 
Germany) following antigen retrieval (10 min citrate buffer boil (pH 6)) and for 
macrophages (MAC387, mouse anti macrophage, 1:100, Abcam, Cambridge, 
United Kingdom). Staining was visualized using rabbit anti mouse secondary 

2 2 as chromogen. Primary antibodies 

(90,000 μm2

manner using dedicated software (Clemex Vision PE, version 6.0.010A, Clemex 
Technologies inc, Longueuil, Canada). Data were expressed as number of cells/mm2.
 
Data and Statistical Analysis

Hemodynamic and LV global and regional function data were recorded and 
analysed, and myocardial oxygen and lactate consumption, and systolic and post-
systolic shortening were calculated, as previously described (17,18).

Inter-group differences in AR/LV, IA/AR and NR/IA were analyzed using unpaired 

testing, as appropriate. Hemodynamic and LV functional data were analyzed using 
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followed by SNK test. Values are expressed as mean ± SEM. P<0.05 (two-tailed) 

RESULTS

Mortality

Seven swine (3 Sham, 4 VNS) out of 30 animals that encountered VF during the 45 

These 7 swine were excluded from further analysis. Percentages of animals that 
encountered VF, but could be converted to sinus rhythm to complete the protocol, 
were similar (p=0.76) in Sham (80%) and VNS (85%). The average number of 
VF episodes before start of VNS or sham treatment was similar between groups 
(1.8±0.4 vs. 1.4±0.4, p=0.45). VF did not occur during VNS or the corresponding 
sham period or after 15 min of reperfusion (except 1 sham animal at 11 and 15 min 
of reperfusion).

In the second series of experiments, 4 out of 12 Sham swine encountered 
irretractable VF during ischemia, while 12 out of 23 LNNA-treated swine encountered 
irretractable VF during ischemia (all before VNS or Sham stimulation), and hence 
could not complete the protocol.

accompanied by an increase in post-systolic shortening, in the LAD perfusion 
territory, which resulted in decreases in LV systolic pressure, LVdP/dtP40, stroke 
volume, cardiac output, and mean aortic pressure (Table 1). Global and regional LV 
function only partially recovered during the 120-min reperfusion period.

The 18±4% decrease in heart rate produced by VNS was associated with a 19±2% 
decrease in cardiac output and a 16±4% and 13±3% decrease, respectively, in 

alter LVdP/dtP40, LV end-diastolic pressure, or regional systolic and post-systolic 
segment shortening, indicating that VNS did not alter global or regional LV function. 
These effects of VNS were maintained during reperfusion, although heart rate 

likely due to the occurrence of premature ventricular contractions. Up to termination 
of VNS, systemic hemodynamics and global and regional LV function were no 
longer different between VNS and Sham swine.
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vascular conductance were observed, together with a transient reversal from lactate 
consumption to production and a sustained depression of oxygen consumption 
(Table 2).

consumption and extraction of oxygen or lactate, during early reperfusion (Table 2).

Table 2. 

Reperfusion

Baseline 15 min 120 min

CBF (mL/min) Sham 20 ± 4 34 ± 6* 22 ± 3
VNS 15 ± 1 26 ± 4* 21 ± 2

CBF (mL/beat) Sham 0.17 ± 0.03 0.30 ± 0.05* 0.21 ± 0.03
VNS 0.14 ± 0.01 0.30 ± 0.06* 0.20 ± 0.02

2 (μmol/min) Sham 91 ± 20 36 ± 6* 28 ± 4*
VNS 67 ± 7 29 ± 5* 23 ± 3*

2 per beat (μmol/beat) Sham 0.77 ± 0.13 0.32 ± 0.05* 0.26 ± 0.03*
VNS 0.65 ± 0.07 0.33 ± 0.06* 0.21 ± 0.03*

CVC (ml/min/mmHg) Sham 0.22 ± 0.05 0.49 ± 0.06* 0.35 ± 0.04*
VNS 0.18 ± 0.02 0.46 ± 0.07* 0.34 ± 0.03*

Lactate Production (μmol/L/min) Sham -14 ± 5 10 ± 5* -7 ± 2
VNS -7 ± 1 10 ± 2 -4 ± 2

2 Extraction (%) Sham 73 ± 2 19 ± 2* 21 ± 3*
VNS 71 ± 2 19 ± 2* 17 ± 2*

Lactate Extraction (%) Sham 24 ± 4 -14 ± 7* 10 ± 2
VNS 24 ± 5 -15 ± 3* 6 ± 3

2 Extraction 
= myocardial oxygen extraction.

at-risk of 26±1% of the LV (Figure 1) and did not differ between Sham (26±1%) 

area. VNS limited infarct size to 54±5% which was accompanied by a reduction in 
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undergoing left or right VNS, in terms of infarct size (left 52±6% vs. right 58±7%, 

bradycardia produced by VNS was not predictive of either infarct size (r2=0.21, 
2=0.15, p=0.19).

Figure 1.

groups were found (Figure 2).

Neutrophil and macrophage numbers were increased in the infarcted areas as 
compared to the remote myocardium, after 120 min of reperfusion. VNS attenuated 

Role of NO-synthase

However, LNNA prevented the VNS-induced limitation of infarct size (71±6% in 

versus 13±4% in LNNA+sham), which was paralled by similar regional leucocyte 
scores (Table 3).
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Figure 3. 
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Table 3.

Sham
n=8

LNNA+Sham
n=5

LNNA+VNS
n=6

Area at Risk (% LV) 26 ± 2 25 ± 3 27 ± 2
Infarct-Size (% AR) 50 ± 4 65 ± 5 71 ± 6

4 ± 1 8 ± 2 16 ± 4
9 ± 2 13 ± 4 22 ± 5

Neutrophils (#/mm2) 12 ± 2 7 ± 2 25 ± 6†
Macrophages (#/mm2) 58 ± 13 86 ± 35 62 ± 17

DISCUSSION 

ST-elevation acute myocardial infarction using a clinically translational protocol. 
i

ii
iii

Infarct-Size

Several studies, though not all (24,25), indicate that VNS limits infarct-size, 
when started prior to (10,11,14), at (12,15,16) or shortly after (13,26) the onset of 
myocardial ischemia (Table 4). The majority of these studies have been performed 
in rodents or rabbits, which are sympathetically dominant, and are therefore likely 
to have a different sympathico-vagal balance than larger mammalian species 
such as pigs and humans. Although this may increase the effects of VNS in these 
smaller animal species with low baseline vagal activity, a recent study in swine 
also found that VNS started at the onset of ischemia (16) limited myocardial 

the protective effect of VNS occurred during ischemia or whether a reduction in 
lethal reperfusion-injury contributed as well. However, two studies in which no 
reperfusion was allowed (12,15), suggest that at least part of the protective effect 
is targeted against ischemic cell death, leaving the question of whether VNS can 
protect against reperfusion injury unanswered. This question is important because 
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patients with a pending myocardial infarction typically receive adjuvant therapy 
only late into the ischemic episode, or just prior to reperfusion. In light of these 
considerations, we investigated whether VNS can afford cardioprotection when 
started just prior to reperfusion in a large animal model of STEMI. The results 
demonstrate that even when started just prior to reperfusion, VNS was still able to 
limit myocardial infarct-size, thus showing its protection against lethal reperfusion-
injury. The observed protection may well depend on the algorithm of VNS applied. 
This is suggested by a very recent study showing that intermittent VNS (consisting 
of 21 sec VNS bouts interspersed by 30 sec of no stimulation), started at the very 
onset of reperfusion and sustained throughout the entire 120 min of reperfusion 

the golden minute(s) of reperfusion (27).

The mechanism by which VNS limits infarct size is presently incompletely 
understood, but appears to be independent of the reduction in heart rate produced 
by VNS. Thus, Calvillo et al. (11) showed that restoring heart rate to baseline levels 
by atrial pacing did not affect cardioprotection by VNS. Moreover, several studies, 
including the present one, have shown a lack of correlation between the reduction 

suggest that the VNS-mediated cholinergic activation (11) and muscarinic receptor 
stimulation (16) protect against necrosis via a direct myocardial mechanism. 
We therefore studied the involvement of the reperfusion injury signaling kinase 

from our laboratory (29,30) that have shown an important role for nitric oxide 
in cardioprotection against reperfusion-injury, likely by limiting opening of the 
mitochondrial permeability transition pore (16,22,26). Future studies are needed to 
further investigate the molecular underpinnings of VNS-mediated cardioprotection.

Reperfusion following a prolonged period of myocardial ischemia is associated 

endothelial cell damage, deterioration of the glycocalyx, increased neutrophil-

has been shown to be a strong clinical prognosticator for long-term mortality (5,9), 
which is, at least in part, due to its close correlation with infarct size (7,23). However, 
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recent studies suggest that not only infarct size (32), but also the extent of no-

pharmacological intervention (21), independent of a limitation in myocardial infarct-

the regional immune response and are consistent with activation of the cholinergic 

for the cardioprotective effects of VNS against both cardiomyocyte necrosis and 
microvascular obstruction.

Methodological Considerations 

A potential limitation of the present study is that we studied only the very early effects 

to 2h post reperfusion. This time-point was chosen in view of the demonstrated 

have evolved much further beyond the 2h point. However, the 2h reperfusion 

studies are required to investigate the long-term effects of infarct size and no-

Another limitation of the present study is that only a single VNS protocol was 
studied and hence it is likely that other VNS algorithms may afford greater 

stimulation frequency (35) and extending the duration of stimulation beyond 15 
min of reperfusion.
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Table 4. 

Author Species I/R time Start VNS
Duration 

VNS

Infarct-Size

(% AR) (% IA)

Katare et al. (10) Rat 30min/2h 5 min 
pre-ischemia

35 min Sham 85 ± 3 -

VNS 34 ± 2*
Calvillo et al. (11) Rat 30min/24h 5 min

pre-ischemia
40 min Sham 53 ± 5 -

VNS 7 ± 1*
Zhao et al. (14) Rat 60min/2h 15 min

pre-ischemia
75 min Sham 47 ± 4 -

VNS 27 ± 3*
Kong et al. (12) Rat 4h/0h

ischemia
240 min Sham 52 ± 2 -

VNS 28 ± 2*
Katare et al. (15) Mouse 3h/0h

ischemia
180 min Sham 56 ± 1 -

VNS 24 ± 2*
Buchholz et al. (25) Rabbit 45min/4h 10 min

pre-ischemia
10 min Sham 45 ± 2 -

VNS 63 ± 3*
Buchholz et al. (24) Rabbit 30min/3h 10-15 min 

pre-ischemia
10 min Sham 52 ± 4 -

VNS 71 ± 4*
I-VNS 30 ± 3*

Shinlapawittayatorn 
et al. (16)

Swine 60min/2h
ischemia

180 min Sham 46 ± 5 -

VNS 19 ± 4*
I-VNS 5 ± 2*

Shinlapawittayatorn 
et al. (26)

Swine 60min/2h 30 min into 
ischemia

150 min Sham 46 ± 3 -

I-VNS 19 ± 3*
Wang et al. (13) Rat 30min/2h 15 min into 

ischemia
30 min Sham 72 ± 2 -

VNS 47 ± 3*

Shinlapawittayatorn 
et al. (26)

Swine 60min/2h
reperfusion

120 min Sham 46 ± 3 -

I-VNS 44 ± 3
Uitterdijk et al. Swine 45min/2h 5 min

pre-reperfusion
20 min Sham 67 ± 2 54 ± 6

VNS 54 ± 5* 32 ± 6*
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Clinical Implications 

The present study demonstrates that VNS starting just prior to, and lasting only 

large animal model of reperfused STEMI. VNS thus appears to be an attractive 
potential adjuvant therapy to limit reperfusion-injury in patients with STEMI. 
Current technology includes implantable stimulators (36), but with the ongoing 
development of transvenous and transdermal approaches, that do not require 
dissection of the vagal nerve, investigation of VNS in the clinical setting of AMI 
appears warranted. 

CONCLUSIONS

The present study in a porcine model of acute myocardial infarction, demonstrated 
that vagal nerve stimulation (VNS) during early reperfusion limited infarct size and 

the VNS-induced decrease in heart rate and was not associated with a reduction in 

reperfusion-injury.
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ABSTRACT

Background

myocardial infarction (AMI) is caused by expansion of the infarcted myocardium 
with thinning of the wall and eccentric hypertrophy of the remote myocardium. To 
study the geometric changes in the remodeling process after reperfused AMI we 
used cardiac magnetic resonance imaging (CMR). 

Methods

artery followed by reperfusion. CMR was performed at 3 and 36 days post-
infarction. Global and regional LV remodeling was assessed including geometric 

mean circumferential length (mm), total infarct surface (mm2), end-diastolic wall 
thickness (EDWT) (mm) and transmural extent of infarction (TEI).

Results 

From 3 days to 36 days post-infarction end-diastolic volume increased by 43% 
(p<0.01). Infarct mass decreased by 36% (p<0.01), mainly by reduction of EDWT 
with 26%, while mean infarct circumferential length and longitudinal infarct length 
did not change. Remote myocardial mass increased by 23%, which was the result 
of an increase in its circumferential length from 95±10 mm to 113±11 mm (p<0.01), 
with no change in its EDWT. In contrast, EDWT in the infarct, peri-infarct and 
border zone decreased. 

Conclusions 

Contrary to the widely held view this study, using CMR measurements, shows 
that post-infarction remodeling was not associated with expansion of the infarcted 

myocardium, but not expansion of the infarct region, is responsible for left 
ventricular dilatation after AMI.
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INTRODUCTION 

Left ventricular (LV) remodeling after acute myocardial infarction (AMI) is a 
dynamic process of progressive changes in LV chamber size and shape (1), which 
can importantly affect the function of the ventricle and is related to prognosis 
and survival (2). Left ventricular remodeling starts early after AMI, the extent of 
which depends critically on the size of the infarct (3). It is generally accepted that 
chamber enlargement is mainly caused by expansion of the circumferential length 
and thinning of the infarcted myocardium and circumferential lengthening of the 
remote myocardium (4). Expansion is distortion of the ventricle topography caused 
by alternations of the infarcted segment and no new infarcted tissue (5). These 
studies are mainly based on histology, ECG or echocardiography and principally 
examined by ex-vivo triphenyl tetrazolium chloride (TTC) coloring (5), expansion 
of ST-elevation or ventricular silhouettes and dyskinesia/akinesia (6,7), but are not 
able to assess the actual infarct size quantitatively. SPECT and contrast enhanced 

scar. Compared to SPECT, CMR has a higher contrast-to-noise and spatial 

zone (8,9). In addition, CMR cine provides quantitative information of global and 
regional myocardial function. This makes CMR an excellent tool to analyze post-
infarction remodeling in-vivo in both humans and animal while being able to study 
the differences between infarcted and remote myocardium. The present study 
was designed to assess time-dependent geometric changes in both infarcted and 
remote myocardium using a large animal model. For this purpose we studied in-
vivo the geometric changes in remodeling after reperfused AMI of the infarcted and 
the remote myocardium in swine.

METHODS

Animal model

All animal experiments conform with the “Guide for the Care and Use of Laboratory 
Animals” (NIH Publication 86-23, revised 1996) and were approved by the Animal 
Care Committee of our institution. Nine Yorkshire x Landrace swine (5-6 months 
old, 4 female (30.2 ± 1.2 kg) and 5 neutered male (29.1 ± 0.8 kg)) entered the 
study. All animals were sedated with an intramuscular injection of midazolam (1 
mg/kg), ketamine (20 mg/kg) and atropine sulphate (1mg). After placement of 
an intravenous catheter, animals were anesthetized with thiopental sodium (17 

2 and N2 (1:2). 
Anesthesia was maintained with intravenously administered fentanyl (20 μg/kg/hr). 
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Subsequently all animals received antibiotic prophylaxis comprised of a mixture 
of intramuscular procainebenzylpenicilline and dihydrostreptomycine sulphate (20 
mg/kg and 25 mg/kg). Pancuronium bromide was administered as muscle relaxant 
(0.13 mg/kg). Under sterile conditions, a thoracotomy of the left intercostal space 
was performed (10). The pericardium was opened and the proximal part of the 

ligated for 120 minutes to induce a transmural infarction of the lateral wall (5). 
Immediately after ligation fentanyl infusion was stopped and anesthesia was 

was removed and reperfusion was allowed. The pericardium and chest wall were 
closed and the animals were allowed to recover. Post-surgery, all animals were 
given buprenorphine intramuscular (10 mg/kg). 

Cardiac imaging was performed 3 days and 5 weeks post-infarction. For this 
purpose, animals were sedated, anesthetized and intubated as described 
above. Anesthesia during imaging was maintained with fentanyl and if necessary 
thiopental sodium (bolus 50 mg). Mechanical ventilation and peri-imaging breath-
holds were performed using a mobile ventilator (Carina™, Dräger Medical, Best, 
The Netherlands). Muscle relaxation was achieved using pancuronium bromide. 

MRI protocol 

The MRI examinations were performed on a 3.0-Tesla clinical scanner (Signa 
HD, GE Medical systems, Milwaukee, Wisconsin) using a dedicated cardiac four-
channel phased array cardiac receiver coil. Repeated breath-holds and gating 

respiratory motion on data collection. Both baseline and follow-up CMR protocols 
consisted of cine imaging and delayed enhancement (DE).

Cine imaging was performed using a steady-state, free-precession technique 

28-30 x 28-30 cm, matrix size was 128 x 224, repetition time 2.5-2.8 ms, number 

per segment, slice thickness was 6.0 mm, slice gap was 0 mm using a standard 
techniques as described previously (8). 

DE was performed with a gated breath hold 2-dimensional T1-inversion recovery 
gradient-echo sequence minimal of 10 minutes after infusion of Gadolinium DTPA 
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x 28-30 cm, matrix size was 192 x 160, repetition time 6.3 ms, number of average 

mm, slice gap was 0, inversion time 200-300 ms (adjusted to null the signal of the 
remote myocardium). The slice locations of the DE images were copied from the 
cine images.

All images were transferred to a Microsoft Windows™ work station based personal 

Imaging, Maastricht, The Netherlands). Cine imaging and DE images were acquired 
during the same acquisition session using matching slice positions. Registration 
of follow-up and baseline cine imaging and DE was achieved by consensus of 2 
observers using anatomic landmarks like papillary muscle and right ventricular 
insertion sites. 

For global function the images were analyzed using the additional information of 
the long axis to limit the extent of volume at the base and the apex of the heart. 
More details about this analysis method have been described previously (11). To 
determine infarct mass, infarct volume was determined on short axis DE images 

mean SI of the contra-lateral myocardium). The infarct volume was multiplied by 
1.05 g/ml to obtain myocardial infarct mass (8).

For the geometric changes as well as regional functional analyses, only the slices 
with complete circumferential myocardium were used. Each slice was divided into 

thickness (ESWT) were measured on cine imaging and expressed in millimetres 
(mm). Segmental wall thickening (SWT) was calculated by subtracting the EDWT 
from the ESWT divided by the EDWT and multiplied by 100%. 

infarction multiplied by slice thickness (6 mm) expressed in mm. Total circumferential 
length per slice was calculated by averaging the endocardial and epicardial 
circumferential length, expressed in mm. To distinguish between proportional 
changes and absolute changes we looked at total circumferential length per slice 
of the infarct and remote myocardium respectively expressed in degrees and in 
mm. The total circumferential infarct length in degrees was calculated by dividing 
the number of infarcted segments by the total of 36 segments multiplied by 10 
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heart for analysis of the mean circumferential length. These slices were selected 
because the infarct pattern in this region was typical for a lateral infarction and 
included infarcted and remote myocardium. Slices more apical contained little to 
no infarcted myocardium. Mean circumferential remote length was calculated in 
the same way as the infarct region using the non-infarcted segments. 

Figure 1.

Total infarct surface is the sum of the total infarct area in each slice, which is 
calculated by multiplying circumferential length with the slice thickness of the total 
infarct expressed in mm2. 

mean circumferential length multiplied by 100%. 

Transmural extent of infarction was calculated by dividing the hyperenhanced 

rim was calculated by dividing TEI by 100% multiplied by EDWT of the segment 
expressed in mm. The unenhanced rim was calculated by subtracting the enhanced 
rim from the EDWT, expressed in mm. The most lateral segment demonstrating 

parameters of the infarcted region and remote myocardium.

  A       B          C
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Figure 2.

Statistical analysis

Continuous data are expressed as mean values ± one standard deviation (SD), 
whereas dichotomous data are expressed as numbers and percentages. To test 

and remote myocardium an unpaired t-test was used for continuous variables and 

was assumed at a p-value <0.05 (two-tailed). All analyses were performed with 
SPSS 15.0 (SPSS Inc, Chicago, Illinois, 2006).

RESULTS

Bodyweight increased from 29±1 kg at baseline to 38±2 kg at follow-up due to 
normal growth. Functional imaging showed an increase in LVEF from 34±7% to 
41±5% (p=0.02) between baseline and follow-up. EDV and ESV both increased 
between baseline and follow-up (EDV from 79±6 ml to 113±14 ml, p=0.02 and ESV 

left ventricle mass between baseline and follow-up was observed from 55±4 gram 
to 58±5 gram (p=0.13). 

lateral left ventricular wall which had decreased by 36% at follow-up, (from 18±4 
gram to 11±3 gram, p<0.01). Conversely, remote myocardial mass increased 
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by 24% (38±5 to 46±3 gram, p<0.01). The largest change in dimensions in the 
infarct region was a 25% decrease in EDWT (table 1), while mean absolute 
circumferential, and longitudinal, length did not change (from 71±12 mm to 70±19 
mm, p=0.79 and from 46±10 mm to 49±9 mm (p=0.18), respectively). In line with 
these measurements total infarct surface also did not change (from 2167±617 to 
2334±822 mm2, p=0.32). Hence the decrease in total infarct mass is principally 
the result of a decrease in EDWT and not due to changes in circumferential or 

to length ratio (from 9±2% to 7±2%, (p=0.03)). Figure 3 shows a typical example 
of the difference in circumferential length at baseline and follow-up in one animal.

Table 1.

Infarct Remote

p p

Myocardial mass (gram) 17 ± 4 11 ± 3 <0.01 38 ± 5 46 ± 4 <0.01

End-diastolic wall thickness (mm) 6.1 ± 0.7 4.5 ± 0.4 <0.01 5.3 ± 0.7 5.4 ± 0.4 0.70
Mean circumferential length 
(degrees) 134 ± 23 119 ± 30 0.01 226 ± 23 241 ± 30 0.01

Mean circumferential length (mm) 71 ± 12 70 ± 19 0.79 95 ± 10 113 ± 11 <0.01

Longitudinal length (mm) 46 ± 10 49 ± 9 0.18      

Thickness to-length ratio 8.9 ± 1.5 7.0 ± 2.5 0.03 5.9 ± 1.3 4.9 ± 1.0 <0.01

Figure 3.
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The remote myocardium showed almost the opposite remodeling with no change 

circumferential length of the remote myocardium in mm between baseline and 
follow-up (from 95±10 mm to 113±11 mm, p<0.01). 

Figure 4.

Despite the stable circumferential length of the infarct zone in mm over time, 
the increase of the circumferential length of the remote region translated into a 
decrease in relative infarct size from 134±23 to 119±30 degrees (p=0.01). 

Regional remodeling and function (TEI, unenhanced rim, EDWT and SWT) in the 

zone TEI was reduced from 88±6% to 71±25% (p=0.06) due to a decrease in EDWT 
with no change in the unenhanced rim thickness. In the peri-infarct zone, TEI was 
less (28±8%) and stable over time (31±7%, p=0.10), as EDWT and the unenhanced 
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interestingly, showed abnormal function (SWT 22±7%). At follow-up this area also 

of function. True remote areas showed also acute dysfunction (SWT 35±19%), but 

a change of EDWT (5.3±0.7 mm to 5.4±0.4 mm, p=0.69)

DISCUSSION

Remodeling after AMI has been a process with alterations in structure and function 
in response to hemodynamic load and/or cardiac injury involving both infarcted 
and non-infarcted myocardium. Despite optimal treatment of AMI with primary 
percutaneous coronary intervention, remodeling still occurred in the majority of 
patients, which is a major determinant of heart failure (12). To understand this 
global LV enlargement, regional and geometric changes of the LV-wall have to be 
studied in order to unravel the various components that contribute to the remodeling 
process of reperfused AMI. CMR allows precise assessment of these changes.

The present study was designed to assess time-dependent changes in geometry 
of the infarcted and remote myocardium using CMR in a large animal infarct-

post-infarct LV remodeling is not due to expansion of the infarct region (i.e. an 
increase in circumferential length of the infarcted myocardium), but rather is due 
to an increase in circumferential length of the remote myocardium. In addition, the 

due to thinning of the LV wall. Finally, the remote myocardial mass increases which 
is due to the increased remote circumferential length with no change in remote LV 
wall thickness.

Structural changes of infarcted and remote surviving myocardium

Necrosis after reperfusion of the occluded vessel in the myocardium at risk is an 
ongoing process. The current paradigm of post-infarction remodeling describes an 

acute event due to necrosis, apoptosis, and autophagy (13,14). In the following days 
and weeks the infarct mass decreases by approximately 30% caused by thinning of 
the wall, which is accompanied by expansion of the circumferential length (4,6,15). 
In the present study we also observed a 30% decrease in myocardial mass but 
contrary to current paradigm we demonstrated that between 72 hours and 5 weeks 
after reperfused infarction there was no appreciable expansion of the infarct zone, 
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the infarct mass reduction was mainly caused by thinning of the wall, probably due 

CMR demonstrated that remote myocardial mass increased by an increase 

hypertrophy characterized by lengthening of the cardiomyocytes with no or minimal 
cardiomyocyte thickening (16), and serves to maintain stroke volume and cardiac 
output short-term. 

The present study demonstrates that the current paradigm may require 
adjustment. Thus, reperfused infarct remodeling was mainly due to increase of 
the circumferential length of the remote myocardium and was not associated with 
expansion of the infarct region.

The differences between the present study and previous reports is not readily 
explained, but several reasons could be forwarded. First, the initial studies were 
based on non-reperfused infarction models, while we used a model of reperfused 
infarction which incorporates the current treatment for the majority of AMI patients. 
Second, we used a large animal model which may not be fully comparable to 
the clinical studies which form the basis of the current paradigm (5-7). AMI in 
the clinical setting is accompanied by many confounders, including collaterals, 
diabetes, unknown ischemia time, etc. Studies in healthy large animal models, like 

remote myocardium (9). Thirdly, there are striking differences in the assessment of 
LV remodeling. For example, Hutchins and Bulkley examined histology of human 
hearts, but they had no serial comparison. These authors evaluated LV remodeling 
only at a single time-point and by studying the cardiac geometry indirectly by 
ventricular topography (5). Erlebach and Eaton studied distortion of geometry 
of the heart using echocardiography (6), which made it possible to study the 
remodeling process at different time points. However, echocardiography is not able 
to accurately identify the infarct zone and therefore this study may inadvertently 
have included the dysfunctional non-infarcted area which might be larger during 
the remodeling process resulting in conclusion that there was infarct expansion. In 
the present study, using state of the art CMR technology, we could clearly identify 
the non-infarcted remote myocardial region as the principal contributor to global 
LV remodeling.
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Functional changes in the infarct and remote surviving myocardium

CMR has the unique capability to relate regional function to infarction. The present 
study demonstrated that 3 days post-AMI, infarcted as well as remote myocardial 
function was reduced, where only remote myocardial function recovered at 5 
weeks. An explanation for the reduced function of the remote myocardium at 3 days 
post-AMI is not readily found, but could be due to the increase in LV radius and 
consequently an increase in systolic wall stress. In addition there is evidence that 

and not just in the infarct region (17,18). The combination of these factors can lead 
to decreased cell interaction and resulting in diminished wall contraction. In the 

remote myocardial cells will adjust to the increased wall stress by compensatory 
increase of the cells and especially of contractile intracellular structures causing 
increased remote circumferential length which will improve remote function. 

The border zone showed wall motion abnormalities, which did not improve in 5 
weeks even though infarcted tissue was not present in this zone. Presumably the 
lack of improvement of the border zone was due to continued high wall stress, 
which is maximal in this area, and to disrupted mechanical interaction between the 

Methodological considerations

All our animals were 4-5 months old and were still growing during the study period, 

maladaptive remodeling and physiological growth. All animals had a transmural 

our conclusion cannot be extrapolated to non-transmural infarction.

CONCLUSION

Using a combination of regional geometric imaging of infarct and remote 
myocardial regions, we demonstrated that the current paradigm of reperfused 
post-infarct remodeling requires adjustments and is not associated with expansion 

myocardium and circumferential lengthening of the remote myocardium without 
thickening of the wall. Therefore remodeling of the remote myocardium, and not of 
the infarct region, is principally responsible for LV dilatation after AMI.
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ABSTRACT

Despite early revascularization, remodeling and dysfunction of the left ventricle 
(LV) after acute myocardial infarction (AMI) remain important therapeutic targets. 
Intermittent pacing therapy (IPT) of the LV can limit infarct-size, when applied during 
early reperfusion. However, the effects of IPT on post-AMI LV-remodeling and 
infarct-healing are unknown. We therefore investigated the effects of IPT on global 
LV-remodeling and infarct-geometry in swine with a 3-day old AMI. For this purpose, 

by reperfusion. A pacing lead was implanted in the peri-infarct zone. After three 
days, global LV-remodeling and infarct-geometry were assessed using magnetic 

markers of extracellular matrix (ECM) turnover and Wnt/Frizzled signaling in infarct 

remodeling, function or infarct-mass, but attenuated infarct-healing. In control pigs, 
infarct-mass reduction was principally due to a 26.2±4.4% reduction in infarct-
thickness, in IPT pigs it was mainly due to a 35.7±4.5% decrease in the number 

genes involved in ECM-turnover or Wnt/Frizzled signaling at 5 weeks follow-up. 
Taken together, IPT limited infarct-expansion and altered infarct-composition, 



| 171

9

INTRODUCTION

The prevalence of heart failure continues to rise worldwide (1,2). An important risk 
factor for heart failure is left-ventricular (LV) cardiac remodeling following acute 
myocardial infarction (AMI), with infarct size as its principal determinant (1,3). 
Despite advances in the treatment of AMI and subsequent cardiac remodeling, a 
need exists for novel adjunctive therapies. Current strategies under investigation for 
cardioprotection include pharmacological agents or application of brief mechanical 

reperfusion to protect the myocardium by reducing infarct size (4,5). In addition, 
there is evidence that intermittent pacing therapy (IPT) is capable of limiting infarct 
size not only when applied prior to ischemia (6,7), but also when applied during 
early reperfusion (8,9), resulting in blunting of subsequent LV remodeling (10).

Presently, it is unclear whether IPT is capable of limiting LV remodeling independent 
of its protection against acute myocardial necrosis, i.e. when started a few days 
after reperfusion. Consequently, the aim of the present study was to investigate the 
effects of dyssynchronous IPT of the left ventricle (IPTVVI), when started in the sub-
acute phase after reperfusion, in a large animal model of transmural reperfused 

which they underwent cine-MRI and delayed enhancement MRI (DE-MRI) to 
assess global LV remodeling and function as well as infarct-geometry. Subsequently 

MATERIALS AND METHODS

Experiments were performed in thirty-one 5-6 month old Yorkshire x Landrace 
pigs of either sex and were conducted in compliance with the “Guide for the Care 
and use of Laboratory Animals” and after written approval of the Animal Care 
Committee of the Erasmus MC.

Acute effects of IPTAAI and IPTVVI on LV function

In four chronically instrumented swine we investigated the acute hemodynamic 
responses to intermittent dyssynchronous pacing of the left ventricle (IPTVVI) in 
comparison with intermittent synchronous atrial pacing (IPTAAI). 

atropine 1 mg, IM), anesthetized (thiopenthal sodium, 15 mg/kg, IV), intubated and 
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were implanted to monitor hemodynamics and LV function (11,12). The proximal 

atrial lead was sutured onto the right atrium and connected to the subcutaneously 
implanted pacing device (Insignia Entra 1296, Guidant, St Paul, MN). A unipolar 
epicardial pacemaker lead was positioned in the mid-anterior wall position near the 
LAD coronary artery. After proper functioning of the pacing setup was ascertained 
(Zoom 2920, Guidant, St Paul, MN, United States), the chest was closed and 
animals were allowed to recover. Swine received analgesia (buprenorphine, 0.01 

. Five days after surgery, with swine resting quietly, 
hemodynamic measurements were recorded. Subsequently, swine underwent 
three consecutive 5-min episodes of AAI or VVI pacing with heart rates at 30 beats/
min above resting levels, separated by 5-min intervals of normal sinus rhythm. AAI 
and VVI pacing protocols were randomly performed on separate days.

remodeling

. Swine (n=27) were sedated, anesthetized, intubated and ventilated as 
described above. Anesthesia was maintained with fentanyl (20 μg/kg/hr, IV) until 

of procainebenzylpenicilline (20 mg/kg, IM) and dihydrostreptomycine (25 mg/kg, 
IM). Following thoracotomy via the third left intercostal space a polyvinylchloride 
catheter was placed in the aortic arch, the pericardium was opened and the 
proximal LCx was dissected. A unipolar epicardial lead was screwed into the 
anticipated infarct border zone, followed by 2h of LCx occlusion. The pericardium 
and chest were closed and the animals were allowed to recover, receiving analgesia 
(buprenorphine, 0.01 mg/kg/day, IM) for 48h. Pacemakers were interrogated 

 Three days after AMI, cardiac MRI was performed. Swine 
were sedated and intubated as described above. Mechanical ventilation and 
peri-imaging breatholds were performed using a mobile ventilator. During MRI, 
anesthesia was maintained with fentanyl (20μg/kg/h, IV) and thiopental sodium 
(100 mg bolus). Muscle relaxation was achieved using pancuronium bromide (2-4 
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mg, IV). Post-imaging, animals received antibiotic prophylactics as above and were 
allowed to recover. Then, animals were randomized to either Control or IPTVVI and 
pacemakers remained switched off (Control) or were started (IPTVVI). Importantly, 

(n=11) or IPTVVI (n=7) groups. The IPTVVI pacing protocol was applied every 12h 
(6 AM and 6 PM), consisting of three times 5-min of pacing at 30 beats/min above 
sinus rhythm (AV-delay 10 ms) separated by 5-min of normal sinus rhythm. Post-

animal whereas in the Control group two animals received unplanned indiscriminate 

arterial blood samples were collected in subsets of animals (n=5 per group). Five 
weeks after onset of treatment, cardiac MRI measurements were repeated and 

 Cardiac MRI was performed and analyzed 
on a 3T scanner as described before (13,14). Global and regional cardiac function 
and infarct geometry were assessed at baseline (3 days post-AMI), i.e. before 
treatment and at 5 weeks follow-up (see Supplemental Methods).

. Arterial blood samples were collected 1 and 5 weeks post-AMI in EDTA 

(see Supplemental Methods). 
 

area (%).

. Porcine infarct tissue was homogenized and RNA was isolated. The 
isolated RNA was assessed for concentration and purity (A260/A280 ratio), and 
reverse-transcribed into cDNA (see Supplemental Methods). The expression of 17 

housekeeping gene cyclophilin. 
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Statistical Analysis

All data are expressed as mean±SEM. Data were analyzed using two-way (time 

treatment group differences with paired t testing, and of between treatment group 
differences with unpaired t testing (SPSS 15.0, IBM, Armonk, NY, United States). 

RESULTS 

Acute effects of IPTAAI and IPTVVI on LV function

None of the 4 pigs experienced ventricular arrhythmias during AAI or VVI pacing. 
AAI to 30 beats/min (~25%) above baseline heart rates produced 10-15% increases 
in global LV contractility (LVdP/dtP40) and cardiac output, while stroke volume 

dtP40, and failed to increase cardiac output, as stroke volume decreased by ~25% 

associated with arrhythmias or hemodynamic instability in swine with a recent AMI.

remodeling

Table 1 summarizes global LV anatomy, function and infarct-geometry data at 
baseline and at follow-up. Importantly, global LV and infarct-geometry parameters 

In control animals, 2h occlusion of the LCx resulted in AMI that comprised 31±2% 
of the LV, resulting in a depressed ejection fraction of 33±2% (compared to 55±3% 

(p=0.06). Total LV mass did not change during the subsequent 5 weeks follow-up, 
as the increase in mass of the remote myocardium was balanced by an equivalent 
decrease in infarct-mass (Table 1).
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Figure 1.
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Table 1.

Post-MI

3 days

BL

37 days

FU

Body weight (kg) Control 29 ± 0 38 ± 1*
IPT 28 ± 1 37 ± 1*

LV-mass (g) Control 56 ± 1 58 ± 1
IPT 55 ± 2 55 ± 1

Heart Rate (bpm) Control 93 ± 3 80 ± 6
IPT 100 ± 6 78 ± 11

End-Diastolic Volume (ml) Control 80 ± 3 113 ± 5*
IPT 81 ± 2 110 ± 8*

End-Systolic Volume (ml) Control 54 ± 3 68 ± 3*
IPT 53 ± 2 67 ± 8

Stroke Volume (ml) Control 27 ± 2 45 ± 4*
IPT 28 ± 2 43 ± 3*

Ejection Fraction (%) Control 33 ± 2 40 ± 2**
IPT 35 ± 3 40 ± 3*

Remote LV mass (g) Control 39 ± 1 47 ± 0*
IPT 38 ± 1 46 ± 0*

Infarct-mass (g) Control 17.6 ± 1.4 11.7 ± 0.8*
IPT 17.1 ± 1.2 9.3 ± 0.9*††

Infarct-size (% LV) Control 31 ± 2 20 ± 1*
IPT 31 ± 2 17 ± 2*

Infarct-thickness (mm) Control 6.2 ± 0.2 4.5 ± 0.2*
IPT 5.9 ± 0.2 4.9 ± 0.3

Infarct-length (#slices) Control 7.8 ± 0.6 8.3 ± 0.6
IPT 8.8 ± 0.3 8.0 ± 0.5*

Infarct-length (mm) Control 47 ± 4 50 ± 4
IPT 53 ± 2 48 ± 3*†

Infarct-circumference (#segments) Control 13.5 ± 0.8 12.0 ± 1.1
IPT 13.6 ± 1.6 9.4 ± 1.3*†

Infarct-circumference (mm) Control 62 ± 3 65 ± 6
IPT 61 ± 5 52 ± 5

Total # infarcted segments Control 73 ± 8 71 ± 9
IPT 90 ± 9 58 ± 8*†

follow-up. LV=Left Ventricle
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The changes in global LV anatomy and function were not different between IPTVVI 
and Control (Table 1). However, infarct-geometry responded markedly to IPTVVI 
(Table 1, Figure 2 and Figure 3). In control animals, infarct-mass decreased over 

changes in infarct-length or circumference, and no changes in the total number of 
infarcted segments. In contrast, in IPT animals, the reduction in infarct-mass was 
primarily due to a decrease in total number of infarcted segments (comprised of 

in infarct-thickness. The latter could have played a role in preventing the reduction 

infarct area in Control vs. 10.9±2.1% in IPTVVI swine (Figure 4 and 5, p=0.05).

Circulating plasma 

treatment groups (Figure 6).

Figure 2. 
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not different at follow-up (Table 2.).

Table 2. 

Control IPT

0.7 ± 0.1 1.2 ± 0.3**

Vimentin 1.7 ± 0.5 1.6 ± 0.4
Desmin 0.4 ± 0.1 0.3 ± 0.1
SPARC 1.6 ± 0.5 1.9 ± 0.7
Tenascin-C 1.5 ± 0.9 0.6 ± 0.2
VEGF-A 0.6 ± 0.1 0.6 ± 0.3

0.6 ± 0.1 0.4 ± 0.1
0.8 ± 0.1 0.6 ± 0.1
1.8 ± 0.6 1.4 ± 0.1
6.1 ± 2.2 5.2 ± 1.8

Fzd2 1.5 ± 0.4 1.7 ± 0.3
Fzd4 1.3 ± 0.3 0.9 ± 0.2
LRP5 0.8 ± 0.2 0.5 ± 0.2
LRP6 0.7 ± 0.1 0.7 ± 0.1

2.0 ± 0.7 3.6 ± 0.7
APC 0.8 ± 0.2 0.8 ± 0.1
Axin2 3.6 ± 1.2 3.5 ± 1.0

Col1a1 2.1 ± 0.7 4.7 ± 1.3**

Col1a2 1.9 ± 0.6 3.5 ± 1.3
Col3a1 1.7 ± 0.5 2.0 ± 0.6
MMP-2 1.7 ± 0.5 2.5 ± 0.7
MMP-9 4.5 ± 1.6 4.5 ± 1.5
TIMP-1 1.5 ± 0.4 3.4 ± 1.5

VEGF-A = vascular endothelial growth factor A.
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DISCUSSION

intermittent ventricular pacing (IPTVVI), initiated three days after acute myocardial 
infarction (AMI) and continued for 5 weeks, on global and regional LV remodeling 

were that (i) IPTVVI had no effect on global LV remodeling or function, but (ii) 
had a marked effect on infarct-remodeling by decreasing the number of infarcted 
segments without changing infarct-thickness. (iii) Additionally, IPTVVI increased 

) without changing circulating 

evidence that intermittent electrical stimulation of the left ventricle may represent a 
novel means to modulate scar remodeling after MI. 

IPT in AMI and post-AMI remodeling

Several studies in swine (6) and rabbits (7,9) have shown that pretreatment with 
ventricular, but not atrial (17), pacing is capable of limiting myocardial infarct-size. 
Subsequent studies have demonstrated that not only preconditioning (6,7,9), 
but also postconditioning with brief periods of ventricular pacing in the early 
reperfusion phase (8-10), can also limit myocardial infarct-size. Moreover, the 
effects of this early protection against myocardial necrosis was sustained over a 
six week period, resulting in a trend towards blunted LV remodeling and improved 

IPT on infarct-remodeling, independent of its protection against acute myocardial 
necrosis. The results of this study clearly demonstrate that IPTVVI started 3 days 

Early studies in humans in the pre-thrombolysis era, reported disproportionate 
thinning and stretching of the infarcted segment (18-20). Recent post-thrombolysis 

thinning represents (transmural) myocardial infarction (21). Furthermore, 
limited scar burden is associated with improved contractility (21) and blunted 
remodeling (3) whereas rupture prone cardiac aneurysms are the consequence of 
continued ventricular wall thinning (22). Also, late dilatation of the LV after primary 

a potential target of IPTVVI. Thus the IPTVVI-induced alteration of infarct-geometry 
may mitigate the sequence of events leading to ventricular wall thinning and limit 
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composition were observed in the present study, these alterations did not yet 

that is similar to previous observations with cell-therapy studies in swine (24), as 
well as humans (25), with AMI suggests that longer follow-up may be required for 

studied only a single algorithm of pacing therapy. Hence, it cannot be excluded 
that other algorithms or pacing protocols may produce larger regional effects 
that do translate into global LV improvements (8). Clearly, future studies, using 
longer follow-up, are necessary to optimize the onset, timing, duration and mode 
of pacing therapy.

The infarct zone is increasingly being appreciated as an area with relevant biological 

typically appear in the infarct-area at 4-5 days after AMI, reach a peak at 1-2 
weeks and continue to reside up to at least 4 weeks (30) and possibly months to 
years (15). In the present study, IPTVVI, started at three days post-AMI, increased 

to the geometric changes in the infarct region produced by IPTVVI in several ways. 

turnover thus contributing to the delicate balance between ECM synthesis and 

could therefore improve structural integrity of the scar and increase mechanical 
strength in the (sub)acute phase (15). Particularly, the latter is in concordance with 
the geometrical changes observed in the present study.

determined in the present study. However, it is well known that LV pacing results 
in considerable changes in LV contraction patterns, even in the peri-infarct zone 
(9,31), resulting in alterations in regional stretch and loading conditions (7,32-
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possible that these pathways were involved in the early phase of IPTVVI. This is 
also suggested by a study in swine (38), in which continuous low dose electrical 
stimulation within the infarct-region, not only resulted in higher numbers of 

as one week after onset of stimulation. These observations underline the transient 
nature of the local molecular responses to regional electrical stimulation. However, 

extracellular matrix proteins in IPTVVI versus Control swine, at either 1 or 5 weeks 
after AMI, indicating that the effect of pacing on release of these proteins in pigs 
with infarcts was not discernible in the systemic circulation even at 1 week after 

molecules (39), modulated infarct-geometry in a paracrine manner, which is 
supported by the observations of Mukherjee et al (38) that TIMP-1 co-localizes 

In conclusion, the present study shows that 5 weeks of IPTVVI, a regionally targeted 
non-pharmaceutical approach that was safe (no arrhythmias and maintained 

showed a reduction in infarct-mass over the 5-week follow-up period, which was 
principally due to infarct-thinning, IPTVVI resulted in a reduction in infarct-mass 
that was principally due to a decrease in the number of infarcted LV segments 
while infarct-thinning was prevented. Histological assessment revealed increased 

suggest that IPT in the peri-infarct zone represents a novel adjunctive therapy to 
favorably modulate infarct-healing in patients with acute myocardial infarction.
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SUPPLEMENTAL MATERIALS AND METHODS

Cardiac MRI and Imagage analysis 

MRI was performed on a 3.0-Tesla clinical scanner (Signa HD, GE Medical systems, 
Milwaukee, WI, United States) using a dedicated cardiac four-channel phased array 
cardiac receiver coil. Repeated breath holds and gating to the electrocardiogram 

collection. Both baseline and follow-up delayed enhanced MRI (DE-MRI) protocols 
consisted of cine–MRI and DE-MRI. 

Cine-MRI was performed using a steady-state, free-precession technique 
(FIESTA, GE Medical System). Imaging parameters were: 24 temporal phases 

degrees, 12 views per segment, slice thickness was 6.0 mm, slice gap was 0 mm. 
Using standard techniques to identify the major cardiac axes, two-chamber and 
four chamber cine-CMR images were obtained. The two- and four chamber end-
diastolic images at end expiration provided the reference images to obtain a series 
of short axis views. This resulted in 8-12 cine breath-hold short-axis images to 
cover the entire left ventricle. Delayed enhancement imaging was performed with 
a gated breath hold 2-dimensional T1-inversion recovery gradient-echo sequence 
minimal of 10 minutes after infusion of Gadoliniumdiethyltriaminepentaacetic 
acid (0.2 mmol/kg intravenously, Gadovist, Bayern-Schering, Germany). Imaging 

angle 20 degrees, slice thickness was 6.0 mm, slice gap was 0, inversion time 200-
300 ms (adjusted to null the signal of the remote myocardium). The slice locations 
of the delayed enhanced images were copied from the cine-images.

All images were analysed in a blinded matter using the CAAS-

Cine and delayed enhancement images were acquired during the same imaging 
session and were matched using identical slice positions (1,2).

Analysis of all images was achieved by consensus of 2 observers using anatomic 
landmarks such as papillary muscles and right ventricular insertion sites. The 
images were analysed using the additional information of the long axis to limit the 
extent of volume at the base and the apex of the heart (3). End-diastolic volume 
(EDV), end-systolic volume (ESV), ejection fraction (EF) and left ventricular mass 
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were measured by manually drawing the endocardial and epicardial contour in end-
systolic and end-diastolic phase of the 2- and 4-chamber images with automatic 
segmentation to the short axis and if necessary corrected manually. Papillary 
muscles and trabeculations were considered as being part of the blood pool volume. 
Infarct volume was determined on short axis delayed enhancement images using 
semi-quantitative analyses for the detection of the delayed enhancement regions 

volume was multiplied by 1.05 g/ml to obtain myocardial infarct mass. For the 
segmental analyses, only slices with complete circumferential myocardium were 
used and each slice was divided into 36 segments (2). Longitudinal infarct length 

infarct circumferential length of 3 basal slices (2).

 Arterial blood samples were collected at 1 and 5 weeks post-infarct in 

MN, USA). Absorbance (450nm) was measured with a SpectraMax M5 plate 
reader (Molecular Devices Corporation, Menlo Park, CA, USA) and concentrations 
calculated using a standard curve.
 

 

4% buffered formaldehyde for at least 24 hours and subsequently embedded in 

2

area / total tissue area (%).

 Porcine infarct tissue was homogenized and RNA was isolated using 
the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) according to 

and purity (A260/A280 ratio) with a NanoDrop spectrophotometer (Thermo Fischer 
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cDNA synthesis kit (Bio-Rad, USA). Temperature gradient optimization studies 
were performed with pooled samples from non-infarct tissue cDNA, and the optimal 
annealing temperatures for each primer, along with the sequences, are shown in 
Table S1 of the supplemental data. IQ SYBR Green Supermix (Bio-Rad) was used 

housekeeping gene cyclophilin. 

Table S1.

Sus Scrofa 

gene
Reverse primer

Annealing 

Temperature 

used (oC)

Fzd2 ATAGGCACGTCCTTCCTCCT GACGGGTGTAGAACTTCCTCC 62

Fzd4 ACATGGGGCATTTCCAGGAG TACAAGTCGCCTGGGTGAAC 65

LRP5 ACGTGATCGAGTTTGGCCTT TGTTGTGCATGCAGTCGTTG 65

LRP6 CGTGCCAGTTGGAGGTTTTG TCCGAAGGCTGTGGATAGGA 62

ATTGAAGCTGAGGGAGCCAC ACTCCTAAAGGATGATTTACAGGTC 62

GTGGAAAGCGGCAACCAAAT CACTGAGGCGAAAACCCTCT 65

TGCCTGCGTCCACTTTACAT AGCTGAGAACCCTGCTATGC 62

ATGGAGAAGAAACCCAGAGCTT TCCGACTCGGTGTTTTCCTG 63.5

GACCAGAAACCCCACGAAGT AAATGCTTTCTCCGCTCCGA 58

aSMA GGACCCTGTGAAGCACCAG GGGCAACACGAAGCTCATTG 66.4

Col1a1 AGACATCCCACCAGTCACCT TCACGTCATCGCACAACACA 62

Col1a2 CTTGAGACTCAGCCACCCAG CCGAATGCAGGTTTCACCAG 65

Col3a1 GCTCCCATCTTGGTCAGTCC CCATCATTACCTCGAGCCCC 63.5

Vimentin TCTGGAATCCCTCCCTCTGG TTGCGCTCCTGAAAAACTGC 66.4

Desmin GGCTCAGTACGAGACCATCG GCATCGATCTCGCAGGTGTA 63

Tenascin-C CACCCCGGTACTTGTTCCAT CCTCGAAGGTGACAGTTGCT 57

SPARC ACCCTGTCCAGGTGGAAGTAG GGCAGAACGACAAACCATCC 57

APC ACAAAACTGGAAACTGAGGCAT CGGAGGGACATTTTTGACCG 63

LOX TCCAAGCTGGCTATTCGACG AGGATTGTACGGGTCATCGC 65

AXIN2 CAAACCCATGCCTGTCTCCT CGGAAGAGATAAGCCCCGTC 65.5

TIMP-1 CTGGTCATCAGGGCCAAGTT GGTCTGTCCACAAGCAGTGA 63.5

MMP-2 GCAGTGATGGCAAGTTGTGG TTGACATCGTCGTGGGACAG 65

MMP-9 ACTTCGGAAACGCAAAAGGC AAGAGTCTCTCGCTAGGGCA 62

Cyclophilin AGACAGCAGAAAACTTCCGTG AAGATGCCAGGACCCGTATG 63.5

VEGF-A = vascular endothelial growth factor A.
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ABSTRACT 

Modulation of Wnt/Fzd signaling with UM206 reduced infarct expansion and 
prevented heart failure development in mice, an effect that was accompanied by 

plays a key role in cardiac remodeling following myocardial infarction (MI). This 
study aims to investigate the effects of modulation of Wnt/Fzd signaling with 
UM206 in a swine model of reperfused myocardial infarction (MI).

For this purpose, seven swine with MI were treated with continuous infusion of 
UM206 for 5 weeks. Six control swine were treated with vehicle. Another 8 swine 
were sham-operated. Cardiac function was determined by echo in awake swine. 

ELISA and at follow-up using planimetry. Components of Wnt/Frzd signaling, 

qPCR and/or histology. 

mass compared to baseline (-41±10%), whereas infarct-mass remained stable 
in the Control-MI group (3±17%). Progressive dilation of the LV occurred in the 
Control-MI group between 3 and 5 weeks after MI while adverse remodeling was 
halted in the UM206-treated group. mRNA expression for Fzd4 and the Frizzled 
co-receptor LRP5 was increased in UM206-treated as compared to Control-MI 

UM206-treated animals (1.53±0.43% vs 3.38±0.61%) at 5 weeks follow-up. 

This study shows that UM206-treatment attenuates adverse remodeling in a swine 
model of reperfused MI, indicating that Wnt/Fzd signaling is a promising target to 
improve infarct-healing and limit post-MI remodeling.
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INTRODUCTION

Although left ventricular (LV) remodeling after myocardial infarction (MI) is aimed 
at maintaining cardiac pump function, initial infarct size, and the subsequent 
progressive expansion and thinning of the infarcted area constitute the main risk 
factors for the development of post-MI heart failure (1). Several strategies that 

been proposed as potential therapies to halt the development and progression of 
LV dysfunction (2,3). 

myocardium, regulate extracellular matrix turnover, and play an essential 
role in cardiac homeostasis. Fibroblasts are more resistant to ischemia than 
cardiomyocytes (4-6), and prolonged myocardial ischemia results in death of 

infarction proliferative response, that together lead to the formation of a stable, 

MI has been proposed to promote scar contraction and limit LV dilation (1,4,9). 
Fibroblast migration is inhibited by Wnt/Fzd signaling, and targeting the Wnt 
signaling pathway by modulating its ligand, the frizzled receptors, through UM206, 

limit infarct size and attenuate adverse remodeling after infarction induced by 
permanent ligation of the coronary artery in mice (10,11). A potential pitfall of 

In light of these considerations, the present study aimed to investigate whether 
UM206 is capable of limiting adverse LV-remodeling after MI in a preclinical setting, 
i.e. when tested in a large translational swine model of reperfused MI. Moreover, 

the infarct area was accompanied by changes in the remote myocardium. For this 
purpose, swine were subjected to 2 hours of coronary artery occlusion followed by 
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reperfusion. After one day, cardiac function was assessed with echocardiography 
and UM206 or Saline was continuously infused intra-arterially throughout the 

myocardial tissue was analyzed to elucidate underlying mechanisms and signaling 
pathways.

MATERIALS AND METHODS

Animal experiments were performed in accordance with the 
 (NIH Publication No. 85-23, revised 1996) and 

with approval of the Erasmus Medical Center Animal Care Committee. Twenty-two 
pre-adolescent (2-3 months old) Yorkshire x Landrace swine (21±1 kg) of either 
sex were used. 

Surgery

Swine were sedated with ketamine (20 mg/kg, Intramuscularly [IM]) and midazolam 
(0.5 mg/kg, IM), anesthetized with thiopental (10 mg/kg, intravenously [IV]), 

2/N2 (1/3 v/v) and anesthetized with fentanyl (20μg/
kg/h) (13,14). Following a thoracotomy through the fourth left intercostal space, a 
polyvinyl catheter was inserted into the aorta. The heart was exposed via a small 

suture was placed around it. Subsequently, a polyvinyl catheter was inserted into 
the left atrium. Baseline blood samples were taken. Following administration of 
heparin (5000 IU IV), the LCx was occluded for two hours by ligation of the suture 
followed by reperfusion. Administration of heparin was repeated after 1 hour of 

prevent clotting, and the pericardium and the chest were closed. Blood samples 

with placement of a catheter in the aorta, but without ischemia-reperfusion, 
served as sham-operated animals. All animals were allowed to recover, receiving 
analgesia (0.3 mg buprenorphine IM) for 2 days and antibiotic prophylaxis (25 mg/
kg amoxicillin and 5 mg/kg gentamycin IV) for 5 days. 

determination of LV end-diastolic cross-sectional area (EDA) and end-systolic 
cross-sectional area (ESA) (15,16). 2D ejection fraction (EF) was calculated 
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as (EDA-ESA)/EDA·100%. Also, blood samples were taken from the aorta and 
collected in EDTA anticoagulation tubes, centrifuged and plasma was stored at 

written program in Matlab. 

Subsequently, animals were randomly assigned to the UM206 group (7 swine) 

left atrium) was continuously infused at a rate of 1 ml/h, using a balloon pump 

pump but without UM206. Echographic and hemodynamic measurements as well 
as blood sampling were repeated after 3 and 5 weeks, and the balloon pump was 

 Five weeks after initial surgery, swine were re-anesthetized with 
pentobarbital (10-15 mg/kg per hour, IV) intubated and ventilated with a mixture 
of oxygen and nitrogen. A Swan-Ganz catheter was inserted via the femoral 

measurement of pulmonary artery pressure and cardiac output (thermodilution). 
A Millar catheter was inserted into the left carotid artery and advanced into the 

completion of all measurements, animals underwent a sternotomy, the heart was 

and photographed. Subsequently tissue from the anterior wall and infarct tissue 
were taken and further sub-divided for storage in liquid nitrogen, isopentane and 
buffered formaldehyde (3.5-4%) for further histological and molecular assessment. 

Infarct mass measurements

fatty acid binding protein (hFABP) was determined with ELISA from the plasma 
samples obtained at 50 minutes of reperfusion according to the manufacturers 
description (Life Diagnostics, West Chester, PA, United States). Baseline infarct 
mass (IMbaseline) was estimated using the relationship between hFABP and infarct 
size obtained in a previous study from our laboratory (17).
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pictures of the individual rings of the heart by an experienced technician (MtLH, 
blinded to treatment of the animals) using planimetry. Infarct area on basal and 
apical side of each ring, expressed as percentage of total area of the ring was 
averaged and multiplied by weight of the ring. Total infarct mass at follow-up (IMFU) 
was calculated as the sum of the weights of the infarcts in the individual rings.

ELISA, histology and molecular studies

Blood samples taken at pre-
infarction baseline, 24 h post-infarction and every week until 5wk follow-up were 

instructions (Cusabio, Huissen, The Netherlands). 

sections of 4 μm were stained for alpha smooth muscle actin as described before 

blinded matter with vessels excluded (Qwin, Leica, Rijswijk, The Netherlands). 

Cryopreserved infarct tissue was homogenized and RNA was isolated 
using the RNeasy Fibrous Tissue Mini Kit (Qiagen, Hilden, Germany) according 

purity (A260/A280 ratio) with a NanoDrop spectrophotometer (Thermo Fischer 

cDNA synthesis kit (Bio-Rad, USA). Temperature gradient optimization studies 
were performed with pooled samples from non-infarct tissue cDNA (n=12). IQ 
SYBR Green Supermix (Bio-Rad) was used for the detection of cDNA levels. 

in extracellular matrix turnover and Wnt/Frizzled signaling was performed using 

housekeeping gene cyclophilin and normalized to the average of sham-operated 
animals. See supplemental table S1 for primer details. 
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Statistical analysis

Statistical analysis for the effect of UM206 on hemodynamic, echographic and 

between sham, Control-MI remote, and UM206-treated remote myocardium using 

determined by plasma hFABP as a covariate was used. When hFABP was not 

(infarct vs remote) as within-subject factor and UM206-treatment as between-
subject factor. Data are given as mean±SEM. P<0.05 was considered statistically 

RESULTS

left ventricle as evidenced by marked changes in the ECG (not shown) and hFABP 
release. Although plasma hFABP concentrations at 50 minutes of reperfusion 
varied considerably between the individual animals, overall plasma hFABP 
concentrations were similar in the Control-MI group and the UM206 group (Table 
1). Estimated IMbaseline was therefore also similar between groups. 

whereas IM remained unchanged in the Control-MI group (Figure 1A, Table 1). The 
alterations in infarct remodeling were accompanied by changes in LV geometry as 
measured with echo in awake swine. After 3 weeks follow up, LV dilation occurred 
as evidenced by the larger increase in LV-EDA in both Control-MI and UM206-
treated swine as compared to sham-operated animals (Figure 1B, Table 2). 
This increase in LV-EDA was progressive between 3 and 5 weeks after MI in the 
Control-MI group, whereas LV-EDA remained constant in the UM206 group (Table 2), 

fraction at 3 and 5 weeks follow-up, but there was no overall difference in ejection 
fraction between UM206-treated and Control-MI swine (Table 2), due to the large 
variation in IM. However, IM at follow up was linearly related to LV ejection fraction 
(not shown), suggesting that the IM reduction by UM206 did result in improved 
LV function. Hemodynamics, as measured under anesthesia, were not different 
between groups (Table 3) although heart rate was slightly lower in vehicle-treated 
swine. This was most likely the result of anesthesia, as awake heart rates were not 
different between groups (not shown).
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Table 1.

Sham Control-MI UM206

hFABP (ng/ml) - 141 ± 34 155 ± 20
IMbaseline (g) - 14.5 ± 1.5 17.7 ± 1.9
IMFU (g) - 14.2 ± 2.3 11.2 ± 2.2†
Infarct SizeFU (%LV) - 10.6 ± 1.7 8.7 ± 1.6
LVM/BM (g/kg) 2.31 ± 0.10 3.35 ± 0.21* 3.14 ± 0.39*
RVM/BM (g/kg) 0.75 ± 0.04 1.11 ± 0.06* 1.13 ± 0.09*

RVM = right ventricular mass.

Table 2. 

Days post-MI Sham Control-MI UM206

Day 1
EDA (mm2) 778 ± 49 851 ± 75 902 ± 84
ESA (mm2) 359 ± 22 448 ± 86 456 ± 60
EF (%) 53.3 ± 2.3 48.8 ± 5.5 50.1 ± 3.4

Day 21
EDA (mm2) 860 ± 50 1389 ± 76* 1266 ± 81*
ESA (mm2) 360 ± 41 843 ± 67* 693 ± 61*
EF (%) 57.7 ± 4.3 39.2 ± 3.8* 45.3 ± 3.5*

Day 35
EDA (mm2) 1052 ± 33 1781 ± 110* 1428 ± 103*†
ESA (mm2) 471 ± 53 1010 ± 95* 789 ± 113*
EF (%) 55.8 ± 4.4 43.6 ± 2.5* 44.8 ± 5.2

Table 3. 

Sham Control-MI UM206

Heart rate (bpm) 99 ± 3 83 ± 7* 103 ± 7
Aorta pressure (mmHg) 92 ± 5 103 ± 7 103 ± 2
LVSP (mmHg) 103 ± 4 118 ± 8 115 ± 2
LVEDP (mmHg) 13 ± 2 15 ± 3 13 ± 2
dP/dtmax (mmHg/s) 1620 ± 140 1690 ± 180 1590 ± 160
dP/dtmin (mmHg/s) -1600 ± 140 -2100 ± 140 -2100 ± 170

3.9 ± 0.3 3.4 ± 0.5 4.2 ± 0.3

Control-MI. 
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Figure 1.

In agreement with previous observations in mice, MI resulted in the occurrence of 

and increased expression of ECM proteins in the infarct area. Interestingly, this 
occurred not only in the infarcted myocardium, but also in the remote myocardium. 
mRNA for both Fzd2 and Fzd4 was increased in remote non-infarcted myocardium 
as compared to sham, and while expression of Fzd2 tended to be more increased 
(P=0.06) in the infarcted area, Fzd4 mRNA expression was less in infarcted as 
compared to the remote area (Table 4). mRNA expression of the Fzd co-receptor 
LRP5 was increased, while mRNA expression of the co-receptor LRP6 was 
decreased in remote as well as infarcted myocardium as compared to sham-

myocardium of swine with MI, while collagen-1 was slightly lower in remote 
myocardium of swine with MI as compared to sham-operated animals, but was 
increased in the infarcted myocardium in comparison to remote myocardium (Table 

well as tenascin-C, a glycoprotein that is expressed in the extracellular matrix 
following injury, were increased in the infarcted myocardium as compared to 
remote tissue. In the downstream part of the Wnt/Fzd signaling pathway, axin and 

increased in remote and infarcted myocardium of both Control-MI swine and swine 
treated with UM206 as compared to sham-operated swine. 
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The infarct reduction by UM206 was accompanied by changes in infarct composition 
and expression of genes involved in ECM remodeling and Wnt/Fzd signaling. 

2B), which when also corrected for infarct mass at baseline was corroborated by 

accordance with their role in extracellular matrix turnover, the reduced presence of 

a decrease in MMP-9 mRNA (P=0.085, Figure 2D) in the UM206-treated group 

The effects of UM206-treatment on local TIMP-1 and MMP-9 expression were 
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TIMP-1 levels were below the detection limit of the assay in most plasma samples 
and were not different between Control-MI and UM206-treated swine. MI resulted 

UM206-treatment (15±5 ng/ml at day 1 vs 8±4 ng/ml just prior to initiation of MI) 
but was not different between groups. This increase in plasma MMP-9 tended to 
wane over time, being 6±1 ng/ml at 5 weeks follow-up (P=0.10 vs day 1), but serial 
assessment of plasma MMP-9 did not show any differences between Control-MI 
and UM206-treated swine. 

myocardium of the UM206-treated animals (Table 4). This higher expression of 
Fzd4, a receptor thought to be involved in angiogenesis, was accompanied by a 
tendency towards a higher expression of VEGF in the infarcted myocardium of 
UM206-treated animals as compared to Control-MI.

mRNA for the Fzd co-receptors LRP5 (P=0.06) and LRP6 (P<0.05) was higher 
in the remote myocardium of UM206-treated animals as compared to Control-MI 
(Table 4), which was accompanied by a trend towards a lower TIMP-1 expression 
(P=0.07), suggesting that UM206-treatment may directly affect remodeling of the 
remote myocardium as well.

DISCUSSION

In the present study the effect of UM206, a modulator of Wnt/Fzd signaling, was 
investigated on infarct remodeling and LV function in a clinically relevant large 

with UM206 for 5 weeks after acute MI, resulted in IM reductions and reduced 
dilation of the LV which was accompanied by  changes in expression of genes 
involved in ECM remodeling and Wnt/Fzd signaling. The implications of these 

MI results in dilation and remodeling of the left ventricle. Although this process is 
aimed at maintaining pump function, dilation of the left ventricle has been shown 
to be an initiating factor in the process leading to heart failure. Infarct size and 
composition of the scar tissue, replacing the infarcted myocardium, are important 
determinants of the outcome of the LV remodeling process. Infarct healing occurs 
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that not only have an augmented matrix-synthetic phenotype, but also express 

in strengthening the infarct and limiting infarct expansion, thereby reducing LV 
dilation (1,4,20), and therefore constitute a target to modulate infarct remodeling. 

inhibition of Wnt/Fzd signaling, and thereby modulates the scar formation in the 
infarcted area (10). In accordance with our recent study in mice (10), we found in 
the present study that treatment with UM206 for 5 weeks reduced infarct size and 
that this reduction in infarct size was accompanied by a decreased LV dilation, as 
measured in awake animals with echocardiography, between 3 and 5 weeks after 

very well with ejection fraction measured at 5 weeks follow-up, suggesting that, by 
promoting infarct reduction, UM206-treatment may improve cardiac function. 

decline. This has led to the concept that during the phase of infarct maturation, 

infarcted tissue as compared to remote tissue and correlated with infarct size at 
follow up. In contrast to our previous study in mice, in which UM206-treatment 

presence was lower in the infarcted myocardium of UM206-treated swine as 
compared to Control-MI, particularly in swine with a large MI. It should be noted 
however, that infarct size as a percentage of the left ventricle in mice is much larger 
than the infarct size in swine in the present study, and therefore mechanical stress 

is promoted by mechanical stress (22), it is likely that the UM206-induced infarct 
remodeling earlier after MI attenuated mechanical stress 5 weeks after MI, and 
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between 7 and 21 days of infarct, treatment with a biocomposite material resulted 

lower at 21 days, at a time when LV dilation was reduced compared to control 

presence in the injured heart particularly in the remote non-infarcted myocardium, 

failure (1,23). It is therefore important to also evaluate changes in the remote 
myocardium. MMP-9 was decreased while TIMP-1 and collagen-3 were increased 
in the remote myocardium after MI, which is suggestive of increased interstitial 

In humans, LV dilation was shown to correlate with circulating MMP-9 levels 

for collagen turnover. It is possible that the surgical trauma in combination with 

the decreased expression of MMP-9 in the remote-non-infarcted myocardium. 
In contrast to the unaltered circulating plasma levels of MMP-9, MMP-9 mRNA 
tended to be higher in the infarcted myocardium of Control-MI as compared to 
UM206-treated swine 5 weeks after MI and correlated with infarct size, which is 

modulation of the ECM. In combination with our observation that expression of 
collagen 1 and 3 was unaltered by UM206, the increased levels of MMP-9 in the 
Control-MI swine may have resulted in enhanced degradation of the ECM, which 
could have contributed to the LV dilation that occurred between 3 and 5 weeks 
after MI. 

signaling in the adults is silent (19,23). The Wnt/Fzd signaling pathway is activated 
in wound healing after MI (20,26). In the present study, Fzd-receptor expression 
patterns were indeed different in remote vs infarcted myocardium. In accordance 
with a recent study in swine (27), Fzd2 was increased, while Fzd4 was decreased in 
infarcted myocardium as compared to remote myocardium. Although, in the present 

is possible that altering signaling in other cell-types within the myocardium may 
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receptor that has been shown to be involved in stabilization of micro vessels, was 
higher in animals treated with UM206 as compared to Control-MI. As micro vessel 
stabilization is protective against microvascular regression in the maturation phase 
of MI, the increased expression of Fzd4 together with the tendency towards an 
increase in VEGF-mRNA, is consistent with and increased angiogenic potential in 
UM206-treated swine, which may have contributed to the improved infarct healing.

CONCLUSION

Administration of the peptide fragment UM206 attenuates the dilation of the left 
ventricle after MI in a translationally relevant swine model of ischemia/reperfusion. 
From this observation, we conclude that inhibition of Wnt/Fzd signaling has a 

remodeling of the heart. Although the effects on cardiac function were limited at 
the 5-week time point, it is attractive to speculate that prolonged administration of 
UM206 will prevent the deterioration of the cardiac performance that is frequently 
observed after infarction.
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SUPPLEMENTAL MATERIAL

Table S1.

Sus Scrofa 

gene
Reverse primer

Annealing 

Temperature 

used (oC)

ATTGAAGCTGAGGGAGCCAC ACTCCTAAAGGATGATTTACAGGTC 62
Fzd2 ATAGGCACGTCCTTCCTCCT GACGGGTGTAGAACTTCCTCC 62
Fzd4 ACATGGGGCATTTCCAGGAG TACAAGTCGCCTGGGTGAAC 65
LRP5 ACGTGATCGAGTTTGGCCTT TGTTGTGCATGCAGTCGTTG 65
LRP6 CGTGCCAGTTGGAGGTTTTG TCCGAAGGCTGTGGATAGGA 62
APC ACAAAACTGGAAACTGAGGCAT CGGAGGGACATTTTTGACCG 63
AXIN2 CAAACCCATGCCTGTCTCCT CGGAAGAGATAAGCCCCGTC 65.5
aSMA GGACCCTGTGAAGCACCAG GGGCAACACGAAGCTCATTG 66.4

GACCAGAAACCCCACGAAGT AAATGCTTTCTCCGCTCCGA 58
LOX TCCAAGCTGGCTATTCGACG AGGATTGTACGGGTCATCGC 65
Tenascin-C CACCCCGGTACTTGTTCCAT CCTCGAAGGTGACAGTTGCT 57

GTGGAAAGCGGCAACCAAAT CACTGAGGCGAAAACCCTCT 65
TGCCTGCGTCCACTTTACAT AGCTGAGAACCCTGCTATGC 62

ATGGAGAAGAAACCCAGAGCTT TCCGACTCGGTGTTTTCCTG 63.5
Col1a1 AGACATCCCACCAGTCACCT TCACGTCATCGCACAACACA 62
Col3a1 GCTCCCATCTTGGTCAGTCC CCATCATTACCTCGAGCCCC 63.5
MMP-2 GCAGTGATGGCAAGTTGTGG TTGACATCGTCGTGGGACAG 65
MMP-9 ACTTCGGAAACGCAAAAGGC AAGAGTCTCTCGCTAGGGCA 62
TIMP-1 CTGGTCATCAGGGCCAAGTT GGTCTGTCCACAAGCAGTGA 63.5
Cyclophilin AGACAGCAGAAAACTTCCGTG AAGATGCCAGGACCCGTATG 63.5

VEGF-A = vascular endothelial growth factor A.
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ABSTRACT 

Angiogenesis induced by growth-factor releasing microspheres can be an off-the-
shelf and immediate alternative to stem cell therapy for acute myocardial infarction 
(AMI), independent of stem cell yield and co-morbidity induced dysfunction. 
Reliable and prolonged local delivery of intact proteins such as VEGF is however 

in human-sized hearts, using polyethylene-glycol/polybutylene-terephthalate 
(PEG-PBT) microsphere-based VEGF165A delivery. PEG-PBT microspheres were 
biocompatible, distribution was size dependent and a regimen of 10·106 15μm 
microspheres at 0.5·106

studied in a porcine model of AMI with reperfusion rather than chronic ischemia 
used for most reported VEGF studies, shows that microspheres were retained for 
at least 35 days. Acute VEGF165A release  attenuated early cytokine release upon 
reperfusion and produced a dose dependent increase in microvascular density at 5 
weeks following AMI. However, it did not improve major variables for global cardiac 
function, left ventricular dimensions, infarct size or scar composition (collagen and 
myocyte content). Taken together, controlled VEGF165A delivery is safe, attenuates 
early cytokine release and leads to a dose dependent increase in microvascular 
density in the infarct zone, but does not translate into changes in global or regional 
cardiac function and scar composition.
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INTRODUCTION

Stem cell therapy for acute myocardial infarction (AMI), sought after to facilitate 
cardiac repair, has shown promise to improve cardiac function and patient outcome 
(1). However, outcome parameters vary widely (2) and are not always reported 
well (3). Rather than trans-differentiation of stem cells into cardiomyocytes, the 
postulated mechanism of stem cell action is through paracrine factors, inducing 
anti-apoptotic effects, immunomodulation and regional angiogenesis (4). Improved 
angiogenesis or maintenance of the pre-existing microvascular bed is not only a 
prerequisite for cardiac regeneration, but also for cardiac healing through improved 
or maintained perfusion. It allows for access of leukocytes and facilitates scar 

Autologous stem cell therapy however, is delayed hours to days due to cell harvesting 
and cell culture steps, and quality and viability may vary with co-morbidities (5,6). 

impair stem cell function. This implies that stem cell therapy depends heavily on 
quality of the cells and, importantly, cannot be used immediately following a primary 
percutaneous coronary intervention (pPCI) which is the preferred AMI treatment. 

Microsphere (MSP) therapy, releasing angiogenic or other therapeutic factors, 
could be an off-the-shelf alternative to stem cells. It would make it independent from 
co-morbidity induced stem cell dysfunction and would be available for immediate 
delivery following pPCI. It would also allow delivery of regional angiogenic agents 
or other pharmacotherapeutics before onset of irreversible reperfusion injury and 

This timing is of particular importance as delivery of therapeutic agents before the 

of MSP and widens its therapeutic potential beyond angiogenesis to prolonged 
local delivery of other pharmaca. 

We used an amphiphilic biomaterial composed of polyethylene glycol and 
polybutylene terephthalate (PEG-PBT) with adjustable release kinetics 
(PolyActiveTM). It is designed especially for stable protein delivery (7-11) and can 
theoretically harbor more than one growth factor per MSP for simultaneous release.  
Adjustable release kinetics of MSPs allows control of diffusion and, subsequently, 
sequential release of multiple growth factors is possible when a mixture of growth 
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TM 
MSP delivery keeps proteins intact, protects them against proteolytic degradation 
and has shown excellent biocompatibility in implants (12). PolyActiveTM can be 
stored as an off-the-shelf therapy without loss of activity. 

Many studies of growth factor induced angiogenesis have been performed in 
the past but these models invariably used chronic ischemia through permanent 
occlusion of a coronary artery. However, the clinical reality in Western Europe is 
that patients suffering an acute myocardial infarction are referred for pPCI where 
possible, to relieve ischemia by immediate reperfusion. We therefore studied the 

165A as a model drug in a setting 
similar to that used for pPCI by using a translational animal model of ischemia-
reperfusion. 

MATERIALS AND METHODS

Source of VEGF
165A 

Growth factor VEGF165A, used for both cell culture studies and preparation of loaded 
MSPs, was sourced from one supplier (Peprotech, New Jersey, United States). 
Growth factor for cell culture studies was diluted from fresh stock.

Preparation of VEGF
165A 

loaded PolyactiveTM microspheres

Monodisperse formulations of placebo, high dose (~0.3 pg) and low dose (~0.1 
pg) VEGF165A-loaded PolyActiveTM

were prepared by a double emulsion (water-in-oil-in-water) method. VEGF165A 

into a solution of PolyActiveTM, a copolymer of polyethylene glycol (PEG) and 
polybutylene terephthalate (PBT) with compositions, 1000PEGT80PBT20 or 
1500PEGT77PBT23 (Polyvation, Groningen, The Netherlands) in dichloromethane 

using nitrogen into a 0.5 % solution of polyvinyl alcohol (PVA, 13-23 kDa, Sigma, 
Zwijndrecht, The Netherlands), resulting in a suspension of uniformly sized micro 
droplets. Extraction and evaporation of the organic solvent resulted in formation of 

remove aggregated samples, suspended MSPs were frozen in water for injection 
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Size distribution and the number of MSP per ml was determined by Coulter 
counter analysis (Coulter Counter Multisizer 3, Beckman Coulter, Mijdrecht, The 
Netherlands).

MSP shape and surface characteristics were studied by scanning electron 
microscopy (Jeol JSM6610LV at 5KV). Hydrated MSP were dried through graded 
ethanol series followed by a chemical drying step using hexamethyldisilazane 
(Sigma). Fully dried MSP were mounted using double sided conductive carbon 
tape and sputter coated (gold) before examination. 

In-vitro release kinetics of VEGF
165A 

microspheres

release kinetics of drug-laden MSP were only determined in vitro. Release kinetics 
were assessed by placing 10·106 MSP in a gently and continuously swirled 

of proteins and stabilizes them for later analysis (14). Total VEGF165A release was 
measured at <1min (mimicking acute release), 2.5h (mimicking early reperfusion), 
then every day for 14 days followed by 21, 28 and 35 days post incubation. These 

Eluted VEGF165A was measured by enzyme-linked immunosorbent assays (ELISA) 
165A (R&D Systems, 

Abingdon, United Kingdom). Absorbance was measured at 450 nm with a 
microplate photometer and converted to concentration using a standard calibration 
curve. MSP size was measured before and after the release kinetics studies by 
Coulter counter analysis.

In-Vitro angiogenic VEGF
165A 

To study the lower threshold of 
cultured human cardiac microvascular endothelial cells (HCMVECs, Lonza, Breda, 
The Netherlands) were starved for 20 hours (0.5% heat inactivated fetal bovine 
serum (FBS) in basal endothelial cell growth medium (EBM2), Lonza, Breda, The 
Netherlands) for synchronization. Starved cells were isolated by contemporary 
trypsinization and centrifugation and 2.6·104 cells/cm2 were resuspended into EBM2 

reduced MatriGel® (MatriGel-GFR, BD Biosciences, Breda, The Netherlands) 
per well. Then 50μl of cell suspension with incremental VEGF165A (Peprotech, 0, 
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30 ng/g or 100 ng/g) was added to every well (n=5) and equal distribution was 

2: 2%) cell culture conditions and photographically documented. Total 

Buckingham, United Kingdom) for statistical analysis.

as it is retained by the organ without inducing arteriolar obstruction (15). However, 

arteriolar obstruction with PolyActiveTM MSP. These experiments were performed 
in 5-6 month old Yorkshire-Landrace swine of either sex (34.2±0.9kg). All animal 
experiments were conducted in compliance with the “Guide for the Care and use 
of Laboratory Animals” and after written approval of the Animal Ethics Committee 
of the Erasmus MC. In short, swine were sedated with an intramuscular injection 
of midazolam (1 mg/kg) and ketamine (20 mg/kg). Following an intravenous ear 
catheter placement, anesthesia was induced with an intravenous injection of 600 

2:N2 = 
1:3, v.v.). Anesthesia was maintained with pentobarbital (15 mg/kg/h) and animals 
were instrumented as described before (16). 

6 placebo MSP ranging from 
12-17μm were injected intracoronary in 11 animals for dispersion into the healthy 
myocardium with an infusion rate up to 1.5·106/min. After 2 hours, animals were 
euthanized and excised hearts were conventionally processed for infarct size 

Fuchsin staining, which stains MSP black.

To determine whether myocardial micro-infarctions were produced by MSP 
infusion, we investigated the acute effects of placebo MSP infusion in 4 healthy 

a microcatheter. Numbers of infused MSP varied from 5·106 to 20·106
 and were 

infused with a rate of 0.5 or 1·106 MSP per minute (Table 1). Serial blood sampling 

were executed as described before (16).
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placebo MSP were assessed in 6 swine infused with 5·106 15 μm MSP (0.5·106/

above, tissues were retrieved and prepared for routine HE histology.

infarction

Thirty-two swine (31.4±0.4kg) were sedated as above and anesthesia was maintained 
with fentanyl (i.v. 20 μg/kg/hr). Maximal transient coronary vasodilatation was 
induced for quantitative angiography (selective infusion of 1 mg isosorbidedinitrate) 
to determine optimal balloon sizing. Coronary diameters were measured using a 
non-ionic contrast agent (Iodixanol) and dedicated software (CAAS, Pie medical, 
Eindhoven, The Netherlands). The occlusion and infusion site was carefully selected 

branch. An appropriately sized, coronary angioplasty balloon with a standard guide 

infusion. The LCx was occluded for 2 hours followed by reperfusion. Upon occlusion, 

6 

15μm MSP containing placebo, low or high dose VEGF165A were infused (in 40ml 
saline, 2ml per minute, 0.5·106 particles per minute). The route of administration 
and the area of distribution of the MSP are illustrated  in Figure 1 and shows that 

remaining at the original location, leading to MSP treatment of the area at risk only  
(i.e. subjected to ischemia), and not outside the area at risk. Anesthetized 
animals were monitored for 2.5 hours following reperfusion to serially assess 
biomarker release. Next, catheters were removed, the wound was closed, animals 
received antibiotic prophylaxis (a mixture of procainebenzylpenicillin and dihydro-
streptomycine sulfate, 20mg/kg and 25mg/kg IM) and were allowed to recover.

Global and regional cardiac function including microvascular obstruction was 

after myocardial infarction and therapy using magnetic resonance imaging (MRI) 
as described before (19,20). In short, animals were sedated and intubated as 
described above. Anesthesia was maintained with fentanyl (20 μg/kg/h) and, 
when necessary, supported with thiopental sodium (100 mg bolus). Mechanical 
ventilation and peri-imaging breath-holds were performed using a mobile ventilator 
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(Carina, Draeger, Zoetermeer, The Netherlands). When necessary, and always 

bromide (2-4 mg bolus). Cardiac MRI examinations were performed on a 1.5-Tesla 
clinical scanner (Signa HD, GE Medical systems, Milwaukee, WI, United States) 
using a dedicated cardiac four-channel phased array cardiac receiver coil. 
Repeated breath-holds and gating to the electrocardiogram were applied to 

cardiac MRI (CMR) protocols consisted of cine–MRI (myocardial function) and 

performed using a steady-state, free-precession technique (FIESTA, GE Medical 
System). Using standard techniques to identify the major cardiac axes, two-
chamber and four chamber cine-CMR images were obtained. The two- and four 
chamber end-diastolic images provided the reference images to obtain a series of 
short axis views. This resulted in 8-12 cine breath-hold short-axis images to cover 
the entire left ventricle. 

Figure 1 
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Delayed enhancement imaging was performed with a gated breath-hold 
2-dimensional T1-inversion recovery gradient-echo sequence minimally 10 
minutes after infusion of Gadolinium-diethyl-triamine-penta-acetic-acid (0.2 mmol/
kg i.v., Gadobutrol®, 1.0 mmol/ml, Bayer, Mijdrecht, the Netherlands) (20). 

After MRI-imaging, animals were allowed to recover as described above (1 week 

MRI image processing and analysis

All images were transferred to a Microsoft Windows™ based personal computer for 

Maastricht, The Netherlands). Cine and delayed enhancement images were 
acquired during the same imaging session and were matched using identical slice 
positions. Registration of follow-up and baseline cine and delayed enhancement 
images was achieved by consensus of 2 observers using anatomic landmarks 
such as papillary muscles and right ventricular insertion sites. The images were 
analyzed in a blind matter using the additional information of the long axis to limit 
the extent of volume at the base and the apex of the heart. Left ventricular end-
diastolic volume (EDV), left ventricular end-systolic volume (ESV), left ventricular 
ejection fraction (EF), left ventricular mass and left ventricular end-diastolic wall 
thickness of the infarct (EDWT) were measured by semi-automatically drawing 
the endocardial and epicardial contour in end-systolic and end-diastolic phase 
of the 2- and 4-chamber images with automatic segmentation to the short axis 
and if necessary corrected manually. Papillary muscles and trabeculations were 
considered as being part of the blood pool volume and excluded from myocardial 
mass. Left ventricular ejection fraction (LVEF) was calculated as (LVEDV – 
LVESV) / LVEDV. Infarct size (IS m/m) was determined on short axis delayed 
enhancement images using semi-quantitative analyses for the detection of the 
delayed enhancement regions (2).

Histology

pericardium was carefully opened and after an overdose of pentobarbital, the aorta 
was cross-clamped and the vena cava opened. Immediately upon euthanasia, 

heart with approximately one liter of ice-cold saline to remove blood and plasma 

a cooled cutting board. Slices were sectioned into remote, border zone and infarct 
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For microvascular density of the remote area, tissue was taken from the LV wall 
opposite of the infarcted area (i.e. septum).

Microvascular density measurement

As arteriolar density does not change as a result of myocardial infarction (21), 
we measured total microvascular density in the microsphere treated infarct 

(DBA, L6533, 1:100, Sigma) followed by Streptavidin-HRP (1:4000, Sigma) 
and diaminobenzidine-H2 2

MSP containing, non-overlapping, images were taken of every section (Clemex 
Vision 4.0, Clemex technologies inc. Quebec, Canada). Microvascular density 

angiogenesis despite tortuosity  (22) with a custom built ImageJ macro (version 
1.46r, National Institutes of Health, USA). The adapted Chalkley grid was manually 
placed over every image, with a MSP in the center of the image in case of  infarcted 
tissue. Then, with increments of 4 degrees, the automated Chalkley grid rotated 90 
times for each image to determine its maximum Chalkley score. Chalkley scores 
were converted to absolute microvascular densities with a calibration curve.

Extracellular Matrix and regional cardiomyocyte presence

using a Resorcin-Fuchsin staining. MSP containing areas (designated as having 
been subjected to ischemia) were divided into 6 non-overlapping sections. Every 
section was analyzed to determine the percentage collagen (red stained areas) 
and cardiomyocytes (yellow stained cardiomyocytes).

Serial blood samples were analyzed for markers of necrosis as described before 
165A-drug-
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and at 5 weeks follow-up using similar procedures and performed according to 

Cumulative regional VEGF concentration per gram infarct tissue

The cumulative VEGF concentration eluted by 10·106 low and high dose MSP was 
calculated by dividing the mean in-vitro VEGF release in 35 days (i.e. 0.9 μg and 
2.8 μg), by the weight of each infarction as determined by hFABP release at 50 
min reperfusion.

Statistical analysis

Data are presented as mean ± SEM. Data were analyzed with Sigmaplot (Version 
11.0, Drunen, The Netherlands) and SPSS (IBM SPSS statistics 21). Two-way 

used followed by post-hoc Bonferroni correction when appropriate. Statistical 

RESULTS

release kinetics of VEGF
165A 

 microspheres

Determination of MSP size showed a similar diameter in all formulations in the 

15.3±0.00 μm). Scanning EM was used to visually ascertain MSP integrity for the 
three formulations, and showed an intact and smooth surface. The release patterns 
of the 15 μm VEGF containing formulations is illustrated in Figure 2. Cumulative 
dose for low and high dose MSP was 0.92±0.05 and 2.80±0.17 μg VEGF165A per 
10·106 MSP. Importantly, the release pattern was not statistically different between 
the two active formulations. All MSP showed a decrease in diameter at the end of 

In-Vitro angiogenic effects of VEGF
165A

The HCMVEC tube-formation assay under hypoxic conditions (Figure 3), as a 
marker for angiogenesis, showed a clear dose response to VEGF165A in terms of 

Post–hoc analysis showed that this was dictated by the difference between 100 
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and 0 ng/g with a trend for 30 ng/g towards improved network formation. The 
low dose VEGF165A

cumulative VEGF dose approximating 100 ng/g.

Figure 2

Figure 3 
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retained (6±1% as compared to 17 μm spheres). The latter showed impaired 
distribution with congestion of the microvasculature although TTC staining was 
negative. Therefore, 15 μm diameter MSP were selected for subsequent studies 
of safety and biocompatibility. In the safety or dose tolerance study with 15 μm 
spheres, the average MSP treated area (MTA) was 21.4±3.3% of the left ventricle 
(17.5±3.2g cardiac tissue) in all groups. Data show that infusion of 10 and 20·106 

MSP at 1·106 MSP/min, resulted in a macroscopically detectable TTC stained 
infarct area of resp. 2.5 and 9.7% MTA. However, MSP infusion of 5·106 (1·106 /
min) and 10·106 (0.5·106 /min) showed no macroscopic myocardial necrosis, which 

Table 1. 

Nr. of Microspheres 5·106 10·106 10·106 20·106

Infusion Volume 10ml 20ml 40ml 40ml
Infusion Density 5·105/ml 5·105/ml 2.5·105/ml 5·105/ml
Infusion Speed 2ml/min 2ml/min 2ml/min 2ml/min
Infusion Rate 1·106/min 1·106/min 0.5·106/min 1·106/min

Infarct Size (% MTA) 0.00 2.54 0.00 9.67
[hsTnI] (ng/ml) 0.42 2.03 0.30 8.68
[hFABP] (ng/ml) 6.44 12.10 0.48 28.99

MSP infusion rates as hemorrhagic events. In contrast, the 5·106 (1·106/min) 
and the 10·106 (0.5·106/min) group did not show micro bleedings. Analysis of the 

neither at 5 nor at 28 days following infusion of the MSP (Figure 4) without signs of 
microvascular damage. These safety and biocompatibility results formed the basis 
for the longitudinal functional assessment of MSP therapy for myocardial infarction 
using 10·106 MSP at a rate of 0.5·105 MSP per minute.
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80μm 

Figure 4

infarction

Mortality following myocardial infarction was observed in 8 swine (25%) who 
died prematurely. Mortality was not different between groups: Non-convertible 

 
2 during coronary artery occlusion and 2 during reperfusion. No animals died 
during infusion of MSP. Two animals died within 48h post infarction of sub-

failure and one animal died because of technical failure. All remaining 24 swine  

Baseline characteristics and cumulative VEGF exposure

 To ascertain that infarct mass at 
baseline was similar in all groups, circulating hFABP levels were taken at 50 min 
of reperfusion to calculate infarct mass (16). Infarct masses did not differ between 
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Cumulative local VEGF concentration per infarct 
mass (infarct mass at baseline by hFABP divided by VEGF dose) showed that per 
gram infarcted myocardium, the low dose group received 0.07±0.01μg VEGF165A, 
the high dose group received 0.35±0.06μg VEGF165A. Placebo MSP treated animals 
received no VEGF165A.

To understand the early effects of VEGF therapy on cardiac function, one week 
post-AMI, global and regional myocardial function were assessed with cardiac 
MRI. Results (Table 2) clearly show that global and regional myocardial function 
are similar compared to placebo therapy.

Global and regional myocardial function were assessed again at 5wk post-AMI. 

placebo suggesting that VEGF did not have an effect on global and regional 
myocardial function either early (1wk) or late (5wk) post-AMI.

remained at baseline levels. A similar pattern for placebo was observed for IL6 and 
while the high dose group showed an increase at early reperfusion, this did not 
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Table 2. 

Post-AMI

Treatment

Heart Rate (bpm) Placebo 77 ± 8 80 ± 4
Low dose 71 ± 4 71 ± 4
High dose 64 ± 5 75 ± 7

End-Diastolic Volume (ml) Placebo 104 ± 7 120 ± 7*

Low dose 106 ± 3 126 ± 6*

High dose 107 ± 8 125 ± 9*

Stroke Volume (ml) Placebo 46 ± 2 54 ± 2*

Low dose 42 ± 3 58 ± 3*

High dose 48 ± 2 49 ± 3††

Ejection Fraction (%) Placebo 46 ± 3 46 ± 2
Low dose 40 ± 2 46 ± 2*

High dose 46 ± 2 40 ± 4*

LV-mass (g) Placebo 49 ± 2 54 ± 2*

Low dose 49 ± 2 54 ± 2*

High dose 48 ± 3 52 ± 3*

Infarct Mass (g) Placebo 8.0 ± 2.0 6.4 ± 1.6*

Low dose 9.3 ± 0.9 6.9 ± 0.6*

High dose 9.6 ± 1.6 7.6 ± 1.2*

Infarct Size (% LV) Placebo 15.5 ± 3.3 11.2 ± 2.3*

Low dose 19.4 ± 2.2 13.3 ± 1.6*

High dose 19.4 ± 2.4 14.4 ± 1.8*

End-Diastolic Wall Thickness (mm) Placebo 4.2 ± 0.2 4.1 ± 0.2
Low dose 3.9 ± 0.1 3.6 ± 0.3
High dose 4.2 ± 0.1 3.6 ± 0.3*

Placebo 9.5 ± 4.9 -
Low dose 10.1 ± 4.6 -
High dose 7.7 ± 2.7 -

* †

††
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Figure 5 

Histological analysis

To study the effect of VEGF on microvascular 
density in the infarct zone, Chalkley counts of the infarct area were normalized 
to the non-infarcted remote areas. In contrast to placebo treatment (13±7% 
decrease in Chalkley score vs. remote, Figure 6), high dose treatment resulted in a 

to a difference of approximately 739±278 vessels per mm2 (p<0.05). The low dose 
group remained similar to the remote area, indicating a dose response effect. In 

Capillary density in the border zones in the placebo, low dose VEGF and high dose 
VEGF group (2045±125, 2168±115, 2223±134 vessels per mm resp.) were similar 
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to the remote area and showed no signs of VEGF effects. Chalkley scores in MSP-
containing viable rim of the infarcted tissue, reliably measureable in a few animals 
(n=4 to 5/group), similarly did not show differences with remote in paired analyses.

To study whether differences 

MSP (Figure 7). VEGF165A therapy at 5wk post-AMI did not result in differences 

surface area, p=0.25) or changes in cardiomyocyte presence compared to placebo 

50μm 50μm 50μm 

Figure 6
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Placebo Low Dose VEGF High Dose VEGF 

Figure 7 

DISCUSSION

of controlled VEGF165A release from degradable MSP as an off-the-shelf therapy 
for regional angiogenic therapy following acute myocardial infarction (AMI) in a 
setting of percutaneous coronary interventions (PCI). Intracoronary delivery was 
initiated directly upon reperfusion of the infarct tissue to allow delivery of drug-

optimal MSP distribution within the area at risk before development of perfusion 

We observed that 15 μm MSP were effectively retained and distributed within the 

or (micro) infarction. MSP presence did not negatively affect cardiac function as 
compared to historic data with similar infarct size (heart rate 84±19 vs 80±4, stroke 
volume 60±11 vs 54±2) (18). VEGF-loaded MSP delivery in infarcted myocardium 

and IL6 during reperfusion. At follow-up, histology revealed dose dependent 
changes in microvascular density within the MSP treated infarct area as compared 
to the intrinsic non-ischemic control area. Per gram infarcted myocardium, a dose 
of 0.07±0.01μg VEGF165A maintained- while 0.35±0.06μg VEGF165A increased- 
microvascular density. However, these changes did not translate to changes in 
scar composition (collagen and cardiomyocyte presence), or global and regional 
myocardial function by cardiac MRI at 1 or 5 weeks after AMI.
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Microsphere Composition and Size 

We found that 15 μm diameter MSP were effectively retained by the porcine 
myocardium, while 12μm MSP were not, and 17μm MSP impaired optimal 
distribution. MSP retention may not only be dictated by size but also by material 
properties since Poly(lactide-co-glycolide) MSP of 7 μm diameter were described 
to be retained well (23). Thus, every (bio)material for local drug delivery needs to 
be tailored individually to the intended microvascular bed for optimal MSP sizing. 
Especially in case of angiogenic MSP it is prudent to regulate MSP retention to 
prevent angiogenesis in unwanted areas.

Timing of MSP Delivery

The timing of infusion, immediately upon reperfusion of the ischemic myocardium, 

delivery will be limited by the development of microvascular perfusion defects 
within half an hour after onset of reperfusion. The timing of MSP therapy upon 
reperfusion is of great clinical potential as MSPs can be infused directly following 
PCI, thus limiting additional procedural risks to the patient.
 

Reperfusion following myocardial infarction is typically associated with the release 

monocyte/macrophages with the latter as the main source for IL6 (23,25). However, 

Given the chronic nature of our study, we were unable to assess the acute effect 
of VEGF MSP infusion on cardiac macrophage accumulation and mast cell 
degranulation in tissue. Consequently, we were unable to identify the source of 

our study it did not translate to differences in myocardial function.
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VEGF165A therapy in our study resulted in a dose-dependent increase in 
microvascular density but this did not translate into global or regional improvements 
of cardiac function as measured by cardiac MRI. However, we induced relatively 
small infarcts, and 5 weeks follow-up may be considered short. Previous results from 
our laboratory indicate that indeed, these conditions may not result in measurable 
global functional improvements at short term, despite regional improvements (18).

reperfused MI in a large animal model. Interestingly, approximately 57% of small 
animal VEGF studies that include functional measurements report improvements 
in global cardiac function and 50% of large animal studies show global functional 
improvements (Table 3), but these are mostly studied in a setting of chronic 
ischemia. No clear therapeutic optima, including timing of administration and total 
cumulative dosage, can be distilled from this previous work. Thus, differences 
in experimental conditions, including animal model, infarct size and therapeutic 
protocol, may underlie differences in therapeutic outcome. 

VEGF elicits a dose-dependent increase in cardiac microvascular 

density

It is remarkable that so few studies report the total cumulative dose of administered 
VEGF or the dose normalized to bodyweight or infarct mass. Consequently an 
effective VEGF dosage remains to be established and may be species dependent. 
For example, two rat studies that applied a bolus-like administration of VEGF both 
report positive effects on global function while administering a striking 458-fold 
difference in cumulative growth factor dosage (11μg vs. 24ng) (27,28). These 

placebo treatment resulted in loss of microvascular density in the infarct zone, a 
cumulative dose of 0.9μg VEGF (0.07±0.01μg per gram myocardium) preserved 
microvascular density whereas 2.8μg (0.35±0.06 μg per gram myocardium) 
resulted in an increased microvascular density as compared to remote tissue. 
This demonstrates that VEGF indeed elicits dose-dependent angiogenesis in the 
infarcted tissue.
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When we place this outcome in perspective, it is striking that the effect of VEGF 

microvascular density of the infarct zone as compared to the microvascular density 
of control infarcts. This effect appears independent of dosage, therapeutic protocol 
or timing of administration. It must be noted however, that we were the only group 
to compare microvascular density within the infarct region to the intrinsic control 
(remote area). It may well be that while VEGF increased microvascular density in 
infarcted tissue as compared to control infarctions, it could still be lower than in the 
remote zone, which could affect long term outcome.

Route of administration and AMI-model

From a translational point of view, it is evident that an intravenous or intracoronary 
route of administration is less invasive as opposed to injecting growth factors 
directly into the myocardium. Considering the potential tumorigenic potency and 
blood pressure lowering effects of VEGF (29), any bolus, either intravenous, 
intracoronary or intramyocardially, is less appropriate as it inevitably recirculates. 

where bound to the latter it still supports endothelial proliferation (30,31). Slow 
and sustained VEGF delivery via degradable biomaterials following intracoronary 
delivery therefore seems a viable therapy as the growth factor can be more easily 
bound to the tissue, and subsequent circulating levels should remain low. So far, 
none of the studies in Table 3 used the clinically relevant intracoronary route of 
biomaterial mediated VEGF administration and no conclusions can be drawn 
whether the outcome would have differed. We speculate however, that optimal 
growth factor delivery and retention will be carrier dependent and needs to be 
tailored as is true for cell therapy (32). Clearly a permanent occlusion, as used in 
the vast majority of the studies summarized in Table 3, is not representative for the 
clinical situation where interventions to restore perfusion of the ischemic territory is 
the golden standard in many countries. As a consequence, results obtained from 
these non-reperfused infarct studies will less likely predict the true effects of VEGF 
therapy following PCI for AMI.

Clinical relevance

In our model of reperfused MI, intracoronary delivery of VEGF by degradable MSP 
clearly resulted in an increased microvascular density, but not in improved cardiac 
function. Whether the changes in microvascular density would translate to a better 
long-term outcome beyond our 5 week period, is unknown. Thus, the long term 
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study does serve as a proof of principle that chronic delivery of active protein 
using biocompatible polymers in the broader context is feasible. It is a versatile 
methodology which is not limited to regional and global cardiac scar remodeling 

local drug delivery via the microvascular bed.

Limitations

The current formulation of microspheres showed an early (burst) release of VEGF 
in the in vitro study, which may have protected or stabilized the vascular bed from 

but also results in lower sustained VEGF levels. We cannot exclude that this may 

that co-morbidities such as hypertension, diabetes and atherosclerosis, often 
present in patients suffering acute myocardial infarction, can affect angiogenesis. 
Therefore, studies in large animal models in which these risk factors are present 
would be useful, prior to testing angiogenic strategies in clinical trials.

CONCLUSIONS

Regional, controlled VEGF delivery leads to a dose dependent increase in 
microvascular density in infarcted tissue. This increase did not translate to changes 
in global or regional cardiac function or scar composition. Controlled regional 
VEGF delivery however is safe and feasible and supports the development of 
novel adjunctive off-the-shelf therapeutic applications.
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In the year 1997, it was estimated that cardiovascular disease would become the 
main cause of death in Europe in 2020 (1). Reality however, appears to swiftly 
overhaul this prediction as cardiovascular disease is currently the worldwide 

mortality rates (2) and increased incidence of heart failure with poor prognosis and 
substantial economic burden (3). Acute myocardial infarction (AMI) is accountable 
for a substantial part of these developments despite important advances in the 

PCI however, is intertwined with additional reperfusion injury, a state in which 

period (5-7). Despite revascularization, reperfusion injury is often accompanied 

and is associated with poor prognosis (10,11). Therefore, a growing number of 

and altogether necessitate improvement of techniques and treatment modalities 
for the diagnosis and adjunctive treatment of AMI. Targets for diagnosis include 

aimed at limiting these processes to ultimately attenuate post-AMI LV remodeling. 
The aim of the current work therefore was to contribute to novel diagnostic and 
therapeutic approaches to AMI at the level of preclinical research. In this chapter 
the major results of the individual studies are summarized and their implications 
are discussed. 

PART I:  
EXPERIMENTAL APPROACHES TO MYOCARDIAL 
ISCHEMIA AND MYOCARDIAL INFARCTION

Following a general introduction (Chapter 1

AMI and secondary epiphenomena, Chapter 2 presented a large animal model for 
myocardial ischemia and stable angina pectoris for the validation of dual source 
computed tomography (DSCT) as a novel tool to precisely assess and quantify 

stenoses. Adenosine stress dynamic DSCT perfusion imaging allowed non-invasive 

that a single adenosine stress DSCT may not only provide clinically relevant 
information with regard to location and composition of a coronary artery stenosis, 
but can also quantify the severity of a stenosis in terms of distal hypoperfusion. 
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DSCT therefore allows diagnosis of suspected coronary artery disease such as 
myocardial ischemia and stable angina pectoris. In clinical practice, fractional 

stenoses (16,17). While they guide subsequent peri-procedural decision-making, 
this approach is increasingly being demonstrated to have limitations (18-20). Also, 
it has recently become apparent that scenarios exist in which a patient presents 

reserve measurements does not show obstructive coronary stenosis (21). Such 
cases may be the result of a dysfunctional microvasculature and not coronary 
artery narrowing and may result in false negative diagnoses with postponed 
decision-making and treatment as a consequence. Especially in such cases, non-
invasive CT coronary angiography combined with the presented adenosine stress 
perfusion protocol may prevent or reduce false negative diagnoses in a single non-

approach will ultimately result in future improvements in patients. First in-patient 

imaging (22). Future research should focus on further improving sensitivity and 
accuracy of the method, together with a further reduction in radiation burden (23).

In Chapter 3

in a preclinical porcine model of reperfused AMI. hFABP results were compared 
to the clinical standard of high-sensitive troponin I (hsTnI). The most important 
result is that post-reperfusion hFABP in circulating plasma showed a very strong 

was found in plasmas taken 50-60 min post-reperfusion although analyses in 
plasmas taken as soon as 10 min post-reperfusion already yield excellent results. 
Importantly, hFABP outperformed hsTnI consistently or produced at least results 

earlier, yielding an early baseline measure of a broad range of infarct sizes. Indeed, 
hFABP was capable of precisely quantifying infarct masses of only a few grams. 
This marker will be especially useful in a controlled laboratory setting where onset 
of reperfusion and subsequent timing are closely directed, and may provide an 
early, non-invasive and cheap alternative to conventional imaging modalities such 
as cardiac magnetic resonance imaging. For this reason, we applied this approach 

rule-in (24,25) or rule-out (26,27) patients with suspected AMI. 
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There is a need for novel experimental approaches to augment or maintain 
regional vascular integrity in order to support the infarct-impaired heart through 

validated under optimal experimental conditions have so far yielded disappointing 
results in the clinical setting (28,29). This could be the result of the confounding 
effects of comorbidities that are known to severely affect cell function and its 
subsequent response to an angiogenic stimulus (30) or dosing of the drug (29,31). 
Also, cell types used in the in-vitro evaluation of growth factors for angiogenic 
purposes are often not the true target cell type which is really subject to the growth 
factor in in-vivo evaluation. The majority of angiogenic agents are validated in-

the angiogenic potency of a certain substance and can be tailored to the different 
required experimental needs. A possible improvement in the in-vitro studying of 
growth factors for angiogenic purposes in ischemic heart disease with emphasis 

Chapter 4, a study that assessed the angiogenic effects of the well-studied growth 
factor VEGF165A subjected to conventional in-vitro tube formation conditions as 
well as experimental circumstances that mimic the hostile reperfusion scenario 
of hypoperfusion and hypoxia. The experiments were conducted using the gold–
standard, human umbilical vein endothelial cells (HUVEC), as well as the true 
target cell type for regional, post-infarct cardiac angiogenesis, the human cardiac 
microvascular endothelial cell (HCMVEC). Both cell types were assessed for their 
angiogenic potential under normoxic and hypoxic conditions, with and without fetal 
bovine serum added to mimic the hostile and diverse nutrient and oxygen depleted 

indicate that experimental conditions of tube formation assays, including cell type 

results highlight the need for extensive in-vitro validation of therapeutic agents 
(growth factors) in relevant conditions and may in part explain why clinical studies 
that used growth factor therapy for myocardial infarction failed to attenuate infarct 
and left ventricular (LV) remodeling (28,29). 

Part I of this thesis is concluded with a study in pigs dedicated to optimization of stem 

therapy for myocardial infarction may be the very limited retention of administered 
cells within the affected area (34,35). Because cell retention after therapy appears 
to be an active process and not a mere process of physical entrapment (36) it 
is hypothesized that when the endogenous endothelial ligand is overexpressed 
or when cells are delivered at this time point of higher presence that retention 
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For this purpose the study described in Chapter 5 was designed and performed. 

This study investigated the temporal expression of the post-infarction vascular 
cellular adhesion molecule 1 (VCAM-1) within the infarct zone and its correlation 
with bone marrow-derived stem cell retention, again in a porcine model of reperfused 

14 and 35 days post-AMI. Interesting results of phase 1 of this study showed that 

with a peak at 3 days post infarction and normalization after 14 days. Consequently, 
in phase 2 of this study we administered autologous bone marrow-derived stem 

of cells within the complete infarct. The results however, showed retention rates to 
be low and similar at 3 or 7 days post-AMI, likewise when results were corrected 
for infarct mass using the approach developed in chapter 3. Although VCAM-1 

increase cell retention. When results are compared to work of others (34,37), our 
retention rates are relatively low and suggest that increased presence of VCAM-1 

of the infused fractions showed no difference in composition between the fractions. 

infarct regional autologous bone marrow-derived cell retention but may suggest 
that VCAM-1 should not be a primary target in increasing regional retention. 
Future preclinical efforts should focus on other adhesion molecules involved, in 
combination with elucidating which cells are primarily retained.

PART II:  
ACUTE MYOCARDIAL INFARCTION AND 
REPERFUSION INJURY

This part of the general summary and discussion is dedicated to novel therapies 
that are aimed at reducing acute post-infarct lethal-reperfusion injury as measured 

of limitation of lethal reperfusion injury are reductions in infarct size as well as 

dysfunction and remodeling.
Pharmacotherapy of reperfusion injury after revascularization is promising and 
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(38,39) yet controversial (40-42). This may be the result of inconsistencies in 
peri-procedural parameters such as drug timing and dosing. In Chapter 6, we 
treated pigs with AMI with intracoronary administered adenosine with an emphasis 
on investigating duration of infusion as prime determinant in the reduction of 
reperfusion injury. The results showed that intracoronary administered high-dose 

however, only apparent when adenosine was given over a prolonged period and 
were absent when adenosine was administered as a high-dose bolus only. Results 

effect of adenosine on regional immune response (43,44). These results warrant 
reconsideration of adenosine as a post-infarct adjuvant therapy for reperfusion 
injury. Indeed, a recent study suggests that high-dose, prolonged intracoronary 
adenosine therapy may offer protection against reperfusion injury (45).

It has been hypothesized that reducing the workload of the heart during early 
reperfusion will result in reduced metabolic demand of the area-at-risk and 
improved prognosis (46). 
Several studies in small animals have shown that stimulating the vagal nerve system 
in a supra-physiological manner results in a bradycardic response concomittant 

vagal nerve therapy either before (48), at the onset of (47), or early during (49) 
Chapter 7 a clinically 

more relevant protocol of vagal nerve stimulation was applied by initiating vagal 
nerve stimulation during early reperfusion in a translational, large animal model of 

degree of bradycardia. Additional signal transduction experiments showed that 
nitric oxide was essential for the vagal nerve stimulation induced cardioprotection. 
Also, regional histological analyses of both the infarct zone as well as the area 

vagal nerve stimulation (50), thus suggesting that vagal nerve stimulating indeed is 
immunosuppressive and a promising novel adjunctive method for cardioprotection. 
Future research efforts should focus on optimization of the stimulation protocol 
(51) and less invasive vagal nerve stimulating methods such as transdermal 
stimulation (52,53).
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PART III:  
INFARCT HEALING AND LEFT VENTRICULAR 
REMODELING

Following myocardial infarction, the heart undergoes extensive geometrical 
changes to maintain stroke volume and cardiac output (54,55). Notwithstanding the 
apparent appropriateness of this remodeling process, ultimately progress to overt 
heart failure may occur (56,57). While research has traditionally focused on the 
LV-remodeling process by targeting the surviving myocardium, current research, 
including the work in this thesis is focussing on modulating the healing process 
of the infarcted myocardium itself. These efforts include, but are not limited to, 
attenuating infarct expansion (58), which is a critical determinant of remodeling 

content, a cell type associated with improved prognosis (60), and increasing or 
maintaining regional angiogenesis with growth factors (61,62). 

To precisely distinguish between the global and regional LV post-infarct expansion, 
we developed a magnetic resonance imaging-based method in swine with a 

method which was described in Chapter 8, allowed us to digitally divide the left 
ventricle into 6 mm slices and those slices were subsequently divided into 36 
identical segments. The use of these slices and segments allowed us to precisely 
monitor the post-infarct global and regional expansion using infarct length, infarct 
thickness and infarct circumference.

Using this method in Chapter 9 we studied the effects of dyssynchronous pacing 
of the left ventricle after AMI and its effects on attenuating global and regional 
LV-remodeling when applied in the sub-acute phase after AMI, at a time when 
protection against early necrosis is no longer possible. For this purpose, we 
instrumented swine with pacemakers, placed epicardial pacemaker leads in the 

later, baseline global and regional cardiac function, using the method described 
in chapter 8, was assessed. Interestingly, dyssynchronous pacing of the left 

and associated with improved prognosis (63). Although pacing of the left ventricle 
did not result in global improvements in LV-function after AMI it was capable of 

results warrant further research, including optimization of the current and other 
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pacing protocols (64) as well as temporal signal transduction analyses to elucidate 

dyssynchronous pacing.

selective peptide that antagonizes the Frizzled receptor of the Wnt complex (60). 

the onset of heart failure. In Chapter 10 we investigated the effects of UM206 on 
global LV-function and infarct size in swine with reperfused AMI when started 24h 
post-AMI and continued for 5 weeks. Cardiac function was measured weekly with 
echocardiography and infarct size was determined at baseline and 5 week follow-
up using techniques described in chapter 3. The results showed that infarct mass 

in infarct mass was accompanied by reduced LV-dilatation in the therapy group 
starting week 3 post-AMI whereas left ventricular function in sham treated animals 
continued to deteriorate. Surprisingly, results could not be explained by increased 

markers for extracellular matrix turnover. Although UM206 yielded promising results 
in terms of infarct mass reduction and attenuation of LV-remodeling, it is interesting 

obtained in chapter 9. Results between control experiments (infarct + sham-IPT 

within the infarcts of treated (infarct + IPT vs infarct + UM206) animals however, 
were statistically different (p<0.001). We speculate that these differences are the 
consequence of the moment at which the different approaches effectively exert 

likely reducing the stress on the infarcted tissue and negating the stimulus for 

IPT procedure resulted in a sustained stretch of the infarcted tissue and thereby 
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the effect of IPT would have been different when studied at an earlier timepoint. 
Future studies are therefore warranted that elucidate the optimal duration and 

pacing therapy and UM206 therapy exert an additive or synergistic effect on infarct 

Stem cell therapy for the treatment of myocardial infarction has many drawbacks. 

modest at best (32,66), contradictory (67), potentially transient in nature (33) and 
subject to attenuation by co-morbidities affecting stem cell function (30). Together 
with increased evidence that cell therapy acts through paracrine mechanisms, 
these considerations prompted us to investigate a novel delivery system capable of 
selective administration of a drug of choice, with customizable release kinetics. In 
Chapter 11 we investigated a polymer-based microsphere delivery system which 
was loaded with VEGF165A (chapter 4). This study showed that indeed microspheres 
loaded with VEGF165A could be successfully produced with differential release 
characteristics of intact drug. Next, using techniques described in chapter 3 we 
ascertained in-vivo retention and safety in swine without myocardial infarction. 
Having assessed safety and retention of the particles, we continued to test the 

magnetic resonance imaging and follow-up tissue was regionally analyzed for 
capillary density using a custom-made and automated, stereologic approach. In 

that indeed we were successful in developing a functional alternative for stem cell 

dose-dependent manner in swine that received the active microspheres, whereas 
capillary density decreased in the infarcts of sham-treated animals. In addition, 

Despite both this regional and systemic effect, global LV-function did not improve. 
Thus, we provide a very promising delivery system for regional drug delivery, 
which is not limited to a certain drug or target organ but is widely applicable and 
allows for tailored multi-drug, multi-stage release for regional pharmacotherapy 
(68). However, we also provide evidence that for the levels reached in this study, 
increased capillary density of the myocardium is not associated with improvements 
in cardiac function at these early time points.
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CONCLUSIONS AND  
DIRECTIONS FOR FUTURE RESEARCH

It is evident that many successful efforts, including in the studies described in 
this thesis, have recently been made to improve diagnosis and treatment of AMI. 
These novel methods and therapies provide a solid basis for future research to 

First of all, improved, faster and better methods for early diagnosis of ischemic heart 
disease (chapter 2 and 3) will reduce the number of false negative or false positive 
diagnoses and will contribute to accelerated revascularization with improved 
outcome. Importantly, different approaches depending on sex of the patient may be 

including the current work provided us with several (putative) mechanisms that 
underlie cardioprotection. Also, post-infarct regional remodeling is an active and 
dynamic process where different mechanisms are dominant at different time 

acute, sub-acute and a chronic component is developed. These future approaches 

7 and 11). In the sub-acute phase, treatment modalities may have to focus on 
modulating regional wound healing and infarct stabilization (chapter 9 and 10) to 
further limit infarct expansion and left ventricular dysfunction to ultimately delay or 
prevent the onset of progressive heart failure which has a poor prognosis (71) with 
overall annual mortality rates of 10% (72). In the long-term, which was beyond the 
scope of the current work, additional treatment with stem cells (73) or other delivery 

effects. Although current work primarily focused on the infarct-impaired area, sub 
analyses of data from chapter 9 & 10 

effect on structural and molecular integrity of the remote, surviving myocardium 

should not neglect these remote-based therapeutical leads.

and has evolved into an independent area of interest with targeted approaches 

infarct size and more than a simple epiphenomenon (74,75). These recent insights 
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in addition to infarct size reducing efforts. Interestingly, even sex differences may 
have to be included in future work (76). The current work (chapter 6 and 7) may 

infarct size, may exist. Indeed, previous work already showed that a seasonal 
variation in myocardial infarct size exists (77). This augments the need for further 
research into this matter and emphasizes the need for time-matched controls. 

Translation of preclinical studies into clinical practice may be hampered as 
relatively young and healthy animals are still used whereas cardiovascular disease 
most prominently occurs in the elderly, a group that is often accompanied by 
many comorbidities that affect many biological processes including cell function 
(30). Presently, efforts are made to improve animal models for cardiovascular 
disease including comorbidities such as diabetes mellitus (78), obesity and 
metabolic syndrome (79), hypertension (80) and accelerated atherosclerosis (81). 

This information is important for design of future experimental studies when left 
ventricular dysfunction or even heart failure is required. In addition, a longer post 
infarct follow-up period may be required in swine with AMI of the lateral wall of the 

improved techniques (chapter 2 and 8) may prove useful. Thus, a longer follow-up 
period using adult animals with comorbidities may increase clinical translatability 
of novel approaches for AMI. 

The infarct-area has long been considered to be inert but is increasingly recognized 
as dynamic (83,84). Indeed, the current work shows that post-AMI wound healing, 
as evidenced in altered geometry (chapter 9), composition (chapter 9 and 10) or 
vascularization (chapter 11) of the scar, can successfully be modulated. These 
results support future work with a focus on scar modulation, including efforts to 

investigation. The future treatment of MI could be envisioned to encompass a 
synergistic, stepwise approach. First, upon reperfusion, myocardial necrosis and 

therapy (chapter 6) and vagal nerve stimulation (chapter 7). Subsequently, 
microspheres that contain a cocktail of growth factors (chapter 11), are infused into 
the affected infarct area to augment regional angiogenesis (chapter 4), to ultimately 
build a vascular scaffold that allows improved wound healing and enhanced sub-
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10) and treatment with stem cell therapy (73), or a second wave of drug-laden 

Cardiac perfusion imaging (chapter 2) and infarct geometry by MRI (chapter 8) 
allow precise monitoring of progress whereas the absence of additional hFABP 
release (chapter 3) ascertains safety. 
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Een goed functionerend hart en bloedvatenstelsel is essentieel voor zowel 
de aanvoer van zuurstof en voedingsstoffen, als de afvoer van afvalstoffen 
van en naar alle organen. Ziekten aan hart en vaten zijn wereldwijd dan ook 
verantwoordelijk voor een zeer groot aantal patiënten. Dit gaat vaak gepaard met 
een verminderde kwaliteit van leven en een verminderde levensverwachting. Deze 
hart- en vaatziekten brengen daarnaast zeer hoge kosten in de gezondheidszorg 
met zich mee.

Het acute hartinfarct is verantwoordelijk voor een groot gedeelte van deze 
problemen en wordt meestal veroorzaakt door het abrupte afsluiten van bloedvaten 
op het hart zelf. Daardoor wordt de toevoer van zuurstof en voedingsstoffen naar 
een deel van de hartspier belemmerd. Als gevolg van het tekort aan zuurstof en 
voedingsstoffen sterft, afhankelijk van de duur van de afsluiting, een deel van de 
hartspier en verminderd de pompcapaciteit van het hart. Vaak worden patiënten 
die getroffen zijn door een hartinfarct op termijn kortademig en hebben ze een 

sterke belemmering om zelfs gewone dagelijkse dingen zoals boodschappen te 
kunnen doen. De gevolgen van een hartinfarct voor de patiënt zijn afhankelijk van 
de grootte van het infarct. Hoe kleiner het infarct, hoe beter de vooruitzichten. Het 
is dan ook letterlijk van levensbelang om de acute grootte van het infarct zo veel 

behandelen het zo snel mogelijk herstellen van de bloedstroom naar het aangedane 
stuk hartspier. Dit gebeurt door middel van een dotter- en/of stentbehandeling. Het 
herstellen van de bloedstroom (reperfusie) heeft ook een keerzijde, het geeft vaak 

binnen het infarctgebied vaak een gedeelte waar de bloedstroom niet onmiddellijk 

wordt geassocieerd met de vooruitzichten van de patiënt.

De verminderde pompfunctie als gevolg van het infarct wordt door het hart zelf in 
eerste instantie gecompenseerd. Dit proces bestaat uit structurele aanpassingen 
van zowel het infarctgebied als het overlevende weefsel. Het infarctgebied wordt 
enigszins opgerekt terwijl overlevende hartspiercellen in grootte toenemen en leidt 
uiteindelijk tot een toename in hartspiermassa en inwendig volume. Dit proces is, 
afhankelijk van de grootte van het infarct, beperkt en wanneer deze natuurlijke 
compensatie niet langer toereikend is spreekt men van hartfalen. De vooruitzichten 
bij diagnose hartfalen zijn meestal slecht, ongeveer de helft van patiënten overlijdt 
binnen 5 jaar.
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In de laatste 20 jaar is enorme vooruitgang geboekt in de diagnose en behandeling 
van het acute hartinfarct en de vermindering van reperfusieschade, waardoor er 
veel minder mensen overlijden aan de vroege gevolgen van een acuut hartinfarct. 
De keerzijde van dit succes is dat het aantal patiënten wat vroeg of laat hartfalen 
ontwikkelt enorm is toegenomen. Dit benadrukt dat er veel behoefte is aan betere 
methoden voor diagnose en behandeling van het acute hartinfarct in aanvulling op 
de huidige richtlijnen. Verbetering van de behandeling dient er zowel op gericht te 
zijn om kort na het ontstaan van het infarct de infarctgrootte te beperken alsook 
om op de langere termijn structurele veranderingen van de hartspier te beperken 
en tegen te gaan.

Dit proefschrift, dat is opgedeeld in 3 delen, presenteert nieuwe methoden om de 
aanwezigheid en ernst van sterk verminderde doorbloeding van de hartspier of 
een acuut hartinfarct sneller en nauwkeuriger in kaart te brengen (Deel 1). Het 
grootste deel is echter gewijd aan nieuwe, aanvullende methoden om het acute 

Deel 2), en de wondheling te verbeteren om 
het verlies van functie van de hartspier op langere termijn te beperken (Deel 3).

Deel I

Na een korte introductie over aderverkalking en doorbloedingsproblemen van de 
hartspier met de nadruk op het acute hartinfarct in Hoofdstuk 1, presenteren we in 
Hoofdstuk 2 een varkensproefdiermodel waarin de doorbloeding van de hartspier 

van stabiele pijn op de borst. Door verschillende maten van vernauwing van een 
kransslagader na te bootsen kon de ernst van de verminderde doorbloeding van 
de hartspier worden gestuurd. Met behulp van nieuwe CT-technieken werd de 
verminderde doorbloeding erg nauwkeurig en voor het eerst op deze manier in 
beeld gebracht. Deze methode is niet-invasief, in tegenstelling tot de traditionele 

deze methode in staat om aan te tonen of de allerkleinste bloedvaatjes van het hart 
doorbloedingsproblemen geven, terwijl er geen grote vernauwingen in de grote 
kransslagaderen zijn. De verkregen resultaten helpen om sneller en met minder 
risico inzicht te krijgen wanneer een gedeeltelijke afsluiting van een dichtgeslibde 
kransslagader daadwerkelijk een beperkend effect heeft op de doorbloeding van 
het hart zelf en verdere behandeling noodzakelijk maakt. Daarnaast helpt het om 
het aantal fout-negatieve beoordelingen te verminderen.
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Er bestaat de onverminderde behoefte om sneller en preciezer te kunnen 
voorspellen of er sprake is van een acuut hartinfarct en hoe groot dat is. Daarvoor 
worden vaak stofjes in het bloed van een patiënt gemeten. Deze stofjes zijn echter 

onderzoekswereld, waar vaak met behulp van proefdieren onderzoek naar nieuwe 
therapieën voor het acute hartinfarct wordt gedaan, is het van groot belang om de 

het succes van de therapie gespiegeld kan worden op het beïnvloeden van 
Hoofdstuk 3 een 

bloed van varkens met een hartinfarct en vergeleken met A) de klinische standaard 
troponine en B) een kleuring op de uitgenomen harten die heel precies dood van 
levend hartweefsel kan onderscheiden. De resultaten laten zien dat hFABP sneller 
dan de klinische standaard zowel de grootte van het hartinfarct als de grootte van 

waar modellen voor het acute hartinfarct nauwkeurig geregisseerd worden, om 

te maken. Daarnaast kan hFABP misschien in de klinische realiteit helpen om te 
bepalen of er al dan niet sprake is van acute hartschade.

Hoofdstuk 4 beschrijft een studie waarin we keken naar stoffen die 
vaatnieuwvorming kunnen stimuleren. Het stimuleren van vaatnieuwvorming in het 
infarct wordt gezien als een methode om de wondheling gunstig te beïnvloeden. 
In deze studie stelden we verschillende typen cellen bloot aan deze zogenaamde 
groeifactoren onder verschillende experimentele condities om vaatnieuwvorming 
te bestuderen. Normaal gesproken worden dit soort stoffen getest met cellen uit 
de navelstreng. Echter is dit niet het celtype dat zich in het hart bevindt en aan de 
groeifactor blootgesteld zou worden wanneer de groeifactor rechtstreeks in het 
hart toegediend zou worden. Daarnaast zijn de condities waarin een dergelijke 
stof ingespoten zou worden in het geïnfarceerde hart behoorlijk anders dan de 
condities in een traditioneel netwerkvormingsexperiment. Als groeifactor werd het 
goed bestudeerde vasculair endotheel groeifactor 165A (VEGF165A) gekozen en 
dit werd getest met het traditionele celtype uit de navelstreng, maar ook met het 
werkelijke doelwit celtype. VEGF165A werd bestudeerd in cardiale microvasculaire 
endotheelcellen onder condities die weefsel in het geïnfarceerde hart ten dele 
nabootsen. De resultaten laten duidelijk zien dat de verschillende gekozen 
experimentele condities van grote invloed zijn op de uiteindelijke vaatnieuwvorming. 
Dit experiment toont aan dat groeifactoren die ingezet gaan worden om uiteindelijk 
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in het humane hart vaatnieuwvorming te stimuleren, éérst uitgebreid moeten 
worden getest onder realistische experimentele condities.

Deel 1 van dit proefschrift wordt afgesloten met een experimentele studie 
gewijd aan het optimaliseren van stamceltherapie voor de behandeling van het 
hartinfarct. Hoewel stamceltherapie voor de behandeling van het acute hartinfarct 
veilig en gematigd succesvol is gebleken, is er nog veel ruimte voor verbetering. 
Een opvallend probleem in stamceltherapie voor het acute hartinfarct is het feit 
dat maar een klein gedeelte van de toegediende cellen daadwerkelijk in het 
hart achterblijft. Er wordt gedacht dat met het verhogen van deze zogenaamde 
retentie, stamceltherapie betere resultaten zal geven. Uit eerder onderzoek is 
gebleken dat de stamcellen actief door de bloedvatbekleding van bloedvaten 
uit het infarct gebied worden gevangen. De moleculen op deze, door het infarct 
geactiveerde, endotheelcellen zijn verantwoordelijk voor het vastgrijpen van de 
ingespoten stamcellen. Welke moleculen dat precies zijn is niet volledig bekend, 
maar vasculair-cellulair adhesiemolecuul 1 (VCAM-1) lijkt een grote rol te spelen. 
Inderdaad, wanneer we in Hoofdstuk 5 kijken naar infarctweefsel uit varkens 
op 1, 3, 7, 14 of 35 dagen na het infarct laten de resultaten zien dat op 3 en 7 
dagen na het infarct de aanwezigheid van VCAM-1 enorm verhoogd is (en pas 

beenmerg op deze tijdstippen zou leiden tot een sterk verhoogde celretentie bleek 
echter onjuist. In deze experimenten bleef de stamcelretentie zeer laag, waaruit 
geconcludeerd kan worden dat VCAM-1 hooguit ten dele verantwoordelijk is voor 
stamcelretentie na een infarct en dat toekomstige onderzoeken in dit veld hierover 
duidelijkheid zullen moeten scheppen. 

Deel II van dit proefschrift richt zich op nieuwe behandelingen om acute schade 
aan het hart te beperken. Wanneer bij een hartinfarct het verstopte bloedvat wordt 
geopend met een dotter- of stentprocedure en de perfusie wordt hersteld, de 
zogenaamde reperfusie, ontstaat er vaak extra schade bovenop die van het infarct 
alleen. Hoewel de exacte oorzaken voor deze zogenaamde reperfusieschade 
onvolledig bekend zijn, zijn in ieder geval kleinere stolsels en witte bloedcellen 
die stroomafwaarts van het risicogebied de haarvaatjes afsluiten of schadelijke 
ontstekingsreacties veroorzaken een onderdeel van dit probleem. Daarnaast 
kan zwelling van de verse wond kleine bloedvaatjes dichtduwen. De verwachte 
resultaten van het snel behandelen van deze reperfusieschade zijn beperking van 

behandelingen uiteindelijk leiden tot het uitstellen of zelfs voorkomen van hartfalen.
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In Hoofdstuk 6 werd daartoe adenosine in de kransslagaderen van varkens 
met een hartinfarct gespoten. Adenosine therapie is niet helemaal nieuw, maar 
eerdere studies laten niet eenduidig een positief effect zien. Adenosine verwijdt 
de bloedvaatjes in het infarctgebied met als gevolg een betere doorbloeding en 
we verwachtten dan ook dat er in de allerkleinste bloedvaten minder ongewenste 
cellen of stolseltjes zullen blijven hangen met als positief resultaat een beperking 

duur is, richtte deze studie zich vooral op het kort- en langdurend toedienen van 
het medicijn. De resultaten laten zien dat adenosine inderdaad in staat is om de 
infarctgrootte sterk te beperken ten opzichte van onbehandelde varkens met een 

infarct. Deze resultaten waren weerspiegeld in een verminderde ontstekingsreactie 
in het infarct. Deze positieve resultaten waren echter alleen waarneembaar in die 
groepen waarin adenosine hoog gedoseerd en voor een langere periode werd 
toegediend. Deze belangrijke resultaten plaatsen de negatieve vindingen uit 
eerdere klinische onderzoeken in perspectief en verklaren deze ten dele. Tenslotte 
rechtvaardigen deze veelbelovende resultaten verder onderzoek naar adenosine 
als medicijn voor de additionele behandeling van het hartinfarct in de acute fase.

Deel II van dit proefschrift wordt afgesloten met een onderzoek in varkens met een 
acuut hartinfarct waarin een zenuwbaan in de hals, de nervus vagus, elektrisch 
werd gestimuleerd. Het is bekend dat elektrische stimulatie van deze zenuwbaan 
resulteert in het beperken van de infarctgrootte in kleine proefdieren wanneer dit 
wordt uitgevoerd tijdens, of voorafgaand aan de periode van het afsluiten van de 

pas in het ziekenhuis belanden wanneer ze al een hartinfarct hebben, hebben we 
deze zenuwbaanstimulatie getest in varkens met een acuut hartinfarct. De therapie 
werd gestart vlak voor de reperfusie, precies zoals het in de kliniek toegepast 
zou kunnen worden. De resultaten laten zien dat ook in ons grote proefdiermodel 
elektrische stimulatie van de nervus vagus de infarctgrootte beperkt. Daarnaast 

weerspiegeld in de verminderde instroom van witte bloedcellen in het infarctgebied 
en aanvullende experimenten lieten zien dat stikstofoxide essentieel was voor 
het therapeutische effect. Al met al is deze vorm van therapie veelbelovend en 
verdient aanvullend onderzoek.

Hoewel bekend is dat verkleining van het hartinfarct in de acute fase belangrijk 
is om op de lange termijn hartfalen te voorkomen, is het daarnaast van belang 
om ook het zogenaamde remodelleringsproces van het hart te beïnvloeden. 
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Dit proces vindt plaats in de weken en maanden na het acute hartinfarct. De 
experimenten beschreven in Deel III zijn gericht op het beïnvloeden van het proces 
van wondheling en het in kaart brengen van de langetermijneffecten van nieuwe 
behandelingen op hartfunctie na een hartinfarct.

In Hoofdstuk 8 wordt daartoe een nieuwe manier om naar de ontwikkeling van het 
infarct in de tijd te kijken gepresenteerd. Deze manier is gebaseerd op een MRI 
opname en verdeelt de linker harthelft digitaal in gelijke plakken. Deze plakken 
worden vervolgens digitaal opgedeeld in 36 identieke segmenten. Hierna wordt 
met deze plakken en segmenten de geometrie van het infarct bepaald. Deze 
gevoelige manier van meten is direct toegepast in Hoofdstuk 9 waar varkens met 
een hartinfarct werden behandeld met pacemakers. Deze pacemakers hebben 2 
keer per dag 3 keer 5 minuten het infarctgebied elektrisch gestimuleerd. Hartfunctie 
en infarctgeometrie van deze dieren werd gemeten met MRI een paar dagen na 
het infarct en 5 weken daarna opnieuw. Hoewel eerder werk in kleine proefdieren 
en geïsoleerde harten met dit soort pacemakertherapie veelbelovende resultaten 
liet zien, verbeterde de hartfunctie in onze dieren helaas niet. De vorm van het 
infarct veranderde echter wel. Pacemakertherapie bleek in staat de verdunning 
van het infarct, een proces dat normaal gesproken onvermijdelijk verbonden is 

een verbeterde wondheling als gevolg. Vervolgens is in Hoofdstuk 10, opnieuw 
in een varkensmodel voor het acute hartinfarct, geprobeerd de hoeveelheden 

om zo met een verbeterde wondheling het remodelleringsproces, gemeten met 

van behandelde dieren tegengesteld waren aan die gerapporteerd in hoofdstuk 
9 bleek de UM206 therapie de infarctmassa sterk te verkleinen en de negatieve 
remodellering af te remmen. Deze resultaten laten zien dat we nog niet alles weten 

met pacemakertherapie, met medicijnen of een combinatie daarvan mogelijk en 
veelbelovend is.

Van het met groeifactoren stimuleren van vaatnieuwvorming in het infarctgebied 
wordt aangenomen dat het op korte termijn de wondheling gunstig beïnvloedt 
en daarmee op langere termijn de schade beperkt. Deze groeifactoren hebben 
vaak een korte halfwaardetijd, zijn zeer kostbaar en kunnen elders in het lichaam 
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gevaarlijk zijn door ongewenste vaatgroei te stimuleren. Het is dan ook een doel 
van velen om lokaal, met behulp van een drager, deze groeifactoren gereguleerd 
en in het infarct, vaatnieuwvorming te laten stimuleren. Hiertoe hebben we de in 
hoofdstuk 4 beschreven groeifactor VEGF165A in kleine polymeerbolletjes weten te 
integreren. De samenstelling van deze pareltjes, het aantal en de inspuitdichtheid 
zijn zo gekozen dat ze in de kleine vaatjes van het hart blijven hangen zonder zelf 
schade, in de vorm van celdood of een ontstekingsreactie, te veroorzaken. Deze 
met het medicijn gevulde, bioafbreekbare “paarlen voor de zwijnen” zijn vervolgens 
via een katheter direct ingespoten in het risicogebied van varkens met een acuut 
hartinfarct op het moment van reperfusie. Dit is gedaan in 3 behandelgroepen: 
placebo, lage dosis VEGF, en hoge dosis VEGF. Het bloed werd vervolgens 
onderzocht op afgifte van ontstekingsgerelateerde stoffen en hartfunctie van deze 

van histologische technieken de vaatdichtheid van het infarct bestudeerd. De met 
medicijn gevulde bolletjes handhaafden of vergrootten de lokale vaatnieuwvorming 
op een dosis-afhankelijke manier, terwijl deze in dieren die placebobollen hadden 
gekregen afnam. Daarnaast bleken beide medicijn-gevulde bollen een remmend 
effect te hebben op de acute immuunrespons. Helaas verbeterde de hartfunctie 
van de behandelde dieren niet. Het belangrijkste resultaat van deze studie is 
dat het mogelijk is gebleken om met dit hypermoderne farmacotherapeutische 
platform lokaal een effect te bewerkstelligen. Hoewel de resultaten misschien nog 
niet aardverschuivend zijn, is deze studie een stevig fundament voor de verdere 
ontwikkeling van lokale, gecontroleerde farmacotherapie.

Samengevat laten de studies uit dit proefschrift zien dat er meerdere succesvolle 
therapieën in ontwikkeling zijn voor de vroege diagnose en de verbeterde 
behandeling van het acute hartinfarct. We hebben laten zien dat we de infarctgrootte, 

van het infarct en de lokale wondheling gunstig hebben kunnen beïnvloeden en 
deze gunstige ontwikkelingen verbeterd hebben kunnen vastleggen met CT, MRI 
of met behulp van stofjes uit het bloed. Tegelijkertijd is er nog veel werk aan de 
winkel en roepen de studies misschien wel meer vragen op dan ze beantwoorden. 
Desalniettemin biedt het huidige werk een goede basis voor verder onderzoek en 
zijn we een stapje dichter bij verbeterde behandeling van het acute hartinfarct.
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In goed funksjonearjend hert en bloedfetstelsel is essinsjeel foar likegoed de 

organen. Sykten oan hert en ieren binne oeral dan ek ferantwurdlik foar in hiel 
grut tal pasjinten. Dit giet faak mank mei in fermindere kwaliteit fan libjen en in 
fermindere libbensferwachting. Dizze hert en iersykten bringe dêrneist hiele hege 
kosten yn de sûnenssoarch mei har mei.

It akute hertynfarkt is ferantwurdlik foar in grut part fan dizze problemen en wurdt 

problemen oant in sterke behindering om sels gewoane deistige dingen lykas 
boadskippen dwaan te kinnen. De gefolgen fan in hertynfarkt foar de pasjint binne 

It is dan ek letterlik fan libbensbelang om de akute grutte fan it ynfarkt safolle 

stik hertspier. Dit bart troch in dotter en/of stent behanneling. It herstellen fan 

pasjint.

De fermindere pompfunksje as gefolch fan it ynfarkt wurdt troch it hert sels yn 

likegoed it ynfarktgebiet as it oerlibjende weefsel. It ynfarktgebiet wurdt in bytsje 

in tanimming yn hertspiermassa en ynwindich folume.

natuerlike kompensaasje net langer foldwaande is sprekt men fan hertfalen. De 

pasjinten stjert binnen 5 jier.
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fan dit sukses is dat it tal pasjinten wat ier as let hertfalen ûntwikkelt, enoarm 
tanommen is. Dit ûnderstreket dat der in protte ferlet is oan bettere metoaden foar 
diagnoaze en behanneling fan it akute hertynfarkt yn oanfolling op de hjoeddeistige 
rjochtlinen. Ferbettering fan de behanneling moat der likegoed op rjochte wêze om 
koart nei it ûntstean fan it ynfarkt de grutte fan it ynfarkt te beheinen, as ek op de 
langere termyn strukturele feroaringen fan de hertspier te beheinen en tsjin te 
gean.

Dit proefskrift, dat opdield is yn 3 dielen, presintearret nije metoaden om de 
oanwêzichheid en earnst fan sterk fermindere trochblieding fan de hertspier of 

Diel 1). It grutste part 
is lykwols bestege oan nije, oanfoljende metoaden om it akute ynfarkt en de no-

Diel 2), en it hieljen fan de wûne te ferbetterjen om it ferlies 
fan funksje fan de hertspier op langere termyn te beheinen (Diel 3)

Diel 1

Nei in koarte yntroduksje oer ierferkalking en trochbliedingssystemen fan de 
hertspier mei de klam op it akute hertynfarkt yn Haadstik 1, presintearje wy 
yn Haadstik 2

syndroom fan stabile pine op it boarst. Troch ferskillende maten fan fernauwing fan 
in krânsslachier te simulearjen koe de earnst fan de fermindere trochblieding fan 
de hertspier stjoerd wurde. Mei help fan nije CT techniken waard de fermindere 
trochblieding hiel krekt en foar it earst op dizze wize yn byld brocht. Dizze metoade 

as de allerlytste bloedierkes fan it hert trochbliedingsproblemen jouwe, wylst 
der gjin grutte fernauwingen yn de grutte krânsslachieren binne. De opdiene 

helpt it om it tal fout negative beoardielingen te ferminderjen.
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yn it bloed te mjitten of binne minder spesifyk. Benammen yn de ûndersykwrâld, 

hertynfarkt dien wurdt, is it fan grut belang om de akute grutte fan it hertynfarkt 

waard yn Haadstik 3 in wer ûntdutsen stofke neamd hertspesifyk fetsoerbinend 
aaiwyt (hFABP) metten yn bloed fan bargen mei in hertynfarkt en fergelike mei 

hiel persys dea fan libbend hertweefsel ûnderskiede kinne. De resultaten litte sjen 

Dêrneist kin hFABP miskien yn de klinyske realiteit helpe om te bepalen as der al 
as net sprake is fan akute hertskea.

Haadstik 4

fan ieren stimulearje kinne. It stimulearjen fan dizze nijfoarming yn it ynfarkt wurdt 

groeifaktoaren ûnder ferskillende eksperimintele kondysjes om nijfoarming fan 

de nâlestring. Lykwols is dit net it type sel dat yn it hert sit en oan de groeifaktor 
bleatsteld wurde soe wannear de groeifaktor rjochtstreeks yn it hert tatsjinne 

soe yn it ynfarsearre hert behoarlik oars as de kondysjes yn in tradisjoneel 
netwurkfoarmingseksperimint. As groeifaktor waard it goed bestudearre vaskulêr 
endoteel groeifaktor 165A (VEGF165A) keazen en dit waard test mei it tradisjonele 

165A waard 

weefsel yn it ynfarsearre hert foar in part neimeitsje.

fan ieren te stimulearjen, earst wiidweidich test wurde moatte ûnder realistyske 
eksperimintele kondysjes.
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Diel 1

optimalisearjen fan stamselterapy foar de behanneling fan it hertynfarkt. Alhoewol 
stamselterapy foar de behanneling fan it akute hertynfarkt feilich en beskieden 

probleem yn stamsel terapy foar it akute hertynfarkt is it feit dat mar in lyts part fan 
de tatsjinne sellen echt yn it hert efterbliuwt. Der wurdt tocht dat mei it ferheegjen 
fan dizze saneamde retinsje, stamsel terapy bettere resultaten jaan sil. Ut earder 

ynfarkt gebiet fongen wurde. De molekulen op dizze, troch it ynfarkt aktivearre, 
endoteelsellen binne ferantwurdlik foar it fêstgripen fan de ynspuite stamsellen. 
Wat foar molekulen dat persys binne is net folslein bekend, mar vaskulêr sellulêr 

Haadstik 5

ynfarkt litte de resultaten sjen dat op 3 en 7 dagen nei it ynfarkt de oanwêzichheid 
fan VCAM-1 enoarm ferhege is (en pas normalisearret nei 14 dagen). Us hypotese 

ferhege selretinsje die bliken dat dit lykwols ûnwier wie. Yn dizze eksperiminten 

Diel II fan dit proefskrift rjochtet him op nije behannelingen om akute skea oan it hert 
te beheinen. Wannear by in hertynfarkt it ferstoppe bloedfet iepene wurdt mei in 

feroarsaakje in ûnderdiel fan dit probleem. Dêrneist kin swollen fan de farske wûne 

sels foarkommen fan hertfalen. 

Yn Haadstik 6 waard dêrta adenosine yn de krânsslachieren fan bargen mei in 

konkreet in posityf effekt sjen. Adenosine makket de bloedierkes yn it ynfarktgebiet 
wider mei as gefolch in bettere trochblieding en wy ferwachtsje dan ek dat der yn 
de allerlytste ierkes minder net winske sellen as bloedpropkes hingjen bliuwe sille 
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it koarte en langer duorjende tatsjinjen fan it medisyn. De resultaten litte sjen dat 
adenosine yndie by steat is om de ynfarktgrutte sterk te beheinen oangeande 
net behannele bargen mei in ynfarkt. Dit uteret him ek yn in sterk fermindere 

in fermindere ûntstekkingsreaksje yn it ynfarkt. Dizze positive resultaten wienen 

en foar in langere perioade tatsjinne waard. Dizze belangrike resultaten pleatsten 

nei adenosine as medisyn foar de addisjonele behanneling fan it hertynfarkt yn de 
akute faze. 

Diel II

waard. It is bekend dat elektryske stimulaasje fan dizze senuwbaan resultearret 

wannear se al in hertynfarkt ha, ha wy dizze senuwbaan stimulaasje test by bargen 

lykas it yn de klinyk tapast wurde soe.

fan de nervus vagus de ynfarktgrutte beheint. Dêrneist blykt de terapy yn steat 

ynstream fan wite bloedsellen yn it ynfarktgebiet en oanfoljende eksperiminten litte 
sjen dat stikstofoksyde essinsjeel wie foar it terapeutyske effekt. 

Al mei al is dizze foarm fan terapy geunstich en fertsjinnet oanfoljend ûndersyk.
Hoewol bekend is dat ferlytsing fan it hertynfarkt yn de akute faze belangryk is om 
op de lange termyn hertfalen foar te kommen, is it dêrneist fan belang om ek it 

yn de wiken en moannen nei it akute hertynfarkt.

De eksperiminten beskreaun yn Diel III

proses fan hieljen fan de wûne en it yn kaart bringen fan de lange termyn effekten 
fan nije behannelingen op hertfunksje nei in hertynfarkt.
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Yn Haadstik 8 wurdt dêrta in nije wize om nei de ûntwikkeling fan it ynfarkt yn de 
tiid te sjen, presintearre. Dizze manier is basearre op in MRI opname en ferdielt 
de linker helte fan it hert digitaal yn deselde plakken. Dizze plakken wurde dêrnei 
digitaal opdield yn 36 identike segminten. Hjirnei wurdt mei dizze plakken en 
segminten de geometry fan it ynfarkt bepaald. Dizze gefoelige manier fan mjitten 
is daliks tapast yn Haadstik 9

mei pacemakers. Dizze pacemakers ha 2 x deis 3 kear 5 minuten it ynfarktgebiet 
elektrysk stimulearre.

Hertfunksje en ynfarkt geometry fan dizze bisten waard in pear dagen nei it ynfarkt 
metten mei MRI en 5 wike dêrnei opnij. Hoewol earder wurk yn lytse proefdieren 
en isolearre herten mei dizze pacemaker terapy goede resultaten sjen liet, 

feroare lykwols al. Pacemaker terapy blykte yn steat de fertinning fan it ynfarkt, 
in proses dat normaal sprutsen ûnûntkomber ferbûn is mei it ferlittekenjen fan 
it oandiene hertspierweefsel, sterk te beheinen. Ek de gearstalling fan it ynfarkt 
feroare. Us pacemaker terapy blykte it oantal fan in spesjaal geunstich seltype, de 

gefolch. Dêrnei is yn Haadstik 10, opnij yn in bargemodel foar it akute hertynfarkt, 

stjoeren om sa mei in ferbetterjen fan it hieljen fan de wûne, metten mei echo, 

net behannele bisten tsjinsteld wienen oan dy rapportearre yn haadstik 9, 
blykte de UM206 terapy de ynfarktmassa sterk lytser te meitsjen en de negative 

ynfarkt mei pacemaker terapy, mei medisinen of in kombinaasje der fan mooglik 
en hoopfol is.

Fan it mei groeifaktoaren stimulearjen fan nijfoarming van ieren yn it ynfarktgebiet 
wurdt oannommen dat it op koarte termyn it hieljen fan de wûne geunstich 

ha faak in koarte healweardetiid, binne hiel kostber en kinne ergens oars yn it 
lichem gefaarlik wêze troch net winske iergroei te stimulearjen.

It is dan ek in doel fan in protte om lokaal, mei help fan in drager, dizze groeifaktoaren 
regulearre en yn it ynfarkt, nijfoarming fan ieren stimulearje te litten. Hjirta ha wy 
yn haadstik 4 beskreaune groeifaktor VEGF165A yn lytse polymeer boltsjes witte 
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te yntegrearjen. De gearstalling fan dizze peareltsjes, it tal en de ynspuit tichtens 
binne sa keazen dat se yn de lytse ierkes fan it hert hingjen bliuwe sûnder sels 
skea, yn de foarm fan seldea of in ûntstekkingsreaksje, te feroarsaakjen. Dizze 

Dit is dien yn 3 behannelgroepen: plasebo, lege dosis VEGF en in hege dosis 

stoffen en de hertfunksje fan dizze bisten waard op 1 en 5 wiken nei it ynfarkt 
metten mei MRI. Ek is mei help fan histologyske techniken de tichtens fan de ieren 
fan it ynfarkt bestudearre. De mei medisyn folde boltsjes hanthavenen of fergrutten 

ferbettere de hertfunksje fan de behannele bisten net. It belangrykste resultaat 

farmakoterapeutyske platfoarm lokaal in effekt te bewurkstelligjen. Hoewol de 

terapyen yn ûntwikkeling binne foar de betide diagnoaze en de ferbettere 
behanneling fan it akute hertynfarkt. Wy ha sjen litten dat wy de ynfarktgrutte, it 

ûntwikkelingen ferbettere fêstlizze kinne ha mei CT, MRI as mei help fan stofkes 

miskien wol mear fragen op as dat se beäntwurdzje. Lykwols biedt it hjoeddeiske 

behanneling fan it akute hertynfarkt
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Piet Verdouw verwoordde het volmaakt: 
Daar is in dit geval geen woord van gelogen, 

dit boek bestaat alleen omdat vele handige en slimme mensen er lang en hard aan 
hebben gewerkt.

Het begon allemaal op 5-6-2007

Beste Wim, je bent er niet meer en dat is een gemis. Ik wil je bedanken voor 
vertrouwen, wijze lessen en translationele vorming. Je was een unieke brug tussen 
de onderzoekswereld en de kliniek en stiekem keek ik uit naar een met droge 
humor gelardeerd en karakteristiek-gedragen laudatio. We zijn je niet vergeten.

Beste Dirk, ik ben dankbaar dat je me opving na het wegvallen van Wim. Het 
was een voorrecht om jaren de kunst van je af te mogen kijken en met je aan het 

werd geïntimideerd door veel te veel citaten, referenties en anekdotes. Eigenlijk 
werken we nog steeds zo maar kijk ik er net wat minder verbaasd bij. Ik leerde 
ontzettend veel van je, voornamelijk op het gebied van slimme wetenschap en het 
intelligent belichten en presenteren van moeilijke data, maar ook management, 

een glimlach en een gepaste anekdote tijdens bier en bal. Nog altijd betreed ik je 
kantoor schoorvoetend en de intellectuele afstand intimideert me onverminderd. 
Tegelijkertijd doet het me deugd dat ik niet de enige ben met duizend-en-één 

Daphne, beste Daphne, niemand is zo vrij van ego als jij. Samenwerken gaat altijd 
gesmeerd en ondanks dat je al associate professor bent, blijf je toegankelijk en 
neem je de tijd voor elk probleem. Los van je status sta je nog vaak met de poten 
in de modder, dat inspireert me en bewonder ik. Daarnaast ben je nog akelig slim 
ook en kan je me zonder uitzondering met moeilijke vragen ontwapenen. U bent 
een voorbeeld. Geweldig en een voorrecht dat we nog even samen verder mogen.
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Beste Beus, orakel van Schiedam. Ik moest even aan je manier van werken 
wennen maar het heeft me uitstekend geleerd hoe belangrijk protocolvastheid en 

kennis en je maakte me veel beter in het verkopen van resultaten waarvan ik het 
belang niet inzag, niemand debatteert en presenteert zo goed als jij, ik heb er veel 

evolueerden in levensbeschouwing met alle onderwerpen van de hele wereld, 
via gastronomie en vrijmetselarij naar sport, logica en complexe wijsbegeerte. Ik 
bewonder je vermogen de kleine geneugten in het leven te herkennen en hoewel 
niet alle ideeën tot manuscripten hebben geleid ben ik blij met het hFABP- en 

Ik dank de leden van de leescommissie, de hoogleraren van Geuns, Koudstaal 
en van Royen voor het razendsnel beoordelen van de promotiewaardigheid en 
academische merites van dit boek. Daarnaast een hartelijk dank voor prof. Prinzen 
en Dr. Essers voor het deelnemen aan de grote commissie. Ik kijk uit naar de 
gedachtenwisseling.

Twee mensen zijn belast met de wat mij betreft discutabele eer van paranimf zijn. 
Wat van oudsher een actieve erebaan zou zijn, is vandaag de dag verwaterd tot een 
uur stilstaan. Dat heb ik nooit goed begrepen en misschien is de tijd dan ook wel 
rijp om deze twee heren actief te betrekken in wat peri-dissertatiële ruggespraak 
en ze wat meer aan het woord te laten bij de verdediging.

Allereerst Richard Willem Benjamin, onze chronisch-goedgeluimde womenmagnet 
en vleesgeworden trapleuning. Hoewel de “grap” met de stekker onvergefelijk ver 

stukken dragelijker met een lekker stuk muziek (whoa-oa-ooh, yeah yeah), creatief 
geknutsel, oneindige toneelstukjes en ontelbaar veel grappen. Ik ben je dankbaar 
en kijk uit naar de van-Dune-reinforced-suspension-bridge, HARDER RANCID 
4evâh.

Het is dat een ondankwoord niet is toegestaan, daarom op deze plek speciaal 
voor mijn 2e paraninja paranimf, kleine broertje, middelmatigman en drammerig-
stampvoetkereltje Incontinenticent Vincent “zeg ken jij de twister” de Beer (met 
die gekke moedervlek op je bil) een hartelijk “Ik heb je nooit gemogen.” Ik heb 
genoten van onze vergevorderde onwelvoeglijkheden, spitsvondige beledigingen 
en hartverwarmend levensbeschouwen rondom de Krav Maga, congressen, 
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borrels en bacchanalen. Je bent de enige in de hele wereld die 2 uiterste emoties 
in me losmaakt, soms de antireligieuze, verongelijkte betweter des ultrairritaties 
die tegelijkertijd en volledig tegenstrijdig alles van wanmerk des kuddedieres 
Apple aanbidt en soms een hartelijke vent en begripvolle vriend met luisterend 
(maar lelijk en onfris) oor. Je bent een unieke man met ultrahumor en er zijn maar 
weinigen die dat gepast naar waarde kunnen schatten, het is een gave alsook 
talent, één plus één is honderd. Ik ben het beste wat je ooit is overkomen. 

Steelpan, Sesam, Stefan “The Eye of the Tiger” Sneep. Slimme vent die alles kan 
(r2=1), ik heb ontzettend veel aan je gehad in vele studies en minstens zoveel 
doodlopende proefballonnen. Zonder jou was ons rockconcert niks geworden, 
heel bijzonder dat je in korte tijd diverse instrumenten leerde bespelen. Ik mis het 

snel ergens onbeperkt saté gaan eten.

Lieve Lot, unieke rechtsblonde hart-op-de-tong-vrouw, ondanks dat je alcohol 

een grote glimlach terug op je onbetaalbare bijdrage aan een berg studies en je 
kraakheldere levensvisie, ik wens je het beste.

Bianca, intelligente vrouw, ik ben dankbaar dat de PID/3B het boek heeft gehaald, 
het is een mooi meerlagig geheel geworden waar we trots op mogen zijn. Ik wens 
je veel zonneschijn toe, dat je maar mag vinden wat je zoekt.

Rorry van Haeren, hartelijk dank voor je hulp bij het vullen van het archief, ik ben 
altijd onder de indruk geweest van je kennis van de histologie en heb prettig met 
je gewerkt, het ga je goed.

bemoedigende woorden en humor, ik bewonder je, pas goed op jezelf laten we 
snel weer de forellen verbaasd laten kijken.

Jarenlang was Mieke mijn buurvrouw, Mieke, hartelijk dank voor veel goede 
gesprekken en het organiseren van de beste borrels, de SinterKerst cocktail party, 

Na Mieke werd Nienke “die Nase” van Ditzhuijzen mijn buurvrouw, Nina, we zijn 
het exact nul keer met elkaar eens geweest maar daar zal je het wel weer niet mee 
eens zijn, trek alsjeblieft dit keer wat fatsoenlijks aan.
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Ilona! Laat ik het voorzichtig verwoorden, we moesten wat aan elkaar wennen in 
het prille begin. Vandaag de dag waardeer ik je echter als slimme en hardwerkende 
collega, ik heb veel van je geleerd en kijk uit naar verdere samenwerking, dankjewel.

hartelijk dank.

Marc “stug met een zachte G” van Houwelingen, hoe zat het ook alweer met die 

Elza, zuster van Deel, onvoorstelbaar dat je op Alestorm in slaap viel en te gek dat 

licht nog mag zien.

succes met het afronden van je boek en veel geluk met je opleiding, ik kijk uit naar 
je verdediging, kom gauw weer eens meetrainen of heb je toch liever een lawashje 

bekeken!), dank voor alle ondersteuning als de boel het weer eens begaf. Bedankt 

biotechnische ruggengraat van de afdeling, Maaike. Lieve M, zonder jou werd het 
niks, ik heb veel van je geleerd en zonder uitzondering met een glimlach met je 
gewerkt, heel erg bedankt.

Voor M-Honey, als ik het kan, dan jij zeker, houdt moed, afronden die shit en op 

dank.

Monique, onze poortwachter, dank voor je hulp, ik beloof je dat ik ook dit jaar 

vergeten, een hartelijke groet.
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Anouchska, samen zwalkend door de homobuurten van Parijs heb ik je als een 
waardevolle en intelligente collega leren kennen. Succes met begeleiden.

Beste Roy, krasse ouwe gek, het is een gemis dat je te vroeg bent weggevallen. 
Ik heb je arbeidsethos altijd bewonderd en keek uit naar de ferme handdruk die 
misschien wel bij het afronden van dit boek zou hebben gepast, we zijn je niet 
vergeten.

Daphne Meijler, Kelly (1000 burpees!), Ruben, Annemarie “hij moet er toch echt 
in”, Chris, ga nou als Tetris, Ihsan en Maarten, dank voor collegialiteit. 

Yannick, Monique de W, Diederik en Sylvana, het ga jullie goed.

en wat hart, goed werk man. 

cardiologie, een hartelijke groet aan Weiland den Dekker, Remco “Herman” 
Haasdijk. Petra B, essentieel betrokken bij elk stuk promotiecabaret! Renate+Jaco, 
ik schaam me ervoor dat samenwerken niet aan de orde was. Esther en Lau, 
gelukkig zijn jullie blijven hangen, heel waardevol! In het bijzonder dank ik 

wetenschappelijke beschouwen (niet te verwarren met afzeiken) van met name 
andermans “werk” zorgde zonder uitzondering voor een welkome glimlach. 

Het was een groot voorrecht om te mogen werken met moderne klinische 
beeldvormingstechnieken als CT en MRI. Het blijft uniek om het hart, hartfunctie 
en regionale doorbloedingsproblematiek van onze varkens in beeld te mogen 
brengen met dezelfde machines waarin een uurtje later “gewoon” weer een patiënt 
ligt. Dit zou niet mogelijk zijn geweest zonder de steun van prof. Krestin en het 
fundament wat mijn voorgangers legden. Vele uren bracht ik op erbarmelijke 
tijdstippen door met mijn eigen scandiva Tirza Springeling. Lieve T, we moesten 
wat aan elkaar wennen maar hebben er toch maar mooi 3 artikelen uit geperst, 
dank voor je vele inspanningen en de verhelderende gesprekken over de klinische 
werkelijkheid, ik heb veel van je geleerd en kijk uit naar jouw verdediging. Na Tirza 

de laatste loodjes.
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The perfect example of the smoothest interdepartmental collaboration in history 
was the CT-perfusion work together with my dearest Alexia (Ciao Bella!), it was a 
pleasure working with you. 

I have had the pleasure of collaborating with several partners, thank you Eric 
Mokelke, Ruud Verrijk, Trent Fischer and Richard Cornelussen for smooth and 

Kevin en W Matthijs.

dierverzorging, sterilisatie van instrumenten tot het opruimen en afvoeren van 

het EDC, 2x Dennis, Kim “Hammer Smashed Face” Moerkerke, Marcel “de Zwarte 
Poema” Boersma, Calinda, Ed en Dominique. Michael, Ruud, Ludwig, Ridoe en 
Brito, hartelijk dank voor jullie inspanningen, we kunnen niet zonder. Georgia en 
Urbanic, uw werk is belangrijk en wordt gewaardeerd, van u beiden kerstkaarten te 
mogen ontvangen heeft me ontroerd en herinnert me er aan wat écht belangrijk is.

Door de jaren heen mocht ik met een aantal bijzondere studenten werken. Hartelijk 
dank Kevin “Febo” Jonkers, Arjen “nou-maar-Charlotte-zei” Poortvliet, Ayla “the 
Tavern Wench” Hoogendoorn, Frank-Jan “Milow” Drost (vraag Richard maar, ik 
zie het niet), Felix “Appetite for Destruction” Kienjet en Bas “A” Wijenberg. Ik heb 
zonder uitzondering een hoop van jullie geleerd en wens jullie het beste.

Een hartelijke groet voor vrienden en trainers van de Krav Maga, de Trojan 

nodig.

by “Bartele Merkus” oant krinkjespuie en wiisprate op de bettere musyk. Mar gauw 

Een hartelijke groet voor mijn lieve schoonouders, broers en zus, ik voel me thuis 
bij jullie en kijk al weer uit naar het kerstdiner met slagroomspuit.

Ik haw twa nuvere susters, elts mei hun eigen bysûndere libbens. Ik bin grutsk op 
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Hikke en tein yn it skitterjende Driezum bin ik lokkich mei myn alderleafste 

tritichste fan Desimber bakke we wer oaljekoeken. Goed op jimsels passe.

De beste plek van dit boek is voor mijn allerliefste Sanne, mijn prachtige vrouw 
die niet eens bijna zo onschuldig is als ze er uit ziet en glimlacht als ze slaapt. 
Moppie, ik ben ontzettend trots op je. Je wilde op me wachten om samen op 1 
dag het promotieavontuur af te sluiten en dat is een geweldig cadeau, ook daarom 
hou ik van je. Je bent slim en grappig, soms geknotst en soms de koàrraep, soms 
de rockchick, soms de bikerbabe, soms in je chillpakje op de bank en soms de 
dure mevrouw. Maar altijd mijn allerliefste die de meest mooie woorden verzint die 
niet bestaan maar ik onmiddellijk begrijp. Samen de shit lief, samen sterk, samen 
onder de apelbeam, samen.
Een kus van je allergrootste fan.

Now I see it all through different eyes,

that the road goes on.
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