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ABSTRACT 

Background 
Angiogenesis does not fully counteract myocardial ischemia in stable angina pectoris. 
Refractory angina pectoris, with remaining symptoms despite medication and no 
possibility for bypass surgery or angioplasty, is rather common. Angiogenic gene therapy 
is a novel treatment strategy for these patients. 

Methods and results 
In study I, six patients with refractory angina received intramyocardial injections of 0.25-
1 mg plasmid encoding Vascular Endothelial Growth Factor (phVEGF-A165) via 
thoracotomy. The peak systolic velocity improved in all six patients but perioperative 
myocardial infarction occurred in two patients.  

Study II was a double-blind randomised controlled trial of the same plasmid or placebo 
plasmid (0.5 mg), delivered via a percutaneous catheter system in 80 patients with 
refractory angina. Reversible perfusion defects and wall motion improved in the 
phVEGF-A165-treated area compared to placebo. Nitroglycerin use tended to decrease 
with active treatment while symptom class and exercise capacity showed no effect beyond 
placebo. Five catheter-related adverse events occurred but no adverse effects were related 
to the plasmid. 

In study III, the prognosis of refractory angina was assessed in all 225 patients screened 
for study II. The mortality was 10.6% at three years. The baseline screening angiogram 
found revascularisation options in 10% of patients, although previous examinations had 
ruled out such possibilities. After twelve months, 36% of the trial patients had improved 
by at least two symptom classes and 37% had increased their exercise time by at least 60 
seconds, with no difference between placebo and active groups. 

In study IV-V, the gene expression pattern in a reversibly ischemic myocardial area was 
compared to a normal area in eight patients with stable angina pectoris. Real-time 
polymerase chain reaction showed increased expression of ANP and BNP but not of 
VEGF and VEGF receptor 1 and 2 in reversibly ischemic myocardium. In microarray 
measurements, 15 additional known angiogenesis stimulators lacked differential 
expression. Instead, we found increased expression of several other genes with potential 
angiogenic, angiogenesis inhibiting, anti-apoptotic and muscle-related function but with 
yet unknown role in the myocardium. 

Conclusions 
Intramyocardial phVEGF-A165 is safe and increases myocardial perfusion in patients with 
stable angina pectoris. The effect on symptoms should be tested in a larger trial. Patients 
with refractory angina pectoris have a rather low mortality and symptomatic improvement 
is common. Overexpressing VEGF (or other angiogenic factors) seems a rational strategy, 
as most angiogenesis stimulators not are overexpressed in ischemic myocardium in stable 
angina. The ischemia-related overexpression of ANP, BNP and other genes with a 
probable anti-angiogenic function might be a limiting factor in angiogenesis. 

Keywords
angina pectoris, gene therapy, vascular endothelial growth factor, plasmid, prognosis, 
collaterals, angiogenesis, gene expression, microarray, natriuretic peptides. 
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1 ABBREVIATIONS 

ANP Atrial Natriuretic Peptide 
BNP Brain Natriuretic Peptide 
ECG Electrocardiogram 
FGF Fibroblast Growth Factor 
G-CSF Granulocyte Colony Stimulating Factor 
GM-CSF Granulocyte Macrophage Colony Stimulating Factor 
HIF-1  Hypoxia Inducible Factor 1
LAD Left Anterior Descending coronary artery 
LIMA Left Internal Mammary Artery 
MCP-1 Monocyte Chemoattractant Protein 1 
MRI Magnetic Resonance Imaging 
NOGA trademark of an electromechanical mapping system 
PCI Percutaneous Coronary Intervention 
PCR Polymerase Chain Reaction 
PDGF Platelet Derived Growth Factor 
PET Positron Emission Tomography 
PlGF Placental Growth Factor 
phVEGF-A165 plasmid encoding human Vascular Endothelial Growth Factor-A 165 
ROI Region Of Interest 
SPECT Single Photon Emission Computed Tomography 
TGFß Transforming Growth Factor beta 
VEGF Vascular Endothelial Growth Factor 
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2 Mr. A – an example of limitations of current 
therapies for stable angina pectoris 

Mr. A. is 63 years of age. His ischemic heart disease started with a myocardial 

infarction ten years ago, after which he had angina pectoris. In the following 

year he underwent bypass surgery and the chest pain and shortness of breath 

subsided. Apart form moderate hyperlipidemia, he has no other diseases. 

Now he is admitted to the hospital with chest pain and a non-ST-elevation 

myocardial infarction. The ECG shows lateral ST-depression. The systolic left 

ventricular function is slightly depressed with an ejection fraction of 40%. 

He is stabilized with standard pharmacologic treatment. 

A new coronary angiogram (next page) shows an occlusion of the LAD, severe 

diffuse stenosis of the circumflex and subtotal occlusion of the right coronary 

artery. The LIMA graft to the LAD is open as well as a vein graft to the right 

coronary. Vein grafts to the circumflex and to a diagonal branch are occluded. 

It is suspected that the myocardial ischemia is located in the circumflex territory. 

This vessel is not considered suitable for new bypass surgery or PCI. Mr. A. is 

discharged from the hospital with optimised medication. 

A SPECT perfusion scan (below) showed a reversible perfusion defect in the 

lateral wall, corresponding to the circumflex stenosis, and a permanent 

perfusion defect in the inferior wall, corresponding to the myocardial infarction 

ten years ago. 

A few weeks later, Mr. A. comes to the policlinic. He suffers from frequent 

attacks of chest pain even at a low level of exercise. 

Will gene therapy help him? Will his symptoms improve? Is he at high risk of 

dying? Which genes are active in his ischemic area? Why does his recurrent 

ischemia not cure him from angina pectoris by inducing collateral arteries? 

These are the questions this thesis tries to answer.

Fig. 1. SPECT 
scan, polar plot. 
Apex is in the 

center of each 

circle, the 

circumflex territory

is seen to the right

in each circle. 
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Fig. 2. Coronary angiography. Native coronary arteries: occluded LAD and severe stenosis 

of the circumflex (left), subtotal occlusion of the right coronary (right). 

Fig. 3. Coronary angiography. Grafts: open LIMA to LAD (left), open vein to right coronary 

(right). Vein grafts to the circumflex and to a diagonal branch were occluded (not shown). 
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3 INTRODUCTION 

3.1 CORONARY ARTERY DISEASE – A MAJOR HEALTH PROBLEM 

Coronary heart disease is the most common cause of death both worldwide and in 
Sweden [1]. While most of the mortality is caused by acute myocardial infarction and 
the associated arrhythmias and heart failure, a large burden of morbidity is caused by 
chronic ischemic heart disease [2]. Patients with chronic angina pectoris have a 
decreased quality of life and may have chest pain and shortness of breath even at 
minimal exertion [3]. 
Most patients with stable angina pectoris can be successfully treated with a 
combination of medication and revascularisation with either bypass surgery or 
percutaneous coronary intervention. However, some patients remain symptomatic 
despite optimal medication and are not suitable for revascularisation. It has been 
calculated that 2-5% of patients referred for coronary angiography because of stable 
angina cannot be revascularised [4]. Many of these patients have diffuse and distal 
atherosclerosis, which makes PCI difficult and bypass surgery unlikely to help, as the 
recipient vessel is of small calibre and poor quality. These patients often have had a 
prior bypass operation, after which vein grafts have degenerated but the arterial graft 
remains open. A second bypass procedure has a higher procedural risk than the first 
one, especially with higher age and concominant disease such as renal dysfunction and 
diabetes. There is also a risk of damaging the functional arterial graft. 
These patients have been called refractory angina pectoris, a term that is defined in a 
task force report from the European Society of Cardiology [5]. 

Ominous sounding terms like “end-stage coronary disease” [6, 7] and “no-option” [8-
10] have been used for these patients, suggesting a sinister prognosis, although there is 
a lack of data to support that common view. 

3.1.1 New therapies 

Several types of therapies have been investigated for patients with refractory angina 
pectoris. 
A Spinal cord stimulator (SCS) is an implanted device which has been shown to have 
similar symptomatic effect as bypass surgery in patients with no prognostic benefit of 
bypass surgery or increased surgical risk [11-13]. Decreased myocardial oxygen 

Refractory Angina Pectoris

“A chronic condition characterized by the presence of angina pectoris 

caused by coronary insufficiency in the presence of coronary artery 

disease which cannot be controlled by a combination of medical 

therapy, angioplasty and coronary bypass surgery. The presence of 

reversible myocardial ischaemia should be clinically established to be 

the cause of the symptoms. Chronic is defined as a duration of more 

than 3 months.”
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demand and possibly blood flow redistribution are the suggested mechanisms of action. 
Due to the paresthesia caused by the stimulation, it has not been possible to conduct a 
double-blind randomised trial. In Sweden the highest number of SCS devices are 
implanted in Gothenburg. 
Enhanced external counterpulsation (EECP) inflates pressure cuffs around the patients’ 
legs and pelvis during diastole, which induces diastolic pressure augmentation in a 
similar manner to invasive aortic balloon pumping. A therapy session lasts for one 
hour, and typically the patient receives 35 sessions during seven weeks. Decreased 
symptoms have been documented in registry studies for over 2 years after therapy [14]. 
The MUST-EECP study is the only randomised trial [15]. Patients were randomised to 
either normal pressure pumping (300 mmHg) or a low pressure of 75 mmHg. The only 
significant difference in the intention-to-treat analysis after seven weeks was time to 
ST-depression on the treadmill test, while nitroglycerin use and angina counts only 
showed trends to improvement. The mechanism of action is unclear even if it is 
hypothesized that the increased diastolic pressure induces collateral growth in the heart 
[16, 17]. On the other hand a recent study found no improvement in myocardial 
perfusion on SPECT [18]. EECP is now available in several hospitals in Sweden. 
Laser revascularization was performed at many centers in the nineties but has now 
largely been abandoned. During this procedure, which is possible via a percutaneous 
catheter system or via thoracotomy, a number of transmyocardial channels are created 
with a laser. Several trials have reported symptomatic improvement in randomised non-
blinded trials with continued medical treatment as control [19, 20]. A double-blind 
randomised trial, DIRECT, with a percutaneous system, showed a substantial 
improvement in the placebo group, with no difference to active treatment [21]. Laser 
revascularisation is not performed in Sweden any more. 
Physical exercise might be advantageous but has not been studied in refractory angina 
pectoris per se. Exercise training has recently shown a similar symptomatic effect and 
better exercise tolerance after one year compared to PCI in a randomised open trial 
[22]. Perfusion on SPECT also improved after exercise training [23]. Exercise 
stimulates several signal transduction pathways leading to antiapoptotic effects and 
increased nitric oxide availability [24]. 
In the late nineties, animal data [25] and small human trials [26] indicated that 
enhanced blood vessel growth, angiogenesis, might dramatically diminish myocardial 
ischemia and its associated symptoms. In this era the work on this thesis was initiated. 

3.2 MECHANISMS OF ANGIOGENESIS AND ARTERIOGENESIS 

3.2.1 Angiogenesis – good and bad 

It has long been known that postnatal blood vessel growth, angiogenesis, occurs in 
some specific situations. Relevant human examples are the female reproductive tract 
during the menstrual cycle and pregnancy and also wound healing. Apart from this 
physiological role, angiogenesis is also important in the pathogenesis of tumours, 
inflammatory disorders and diabetic retinopathy. On the other hand, insufficient 
angiogenesis and blood supply is found not only in ischemic heart disease but also in 
peripheral arterial atherosclerosis, diabetes, preeclampsia and Crohns disease [27] 
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Angiogenesis-inhibiting drugs are already in clinical use for the treatment of tumours, 
while the therapeutic stimulation of angiogenesis for ischemic diseases still is under 
intense scientific development. 

3.2.2 Angiogenesis vs. arteriogenesis 

Angiogenesis is often used as a general term for postnatal blood vessel growth. In 
recent years the term arteriogenesis has been used for the enlargement of pre-existing 
vessels (such as coronary collaterals) [28, 29], while angiogenesis in its more restricted 
sense refers to capillary growth. The mechanisms of arteriogenesis and angiogenesis 
are different, although many stimuli elicit both responses [30]. Both the physical force 
of blood flow itself, growth factors and progenitor cells take part in this intricate 
process. 
The flow capacity of a vessel increases with the fourth power of its radius, which shows 
the high functional impact of a rather small enlargement of the collateral vessels. It is 
also obvious that even a huge amount of capillaries cannot replace the flow capacity of 
a larger conductance vessel. An increased number of capillaries, induced by hypoxia, 
may on the other hand increase the flow to the myocardium by lowering the resistance. 
This increase in flow induces enlargement of the supplying collateral artery by 
increased fluid shear stress.  
Thus angiogenesis and arteriogenesis are dependent on each other, as higher collateral 
flow requires an adequate capillary network in the myocardium, and newly grown 
capillaries depend on increased blood flow in the supplying artery. 
In coronary heart disease, collateral growth is needed upstream and adjacent to the 
ischemic region, while capillary growth within the ischemic region increases the 
nourishing of the ischemic or hibernating myocardium [31]. 

3.2.2.1 Arteriogenesis (collateral growth) 

Arteriogenesis is stimulated by increased flow shear stress but only to a limited degree 
by ischemia [28, 32]. The translation of the mechanical force to the cellular level is not 
completely understood. Adhesion molecules such as VCAM and ICAM and the 
monocyte chemoattractant MCP-1 are important, as well as monocytes and endothelial 
progenitor cells. Growth factors such as VEGF, FGF, PlGF, TGFß and also the stem-
cell releasing factors G-CSF and GM-CSF have been shown to augment arteriogenesis 
and angiogenesis. The growth and maintenance of the artery size does not only involve 
endothelial cells but also supporting smooth muscle cells and pericytes, which is 
influenced by PDGF. The surrounding extracellular matrix is also remodelled to 
accommodate the growing artery. This remodelling is accomplished by proteinases 
such as plasminogen activators (PAI-1) and matrix metalloproteinases [27, 33]. Both 
angiogenic activators (VEGF, VEGF, TGFß) and inhibitors (trombospondin, 
endostatin) are liberated from their matrix-bound state during the remodelling process. 

3.2.2.2 Angiogenesis (capillary growth) and ischemia 

Angiogenesis is largely regulated by tissue hypoxia and ischemia. Hypoxia directly 
inhibits the hydroxylation of the transcription factor HIF-1 , dramatically increasing its 
cellular levels within minutes. HIF  induces the transcription of VEGF, VEGF 
receptors 1 and 2, nitric oxide synthases and PAI-1 [34]. Indirectly, FGFs, 
Angiopoietin-2, Tie-2, MCP-1 and PDGF are induced.  
While acute ischemia both in animal models and in clinical myocardial infarction 
induces these dramatic gene expression changes, it is not clear if the same changes 
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occur for a prolonged time in stable angina pectoris. Ironically, we do not know the 
myocardial gene expression pattern in the very patients we treat with gene therapy in 
our trials. Animal data suggests that repetitive short myocardial ischemia causes an 
initial increase of VEGF and other growth factors, but this response is blunted with 
time [35]. 

3.2.2.3 VEGF and its receptors 

VEGF is the most studied angiogenic factor. The VEGF family consists of at least six 
members (VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E and Placental growth 
factor (PlGF)), each coded by a separate gene [36]. VEGF-A is thought to be most 
important variety in angiogenesis and is often referred to as just VEGF. VEGF-C is 
important in lymphangiogenesis. 
VEGF-A exists in six isoforms as the result of alternative splicing. All isoforms contain 
a secretory signal, enabling VEGF to have paracrine effects on surrounding cells. The 
longer the isoform, the higher its affinity to extracellular proteoglycans. VEGF-A165 is 
intermediate in length, with balanced properties between extracellular retention and 
diffusibility, and optimal angiogenic potency. 
Hypoxia induces increased expression of VEGF through HIF1- but does also 
increase the half-life of the already expressed VEGF mRNA [34]. Inflammatory 
reactions and many cytokines (TGFß, Interleukin-6, Insulin like growth factor-1, 
PDGF, FGF) also induce VEGF expression. 
The actions of VEGF are mediated by three tyrosine kinase receptors: VEGF-R1 (a.k.a. 
flt-1), VEGF-R2 (a.k.a. KDR or flk-1) and VEGF-R3. The latter mainly interacts with 
VEGF-C in lymphangiogenesis. VEGF-R1, which also exists in a soluble circulating 
form, does not have strong angiogenic effects, but might act as a decoy receptor and 
regulate VEGF effect. The chemotaxis of monocytes seems to be mediated by VEGF-
R1, and it might also cause tissue-specific release of other growth factors. 
VEGF-R2 is the key mediator of the angiogenic effects and induces the 
phosphorylation of several proteins in endothelial cells.  
VEGF-A binds to both VEGF-R1 and R2. In addition, the neurolipin receptors (NRP1 
and NRP2) act as co-receptors and enhance the response of VEGF-R2 to VEGF-A. 

3.2.2.4 Angiogenesis inhibitors 

The presence of numerous interrelated stimulators of angiogenesis is further 
complicated by the presence of inhibitors of angiogenesis. Examples are 
thrombospondin-1, angiopoietin-2 (in the absence of VEGF), soluble circulating VEGF 
receptors, cleavage products of matrix components (arresten, vastatin, endostatin) and 
cleavage products of plasma proteins (angiostatin, serpins) [27]. Signalling molecules 
such as the atrial and brain natriuretic factors (ANP and BNP) [37, 38] and TGFß [39-
41] also have antiangiogenic effects apart from their role in heart failure.  
In the clinical setting, diabetes [42], hypercholesteremia [43-46] and higher age [47, 48] 
may also impair the angiogenic response. Furthermore common cardiovascular 
medication such as ACE-inhibitors may inhibit angiogenesis [49]. 

3.2.3 Collaterals in coronary artery disease 

Although the presence and importance of coronary collaterals in diminishing 
myocardial ischemia has been appreciated for a long time, it is a new finding that a 
considerable collateral circulation exists also in humans without coronary stenosis [50]. 
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The extent of collateral flow is highly variable between individuals, both with and 
without coronary stenosis. There is a moderate correlation between stenosis severity 
and collateral flow [51]. 
Collateral flow in the heart can be assessed in vivo by several methods [52]. The most 
common is Rentrop grading during coronary angiography [53]. In the most used form, 
the spontaneous filling of the collateral receiving artery is graded from 0 to 3. The 
method originally described by Rentrop uses the same score during balloon occlusion 
of the collateral receiving artery, measuring the recruitable collateral flow. A less 
common method is washout collateralometry, where the number of heart beats is 
counted before the contrast is washed out, during balloon occlusion [54]. These 
angiographic visual methods have a rather low sensitivity and are probably too crude 
for quantification of collateral flow in studies. They are also prone to error by variations 
in contrast concentration, heart rate and image quality. 

3.2.3.1 Collateral flow index 

A more precise measurement is possible by measuring the intracoronary pressure or 
flow velocity in the collateral donor artery, distal to a brief balloon occlusion [55]. 
Pressure measurements are independent of the position of the measuring guidewire in 
the lumen and therefore more reproducible. The pressure is measured after one minute 
of balloon occlusion, which provides an ischemic stimulus to dilate the collateral 
vessels. To obtain the collateral flow index (CFI), the distal pressure is divided by the 
aortic pressure, after subtraction of the venous pressure. A CFI over 0.25 is interpreted 
as sufficient collateral flow to prevent ischemia during brief vessel occlusion [52]. 

3.2.3.2 Indirect measurements of collateral flow – perfusion imaging 

In the case where the supplying coronary artery is totally occluded, the blood flow to 
that myocardial region must be via collaterals, and measurement of perfusion with any 
imaging method will be an estimate of collateral flow. If the supplying artery has a 
stenosis, a change in perfusion would reflect changed collateral flow, if the stenosis 
severity is constant. 
The most common perfusion imaging method is SPECT, which has been used in many 
angiogenesis trials. However it has been shown that SPECT perfusion defects have a 
considerable variation over time in individual patients, even if the mean perfusion 

Fig. 4. 
ANP and BNP 
counteract VEGF. 
Unfilled arrows 

show stimulation, 

filled arrows 

inhibition. 
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defect size in a group stays rather constant [56]. In other words, the standard deviation 
might be high. The use of SPECT as an endpoint in small unblinded studies might 
therefore be inappropriate. Even in angiographic three-vessel disease, 18% of scans 
will not show reversible perfusion defects [57, 58]. Advantages with SPECT include its 
wide availability and the large experience in image analysis [59]. 
Cardiac stress MRI is a newer method for perfusion imaging which might be 
advantageous as it has higher spatial resolution [60]. 
Unlike SPECT and MRI, which measure relative perfusion, PET [61] and contrast 
stress echo [62] are able to quantify absolute perfusion. However these methods have 
not yet reached a widespread use. 
The measurement of regional wall motion may also be seen as an indirect measurement 
of perfusion and collateral flow. Regional wall motion can be measured with tissue 
Doppler or visual scoring (echocardiography), the centerline method (left ventricular 
angiography) [63], wall motion (MRI) [60] or Linear local shortening (LLS) on NOGA 
imaging [64, 65]. Stress echocardiography with tissue velocity imaging has been shown 
to be sensitive to myocardial ischemia. It is a more quantitative measurement than the 
conventional visual scoring system, and might therefore be more suitable to detect 
changes over time in the same segment and patient [66]. Recently strain rate 
measurement has evolved as a more sensitive measurement of ischemia [67]. Strain 
rate, unlike systolic velocity, is not affected by forces in the adjacent myocardium. 

3.2.4 Premature plateau of collateral growth 

Collateral growth seems to start within a week and continue for a few months after the 
occlusion of a coronary artery in humans [68]. The end result does rarely if ever reach 
the same high flow capacity and low resistance as the compromised artery it should 
replace [28]. Thus, this compensatory process stops at an incomplete stage of 
adaptation. The flow capacity of the collaterals is usually enough for the demand of the 
myocardium at rest and light exercise. But as the coronary flow cannot increase further, 
the patients usually suffer from chest pain and shortness of breath during exercise. 
It is not known why collateral growth stops at this premature plateau. It might be that 
the early decrease of flow shear stress, the main driving force in arteriogenesis, during 
collateral growth is the reason. Other reasons could be that VEGF and other angiogenic 
substances not are induced any more after several weeks of intermittent moderate 
myocardial ischemia [35]. Inhibitory factors may also be the limiting factor. 

3.3 THERAPEUTICALLY INDUCED ANGIOGENESIS 

The idea to augment the perfusion of ischemic myocardium by enhancing collateral 
circulation is not new. Procedures like asbestos powdering of the pericardial sac, 
tacking omentum to the heart [69] or implanting the internal mammary artery directly 
into the myocardium without anastomosis to a recipient vessel (Vineberg) have been 
used [70]. Although these techniques were abandoned after aortocoronary bypass 
surgery was developed, there is reason to believe they had a therapeutic effect [71]. 
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As the molecular mechanisms of angiogenesis and arteriogenesis were unravelled [72], 
it became clear that there was a therapeutic potential in enhancing this naturally 
occurring process [26]. 
Gene therapy has been used as a “slow-release” preparation to overcome side effects of 
proteins and achieve the prolonged protein level required for angiogenesis. Gene 
transfer can be achieved with plasmids (via passive diffusion) or with viral vectors, 
which bind to cellular receptors. Plasmids are relatively easy to produce and have few 
side-effects. Viral vectors transfect a much higher proportion of cells, but at the price of 
an inflammatory reaction [73]. 
In ischemic heart disease, enhanced angiogenesis could be applied as an alternative to 
traditional revascularisation strategies in order to diminish ischemia. This could be used 
when traditional procedures not can be applied (refractory angina), but also earlier on in 
the disease process, like in the hibernating area surrounding an acute myocardial 
infarction. It is also conceivable to prophylactically augment the collateral circulation 
in order to prevent the damage of a possible future acute coronary occlusion. 
As mentioned, angiogenesis involves multiple steps and growth factors. Promising 
results in animal studies have been shown with several genes including VEGF [25, 74-
79], FGF [80, 81], PDGF [82-84], MCP-1 [85] and HIF1-  [86, 87]. 
Clinical trials of angiogenic gene therapy with FGF [88, 89] and VEGF [90, 91] in 
coronary artery disease have until now not shown any symptomatic benefit above 
placebo in randomised trials, even if the effect in smaller unblinded trials was 
substantial [92]. There have however been encouraging results and trials on various 
agents are ongoing.  

Fig. 5. Principles of collaterals and therapeutic angiogenesis. 
The faces show the ischemic situation of the myocardium supplied by the artery. 
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4 GENERAL AIMS 

a. To assess the safety and therapeutic efficacy of intramyocardial injections of 
plasmid encoding VEGF-A165 in patients with refractory angina pectoris 
(studies I-II). 

b. To investigate the prognosis (mortality, new revascularization options and 
symptomatic improvement) in patients with a clinical diagnosis of refractory 
angina pectoris (study III). 

c. To investigate the gene expression pattern in a reversibly ischemic and a normal 
area of the left ventricle in patients with stable angina pectoris (studies IV-V). 
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5 METHODS 

Permission for the studies was obtained from the local Ethics Committee. Permission 
for studies I and II was also obtained from the Swedish Medical Products Agency. All 
patients gave their informed and written consent. 

5.1 STUDY I 

Patients 
Inclusion criteria were Canadian Cardiovascular Society (CCS) functional class III-IV 
angina pectoris refractory to optimal medical treatment, not eligible for invasive 
treatment. Further requirements were at least one patent major vessel related to the 
anterolateral part of the left ventricle and viable areas of anterolateral left ventricular 
myocardium with major reversible ischaemia involving at least 10% of the left ventricle 
and detectable with adenosine single-photon emission computerized tomography 
(SPECT). Patients with an ejection fraction < 20%, unstable angina pectoris during the 
last 3 months, cancer, chronic inflammatory disease or diabetic retinopathy were 
excluded.  
SPECT, coronary angiography and stress echocardiography 
At baseline and at follow-up 2 months after treatment, adenosine stress SPECT, 
coronary angiography and dobutamine stress echocardiography with tissue velocity 
imaging (TVI) were performed. Both SPECT and coronary angiography were 
evaluated with the before and after treatment examinations in random order, thus 
blinding the observers. 
For SPECT, perfusion at rest, stress and reversible perfusion defects (stress-rest) were 
evaluated and categorized as impaired (-2), slightly impaired (-1), unchanged (0), 
slightly improved (+1) or improved (+2).  

Operation and plasmid administration 
Under general anaesthesia and with cardiac monitoring by transoesophageal 
echocardiography, a left lateral thoracotomy of about 10 cm was made in the fifth inter- 
costal space. Under direct visualization, 0.25 (4 patients) or 1.0 (2 patients) mg 
phVEGF-A165 in 8ml saline divided in four 2ml aliquots was injected into the 
previously localized ischemic area.  

Fig. 6. Plasmid encoding 
VEGF-A165, schematic. 

Expression is driven by a 

Cytomegalovirus (CMV) 

promotor. 
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Plasmid preparation and VEGF-A assay 
The plasmid phVEGF-A165 was originally a generous gift from the late Dr Jeffrey M 
Isner, St Elizabeth’s Medical Center, Boston, USA, and was produced at the Gene 
Therapy Center (Huddinge, Sweden) according to Good Manufacturing Practice 
(GMP) standards. Production, purity and sterility were controlled as specified by the 
Swedish Medical Products Agency. The plasmid contained a cytomegalovirus 
promotor/enhancer to drive VEGF-A165 expression. 
Plasma VEGF-A levels were measured prior to gene transfer and at 1-6, 14, 30 and 60 
days after gene transfer, using an enzyme-linked immunosorbent assay kit (R&D 
Systems, Minneapolis, Minnesota, USA). 

Statistical analysis 
All data are presented as means ± SEM. Statistical analysis was performed using the 
two-tailed paired t test, the Wilcoxon signed-rank test, or one-way analysis of variance 
for repeated measures, as appropriate. With the latter, localization of differences 
between measurements was done with Fisher’s protected least square significance test. 
A value of p <0.05 was considered significant. 

5.2 STUDY II 

Study protocol 
Patients with symptomatic severe coronary artery disease that could not be 
revascularized further were included if single-photon emission computerized 
tomography (SPECT) showed a significant reversible perfusion defect as estimated by 
two independent experienced observers. We excluded patients with an ejection fraction 
<0.40, unstable angina pectoris, acute myocardial infarction within the last three 
months, diabetes mellitus with proliferative retinopathy, diagnosed or suspected cancer, 
or chronic inflammatory disease. 
The prespecified end points at three months follow-up were:  
1) change in myocardial perfusion defects at stress and rest between inclusion and 
three-month follow-up SPECT studies (primary end point);  
2) the safety of the percutaneous intramyocardial gene therapy;  
3) changes in wall motion at NOGA mapping and contrast left ventriculography;  
4) CCS angina pectoris class;  
5) the frequency of anginal attacks;  
6) nitroglycerin consumption;  
7) patient score on the Seattle Angina Pectoris Questionnaire, and  
8) exercise capacity. 
Current medication was not changed until follow-up was completed. Additional clinical 
follow-up was performed six months after the intramyocardial injections. Signs of 
VEGF expression (Quantikine; R&D Diagnostics, Minneapolis, Minnesota), 
inflammation in terms of C-reactive protein, and VEGF-induced recruitment of CD34  
stem cells (flow cytometry) were determined from successive blood determinations. 
Plasmid VEGF-A165 and placebo plasmid 
The plasmid VEGF-A165 was the same as in study I. The placebo plasmid was 
identical to the plasmid VEGF-A165 except for the VEGF-A165 gene, which had been 
cut out. 
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SPECT imaging and NOGA electromechanical mapping of the left ventricle. 
Single-photon emission computed tomography studies were conducted with combined 
low-level exercise and adenosine infusion and injection of 99mTc-sestamibi or 
tetrofosmin. 
With the NOGA system (i.e., NOGA mapping catheter and MyoStar injection catheter; 
Cordis, Johnson & Johnson, Miami Lakes, Florida), diagnostic three-dimensional maps 
of the left ventricle were generated for the locally measured voltage values (voltage 
map) and the systo-diastolic movement of the catheter tip (local linear shortening map). 
Intramyocardial injections. 
On the basis of the localization of the ischemic region assessed by SPECT and the local 
linear shortening map, the region of interest (ROI) was delineated on the NOGA map, 
and the injection catheter was navigated into this area. Ten 0.3-ml intramyocardial 
injections were given with a MyoStar mapping-injection catheter with a total dose of 
0.5 mg phVEGF-A165 or placebo plasmid. 

Fig. 7. The NOGA mapping-
injection system. 
The mapping catheter 

measures local wall motion and 

voltage at multiple points  

(upper picture). 

When the catheter tip is in 

contact with the endocardium, 

the injection needle is 

advanced out of the tip into the 

myocardium (lower picture). 
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Analysis of myocardial perfusion images 
For semiquantitative and visual scoring core lab SPECT analysis, the treated area (ROI) 
on the SPECT images was determined on the basis of the NOGA polar plot images. 
First, the severity of the reversible and irreversible perfusion defects at baseline was 
scored as defects present or defects not present as consensus readings by three 
experienced nuclear medicine specialists. Second, to assess changes between baseline 
and three-month follow-up studies, these were read together as pairs in a randomised 
order, which was blinded to the readers. Changes were scored as deterioration (-1), 
unchanged (0), and improved (+1). 
Computer-based quantitative core lab SPECT analysis was made on global left 
ventricular perfusion. Transaxial files of the baseline and follow-up rest and stress 
SPECT images were analyzed with MunichHeart software (Munich, Germany). The 
extent of severe (normalized tracer uptake < 50%) and moderate (normalized tracer 
uptake between 51% and 70%) and the summarized (sum of severe and moderate) 
extent of rest and stress-induced perfusion defects were determined automatically and 
expressed as percentage of the entire myocardium. 
Analysis of NOGA endocardial maps 
In the quantitative core lab NOGA analysis, the ROI was delineated blinded on the 
basis of the injection maps at baseline and at the three-month follow-up. Researchers 
performed blinded quantitative assessments of the baseline and follow-up maps as 
mean voltage and as local linear shortening values of the ROI and remote regions. 
Analysis of digitized left ventricular angiography. 
At the blinded core lab analysis, the normalized motion was analyzed with the 
centerline method [63]. The severity of the abnormality of the regional wall motion 
within the left anterior descending, left circumflex coronary artery, and right coronary 
artery areas was computed as the mean standardized motion of contiguous chords, and 
it was assessed as the average standard deviation per chord (SD/chord). 
Statistical analysis 
The analysis was performed on the basis of intention to treat. Changes within groups 
between baseline and follow-up were tested using Wilcoxon’s two-sided test for paired 
data and between groups with the two-sided Mann-Whitney U test or the exact Mann- 
Whitney U test. To assess differences between repeated measures between the placebo 
and VEGF groups, two-way analysis of variance was used. A difference was 
considered statistically significant at p < 0.05. Values are presented as mean ± SEM. 

5.3 STUDY III: PROGNOSIS IN REFRACTORY ANGINA PECTORIS 

This descriptive study of chronic refractory angina pectoris comprises all patients 
screened for the gene therapy trial EUROINJECT ONE (study II). Screening started in 
early 2001 and ended in July 2002. Before screening, all patients had a current clinical 
diagnosis of refractory angina (no further revascularisation options), based on coronary 
angiogram and stress tests. Screening was performed as second opinion and included 
single photon emission computed tomography (SPECT), echocardiography, coronary 
angiography and exercise test. 
Patients ineligible for the trial were registered in reject logs. 
Baseline data were collected from hospital records (rejected group) and the trial files 
(trial group). Clinical assessment of Canadian Cardiovascular Society (CCS) symptom 
class and exercise tests continued for 12 months in the trial. In all screened patients, 



17

vital status was assessed by interrogation of hospital records and national population 
registers after a mean of 34 (range 20-47) months after screening.  
Statistics 
Results are presented as mean with standard deviation. Differences were tested with t-
test for continuous data, Wilcoxon Signed Rank and Mann-Whitney U test for ordinal 
data, Fisher’s exact test or Chi square test for proportions and log-rank test for survival 
data. A p value <0.05 was considered significant, p values >0.2 are presented as ns. 

5.4 STUDIES IV-V: MYOCARDIAL GENE EXPRESSION IN STABLE 
ANGINA PECTORIS 

Patients 
Patients scheduled for coronary artery bypass surgery were selected, five for study IV 
and an additional three (total eight) for study V. 
All had angina pectoris with stable symptoms since at least three months. In order to 
minimise confounding factors, subjects were not allowed to have treatment for or signs 
of heart failure or treatment with Angiotensin Converting Enzyme-inhibitors. For the 
same reason, no subject was smoking, diabetic or using cortisone or hormones. All 
underwent a preoperative coronary angiogram and SPECT (single photon emission 
computer tomography) stress-rest perfusion imaging (Software: HERMES, Nuclear 
Diagnostics, Stockholm). As we aimed at including patients with regional stress-
induced myocardial ischemia and good angiogenic capacity, all patients had a chronic 
occlusion of one major coronary artery with complete filling of the distal part of the 
same vessel via collaterals (Rentrop score 3) [53]. Our goal was also to select patients 
with good adaptation to ischemia, and therefore only patients with normal systolic left 
ventricular function were included.  
Myocardial biopsies 
Two regions in the left ventricle of each subject were selected for biopsy by correlating 
the coronary angiogram and the SPECT images (Figure 8). The ischemic region was 
distal to the chronically occluded vessel on the angiogram and had a significant SPECT 
uptake defect at stress with normal tracer uptake at rest. Thus this region had stress-
inducible ischemia and no permanent perfusion defect. The non-ischemic region served 
as control and was located in another part of the left ventricle without critical coronary 
stenosis and with normal tracer uptake both on rest and stress SPECT (no ischemia, no 
permanent perfusion defect). 
Transmural left ventricular biopsies were obtained with a 14-gauge biopsy instrument 
(Tru-Core II, MD Tech, Gainesville, FL) during coronary artery bypass surgery, before 
cardioplegia and cross-clamping. 
Biopsies were frozen in liquid nitrogen within 20 seconds and stored at –80°C. 
A small part of each biopsy was formalin-fixed, paraffin-embedded, cut and stained 
with hematoxylin-eosin for routine evaluation. Immunohistochemical staining was 
performed using monoclonal mouse anti-vimentin and monoclonal mouse anti-human 
CD45 antibodies (DAKO, Glostrup, Denmark), with subsequent streptavidin-
peroxidase incubation. 
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RNA procedures 
Total RNA was isolated from each biopsy by the acid phenol method [93].Human 
Genome GeneChips oligonucleotide arrays were used (Affymetrix Inc., Santa Clara, 
CA), one for each sample. For the first five subjects the U95Av2 chips were used and 
for the last three subjects the more recent U133Plus2.0 model was used. Each of the 
12624 probe sets on the U95Av2 chip was assigned a corresponding probe set on the 
U133Plus2.0 chip by matching for Probe set ID, UniGene ID, Gene symbol and 
Representative public ID. In 466 cases there was no matching probe set, leaving 12158 
probe sets for analysis. The sequences of all probe sets are available at 
www.affymetrix.com. 

Microarray data analysis  
The ischemic and non-ischemic samples from the same subject were compared 
pairwise. Data were analyzed with Affymetrix GCOS software. The reliable detection 
of each probe set was determined using the “present call” algorithm, where both the 
absolute expression level and the background noise are taken into consideration. 
Change in gene expression was independently calculated in two ways: (1) Qualitative 
change or change call (“increase”, “no change” or “decrease”) and (2) Quantitative 
change (fold-change, i.e. times higher expression in the ischemic compared to the non-
ischemic sample). 
Genes were regarded as consistently differentially expressed if they had change call 
“increase” in at least 5 of 8 subjects and a mean fold-change of at least 1.7, or if they 
had change call “decrease” in at least 5 of 8 subjects and a mean fold-change below 
1/1.7 (0.588). The q-value of the false discovery rate (FDR), an estimate of the false-
positive probability, was calculated with SAM version 2.21 software [94]. A pairwise 
two-tailed t-test was used to calculate the statistical significance of differential 
expression for each gene, unadjusted for multiple testing. 

Fig. 8. Example of selected areas for biopsies. (A) Myocardial SPECT perfusion 

imaging, vertical long axis section, rest image: no perfusion defect. (B) Same section, 

stress image with perfusion defect. Arrows show the selected areas for the reversibly 

ischemic (I) and control non-ischemic (N) biopsies. (C) Coronary angiography in the same 

patient shows filling of the occluded distal right coronary artery via collaterals, explaining 

the stress-induced ischemia I and confirming no stenosis in the artery to the N area. 
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Polymerase Chain Reaction (PCR) methods (study IV) 
Quantitative real-time PCR was performed with TaqMan probes on an ABI-PRISMA 
7700 Sequence Detector (Perkin–Elmer, Foster City, CA). VEGF, VEGF receptor 1 
and 2, atrial natriuretic peptide (ANP), and brain natriuretic peptide (BNP) were chosen 
as target genes. One microgram of total RNA from each biopsy was reverse transcribed 
by Superscript Rnase H reverse transcriptase (Invitrogen, Carlsbad, CA) using random 
hexamer primers according to the manufacturer s specifications.  
Amplification mixes (25 ll) contained the sample cDNA diluted, 2x TaqMan Universal 
PCR Mastermix, forward and reversed primers, and probe. Thermal cycling conditions 
included 2 min at 50°C and 10 min at 95°C before 50 PCR cycles (95°C for 15 s and 
65°C for 1 min). 
Change in expression was calculated as fold-change, after normalisation for beta-actin 
expression. 
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6 RESULTS 

6.1 STUDY I: MYOCARDIAL DOPPLER TISSUE VELOCITY IMPROVES 
FOLLOWING MYOCARDIAL GENE THERAPY WITH VEGF-A165 
PLASMID IN PATIENTS WITH INOPERABLE ANGINA PECTORIS 

Aims 
To monitor by tissue Doppler the therapeutic effects of intramyocardial phVEGF-A165 

in patients with refractory angina pectoris. 

Clinical characteristics
Six patients (two women) with stable angina pectoris without further revascularisation 
options were included. All used beta-blockers, aspirin and nitrates and medication was 
unchanged until follow-up. Details are given in Table 1. 
Two patients received 1 mg and four patients 0.25 mg of intramyocardial phVEGF-
A165 via thoracotomy.  
Safety 
Two patients exhibited perioperative enzyme release and one of them new Q-waves. 
Contributing reasons for these perioperative myocardial infarctions were the prolonged 
anaesthesia and operating times for the first three patients. There were no perioperative 
deaths. 

Therapeutic effect 
After two months, the maximal systolic myocardial tissue velocity improved from 
6.3±0.6 to 8.0±0.6 cm/s, (p<0.02), in the anterior treatment area in all patients although 
the velocity did not reach normal values (>10cm/s). The perfusion at adenosine stress 
SPECT improved in the injected area in four of the six patients. The CCS angina class 
improved from 3.3±0.2 to 2.0±0.3 (p<0.02). Nitroglycerin consumption decreased from 
44±17 to 15±5 tablets per week (p<0.05). 
Plasma concentrations of VEGF-A increased 2 to 3 times (p<0.04) above preoperative 
values from 2 to 14 days after the injection.  

Conclusions 
The systolic myocardial tissue velocity increases in the myocardial area injected with 
phVEGF-A165. The safety of injections via thoracotomy can be questioned. 

NOTE 
A twelve-month follow up has subsequently been published [95]. 
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Fig. 9. Tissue velocity imaging (TVI). Dot shows basal measurement point in the 

phVEGF-A165 treated lateral wall (above). Lower row shows tissue velocity over one 

heart cycle during maximal dobutamine stress, before (left) and two months after (right) 

gene transfer. The peak systolic velocity increased from 5.6 to 6.4 cm/s. FCG, 

phonocardiogram.

Table 1. Patient characteristics. Baseline, operative and two-month follow-up 

data.
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6.2 STUDY II: INTRAMYOCARDIAL PLASMID VEGF-A165 GENE 
THERAPY IN PATIENTS WITH STABLE SEVERE ANGINA 
PECTORIS A RANDOMIZED DOUBLE-BLIND PLACEBO-
CONTROLLED STUDY: THE EUROINJECT ONE TRIAL 

Aims 
To explore the efficacy of intramyocardial phVEGF-A165 in patients with refractory 
angina pectoris. 
Patients 
There were no significant differences in baseline characteristics (Table 2). 
Safety
Three procedure-related complications occurred in the VEGF group (pericardial 
tamponade, temporary loss of vision, sepsis) and two in the placebo group (AV-block, 
myocardial infarction). In addition, during diagnostic NOGA before randomisation, one 
patient developed pericardial tamponade and died during emergency surgery. 
Seventeen major cardiac complications occurred during the six-month follow-up, not 
related to the gene transfer according to the independent safety committee. 
Myocardial Perfusion Analysis (SPECT)
The total (whole ventricle) stress perfusion defect decreased by 10% in the VEGF 
group (p=0.04) and 5% in the placebo group (p=0.22) from baseline to three months 
The difference between groups was 1% at baseline (p=0.73) and 6% after three months 
(p=0.18). 
Semiquantitative analysis of the treated area showed a significant (p=0.02) 
improvement in stress perfusion defects within the VEGF group, but not in the placebo 
group, from baseline to three-month follow-up. Again, there was no significant 
difference between the VEGF and placebo groups at baseline or three months. 
Wall motion by NOGA mapping and left ventriculography
The local wall motion in the treated area was better after three months in the VEGF 
group compared to placebo (NOGA linear shortening 12.6±0.9% vs. 9.9±0.9%, p=0.04, 
Fig. 10; ventriculography -1.5±0.1 SD/cord vs. -2.0±0.2 SD/cord, p<0.05, Fig.11). 
There were no baseline differences. 
Symptoms
There was a tendency (p=0.06) to more decrease in nitroglycerin use in the VEGF 
group compared to placebo. The CCS angina pectoris classification improved 
significantly in both groups (VEGF, from 3.0±0.04 to 2.2±0.1, p<0.001; placebo, from 
3.1±0.05 to 2.3±0.1, p<0.001), with no significant difference between the groups. No 
significant differences between the groups were observed regarding peak exercise 
capacity and Seattle angina questionnaire scores.  

Conclusions 
Apart from catheter-related risks, percutaneous intramyocardial phVEGF-A165 injection 
is safe. Stress perfusion defects and local wall-motion improved compared to placebo. 
There was a tendency to more decrease in nitroglycerin use. The effect on symptoms 
should be tested in a larger adequately powered trial. 
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NOTE 
A quantitative analysis of the treated area [96] showed a significantly lower amount of 
reversible ischemia at three months in the VEGF group compared to placebo. 

Fig. 10.  
Voltage and linear local 
shortening in the injected 

area at baseline and three 

months. VEGF group filled 

bars, placebo empty bars. 

Table 2.  
Baseline characteristics 
of the study group. 

Fig. 11. 
Local wall motion by left 
ventriculography in the 

injected area. VEGF group 

filled bars, placebo empty 

bars. Shorter bars indicate 

better function.
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6.3 STUDY III: FAVOURABLE PROGNOSIS IN REFRACTORY ANGINA 
PECTORIS A THREE-YEAR FOLLOW-UP OF 225 PATIENTS 

Aims 
To investigate the prognosis (mortality, new revascularisation options, symptomatic 
improvement) in patients with a diagnosis of refractory angina pectoris. 

Baseline characteristics 
225 screened patients, of which 80 were from the EUROINJECT ONE trial (study II) 
and 145 were from reject logs. 
At baseline mean age was 63 ± 9 years and mean LVEF was 51 ± 12%. 10% of patients 
had a LVEF below 40%. The CCS symptom class is shown in Fig. 12. 22% were 
smokers, 23% were diabetics and 84% were previously revascularised. Coronary 
bypass surgery had previously been performed once in 48% and twice or more in 16%. 
In 59% there was a history of myocardial infarction. 
Revascularisation 
Although all patients had a diagnosis of refractory angina, baseline coronary 
angiography revealed new revascularisation options in 23 cases (10%). Six of these 
patients underwent bypass surgery and 17 PCI. 
Among the 80 patients included in the EUROINJECT ONE trial, the protocol-specified 
coronary angiogram after three months revealed a new revascularization target (a new 
stenosis or progression of a previously non-significant lesion) in five patients, which 
were treated by PCI. 
Mortality 
Mortality was 4.1% at one year, 7.5% at two years and 10.6% at three years follow-up 
(fig 13). In univariate analysis, higher age (p<0.0001) and no use of betablocker 
(p=0.023) were associated with mortality at long time follow-up. 
Using the above variables in multiple stepwise forward logistic regression, only higher 
age (p=0.0007) remained a significant independent predictor of mortality at long time 
follow-up. 
Symptoms and exercise capacity 
CCS class improved in most patients in the trial (difference to baseline p<0.001 for all 
time points) (fig 12). There was no significant difference between active and placebo 
groups at any time point. After three months, 31% had improved one CCS class and 
23% two CCS classes or more. After twelve months the corresponding figures were 
22% and 36%. 
The peak exercise time increased from 474 ± 20 seconds (mean ± SEM) at baseline to 
514 ± 22 after one month (p=0.028), 497 ± 20 after six months (p=0.07) and 494 ± 22 
(ns) after twelve months. There was no significant difference between active and 
placebo groups at any time point. After twelve months, 37% had increased their 
exercise time by at least 60 seconds compared to baseline. 

Conclusions 
Patients with a clinical diagnosis of refractory angina pectoris have a rather favourable 
prognosis. The mortality is slightly higher than uncomplicated stable angina pectoris. 
Symptomatic improvement is common and new revascularisation options arise in a 
number of patients already within a year. 
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Fig. 13. Kaplan-Meier survival plot. Data from paper III in red, for comparison survival of the 

placebo group in the PEACE trial of stable angina pectoris with normal or slightly depressed 

left ventricular function [97] (blue) and in the defibrillator group in the MADIT-II trial of reduced 

left ventricular function after myocardial infarction [98] (dotted line).

Fig. 12.  
CCS class from baseline 

to 12 months in 80 trial 

patients. Marked 

improvement (p<0.001) 

compared to baseline for 

all time points. No 

difference between active 

and placebo groups. 
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6.4 STUDY IV: ANP AND BNP BUT NOT VEGF ARE REGIONALLY 
OVEREXPRESSED IN ISCHEMIC HUMAN MYOCARDIUM 

Aims 
To investigate the expression level of several angiogenesis-related genes, including 
ANP and BNP, in reversibly ischemic myocardial areas in stable angina pectoris. 

Subjects 
Five patients with stable angina pectoris scheduled for bypass surgery. All had a 
chronic coronary occlusion with good collateralisation, no heart failure, and stress but 
not rest perfusion defects at SPECT. 

ANP and BNP but not VEGF and VEGF receptor 1 and 2 are regionally 
overexpressed in ischemic myocardium 
ANP expression measured by PCR had a mean fold-change of 8.8 (range 0.8–31) when 
the ischemic sample was compared to the non-ischemic sample (fig. 14). Four of five 
patients had a fold-change over two. For BNP the mean fold-change was 23 (range 1.3–
70), with the same four patients with a fold-change over two. VEGF-A expression had 
a mean fold-change of 0.9 (range 0.6–1.3). For VEGF receptor 1 and 2 the mean fold-
change was 0.9 (range 0.4–1.7) and 0.9 (range 0.7–1.2), respectively. 
By oligonucleotide microarray measurements, there was qualitative overexpression 
(change call ‘‘increase’’) in four patients for ANP, all five patients for BNP, one for 
VEGF-A, and two for VEGF receptor 2 (Table 3). Mean fold-change values by 
microarray were 4.0 for ANP, 9.9 for BNP, 1.1 for VEGF, and 1.4 for VEGF receptor 
2. VEGF receptor 1 had present call ‘‘absent’’ in all patients due to low signal and 
therefore expression change measurement was not possible by microarray (Table 3). 

Expression of 15 other angiogenesis-related genes (measured by microarray)
Due to low expression, nine genes had present call ‘‘absent’’ and expression change 
measurement was not possible (Table 3). Of the remaining genes, four (fibroblast 
growth factor 1, tumor necrosis factor a, VE-cadherin, and VEGF-B) had a mean fold-
change between 1.0 and 1.2 and showed qualitative change in one or no patient. 
Insulin-like growth factor 1 had qualitative change in two patients and mean fold-
change 1.4. Ephrin B2 had the largest change of the 15 genes: qualitative change in 
three patients but the mean fold-change was still only 1.4. 
Histology and immunohistochemistry 
Light microscopy showed essentially normal myocardium in all biopsies.  

Conclusions 
The overexpression of ANP and BNP in areas with stress-inducible ischemia in patients 
with stable angina pectoris may explain the relative inefficiency of angiogenesis. The 
lack of overexpression angiogenic genes (such as VEGF) supports the concept of 
therapeutic overexpression of these genes. 
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Fig. 14. 
Gene expression by real-time PCR. BNP and ANP (but not VEGF, VEGF receptor 1 and VEGF 

receptor 2) had large expression increases (fold-change) in the ischemic area compared to the non-

ischemic area. Logarithmic scale. 

Table 3. 
Gene expression by microarray. Only ANP and BNP have consistent expression changes. Nine 

additional genes (angiopoietin 1 and 2, fibroblast growth factor 2, monocyte chemotactic protein 1, 

matrix metalloproteinase 9, placenta growth factor, platelet derived growth factor b, Tie-2, and VEGF-

C) had present call ‘‘absent’’ and expression change measurement was not possible. 
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6.5 STUDY V: THE GENE EXPRESSION PROFILE OF STABLE ANGINA 
PECTORIS IN HUMAN MYOCARDIUM 

Aims 
To describe the gene expression pattern in reversibly ischemic myocardial areas in 
stable angina pectoris. 

Subjects 
Eight patients scheduled for bypass surgery (table 4). All had a chronic coronary 
occlusion with good collateralisation, no heart failure, and stress but not rest perfusion 
defects at SPECT. 
Gene expression (by microarray)
The expression of 24 genes was consistently higher in the reversibly ischemic area than 
in the control non-ischemic area (table 5). They can broadly be categorized as Growth 
factors or related (7 genes), Muscle and structural (4 genes), Extracellular matrix 
(ECM, 3 genes), Coagulation related (3 genes) and Stress-responsive (2 genes) and 
Other function (5 genes). Nine of the overexpressed genes have a known pro-
angiogenic function, four are anti-angiogenic and one is anti-apoptotic without certain 
angiogenic role. Three genes showed lower expression in the reversibly ischemic area. 
They belong to the Muscle and structural, Coagulation and Other categories, 
respectively. One gene is known as pro-angiogenic. 

Histology and immunohistochemistry 
Light microscopy showed essentially normal myocardium in all biopsies.

Conclusions 
The absence of overexpression of the classical angiogenic genes and the increased 
expression of several anti-angiogenic genes might explain the premature plateau in 
collateral growth, despite the remaining ischemic stimulus. The increased expression of 
several anti-apoptotic and muscle-related genes might explain the preserved left 
ventricular function even after a total coronary occlusion. 

Subject number 1 2 3 4 5 6 7 8 

Age 63 60 61 53 71 52 52 72 

Ischemic area inferior inferior inferior inferior anterior inferior inferior inferior

Occluded Vessel RCA RCA RCA LCX LAD RCA RCA RCA

Normal area anterior anterior anterior anterior lateral anterior anterior anterior

Symptom class 2 2 2 3 3 2 2 3

Angina duration 

 (years)
0.5 0.5 1 0.3 2 1 0.5 12

LVEF % 68 69 55 48 69 58 50 69

Table 4. Patient characteristics. RCA, right coronary artery; LCX, left circumflex coronary 

artery; LAD, left anterior descending artery. LVEF, Left Ventricular Ejection Fraction (assessed by 

gated single photon emission computed tomography).
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Gene 
symbol 

Gene name No of 
increase 
calls  

Mean fold
change 

FDR q Significance 
p

Functional 
group 

Pro-angiogenic    

ENPP2 ectonucleotide 
pyrophosphatase/phosphodiesterase 2 
(autotaxin) 

8 3.0 0.24 0.06 Other 

HSPA2 heat shock 70kDa protein 2 8 2.2 0.53 0.036 Stress 

CTGF connective tissue growth factor 7 2.5 0.24 0.0028 Growth 

CNN1 calponin 1 basic smooth muscle 7 2.5 0.62 0.037 Muscle 

LTBP2 latent transforming growth factor beta 
binding protein 2 

6 2.4 0.51 0.0052 Growth 

F2R coagulation factor II (thrombin) receptor 6 2.3 0.64 0.0034 Coagulation 

CSPG2 chondroitin sulfate proteoglycan 2 
(versican) 

6 1.9 0.64 0.023 ECM 

BGN  biglycan 6 1.8 0.64 0.047 ECM 

FAP fibroblast activation protein alpha 5 2.2 0.24 0.0015 Growth 

Anti-angiogenic    

NPPB natriuretic peptide precursor B 8 9.2 0.57 0.05 Growth 

IGFBP3 insulin-like growth factor binding protein 3 7 2.0 0.43 0.015 Growth 

NPPA natriuretic peptide precursor A 5 3.4 0.54 0.039 Growth 

SERPINE2 serine proteinase inhibitor clade E (nexin) 
member 2 

5 1.7 0.82 0.049 Coagulation 

Anti-apoptotic, Angiogenic function uncertain    

IER3 immediate early response 3 7 2.0 0.58 0.023 Stress 

Uncertain function in angiogenesis and apoptosis    

THBS4 thrombospondin 4 8 2.2 0.24 0.00046 Other 

MLLT11 myeloid/lymphoid or mixed-lineage 
leukemia; translocated to 11 

7 2.9 0.64 0.053 Other 

MXRA5 matrix-remodelling associated 5 7 1.9 0.24 0.0018 ECM 

DOK5 docking protein 5 7 1.8 0.92 0.036 Other 

TNNT1 troponin T1 skeletal slow 6 3.1 0.51 0.026 Muscle 

PROS1 protein S (alpha) 6 2.0 0.79 0.036 Coagulation 

TPM3 tropomyosin 3 6 1.8 0.24 0.011 Muscle 

DIO2 deiodinase iodothyronine type II 5 3.7 0.62 0.053 Other 

AP2B1 adaptor-related protein complex 2 beta 1 
subunit 

5 2.8  0.017 Growth 

MYH10 myosin heavy polypeptide 10 non-muscle 5 1.8 0.58 0.097 Muscle 

Table 5. Overexpressed genes. Genes with change call “increase” in at least 5 of 8 subjects 

and with mean fold change of at least 1.7. Presented by known angiogenic function, then 

ordered by number of increase calls. FDR q is the q value of the False Discovery Rate. 

Significance p is the p value calculated with a paired two-tailed t-test. Functional groups, see 

text.
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7 GENERAL DISCUSSION 

7.1 THERAPEUTIC ANGIOGENESIS WITH PHVEGF-A165 

The key question in this thesis is how to enhance the naturally occurring but limited 
angiogenesis and collateral growth in coronary heart disease. The safety and efficacy of 
one therapeutic agent, intramyocardial plasmid VEGF-A165, is described in the first two 
papers. 

7.1.1 Safety 

There were no signs of systemic (such as tumour growth, inflammatory disease or 
retinopathy) or myocardial side effects of phVEGF-A165 in any of the two studies, with 
46 patients receiving active treatment. This confirms previous studies where about 40 
patients have received intramyocardial phVEGF [26, 90, 92, 99]. 
The delivery via thoracotomy was associated with myocardial infarction in two 
patients, one of which impaired the left ventricular function. This was not reported in a 
similar trial from Boston [92]. Both in Boston and in our trial program, the thoracotomy 
method was abandoned in favour of the percutaneous NOGA mapping-injection 
catheter system. Among the 80 patients in study II, one developed a myocardial 
infarction after the injection procedure and two developed a pericardial tamponade (one 
fatal, albeit after diagnostic mapping before randomisation). Three other less severe 
catheter-related complications occurred. There is probably a learning curve, with 
increased safety with increased experience. Altogether, the percutaneous system in the 

current version seems safer but still induces a significant amount of serious 

complications.  

7.1.2 Effect on perfusion 

Perfusion on stress-rest SPECT in study II was assessed at baseline and three months 
follow-up. Data were analysed in two ways in study II. The semiquantitative visual 
scoring of the treated area showed that more patients in the VEGF group improved than 
in the placebo group. The presence of perfusion defects at stress SPECT was not 
different between the groups; however this only included scores for defect present or 
absent and thus does not include any assessment of defect size or reversibility. 
Secondly, a computer based analysis of the perfusion defects in the whole left ventricle 
was performed. When severe and moderate defects were added, there was a 6% lower 
defect size in the VEGF group compared to the placebo group after three months 
(p=0.18). The difference from baseline to three months was statistically significant in 
the VEGF group (p=0.04), but not in the placebo group.  
The reversible perfusion defect, that is the difference between stress and rest perfusion 
defects, might be a more logical endpoint as this reflects the amount of ischemia. A 
quantitative analysis of the reversibility in the treated area was not possible in the main 
manuscript (study II) because of difficulties in transforming the coordinates of the 
treated area from NOGA to SPECT. 
Therefore, a more detailed analysis of the SPECT and NOGA mapping data was 
published separately [96]. The treated area amounted to about 20% of the entire left 
ventricle. Within the treated area, the reversible ischemia at three months was reduced 
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to 1% in the VEGF group and remained at 7% in the placebo group (p=0.016 for 
difference between groups). Thus this confirmed the 6% difference in global perfusion 
defects in manuscript II. There was no change in the untreated parts of the left ventricle. 
Is this 6% decrease in reversible perfusion a clinically meaningful result? 
In study II, this represents that 80% of the reversible ischemia was abolished, so it 
would be unrealistic to demand more. A decrease in perfusion defects at rest, which 
usually are interpreted as infarcted area, was not seen in this trial, as expected. 
The AGENT-2 trial with intracoronary adenovirus encoding FGF-4 [89] was 
considered positive. However, the reversible perfusion defect size decreased from 20% 
at baseline to 16% at follow-up, a 21% relative improvement, less than in study II. 
The KAT trial [91] investigated liposomal plasmid VEGF, adenoviral VEGF or 
placebo, delivered with a coronary perfusion catheter during PCI. The reversible 
perfusion defect size on SPECT decreased from 8% to 2% with adenoviral VEGF and 
from 11% to 6% with placebo. The effect in study II was thus comparable to the KAT 
trial, but the latter included PCI in addition to gene transfer. This is reflected in the 
similar improvement in the placebo group in KAT but not in study II. 
In an unblinded but controlled trial of the same product and delivery route as study II 
[99], PET perfusion improved at stress by about 30% in the ischemic area.  
Several other treatments which are used in patients with chronic angina pectoris have 
shown no significant effect on SPECT reversible perfusion defects: laser 
revacularisation [19, 21], enhanced external counterpulsation (EECP) [18], spinal cord 
stimulation (SCS) [100]. The metabolic modulator trimetazidine has been reported to 
improve both stress and rest perfusion defects but not reversible defects [101]. The 
addition of a calcium antagonist to a betablocker (or vice versa) is common in clinical 
practice but has not been shown to improve SPECT perfusion [102]. 
Thus, intramyocardial phVEGF-A165 improved reversible perfusion defects. 

7.1.3 Effect on local wall motion 

In study I, wall motion in the treated area increased by about 25% at stress tissue 
doppler echocardiography. These findings were confirmed in study II, where local wall 
motion improved (at rest) both on left ventriculography and on NOGA mapping. These 
effects where somewhat unexpected, and in fact few angiogenesis trials have measured 
this parameter. This local improvement did not translate into any measurable 
improvement in global left ventricular systolic function. 

Fig. 15. Study II: reversible 
perfusion defects on SPECT
decreased significantly in the 

VEGF group (p=0.016 for 

difference between groups at 

three months follow up).  
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Nevertheless, the effect on wall motion is interesting. It might indicate that areas with 
decreased systolic function but remaining viability (hibernation) are ideal targets for 
angiogenic gene therapy. The decision to exclude patients with depressed left 
ventricular function from study II may have limited the number of ideal patients in 
study II and thus limited its power. In the future, perfusion imaging techniques such as 
PET could elucidate the effect on hibernation further by absolute perfusion 
measurement and better spatial resolution. 
Thus, intramyocardial phVEGF-A165 improved local wall motion.

7.1.4 Symptomatic effects 

The effect on symptoms was not the primary endpoint of study I or II, and neither study 
had been power-calculated for these endpoints. Even though study II was double-blind, 
the exercise ECGs were not core-lab analysed, and therefore time to ST-depression was 
not calculated. Furthermore, there was some missing nitroglycerin and exercise test 
data, which decreased the statistical power. 
The effect on CCS angina class was substantial in study I and study II (active and 
placebo groups). The mean improvement was one CCS class, with no significant 
difference between active and placebo at any time point up to 12 months (manuscript 
III). 
While the decrease in short-acting nitroglycerin consumption was dramatic in study I 
(44 to 15 tablets per week) the effect was smaller in study II (19 to 11 tablets per week 
in the active group). Unfortunately, there was a slight imbalance in the groups at 
baseline (12 vs. 19 tablets per week in the placebo group and active groups, p=0.13). 
After three months there was no significant difference between the groups (p=0.15). It 
might be better to calculate the difference in nitroglycerin use between baseline and 
three months follow-up, as this discards the patients with missing data at baseline or 
follow-up. Thus, the mean decrease in nitroglycerin use from baseline to 3 months was 
10 in the active group (p=0.009 for difference to zero) and 0.1 (p=0.87) in the placebo 
group. The difference between groups was borderline significant (p=0.06).  
The exercise test protocol used 25 watt steps every 2 minutes, which makes the analysis 
of exercise capacity in watts rather crude. After three months there was no difference 
between active and placebo groups (108 vs. 112 watts). The exercise time in seconds 
was calculated in manuscript III, and the mean value increased by 20-40 seconds up to 

Fig. 16. Study II: difference in 

symptoms from baseline to 

three months. Negative values 

indicate improvement. 
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one years follow-up (placebo and active groups combined). The increase was only 
statistically significant at one month (p=0.028). A significant number of patients (37%) 
increased their exercise time by more than 60 seconds at one year follow-up. There was 
no difference between placebo and active groups at any time point. 
Thus, there was a tendency to decrease in nitroglycerin use in the VEGF group 

compared to placebo, but no other differences between the groups. The symptomatic 

effect should be tested in a larger adequately powered trial. 

7.1.5 Placebo effects 

There was a profound placebo effect in the CCS angina class, a small placebo effect on 
exercise test but somewhat surprisingly none in nitroglycerin use, SPECT perfusion 
and local wall motion. One explanation might be that both patient and investigator tend 
to be biased towards an improvement after treatment. In a blinded randomised trial this 
effect is the same in both groups but leads to an improvement over time (or placebo 
effect). For CCS angina class, which is usually scored by the investigator and not the 
patient himself, one trial found that 28% of the improvement was due to investigator 
bias [20]. Again, in a placebo-controlled trial this effect will occur in both groups. With 
exercise test there could also be both patient bias and investigator bias (i.e. encouraging 
the patient more), but with nitroglycerin consumption there should only be patient bias, 
as this was self-reported in writing. The presence of investigator bias might thus 
explain that the placebo response was large on CCS class, smaller on exercise test and 
none on nitroglycerin consumption. 
In contrast, SPECT and local wall motion was assessed at core labs blinded to the 
before and after treatment status of the data, thus eliminating bias. Other double-blind 

Random numbers                       Selection
> 0.70

0,00

0,20

0,40

0,60

0,80

1,00

1 2

0,00

0,20

0,40

0,60

0,80

1,00

1 2

P=NS P<0.04

Random numbers                       Selection
> 0.70

0,00

0,20

0,40

0,60

0,80

1,00

1 2

0,00

0,20

0,40

0,60

0,80

1,00

1 2

0,00

0,20

0,40

0,60

0,80

1,00

1 2

0,00

0,20

0,40

0,60

0,80

1,00

1 2

P=NS P<0.04
Fig.  17. Example of regression to the mean. Random numbers from 0 to 1 are 

sampled twice and connected in pairs, the mean values are similar at both occasions and

the difference is not statistically significant (left panel). From the same numbers, values 

above 0.70 are selected at the first occasion, as an example of an inclusion threshold in a 

trial. At the second occasion, the corresponding values have a mean close to the mean 

of the whole group, and statistically different from the selected group at the first occasion 

(p<0.04). 

In clinical trials this effect will be smaller but measurable as the variables have a smaller 

random variation than in this illustration. 
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trials have found small or no placebo effects on SPECT while sustained and substantial 
symptomatic improvement with placebo has been seen on exercise tests, CCS class and 
nitroglycerin use in several trials [21, 103]. 
Another explanation to improvements in trials is the regression to the mean effect. If a 
subgroup is selected by taking the higher part of the distribution of a variable, the mean 
value in the subgroup will decrease from baseline to follow-up. If the lower values are 
selected, the mean will increase instead. In fact, it will regress towards the mean of the 
whole group before the selection process [104, 105]. This is true as long as there is 
variation in the variable, either randomly, due to measurement errors or cyclically over 
time.  
This effect will be seen in many clinical trials, as the study participants usually are 
chosen after an inclusion test, and therefore are a subgroup. If the value (i.e. blood 
pressure) exceeds a threshold, the patient enters the trial. The same value is then 
measured again at follow-up. A regression towards the mean-effect should be expected. 
For study II this means that we would expect CCS class and reversible ischemia to 
decrease at follow-up solely because of this statistical effect, as both these variables 
were used as inclusion thresholds. 
As we used placebo plasmid, and not saline, as placebo one might suspect that the 
empty plasmid exerted angiogenic effects on its own. Even if some data points to 
unspecific effects of high doses of plasmid [106], our own animal data have shown no 
angiogenic effect of placebo plasmid when it was compared with phVEGF-A165 [107]. 
In fact, there was no difference to saline.  
Thus we argue that biologic effects of the placebo plasmid hardly can explain the 

improvements in the placebo group in study II. A combination of regression to the 

mean effects, investigator bias and patient expectations are more likely. 

7.1.6 Lack of association between perfusion and clinical improvement 

There were no clearly significant effects (beyond placebo) on clinical endpoints in 
study II, although most of the reversible ischemia was abolished according to SPECT. 
There seems to be a lack of association between improved perfusion and improved 
overall function of the patient. In a PET study the correlation between symptomatic 
improvement and perfusion improvement was weak [99]. Another study found no 
association between the patients symptoms and inducible ischemia on SPECT [108]. A 
similar example is a study where patients one year after one-vessel PCI did not improve 
their maximum exercise capacity despite being relieved of clinical angina and perfusion 
defects [22, 23]. 
It seems plausible that many patients with coronary artery disease have other limiting 
factors besides myocardial ischemia, especially in refractory angina. Skeletal muscle 
deconditioning because of lack of physical exercise and chronic pain disorders are 
examples [109].  
The impact of improved myocardial perfusion on the overall physical ability of patients 

seems surprisingly small. 

7.1.7 How to achieve a better clinical effect 

So far, no angiogenic agent has been shown to be superior to placebo on clinical 
endpoints in ischemic heart disease. The therapeutic effect depends on the combination 
of the delivered gene, the vector, the delivery route and the treated patient group. This 
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gives many combinations, many still unexplored in clinical trials. In addition, there is 
the question of a meaningful and measurable endpoint. 

7.1.7.1 Which gene 

Among single angiogenic factors VEGF is probably the most extensively studied for 
ischemic diseases. It has been shown to improve myocardial perfusion in animal 
models [25, 74, 75, 79, 110]. Small uncontrolled studies [26, 92] (including study I) 
showed a dramatic decrease in nitroglycerin need and decreased ischemia. Paper two is 
the first and only double-blind placebo-controlled randomised trial with 
intramyocardial phVEGF-A165.
Would another growth factor have been be better? 
Available data for FGF do not show better effects than for VEGF. The large clinical 
trials AGENT-3 and 4 (with intracoronary adenoviral FGF-4) were terminated by the 
sponsoring pharmaceutical company Schering because no therapeutic effect was seen. 
In the previous smaller trial AGENT-2 a small non-significant effect on perfusion was 
seen [89]. Possible reasons include an inefficient delivery method (intracoronary) and a 
FGF variety with rather weak documentation in animal models. 
It might be advantageous to use an upstream factor, such as the regulatory gene HIF-
1 , which is activated by ischemia and induces several angiogenic genes besides 
VEGF. Positive effects have been shown with adenoviral HIF-1  in porcine models of 
myocardial ischemia [87] and with plasmid HIF-1  in the ischemic hindlimb model 
[111]. It remains to be seen if these effects can be reproduced in clinical trials.  
Subcutaneous injections of the stem cell releasing factors G-CSF and GM-CSF might 
also have therapeutic potential, indicated by small clinical trials [112-114]. There have 
however been safety concerns with restenosis and possible destabilisation of plaques 
[115, 116]. Recently, a randomised trial after myocardial infarction showed no benefit 
of G-CSF on systolic function [117].
Another concept is combination therapy with several growth factors. Animal 
experiments indicate that combinations with VEGF and Angiopoietin-1 [77] or FGF 
and PDGF [118] might enhance angiogenesis. The potential of side-effects might 
increase with more powerful stimulation. Excessive stimulation of angiogenesis might 
include retinopathy, tumour growth and even local hemangioma formation [119]. This 
has however not been seen with the mentioned combinations. 
Lastly, it seems plausible that the therapeutic effect of any angiogenic gene therapy 
would be potentiated by increased physical exercise to boost the naturally occurring 
angiogenesis [24, 120]. Relating to that, a case report on a Swiss cardiology professor 
showed increased collateral flow after intense endurance training in the absence of 
coronary stenosis [121]. 
Thus, VEGF seems to be a good choice. 

7.1.7.2 Which vector 

The transfection efficiency of a plasmid is low but with intramyocardial delivery 
enough to produce VEGF protein and induce angiogenesis and arteriogenesis in animal 
models [25, 75-79]. Adenoviral vectors have a higher transfection efficiency, but they 
elicit a local inflammation which may cause safety problem at intramyocardial delivery. 
If a higher protein expression with viral vectors also translates into more angiogenesis 
is uncertain. In a study of HIF-1  adenoviral vector was more efficient than plasmid 
but also induced more inflammation [87]. In a study from our own institution 
adenoviral VEGF induced a higher protein expression than its plasmid counterpart 
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[122], but the angiogenic potency was the same. The angiogenic effect of VEGF might 
have a ceiling, and protein levels over this ceiling might not cause better clinical 
effects. 
Thus, plasmid seems to be a good choice for intramyocardial delivery. 

7.1.7.3 Which dose 

In study I two patients were injected with 1.0 mg and four patients with 0.25 mg of 
phVEGF-A165. In study II a dose of 0.5 mg was used. Would a higher dose have been 
more efficacious? 
The doses were selected after the experiences in Boston where 0.125-0.25 mg [92] and 
0.2-2.0 mg [90] of plasmid has been used in trials. In porcine models, 0.5 mg [25] and 1 
mg [75] have been used. In a rat model a dose response in VEGF expression was found 
from 3-30 g but not with higher doses [78]. The rats weighed about 400 grams, about 
200 times less than a human being. Thus the optimal dose in the rat study, 30 g, 
corresponds to about 6 mg in a human. Of course metabolic species differences make 
this calculation only approximate. In all the above studies no adverse effects of the 
plasmid have been noticed. 
There is however a possibility of dose-limiting local side effects also with plasmids. An 
inflammatory response has been noticed after injection of 25 g of plasmid into the 
tibialis muscle of mice [106], thus a dose much higher than what we used in the trials. 
This inflammation might be caused be unmetylated CpG-motifs in the plasmid 
backbone itself. Angioma-like vessel formation was reported after 500 g of VEGF 
plasmid in an ischemic rat model [123], possibly caused by excessive VEGF 
expression. Again, this was a very high dose, over 100-fold higher than in our trials. 
Animal data from our lab with therapeutic doses of placebo plasmid showed no 
difference in angiogenic response to saline, thus ruling out unspecific effects of the 
empty plasmid .[107] 
In conclusion, it seems safe to increase the dose up to at least 2 mg in humans. If there 
is a dose response above that level in the angiogenic effect (and not only in VEGF 
protein expression) is still not clear. 

7.1.7.4 Which delivery route 

Intracoronary injection is easy to perform with standard equipment in the cath lab but 
gives both low myocardial expression and high systemic spill-over. It is unlikely that 
intracoronary injections of a plasmid give higher transfection of the myocardium than 
the other organs. Viral vectors have in animal trials shown some effects with 
intracoronary injection, but the induced protein was at least tenfold lower compared to 
intramyocardial injection [124]. In one study, only 0.88% of the growth factor was 
found in the myocardium after intracoronary injection [125] while this value was 18% 
after intramyocardial injection [126]. Direct intramyocardial injection thus appears 
preferable. It can be performed either with a surgical approach, or more recently with a 
percutaneous catheter system. 
The surgical approach resulted in perioperative myocardial infarction in two of six 
patients in study I. Even though other studies with the same technique had less adverse 
events [92], this indicates an unacceptable safety profile with surgical injections, 
especially if the rather low mortality of patients with refractory angina is considered 
(study III). This was not known at that time, however. 
With the advent of the NOGA injection-mapping catheter system, the surgical 
procedure became obsolete [127, 128]. The percutaneous technique is as efficient as the 
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surgical technique [126]. Studies have shown a optimum delivery volume of 0.1 ml per 
spot with a needle length of 6 mm in pigs [126, 129]. In study II, we used quality 
control criteria for injections, which ensure successful intramyocardial injections in 
95% of cases [128]. 
In conclusion, the used percutaneous injection technique in study II seems to be the 

best technique available. 

7.1.7.5 Which patient population 

Papers one and two targeted patients with refractory angina pectoris, most of them with 
recurrent symptoms years after bypass surgery. They had limiting symptoms despite 
optimised medication. It would seem challenging to succeed in these patients, where all 
other therapies have failed. Factors such as diabetes [42], hypercholesteremia [43-45] 
and higher age [47, 48] have indeed been shown to impair the angiogenic response. 
It might be more promising to apply angiogenic treatment earlier in the time course of 
coronary artery disease. In stable patients, prognostic benefits of revascularisation are 
expected only in patients with large ischemic areas or severe proximal multivessel 
stenosis [130]. In other stable patients, revascularisation offers just symptomatic relief, 
and angiogenic gene therapy might be investigated. The risks associated with a 
percutaneous gene therapy procedure are probably smaller than with bypass surgery, 
which is the other option when PCI is not possible. 
A suitable patient category might be coronary chronic total occlusions, where PCI is 
not successful in 40% of patients [131].  
As studies I and II showed improved local wall motion in the treated ischemic area, it 
seems logical to include patients with a large zone of compromised systolic function, 
but with remaining viability (hibernation).

7.1.7.6 Which endpoint 

Most trials on angiogenic gene therapy have been performed as academic studies with 
limited funding. Larger trials with hundreds of patients are hardly possible as academic 
studies. Endpoints in studies like study II with 80 patients must be chosen with care. 
The endpoint should be clinically meaningful, measurable with small standard 
deviation and sensitive to change.  
Measurements of myocardial perfusion or mechanical function (discussed in detail in 
section 3.2.3) are sensitive to change and provide evidence of biological effect of the 
gene transfer. They are therefore well suited as surrogate endpoints in smaller trials, 
such as study II, but in order to finally prove the clinical utility of a treatment for 
chronic angina pectoris, a clinical endpoint must be used in a larger trial. 
Maximal exercise capacity at a treadmill test or bicycle ergometry has been used as an 
endpoint in many studies. Care should be taken to minimise errors like different time of 
day and variable encouragement by the test supervisor. Taking the mean of two 
exercise tests on consecutive days might reduce the standard deviation. 
The time to ST-depression or time to chest pain might be more sensitive to changes in 
angina status [22], whereas the maximal exercise capacity is determined also by other 
factors (skeletal muscle function, pulmonary disease). In refractory angina pectoris, 
those limitations are common and the correlation between exercise capacity and 
myocardial perfusion changes is weak. In our experience only a minority of refractory 
angina patients have significant ST-depression on exercise tests but most develop chest 
pain. Therefore, time to chest pain might be preferable as endpoint in refractory angina 

patients.



38

The ultimate goal would of course be to lower mortality, but that would require a large 
trial over several years, as the mortality in refractory angina is rather low annually. A 
composite of mortality, revascularisation and myocardial infarction would require 
slightly less patient-years. 
More relevant in refractory angina pectoris is to lessen symptoms. This could be 
measured as CCS angina class, where a self-administred form probably is superior to 
the more common grading by the physician [132].  
Quality of life measurements also seem meaningful. Disease-specific questionnaires 
include the Seattle Angina Questionnaire (SAQ) [133], the Duke Activity Status Index 
(DASI) [134] and Quality of Life after Myocardial Infarction-2 (QLMI-2)[135]. 
Common generic scales include the Short Form-36 (SF-36) [136] and Nottingham 
Health Profile (NHP)[137]. These scales might have a low sensitivity to change in 
symptoms. One review recommended the use of QLMI-2 or SAQ plus SF-36 in 
patients with ischemic heart disease [138]. 
Thus, endpoints in study II seem relevant. Possible improvements include centrally 
monitored and core-lab evaluated exercise tests including time to chest pain, addition of 
SF-36 as a generic quality-of-life measurement, self-reported CCS angina class and 
improved imaging techniques (PET, stress echo with strain rate). In this academic 
study, the limited funding somewhat limited the possibilities. 

7.2 PROGNOSIS IN REFRACTORY ANGINA 

When this thesis project started, the prevailing view was that patients with refractory 
“end-stage” angina pectoris had a poor future, justifying a significant procedural risk in 
order to improve their symptoms. The EUROINJECT trial (study II) gave us the 
opportunity to scrutinize this view in a substudy on the whole screened population 
(manuscript III). 

Fig. 18. Annual mortality in coronary heart disease in perspective.

Mortality in refractory angina pectoris is somewhat higher than in the background 

population and in stable angina pectoris in general, but considerably lower than after a 

myocardial infarction.
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7.2.1 Mortality 

The mortality in 225 patients with a clinical diagnosis of refractory angina was 10.6% 
after three years (manuscript III). Other smaller trials have shown higher mortality, 3-
17% per year. This cannot be explained with differences in mean age, prevalence of 
diabetes or ejection fraction as these were similar in our material and other studies. 
Although SPECT was not done in all patients, we suspect that many patients had a 
rather small reversible perfusion defect, which may explain the rather low mortality. 
Is the observed 3-4% annual mortality high? 
First, the background mortality in the same age range was estimated. We picked Danish 
statistics as most patients were found there. In men aged the 63, the annual mortality 
was 1.6%. 
Mortality in stable angina pectoris in recent trials has been very low (1.5-1.7% 
annually) [97, 139, 140]. In a recent 9 year follow-up of 809 stable angina patients, the 
annual mortality was 2% [141]. Only men in the first three years after diagnosis had a 
higher mortality than a matched reference population.  
Myocardial infarction in patients aged 60-69 had a one-year mortality of 10% in the 
Swedish national registry [142]. In survivors of myocardial infarction (which 59% of 
study III patients were) with an ejection fraction of 30% or less, the annual mortality 
was 10,5% [98]. 
Thus, the mortality in refractory angina pectoris is higher than in the background 

population and stable angina pectoris in general, but substantially lower than in heart 

failure and in the first year after myocardial infarction (fig. 18). 

7.2.2 Refractory angina pectoris – not so refractory? 

As mentioned in section 7.1.4, the CCS class improved substantially during one year 
after inclusion in the trial, both in the placebo and active groups. 36% of patients had 

Fig. 19. New revascularisation options 
and symptomatic improvement are 
common (study III).
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improved by two or more CCS classes after one year. In other words, only 42% 
remained in CCS class 3-4 after one year. Similarly, 37% increased their maximal 
exercise time by at least 60 seconds after one year. Again, there was no significant 
difference between active and placebo groups. Clinical improvement in placebo-treated 
patients with refractory angina continues for at least 2 years [103]. 
In the EUROINJECT trial, the protocol-specified new angiogram after 3 months found 
a surprising number of new significant lesions. 6% of patients were treated by PCI 
because of these new findings. In addition, at the baseline screening angiography, 10% 
of patients were possible to revascularise, although they were thought to have no such 
possibilities (hence the diagnosis of refractory angina). 
Clearly there seems to be a potential for spontaneous symptomatic improvement, as 
seen in the placebo group. Furthermore the occurrence of new treatable stenosis is 
rather common.  
Thus, a diagnosis of refractory angina pectoris should be regarded as a temporary 

state, not a life-long diagnosis. The patient should not be denied new coronary 

angiography, as a more proximal treatable stenosis may have developed. 

7.2.3 No ischemia on SPECT despite refractory angina – what does it mean? 

In 51 of 225 screened patients (23%) there was no clear reversible perfusion defect on 
SPECT, despite a diagnosis of refractory angina and multivessel coronary artery 
disease (manuscript III).  
One explanation is that the angiogram just rates the stenosis severity without seeing the 
contribution of the collaterals to lessen ischemia in the myocardium. In other words, the 
SPECT shows physiology and the angiogram anatomy. However, contemporary 
coronary angiography does not stop with visual interpretation of stenosis severity. In 
the case of borderline stenosis, intracoronary pressure measurement (Fractional Flow 
Reserve, FFR) is often done and adds precise physiological information [143, 144]. 
The opposite view on the difference between SPECT and angiogram is that SPECT is a 
rather crude method with a limited predictive value for ischemia. The sensitivity and 
specificity is about 85% for detecting coronary stenosis [59], and in 18% even three-
vessel disease is reported as no reversible perfusion defect [57, 58]. This may be due to 
“balanced ischemia” [145] and also to the limited spatial resolution. In fact, FFR 
measurement has been shown to be superior to SPECT in risk stratification of 
multivessel coronary artery disease [146]. 
It seems fair to conclude that a negative SPECT does not preclude a diagnosis of 

refractory angina, at least when there is other evidence of myocardial ischemia. This 
could be intracoronary pressure measurement (FFR), stress echo, MRI or PET. A 
negative SPECT however seems to indicate a good prognosis [59]. 

7.3 MYOCARDIAL GENE EXPRESSION IN STABLE ANGINA PECTORIS 

Papers IV and V describe the myocardial gene expression pattern in stable angina 
pectoris. This may give clues to which genes could be overexpressed therapeutically to 
enhance angiogenesis and why collateral growth stops before if fully compensates 
myocardial ischemia. 
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7.3.1 Classical angiogenic factors are not overexpressed 

In manuscript IV and V, the expression of 18 genes with well-known angiogenic 
function was not increased in reversibly ischemic myocardium as compared to a normal 
control area. The findings from microarray experiments were validated with more 
precise real-time PCR for VEGF, VEGF receptor 1 and 2. 
Many of these genes have a steep expression increase after acute myocardial ischemia 
and infarction. We argue that there is a major difference between the profound 
ischemia, necrosis and apoptosis accompanying myocardial infarction, and the limited 
repetitive ischemia in stable angina pectoris. The remaining intermittent ischemic 
stimulus in our stable angina patients was proven by SPECT imaging and symptoms. 
It seems that after weeks or months of intermittent myocardial ischemia, the initial 

angiogenic gene expression response has faded out. This observation has also been 
made in animal models [35]. 
Interestingly, the plateau of collateral growth is also reached after a few weeks to 
months [28, 68]. So, does the faded gene expression response cause the cessation of 
collateral growth? Or has the growth of the collateral arteries diminished the ischemia 
under a threshold, required for increased expression of VEGF and other angiogenic 
factors? Or has the expression of angiogenic genes been limited by increased 
expression of inhibiting factors after a few weeks? The answers to these questions are 
not completely clear. 

7.3.2 ANP, BNP and other angiogenesis inhibitors are overexpressed 

ANP and BNP were strongly upregulated in the ischemic myocardium, as measured by 

Fig. 20. Gene expression by PCR and microarray (study IV).
Note the logarithmic scale. Strong correlation between PCR and microarray values for ANP 

(r2=0.91) and BNP (r2=0.87). VEGF, VEGFR1 and VEGFR2 had a fold-change around one in 

most measurements. 

Microarray values were lower than the PCR values in the higher ranges of fold-change. 
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PCR in study IV and by microarray in studies IV and V. ANP and BNP have mostly 
been described in the setting of heart failure. None of our patients had clinical heart 
failure, low ejection fraction or treatment with angiotensin converting enzyme 
inhibitors. Furthermore there was no perfusion defect at rest SPECT and histology 
ruled out fibrosis and inflammation. Therefore we think that the ANP and BNP 
expression increase was caused by the intermittent ischemia itself. 
Recently a link between ischemia and ANP/BNP expression has been shown since 
HIF-1  partly regulates natriuretic peptide expression [147]. Natriuretic peptides also 
inhibit VEGF transcription and signalling [38, 148], thereby acting as an angiogenesis 
inhibitor. 
SERPINE2 [149] and IGFBP3 [40], both upregulated in the ischemic area in study V, 
also have inhibitory properties on angiogenesis. 
These factors may be important angiogenesis inhibitors in stable angina pectoris.

Further research is warranted to establish the cause-effect relationship and time course.  

7.3.3 Other potential angiogenesis activators 

Several of the differentially regulated genes (study V, tables 2 and 3) turned out to have 
a described pro-angiogenic role directly or indirectly. Examples are Connective Tissue 
Growth Factor [150], Autotaxin [151], Versican [152], Biglycan [153] and the 
Thrombin receptor [154]. Their pro-angiogenic properties have mostly been observed 
by in vitro-models. They may have important functions in angiogenesis associated with 
myocardial ischemia and need to be studied further in that context.  

7.3.4 Anti-apoptosis and muscle-related genes 

Several of the overexpressed angiogenesis activators (study V, table 2) also have anti-
apoptotic properties. Immediate Early Response 3 (IER3) was also overexpressed and 
has anti-apoptotic functions [155], but no described role in angiogenesis. 
Four overexpressed genes were muscle related. Interestingly, Tropomyosin 3 (TPM3) 
has been associated with increased contractility [156]. 
The increased expression of anti-apoptotic and muscle-related genes might partially 
explain the preserved left ventricular function after chronic coronary total occlusion. 

7.3.5 Inter-related gene pathways 

The complexity of the matter is increased as the differentially regulated genes not only 
have effects on angiogenesis and apoptosis by themselves, but also up- or downregulate 
each other. Some of these documented relationships are shown graphically in figure 21. 
Interestingly at least seven of the differentially expressed genes are regulated by TGF 
beta. The exact role of TGF beta in ischemia and angiogenesis is not yet known, 
although it is known to regulate many peptide growth factors. 
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7.3.6 Multiple testing – false positives and false negatives 

Microarray studies generate a huge amount of data as the expression of thousands of 
genes is measured. Traditional statistical methods for hypothesis testing are appropriate 
when there are few hypotheses and many observations. Here the situation is the 
opposite, with 12158 hypotheses (genes) and 8 pairs of observations (study V). In study 
IV, the problem of multiple testing was partially circumvented by prospectively 
defining a list of 20 candidate genes. 
The null hypothesis would be that the expression of one particular gene is unchanged. 
But how much change is defined as a significant change? Most studies use fold-change 
cut-off values of 1.7 to 2.0. Lower expression changes may sometimes also be 
biologically relevant, i.e. when several genes in the same pathway are upregulated. 
The results of microarray studies are usually summarized in lists of differentially 
regulated genes. Typically only a few percent of the genes in a microarray study will be 
differentially regulated (5.4% in study V). In other words, the pre-test probability of 
differential regulation of one particular gene is low. If we assume that our method has 
99% sensitivity and specificity and that 5% of genes are differentially regulated, 16% 
of the genes in the list will be false positives. 
There are several ways to select differentially regulated genes. 
One way is to use a simple t-test and take the genes with the lowest p-values. The p-
value threshold for significance should be corrected for multiple testing. The most 
common correction is the Bonferroni method. If we use the familiar p=0.05 for one 
hypothesis, then p=0.05/12158=0.000004 would be the equivalent adjusted p-value for 

Fig. 21. Relationships between some differentially expressed genes. Differentially 

expressed genes are shown in ovals. Green ovals show genes with pro-angiogenic 

function, red dotted ovals genes with anti-angiogenic function. Black boxes signify 

important regulatory genes, not consistently differentially expressed in our material. 

Black arrows show positive regulation, red dotted arrows show inhibition.  

FGF is Fibroblast Growth Factor, VEGF is Vascular Endothelial Growth Factor, EGR1 is 

early growth response 1 and TGF beta is Transforming Growth Factor beta. Other gene 

abbreviations as in Table 5. 
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12158 hypotheses [157]. This would however give a very short and conservative list, 
with many false negatives. In many experiments, not even one gene would have a p-
value under 0.000004. On the other hand, if we use the unadjusted p=0.05, 5% or 608 
genes will be positive by chance alone. Another approach is to simply rank the genes 
by p-value and take the lowest 1% or so, without a significance threshold. 
Several biostatistical methods have been developed to overcome this problem, and the 
lists of differentially expressed genes will look quite different depending on which 
criteria were used. [158]. 
The False Discovery Rate (FDR) method calculates a value for the false-positive 
probability for each gene by permutation methods [94]. Depending on the type of 
experiment, a conservative low FDR (i.e. 0.10) may be chosen, or in more hypothesis-
generating studies a more relaxed FDR (i.e. 0.40) might be appropriate. A lower FDR 
(type one error) gives a shorter gene list and a higher miss-rate (false-negatives or type 
two error) and vice versa. 
We chose to use a pragmatic algorithm where 5 of 8 subjects should have change call 
“increase” and the mean fold change should be at least 1.7 (or 5 of 8 change call 
“decrease” and mean fold change below 1/1.7=0.588). This way we use the internal 
statistics of Affymetrix microarrays [159]. Each gene is there represented not on one 
but rather on 2 x 16 spots. Therefore a statistical significance value for expression 
change can be calculated for each gene. If the p-value is below the threshold (default 
0.0025) change call is set to “increase” or “decrease”, otherwise “no change”. This 
calculation is separate from the fold-change calculation, which is made by another 
algorithm. Within the obtained gene list we calculated the FDR value and the t-test p-
value as additional information. 
Regardless which statistics are used for microarray data, key expression changes will 
need validation by more precise real-time PCR. This was done for five genes in study 
IV and we found a good correlation between PCR and microarray data (figure 20). 
ANP and BNP had large expression changes, and although the amount of expression 
change was underestimated by microarray, both methods ranked amount of expression 
change in the same order. The correlation was also very high (ANP r2=0.91 and BNP 
r2=0.87). The other three genes (VEGF, VEGF-R1, VEGF-R2) were identified with 
fold-change around one in all subjects by both methods, and therefore the correlation 
coefficient was not meaningful. 
Further possible analysis methods include significance testing of differential regulation 
of groups of genes or pathways instead of individual genes. The available pre-defined 
pathways or gene groups were however not yet relevant to myocardial ischemia and 
angiogenesis. We expect a rapid development in this field. 
In conclusion, any list of differentially expressed genes from microarray data will 

inevitably contain false-positives, and some true-positives will be missed. We are 
therefore planning more real-time PCR measurements to confirm key findings from 
microarrays and also to check some “usual suspects” which we might have missed. 
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8 MR. A 5 YEARS LATER 

Five years have passed. Mr. A. (see section 2) still suffers from angina pectoris. He 

was included in the EUROINJECT ONE trial (study II) and received active treatment 

with plasmid VEGF injections. He improved from symptom class 3 to 2. His coronary 

angiogram was unchanged. SPECT imaging showed less ischemia in the treated area. 

After the study was unblinded, he is told about the results and the prognosis of his 

disease. We return to the questions in section 2. 

Will gene therapy help him? 
Plasmid VEGF improves perfusion and function in the injected area. 

Will his symptoms improve?  
Yes, they probably will. Even with placebo, there is a good chance to improve within 

the next year. Plasmid VEGF had a tendency to decrease nitroglycerin use more than 

placebo. 

Is he at high risk of dying? 
Not really. The mortality is about 3% annually, much lower than after myocardial 

infarction or in heart failure. 

Which genes are active in his ischemic area? 
VEGF and most other well-known angiogenesis stimulators are not overexpressed, 

but several other novel angiogenic and anti-apoptotic factors are overexpressed. 

Why does his recurrent ischemia not cure him from angina pectoris by inducing 
collateral arteries? 
This is the million dollar question. It could be related to the high expression of several 

angiogenesis inhibitors like ANP and BNP in ischemic myocardium in stable angina 

pectoris.

Fig. 22. NOGA electromechanical mapping of the left ventricle in Mr. A. 
Small inserted maps are baseline, black dots are the injection sites. Large maps show 

follow-up mapping. Voltage map (left): no major change. Local linear shortening map 

(right): improved systolic function in the injected area. 
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9 GENERAL CONCLUSIONS 

a. Intramyocardial plasmid encoding VEGF (phVEGF-A165) was safe. 
Percutaneous delivery was safer than via thoracotomy, but still caused several 
catheter-related complications (study I and II). The biological effect was proven 
by improvement in perfusion and wall motion in the phVEGF-A165-treated area 
compared to placebo (study II and [96]). Study II was not powered to detect 
symptomatic effects, however there was a tendency to lower nitroglycerin use 
after phVEGF-A165 compared to placebo. Symptom class and exercise capacity 
did not differ between active and placebo groups. The symptomatic effect needs 
to be tested in a larger trial. 

b. Refractory angina pectoris has a rather low mortality, slightly higher than stable 
angina pectoris, but much lower than after myocardial infarction. Spontaneous 
symptomatic improvement is common and new revascularisation options arise 
in a subset of patients within a year (study III). 

c. Most well-known angiogenesis stimulators are not overexpressed in reversibly 
ischemic myocardium in stable angina pectoris. In contrast, several genes with 
angiogenesis inhibiting, anti-apoptotic and muscle-related function were 
upregulated. This might contribute to the premature plateau of collateral growth 
observed in stable angina pectoris and also to the preserved left ventricular 
function even after a total coronary occlusion (study IV and V). 

9.1 FUTURE DIRECTIONS 

Patients with impaired left ventricular function due to hibernation might be good 
candidates for phVEGF-A165 treatment since the most robust effect in our trials was on 
local wall motion.  
Technical advances in imaging should also allow a more precise measurement of 
myocardial perfusion changes after angiogenic gene therapy. 
Are the patients with symptomatic improvement the same ones that have improved on 
SPECT and exercise tests? This could be elucidated by further analysis of data from 
study II. 
The role and effect of exercise training in chronic angina pectoris should also be further 
explored. Exercise could also be used together with gene therapy. 
The gene expression data on angiogenesis inhibitors could be expanded by looking at 
other patient categories. Is the gene expression pattern different in diabetics, where we 
know that angiogenesis is impaired? 
It would be interesting to study the gene expression in human hibernating myocardium. 
The gene expression in individual cells or vessels could be studied with laser 
microdissection technique. 



47

10 ACKNOWLEDGEMENTS 

I wish to express my sincere gratitude to all at the Departments of Cardiology, Clinical 
Physiology and Thoracic Surgery at Karolinska University Hospital who have helped 
and supported me during the work on this thesis. 

In particular, I wish to thank: 

Professor Christer Sylvén, my main supervisor, for inspiring me with his enthusiasm 
for scientific discovery and for taking me to less travelled trails in cardiology research. 
The route we travelled was not the shortest, but this way I saw (and learned) a lot. 
Thank you for rapid and stringent feed-back on all days and hours of the week and for 
all the time you spent on raising me in science. 

Associate professor Viktor Drvota, my efficient second supervisor, for keeping me on 
track and deadlines and for matter-of-fact advice, appreciated by a matter-of-fact type 
like me. 

The Department of Internal Medicine in Huddinge, for providing facilities, time and 
opportunities for research. Special thanks to Anna Maria Bernstein for excellent 
collaboration during my time as responsible for fifth term medical students. 

Inger Hagerman, Eva Strååt and Cecilia Linde, former and present heads of the 
Department of Cardiology for encouraging research and allowing me to take time off 
from clinical duties. 

Professor Lars Rydén, for positive support. 

Co-author Thomas Gustafsson for friendly and supportive co-operation, expert advice 
and for keeping me at an appropriate stress level to take things from A to B. 

Co-authors in the EUROINJECT trial, especially Jens Kastrup, Mariann Gyöngyösi 
Hans Erik Bøtker and Witold Ruzyllo. 

Co-authors Göran Källner, Jacek Nowak and Magnus Söderberg for constructive 
criticism and good cooperation. 

Eva Wärdell and Anwar Siddiqui at the Cardiology basic science lab, Novum, and 
Jessica Norrbom and Helene Fischer at the Clinical physiology basic science lab, for 
excellent help with protein and gene analyses. 

Research nurses Birgitta Welin-Berger, Åsa Hernberg, Margareta Berglund and Alicia 
Kursonowa, for invaluable help without which this research would not be possible. 

Room-mates and colleagues Loghman Henareh and Bita Sadigh Lindell for 
innumerable discussions on all kinds of topics from world politics to research tactics. 



48

Colleagues at the Department of Cardiology, especially Nondita Sarkar, Agneta 
Månsson Broberg, Hans Berglund, Reidar Winter and Tomas Jernberg, for inspiring 
scientific discussions. 

The cath lab staff, and especially colleagues Toomas Särev, Shams Y Hassan, Jens 
Jensen, Risto Jussila, Bo Lindvall, Habib Mir Akhbari and Michael Uchto, for teaching 
me invasive thinking. 

My friends and scientific colleagues Dirk Wuttge and Ulrik Sartipy for valuable advice. 

My brother Christian, sister Birgitta and parents Paul and Marie-Louise for everything. 

My wife Annika and children Ingrid and Samuel for being the sun and stars of my 
universe and so many other things. 

All patients who took part in the studies. 

This thesis was supported by grants from Karolinska Institutet, the Swedish Heart and 
Lung Foundation and the Swedish society for medicine. 



49

11 RELATED PUBLICATIONS CO-AUTHORED BY 
ANDREAS RÜCK 

1. Sarkar N, Rück A, Källner G, Hassan SY, Blomberg P, Islam KB, van der 
Linden J, Lindblom D, Nygren AT, Lind B, Brodin LA, Drvota V, Sylvén C: 
Effects of intramyocardial injection of phVEGF-A165 as sole therapy in 
patients with refractory coronary artery disease--12-month follow-up: 
angiogenic gene therapy. J Intern Med 2001, 250:373-381. 

Related to study I. 

2. Gyöngyösi M, Khorsand A, Zamini S, Sperker W, Strehblow C, Kastrup J, 
Jørgensen E, Hesse B, Tägil K, Bøtker HE, Ruzyllo W, Teresinska A, Dudek D, 
Hubalewska A, Rück A, Nielsen SS, Graf S, Mundigler G, Nowak J, Sochor H, 
Maurer G, Glogar D, Sylvén C: NOGA-guided analysis of regional 
myocardial perfusion abnormalities treated with intramyocardial 
injections of plasmid encoding vascular endothelial growth factor A-165 in 
patients with chronic myocardial ischemia: subanalysis of the 
EUROINJECT-ONE multicenter double-blind randomized study.
Circulation 2005, 112:I157-165. 

Related to study II. 

3. Rück A, Sylvén C: "Improvement" in the placebo group could be due to 
regression to the mean as well as to sociobiologic factors. Am J Cardiol 

2006, 97:152-153. 

 Related to study II and III. 



50

12 REFERENCES 

1. Global Burden of Disease 2002 Estimates by Level of Development. In World Health Report 

2002. Geneva: World Health Organization; 2002 
2. Moradi T, Allebeck P, Jacobsson A, Mathers C: [The burden of disease in Sweden measured 

with DALY. Neuropsychiatric diseases and cardiovascular diseases dominate].
Lakartidningen 2006, 103:137-141. 

3. Andréll P: Refractory angina pectoris: patient characteristics: safety and long-term effects 
of spinal cord stimulation. Multidisciplinary Pain Centre Sahlgrenska University 
Hospital/Östra Univ., 2005. 

4. Mukherjee D, Bhatt DL, Roe MT, Patel V, Ellis SG: Direct myocardial revascularization and 
angiogenesis--how many patients might be eligible? Am J Cardiol 1999, 84:598-600, A598. 

5. Mannheimer C, Camici P, Chester MR, Collins A, DeJongste M, Eliasson T, Follath F, 
Hellemans I, Herlitz J, Luscher T, Pasic M, Thelle D: The problem of chronic refractory 
angina; report from the ESC Joint Study Group on the Treatment of Refractory Angina.
Eur Heart J 2002, 23:355-370. 

6. Saririan M, Eisenberg MJ: Myocardial laser revascularization for the treatment of end-
stage coronary artery disease. J Am Coll Cardiol 2003, 41:173-183. 

7. Lauer B, Junghans U, Stahl F, Kluge R, Oesterle SN, Schuler G: Catheter-based percutaneous 
myocardial laser revascularization in patients with end-stage coronary artery disease. J

Am Coll Cardiol 1999, 34:1663-1670. 
8. Hennebry TA, Saucedo JF: "No-option" patients: a nightmare today, a future with hope. J

Interv Cardiol 2004, 17:93-94. 
9. Fortuin FD, Vale P, Losordo DW, Symes J, DeLaria GA, Tyner JJ, Schaer GL, March R, Snell 

RJ, Henry TD, Van Camp J, Lopez JJ, Richenbacher W, Isner JM, Schatz RA: One-year 
follow-up of direct myocardial gene transfer of vascular endothelial growth factor-2 using 
naked plasmid deoxyribonucleic acid by way of thoracotomy in no-option patients. Am J 

Cardiol 2003, 92:436-439. 
10. Fuchs S, Satler LF, Kornowski R, Okubagzi P, Weisz G, Baffour R, Waksman R, Weissman 

NJ, Cerqueira M, Leon MB, Epstein SE: Catheter-based autologous bone marrow 
myocardial injection in no-option patients with advanced coronary artery disease: a 
feasibility study. J Am Coll Cardiol 2003, 41:1721-1724. 

11. Andrell P, Ekre O, Eliasson T, Blomstrand C, Borjesson M, Nilsson M, Mannheimer C: Cost-
effectiveness of spinal cord stimulation versus coronary artery bypass grafting in patients 
with severe angina pectoris--long-term results from the ESBY study. Cardiology 2003, 
99:20-24. 

12. Norrsell H, Pilhall M, Eliasson T, Mannheimer C: Effects of spinal cord stimulation and 
coronary artery bypass grafting on myocardial ischemia and heart rate variability: 
further results from the ESBY study. Cardiology 2000, 94:12-18. 

13. Mannheimer C, Eliasson T, Augustinsson LE, Blomstrand C, Emanuelsson H, Larsson S, 
Norrsell H, Hjalmarsson A: Electrical stimulation versus coronary artery bypass surgery in 
severe angina pectoris: the ESBY study. Circulation 1998, 97:1157-1163. 

14. Michaels AD, Linnemeier G, Soran O, Kelsey SF, Kennard ED: Two-year outcomes after 
enhanced external counterpulsation for stable angina pectoris (from the International 
EECP Patient Registry [IEPR]). Am J Cardiol 2004, 93:461-464. 

15. Arora RR, Chou TM, Jain D, Fleishman B, Crawford L, McKiernan T, Nesto RW: The 
multicenter study of enhanced external counterpulsation (MUST-EECP): effect of EECP 
on exercise-induced myocardial ischemia and anginal episodes. J Am Coll Cardiol 1999, 
33:1833-1840. 

16. Taguchi I, Ogawa K, Kanaya T, Matsuda R, Kuga H, Nakatsugawa M: Effects of enhanced 
external counterpulsation on hemodynamics and its mechanism. Circ J 2004, 68:1030-
1034. 

17. Wu GF, Du ZM, Hu CH, Zheng ZS, Zhan CY, Ma H, Fang DQ, Hui JC, Lawson WE: 
Microvessel angiogenesis: a possible cardioprotective mechanism of external 
counterpulsation for canine myocardial infarction. Chin Med J (Engl) 2005, 118:1182-1189. 

18. Michaels AD, Raisinghani A, Soran O, de Lame PA, Lemaire ML, Kligfield P, Watson DD, 
Conti CR, Beller G: The effects of enhanced external counterpulsation on myocardial 



51

perfusion in patients with stable angina: a multicenter radionuclide study. Am Heart J 

2005, 150:1066-1073. 
19. Burkhoff D, Schmidt S, Schulman SP, Myers J, Resar J, Becker LC, Weiss J, Jones JW: 

Transmyocardial laser revascularisation compared with continued medical therapy for 
treatment of refractory angina pectoris: a prospective randomised trial. ATLANTIC 
Investigators. Angina Treatments-Lasers and Normal Therapies in Comparison. Lancet 

1999, 354:885-890. 
20. Oesterle SN, Sanborn TA, Ali N, Resar J, Ramee SR, Heuser R, Dean L, Knopf W, Schofield P, 

Schaer GL, Reeder G, Masden R, Yeung AC, Burkhoff D: Percutaneous transmyocardial 
laser revascularisation for severe angina: the PACIFIC randomised trial. Potential Class 
Improvement From Intramyocardial Channels. Lancet 2000, 356:1705-1710. 

21. Leon MB, Kornowski R, Downey WE, Weisz G, Baim DS, Bonow RO, Hendel RC, Cohen DJ, 
Gervino E, Laham R, Lembo NJ, Moses JW, Kuntz RE: A blinded, randomized, placebo-
controlled trial of percutaneous laser myocardial revascularization to improve angina 
symptoms in patients with severe coronary disease. J Am Coll Cardiol 2005, 46:1812-1819. 

22. Hambrecht R, Walther C, Mobius-Winkler S, Gielen S, Linke A, Conradi K, Erbs S, Kluge R, 
Kendziorra K, Sabri O, Sick P, Schuler G: Percutaneous coronary angioplasty compared 
with exercise training in patients with stable coronary artery disease: a randomized trial.
Circulation 2004, 109:1371-1378. 

23. Kendziorra K, Walther C, Foerster M, Mobius-Winkler S, Conradi K, Schuler G, Sabri O, 
Hambrecht R, Kluge R: Changes in myocardial perfusion due to physical exercise in 
patients with stable coronary artery disease. Eur J Nucl Med Mol Imaging 2005, 32:813-819. 

24. Kojda G, Hambrecht R: Molecular mechanisms of vascular adaptations to exercise. Physical 
activity as an effective antioxidant therapy? Cardiovasc Res 2005, 67:187-197. 

25. Tio RA, Tkebuchava T, Scheuermann TH, Lebherz C, Magner M, Kearny M, Esakof DD, Isner 
JM, Symes JF: Intramyocardial gene therapy with naked DNA encoding vascular 
endothelial growth factor improves collateral flow to ischemic myocardium. Hum Gene 

Ther 1999, 10:2953-2960. 
26. Losordo DW, Vale PR, Symes JF, Dunnington CH, Esakof DD, Maysky M, Ashare AB, Lathi 

K, Isner JM: Gene therapy for myocardial angiogenesis: initial clinical results with direct 
myocardial injection of phVEGF165 as sole therapy for myocardial ischemia. Circulation 

1998, 98:2800-2804. 
27. Carmeliet P: Angiogenesis in health and disease. Nat Med 2003, 9:653-660. 
28. Heil M, Schaper W: Pathophysiology of collateral development. Coron Artery Dis 2004, 

15:373-378. 
29. Carmeliet P: Mechanisms of angiogenesis and arteriogenesis. Nat Med 2000, 6:389-395. 
30. Rissanen TT, Korpisalo P, Markkanen JE, Liimatainen T, Orden MR, Kholova I, de Goede A, 

Heikura T, Grohn OH, Yla-Herttuala S: Blood flow remodels growing vasculature during 
vascular endothelial growth factor gene therapy and determines between capillary 
arterialization and sprouting angiogenesis. Circulation 2005, 112:3937-3946. 

31. Markkanen JE, Rissanen TT, Kivela A, Yla-Herttuala S: Growth factor-induced therapeutic 
angiogenesis and arteriogenesis in the heart--gene therapy. Cardiovasc Res 2005, 65:656-
664. 

32. Pipp F, Boehm S, Cai WJ, Adili F, Ziegler B, Karanovic G, Ritter R, Balzer J, Scheler C, 
Schaper W, Schmitz-Rixen T: Elevated fluid shear stress enhances postocclusive collateral 
artery growth and gene expression in the pig hind limb. Arterioscler Thromb Vasc Biol 

2004, 24:1664-1668. 
33. Conway EM, Collen D, Carmeliet P: Molecular mechanisms of blood vessel growth.

Cardiovasc Res 2001, 49:507-521. 
34. Pugh CW, Ratcliffe PJ: Regulation of angiogenesis by hypoxia: role of the HIF system. Nat 

Med 2003, 9:677-684. 
35. Matsunaga T, Warltier DC, Tessmer J, Weihrauch D, Simons M, Chilian WM: Expression of 

VEGF and angiopoietins-1 and -2 during ischemia-induced coronary angiogenesis. Am J 

Physiol Heart Circ Physiol 2003, 285:H352-358. 
36. Ferrara N, Gerber HP, LeCouter J: The biology of VEGF and its receptors. Nat Med 2003, 

9:669-676. 
37. Pedram A, Razandi M, Levin ER: Deciphering vascular endothelial cell growth 

factor/vascular permeability factor signaling to vascular permeability. Inhibition by atrial 
natriuretic peptide. J Biol Chem 2002, 277:44385-44398. 



52

38. Pedram A, Razandi M, Levin ER: Natriuretic peptides suppress vascular endothelial cell 
growth factor signaling to angiogenesis. Endocrinology 2001, 142:1578-1586. 

39. Azhar M, Schultz Jel J, Grupp I, Dorn GW, 2nd, Meneton P, Molin DG, Gittenberger-de Groot 
AC, Doetschman T: Transforming growth factor beta in cardiovascular development and 
function. Cytokine Growth Factor Rev 2003, 14:391-407. 

40. Huang SS, Ling TY, Tseng WF, Huang YH, Tang FM, Leal SM, Huang JS: Cellular growth 
inhibition by IGFBP-3 and TGF-beta1 requires LRP-1. Faseb J 2003, 17:2068-2081. 

41. Oklu R, Hesketh R: The latent transforming growth factor beta binding protein (LTBP) 
family. Biochem J 2000, 352 Pt 3:601-610. 

42. Waltenberger J: Impaired collateral vessel development in diabetes: potential cellular 
mechanisms and therapeutic implications. Cardiovasc Res 2001, 49:554-560. 

43. Boodhwani M, Nakai Y, Mieno S, Voisine P, Bianchi C, Araujo EG, Feng J, Michael K, Li J, 
Sellke FW: Hypercholesterolemia impairs the myocardial angiogenic response in a swine 
model of chronic ischemia: role of endostatin and oxidative stress. Ann Thorac Surg 2006, 
81:634-641. 

44. Tirziu D, Moodie KL, Zhuang ZW, Singer K, Helisch A, Dunn JF, Li W, Singh J, Simons M: 
Delayed arteriogenesis in hypercholesterolemic mice. Circulation 2005, 112:2501-2509. 

45. Kornowski R: Collateral formation and clinical variables in obstructive coronary artery 
disease: the influence of hypercholesterolemia and diabetes mellitus. Coron Artery Dis 

2003, 14:61-64. 
46. Siddiqui AJ, Gustafsson T, Fischer H, Widegren U, Hao X, Mansson-Broberg A, Grinnemo 

KH, Dellgren G, Sylven C: Simvastatin enhances myocardial angiogenesis induced by 
vascular endothelial growth factor gene transfer. J Mol Cell Cardiol 2004, 37:1235-1244. 

47. Edelberg JM, Reed MJ: Aging and angiogenesis. Front Biosci 2003, 8:s1199-1209. 
48. Nakae I, Fujita M, Miwa K, Hasegawa K, Kihara Y, Nohara R, Miyamoto S, Ueda K, Tamaki 

S, Sasayama S: Age-dependent impairment of coronary collateral development in humans.
Heart Vessels 2000, 15:176-180. 

49. Siddiqui AJ, Månsson-Broberg A, Gustafsson T, Grinnemo KH, Dellgren G, Hao X, Fischer H, 
Sylvén C: Antagonism of the renin-angiotensin system can counteract cardiac angiogenic 
vascular endothelial growth factor gene therapy and myocardial angiogenesis in the 
normal heart. Am J Hypertens 2005, 18:1347-1352. 

50. Wustmann K, Zbinden S, Windecker S, Meier B, Seiler C: Is there functional collateral flow 
during vascular occlusion in angiographically normal coronary arteries? Circulation 2003, 
107:2213-2220. 

51. Pohl T, Seiler C, Billinger M, Herren E, Wustmann K, Mehta H, Windecker S, Eberli FR, Meier 
B: Frequency distribution of collateral flow and factors influencing collateral channel 
development. Functional collateral channel measurement in 450 patients with coronary 
artery disease. J Am Coll Cardiol 2001, 38:1872-1878. 

52. Seiler C: The human coronary collateral circulation. Heart 2003, 89:1352-1357. 
53. Rentrop KP, Thornton JC, Feit F, Van Buskirk M: Determinants and protective potential of 

coronary arterial collaterals as assessed by an angioplasty model. Am J Cardiol 1988, 
61:677-684. 

54. Seiler C, Billinger M, Fleisch M, Meier B: Washout collaterometry: a new method of 
assessing collaterals using angiographic contrast clearance during coronary occlusion.
Heart 2001, 86:540-546. 

55. Seiler C, Fleisch M, Garachemani A, Meier B: Coronary collateral quantitation in patients 
with coronary artery disease using intravascular flow velocity or pressure measurements.
J Am Coll Cardiol 1998, 32:1272-1279. 

56. Burkhoff D, Jones JW, Becker LC: Variability of myocardial perfusion defects assessed by 
thallium-201 scintigraphy in patients with coronary artery disease not amenable to 
angioplasty or bypass surgery. J Am Coll Cardiol 2001, 38:1033-1039. 

57. Lima RS, Watson DD, Goode AR, Siadaty MS, Ragosta M, Beller GA, Samady H: 
Incremental value of combined perfusion and function over perfusion alone by gated 
SPECT myocardial perfusion imaging for detection of severe three-vessel coronary artery 
disease. J Am Coll Cardiol 2003, 42:64-70. 

58. Hoilund-Carlsen PF, Johansen A, Christensen HW, Vach W, Moldrup M, Bartram P, Veje A, 
Haghfelt T: Potential impact of myocardial perfusion scintigraphy as gatekeeper for 
invasive examination and treatment in patients with stable angina pectoris: observational 
study without post-test referral bias. Eur Heart J 2006, 27:29-34. 



53

59. Underwood SR, Anagnostopoulos C, Cerqueira M, Ell PJ, Flint EJ, Harbinson M, Kelion AD, 
Al-Mohammad A, Prvulovich EM, Shaw LJ, Tweddel AC: Myocardial perfusion 
scintigraphy: the evidence. Eur J Nucl Med Mol Imaging 2004, 31:261-291. 

60. Mankad S, Khalil R, Kramer CM: MRI for the diagnosis of myocardial ischemia and 
viability. Curr Opin Cardiol 2003, 18:351-356. 

61. Machac J: Cardiac positron emission tomography imaging. Semin Nucl Med 2005, 35:17-36. 
62. Vogel R, Zbinden R, Indermuhle A, Windecker S, Meier B, Seiler C: Collateral-flow 

measurements in humans by myocardial contrast echocardiography: validation of 
coronary pressure-derived collateral-flow assessment. Eur Heart J 2006, 27:157-165. 

63. Sheehan FH, Bolson EL, Dodge HT, Mathey DG, Schofer J, Woo HW: Advantages and 
applications of the centerline method for characterizing regional ventricular function.
Circulation 1986, 74:293-305. 

64. Van Langenhove G, Hamburger JN, Diamantopoulos L, Smits PC, Onderwater E, Serruys PW: 
Validation of the local shortening function as assessed by nonfluoroscopic 
electromechanical mapping: a comparison with computerized left ventricular 
angiography. Int J Cardiol 2001, 77:33-41. 

65. Van Langenhove G, Hamburger JN, Roelandt JR, Smits PC, Onderwater E, Albertal M, Wardeh 
AJ, Knook AH, Serruys PW: Comparison of mechanical properties of the left ventricle in 
patients with severe coronary artery disease by nonfluoroscopic mapping versus two-
dimensional echocardiograms. Am J Cardiol 2000, 86:1047-1050, A1011. 

66. Pellikka PA: Stress echocardiography for the diagnosis of coronary artery disease: 
progress towards quantification. Curr Opin Cardiol 2005, 20:395-398. 

67. Dagdelen S, Yuce M, Emiroglu Y, Ergelen M, Pala S, Tanalp AC, Izgi A, Kirma C: 
Correlation between the tissue Doppler, strain rate, strain imaging during the dobutamine 
infusion and coronary fractional flow reserve during catheterization: a comparative study.
Int J Cardiol 2005, 102:127-136. 

68. Werner GS, Ferrari M, Betge S, Gastmann O, Richartz BM, Figulla HR: Collateral function in 
chronic total coronary occlusions is related to regional myocardial function and duration 
of occlusion. Circulation 2001, 104:2784-2790. 

69. Vineberg A: Revascularization of the right and left coronary arterial systems. Internal 
mammary artery implantation, epicardiectomy and free omental graft operation. Am J 

Cardiol 1967, 19:344-353. 
70. Vineberg A: Evidence that revascularization by ventricular-internal mammary artery 

implants increases longevity. Twenty-four year, nine month follow-up. J Thorac Cardiovasc 

Surg 1975, 70:381-397. 
71. Van Langenhove G, Serrano P, Serruys PW: Vineberg revisited. Long-term survival more 

than two decades after direct surgical myocardial revascularization. Int J Cardiol 2000, 
73:83-86. 

72. Folkman J, Merler E, Abernathy C, Williams G: Isolation of a tumor factor responsible for 
angiogenesis. J Exp Med 1971, 133:275-288. 

73. Rutanen J, Rissanen TT, Markkanen JE, Gruchala M, Silvennoinen P, Kivela A, Hedman A, 
Hedman M, Heikura T, Orden MR, Stacker SA, Achen MG, Hartikainen J, Yla-Herttuala S: 
Adenoviral catheter-mediated intramyocardial gene transfer using the mature form of 
vascular endothelial growth factor-D induces transmural angiogenesis in porcine heart.
Circulation 2004, 109:1029-1035. 

74. Mack CA, Patel SR, Schwarz EA, Zanzonico P, Hahn RT, Ilercil A, Devereux RB, Goldsmith 
SJ, Christian TF, Sanborn TA, Kovesdi I, Hackett N, Isom OW, Crystal RG, Rosengart TK: 
Biologic bypass with the use of adenovirus-mediated gene transfer of the complementary 
deoxyribonucleic acid for vascular endothelial growth factor 121 improves myocardial 
perfusion and function in the ischemic porcine heart. J Thorac Cardiovasc Surg 1998, 
115:168-176; discussion 176-167. 

75. Radke PW, Heinl-Green A, Frass OM, Griesenbach U, Ferrari S, Geddes DM, Alton EW: 
Effects of intramyocardial pVEGF165 delivery on regional myocardial blood flow: 
evidence for a spatial 'delivery-efficacy' mismatch. Gene Ther 2004, 11:1249-1255. 

76. Hao X, Månsson-Broberg A, Blomberg P, Dellgren G, Siddiqui AJ, Grinnemo KH, Wärdell E, 
Sylvén C: Angiogenic and cardiac functional effects of dual gene transfer of VEGF-A165 
and PDGF-BB after myocardial infarction. Biochem Biophys Res Commun 2004, 322:292-
296. 

77. Siddiqui AJ, Blomberg P, Wardell E, Hellgren I, Eskandarpour M, Islam KB, Sylvén C: 
Combination of angiopoietin-1 and vascular endothelial growth factor gene therapy 



54

enhances arteriogenesis in the ischemic myocardium. Biochem Biophys Res Commun 2003, 
310:1002-1009. 

78. Sarkar N, Blomberg P, Wardell E, Eskandarpour M, Sylvén C, Drvota V, Islam KB: 
Nonsurgical direct delivery of plasmid DNA into rat heart: time course, dose response, 
and the influence of different promoters on gene expression. J Cardiovasc Pharmacol 2002, 
39:215-224. 

79. Sylvén C, Sarkar N, Wardell E, Jamsa A, Drvota V, Blomberg P, Bin Islam K: Protein and 
angiogenic dose-response expression of phVEGF-A(165) gene in rat myocardium. J

Thromb Thrombolysis 2001, 12:151-156. 
80. Giordano FJ, Ping P, McKirnan MD, Nozaki S, DeMaria AN, Dillmann WH, Mathieu-Costello 

O, Hammond HK: Intracoronary gene transfer of fibroblast growth factor-5 increases 
blood flow and contractile function in an ischemic region of the heart. Nat Med 1996, 
2:534-539. 

81. Horvath KA, Doukas J, Lu CY, Belkind N, Greene R, Pierce GF, Fullerton DA: Myocardial 
functional recovery after fibroblast growth factor 2 gene therapy as assessed by 
echocardiography and magnetic resonance imaging. Ann Thorac Surg 2002, 74:481-486; 
discussion 487. 

82. Edelberg JM, Lee SH, Kaur M, Tang L, Feirt NM, McCabe S, Bramwell O, Wong SC, Hong 
MK: Platelet-derived growth factor-AB limits the extent of myocardial infarction in a rat 
model: feasibility of restoring impaired angiogenic capacity in the aging heart. Circulation 

2002, 105:608-613. 
83. Martins RN, Chleboun JO, Sellers P, Sleigh M, Muir J: The role of PDGF-BB on the 

development of the collateral circulation after acute arterial occlusion. Growth Factors 

1994, 10:299-306. 
84. Cao R, Brakenhielm E, Pawliuk R, Wariaro D, Post MJ, Wahlberg E, Leboulch P, Cao Y: 

Angiogenic synergism, vascular stability and improvement of hind-limb ischemia by a 
combination of PDGF-BB and FGF-2. Nat Med 2003, 9:604-613. 

85. Voskuil M, van Royen N, Hoefer IE, Seidler R, Guth BD, Bode C, Schaper W, Piek JJ, 
Buschmann IR: Modulation of collateral artery growth in a porcine hindlimb ligation 
model using MCP-1. Am J Physiol Heart Circ Physiol 2003, 284:H1422-1428. 

86. Shyu KG, Wang MT, Wang BW, Chang CC, Leu JG, Kuan P, Chang H: Intramyocardial 
injection of naked DNA encoding HIF-1alpha/VP16 hybrid to enhance angiogenesis in an 
acute myocardial infarction model in the rat. Cardiovasc Res 2002, 54:576-583. 

87. Heinl-Green A, Radke PW, Munkonge FM, Frass O, Zhu J, Vincent K, Geddes DM, Alton EW: 
The efficacy of a 'master switch gene' HIF-1alpha in a porcine model of chronic 
myocardial ischaemia. Eur Heart J 2005, 26:1327-1332. 

88. Grines CL, Watkins MW, Helmer G, Penny W, Brinker J, Marmur JD, West A, Rade JJ, 
Marrott P, Hammond HK, Engler RL: Angiogenic Gene Therapy (AGENT) trial in patients 
with stable angina pectoris. Circulation 2002, 105:1291-1297. 

89. Grines CL, Watkins MW, Mahmarian JJ, Iskandrian AE, Rade JJ, Marrott P, Pratt C, Kleiman 
N: A randomized, double-blind, placebo-controlled trial of Ad5FGF-4 gene therapy and its 
effect on myocardial perfusion in patients with stable angina. J Am Coll Cardiol 2003, 
42:1339-1347. 

90. Losordo DW, Vale PR, Hendel RC, Milliken CE, Fortuin FD, Cummings N, Schatz RA, 
Asahara T, Isner JM, Kuntz RE: Phase 1/2 placebo-controlled, double-blind, dose-escalating 
trial of myocardial vascular endothelial growth factor 2 gene transfer by catheter delivery 
in patients with chronic myocardial ischemia. Circulation 2002, 105:2012-2018. 

91. Hedman M, Hartikainen J, Syvanne M, Stjernvall J, Hedman A, Kivela A, Vanninen E, Mussalo 
H, Kauppila E, Simula S, Narvanen O, Rantala A, Peuhkurinen K, Nieminen MS, Laakso M, 
Yla-Herttuala S: Safety and feasibility of catheter-based local intracoronary vascular 
endothelial growth factor gene transfer in the prevention of postangioplasty and in-stent 
restenosis and in the treatment of chronic myocardial ischemia: phase II results of the 
Kuopio Angiogenesis Trial (KAT). Circulation 2003, 107:2677-2683. 

92. Symes JF, Losordo DW, Vale PR, Lathi KG, Esakof DD, Mayskiy M, Isner JM: Gene therapy 
with vascular endothelial growth factor for inoperable coronary artery disease. Ann 

Thorac Surg 1999, 68:830-836; discussion 836-837. 
93. Chomczynski P, Sacchi N: Single-step method of RNA isolation by acid guanidinium 

thiocyanate-phenol-chloroform extraction. Anal Biochem 1987, 162:156-159. 
94. Tusher VG, Tibshirani R, Chu G: Significance analysis of microarrays applied to the 

ionizing radiation response. Proc Natl Acad Sci U S A 2001, 98:5116-5121. 



55

95. Sarkar N, Rück A, Kallner G, Hassan SY, Blomberg P, Islam KB, van der Linden J, Lindblom 
D, Nygren AT, Lind B, Brodin LA, Drvota V, Sylvén C: Effects of intramyocardial injection 
of phVEGF-A165 as sole therapy in patients with refractory coronary artery disease--12-
month follow-up: angiogenic gene therapy. J Intern Med 2001, 250:373-381. 

96. Gyöngyösi M, Khorsand A, Zamini S, Sperker W, Strehblow C, Kastrup J, Jørgensen E, Hesse 
B, Tägil K, Bøtker HE, Ruzyllo W, Teresinska A, Dudek D, Hubalewska A, Rück A, Nielsen 
SS, Graf S, Mundigler G, Nowak J, Sochor H, Maurer G, Glogar D, Sylvén C: NOGA-guided 
analysis of regional myocardial perfusion abnormalities treated with intramyocardial 
injections of plasmid encoding vascular endothelial growth factor A-165 in patients with 
chronic myocardial ischemia: subanalysis of the EUROINJECT-ONE multicenter double-
blind randomized study. Circulation 2005, 112:I157-165. 

97. Braunwald E, Domanski MJ, Fowler SE, Geller NL, Gersh BJ, Hsia J, Pfeffer MA, Rice MM, 
Rosenberg YD, Rouleau JL: Angiotensin-converting-enzyme inhibition in stable coronary 
artery disease. N Engl J Med 2004, 351:2058-2068. 

98. Moss AJ, Zareba W, Hall WJ, Klein H, Wilber DJ, Cannom DS, Daubert JP, Higgins SL, 
Brown MW, Andrews ML: Prophylactic implantation of a defibrillator in patients with 
myocardial infarction and reduced ejection fraction. N Engl J Med 2002, 346:877-883. 

99. Tio RA, Tan ES, Jessurun GA, Veeger N, Jager PL, Slart RH, de Jong RM, Pruim J, Hospers 
GA, Willemsen AT, de Jongste MJ, van Boven AJ, van Veldhuisen DJ, Zijlstra F: PET for 
evaluation of differential myocardial perfusion dynamics after VEGF gene therapy and 
laser therapy in end-stage coronary artery disease. J Nucl Med 2004, 45:1437-1443. 

100. Diedrichs H, Zobel C, Theissen P, Weber M, Koulousakis A, Schicha H, Schwinger RH: 
Symptomatic relief precedes improvement of myocardial blood flow in patients under 
spinal cord stimulation. Curr Control Trials Cardiovasc Med 2005, 6:7. 

101. El-Kady T, El-Sabban K, Gabaly M, Sabry A, Abdel-Hady S: Effects of trimetazidine on 
myocardial perfusion and the contractile response of chronically dysfunctional 
myocardium in ischemic cardiomyopathy: a 24-month study. Am J Cardiovasc Drugs 2005, 
5:271-278. 

102. Klein WW, Jackson G, Tavazzi L: Efficacy of monotherapy compared with combined 
antianginal drugs in the treatment of chronic stable angina pectoris: a meta-analysis.
Coron Artery Dis 2002, 13:427-436. 

103. Rana JS, Mannam A, Donnell-Fink L, Gervino EV, Sellke FW, Laham RJ: Longevity of the 
placebo effect in the therapeutic angiogenesis and laser myocardial revascularization trials 
in patients with coronary heart disease. Am J Cardiol 2005, 95:1456-1459. 

104. Bland JM, Altman DG: Regression towards the mean. Bmj 1994, 308:1499. 
105. Rück A, Sylvén C: "Improvement" in the placebo group could be due to regression to the 

mean as well as to sociobiologic factors. Am J Cardiol 2006, 97:152-153. 
106. McMahon JM, Wells KE, Bamfo JE, Cartwright MA, Wells DJ: Inflammatory responses 

following direct injection of plasmid DNA into skeletal muscle. Gene Ther 1998, 5:1283-
1290. 

107. Siddiqui AJ: Therapeutic myocardial angiogenesis and its pharmacological modulation.
Karolinska Institutet, Department of medicine, Cardiology division; 2005. 

108. Gehi AK, Rumsfeld JS, Liu H, Schiller NB, Whooley MA: Relation of self-reported angina 
pectoris to inducible myocardial ischemia in patients with known coronary artery disease: 
the Heart and Soul Study. Am J Cardiol 2003, 92:705-707. 

109. Sylvén C, Eriksson B: Thorax. In Wall & Melzacks Textbook Of Pain. Edited by McMahon SB, 
Koltzenburg M. Philadelphia: Elsevier/Churchill Livingstone; 2005: 737-751 

110. Mack CA, Magovern CJ, Budenbender KT, Patel SR, Schwarz EA, Zanzonico P, Ferris B, 
Sanborn T, Isom P, Ferris B, Sanborn T, Isom OW, Crystal RG, Rosengart TK: Salvage 
angiogenesis induced by adenovirus-mediated gene transfer of vascular endothelial growth 
factor protects against ischemic vascular occlusion. J Vasc Surg 1998, 27:699-709. 

111. Vincent KA, Shyu KG, Luo Y, Magner M, Tio RA, Jiang C, Goldberg MA, Akita GY, Gregory 
RJ, Isner JM: Angiogenesis is induced in a rabbit model of hindlimb ischemia by naked 
DNA encoding an HIF-1alpha/VP16 hybrid transcription factor. Circulation 2000, 
102:2255-2261. 

112. Seiler C, Pohl T, Wustmann K, Hutter D, Nicolet PA, Windecker S, Eberli FR, Meier B: 
Promotion of collateral growth by granulocyte-macrophage colony-stimulating factor in 
patients with coronary artery disease: a randomized, double-blind, placebo-controlled 
study. Circulation 2001, 104:2012-2017. 



56

113. Wang Y, Tagil K, Ripa RS, Nilsson JC, Carstensen S, Jorgensen E, Sondergaard L, Hesse B, 
Johnsen HE, Kastrup J: Effect of mobilization of bone marrow stem cells by granulocyte 
colony stimulating factor on clinical symptoms, left ventricular perfusion and function in 
patients with severe chronic ischemic heart disease. Int J Cardiol 2005, 100:477-483. 

114. Ince H, Petzsch M, Kleine HD, Eckard H, Rehders T, Burska D, Kische S, Freund M, Nienaber 
CA: Prevention of left ventricular remodeling with granulocyte colony-stimulating factor 
after acute myocardial infarction: final 1-year results of the Front-Integrated 
Revascularization and Stem Cell Liberation in Evolving Acute Myocardial Infarction by 
Granulocyte Colony-Stimulating Factor (FIRSTLINE-AMI) Trial. Circulation 2005, 
112:I73-80. 

115. Hill JM, Syed MA, Arai AE, Powell TM, Paul JD, Zalos G, Read EJ, Khuu HM, Leitman SF, 
Horne M, Csako G, Dunbar CE, Waclawiw MA, Cannon RO, 3rd: Outcomes and risks of 
granulocyte colony-stimulating factor in patients with coronary artery disease. J Am Coll 

Cardiol 2005, 46:1643-1648. 
116. Kang HJ, Kim HS, Zhang SY, Park KW, Cho HJ, Koo BK, Kim YJ, Soo Lee D, Sohn DW, Han 

KS, Oh BH, Lee MM, Park YB: Effects of intracoronary infusion of peripheral blood stem-
cells mobilised with granulocyte-colony stimulating factor on left ventricular systolic 
function and restenosis after coronary stenting in myocardial infarction: the MAGIC cell 
randomised clinical trial. Lancet 2004, 363:751-756. 

117. Zohlnhofer D, Ott I, Mehilli J, Schomig K, Michalk F, Ibrahim T, Meisetschlager G, von Wedel 
J, Bollwein H, Seyfarth M, Dirschinger J, Schmitt C, Schwaiger M, Kastrati A, Schomig A: 
Stem cell mobilization by granulocyte colony-stimulating factor in patients with acute 
myocardial infarction: a randomized controlled trial. Jama 2006, 295:1003-1010. 

118. Hao X, Mansson-Broberg A, Gustafsson T, Grinnemo KH, Blomberg P, Siddiqui AJ, Wardell 
E, Sylvén C: Angiogenic effects of dual gene transfer of bFGF and PDGF-BB after 
myocardial infarction. Biochem Biophys Res Commun 2004, 315:1058-1063. 

119. Lee RJ, Springer ML, Blanco-Bose WE, Shaw R, Ursell PC, Blau HM: VEGF gene delivery to 
myocardium: deleterious effects of unregulated expression. Circulation 2000, 102:898-901. 

120. Senti S, Fleisch M, Billinger M, Meier B, Seiler C: Long-term physical exercise and 
quantitatively assessed human coronary collateral circulation. J Am Coll Cardiol 1998, 
32:49-56. 

121. Zbinden R, Zbinden S, Windecker S, Meier B, Seiler C: Direct demonstration of coronary 
collateral growth by physical endurance exercise in a healthy marathon runner. Heart 

2004, 90:1350-1351. 
122. Hao X: Experimental Therapeutic Angiogenesis After Myocardial Infarction - Efficacy of 

different angiogenic factors and delivery methods. Karolinska Institutet, Department of 
medicine, Cardiology division; 2006. 

123. Schwarz ER, Speakman MT, Patterson M, Hale SS, Isner JM, Kedes LH, Kloner RA: 
Evaluation of the effects of intramyocardial injection of DNA expressing vascular 
endothelial growth factor (VEGF) in a myocardial infarction model in the rat--
angiogenesis and angioma formation. J Am Coll Cardiol 2000, 35:1323-1330. 

124. Lee LY, Patel SR, Hackett NR, Mack CA, Polce DR, El-Sawy T, Hachamovitch R, Zanzonico 
P, Sanborn TA, Parikh M, Isom OW, Crystal RG, Rosengart TK: Focal angiogen therapy 
using intramyocardial delivery of an adenovirus vector coding for vascular endothelial 
growth factor 121. Ann Thorac Surg 2000, 69:14-23; discussion 23-14. 

125. Laham RJ, Rezaee M, Post M, Sellke FW, Braeckman RA, Hung D, Simons M: Intracoronary 
and intravenous administration of basic fibroblast growth factor: myocardial and tissue 
distribution. Drug Metab Dispos 1999, 27:821-826. 

126. Laham RJ, Post M, Rezaee M, Donnell-Fink L, Wykrzykowska JJ, Lee SU, Baim DS, Sellke 
FW: Transendocardial and transepicardial intramyocardial fibroblast growth factor-2 
administration: myocardial and tissue distribution. Drug Metab Dispos 2005, 33:1101-1107. 

127. Kornowski R, Leon MB, Fuchs S, Vodovotz Y, Flynn MA, Gordon DA, Pierre A, Kovesdi I, 
Keiser JA, Epstein SE: Electromagnetic guidance for catheter-based transendocardial 
injection: a platform for intramyocardial angiogenesis therapy. Results in normal and 
ischemic porcine models. J Am Coll Cardiol 2000, 35:1031-1039. 

128. Sylvén C, Sarkar N, Insulander P, Kenneback G, Blomberg P, Islam K, Drvota V: Catheter-
based transendocardial myocardial gene transfer. J Interv Cardiol 2002, 15:7-13. 

129. Smits PC, van Langenhove G, Schaar M, Reijs A, Bakker WH, van der Giessen WJ, Verdouw 
PD, Krenning EP, Serruys PW: Efficacy of percutaneous intramyocardial injections using a 



57

nonfluoroscopic 3-D mapping based catheter system. Cardiovasc Drugs Ther 2002, 16:527-
533. 

130. Silber S, Albertsson P, Aviles FF, Camici PG, Colombo A, Hamm C, Jorgensen E, Marco J, 
Nordrehaug JE, Ruzyllo W, Urban P, Stone GW, Wijns W: Guidelines for percutaneous 
coronary interventions. The Task Force for Percutaneous Coronary Interventions of the 
European Society of Cardiology. Eur Heart J 2005, 26:804-847. 

131. Hoye A, van Domburg RT, Sonnenschein K, Serruys PW: Percutaneous coronary 
intervention for chronic total occlusions: the Thoraxcenter experience 1992-2002. Eur 

Heart J 2005, 26:2630-2636. 
132. Cox J, Naylor CD: The Canadian Cardiovascular Society grading scale for angina pectoris: 

is it time for refinements? Ann Intern Med 1992, 117:677-683. 
133. Spertus JA, Winder JA, Dewhurst TA, Deyo RA, Prodzinski J, McDonell M, Fihn SD: 

Development and evaluation of the Seattle Angina Questionnaire: a new functional status 
measure for coronary artery disease. J Am Coll Cardiol 1995, 25:333-341. 

134. Alonso J, Permanyer-Miralda G, Cascant P, Brotons C, Prieto L, Soler-Soler J: Measuring 
functional status of chronic coronary patients. Reliability, validity and responsiveness to 
clinical change of the reduced version of the Duke Activity Status Index (DASI). Eur Heart 

J 1997, 18:414-419. 
135. Valenti L, Lim L, Heller RF, Knapp J: An improved questionnaire for assessing quality of 

life after acute myocardial infarction. Qual Life Res 1996, 5:151-161. 
136. Failde I, Ramos I: Validity and reliability of the SF-36 Health Survey Questionnaire in 

patients with coronary artery disease. J Clin Epidemiol 2000, 53:359-365. 
137. Hunt SM, McKenna SP, McEwen J, Williams J, Papp E: The Nottingham Health Profile: 

subjective health status and medical consultations. Soc Sci Med [A] 1981, 15:221-229. 
138. Dempster M, Donnelly M: Measuring the health related quality of life of people with 

ischaemic heart disease. Heart 2000, 83:641-644. 
139. Poole-Wilson PA, Lubsen J, Kirwan BA, van Dalen FJ, Wagener G, Danchin N, Just H, Fox 

KA, Pocock SJ, Clayton TC, Motro M, Parker JD, Bourassa MG, Dart AM, Hildebrandt P, 
Hjalmarson A, Kragten JA, Molhoek GP, Otterstad JE, Seabra-Gomes R, Soler-Soler J, Weber 
S: Effect of long-acting nifedipine on mortality and cardiovascular morbidity in patients 
with stable angina requiring treatment (ACTION trial): randomised controlled trial.
Lancet 2004, 364:849-857. 

140. Hueb W, Soares PR, Gersh BJ, Cesar LA, Luz PL, Puig LB, Martinez EM, Oliveira SA, 
Ramires JA: The medicine, angioplasty, or surgery study (MASS-II): a randomized, 
controlled clinical trial of three therapeutic strategies for multivessel coronary artery 
disease: one-year results. J Am Coll Cardiol 2004, 43:1743-1751. 

141. Hjemdahl P, Eriksson SV, Held C, Forslund L, Nasman P, Rehnqvist N: Favourable long term 
prognosis in stable angina pectoris: an extended follow up of the angina prognosis study in 
Stockholm (APSIS). Heart 2006, 92:177-182. 

142. RIKS-HIA Årsrapport 2004 [http://www.ucr.uu.se/rikshia/dokument/RIKS-
HIA_arsrapport2004.pdf] 

143. Berger A, Botman KJ, MacCarthy PA, Wijns W, Bartunek J, Heyndrickx GR, Pijls NH, De 
Bruyne B: Long-term clinical outcome after fractional flow reserve-guided percutaneous 
coronary intervention in patients with multivessel disease. J Am Coll Cardiol 2005, 46:438-
442. 

144. Bech GJ, De Bruyne B, Pijls NH, de Muinck ED, Hoorntje JC, Escaned J, Stella PR, Boersma 
E, Bartunek J, Koolen JJ, Wijns W: Fractional flow reserve to determine the 
appropriateness of angioplasty in moderate coronary stenosis: a randomized trial.
Circulation 2001, 103:2928-2934. 

145. Aarnoudse WH, Botman KJ, Pijls NH: False-negative myocardial scintigraphy in balanced 
three-vessel disease, revealed by coronary pressure measurement. Int J Cardiovasc 

Intervent 2003, 5:67-71. 
146. Chamuleau SA, Tio RA, de Cock CC, de Muinck ED, Pijls NH, van Eck-Smit BL, Koch KT, 

Meuwissen M, Dijkgraaf MG, de Jong A, Verberne HJ, van Liebergen RA, Laarman GJ, 
Tijssen JG, Piek JJ: Prognostic value of coronary blood flow velocity and myocardial 
perfusion in intermediate coronary narrowings and multivessel disease. J Am Coll Cardiol 

2002, 39:852-858. 
147. Chun YS, Hyun JY, Kwak YG, Kim IS, Kim CH, Choi E, Kim MS, Park JW: Hypoxic 

activation of the atrial natriuretic peptide gene promoter through direct and indirect 
actions of hypoxia-inducible factor-1. Biochem J 2003, 370:149-157. 



58

148. Pedram A, Razandi M, Hu RM, Levin ER: Vasoactive peptides modulate vascular 
endothelial cell growth factor production and endothelial cell proliferation and invasion. J

Biol Chem 1997, 272:17097-17103. 
149. Mbebi C, Hantai D, Jandrot-Perrus M, Doyennette MA, Verdiere-Sahuque M: Protease nexin I 

expression is up-regulated in human skeletal muscle by injury-related factors. J Cell 

Physiol 1999, 179:305-314. 
150. Kondo S, Kubota S, Shimo T, Nishida T, Yosimichi G, Eguchi T, Sugahara T, Takigawa M: 

Connective tissue growth factor increased by hypoxia may initiate angiogenesis in 
collaboration with matrix metalloproteinases. Carcinogenesis 2002, 23:769-776. 

151. Rogers MS, Rohan RM, Birsner AE, D'Amato RJ: Genetic loci that control the angiogenic 
response to basic fibroblast growth factor. Faseb J 2004, 18:1050-1059. 

152. Toeda K, Nakamura K, Hirohata S, Hatipoglu OF, Demircan K, Yamawaki H, Ogawa H, 
Kusachi S, Shiratori Y, Ninomiya Y: Versican is induced in infiltrating monocytes in 
myocardial infarction. Mol Cell Biochem 2005, 280:47-56. 

153. Shimizu-Hirota R, Sasamura H, Kuroda M, Kobayashi E, Hayashi M, Saruta T: Extracellular 
matrix glycoprotein biglycan enhances vascular smooth muscle cell proliferation and 
migration. Circ Res 2004, 94:1067-1074. 

154. Tsopanoglou NE, Maragoudakis ME: Role of thrombin in angiogenesis and tumor 
progression. Semin Thromb Hemost 2004, 30:63-69. 

155. Tang Y, Pacary E, Freret T, Divoux D, Petit E, Schumann-Bard P, Bernaudin M: Effect of 
hypoxic preconditioning on brain genomic response before and following ischemia in the 
adult mouse: identification of potential neuroprotective candidates for stroke. Neurobiol 

Dis 2006, 21:18-28. 
156. Pieples K, Arteaga G, Solaro RJ, Grupp I, Lorenz JN, Boivin GP, Jagatheesan G, Labitzke E, 

DeTombe PP, Konhilas JP, Irving TC, Wieczorek DF: Tropomyosin 3 expression leads to 
hypercontractility and attenuates myofilament length-dependent Ca(2+) activation. Am J 

Physiol Heart Circ Physiol 2002, 283:H1344-1353. 
157. Perneger TV: What's wrong with Bonferroni adjustments. Bmj 1998, 316:1236-1238. 
158. Choe SE, Boutros M, Michelson AM, Church GM, Halfon MS: Preferred analysis methods 

for Affymetrix GeneChips revealed by a wholly defined control dataset. Genome Biol 2005, 
6:R16. 

159. GeneChip® Expression Analysis Technical Manual. P/N 701021 Rev. 3 edn: Affymetrix Inc., 
Santa Clara, CA; 2002. 


